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Enhanced formation of reactive oxygen species (ROS) leads
to tissue dysfunction and damage in a number of pathological
conditions. ROS oxidize the lipids to generate peroxides
and aldehydes. These lipid peroxidation products, especially
oxidized lipids-derived aldehydes, are muchmore stable than
the parent ROS and therefore can diffuse from their site of
generation and inflict damage at remote locations.Therefore,
products of lipid oxidation can extend and propagate the
responses and injury initiated by ROS.The lipid peroxidation
(LPO) products are highly reactive and display marked
biological effects, which, depending upon their concentra-
tion, cause selective alterations in cell signaling, protein and
DNA damage, and cytotoxicity. Increased formation of lipid
peroxides and aldehydes has been observed in atheroscle-
rosis, ischemia-reperfusion, heart failure, Alzheimer’s dis-
ease, rheumatic arthritis, cancer, and other immunological
disorders. Therefore, decreasing the formation of lipid per-
oxidation products or scavenging them chemically could
be beneficial in limiting the deleterious effects of ROS in
various pathological conditions. Indeed, recent studies have
identified several agents that could interfere with the LPO-
mediated cell signaling pathways and could act as potential
therapeutic drugs.

This special issue on LPO products in human health
and disease compiles 20 excellent manuscripts including
clinical studies, research articles, and reviews, which provide
comprehensive evidence demonstrating the significance of
LPO products in various pathological conditions.

The five review articles of this issue describe cur-
rent knowledge of oxidative stress induced inflammatory

signaling and inflammatory complications.The review article
by C. Signorini et al. described the role of specific LPO
products in the clinical manifestations and natural history
of Rett syndrome, a genetically determined autism spectrum
disorder. Specifically, they described how LPO-derived alde-
hyde products such as 4-hydroxynonenal (4-HNE) and a
series of isoprostanes compounds could act as biomarkers
of the disease. The review article by S. Joshi et al. described
the factors involved in oxalate and calcium-oxalate induced
injury in the kidneys and demonstrated how oxidative stress
generated ROS via NADPH oxidase could contribute to renal
injury. Further, they discussed, in depth, the pathophysiolog-
ical role of NADPH oxidase in the kidneys and how different
antioxidants and NADPH oxidase inhibitors could be used
to control hyperoxaluria-induced kidney stone diseases. S. E.
Lee and Y. S. Park in their review article discussed how the
most potent LPO-derived 𝛼, 𝛽-unsaturated aldehydes such
as acrolein, 4-HNE, and crotanaldehyde were involved in the
pathophysiology of vascular complications. Specifically, the
authors have nicely described the molecular mechanism by
which 𝛼, 𝛽-unsaturated aldehydes cause vascular inflamma-
tion and dysfunction. The review article by P. Filipe et al.
discussed how ultraviolet B- (UVB-)induced alterations in
the proteins of the interstitial fluid may make consequential
contributions to inflammation and degenerative processes of
skin under UVB exposure. Further, this article highlights
the significance of LPO, high-density lipoprotein (HDL),
and low-density lipoprotein (LDL) as important targets of
UVB in the interstitial fluid. Final review article by U. C.
S. Yadav and K. V. Ramana discussed the significance of
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LPO-derived lipid aldehydes in the regulation of nuclear
factor-kappa binding protein (NF-𝜅B) -induced inflamma-
tory cell signaling. Specifically, they described how aldose
reductase catalyzed lipid aldehydes such as 4-HNE and
acrolein and their glutathione-conjugates act as secondary
singling molecules to activate redox sensitive transcription
factor NF-𝜅Bmediated inflammatory signals to contribute to
inflammatory pathologies.

The research article by B. A. Leon-Chavez et al. investi-
gates the effect of nitric oxide inhibitor, L-NAME, and zinc on
nitrosative stress and cell death in a transient ischemia model
by common carotid-artery occlusion in rats. In this study,
administration of rats with ZnCl

2
reduces accumulation of

zinc, level of nitrite and LPO, and cell death in the late phase
of the ischemia. Fascinatingly, L-NAME administration in
the rats treated with zinc causes time dependent increase
in the accumulation of zinc in the early phase and increase
in the levels of nitrites, LPO, and cell death by necrosis in
the late phase. Based on the results, authors conclude that
co-administration of zinc along with L-NAME increased the
injury caused by common carotid-artery occlusion when
compared to administration of zinc alone.The article by N. S.
N. Yusoff et al. examines how antihypertensive drug clonidine
regulates oxidative stress in rats. Their study indicates that
clonidine in addition to its hypotensive effect enhances the
level of antioxidant status and ameliorates the oxidative
stress which could reduce the hypertension-induced heart
damage in spontaneously hypertensive rats without or with
L-NAME administration. Studies by P. Fernández-Robredo
et al. demonstrate the effect of lutein and a multivitamin
complex with lutein and glutathione on systemic and retinal
biochemical and ultrastructural parameters leading to AMD
progression in the apoE null mice.These studies indicate that
treatment of lutein along with multivitamin complex but not
lutein alone substantially reduced VEGF levels and MMP-2
activity and ameliorated the retinalmorphological alterations
in the apoE null mice.

The research article by S. Sahreen et al. investigates
the effect of extracts of Rumex hastatus roots on carbon
tetrachloride-induced hapato and testicular oxidative stress
and toxicity in the rats.The results provide some evidence that
the extracts of Rumex hastatus roots could have beneficial
antioxidant properties in preventing free radical-mediated
toxicities. In the article by A. Ścibior et al., the protective
effects of magnesium against vanadium-induced LPO in rat
hepatic tissueswere examined.This is an interesting report on
how the combination of metal treatments regulates cellular
oxidative stress in vitro and in vivo conditions. I. Sano et al. in
their article reported the pathologicalmechanismof pterygia.
Specifically, they have shown the involvement of protein
adducts of LPO-derived aldehydes such as 4-HNE and 4-
hydroxyhexenal (4-HHE) in human pterygia patient’s eyes.

The relation between fluoride intake and oxidative stress
in salivary glands of rats was reported by P. M. Yamaguti
et al. in their article. Especially, they demonstrate that the
single administration of sodium fluoride in rats decreased
super oxide dismutasewhile increased the LPO in the salivary
glands as early as in four hours. Interestingly, the oxidative

stress induced by sodium fluoride is more in submandibular
glands as compared to parotid glands.H.-M. Luo et al. in their
research article examined the effects of ulinastatin on burned
swine by monitoring the hemodynamic variables by PiCCO
system and determining the extent of LPO and tissue edema.
Results indicate that LPO regulates ulinastatin diminished
burn-induced increase in vascular permeability and net fluid
accumulation.

This study suggests a potential small-volume fluid resus-
citation strategy in combating with a major burn injury. In
the final research article of this issue, Z. Yiran et al. reported
involvement of oxidative stress and MAPK in cadmium-
induced hepatic cell toxicity and apoptosis. Preincubation
of N-acetyl-L cysteine with BRL3A liver cells decreased
cadmium-induced increase in the malondialdehyde level,
super oxide dismutase (SOD) and glutathione peroxidase
activity and cell viability. The involvement of cadmium-
induced hepatotoxicity was confirmed by using inhibitors of
p38 MAPK, JNK, and ERK.

The exciting clinical study reported by C. Cipierre et al.
indicates malondialdehyde adduct to hemoglobin as a novel
biomarker of oxidative stress in the preterm neonates. By
using LC-MS/MS methods, this study identified formation
of malondialdehyde adducts of hemoglobin from the blood
of full-term and preterm neonates and based on these
findings authors suggest that the malondialdehyde adduct
of hemoglobin might be a useful marker for variety of
pathological conditions. In the same issue, C. Cipierre et
al. also assessed the influence of the perinatal condition on
malondialdehyde-hemoglobin adduct concentrations. In this
pilot clinical study, authors found a relationship between
blood malondialdehyde-hemoglobin adduct concentrations
with neonatal morbidity in very low birth-weight infants.
Results from these two manuscripts indicate the significance
of early antioxidant treatment to decrease oxidative stress
mediated problems in very low birth-weight infants.

Interconnections between the pathological conditions
associated with the diabetes and cirrhosis patients were
reported by R. Hernández-Muñoz et al. in a clinical study.
This study indicates that the levels of oxidative stress markers
in the red blood cells of cirrhotic patients were significantly
increased, whereas in the patients with coincidence of dia-
betes and cirrhosis oxidative response was partially reduced.
Interestingly, the levels of total phospholipids and cholesterol
were enhanced in the patients with both pathologies but not
in the patients with the single pathology. In another clinical
study, D. Miric et al. have examined the involvement of xan-
thine oxidase (XOD) in oxidative damage and inflammatory
response in end-stage renal disease (ESRD) patients. Results
show that patients suffering from ESRD had higher levels
of oxidative stress markers such as hydroperoxides, AOPP,
SOD, and XOD and a lower level of total SH groups when
compared to healthy subjects. Interestingly, XOD activity was
only increased in patients with poor nutritional status as
indicated by geriatric nutritional risk index (GNRI) score.
These findings suggest that increased XOD may contribute
to oxidative injury during hemodialysis treatment leading
to the pathogenesis of malnutrition-inflammation complex
syndrome.



Oxidative Medicine and Cellular Longevity 3

H. Tuzcu et al. have reported the effect of high-dose
insulin analog initiation therapy on glycemic variability, LPO,
and oxidative stress determined in the plasma and urine
samples of type 2 diabetes patients. Especially, treatment with
insulin analog along with metformin resulted in a significant
reduction in glycemic variability and oxidative stress markers
when compared to single oral hypoglycemic agent. Although
this study was carried out in 24 patients, the data indicates
that the treatment with insulin analogs, regardless of blood
glucose changes, exerts inhibitory effects on LPO. In another
clinical study, C. Mila-Kierzenkowska et al. have identified
the effect of radical nephrectomy on LPO and redox balance
in the patients with renal cell carcinoma.The findings suggest
that laparoscopy may be used for radical nephrectomy as
effectively as open surgery without creating any oxidative
stress in the patients of renal cell carcinoma.

In a final note, it is evident from these papers that LPO
products play a major role in deregulating key pathways
involved in the pathophysiology of a number of pathological
disorders. The treatment options that control the production
of free radical-mediated generation of LPO products could
be potential therapeutic approaches to controlling human
diseases.
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Zinc or L-NAME administration has been shown to be protector agents, decreasing oxidative stress and cell death. However, the
treatment with zinc and L-NAME by intraperitoneal injection has not been studied. The aim of our work was to study the effect of
zinc andL-NAMEadministration onnitrosative stress and cell death.MaleWistar ratswere treatedwithZnCl

2
(2.5mg/kg each 24 h,

for 4 days) andN-𝜔-nitro-L-arginine-methyl ester (L-NAME, 10mg/kg) on the day 5 (1 hour before a common carotid-artery occlu-
sion (CCAO)). The temporoparietal cortex and hippocampus were dissected, and zinc, nitrites, and lipoperoxidation were assayed
at different times. Cell deathwas assayed by histopathology using hematoxylin-eosin staining and caspase-3 active by immunostain-
ing. The subacute administration of zinc before CCAO decreases the levels of zinc, nitrites, lipoperoxidation, and cell death in the
late phase of the ischemia. L-NAME administration in the rats treated with zinc showed an increase of zinc levels in the early phase
and increase of zinc, nitrites, and lipoperoxidation levels, cell death by necrosis, and the apoptosis in the late phase.These results sug-
gest that the use of these two therapeutic strategies increased the injury caused by theCCAO, unlike the alone administration of zinc.

1. Introduction
A stroke causes disability and death. Extensive studies have
shown the participation of oxidative stress as the mechanism
underlying a cerebral ischemia injury. Tissue plasminogen
activator (tPA) has been the only drug approved by the FDA

for treating ischemic stroke, but its use is restricted because
to its adverse effects [1]. There is evidence that zinc is a
cytoprotector agent [2–4], increasing the antioxidant capacity
and decreasing the iron-catalyzed lipid peroxidation, as well
as the apoptosis [5].
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Zinc has a dual role during the pathological process of
stroke. The accumulation of zinc has cytotoxic properties
[6–12]. However, the administration of zinc protoporphyrin,
zinc ion, or protoporphyrin decreases the focal cerebral
ischemia [4] and prevents neuron death [2, 3]. The beneficial
action of zinc is caused by its antioxidant properties. The
zinc treatment prevents lipid peroxidation and increases glu-
tathione availability in Wilson’s disease [13]. Zinc decreases
the apoptosis through inhibition of Bax and Bak activation
and cytochrome c release [14]. In addition, zinc is a potent
inhibitor of the apoptotic proteases, caspase-3 [15, 16], and
caspase-8 [17].

Studies have shown the participation of nitric oxide
(NO) in zinc accumulation, the increase of cleaved caspase-3
and lipoperoxidation during a process of cerebral hypoxia-
ischemia [18], and through release of zinc from presynaptic
buttons [19]. Nitric oxide causes the release of zinc from
metallothionein by destroying zinc-sulphur clusters without
concomitant formation of S-nitrosothiol [20]. However, NO
plays a critical role in the protection of the liver from
oxidative stress. The mechanisms involved include its role
as an antioxidant agent of iron that decreases the oxida-
tive stress in rat hepatocytes [21] or through the pathway
of Akt-eNOS-NO-HIF in ischemia postconditioning [22].
The NO has protective properties on the brain during an
acute ischemic stroke, but the increase of the NOS activity
causes the alteration ofmicrovasculature integrity and edema
formation during cerebral ischemia-reperfusion injuries in
the rat, without changing arterial blood pressure or blood
flow in the ischemic regions [23]. There is evidence that
the inhibition of NO by N-𝜔-nitro-L-arginine methyl ester
(L-NAME) decreases the zinc levels and increases cardiac-
necrosis marker levels detected in the plasma of rabbits [24].
However, L-NAME administration decreases cell death after
the ischemia [18].

These antecedents support the idea that NO and zinc
have a dual role during the ischemia process. However,
the coadministration of zinc and an NOS inhibitor has not
been defined. In this work we study the prophylactic effects
of the subacute administration of zinc (2.5mg/kg, each
24 h for 4 days) and L-NAME (10mg/kg, one hour before
a common carotid-artery occlusion (CCAO)) on nitrite
levels, and the production of malonyldialdehyde (MDA) +
4-hydroxialkenals (HAE) at different hours pre- and
postreperfusion. Histopathological changes were evaluated
through immunoreactivity against cleaved caspase-3 and
hematoxylin-eosin staining. Our results support the idea that
NO in the early phase is a cytoprotector agent and NO in
the later phase acts as a cytotoxic agent. Zinc administration
alone has a cytoprotector role against the damage caused by
CCAO, but the coadministration of zinc and L-NAME causes
more damage compared to the hypoxia-ischemia process.

2. Materials and Methods

2.1. Experimental Animals. Male Wistar rats between 190 g
and 240 g were obtained from the vivarium of the CINVES-
TAV.The animals weremaintained in adequate animal rooms
with controlled conditions of temperature (22 ± 1∘C) and

a light-dark cycle (12 h-12 h light-dark; light onset at 0700).
Food and water were provided ad libitum. All procedures
were in accordance with the Mexican current legislation, the
NOM-062-ZOO-1999 (SAGARPA), based on the Guide for
the Care and Use of Laboratory Animals, NRC. The Institu-
tional Animal Care and Use Committee (IACUC) approved
our animal-use procedures with the protocol number 09-102.
All efforts were made to minimize animal suffering.

2.2. Zinc and L-NAME Administration. The rats were
grouped into different treatments: (1) control (without treat-
ment), (2) CZn96h; control treated with ZnCl

2
(2.5mg/kg

each 24 h for 4 days), from which the brain was obtained at
24 h, 48 h, 72 h, and 96 h postadministration, (3) Zn96h +
CCAO; rats treated with a subacute administration of zinc
and transient ischemia through a common carotid artery
occlusion (CCAO), which was caused for 10min; the brain
was obtained at different hours (4 h, 8 h, 12 h, 24 h, 36 h,
72 h, 96 h, and 168 h postreperfusion), (4) Zn96h + L-NAME
control; the rats received a subacute administration of zinc for
4 days plus L-NAME (10mg/kg), and (5) Zn96h + L-NAME+
CCAO; these rats received all treatments, and the brain was
obtained at different hours (4 h, 8 h, 12 h, 24 h, 36 h, 72 h, 96 h,
and 168 h postreperfusion).

2.3. Nitric Oxide Determination. The temporoparietal cor-
tex and hippocampus of all studied groups (𝑛 = 5 in
each group) were mechanically homogenized in phosphate-
buffered saline solution (PBS), pH 7.4, and centrifuged at
12,500 rpm for 30min at 4∘Cby using a 17TRmicrocentrifuge
(Hanil Science Industrial Co. Ltd; Inchun, Korea). The NO
production was assessed by the accumulation of nitrites
(NO
2

−) in the supernatants of homogenates, as described
elsewhere [18, 25]. Briefly, the nitrite concentration in 100 𝜇L
of supernatant wasmeasured by using a colorimetric reaction
generated by the addition of 100 𝜇L of Griess reagent, which
was composed of equal volumes of 0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride and 1.32% sulfanilamide in
60% acetic acid. The absorbance of the samples was deter-
mined at 540 nm with a SmartSpec 3000 spectrophotometer
(Bio-Rad; Hercules, CA, USA) and interpolated by using a
standard curve of NaNO

2
(1 to 10𝜇M) to calculate the nitrite

content.

2.4. Measure of Blood Pressure. The blood pressure was
measured in all studied groups (𝑛 = 5 in each group). Systolic
and diastolic blood pressures were measured using the tail-
cuff method by using the XBP1000 Blood Pressure System
fromKent ScientificCorporation. Systolic and diastolic blood
pressures (mean ± SE, mmHg) were measured in all animals
24-h before and after each treatment as previously described
[26].

2.5. Lipoperoxidation. Malonyldialdehyde (MDA) and 4-hy-
droxyalkanal (HEA) were measured in supernatants of
homogenates of the temporoparietal cortex and hippocam-
pus using the method described elsewhere [18, 25]. The
colorimetric reaction in 200 𝜇L of the supernatant was
produced by the subsequent addition of 0.650mL of 10.3mM
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Figure 1: Effect of subacute administration of zinc and L-NAME on zinc levels during a cerebral hypoxia-ischemic process. The zinc levels
were assayed by the Johnson method described elsewhere [18, 25]. Each value is the mean ± SE of 5 independent experiments made in
triplicate. Zn96h + CCAO: preventive subacute administration of zinc (2.5mg/kg intraperitoneal each 24 hours during 4 days) and common
carotid-artery occlusion (CCAO) for 10min. Zn96h + L-NM + CCAO: rats treated with zinc in the presence of an inhibitor of nitric oxide
synthase (L-NAME) one hour before the CCAO. ∗𝑃 < 0.05, an ANOVA test and a post-hoc Dunnet test to compare with the control group,
and †𝑃 < 0.05, unpaired Student’s t-test to compare between groups.

N-methyl-2phenyl-indole diluted in a mixture of acetoni-
trile : methanol (3 : 1).The reactionwas started by the addition
of 150𝜇L of methanesulfonic acid. The reaction mixture
was strongly vortexed and incubated at 45∘C for 1 h and
then centrifuged at 3000 rpm for 10min. The absorbance
in the supernatant was read at 586 nm with a SmartSpec
3000 spectrophotometer (Bio-Rad; Hercules, CA, USA).
The absorbance values were compared to a standard curve
in the concentration range of 0.5 to 5𝜇M of 1,1,3,3-
tetramethoxypropane (10mM stock) to calculate the mal-
onyldialdehyde and 4-hydroxyalkanal contents in the sam-
ples.

2.6. Immunolabeling of Cleaved Caspase-3. The immunore-
activity against cleaved caspase-3 was analyzed by an
immunohistochemical method [25]. The fixed brains with
4% paraformaldehyde in PBS were maintained overnight in
PBS containing 30% sucrose at 4∘C. Then, each brain was
frozen and sectioned into 10 𝜇m slices on the coronal plane
using a Leica SM100 cryostat (Leica Microsystems, Nussloch,
Germany). Slices were individually collected in a 24-well
plate containingPBS andused for the immunohistochemistry
for cleaved caspase-3. The slices were incubated with PBS-
Triton (0.1%) and later with 10% horse serum in PBS-Triton
(0.1%) for 60min at room temperature. The slices were
incubated overnight with a rabbit polyclonal antibody against
cleaved caspase-3 (1 : 300 dilution; Cell Signaling Technology,
Danvers, MA, USA) and then with a 1 : 600 dilution of the

secondary biotinylated goat antibody anti-rabbit IgG (H + L)
(Vector Laboratories, Burlingame, CA, USA) for 2 hours at
room temperature. After rinsing, the slices were incubated
with streptavidin-horseradish peroxidase conjugate (BRL
Inc., Gaithersburg,MD,USA) and diluted 1 : 400, again for 30
minutes at room temperature. The peroxidase reaction was
developed by immersion in a freshly prepared solution of
0.02% 3,3-diaminobenzidine (DAB, Sigma). The slices were
counterstained with cresyl violet. The caspase-3 immunore-
activity was analyzed with a magnification of 5x, 20x, and
40x using a Leica DMIRE2 microscope (Leica Microsystems,
Wetzlar, Germany). The images were digitalized with a Leica
DC300F camera (Leica Microsystems, Nussloch, Germany)
and analyzed with workstation Leica FW4000, version V1.2.1
(Leica Microsystems Vertrieb GmbH; Bensheim, Germany).

The histopathology study of the temporoparietal cortex
and hippocampus from the brains of each experimental
group was analyzed in coronary brain slices by hematoxylin-
eosin staining at 24 h and 7-day postreperfusion (𝑛 = 3
in each group). The 3 𝜇m paraffin-embedded tissue sections
were stained with hematoxylin and eosin and examined at a
magnification objective of 40x (ModBM 1000 Leica, Jenopika
Camera, Wetzlar, Germany). Digital micrographs were made
from 5 randomly selected fields of each tissue section of each
experimental group (Progress capture pro 2.1, Leica).

2.7. Statistical Analysis. All values are themean± SE obtained
from at least 5 independent experiments. The significance of
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Figure 2: Subacute administration of zinc and L-NAME on nitrite levels during a cerebral hypoxia-ischemic process. The nitrite levels were
assayed by the Griess method described elsewhere [18, 25]. Each value is the mean ± SE of 5 independent experiments made in triplicate.
Zn96h + CCAO: preventive subacute administration of zinc (2.5mg/kg each 24 hours during 4 days) and a common carotid-artery occlusion
(CCAO) for 10min. Zn96h + L-NM + CCAO: rats treated with zinc in presence of an inhibitor of nitric oxide synthase (L-NAME) one-hour
before CCAO. ∗𝑃 < 0.05, an ANOVA test and a post-hoc Dunnet test to compare with control group, and †𝑃 < 0.05, unpaired Student’s t-test
to compare between groups.

differences was analyzed by an ANOVA test and a post-hoc
Dunnet test to compare with control group and an unpaired
Student’s t-test to compare between groups. The data were
analyzed using the Graph Pad Prism software (version 5.00).
A significant value was considered at 𝑃 < 0.05.

3. Results

The zinc levels were determined in homogenized super-
natants of the temporoparietal cortex at different hours,
before and after the CCAO in rats treated with zinc in the
presence or absence of L-NAME (Figure 1). The subacute
administration of zinc in control group showed an increase
of 79% ± 9% in zinc levels in the temporoparietal cortex
on the third day, returning to basal levels on the fourth day
of administration (Figure 1). The CCAO in rats treated with
zinc caused an increase of 55% ± 5% at 4 h and of 43% ±
14% at 6 h postreperfusion, returning to the baseline at 24 h
postreperfusion,maintaining this level in the 168 h (Figure 1).
The L-NAME administration before the CCAO in rats treated
with zinc caused several increases of zinc levels, from time 0
(CZn96h) of 112% ± 3%, decreasing at 4 h postreperfusion. A
second increase of 70% ± 18% was observed at 36 h, a third
increase of 103% ± 41% was observed at 72 h postreperfusion,
and then decreasing by 68% ± 6% was observed at 96 h,
returning again to the baseline at 168 h, after reperfusion
(Figure 1).

The subacute administration of zinc in the control group
showed an increase of 58% ± 15% in the nitrite levels at the
fourth dose of administration (Figure 2). The CCAO caused
an increase of 45% ± 8% at 4 h postreperfusion in treated
rats with zinc, decreasing at 8 h, but unchanged at the 168 h
postreperfusion (Figure 2). However, the L-NAME admin-
istration in rats treated with zinc decreased nitrite levels
during the firsts 36 h postreperfusion, but caused an increase
of 282% ± 74% from 48 h postreperfusion, maintaining this
level at 72 h, and then returned to the baseline at the 168 h
postreperfusion (Figure 2).

The systolic blood pressure of rats was measured before
(P1) and after (P2) each treatment. The subacute adminis-
tration of zinc in the absence of L-NAME did not change
the systolic blood pressure before and after treatment, as
compared to the controls without treatment. However, in
rats treated with a subacute administration of zinc in the
presence of L-NAME showed an increase of systolic blood
pressure with Δ𝑃 of 25 (P1 was 130 ± 6mmHg and P2 was
of 155 ± 3mmHg).

To evaluate whether the intraperitoneal administration
of zinc and L-NAME causes cell damage, several markers of
damage (lipid peroxidation and caspase-3) were studied, and
cellular death was analyzed by hematoxylin-eosin staining.

The subacute administration of zinc caused an increase
of 58% ± 15% in the MDA + HEA levels at the fourth dose,
returning to baseline at the 24 h after the last administration
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Figure 3: Subacute administration of zinc and L-NAME on lipoperoxidation levels during a cerebral hypoxia-ischemic process. Malo-
nyldialdehyde (MDA) and 4-hydroxyalkanal (4-HEA) concentrations measured by using the method described elsewhere [18, 25] were used
as biomarkers of lipoperoxidation. Each value represents the mean ± SE of 5 independent experiments made in triplicate. Zn96h + CCAO:
preventive subacute administration of zinc (2.5mg/kg each 24 hours for 4 days) and common carotid-artery occlusion (CCAO) for 10min.
Zn96h + L-NM+CCAO: rats treated with zinc in the presence of an inhibitor of nitric oxide synthase (L-NAME) one-hour before the CCAO.
∗
𝑃 < 0.05, an ANOVA test and a post-hoc Dunnet test to compare with the control group, and †𝑃 < 0.05, unpaired Student’s t-test to compare
between groups.

(time 0; Figure 3). The CCAO in the rats treated with zinc
did not change the MDA + HEA levels over 168 h after
reperfusion (Figure 3). However, L-NAME administration
before the CCAO in the rats treated with zinc showed
an increase of 68% ± 6% at 12 h postreperfusion, with a
maximum level of 116% ± 7% at 24 h, returning to baseline
and then a second increase of 70%± 5%wasmeasured at 168 h
postreperfusion (Figure 3).

The histopathological study qualitatively showed that
zinc administration before the CCAO prevented cell death,
whereas the L-NAME in rats treated with zinc caused mor-
phological changes of necrosis and apoptosis (Figure 4) and
higher cleaved caspase-3 IR cells from 24 h (data not shown),
increasing at day 7 postreperfusion (Figure 5).

The histopathology studies showed that the subacute
administration of zincmaintained the cellular structure of the
hippocampus in the CA1, CA3, dentate gyrus, and the pyra-
midal neurons of the cerebral cortex at 24 h postreperfusion
but caused changes in the morphology of the granular cells
from the CA1 and CA3 at day 7 after reperfusion, showing
elongated cells with ramifications, whereas the dentate gyrus
showed a change at 24 h, returning to normal morphology at
the day 7 postreperfusion. The choroid plexus did not show
significant changes in its morphology, but basophilic nuclei
were present in the cells (Figure 4). However, the adminis-
tration of zinc and L-NAME decreased the color intensity in
the nuclei of granular cells fromCA1, CA3, and dentate gyrus
at day 7 postreperfusion, suggesting the presence of cellular

necrosis in the hippocampus and basophilic nucleus in the
dentate gyrus, possibly due to apoptosis. The choroid plexus
showed a decrease in the color intensity of the nucleus at day
7 after reperfusion (Figure 4).

The subacute zinc administration caused a slight increase
in the number of immunoreactivity (IR) cells against cleaved
caspase-3 in the granular layer of the dentate gyrus (dg) and
layer V (LV) of the temporoparietal cortex (arrowhead) at
day 7 postreperfusion in control rats (Figure 5). However,
the subacute administration of zinc also showed a slight
increase of cleaved caspase-3 IR at the day 7 postreperfusion
in both regions, whereas the L-NAME administration in the
rats treated with zinc increased the caspase-3 IR cells in the
granular layer of the dentate gyrus (dg) and layer five (LV) of
the temporoparietal cortex at 24 h postreperfusion; however,
it was more evident at day 7 postreperfusion. The other
regions of hypothalamus also were affected (data not show).
In addition, the Nissl staining (blue) showed a decrease in
color intensity in the granular layer, it was more evident in
the pyramidal cells of the LV of the temporoparietal cortex,
with edema cells (arrow), and these results are indicative of
cellular necrosis in the rats of the group Zn96h + L-NAME +
CCAO (Figure 5).

4. Discussion

Subacute administration of zinc showed a cytoprotector
effect leading to a decrease in the lipoperoxidation and
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Figure 4: Hematoxylin-eosin staining in slides of the temporoparietal cortex and hippocampus in rats treated with zinc in the presence or
absence of L-NAME. Paraffin-embedded tissue sections of 3𝜇m were stained with hematoxylin and eosin. The Zn96h + CCAO: preventive
subacute administration of zinc (2.5mg/kg each 24 hours for 4 days) and a common carotid-artery occlusion (CCAO) for 10min. Zn96h +
L-NM+CCAO: rats treated with zinc in the presence of an inhibitor of nitric oxide synthase (L-NAME) one hour before a CCAO. CA1 (a–e),
CA3 (f–j) regions and dentate gyrus (DG: (k–o)) of hippocampus and LV, layer V of cerebral cortex (p–t). Apoptosis cell (dark arrowhead),
necrosis (clear arrowhead), and branched cells (arrow).

immunoreactivity against cleaved caspase-3 by preventing
an accumulation of zinc and increase of NO production in
the late phase of a hypoxia-ischemia process. However, the
coadministration of zinc and L-NAME (two inhibitors of
NO production) showed a cytotoxic effect during a cerebral
hypoxia ischemia in the rat, increasing the lipoperoxidation
and cleaved caspase-3 IR cells from the early phase of a
hypoxia-ischemia process, through the zinc accumulation in
the early phase and an increase of zinc and theNOproduction
in the late phase.

Prophylactic administration of zinc has a protector effect
during hypoxia ischemia; similar results have been reported

previously [2, 3, 5]. Other reports have shown neuroprotec-
tion when neuronal PC12 cells are preincubated with zinc
salts, rather than coincubation [27] or the preventive subacute
administration of zinc in rats [2].

Our work shows that a prophylactic subacute admin-
istration of zinc prevents the increase of NO caused by a
CCAO in the late phase, maintaining the first increase of
NO in the early phase of the hypoxia-ischemia process.
The beneficial effect of NO in the early phase is related
with the production of vasodilation [28] andmetallothionein
synthesis [29, 30]. In addition, NO acts as an antioxidant
in the iron-mediated oxidative stress in rat hepatocytes, by
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Figure 5: Immunohistochemistry against caspase-3 and Nissl counterstaining in slides of the hippocampus and temporoparietal cortex in
zinc-treated rats in the presence or absence of L-NAME.The labels at the left side of themicrographs are cerebral regions.The immunostaining
against cleaved caspase-3 is shown by the dark marks (dark arrowhead), and the Nissl stain appears in blue and pale cell (clear arrowhead).
Zn96h + CCAO: preventive subacute administration of zinc (2.5mg/kg each 24 hours for 4 days) and the common carotid-artery occlusion
(CCAO) for 10min. Zn96h+L-NAME+CCAO: rats treatedwith zinc in presence of an inhibitor of nitric oxide synthase (L-NAME) one-hour
before the CCAO. DG: dentate gyrus of hippocampus; LV: layer V of cerebral cortex.

an inhibition of lipoperoxidation [21]. It has been reported
that NO participates in ischemic postconditioning process
through the increase of NO by the eNOS pathway and
attenuating an ischemia-reperfusion injury in liver [22].
Previous reports have shown that the antioxidant enzyme
cooper-zinc superoxide dismutase (Cu-Zn SOD) decreases
the oxidative stress produced by the NO derived from iNOS
in diabetic animals [31] and cardiac embryopathy inmaternal
diabetes [32].

The stabilization of constitutive NOS (cNOS) by zinc
[33, 34] could explain the increase in the NO level in the first
hours during a hypoxia-ischemia process, which increases the
cNOSs in the first hours of postreperfusion [35]. The zinc
administration prevented the second increase of NO at 24 h
by a CCAO, as was reported previously [18]. In addition, the
zinc inhibitsNF𝜅B and the synthesis of the iNOSprotein [36],
which has been reported at 12 h postreperfusion [35].

The beneficial effect of the zinc supplementation is to
regulate the nitrosative stress, inducing antioxidant agents
like glutathione [13, 37] and metallothionein [5], increasing
the antioxidant capacity through Cu-Zn-SOD, storing the
zinc in the intracellular compartment [38], and decreasing
catalase and glutathione S-transferase activities [37].

Increased zinc levels found in the rats treated with zinc
could cause a preconditioning, where the activation of zinc
dependent of caspase-3 could be responsible for the cleavage
of poly-ADP ribose polymerase (PARP), contributing to the
decrease of the injury upon subsequent toxic exposure [39].
There is evidence that the extracellular zinc accumulation

may be protective by preventing overactivation of the NMDA
receptors. In addition, subtoxic accumulation intracellular of
zinc may trigger a preconditioning effect, diminishing the
susceptibility to a subsequent ischemia [39].

The subacute administration of zinc before a CCAO
causes a decrease of the apoptosis at 24 h and in the day 7
after reperfusion, this has been reported previously by us [18]
and others researchers in the hearts of diabetic mice [32].
The decrease of cleaved caspase-3 by zinc can be explained
because zinc is able to directly inhibit the activity of caspase-
3 [15, 16] and caspase-8, decreasing the cell death [17], since
decrease proapoptotic proteins (Bax and Bak), or inhibits
cytocrome c release [14].

It is known thatNOparticipates in zinc accumulation and
cell death [18, 40–43], and the administration alone of N-𝜔-
nitro-L-argininemethyl ester (L-NAME) reduces the cerebral
infarct [44], NOS activity, the edema [23], and cellular
death at 24 h postreperfusion [18]. The administration of
two inhibitors of NO production (zinc + L-NAME) causes
an increase in systolic blood pressure and cell death in the
cerebral cortex of the rat. Some reports found that the chronic
inhibition of NO production causes hypertension [45] and
decreases the plasma levels of zinc, causing small areas of
myocardial coagulative necrosis [24].

The subacute administration of zinc and L-NAME caused
an increase of zinc in the first and last hours, in which the
increase of zinc could cause oxidative stress in the absence of
NO in the first hours, where NO captures free radicals and
prevents lipoperoxidation [46]. The increase of zinc in the
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late phase caused the increase of NO production and lipoper-
oxidation. The increase of zinc may trigger the generation
of reactive oxygen species (produced by mitochondria,
NADPH-oxidase, and other sources), which could cause the
intracellular Zn mobilization through a voltage-dependent
calcium channel [47] or ZIP transporter, the excessive release
of presynaptic zinc (at micromolar concentration) [48, 49],
and accumulation of zinc in a postsynaptic neuron [48] and
in the mitochondria [50]. These mechanisms could produce
damage to neurons (granular cells and pyramidal neurons)
and glia, as reported elsewhere [8, 51]. Therefore, excessive
zinc accumulation in the early and late phase could be cyto-
toxic, which is supported by an increase of apoptosis from
the early phase and necrosis in the late phase. These findings
are in agreement to the cytotoxic effect of zinc [52, 53], where
the function of zinc is dependent on the concentration, space,
and timing of the cellular response to injury.

5. Conclusions

The treatment with two inhibitors of NO production (zinc
and L-NAME) increased the cellular damage by necrosis and
apoptosis in the hippocampus and layer V of cerebral cortex
after a transient CCAO for 10min through an increase of the
nitrosative stress, zinc accumulation, and lipoperoxidation.
This is opposite to that found with the subacute administra-
tion of only zinc before CCAO, which caused a cytoprotector
effect by a decrease in the nitrosative stress and accumulation
of zinc in the late phase.

These results provide evidence to consider the use of two
therapeutic strategies that act on NOSs, to minimize damage
during a cerebral hypoxic-ischemic process in patients who
present a transient ischemia and are at high risk for a stroke
or in patients with a disease cerebrovascular.
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Lipid peroxidation, a process known to induce oxidative damage to key cellular components, has been implicated in several
diseases. Following three decades of explorations mainly on in vitromodels reproducible in the laboratories, lipid peroxidation has
become increasingly relevant for the interpretation of a wide range of pathophysiological mechanisms in the clinical setting. This
cumulative effort has led to the identification of several lipid peroxidation end-products meeting the needs of the in vivo evaluation.
Among these different molecules, isoprostanes and 4-hydroxy-2-nonenal protein adducts appear to be particularly interesting.
This review shows how specific oxidation products, deriving from polyunsaturated fatty acids precursors, are strictly related to the
clinicalmanifestations and the natural history of Rett syndrome, a genetically determined neurodevelopmental pathology, currently
classified among the autism spectrum disorders. In our experience, Rett syndrome offers a unique setting for physicians, biologists,
and chemists to explore the borders of the lipid mediators concept.

1. Introduction

Oxidative stress (O.S.), a biological condition determined
by the imbalance between prooxidant and the antioxidant
system, is involved in several conditions, including inflam-
mation, carcinogenesis, neurodegeneration, and develop-
ment. Lipid peroxidation is a critical component of O.S.
In particular, free radicals and specifically reactive oxygen
species (ROS) are able to attack polyunsaturated fatty acids
(PUFAs) of cell membranes thus generating a family of
𝛼,𝛽-unsaturated reactive aldehydes, such as 4-hydroxy-
2-nonenal (4-HNE) and prostaglandin-like end-products
termed isoprostanes (IsoPs). Emerging knowledge points out
the key role of thesemolecules in generating oxidative-driven

damage. Therefore, these compounds, rather than being
considered simple biomarkers of disease, are to be considered
as mediators. In the present review, we discuss the evidence
on the issue by focusing our proof-of-concept reasoning
on the unique O.S. model of disease represented by Rett
syndrome (RTT), a genetically determined autism spectrum
disorder.

2. Role of Oxidative Stress in Human Diseases

O.S., as defined as an imbalance between cellular antioxidant
defenses and free radicals production, is implicated in a
wide variety of disease processes. To this regard, a role of
oxidative damage in cancer [1, 2], neurodegenerative diseases
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[3–6], and likely inflammatory bowel disease [7, 8] has
been recently reported. In the matter of atherosclerosis, an
oxidative damage, especially to lipids, is certain. However, as
it concerns the size of its effects and underlying pathogenetic
mechanisms there is likely much less certainty than a few
years ago [9]. One method to quantify oxidative injury
is to measure lipid peroxidation. However, a cause-effect
relationship is often difficult, if not impossible, to prove.

3. Oxidative Stress: Shifting from the In Vitro
to the In Vivo Concept

Until the ‘80s, lipid peroxidation was confined to specialized
laboratories in which the phenomenon was mainly evaluated
in vitro. At this stage, researchers were interested in repro-
ducing lipid peroxidation as amacrophenomenon induced by
xenobiotics of such an entity that would be quite unlikely to
be present in human physiology and pathology.Themeaning
of those experiments and tests was mainly to evidence the
phenomenon by measuring the products generated in the
process. In this particular setting, oxidized aldehydes (chiefly
malondialdehyde, MDA, and all the thiobarbituric acid
reactive substances, TBARS) were considered to be reliable
indicators of lipid peroxidation.Things changed dramatically
when a number of laboratories around the world evidenced
increased levels of lipid peroxidation markers in tissues and
body fluids from patients as compared to those observed in
healthy controls. Thus, the setting has progressively moved
from in vitro to in vivo and has allowed to enlighten the role of
lipid peroxidation within the mechanisms of several diseases
and physiologic signaling pathways.

The entity of the phenomenon became dramatically
downscaled so that more sensitive and reliable markers in
vivo became an urgent necessity. At this further stage, several
keymarkers of lipid peroxidation applicable in vivo have been
discovered, including IsoPs and 4-HNE protein adducts (4-
HNE PAs). The measurement of those markers has allowed a
much deeper understanding of the key role of oxidative stress
in health and disease. Likely, we are now at the stage in which
we are asking whether these end-peroxidation products may
have biological activity on their own, thus progressively
shifting from markers to mediators.

4. Lipid Peroxidation End-Products: Shifting
from Markers to Mediators

Lipid mediators are chemical messengers that are released in
response to tissue injury and include prostaglandins, leuko-
trienes, lipoxins, and neuroprotectins, playing an essential
role in the different phases of inflammation. While early in
the inflammatory response, arachidonic acid (AA) metabo-
lites (i.e., prostaglandins and leukotrienes) exert proinflam-
matory actions, by promoting chemotaxis of phagocytic
leukocytes and inducing fever; the so-termed “lipid mediator
class switching” is responsible for the production of spe-
cialized proresolving mediators, such as lipoxins, resolvins,
maresins, and protectins, which exert specific roles in coun-
terregulating inflammation and turning on resolution [10, 11].

Thus inflammation can be considered a self-limited pro-
cess depending on lipid-derived mediators produced in the
inflammatory exudates.

Emerging evidence indicates that biomarkers of lipid
peroxidation can be interpreted as lipid mediators, acting as
key factors in the regulation of the delicate balance between
inflammation and the resolution process. One unanswered
major question is concerning whether the end-products of
peroxidation, such as IsoPs, are to be considered truemarkers
or simplemarkers ofO.S.; in particularwhether different lipid
mediators would determine different diseases; or whether the
time course of production is a critical factor in physiology and
disease.

5. Aldehyde Products

As mentioned earlier, the interaction of ROS and lipids
can induce the peroxidation process, a chain reaction that
produces multiple breakdown molecules, including many
highly reactive aldehydes such as malondialdehyde, 4-HNE,
4-hydroxy-2-hexenal, and acrolein [12].

Among them, 4-HNE, a 4-hydroxyalkenal, is the most
intensively studied aldehyde and it is one of the best recog-
nized and most studied cytotoxic products derived from the
lipid peroxidation processes.

4-HNE derives from the oxidation of 𝜔-6 PUFAs, essen-
tially arachidonic and linoleic acid, that is, the two most
represented fatty acids in biomembranes. 4-HNE is an
unusual compound containing three functional groups that
in many cases act in concert explaining its high reactivity.
There is, first of all, a conjugated system consisting of a C=C
double bond and a C=O carbonyl group in 4-HNE. The
hydroxyl group at carbon four contributes to the reactivity
both by polarizing the C=C bond and by facilitating internal
cyclisation reactions, such as thioacetal formation [13].

Because of its chemical properties, 4-HNE is an amphi-
philic molecule (water soluble while exhibiting strong lipo-
philic properties). 4-HNE tends to concentrate in biome-
mbranes, where phospholipids, like phosphatidylethano-
lamine, and proteins, such as transporters, ion channels
and receptors, quickly react with it. In addition, since it
is a highly electrophilic molecule, it easily reacts with low
molecular weight compounds, such as glutathione, and at
higher concentration with DNA [12]. Due to its electrophilic
nature, 4-HNE can form adducts with cellular protein nucle-
ophiles. Indeed, the reactivity of 4-HNE explains its potential
involvement in the modulation of enzymes activity, signal
transduction, and gene expression [13].

Adduction to and modification of functional and/or
signaling proteins most likely represents one of the main
mechanisms by which 4-HNE and also the other 𝛼,𝛽-
unsaturated aldehydes can influence physiological as well as
pathological processes.

Primary reactants for 4-HNE are the amino acids cys-
teine, histidine, and lysine, which—either free or protein-
bound—undergo readily Michael addition reactions to the
C=C double bond. Besides this type of reaction, a secondary
reaction may occur involving the carbonyl and the hydroxyl
groups to form a cyclic hemiacetal derivative. Amino groups
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(e.g., Lys) may alternatively react with the carbonyl group of
4-HNE to yield a Schiff base product [14].

Therefore, since proteins play an important role in normal
structure and function of the cells, oxidativemodifications by
increased 4-HNE levels, as in O.S. conditions, may greatly
alter their structure. These protein alterations may subse-
quently lead to loss of normal physiological cell functions
and/or may lead to abnormal function of cell and eventually
to cell death.

4-HNE adducts contribute to the pool of damaged enz-
ymes, which increases in levels during aging and in several
pathological states [15]. Furthermore, impaired protein clear-
ance (i.e., ubiquitin proteosome system dysfunction) and/or
the overwhelming production of abnormal proteins play an
important role in the pathophysiology of disorders related to
O.S., and a lot has been done in the last few decades on their
role in neuro-related pathologies [16].

Based on this, 4-HNE represents one of the most useful
biomarkers for the occurrence and/or the extent of O.S. [17].

6. Isoprostanes

IsoPs are a unique series of prostaglandin-like compounds
generated, via a free radical-catalyzed mechanism, from a
number of different PUFAs, including AA, eicosapentaenoic
acid (EPA), adrenic acid (AdA), and docosahexaenoic acid
(DHA).

Looking at the lipid composition of the tissues of the
body [18], AA was found to be localized quite everywhere,
whereas PUFAs such as DHA or AdA are mainly localized in
nervous tissue and especially in grey and white matters. Thus
the clinical relevance of the different classes of IsoPs hinges
on the PUFA precursor anatomical distribution.

6.1. F
2
-Isoprostanes. The discovery of prostaglandin F

2
-like

compounds, termed F
2
-isoprostanes (F

2
-IsoPs), generated by

free radical-induced peroxidation of arachidonic acid, was for
the first time reported by Morrow et al. [19].

Since F
2
-IsoPs, initially formed in situ on phospholipids

[20], are released into the circulation and because these
prostanoids are less reactive than other lipid peroxidation
products (i.e., lipoperoxides and aldehydes), they can be
detected more easily in plasma. Since the discovery of these
molecules, F

2
-IsoPs have become the biomarker of choice

for assessing endogenous OS, mainly due to their chemical
stability and ubiquitousness in tissues and body fluids [21–
23]. Elevated levels of plasma or urinary F

2
-IsoPs have

been reported in several diseases [24–26]. For a correct
O.S. damage quantification, Halliwell has suggested to use a
combination of blood IsoPs and urinary IsoP metabolites
determinations [27]. The 15-F2t-IsoP is the most represented
isomer among the F

2
-IsoPs and is also referred to as 8-iso-

prostaglandin F
2𝛼

[28].
In addition to F

2
-IsoPs with F

2
-ring, a variety of IsoPs

with different ring structures, E
2
-ring andD

2
-ring, have been

so far identified. Central in the pathway of formation of
IsoPs are PGH

2
-like endoperoxides. Just as cyclooxygenase-

derivedPGH
2
are rearranged toPGD

2
andPGE

2
, theH

2
-IsoP

endoperoxides can be reduced to form F
2
-ring IsoPs [29] but

can also undergo rearrangements to form E
2
- and D

2
-IsoPs.

Biological effects for E
2
- and D

2
-IsoPs have been described

[30]. Subsequent to E
2
- and D

2
-IsoPs dehydration [29],

cyclopentenone IsoPs can be formed [31]; cyclopentenone
IsoPs, A

2
/J
2
-IsoPs, are highly reactive; 𝛼,𝛽-unsaturated car-

bonyl moieties are highly susceptible to Michael addition
reactions [32, 33]. In particular, one of the A

2
-IsoPs, 15-A2t-

IsoP is primarily metabolized by these cells via conjugation
to glutathione [34].

6.2. F
4
-Neuroprostanes. A series of F

2
-IsoP-like molecules

named F
4
-neuroprostanes (F

4
-NeuroPs) originate from the

free radical catalyzed peroxidation of DHA, an essential
constituent of nervous tissue, highly enriched in neurons,
and highly susceptible to oxidation [35]. Quantification of
these compounds appears to provide a very sensitive index
of oxidative neuronal injury in contrast to the IsoPs, since
the amounts of F

4
-NeuroPs formed from DHA oxidation

exceed the levels of F
2
-IsoPs generated from AA by 3.4-

fold [36]. Given the well-known role for free radicals in
the pathogenesis of a number of neurodegenerative diseases,
that is, Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and amyotrophic lateral sclerosis [20, 29, 37], the
quantification of F

4
-NeuroPs appears to be a tool to evaluate

a brain oxidative injury.
In experimental models of neurodegenerative phe-

nomenon, F
4
-NeuroPs appear to be not related to excitotoxi-

city and epilepsy [38, 39], and a decrease of F
4
-NeuroPs levels,

subsequent to treatment with antioxidant, was observed [39].
Furthermore, an increase of F

4
-NeuroPs has been repo-

rted in a neonatal hypoxic-ischemic encephalopathy [40].
The hypoxic-ischemia determines, in association with brain
damage, formation of F

4
-NeuroPs, as well as F

2
-IsoPs. As F

4
-

NeuroP levels are particularly elevated in ischemic areas, F
4
-

NeuroPsmay represent a specificmarker of ischemic damage.
In Alzheimer’s or Parkinson’s diseases, F

4
-NeuroPs, as

well as F
2
-IsoPs, are markedly increased in brain tissue and

cerebrospinal fluid [41]. In particular, the F
4
-NeuroP levels

were significantly higher as compared to those of F
2
-IsoPs, in

the brain regions affected by the disease [42, 43]. Increased
levels of F

4
-NeuroPs have been also reported in the cere-

brospinal fluid of patients with subarachnoid hemorrhage
from aneurysm. The generation of F

4
-NeuroPs in subarach-

noid aneurysm hemorrhage and traumatic brain injury [44,
45] appears to be the consequence of a catastrophic central
nervous system injury, and it can be considered an useful
indicator of the pathological event. Regards to F

4
-NeuroPs

determination, some researchers have used the chemically
synthesized 17-F4c-NeuroP isomer [46], although interfer-
ence with F

2
-dihomo-isoprostanes (F

2
-dihomo-IsoPs) can-

not be ruled out [44].

6.3. F
2
-Dihomo-Isoprostanes. F

2
-dihomo-IsoPs are specific

markers for free radical-induced AdA peroxidation and
have been characterized as potential markers of free radical
damage to myelin in human brain [47]. To date, clinical
applications for F

2
-dihomo-IsoPs are few and studies are

reported for white brain matter [47], cerebrospinal fluid [44],
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and plasma [48]. For the first time, our studies have shown
the possibility of F

2
-dihomo-IsoP evaluation in plasma.

7. IsoPs as Mediators of Disease

15-F2t-IsoP is previously also indicated as 8-epi-PGF2𝛼 or 8-
iso-PGF2𝛼, as it is one of themost abundantly F

2
-IsoP isomer

produced in vivo and may exhibit biological activity [24].
F
2
-IsoPs seem activate receptors analogous or identical

to those for the thromboxane A
2
(TxA
2
) and induce platelet

aggregation [49] and vasoconstriction of renal glomerular
arterioles [50, 51]. Via activation of the TxA

2
receptors,

IsoPs inhibit angiogenesis [52]. Furthermore, stimulation of
DNA synthesis and cell proliferation for F

2
-IsoPs on muscle

vascular cells [51] and endothelial cells [53] is known, as well
as the role of F

2
-IsoPs in the pulmonary pathophysiology

[54]. In streptozotocin-induced diabetes, F
2
-IsoPs appear to

mediate an increase of the transforming growth factor-𝛽1
(TGF-𝛽1) [55], while the 5-F2t-IsoPs and 5-epi-5-F2t-IsoPs
regulate the [3H]d-aspartate release in isolated bovine retina
[56].

The complex F
2
-IsoPs bioactivity has been summarized

in recent reviews [57–59].

8. The Role of Chemical Synthesis in
the Exploration of Lipid Mediators

Oxidative stress is evolved in neurodegeneration of grey
matter (Alzheimer’s diseases) [60] andwhitematter (multiple
sclerosis or Rett syndrome).

As their isomers F
2
-IsoPs are known as the “gold stan-

dard” for systemic O.S. [61] and for their biological activities
[62, 63], F

4
-NeuroPs and F

2
-dihomo-IsoPs are potential

biomarkers in specific pathologies such as AD or RTT and
may as well have biological activities.

In order to demonstrate theses various activities of PUFAs
oxygenated metabolites, chemical synthesis is a need and
chemists are the link between biochemists and biologists.

Thus, since the discovery of F
2
-IsoPs, chemists developed

strategies to access to IsoPs [64–66] as well as NeuroPs [67,
68], dihomo-IsoPs [69, 70]. Among them, our laboratory,
specialized in total synthesis of lipids metabolites (leuko-
trienes, isoprostanes, and resolvins), developed during the
past twenty years three strategies allowing the access to F-
type IsoPs [69, 71, 72] as well as E-type [69, 73, 74], D-type
[74], and A-type (Bultel-Poncé et al., unpublished results).
Those strategies permitted the syntheses of different series of
oxygenatedmetabolites derived from𝛼-linolenic acid (ALA),
AA, DHA, EPA, and AdA (Scheme 1).

With those chemically pure metabolites in hands, biolo-
gists and clinicians have shown biomarkers activities [48] as
well as biological activities [75, 76] of those oxidative stress-
derived metabolites.

9. Rett Syndrome: A Genetic Model of
Autism Spectrum Disorder

RTT (OMIM ID: 312750) occurs with a frequency of up to
1/10,000 live female births. Causative mutations in the X-
linked methyl-CpG binding protein 2 gene (MECP2) are
detectable in up to 95%of cases, although awide genetical and
phenotypical heterogeneity is well established [77]. Approxi-
mately 80% of RTT clinical cases show the so-called “typical”
clinical picture; after an apparently normal development for
6–18 months, RTT girls lose their acquired cognitive, social,
and motor skills in a typical 4-stage neurological regression
and develop autistic behavior accompanied by stereotypic
handmovements [78]. Autistic features are typically transient
in RTT.



Oxidative Medicine and Cellular Longevity 5

In addition to typical RTT, it has been recognized that
some individuals present with many, but do not necessarily
all, of the features of the disorder. New guidelines for the
diagnosis of specific “variant” or “atypical” forms of RTT
have been developed to identify the preserved speech, early
seizure, and the congenital variant [79].

Although the genetic mechanisms of disease have been
extraordinary explored in details in RTT, to date the biologi-
cal mechanisms linking the gene mutation to the phenotypic
expression of the disease including its wide heterogeneity are
yet to be clarified. Several explanations have been proposed so
far, including a key role ofMECP2 in the neuronalmaturation
[80], maintenance of astroglia, immune dysfunction [81],
and neurotransmission pathway abnormality [82]. However,
recent discoveries, mainly by our team, concerning the
emerging role of alteration of redox homeostasis offer an
alternative explanations which is not mutually exclusive with
the others previously proposed. Nevertheless, the whole
history of RTT is clutteredwith several apparently firmpoints
that have been subsequently changed. Interestingly, one of the
most firm points to date is that RTT is caused by a single-gene
mutation either MECP2 or other more rarely affected (i.e.,
CDKL5 or FOXG1 genes) [79]. Recently the analysis of the full
exome sequencing in two pairs of affected sisters, each with
identical MECP2 gene mutation but discordant phenotype,
indicates that several hundreds of gene mutations appear to
be associated with the MECP2 gene mutation and therefore
are to be considered previously unknown disease modifier
[83].

Currently, no effective pharmacological therapies for RTT
exist that can either halt progression, or reverse the neurolog-
ical and cognitive abnormalities.

10. Lipid Peroxidation and Rett Syndrome

Mounting evidence indicates an emerging role for O.S. in
genetically determined diseases [84]. Furthermore, the role
of the redox alteration in the pathogenesis of the autism
spectrum disorder is under debate [85, 86].

In 2001 indirect evidence for excessive lipid peroxidation,
leading to increased plasmamalondialdehyde levels, has been
reported in RTT patients [87]. However, after that isolated
report and before our subsequent series of specific studies
in the field, the lipid oxidative damage in RTT had not
been further investigated. Our studies were focused on the
identification of different classes of IsoPs increased in RTT,
thus allowing an inference on the individual oxidized fatty
acids precursors relevant to the disease. On the other hand,
our reports of increased 4-HNE PAs levels in RTT patients
while further supporting the evidence of a lipid damage with
formation of the aldehyde 4-HNE also detect the presence
of a coexisting protein damage due to the formation of the
adducts.

Therefore, our findings in RTT, a rare cause of genetically
determined autism spectrum disorder, indicate that this
pervasive development disorder can be considered a unique
human model for chronic O.S. and could be considered a
valuable testing ground for the link between lipid peroxida-
tion byproducts and the mediation of disease processes.

10.1. Isoprostanes and Neuroprostanes in RTT. Our findings
[48, 88–90] indicate that typical RTT is characterized by
markedly increased levels of IsoPs deriving from the nonen-
zymatic oxidation of AA, DHA, and AdA at every clinical
stage of the disease. IsoPs and NeuroPs levels appear to
be closely interrelated to the RTT clinical presentation,
suggesting that these lipid oxidation products could mediate
the pathogenetic mechanisms underlying the syndrome.

Extremely high (i.e., two orders of magnitude) plasma
levels of F

2
-dihomo-IsoPs are detectable in RTT girls in

stage I of the disease. AdA, whatever the actual origin (brain
white matter, adrenal gland, or kidney), is the PUFA that
goes through the greatest degree of oxidation during the
earliest stage of the typical form of the disease. An insult
to AdA and the clinical onset of neuroregression occur at
the same time [48]. Thus, during the first two years of the
natural evolution of the disease, the peroxidation of AdA,
a critical component of myelin [47] in the primate brain, is
involved.

Oxidation of the AA appears to be another essential
component in the pathogenesis of the first two stages of
typical RTT, as can be deduced from the significantly high
F
2
-IsoPs in the early stages as compared with the late natural

progression of classic RTT. Nevertheless, F
2
-IsoPs increase

notwith the samemarked raise of the F
2
-dihomo-IsoPs.Thus,

F
2
-dihomo-IsoPs are the prominent lipid peroxidation end-

product detectable at this stage of the disease. In RTT girls,
plasma F

2
-IsoPs are always above the physiological range,

and thus, considering the half-life of these prostanoids, lipid
peroxidation is continuously carried out in the syndrome.
Due to the systemic distribution of AA, free plasma F

2
-IsoPs

can be considered an index of generalized lipid peroxidation,
while in RTT, a specific site of peroxidation events has been
identified in the erythrocyte membrane. In fact, esterified
F
2
-IsoPs are increased in RTT erythrocyte membrane and

their levels are correlated to altered red blood cells shape
[91].

Patients with typical RTT had significantly higher F
2
-

IsoPs than those with atypical phenotype and are correlated
to RTT clinical severity, as well as F

4
-NeuroPs. In partic-

ular, F
4
-NeuroPs are related to clinical severity markers,

including early regression, severe head growth deceleration,
major motor impairment, hand use loss, and seizures. In
our experience, MECP2 gene mutations located in critical
regions that carry higher phenotype severity usually show
a more severely shifted O.S. imbalance [89, 90]. Moreover,
the demonstrated link between F

4
-NeuroPs and MECP2

genotype-phenotype correlation suggests that the degree of
MeCP2 protein dysfunction is directly proportional to the
O.S.-mediated neuronal damage, explaining ∼90% of the
expressed phenotype variability [90]. Also plasma F

2
-IsoPs

concentrations are significantly related to MECP2 genotype;
anyway, the strength of the relationship between plasma F

2
-

IsoPs and MeCP2 phenotype appears to be far weaker than
that between plasma F

4
-NeuroPs and MeCP2 phenotype

[89, 90]. As F
4
-NeuroPs plasma levels mirror neurological

severity, these molecules may provide evidence on neuronal
damage, also considering the specific distribution of DHA in
membrane neurons.
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Lipid peroxidation
products in RTT

F2-dihomo-IsoPs F2-IsoPs F4-NeuroPs 4-HNE

How do they mediate the RTT
pathophysiological mechanism?

F2-dihomo-IsoPs
remarkably increase
at the earliest stage

of the disease, which
corresponds to the

neurological
regression

4-HNE is detectable
in the form of

protein adducts that
are related to the
disease clinical

variants

F2-IsoPs are related
to the natural

progression of the
disease, MECP2

mutation type, and
response to 𝜔-3

PUFAs

F4-NeuroPs are
related to the severity

of neurological
symptoms,disease

progression, MECP2
mutation type, and

response to 𝜔-3
PUFAs

Figure 1:Different classes of isoprostanes (F
2
-dihomo-IsoPs, F

2
-IsoPs, and F

4
-NeuroPs), deriving frompolyunsaturated fatty acids precursors

(adrenic, arachidonic, and docosahexaenoic acids, resp.), and the 4-hydroxy-2-nonenal protein adducts are strictly related to the clinical
manifestations and the natural history of Rett syndrome. The lipid peroxidation events and the disease pathogenic mechanisms are
closely interrelated, as demonstrated by the dietary supplementation with 𝜔-3 PUFAs. RTT: Rett syndrome; F

2
-dihomo-IsoPs: F

2
-dihomo-

isoprostanes; F
2
-IsoPs: F

2
-isoprostanes; F

4
-NeuroPs: F

4
-neuroprostanes; 4-HNE: 4-hydroxy-2-nonenal; and PUFAs: polyunsaturated fatty

acids.

10.2. 4-HNE and RTT. In our recent work, we have shown
that the levels of 4-HNE PAs change during the clinical
progression of typical RTT [92]. Plasma 4-HNE PAs increase
between stage I and stage II and to less extent in the following
stages (i.e., III and IV).

Impairment of the GSH system and other detoxification
enzymes involved in aldehyde metabolism or defect/dysf-
unction in the ubiquitin proteasome system, reported in the
autism spectrum disorder [93–95], could be involved in the
accumulation, in the early stages of RTT, of several 4-HNE
plasma protein adducts. This, as a consequence, could play a
role in the severe clinical features observed in the later stages
of the disease.

As for the IsoPs, a relationship between 4-HNE PAs and
phenotypical RTT presentation has been reported. In partic-
ular, with reference to the atypical RTT clinical presentation,
CDKL5-related RTT patients have a significant increase in
4-HNE PAs levels, and on the contrary, FOXG1-related RTT
patients are not different from the controls [92]. Although the
possible cause for the observed difference in FOXG1-related
RTT is not clear, the 4-HNE PAs, as well as the IsoPs, appear
to be directly involved in the RTT pathogenesis. To date, it
is not clear how the gene mutations can induce and increase
O.S. in RTT patients. It is possible to speculate that it could
be an indirect mechanism that might involve mitochondria
respiration, modifying therefore the redox state of the cells.

It should be pointed out that the presence of 4-HNE
PAs in plasma of RTT patients suggests two events. First, it
is indicative of a generalized lipid peroxidation, indicating
the occurrence of PUFAs oxidation in various organs and/or

tissues. Second, by covalent modification of proteins, 4-
HNE is able to cause long-lasting biological consequences.
Therefore, plasma proteins can be considered a target of
increased O.S. status in RTT. Hence, it is possible to speculate
that 4-HNE PAs can contribute to the pathophysiology of
RTT, both in the development and in the progression and
complications of the disease. We can suggest that 4HNE PAs
represent a potential biomarker of RTT as well as disease
severity.

In future, to better understand the clinical consequences
that the modified plasma proteins have on RTT patients,
further studies are needed. It could be of extreme importance
to be able to identifying the target proteins modified by 4-
HNE in the plasma, as recently shown for mild cognitive
impairment and Alzheimer’s disease [96, 97].

A close relationship between levels of circulating lipid
peroxidation markers in RTT patients and presence of the
symptom is not a causative proofs but strongly supports the
concept that lipid peroxidation plays a previously unrecog-
nized key role in the pathogenesis of RTT due to the gene
mutation. The increase of knowledge on nature of 4-HNE
modified proteins in RTT, might lead to better prevention,
diagnosis and treatments of the associated physiological
processes altered in patients.

Finally, the involvement of lipid peroxidation in RTT was
also confirmed in our recent study, where the morphology of
erythrocytes in typical RTT patients has been evaluated [91].
Emerging evidence indicates that O.S. imbalance and hypox-
emia can lead to erythrocyte shape abnormalities in chronic
pulmonary disease [98, 99], and now it has been well proved
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that chronic hypoxia, impaired pulmonary gas exchange, and
increased O.S. are all present in typical RTT [88]. In fact, our
data show the presence of erythrocytes altered shape (mainly
leptocytes) and membrane oxidative damage (i.e., 4-HNE
PAs) in patients with clinical diagnosis of typical RTT [91].
Consequently, monitoring of erythrocytes morphology can
be an important new diagnostic and prognostic tool in this
particular form of autism spectrum disorder, in which the
lung seems to represent an unexpectedly key organ for the
disease pathogenesis.

10.3. Lipid Peroxidation and 𝜔-3 PUFAs Supplementation in
RTT. Lipid peroxidation appears to be a peculiar character-
istic of RTT, and the relationships between the described lipid
peroxidation products and the clinical disease features are
summarized in Figure 1.

A better comprehension of the lipid peroxidation involve-
ment in the pathogenetic mechanisms of the disease derives
from studies carried out with 𝜔-3 PUFAs supplementation.
Interestingly, the supplemented molecules are actually just
the same category of molecules that undergo radical damage.
Exogenous administration of 𝜔-3 PUFAs, in disease stages I-
IV, has been shown tomoderately reduce clinical severity and
significantly reduce the levels of IsoPs and 4-HNEPAs inRTT
patients [89–91, 100]. Following𝜔-3 PUFAs supplementation,
we might have expected an enhanced formation of the lipid
oxidation products in plasma. Actually, the assumed fatty
acids are not oxidized and the endogenous production is
reduced. These results lead us to think that in RTT the
lipid-oxidative damage is nonspecific, all fatty acids are not
oxidatively damaged, but the oxidative insult regards specific
biological targets.

As a consequence, these data, while confirming the
involvement of lipid products in the intimate pathogenic
mechanisms of the disease, indicate that the fatty acid
oxidation is related to the clinical severity of the disease and
is a reversible process.

11. Conclusion

Lipid peroxidation end-products appear to be associatedwith
the modulation of RTT disease severity, thus suggesting their
likely role as mediators. The identification of the involved
classes of molecules (including metabolites) in the disease,
the evaluation of their relationship with the disease natural
history, and the chance to determine the effects of treatments
(i.e., exogenous PUFAs supplementation) and of genemanip-
ulation (i.e., reactivation of Mecp2 null mice) offer a unique
setting for physicians, biologists, and chemists to explore the
borders of the lipid mediators concept.
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7 Centre de Biologie Sud, UF Nutrition et Métabolisme, Centre Hospitalier Lyon-Sud, Hospices Civils de Lyon,
69310 Pierre Bénite, France

Correspondence should be addressed to Cécile Cipierre; cecile.cipierre@wanadoo.fr

Received 8 February 2013; Revised 13 April 2013; Accepted 16 April 2013

Academic Editor: Kota V. Ramana

Copyright © 2013 Cécile Cipierre et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Oxidative stress may play a central role in the onset of many diseases during the neonatal period. Malondialdehyde (MDA) is
a marker of lipid peroxidation. The aim of this study was to evaluate a new marker, the malondialdehyde adduct to hemoglobin
(MDA-Hb), which ismeasured in red blood cells (RBCs) and thus does not require that an additional blood sample be drawn. In this
prospective study, we first adapted themeasurementmethod previously described toHb solutions obtained fromwashed RBCs and
then evaluated the suitability of themethod for use in neonates.MDA-Hb concentrationsweremeasured by liquid chromatography-
mass spectrometry. We compared the concentrations of MDA-Hb between preterm and term neonates. Erythrocyte samples were
collected at birth from 60 healthy neonates (29 full-term and 31 preterm), as well as from 50 preterm neonates with uncomplicated
postnatal evolution during the first months of life. We found a significantly higher MDA-Hb concentration at birth in preterm
neonates (𝑃 = 0.002). During the first months of life, MDA-Hb concentrations were 9.4 nanomol/g Hb in hospitalized preterm
neonates. MDA-Hb could be used to assess oxidative stress in preterm neonates. Together with clinical variables, it could be a
useful marker for oxidative stress exposition in these higher risk patients.

1. Introduction

Growing evidence indicates that an imbalance between
oxidative stress (OS) and antioxidant defense mechanisms
plays an important role in the onset of many diseases during
the neonatal period [1, 2]. Birth is associated with a strong
OS related to the rapid change from a relatively hypoxic
intrauterine environment to the extrauterine environment
(5-fold increase in alveolar PO

2
) and several physiologic

processes involved in the delivery [3, 4]. These changes and
processes greatly increase the production of free radicals,
which must be controlled by the antioxidant defense system
that has been maturing over the course of gestation [5, 6].

Free radicals are too short-lived to be detected directly in
clinical systems, but oxygen free radicals react with lipids to
produce lipid peroxidation products, which when measured
serve as indirect biomarkers of in vivo oxidative stress status
and related diseases. Among these products, malondialde-
hyde (MDA) is one of the principal and most studied low-
molecular-weight end products. It is highly cytotoxic because
of its ability to bind proteins or nucleic acids very quickly [7].

The thiobarbituric acid reactive substance method
(TBAR test) has been frequently used to assess MDA
concentrations, but it lacks specificity as aldehydes other
than MDA (formaldehyde, acetaldehyde, etc.) and non
lipid substances react with thiobarbituric acid [8, 9]. Other



2 Oxidative Medicine and Cellular Longevity

analytical techniques such as specific derivatization before
liquid chromatography with UV or mass spectrometry
detection have been proposed to measure MDA more
precisely [10]. It should be noted that all these techniques
reflect measures only at a specific moment, although
peroxidation reactions fluctuate over time.

Determining adducts to proteins, particularly Hb, has
proved to be a useful approach for monitoring in vivo
exposure to genotoxic compounds [11]. An adduct is formed
when a low molecular compound binds with a biological
molecule [11]. The Hb adducts are stable reaction products
derived from electrophilic compounds, by covalent attach-
ment, involving nucleophilic centers in biomolecules that
offer possibilities for the sampling and analysis of elec-
trophilic, short-lived compounds [12].

The determination of MDA-Hb obtained with a very
complex method has thus been proposed to assess the
exposure to lipid peroxidation products [13]. In healthy
adults, MDA-Hb values of 0.01 to 10 nanomol/g Hb were
reported [14]. Moreover, the method used in these studies
was sensitive enough to detect variations in the levels ofMDA
adducts caused by lipid peroxidation,with a direct correlation
between dose and effect [15].

MDA-Hb measurement could provide an assessment of
OS in neonates over the middle term because of (i) the stable
covalent attachment between MDA and Hb and (ii) MDA-
Hb elimination, which is dependent on the relatively well-
defined life span of the erythrocyte (120 days in human adults,
shorter in neonates) [16]. We tested whether we would be
able to determine MDA-Hb in neonates without taking more
blood from them, as this is a crucial issue in very low birth
weight (VLBW) neonates. We assumed that the erythrocytes
remaining from routine blood samples taken for electrolyte
determination would be sufficient.

We thus evaluated the feasibility of MDA-Hb measure-
ment in neonates and sought to establish normal MDA-Hb
ranges in healthy full-term neonates at birth and uncompli-
cated premature neonates at birth and during the firstmonths
of life.

2. Methods

2.1. Study Populations. To assess MDA-Hb at birth, neonates
born on the maternity ward of Croix Rousse University
Hospital, Lyon, France, were consecutively enrolled between
February and May 2009. They were divided in two groups
according to their gestational age (GA). In the first group,
inclusion criteria were: healthy neonates born after a full-
term gestation (≥37 weeks), delivered vaginally without com-
plications, and presenting good adaptation to extrauterine
life (no resuscitation, no evidence of perinatal hypoxia, or
respiratory distress), birth weight (BW) appropriate for GA
[17], and a normal clinical examination at birth. In the second
group, inclusion criteria were: premature neonates (28–36
weeks) who did not require intensive care (no intubation, no
chest compression, or drugs for resuscitation), oxygen ther-
apy, or any type ofmedication at birth. Exclusion criteria were
as follows: the need for resuscitation, evidence of perinatal

hypoxia (pH ≤ 7.20 in cord blood, 5min Apgar score < 7)
or respiratory distress, congenital malformation, sepsis, and
small for GA [17], and multiple gestation. Measurements of
MDA-Hb at birth were performed in 29 full-term and 31
premature neonates.

To measure MDA-Hb in the first months of life, we
collected blood samples from uncomplicated premature
neonates, that is, without assisted ventilation, parenteral
nutrition, blood transfusion, or anti-inflammatory treatment
within the five days before blood sampling. We recorded BW,
GA, gender, and postnatal age on the day of sample collection.
Measurements of MDA-Hb during the first 8 weeks of life
were performed in 50 uncomplicated preterm neonates as
previously defined.

The study was completely integrated into the routine
care of full-term and preterm neonates and there was no
supplementary blood sampling required. All parents signed
an informed consent form. The study was approved by the
Ethics Committee of the University Hospital Center of Lyon,
France, (CPP Lyon Sud Est IV).

2.2. Determination of MDA-Hb

2.2.1. Collection of Samples. The assessment of MDA-Hb
required the collection of erythrocytes. At the time of birth,
arterial cord blood (5mL) was collected from full-term and
preterm neonates who fulfilled the inclusion criteria. As cord
blood pH is systematically assessed at birth in our hospital,
blood samples for the purpose of our studywere also obtained
at that time.

During the hospitalization of the preterm neonates who
fulfilled the inclusion criteria, erythrocyte samples were
collected at the same time as the venous blood sampling
usually required for routine assessment of serum electrolytes
in these neonates. According to the routine procedure, serum
and red blood cells were separated by centrifugation (10
minutes, 4000G) in the hospital biochemistry laboratory.The
tubes were then immediately refrigerated at 4∘C until the
preparation of samples.

2.2.2. Reagents. Malondialdehyde-bis-dimethylacetal (tetra-
methoxypropane, TMP) 99% purity and metaphosphoric
acid were purchased from sigma- Aldrich Chemie GmbH
(Steinheim, Germany). Dideuterated tetraethoxypropane
was from CDN Isotopes (88 Leacock Street, Pointe-Claire,
QC, Canada). 2,3-Diaminonaphthalene (DAN) was obtained
from TCI. Anhydrous potassium dihydrogen phosphate
(Suprapur), ethanol, methanol, and acetonitrile gradient
grade were from Merck (Darmstadt, Germany). All other
chemicals and solvents were of analytical grade. Aque-
ous solutions were made with pure water (conductivity ≥
18MΩ), Elga Pure Lab Option (Elga, France).

Standard stock solution of TMP 608 nM was obtained
by seven successive dilutions (1/10) of TMP: three times in
ethanol then three times in ethanol/water (40/60, v/v) and
finally in water with NH

4
OH 90mM final concentration.

Aliquots of this solution are stable under nitrogen for 3
months at −20∘C in the dark. Secondary MDA standards (76,



Oxidative Medicine and Cellular Longevity 3

Table 1: Derivatization of standards and samples.

Standards (from 76 to 608 nM) MDA-Hb
Sample volume 100𝜇L TMP 100𝜇L
Derivatization 100𝜇L DAN 5.8mM in HCl 2.4N + internal standard

Mixing, incubation for 180min at 37∘C

Hb precipitation 100𝜇L MPA 10%, mixing, centrifugation 3min, 15000× g
200 𝜇L supernatant for the next step

Stabilization at pH 2.0∗ 100𝜇L (NaOH 1N + KH2PO4 300mM pH 2.0)
∗

At every new preparation of both reagents, the volumes are adjusted to obtain pH 2.0 with a fixed volume of 300𝜇L (DAN: diaminonaphthalene; MDA:
malondialdehyde; MPA: metaphosphoric acid; TMP: tetramethoxypropane).

152, and 304 nM) were prepared daily by dilution in water of
the standard stock solution.

2.2.3.Material. LC-MS analysiswas carried out on anAgilent
LC 1100 series chromatograph with an Agilent LC-MSD SL
single quadrupole as detector. The chromatographic mobile
phase was ammonium acetate 5mmol/L, adjusted at pH
1.8 with formic acid containing 15% (v/v) of a methanol-
acetonitrile (1 : 1) mix. Derivatized samples and standards
(10 𝜇L) were injected on a 150 ∗ 2mm Uptishere HDO C18
(3 𝜇m particle size) column (Interchim, Montluçon, France).
The flow rate was 0.23mL/min with the column kept at 50∘C
in a column oven.

The quantification was carried out with a dideuterated
MDA (d2-MDA) internal standard, and the derivatives of
MDA and d2-MDA were detected in ESI positive mode
(M +H)+ atm/z 195.2 and 197.2, respectively.

2.2.4. Method. The procedure for measuring MDA-Hb con-
sisted of three steps:

(i) isolation of Hb and delipidation in order to avoid any
artifactual lipid peroxidation,

(ii) hydrolysis and derivatization of theMDAadduct with
DAN to form a diazepinium complex,

(iii) then quantification of the diazepinium by LC-MS.

After a first centrifugation, RBCs (200𝜇L) were washed
two times with four volumes of NaCl (9 g/1000mL), and
centrifuged (5minutes, 1000G). 150 𝜇L of washed and packed
RBCs were resuspended in distilled water (450𝜇L) and
freeze-dried at −80∘C for 5 minutes then thawed in hot
water (30 seconds under water at 60∘C). After a second
cycle of freeze drying-thawing, Hb solution was obtained
by centrifugation for 4min at 8000G; one aliquot was used
to measure Hb concentration and another aliquot (200𝜇L)
was rapidly delipidated by mixing with 100𝜇L Folch reagent
(methanol/chloroform, 1 vol./2 vol.) and centrifuged 5 min-
utes at 13000G. The delipidated Hb from the top phase was
either hydrolyzed and derivatized with DAN or stored at
−20∘C until analysis.

Hydrolysis and derivatization, modified from the original
method described for free and bound plasmatic MDA, were
done according to Table 1. Preliminary experiments showed
that to decrease adsorption of the diazepinium (formed

between MDA and DAN) to Hb, derivatization had to be
done in NaCl (60 g/L).

The adduct of MDA to Hb was expressed in nanomol per
gram Hb (nanomol/g Hb).

2.2.5. Reproducibility of Sample Processing. The sample pro-
cessing (RBCs washing, hemolysis, and delipidation) was
checked on two series of measurements with four and six
samples, respectively. Each sample was processed four or five
times, depending on the available sample volume.

2.2.6. Processed Sample Stability. Twenty-four samples were
fully prepared, aliquoted, and stored at −20∘C to check the
stability of the processed samples.The aliquots were analyzed
after 7, 20, and 32 days of storage.

2.3. Statistical Analysis. Categorical variables are expressed as
numbers and percentages, whereas continuous variables are
expressed as medians and ranges. All variables are described
for the whole population and each group: full-term (≥37
weeks) and preterm (<37 weeks) neonates. We compared the
characteristics (GA, BW, and gender) of the full-term and
pretermneonates. Categorical variables were compared using
the𝜒2 test, andMDA-Hb concentrationswere comparedwith
the Mann-Whitney test. Correlation coefficients between
MDA-Hb concentration and GA, BW, and gender were
tested with the Spearman test. All tests were considered
to be significant for 𝑃 values less than 5%. Analyses were
performed using SPSS, version 15.0 (Statistical Product and
Service Solutions 15.0; SPSS Inc., Chicago, Il USA).

3. Results

3.1. Optimization of Derivatization Conditions. The main
modification for the sample derivatization, done according
to Table 1, was that all the reagents used were prepared
in NaCl (60 g/L) to decrease the adsorption of the formed
diazepinium to Hb.

3.2. LC-MS Separation and Repeatability. Figure 1 shows a
typical chromatogram of the MDA adduct measured as a
diazepinium at m/z 195.2 and the corresponding internal
standard at m/z 197.2. The method was found to be linear up
to 1000 nM. The repeatability of ten successive injections of
the same sample was better than 95% (personal data).
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Figure 1: A typical chromatogram for the measurement of malondialdehyde adduct to hemoglobin (MDA-Hb).The upper trace is that of the
diazepinium of MDA with its corresponding internal standard in the middle trace. The lower trace is that of the chromatogram in the total
ion current (TIC) mode with a scan betweenm/z 100 and 300.

3.3. Reproducibility of Sample Processing. Even if it is known
that handling of packed RBCs is tricky, unexpectedly, first
experiments showed that final variation of the results came
essentially from sample processing. After optimization and
with a good practice, the coefficient of variation (CV)
for sample processing evaluated by Hb measurement of
delipidated samples (two series with 6 and 4 samples resp.,
measured four times each) was below 5%, except for one
sample (CV = 5.98%).

3.4. Processed Sample Stability. Figure 2 shows the stability of
24 processed samples, aliquoted and stored at −20∘C for at
least a month. Aliquots were analyzed at day 0 and after 7, 20,
and 32 days of storage.

3.5. Measurements of MDA-Hb. The characteristics of the
studied population are presented in Table 2. The MDA-
Hb concentrations at birth were significantly higher in
preterm neonates (8.8 (2.6–19.2) nanomol/g Hb) than in
full-term neonates (4.6 (2.5–19.3) nanomol/g Hb) (𝑃 =
0.002) (Figure 3).
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Figure 2: Processed sample stability of MDA: twenty-four different
samples prepared, aliquoted, stored at –20∘C, and analysed after 7,
20, and 32 days of storage.

MDA-Hb values during hospitalization were collected in
preterm neonates (32.3 (26.5–35.5) weeks) with appropriate
GA and BW (1495 (720–2720) g), and measurements were
performed at a postnatal age of 12 (2–61) days (Figure 4).
During the first 8 weeks of life, 50 samples were analyzed
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Table 2: Clinical characteristics (mean (range unless specified 𝑛
(%))) of 60 full-term neonates (GA ≥ 37 weeks, 𝑛 = 29) or preterm
(GA < 37 weeks, 𝑛 = 31).

Full-term
neonates

Preterm
neonates P value

Gestational age at
birth, weeks 39.4 (37.4–41.6) 31.7 (28.1–35.7) <0.001

Birth weight, grams 3380 (2830–4270) 1580 (730–2580) <0.001
Male, 𝑛 (%) 14 (48.3) 15 (48.4) 0.993
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Figure 3: Concentrations of malondialdehyde adduct to
hemoglobin (MDA-Hb) at birth in healthy full-term (𝑛 = 29)
and healthy preterm neonates (𝑛 = 31). Values shown are median
levels (25th/75th box; 10th/90th error bars). ∗Mann-Whitney test:
significantly different from full-term neonates (𝑃 = 0.002).

in 50 uncomplicated preterm neonates (only one sample per
preterm neonate) as previously defined. MDA-Hb concen-
trations were 9.4 (2.4–26.3) nanomol/g Hb. No correlation
was found between BW or patient gender and the MDA-Hb
concentration.

At birth, GA was significantly and negatively correlated
with MDA-Hb concentration (𝑟 = −0.31, 𝑃 = 0.019).

4. Discussion

We report a convenient method to determine the concentra-
tion of MDA adduct to Hb in neonates, which is sensitive
enough to detect low concentrations ofMDA-Hb and specific
enough to assess lipid peroxidation.

The method to assess MDA-Hb is an adaptation of a
reliable and validatedmethod [10] used to evaluate the impact
of parenteral nutrition composition on lipid peroxidation
[18–20]. MDA-Hb was measured by LC-MS using a very
specificmethod based on diaminonaphthalene derivatization
[10].The advantages of themethod are its high sensitivity and
specificity which rely on the use of DAN. When reacted with
MDA, DAN forms a diazepinium with a mass of 194 Dalton
higher than that of native MDA (72 Dalton) which makes its
detection easier, because of an improved affinity for reverse
phase column and this higher mass outside the background
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Figure 4: Relationship between concentrations of malondialdehyde
adduct to hemoglobin (MDA-Hb) and postnatal age in healthy
preterm neonates (𝑛 = 50).

noise. A direct consequence of this high sensitivity is the low
volume of sample needed for measurement (only 200𝜇L).
This is particularly interesting for neonatal care. Typical
intra-assay variability is good (5%), and good reproducibility
was observed. Although this new method requires rigorous
conditions for sample preparation andmeasurement andmay
lead to the formation of artifacts, it has the advantage of being
relatively simple, which is important for clinical practice. Our
results thus suggest that this method is a useful, sensitive, and
specific assay for lipid peroxidation in neonates.

Furthermore, this assay has several advantages from a
clinical point of view, not the least of them being the simplic-
ity of collecting a component of blood (erythrocytes), that is,
usually discarded after serum has been taken for electrolyte
assessment from routine blood sampling. The relatively long
and well-controlled life span of Hb was an important reason
for choosing this protein as a dosemonitor for electrolytically
reactive compounds. Hb has a predetermined life span equal
to that of red blood cells. MDA-Hb could therefore be a long-
term indicator of oxidative stress. Moreover, since proteins
such as Hb are present in blood in much larger amounts,
measurement of protein adducts favors a high capacity of
detection [11].

We observed that themethod tomeasure Hb adducts was
sensitive enough to detect variations in MDA-Hb concen-
trations at different GAs at birth. As expected, we observed
significantly higherMDA-Hb levels in preterm neonates than
in full-term neonates. Indeed, increased oxidative stress in
preterm neonates at birth has been described using other
oxidative stress markers [4, 6, 21, 22].

Based on these preliminary results, it appears that this
marker might be useful in a variety of pathological condi-
tions, such as VLBWneonates, and thus, its clinical relevance
should be validated in a larger population. The ability to
detect lipid peroxidation noninvasively is of particular impor-
tance in preterm neonatal care. A noninvasive technique
would be a great aid in improving knowledge about oxidative
stress in these patients and evaluating future improvements
in neonatal care (assisted ventilation, oxygen therapy, and
parenteral nutrition) for diseases related to reactive oxygen
species.

In summary, our results suggest that in vivo assessment of
MDA-Hb in neonates is a feasible, blood-sparing, and simple
method to determine oxidative stress, notably in preterm
neonates.
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DAN: Diaminonaphthalene
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Hb: Hemoglobin
LC-MS: Liquid chromatography-mass spectrometry
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There is an important set of cirrhotic and diabetic patients that present both diseases. However, information about metabolic and
cellular blood markers that are altered, in conjunction or distinctively, in the 3 pathological conditions is scarce. The aim of this
project was to evaluate several indicators of prooxidant reactions and the membrane composition of blood samples (serum and
red blood cells (RBCs)) from patients clinically classified as diabetic (𝑛 = 60), cirrhotic (𝑛 = 70), and diabetic with liver cirrhosis
(𝑛 = 25) as compared to samples from a similar population of healthy individuals (𝑛 = 60).The results showed that levels of TBARS,
nitrites, cysteine, and conjugated dienes in the RBC of cirrhotic patients were significantly increased. However, the coincidence of
diabetes and cirrhosis partially reduced the alterations promoted by the cirrhotic condition.The amount of total phospholipids and
cholesterol was greatly enhanced in the patients with both pathologies (between 60 and 200% according to the type of phospholipid)
but not in the patients with only one disease. Overall, the data indicate that the cooccurrence of diabetes and cirrhosis elicits a
physiopathological equilibrium that is different from the alterations typical of each individual malady.

1. Introduction

Diabetes mellitus (DM) is a worldwide disease frequently
associated with a high risk of atherosclerosis and renal, cere-
bral, and ocular damage [1]. Oxidative damage plays several
roles in diabetes and its complications [1–3], and reactive
oxygen species (ROS) have been implicated in the patho-
genesis of DM [4]. Patients with type 2 DM frequently have
vascular endothelium dysfunction associated with hyperc-
holesterolemia. It has been reported that patients with type 2
DM, hypertension, cirrhosis, and malaria show a nitric oxide
(NO) deficiency as a major factor contributing to endothelial
dysfunction [5].

In the same context, increased production of ROS has
been related to protein glycosylation [2] and/or glucose auto-
oxidation in DM patients [6]. Glycosylated proteins differ in
their biological half-lives and properties. Glycosylated serum

albumin reflects glycemia levels, since hemoglobin undergoes
increased glycosylation (Hb A

1C) throughout the life span of
the red blood cells (RBC) under hyperglycemic conditions
[7]. Glycosylation of proteins can lead, in turn, to oxidative
stress by direct release of superoxide and H

2
O
2
[8]. Glycosy-

lated albumin is a more sensitive index of short-term varia-
tions of glycemia than Hb A

1C during treatment of diabetic
patients [9]. High plasma malondialdehyde (TBARS) and
organic hydroxyperoxide concentrations have been observed
in patients with ketoacidosis as secondary effects of glycemic
disorders [10]. Additionally, increased lipid peroxidation (LP)
occurs in RBC membranes due to an excessive production of
ROS and decreased levels of GSH. Hematological alterations
in plasma and/or blood cells (high serum levels of conjugated
dienes and lipid peroxides) have been observed in type 2 DM
patients with vascular complications [11].
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It is not infrequent to find an association of DM with
several modalities of liver disease. Diabetes and liver injury
appear to be associated [12]: elevated levels of both alanine
and aspartate aminotransferases occur in diabetics more fre-
quently than in the general population [13], even indepen-
dently of obesity [14], as well as serum 𝛾-glutamyltransferase
activity, which has been proposed as a marker of insulin
resistance in type 2 DM [15]. Causes of cirrhosis linked to
diabetes include nonalcoholic fatty liver disease, hemochro-
matosis, and hepatitis C infection. Taken together, these data
are highly suggestive of a DM effect on liver functions [16].

Nonalcoholic fatty liver disease (NAFLD) represents a
spectrum of progressive liver maladies encompassing simple
steatosis, nonalcoholic steatohepatitis (NASH), fibrosis, and
cirrhosis. NAFLD is strongly associated with glucose intoler-
ance or type 2 DM. Importantly, accumulating evidence indi-
cates that NAFLD is strongly associated with a prothrom-
botic tendency, which may, at least in part, contribute to
the increased risk of atherothrombotic events observed in
these patients. NAFLD also exacerbates systemic and hepatic
insulin resistance and causes atherogenic dyslipidemia [17].
Also recently, it was reported that interleukin-2R, inter-
leukin-18, and glucagon are higher in DM patients with
cirrhosis, suggesting a synergistic effect of both diseases [18].
Moreover, interactions between diabetes and hepatitis C virus
exacerbated the liver damage, suggesting that diabetes is a
risk factor for the pathological progression of the viral liver
disease [19].

Indeed, it has been suggested that the combination of
insulin resistance and LP could lead to liver damage, such as
those in NASH [20]. Hence, this study was addressed to eval-
uate the impact of type 2 DM combined with advanced liver
damage (diagnosed as cirrhosis) on parameters indicative of
oxidative stress and its impact on biological membranes as
measured in the patients’ RBC.

2. Material and Methods

2.1. Patients and Controls. Subjects with different stages of
type 2 DM were recruited from outpatient clinics as coordi-
nated by the Instituto Nacional de Medicina Genómica
(INMEGEN). Patients diagnosed with cirrhosis, with or
without manifested clinical type 2 DM, were recruited from
several outpatient clinics of the Sector Salud (Ministry of
Health). The study involved 60 patients with type 2 DM, 70
patients with cirrhosis, 25 patients with both pathologies.
Patients were selected based upon the following criteria: all
of themwere nonalcoholics, nonsmokers, and apparently free
from any renal complication. The control group consisted of
healthy individuals of similar age, bodyweightmatched, non-
smoking, nonalcoholic, andwith no family history of diabetes
and/or cirrhosis. Following a 12 h overnight fast, all subjects
were blood sampled and clinically evaluated by the same
investigators (Norberto Garćıa-Garćıa and Irma Aguilar-
Delf́ın). This study was carried out in accordance with the
Declaration ofHelsinki (2000) of theWorldMedical Associa-
tion and approved by the Ethics Committees of the Hospital
General de México (Ministry of Health) and Instituto de
Fisiologı́a Celular (UNAM).

2.2. Clinical Tests. In separate blood samples from healthy
subjects and diabetic patients, several clinical parameters
were quantified: glucose, glycosylated Hb A

1C, choles-
terol, triacylglycerols, C-reactive protein (CRP), albumin,
bilirubin, coagulation factors, aspartate (GOT) and alanine
(GPT) aminotransferase activities, and 𝛾-glutamyltransferase
(GGT) activity.

2.3. Blood Samples. Heparin-anticoagulated blood was
obtained, and the serum was rapidly separated. Aliquots of
serum and RBC were placed in ice cold perchloric acid (8%
w/v, final concentration). After centrifugation, acid extracts
of plasma as well as of RBC were obtained (dilution: 1 : 3 v/v
blood samples/perchloric acid) and stored at −50∘C until use.

2.4. Biochemical Measurements. In acid extracts from whole
blood, serum, and RBC, thiobarbituric acid reactive sub-
stances (TBARS) were determined by the method described
by Hernández-Muñoz et al. [21], and free cysteine was colori-
metrically assayed with the method described by Gaitonde
[22]; in neutralized perchloric acid extracts, nitrites were
quantified by the Griess reaction [23]. Cell membrane LP
related and conjugated dienes (CD) were assessed as pre-
viously described [24], and the protein carbonyl content in
the different subcellular fractions was estimated according to
Levine et al. [25] as an index of oxidative damage. Total hemo-
globin was quantified using Drabkin’s reagent.

2.5. Preparation of RBC Membranes (Ghosts). Sets of anti-
coagulated blood samples were obtained, and the serum
was rapidly separated by centrifugation at 900 g for 5min
at 4∘C. The buffy coat was removed, and the erythrocyte
pellet was washed 4 times with 2 volumes of cold (4∘C)
20mM HEPES (pH 7.4) containing 0.9% NaCl. Thereafter,
RBCwere gently resuspended in a hypoosmotic solution con-
taining 0.172M TRIS buffer (pH 7.6) and adjusted to a 50%
hematocrit to produce hemolysis. RBCs were then centri-
fuged at 20,000 g (4∘C) for 25min then washed at least 3
more times to completely remove hemoglobin from the RBC
pellet, as described before [26]. Thereafter, membranes were
incubated in the same HEPES buffer for 30min at 37∘C, and
TBARS was measured [21].

2.6. Calculations and Statistics. Concentration of serum
and RBC metabolites were calculated as nmoles/mL and
expressed as means ± standard deviation (SD). To compare
a continuous variable between groups, the Student’s unpaired
𝑡-test and the Mann-Whitney test were used; thereafter, these
differences were contrasted with a 𝑡-test for paired data.

3. Results

3.1. Metabolites Indicating Oxidative Stress and Generation of
NO in Patients with Type 2 DM and Cirrhosis. RBC metabo-
lite concentrations clearly differed from those found in serum
(Table 1), suggesting that RBCs could act as a biochemical
reservoir. In serum from patients with DM, the level of
TBARSwas not significantly different from that of the control
group; however, the RBC content of TBARS was increased in
samples obtained from patients with type 2 DM. The ratio
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Table 1: TBARS, nitrites, and cysteine levels from serum and red blood cells obtained from control subjects and from patients with type 2DM
and/or cirrhosis.

Parameter Healthy (𝑛 = 60) Diabetes (𝑛 = 60) Cirrhosis (𝑛 = 70) Diab + Cirrhos (𝑛 = 25)
Serum TBARS 0.35 ± 0.13 0.40 ± 0.10 0.37 ± 0.09 0.42 ± 0.18
RBC TBARS 0.42 ± 11 0.62 ± 0.08∗ 1.15 ± 0.35∗ 0.84 ± 0.35∗,∗∗∗

RBC/serum ratio 1.20 ± 0.34 1.55 ± 0.29∗ 3.11 ± 0.89∗ 2.00 ± 0.78∗

Serum nitrites 26 ± 3 37 ± 8 63 ± 25∗ 46 ± 18∗

RBC nitrites 32 ± 6 68 ± 7∗ 150 ± 47∗ 62 ± 24∗

RBC/serum ratio 1.2 ± 0.2 1.8 ± 0.3∗ 2.3 ± 0.9∗ 1.4 ± 0.4
Serum cysteine 18 ± 4 44 ± 12∗ 28 ± 9∗ 39 ± 15∗

RBC cysteine 23 ± 7 37 ± 10 153 ± 52∗ 87 ± 34∗,∗∗∗

RBC/serum ratio 1.3 ± 0.3 0.8 ± 0.2 5.3 ± 1.8∗ 2.2 ± 0.9∗,∗∗∗

Results are expressed as mean ± SD of determinations done in blood samples membranes from controls (𝑛 = 60), patients with type 2DM (𝑛 = 60), cirrhotic
patients (𝑛 = 70), and diabetic patients with cirrhosis (𝑛 = 25). RBC: red blood cells. Statistical significance: ∗𝑃 < 0.01, versus control; ∗∗𝑃 < 0.01, versus DM
or versus cirrhosis; ∗∗∗𝑃 < 0.01, versus both the diabetes and cirrhosis groups, separately.
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Figure 1: Blood levels of TBARS, cysteine, and of nitrites and its distribution in serum and RBC from patients with type 2 diabetes mellitus
and cirrhosis. The results are expressed as the mean ± SD for levels of TBARS (a), free cysteine (b), and for nitrites (c), in serum and RBC
samples from control healthy volunteers (𝑛 = 60), patients with type 2 diabetes mellitus (𝑛 = 60), patients with cirrhosis (𝑛 = 70), and
those from patients having the combination of both pathologies (𝑛 = 25). Symbols indicate each blood compartment at the top of the panels.
RBC/serum ratio is indicated by the empty bars and assessed by the right scale. Statistical significance: ∗𝑃 < 0.01, versus control; ∗∗𝑃 < 0.01,
against DM or versus cirrhosis; ∗∗∗𝑃 < 0.01, against both, the diabetes and cirrhosis groups, separately.

RBC-TBARS/serum TBARS in controls was 1.2, whereas in
DM patients it increased significantly ∼25% (Figure 1(a)). In
the group of cirrhotic patients, RBC-TBARS was drastically
increased, while the level of TBARS in serum was practically
unchanged, which led to a 3-fold increase in the RBC-
TBARS/serum-TBARS ratio (Figure 1(a)). Interestingly, the
combination of DM and cirrhosis enhanced serum-TBARS
levels, when compared with controls. However, the TBARS

level in the RBC was similar to that of the DM patients: the
significant increase detected in the cirrhotic patients was not
observed (Figure 1(a)).

The levels of free cysteine, which reflect glutathione
synthesis and oxidative status, were found to be slightly
higher in control RBC than in serum (Figure 1(b)). DM pro-
moted an increased cysteine concentration in both serumand
RBC; however, the RBC/serum ratio for this amino acid was
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Figure 2: Levels of conjugated dienes and of carbonyl groups (oxidized proteins) in RBC membranes obtained from patients with type 2
diabetes mellitus and cirrhosis. The results are expressed as the mean ± SD for levels of conjugated dienes (a) and for nitrites (b), determined
in isolated membranes from RBC obtained from control healthy volunteers (𝑛 = 60), patients with type 2 diabetes mellitus (𝑛 = 60), patients
with cirrhosis (𝑛 = 70), and those from patients having the combination of both pathologies (𝑛 = 25). Symbols indicate experimental groups
at the top of the figure. Statistics as indicated in Figure 1.

significantly decreased, due a larger increase in serum cys-
teine (Figure 1(b)). On the other hand, cirrhosis induced the
opposite pattern, a drastic increase of cysteine, mainly in the
RBC. Again, the cooccurrence of both pathologies partially
counteracted the alterations observed in the cirrhotic patients
(Figure 1(b)).

The concentration of blood nitrites, as a reflection of NO
catabolism, was higher in the RBC than in serum in controls
(Figure 1(c)). Patients with type 2 DM clearly showed an
increased amount of blood nitrites, particularly in RBC, lead-
ing to a significantly higher RBC-nitrite/serum-nitrite ratio.
Cirrhosis also promoted NO catabolism mainly in RBC,
producing an even more elevated RBC-NO/serum-NO ratio
(Figure 1(c)). Interestingly, the combination of the two dis-
eases attenuated their individual effects on nitrites in both
blood compartments (Figure 1(c)).

3.2. Oxidative Parameters and TBARS Production by Isolated
RBCMembranes from Patients with Type 2 DM and Cirrhosis.
The LP rate was evaluated in RBC membranes by measuring
conjugated dienes (Figure 2(a), Table 4). Compared to the
TBARS generated in whole blood, RBC membranes from
patients withDMhad a reduced content of conjugated dienes,
while those obtained from cirrhotic patients showed a signi-
ficant increase of these LP by-products (Figure 2(a), Table
4). It was noteworthy that DM completely blocked the
cirrhosis-induced enhancement of conjugated dienes in the
RBC membranes (Figure 2(a), Table 4). The impact of oxida-
tive stress on proteins, as assessed by the presence of car-
bonyl groups present in denatured membrane proteins,
also changed (Figure 2(b), Table 4). When compared with
controls, the RBC ghosts from patients with type 2 DM as
well as RBC from cirrhotic patients had significantly lower
amounts than that of carbonyl groups (Figure 2(b), Table 4).
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Figure 3: In vitro production of TBARS by incubated RBC mem-
branes obtained from patients with type 2 diabetes mellitus and
cirrhosis.The results are expressed as the mean ± SD for the amount
of TBARS generated by isolated RBC membranes obtained from
control healthy volunteers (𝑛 = 60), patients with type 2 diabetes
mellitus (𝑛 = 60), patients with cirrhosis (𝑛 = 70), and those
from patients having the combination of both pathologies (𝑛 =
25). Symbols indicate experimental groups at the top of the figure.
Statistics as indicated in Figure 1.

In patients with both pathologies, no additional effect was
found (Figure 2(b), Table 4).

Since the cooccurrence of type 2 DM in cirrhotic patients
seemed to provide some kind of antioxidant effect in theRBC,
we assayed in vitro for TBARS generation in RBCmembranes
(Figure 3). TBARS synthesis in samples obtained from the
cirrhotic patients was reduced, whereas the samples fromDB
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Table 2: Levels of phospholipids and cholesterol in RBCmembranes obtained from control subjects and from patients with type 2DM and/or
cirrhosis.

Parameter Healthy (𝑛 = 60) Diabetes (𝑛 = 60) Cirrhosis (𝑛 = 70) Diab + Cirrhos (𝑛 = 25)
PS (nmoles/mg) 40 ± 14 34 ± 10 30 ± 8

∗
63 ± 14

∗,∗∗∗

PI (nmoles/mg) 46 ± 10 45 ± 11 50 ± 12 126 ± 26
∗,∗∗∗

PC (nmoles/mg) 62 ± 14 63 ± 16 77 ± 17
∗

194 ± 36
∗,∗∗∗

PE (nmoles/mg) 23 ± 6 27 ± 6 26 ± 6 70 ± 10
∗,∗∗∗

Cholesterol (nmoles/mg) 17 ± 4 18 ± 5 25 ± 6
∗

41 ± 6
∗,∗∗∗

Results are expressed as mean ± SD of determinations done in RBC membranes from controls (𝑛 = 60), patients with type 2DM (𝑛 = 60), cirrhotic
patients (𝑛 = 70), and diabetic patients with cirrhosis (𝑛 = 25). PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS:
phosphatidylserine; Diab + Cirrhos: diabetes + cirrhosis. Statistical significance: ∗𝑃 < 0.01, versus control; ∗∗𝑃 < 0.01, versus DM or versus cirrhosis;
∗∗∗
𝑃 < 0.01, versus both the diabetes and cirrhosis groups, separately.

Table 3: Relations of phospholipids and cholesterol in RBC membranes obtained from control subjects and in patients with type 2DM and
cirrhosis.

Parameter Healthy (𝑛 = 60) Diabetes (𝑛 = 60) Cirrhosis (𝑛 = 70) Diab + Cirrhos (𝑛 = 25)
Total phospholipids (nmoles/mg) 171 ± 44 168 ± 42 185 ± 44 453 ± 87

∗,∗∗∗

PC/PE ratio 2.72 ± 0.62 2.34 ± 0.54
∗

2.71 ± 0.58 2.76 ± 0.46
∗∗

Cholesterol/T. phospholipids 0.10 ± 0.02 0.11 ± 0.03 0.13 ± 0.03
∗

0.09 ± 0.02
∗∗∗

Results are expressed as mean ± SD of determinations done in RBC membranes from controls (𝑛 = 60), patients with type 2DM (𝑛 = 60), cirrhotic patients
(𝑛 = 70), and diabetic patients with cirrhosis (𝑛 = 25). PC: phosphatidylcholine; PE: phosphatidylethanolamine; T: total; Diab + Cirrhos: diabetes + cirrhosis.
Statistical significance: ∗𝑃 < 0.01, versus control; ∗∗𝑃 < 0.01, versus DM or versus cirrhosis; ∗∗∗𝑃 < 0.01, versus both the diabetes and cirrhosis groups,
separately.

patients did not show significant differences from the control
(Figure 3). Moreover, an unexpected potentiation of TBARS
production in RBCmembranes was detected in samples from
patients with both type 2 DM and cirrhosis (Figure 3).

3.3. Changes in Lipid Composition (Phospholipids and Choles-
terol) in Isolated RBC Membranes from Patients with Type
2 DM and Cirrhosis. We tested if the changes observed
in the oxidative stress parameters could be correlated with
alterations in the phospholipid and cholesterol content of the
RBC membranes (Tables 2 and 3). The lipid composition of
RBC membranes from patients with type 2 DM was practi-
cally unmodified when compared to controls (Table 2). In
contrast, patients with cirrhosis had a decreased amount
of phosphatidylserine (PS), which was accompanied by an
elevated concentration of phosphatidylcholine (PC) and cho-
lesterol (Table 2). Again, an unexpected pattern was found in
RBCmembranes from diabetic patients with cirrhosis, where
all phospholipids tested and cholesterol were drastically
increased (Table 2).

Two parameters indicative of membrane fluidity were
also calculated, namely, the ratio of PC/phosphatidylethanol-
amine (PE), aswell as the total phospholipid/cholesterol ratio.
Whereas in patients with DM, the PC/PE ratio was signi-
ficantly decreased; in the cirrhotic patients, an increase
of the membrane cholesterol level was noted, resulting in
a significantly higher total phospholipid/cholesterol ratio
(Table 3).These effects were completely absent in theDMand
cirrhotic patients, since cirrhosis seemed to correct the DM-
induced decrease of the PC/PE ratio and type 2 DM norm-
alized the total phospholipid/cholesterol ratio in RBC mem-
branes from cirrhotic patients (Table 3).

4. Discussion

Diabetes is frequently diagnosed in patients with cirrhosis
and represents an important risk factor for morbidity and
mortality, since pharmacological therapy is limited by hepa-
totoxicity and the risk of hypoglycemia. Conversely, cirrhosis
is a common complication in diabetic patients. Diabetes
increases the risk of fatty liver, which can progress to cirrho-
sis. The interactions of these pathologies are not well under-
stood, but a possible participation of ROS as an underlying
mechanism is under robust investigation. In this context,
increased adiposity and insulin resistance in obese subjects
contribute to the progression of NASH to fibrosis, apparently
by augmenting ROS formation and altering adipokine/cyto-
kine production, thereby promoting a profibrotic milieu in
the liver [27].

Production of ROS promotes activation of hepatic stellate
cells (HSC) and progression to fibrosis. Indeed, in a diabetic
state, ROS production is enhanced in association of CYP2E1
induction and activity [28]; the resultant oxidative stress then
can directly increase collagen production by activated HSC
[29]. This situation confirms that oxidative stress coincides
with many pathological conditions and diseases such as
chronic obstructive pulmonary disease, cancer, diabetes,
ischemia/perfusion, neurological disorders, atherosclerosis,
hypertension, idiopathic pulmonary fibrosis, asthma, and
liver diseases [30]. Although the negative impact of diabetes
on the retinal, renal, nervous, and cardiovascular systems is
well recognized [31], little is known about its effect on the
liver. Nonetheless, it has recently been reported that hepatic
deregulation in the setting of obesity is marked by oxidative
stress and steatosis related to insulin resistance [29].
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Table 4: Conjugated dienes, carbonyls and TBARS generation in red blood cell membranes obtained from control subjects and in patients
with type 2DM and cirrhosis.

Parameter Healthy (𝑛 = 60) Diabetes (𝑛 = 60) Cirrhosis (𝑛 = 70) Diab + Cirrhos (𝑛 = 25)
Conjugated dienes (Δ 233/mg) 0.19 ± 0.07 0.11 ± 0.06 0.26 ± 0.12

∗
0.12 ± 0.03

∗∗∗

Carbonyl groups (nmoles/mg) 2.73 ± 0.90 1.83 ± 0.85
∗

1.85 ± 0.89
∗

1.86 ± 0.38
∗

TBARS generation by RBC membranes 10.9 ± 0.9 10.5 ± 1.4 4.8 ± 1.0
∗

20.7 ± 1.8
∗,∗∗∗

Results are expressed as mean ± SD of determinations done in RBC membranes from controls (𝑛 = 60), patients with type 2DM (𝑛 = 60), cirrhotic patients
(𝑛 = 70), and diabetic patients with cirrhosis (𝑛 = 25). Statistical significance: ∗𝑃 < 0.01, versus control; ∗∗𝑃 < 0.01, versus DM or versus cirrhosis; ∗∗∗𝑃 <
0.01, versus both the diabetes and cirrhosis groups, separately.

Products of lipid peroxidation, such as TBARS and other
unsaturated aldehydes, can inactivate many cellular proteins,
such asmembrane-bound receptors and enzymes, by forming
protein cross-linkages [32]which could alter cell permeability
[33]. ROS can also alter the electrical charge and cross-linking
of proteins, and by oxidizing specific amino acids such as
cysteine and methionine, they increase susceptibility to pro-
teolysis [34]. Moreover, free cysteine is generally the limiting
amino acid for the synthesis of reduced glutathione (GSH)
[35]. Thus, factors (e.g., insulin and growth factors) that
stimulate cysteine (cystine) uptake by cells generally increase
intracellularGSHconcentrations [36]. In addition, increasing
the supply of cysteine or its precursors (e.g., cystine,N-acetyl-
cysteine, and L-2-oxothiazolidine-4-carboxylate) prevents
GSH deficiency in humans and animals under various nutri-
tional and pathological conditions [37].

The present data indicate that generation of TBARS was
higher in RBC from patients with type 2 DM and, to a
much larger extent, in the RBC from cirrhotic patients. How-
ever, in patients with both pathologies, the enhancement of
TBARS was partly counteracted, probably due to the antioxi-
dant status of these cells, since we found only a slight but
significant increase in serum TBARS in samples obtained
from the diabetic and cirrhotic groups (Figure 1(a)). This
condition correlated well with the assessment of membrane
conjugated dienes, where it was clear that cirrhosis promoted
oxidative stress, which was blunted by the presence of DM
(Figure 2(a)). However, the in vitro generation of TBARS
was significantly diminished in RBC membranes obtained
from patients with cirrhosis and largely counteracted by the
simultaneous occurrence of DM (Table 4). The latter, which
could appear somehow contradictory, might be explained by
the antioxidant defense of each population of blood cells. In
fact, RBC membranes from patients with type 2 DM and
those obtained from cirrhotic patients both showed, sepa-
rately, an important decrease of oxidized membrane proteins
(carbonyl groups); this decrease was not additive when cells
obtained from the group with both diseases were assayed
(Figure 2(b)).

DM and cirrhosis both induced an enhanced amount of
blood cysteine, which was more evident in the RBC, particu-
larly in the patients with cirrhosis. This elevated blood cys-
teine was also partly attenuated by the combination of both
pathologies (Figure 1(b)). It has been demonstrated that
acetaldehyde, as a main product of ethanol oxidation, is
bound to RBC, possibly due to thiazolidine formation with
cysteine, and that the cysteine level was doubled in blood

cells from alcoholic patients without severe liver damage [26].
In addition, cirrhotic patients display lower levels of plasma
GSH and cysteine; on the contrary, RBC cysteine was found
to increase significantly in all cirrhotic patients, particularly
in alcoholics [38].

There is evidence that DM patients had altered NOmeta-
bolism [39], and in a rat model of cirrhosis that over-
expressed caveolin-1, the interaction with eNOS and both the
basal and stimulated production of NO are depressed [40].
This interaction may increase portal pressure and contribute
to the malady, as occurs in cholestatic disease models where
the upregulation of sinusoidal caveolin-1 and a decrease in
eNOS activity were seen [41]. Our data agree with this altered
NOmetabolism, as evaluated by the presence of nitrites; they
showed elevated nitrites in serum and RBC in diabetic and
cirrhotic patients, a situation that was also partly counter-
acted when both pathologies occurred together (Figure 1(c)).
However, we did not assess the impact of this alteredNO pro-
duction (i.e., production of peroxynitrites or nitrotyrosines)
which could give usmore insight into the possiblemechanism
underlying the opposing effects of the two pathologies, when
they occur in the same patient.

The lipid composition (phospholipids and cholesterol)
of RBC membranes obtained from the experimental groups
showed some effects that can be attributed to the level of oxi-
dative stress. PS synthesis and its translocation are ATP-
dependent processes [42, 43], while the ratios PC/PE and
cholesterol/total phospholipids have been related to the fluid-
ity of a variety ofmembranes [44, 45]. Indeed, the ratio PS/PE
(1.74 in controls; Table 2) was decreased by both pathologies.
However, patients with both pathologies exhibited normal
PC/PE (decreased byDM) and cholesterol/total phospholipid
(increased by cirrhosis) ratios, as shown in Table 2. Both
type 2 DM and cirrhosis are complex pathologies involving
metabolic disturbances and adaptations, many of which are
still unknown. Our data suggest that cooccurrence of both
diseases instead of potentiating the severity of metabolic
dysfunction somehow allows the achievement of a new
metabolic status, whose significance remains to be elucidated.

Recent data support the fact of a complex interplay
between the metabolic condition associated with DM and
the pathologically defined as nonalcoholic fatty liver disease
(NAFLD). NAFLD predicts the development of type 2 dia-
betes and vice versa, and each condition may serve as a pro-
gression factor for the other [46]. Hepatobiliary disease and
associated mortality are increased in type 2 diabetes, and fac-
tors including fatty infiltration, microangiopathy, and direct
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glucotoxicity are likely to contribute to these outcomes [47].
The prevalence of type 2 DM is higher in patients with
hepatic deregulation, such as NAFLD, chronic viral hepatitis,
hemochromatosis, alcoholic liver disease, and cirrhosis. The
development of DM in patients with cirrhosis is well recog-
nized, and it is suggested that DM plays a role in the initia-
tion and progression of liver injury [48]. Patients with chro-
nic hepatitis C virus (HCV) infection have a significantly
increased prevalence of type 2 DM compared to controls or
hepatitis B virus-infected patients, independent of the pre-
sence of cirrhosis [49]. In addition, the levels of Hb A

1C
and of HOMA-R are increased in DM patients with chronic
liver damage andwho are undergoing angiopathy [50].More-
over, since the diabetic condition is associated with a sig-
nificant increase of mortality in patients with compensated
liver cirrhosis [51], there exists a consensus that cirrhosis will
negatively impact DM installation and, in turn, DM could
shorten the life of patients with the combined pathology.
However, the incidence of diabetic retinopathy and cerebro-
vascular disease was significantly lower in the a diabetic/cir-
rhotic group compared to the type 2 DM group, probably due
to the lower levels of serum lipoprotein A found in the com-
bined group [52]. It has been also postulated a link between
the development of fatty liver in which the inflammatory
responses lead to the onset of diabetes type 2. In turn, the pro-
inflammatory milieu favors that the diabetic state which in
turn becomes a major contributor to progressive liver dis-
eases such as fibrosis and cirrhosis [53]. Taken together, these
results suggest that the cooccurrence of the two pathologies
elicits a different physiopathological equilibrium between
prooxidant reactions and antioxidant activities.

5. Conclusions

Diabetes and cirrhosis are pathological conditions that
become interconnected in an important number of patients.
Our findings indicate that the oxidative response observed in
blood markers in cirrhotic/diabetic patients is ameliorated in
some parameters in comparison to the enhanced prooxidant
activity promoted by cirrhosis. Another distinctive result was
the increased amount of phospholipids content in the red
blood cells of the patients with both illnesses. It remains to
be elucidated the potential association between the oxidative
response in each pathology with structural changes in blood
cells.
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Amajor role of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family of enzymes is to catalyze the production
of superoxides and other reactive oxygen species (ROS).These ROS, in turn, play a key role asmessengers in cell signal transduction
and cell cycling, but when they are produced in excess they can lead to oxidative stress (OS). Oxidative stress in the kidneys is
now considered a major cause of renal injury and inflammation, giving rise to a variety of pathological disorders. In this review,
we discuss the putative role of oxalate in producing oxidative stress via the production of reactive oxygen species by isoforms of
NADPH oxidases expressed in different cellular locations of the kidneys. Most renal cells produce ROS, and recent data indicate
a direct correlation between upregulated gene expressions of NADPH oxidase, ROS, and inflammation. Renal tissue expression of
multiple NADPH oxidase isoforms most likely will impact the future use of different antioxidants and NADPH oxidase inhibitors
to minimize OS and renal tissue injury in hyperoxaluria-induced kidney stone disease.

1. Introduction

In this review, we aim at focusing on the putative role of
oxalate (C

2
O
4

2−) leading to oxidative stress (OS) by produc-
tion of reactive oxygen species (ROS) via different isoforms of
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase present in the kidneys. First, we provide a background
of different types of hyperoxaluria and address the factors
involved in oxalate and calcium-oxalate (CaOx-) induced
injury in the kidneys. Second, we aim at addressing the
role and different types of ROS and other free radicals,
which when overproduced lead to OS and a brief description
of different markers in the kidney which increase during
OS. Third, we discuss the different isoforms of NADPH
oxidase, their location, function, and expression in different
cell types. Fourth, we address the pathophysiological role
of NADPH oxidase in the kidneys and the regulation of
NADPH oxidase (NOX enzymes). Finally, we discuss the role
of antioxidants used for renal treatment and the different
NADPH oxidase inhibitors involved in blocking NADPH

oxidase from catalyzing production of superoxide with a
potential of reducing OS and injury in the kidneys.

Oxalate, the conjugate base of oxalic acid (C
2
H
2
O
4
), is

a naturally occurring product of metabolism that at high
concentrations can cause death in animals and less frequently
in humans due to its corrosive effects on cells and tissues
[1]. It is a common ingredient in plant foods, such as nuts,
fruits, vegetables, grains, and legumes, and is present in the
form of salts and esters [2–4]. Oxalate can combine with a
variety of cations such as sodium, magnesium, potassium
and calcium to form sodium oxalate, magnesium oxalate,
potassium oxalate, and calcium oxalate, respectively. Of all
the above oxalates, calcium oxalate is the most insoluble
in water, whereas all others are reasonably soluble [5].
In normal proportions, it is harmlessly excreted from the
body via the kidneys through glomerular filtration and
secretion from the tubules [6, 7]. Oxalate, at higher con-
centrations, leads to various pathological disorders such as
hyperoxaluria, nephrolithiasis (formation and accumulation
of CaOx crystals in the kidney), and nephrocalcinosis (renal



2 Oxidative Medicine and Cellular Longevity

calcifications) [1, 5, 8, 9]. Hyperoxaluria is considered to
be the major risk factor for CaOx type of stones [10] with
nearly 75% of all kidney stones composed of CaOx [9].
These CaOx crystals, when formed, can be either excreted
in the urine or retained in different parts of the urinary
tract, leading to blockage of the renal tubules, injury to
different kinds of cells in the glomerular, tubular and intesti-
nal compartments of the kidney, and disruption of cellular
functions that result in kidney injury and inflammation,
decreased and impaired renal function [11, 12], and end-
stage renal disease (ESRD) [13, 14]. Excessive excretion
of oxalate in the urine is known as hyperoxaluria and a
significant number of individuals with chronic hyperoxaluria
often have CaOx kidney stones. Dependent on food intake,
a normal healthy individual is expected to have a regular
urinary oxalate excretion somewhere between 10–40mg/24 h
(0.1–0.45mmol/24 h). Anything over 40–45mg/24 h (0.45–
0.5mmol/24 h) is regarded as clinical hyperoxaluria [15, 16].
Hyperoxaluria can be commonly classified into three types:
primary, secondary, and idiopathic. Primary hyperoxaluria
in humans is generally due to a genetic defect caused by
a mutation in a gene and can be further subdivided into
three subgroups, type I–III. It is inherited in an autosomal
recessive pattern and results in increased oxalate synthesis
due to disorders of glyoxalate metabolism. There is inability
to remove glyoxylate. Primary hyperoxaluria type I (PH I) is
the most abundant of the three subgroups of primary hyper-
oxaluria (70–80%) [13], caused by the incorrect sorting of
hepatic enzyme alanine-glyoxylate aminotransferase (AGT)
to the endosomes instead of the peroxisomes. AGT function
is dependent on pyridoxal phosphate protein and converts
glyoxalate to glycine. Owing to deficiency of AGT in PH
I cases, glyoxalate is alternatively reduced to glycolate and
oxidized to oxalate. In some cases of PH I, AGT is present
but is misdirected to mitochondria where it remains in an
inactive state. The metabolic defect of PH I is restricted to
liver peroxisomes and the AGT fails to detoxify glyoxalate
in the peroxisomes. Primary hyperoxaluria type II (PH II)
results from the scarcity of hepatic enzyme glyoxylate reduc-
tase/hydroxypyruvate reductase (GRHPR) activity normally
found in the cytosol. In studies, different cohorts have shown
concentrations of urinary oxalate excretion between 88–
352mg/24 h (1–4mmol/24 h) for PH I and 88–176mg/24 h (1-
2mmol/24 h) for PH II [13, 17, 18]. In some cases, there is
natural occurrence of AGT and GRHPR activities, but still
there may be PH type III due to anion exchanger SLC26A6
and mutations in DHDPSL [13, 19–21]. All three types of PH
show symptoms from infant to adolescence stages, with a
majority showing clinical symptoms at 5 years in PH I to 15
years in PH II, and during the neonatal years in PH III [18].
Approximately, 35% of patients with PH I may be unnoticed
due to misinterpretation, lack or subtlety of the symptoms,
until the onset of renal failure [13].

In contrast to primary hyperoxaluria, secondary hyper-
oxaluria appears to result from eating foods rich in high-
oxalate levels or exposure to large amounts of oxalate/oxalate
precursors. Regular daily oxalate consumption by West-
ern populations varies highly from 44 to 351mg/day (0.5–
4mmol/day) but may exceed 1000mg/day (11.4mmol/day)

when oxalate rich foods (e.g., spinach or rhubarb) are eaten
in excess [3, 22–24]. Exceedingly high values of up to
2045mg/day have also been reported due to consumption
of seasonal foods consisting of purslane, pigweed, amaranth,
and spinach [25].There are different factors that affect dietary
oxalate absorption such as oxalate bioavailability in the gut
after it is consumed, number and accessibility of cations that
attach to oxalate, such as calcium (Ca2+) and magnesium
(Mg2+) in the gut, oxalate precursors and their effect on
dietary oxalate, inherited absorption capacity, emptying of
the gastrointestinal fluids, time taken for transit in the
intestine, and the accessibility of oxalate degrading microor-
ganisms such asOxalobacter formigenes [15, 22–26]. A further
subtype of hyperoxaluria is idiopathic hyperoxaluria which
is spontaneous with unknown causes. Previous research has
shown that idiopathic CaOx stone patients have the ability to
absorb a greater quantity of oxalate as compared to normal
individuals [27–29]. This may be true for why some autistic
children have a high state of hyperoxaluria.

Previous studies have shown that dietary oxalate usually
contributes just 10–20% of the urinary oxalate [9] but can
be as high as ∼50%, as oxalate is neither stored nor further
metabolized inside the body [2]. Different studies have shown
that foods rich in oxalate cause a transient state of hyperox-
aluria, therefore difficult sometimes to detect in 24 h urinary
samples [4, 30] Another mechanism for hyperoxaluria is
fat malabsorption, also known as enteric hyperoxaluria. It
can arise for two different reasons: (a) greater access of the
mucous membrane in the intestine to oxalate caused by
greater numbers of dihydroxy bile acids such as taurocholic
and glycocholic acid and (b) interaction of fatty acids with
calciumpresent in the lumen, augmenting the quantity of sol-
uble oxalate when few insoluble CaOx complexes are formed
[31]. This condition has been shown to be linked with bypass
surgeries of small distal bowel or resections and other patho-
physiological disorders in which grave steatorrhea occurs,
for example, in pancreatic insufficiency and celiac spruce in
both children and adults. Furthermore, patients who have
had jejunoileal bypass surgery also tend to have higher rate
of occurrence of enteric hyperoxaluria. Additional reasons
for malabsorption include biliary obstruction, overgrowth of
bacteria, and blind loop syndrome [31].

2. Oxalate and Calcium Oxalate
Induced Injury

Studies have shown that oxalate and calcium oxalate cause
renal injury leading to inflammation and other pathophys-
iological conditions in the kidneys [32–35]. Oxalate levels
in the urine crosses the supersaturation limits, causing crys-
tallization of CaOx, calcium oxalate monohydrate (COM)
deposition in the renal cells and tissues that leads to damage
that ultimately results in end-stage renal failure [35]. Many
studies have shown that oxalate and CaOx crystals lead to
death of cells in in vitro analyses [32, 36, 37].

Oxalate ions are generated in the liver by glyoxalate
metabolism, but due to low solubility they are carried at
low concentrations in the plasma membrane [38]. Previous
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studies have shown that oxalate is quickly taken up by
proximal tubule cells and high concentration of oxalate can
be excreted in urine by the secretary pathway [39, 40].
The major pathway of oxalate excretion from the body is
via urinary excretion; however, a study in rats has shown
that large quantities of oxalate can also be removed by the
gastrointestinal system when there is kidney failure [41].

It is now well known that CaOx crystals cause injury to
cells and tissues by causing damage to cell membranes, pro-
duction of lipidmediators (prostaglandins, leukotrienes), and
excessive production of reactive oxygen species, all of which
lead to an imbalance between oxidants and antioxidants, with
malfunctioning ofmitochondria [42, 43]. Studies have shown
that CaOx crystals induce the phosphatidylserine imbalance
in themembrane and greater production of ceramide, signals
of cell death [42–44]. CaOx also causes hemolysis of red
blood cells [45] and CaOx crystal injury may also be due to
abundant release of ROS and other free radicals produced
from molecular oxygen which ultimately lead to oxidative
stress. Our review provides an insight on oxalate- and CaOX-
induced renal injury due to different types of ROS produced
by numerous enzyme complexes and mitochondria with
special focus on NADPH oxidases leading to oxidative stress.

3. Reactive Oxygen Species (ROS)
and Oxidative Stress

Reactive oxygen species are chemically reactive molecules
and free radicals generated from molecular oxygen that, if
produced in excess, cause damage to tissues and different
components of the cells. Yet, if produced in physiological
balance, ROS have been shown to play a principle role in
normal cell signal transduction pathways, including apopto-
sis, gene expression, and activation of different cell signaling
cascades.They are produced by different constitutively active
oxidases such as NADPH oxidase, xanthine oxidase, lipoxy-
genase, cyclooxygenase, hemeoxygenase, and in the electron
transport chain of mitochondria during cellular respiration
[1, 46]. Major cellular ROS include the superoxide anion
(O
2

−∙), nitric oxide radical (NO∙), hydroxyl radical (OH∙),
and hydrogen peroxide (H

2
O
2
), all of which are produced by

different signaling pathways [1, 46]. The superoxide anion,
precursor of the more powerful and complex oxidants, is
mainly produced by the respiratory burst of phagocytes
which is regarded as the most significant free-radical gener-
ator in vivo [47]. These ROS may react with chemicals and
enzymes to generate additional oxidative species or become
ineffective by nonenzymatic and enzymatic intercellular and
intracellular reactions [48]. O

2

−∙ reacts with nitric oxide
(NO) to produce peroxynitrite (ONOO−) which is a highly
reactive and toxic nitrogen-containing species which nitrates
proteins causing nitrative stress, augment platelet aggregation
and vasoconstriction of the blood vessels [49]. Due to this
reaction, there is diminished bioavailability of NO, a cell-
to-cell messenger, and this causes beneficial effects such as
decreasing blood pressure [50]. Superoxide is highly reactive,
has a short half-life, cannot cross the cell membrane, and
is therefore acted on by the scavenging enzyme, superoxide

dismutase (SOD), which converts it to hydrogen peroxide
(H
2
O
2
). Hydrogen peroxide is more stable as compared to

superoxide and it diffuses though the lipid bilayer. Hydrogen
peroxide (H

2
O
2
) is further acted on by another scavenging

enzyme, catalase (CAT), which neutralizes it to water and
oxygen (Figure 1). In a metal catalyzed reaction, called the
Haber-Weiss reaction, hydrogen peroxide yields a short-
lived, short-ranged, and more reactive hydroxyl radical.
Also, in the presence of Fe2+, a highly reactive hydroxyl
radical (OH∙), is formed (Fenton reaction). Hydrogen per-
oxide, after oxidation by myeloperoxidase, gives rise to
another extremely reactive oxygen species, hypochlorous
acid (HOCl). Hypochlorous acid is a powerful oxidizing
agent which is known to alter lipid structure and function,
other membranous components of the cells and proteogly-
cans. It acts on thiol groups of membranous proteins and
is known to cause chlorinative stress [49]. Studies have
shown that hypochlorous acid, along with hypobromous
acid (HOBr), and hypothiocyanous acids (HOSCN) have a
role in antimicrobial defense by neutrophils [48, 51]. These
reactive oxygen species under normal conditions function as
mediators in different cell signaling and regulatory pathways
involving growth and proliferation, activation or inhibition of
differentmolecules and in regulating different transcriptional
activities. Signaling molecules that are controlled by these
ROS include phosphatases, Ras, phospholipases, calcium
signals, serine/theonine kinases and protein tyrosine kinases.
ROS also regulate different nuclear factors such as nuclear
factor-𝜅B (NF𝜅B), transcription factor activation protein-1
(AP-1), and different genes such as c-myc, c-fos, and c-jun
(1). ROS are also involved in initiation and implementa-
tion of programmed cell death (apoptosis). Under normal
conditions, these ROS and reactive nitrogen species (RNS)
are present at equilibrium with other antioxidants and are
only generated when required and then vigorously removed
by various scavenging enzymes and antioxidants. They play
significant regulatory roles in various physiological processes,
including innate immunity, modulation of redox-dependant
signaling pathways, and as cofactors in the production of
hormones.

ROS, when overproduced, can lead to oxidative stress.
The majority of cells respond by increasing the levels of
intracellular levels of antioxidants, but an excess of oxidants
within a biological system leads to a change in the redox state,
towards one that is more oxidizing [52, 53]. Oxidative stress
or abundance of ROS causes permanent damage to macro-
molecules and also causes interference in the important
redox-dependant signaling processes [54]. Oxidative stress
causes disruption of the nitric oxide (NO) signaling pathway
[55]. NO has anti-inflammatory and vasodilator functions,
but under excessive ROS, gets converted to peroxynitrite
[56, 57], a powerful oxidant that causes oxidation of small-
molecule antioxidants such as glutathione, cysteine, and
tetrahydrobiopterin [58]. Limited presence of tetrahydro-
biopterin leads to uncoupling of endothelial nitric oxide
synthase (eNOS), which in turn changes this enzyme from
an NO-producing, vasoprotective enzyme to a superoxide-
producing, oxidative stress enzyme [59, 60]. Peroxynitrite is
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Figure 1: Production of ROS and different reactions. ROS with 1 free electron are shown in red and 2 free electrons are shown in blue. ROS,
when produced in excess, cause damage to different components of the cell. Excess production of hydrogen peroxide (H
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) and peroxynitrite

(ONOO−) leads to the production of singlet oxygen (1O
2
). The other radicals shown in the figure are superoxide (∙O

2

−), nitric oxide (∙NO),
nitrogen dioxide (∙NO

2
), hydroxyl radical (∙OH), glutathione (GSH), glutathione disulphide (GSSG), thiocyanate (SCN−), hypothiocyanous

acid (HOSCN), hypochlorous acid (HOCl), and chroramine (R-NHCl). Figure modified from [1, 46].

very harmful and can hinder the activity or totally deactivate
useful antioxidant enzymes such as superoxide dismutase,
glutaredoxin, and glutathione reductase [58]. Peroxynitrite
causes oxidation of the zinc thiolate center of NO synthase
resulting in decreased formation of NO [61]. Decrease in
NO can lead to increase in inflammation and remodeling of
different biomolecules. Research has shown that ROS cause
change in confirmation due to oxidation of proteins, such as
kinases and phosphatases, and activation of nuclear factor-
𝜅B (NF𝜅B) which play important roles in the regulation of
immune response to infection [62]. NF𝜅B is mainly involved
in transcription where incorrect regulation can lead to
inflammation, cancer, and autoimmune diseases. Activation
of NF𝜅B also leads to expression of adhesion molecules such
as ICAM-1 (intercellular cell adhesion molecule-1), VCAM-
1 (vascular cell adhesion molecule-1), and E selectin on the
endothelium [63]. NF𝜅B activation also leads to proliferation
and migration of vascular smooth muscle cells [64]. In this
regard, ROS are also known to excite different cytosolic
molecular complexes known as inflammasomes that have
enzymatic activity mediated by the activation of caspase-1.
Inflamasomes are involved in maturation and cleavage of
cytokines such as IL-1𝛽 which is involved in inflammatory
response [65].

There are a variety of markers in the kidneys which
increase during oxidative stress. These include an increase

in renal excretion of lipid peroxidation markers, but this
increase in renal excretion is not a proof of increased ROS.
Research has shown that there is greater excretion of 8-
Isoprostane, PGF

2𝛼
, and malondialdehyde (MDA) by long-

time infusion of ANG II in rats [66, 67]. Also one study has
shown that animals secrete significantly higher amounts of
thiobarbituric acid reactive substances (TBARS) in the urine,
generated as a byproduct of lipid peroxidation and an indi-
cation of oxidative stress in the kidneys [68]. The presence of
𝛼-glutathione S-transferase (𝛼-GST) in the urine of animals
was also shown to be an indication of oxidative stress in the
kidneys [68]. Oxidative stress is due to excessive production
of ROS or reduction in antioxidants leading to production
of free radicals that are injurious to all components of the
cell including proteins, lipids, and DNA. Oxidative stress also
leads to interruption in the normal signaling processes. 𝛽-
galactosidase (GAL) and N-acetyl-𝛽-glucosaminidase (NAG),
bothmarkers of renal epithelial injury, also showed increased
excretion in the urine [69]. Previous research has also
shown greater urinary MDA, plasma MDA, and urinary
NAG activity but diminished glutathione (GSH), cellular
glutathione peroxidase (cGPx), protein thiol, and vitamin E
activity observed in patients diagnosed with kidney stones
which showed decreased urinary MDA, plasma MDA, and
increased vitamin E after supplementation with potassium
citrate (60mEq/day for 1 month) [1].There is also an increase
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in the ROS-dependant products such as an increase in the
renal nitrotyrosine immunoreactivity in kidneys of SHR [70],
2k, 1C rats [71]. Also, it is possible to take directmeasurements
of ROS such as superoxide production in the medulla [72]
and the production of H

2
O
2
by an ANG type 1 receptor-

dependant mechanism in rats which helps us estimate the
degree of oxidative imbalance in the kidneys [73]. These
abovementionedmarkers provide an estimate ofOS and renal
injury but further studies and validation of all markers of
OS would greatly augment our understanding of the role OS
plays in causing renal injury.

4. Isoforms of NADPH Oxidase

To date, seven different isoforms of NADPH oxidase have
been described. These are NADPH oxidase 1 (NOX1),
NADPH oxidase 2 (NOX2), NADPH oxidase 3 (NOX3),
NADPHoxidase 4 (NOX4),NADPHoxidase 5 (NOX5),Dual
oxidase 1 (DUOX1), and Dual oxidase 2 (DUOX2). These
isoforms are comprised of different core catalytic subunits:
p22phox, p47phox, p67phox, p40phox, DUOX activator 1
(DUOXA1), DUOX activator 2 (DUOXA2), NOX activator
1 (NOXA1), and NOX organizer 1 (NOXO1) (Figure 2).
These regulatory subunits are involved in different functions.
While p22phox, DUOXA1, and DUOXA2 are responsible
for the growth and expression of the NOX and DUOX core
units in biological membranes, P67phox, and NOXA1 are
involved in enzyme activation and p40phox, p47phox, and

NOXO1 in the spatial organization of different subunits of
the enzyme [74]. RAC1 and RAC2 (small GTPases) may also
be involved in the activation in some isoforms of NADPH
oxidase, per se. Most of the isoforms generate superoxide
except NOX4, DUOX1, and DUOX2 oxidases which directly
generate H

2
O
2
[75, 76]. NOX2 or gp91phox (91-kDa glyco-

protein), previously known as mitogenic oxidase 1 (mox-1),
along with p22phox (22-kDa protein) forms the two com-
ponents of flavocytochrome b

558
, a heterodimeric integral

membrane protein [77]. NOX2 is a catalytic subunit which
produces superoxide and is a protein which consists of six
transmembrane domains with cytosolic C- and N-terminus
[78]. Studies have shown that NOX2 has highest structural
similaritywithNOX3 (58%), followed byNOX1 (56%).NOX4
and NOX5 are remotely associated with NOX2 showing
around 37% and 30% resemblance, respectively [77]. NOX5
has more structural similarity with the DUOX’s subunits as
they all have EF hand motifs (calcium-binding motifs) [77].
NOX1 isoform has been shown to be concerned with redox-
dependent cell signaling and regulation of gene expression
[79] and is mainly expressed in the colon epithelial cells [80].
However, other studies have shown NOX1 to be present in
vascular smoothmuscle cells (VSMC), sinusoidal endothelial
cells, uterus, prostate, osteoclasts, placenta, retinal pericytes,
and microglia [78]. NOX2 expression is well established
in the phagocytes [81–83] but has also been observed in
nonphagocytic cells such as neurons, hematopoietic stem
cells, smooth muscle cells, endothelium, cardiomyocytes,
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skeletal muscle cells, hepatocytes, and neutrophils [78, 81].
NOX3 isoform is known to be significantly expressed in the
inner ear, fetal kidney, brain, and skull [84], while NOX3
has been shown to be favorably localized in cochlear and
vestibular epithelial cells as well as spiral ganglion [78]. NOX4
isoform or renal NADPH oxidase (RENOX) is known to be
highly expressed in the kidneys and is found in different cell
types including neurons, smooth muscle cells, adipocytes,
keratinocytes, hematopoietic stem cells, melanoma cells,
fibroblasts, osteoclasts, and endothelial cells. NOX4 is the
predominant isoform in the endothelial cells [85–88]. NOX5
isoform has been found in different parts of the body such
as testis, vascular smooth muscles, ovaries, lymph nodes,
myometrium, pancreas, spleen, and prostrate [89–91]. NOX5
has been involved in cell growth and thus far 5 subtypes,
namely, NOX5𝛼, 𝛽, 𝛿, 𝛾, and 𝜀, have been found [89–
92]. The other isoforms of NOX, DOUX1, and DOUX2
originally identified as thyroid oxidases have been extensively
found in the thyroid [93], but also in prostate gland and
airway epithelial cells. DUOX1 is expressed in bronchial and
tracheal airway epithelial cells, whereas DUOX2 is found
in epithelial cells of salivary glands, stomach, and brush
border cells of various rectal glands such as caecum and
sigmoidal colon [94]. All of these NOX isoforms play a
significant role in the generation of ROS and oxidative stress.
These enzymes are involved in many pathophysiological
processes that are very crucial for different functions such
as cellular signaling, regulation of gene expression, and
cell differentiation.

5. NADPH Oxidases in the Kidney

Research has shown that NADPH oxidase in the kidneys
may have a specific pathophysiological role; thus, it is present
in different cellular compartments of the kidneys (Figure 3).
The mammalian kidney consists of different cellular popula-
tions including mesangial cells, fenestrated endothelial cells,

tubular epithelial cells of the proximal and distal nephron
segments, glomerular podocytes, dendritic cells, and the
cortical fibroblasts [95, 96]. Previous research has shown that
the main supplier of ROS in the form of superoxide O

2

−∙

in the renal cortex is NADPH oxidase, whereas in the renal
medulla xanthine oxidase also makes similar contribution to
O
2

−∙ generation along with NADPH oxidase [97]. Different
subunits of the NADPH oxidase have also been shown to
be abundantly present in the macula densa (MD), thick
ascending loop of henle (TAL), interstitial cells, blood vessels,
glomeruli, and tubules in the kidneys of spontaneously
hypertensive rats (SHR) [98]. Previous studies in the human
glomerular mesangial cells (HMC) have recognized 𝛼 and
𝛽 subunits of cytochrome b

558
and the 45-kDa flavoprotein

[99]. Human glomerular mesangial cells produce ROS such
as superoxide and express different NADPH oxidase subunits
like p22phox, p67phox, and p47phox [100] and Nox4 [101,
102]. Studies have shown that the thick ascending loop of
henle (TAL) in the outer medullary region expresses differ-
ent NADPH oxidase subunits such as p40phox, p47phox,
p22phox, and Nox2 [103]. Podocytes or visceral epithelial
cells present around the capillaries of the glomerulus in the
kidneys play a significant role in the functioning of the
glomerular capillary wall. Research has shown the produc-
tion of ROS in the cultured human podocytes and ROS
was generated by NADPH oxidase and different subunits
of NADPH oxidase such as p67phox, p47phox, Nox2, and
p22phox were expressed in the podocytes, present in the
glomerulus of the kidneys [104]. Nox4 has been shown as
the most commonNox isoform to be expressed in the kidney
epithelial cells [105, 106] and is distributed in the microvas-
culature, glomeruli, mesangial cells, and nephron segments
[102, 105, 107]. Nox1, Nox2, and Nox4 have also been shown
to be expressed in the renal cortex [66, 108]. Chabrashvili
et al. have shown the expression of p67phox, p22phox,
and p47phox in the renal cortex [66, 98]. The same group
compartmentalized theNADPHoxidase subunits in the renal
cortex to macula densa, specific nephron segments in the
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TAL, cortical and medullary ducts, distal convoluted tubule,
renal microvasculature and glomeruli [66, 98]. P47phox
which is also known as neutrophil cytosol factor-1 (Ncf-1)
was found to be present in the endothelium and glomerular
podocytes and p22phox subunit in the renal interstitial
fibroblasts [98]. These studies give us an insight on the role
of different NADPH oxidase subunits found and expressed
in various subcompartments of the kidneys, makingNADPH
oxidase complex as one of the most important contributor of
oxidative stress in the kidneys.

6. Regulation of NADPH Oxidase
(NOX Enzymes) Expression in the Kidney

It is now well accepted that a significant amount of ROS
production in mammalian cells is derived from the NADPH
oxidase (NOX) of phagocytes (Phox), especially neutrophils
and macrophages that catalyze the respiratory burst (i.e.,
the production of large number of ROS and utilization of
large amounts of O

2
) [109]. Normally, the NADPH oxidase

is nonfunctional but can be activated quickly when a cell
comes in contact with different inflammatory biomolecules
ormicroorganisms resulting in generation of ROS apart from
mitochondrial production. Cytosolic NADPH oxidase is the
electron donor for all the NADPH oxidase isoforms with
molecular oxygen acting as the final electron acceptor. The
electron transfer to molecular oxygen results in the release
of superoxide from the oxidase enzyme in NOX1, NOX2,
and NOX5 isoforms [110]. The other NOX isoforms such
as NOX4, DUOX1, and DUOX2 oxidases do not directly
release superoxide anion as their primary ROS; instead, they
release hydrogen peroxide [75, 76]. The NADPH oxidase
complex consists of themembrane subunitsNox2 (gp91phox)
and p22phox along with the regulatory cytosolic subunits
p67phox, p47phox, p40phox, and the small GTPases protein,
RAC [111].

Research has shown that NADPH oxidase is activated
by Ang II infusion in the rat kidneys leading to increased
expression of p22phox and Nox1 in the renal cortex with
concomitant reduction in the presence of Nox4 and SOD
[66]. Also, high salt intake increased oxidative stress by
increasing the expression of NOX2 and p47phox subunits
and decreased SOD expression [108]. The prolonged effect of
Angiotensin in the kidney has been shown to cause the acti-
vation of NADPH oxidase, enhanced expression of p22phox,
and decrease in the scavenging enzyme SOD leading to renal
cortical hypoxia, renal vasoconstriction, and hypertension
[67]. The Nox1 subunit has been shown to be upregulated
in the rat-cultured vascular smooth muscle cells (VSMC) by
PDGF, Ang II, and serum [112], whereas research has shown
downregulation of Nox4 in the kidney cortex by the infusion
of Ang II [108]. Ang II has been shown to upregulate p67phox
expression in rabbit periadventitial fibroblasts [113] and the
mouse aorta [114]. These research findings provide a brief
insight on the role of angiotensin on the different subunits of
NADPH oxidase and the regulation of expression of NADPH
oxidase in the kidneys.

7. Antioxidants for Renal Treatment

Antioxidants have been shown to reduce oxidative stress.
Treating the kidneys with vitamin E (𝛼-tocopherol) along
with mannitol removed the chances of deposition of CaOx
crystals in rat kidneys injected with sodium oxalate [115].
Furthermore, antioxidants such as methionine, combination
of vitamin E plus selenium, and glutathione monoester
subdued CaOx crystals in the hyperoxaluric rat kidneys [116–
118]. However, recent studies have shown that it is not easy to
remove oxidative stress with increased levels of antioxidants
such as vitamin E in clinical trials [119–121]. These disparate
observations cannot be regarded as proof against antioxidants
as several clinical trials involved high risk patients in which
the end-stage renal disease was quite advanced and doses
of vitamin E differed greatly between trials. Antioxidant
concentration is very critical in controlling oxidative stress
because of the very high rate constants of the reactions
between ROS and othermolecules such as NO, certain amino
acids, and nucleic acids. The reaction between NO and ROS
happens at a rate of 1.9 × 1010M−1 S−1 which is 6 times
faster in magnitude than the reaction between superoxide
and vitamin E [122, 123]. Vitamin E in the body also faces
a highly oxidizing environment one that can lead to rapid
removal of reduced forms of antioxidants. It would seem that
the best approach for reducing oxidative stress is by targeting
the enzyme responsible for the generation of ROS, perhaps
targeting NADPH oxidase by use of inhibitors of NADPH
oxidase.

8. NADPH Oxidase Inhibitors

Identification of NADPH oxidase inhibitors is an ongoing
active field, focused primarily on substances that obstruct
a specific NADPH oxidase from catalyzing production of
superoxide. NADPH oxidase inhibitors act through interfer-
ence in the assembly of theNADPHoxidase complex by inter-
actingwith their subunits, blocking electron transfer decreas-
ing production of ROS [124]. Table 1 lists a number of chem-
icals that alleviate oxidative stress through inhibiting ROS
production by NADPH oxidases. In addition, Table 1 also
describes the mode of action and pharmacologic effects of
different peptide and nonpeptide inhibitors. These chemicals
include, but are not limited to, Apocynin, diphenyleneiodo-
nium chloride (DPI), pefabloc, proline-arginine rich antimi-
crobial peptide (PR-39), and new peptide inhibitors that have
been developed to particularly target NADPH oxidases, such
as gp91 ds-tat and novel nonpeptide VAS2870 [125]. The
two most studied NADPH oxidase inhibitors are Apocynin
and DPI. Apocynin, also known as 4-hydroxy-3-methoxy
acetophenone or acetovanillone, is the best known inhibitor
of NADPH oxidase to date. It was extracted from the roots of
Apocynum cannabinum by Schmiedeberg in 1883 [126] and
found to block the association of p47phox with membrane-
bound p22phox subunit of the NADPH oxidase complex
in leukocytes, monocytes, and endothelial cells and is also
a scavenger of H

2
O
2
[127]. At high concentration, it was

shown to block Nox4, and Nox5 [128], making it more
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Table 1: Inhibitors of NADPH oxidase.

Name Mode of action Pharmacological effects References

Apocynin
NADPH oxidase complex assembly
inhibitor: inhibits binding of p47phox
with membrane bound p22phox

Scavenger of H2O2 [130–132]

DPI
Inhibitor of flavoprotein, takes electrons
from FAD and prevents electron flow
through the flavocytochrome channel

Inhibitor of NADH-ubiquinone oxidoreductase,
NADH dehydrogenase, xanthine oxidase,
cytochrome p450 oxidoreductase, NOS, and
bacterial nicotine oxidase

[133–139]

AEBSF

Inhibits association of NOX2 subunit
with p47phox. Prevents binding of
p47phox and p67phox with cytochrome
b559

Irreversible serine protease inhibitor [140]

Plumbagin
Inhibits O

2

−∙ production in various cell
lines expressing NOX4 oxidase; unknown
mechanism

Naphthoquinone structure may confer
ROS-scavenging effects [141, 142]

PR-39
Inhibits p47phox from binding to
p22phox subunit by cohering to SH3
domains of p47pphox

Non selective for NADPH oxidase [143]

S17834
Flavonoid derivative proposed to directly
inhibit NADPH oxidase activity, although
the mechanism is undefined

None [144]

VAS2870

Undefined mechanism: inhibits NADPH
oxidase activity in NOX2
oxidase-containing HL-60 cell line and in
vascular endothelial cells containing
NOX2 and NOX4 oxidases; does not
scavenge O

2

−∙

None [145, 146]

Gp91dstat

Oxidase assembly inhibitor: inhibits
association of Nox2 with p47phox. Does
not scavenge superoxide generated by
cell-free systems

None [147, 148]

Statins

Decrease superoxide production by
inhibiting synthesis of
farnesylpyrophosphate and
geranylgeranylpyrophosphate which are
crucial for membrane attachment of Rac
and NADPH oxidase assembly. May also
decrease p22phox and Nox1 expression.
Likely to influence Nox1 and Nox2
activities

HMG-CoA reductase inhibitor. Decreases AT1
receptor expression; increases eNOS expression,
most effective for treating cardiovascular disease
with questionable benefit in those without
previous CVD but with elevated cholesterol levels

[149, 150]

AT1 receptor
antagonists

Decrease Ang II-dependent activation of
NADPH oxidase via AT1 receptors.
Unlikely to display Nox selectivity as Ang
II stimulates Nox1 and Nox4 oxidases

None. Controlling high blood pressure [151]

Nebivolol

Inhibits membrane association and also
interaction of p67phox and Rac and
decreases oxidase expression. Inhibits
Nox1-dependent superoxide production

𝛽-adrenoceptor blocker, used in treatment of
hypertension [152–155]

Gliotoxin

A fungal metabolite, thiol-modifying
toxin thought to inhibit phosphorylation
of p47phox by preventing PKC
colocalization with p47phox. Also,
inhibits electron transport through the
flavocytochrome before oxidase
activation. Low potency for blocking
Nox4

Stimulation of cGMP release. Cytoskeletal
reorganization. Disrupts the mitochondrial
membrane potential, possesses
immunosuppressive properties,
anti-inflammatory activity.

[75, 156–160]
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Table 1: Continued.

Name Mode of action Pharmacological effects References

Clostridium difficile
toxin B

Glycosylation of threonine-35 on Rac,
which modifies GTPases activity

Likely to inhibit all Rac-dependent protein
activity. High toxicity, vascular permeability and
inflammation

[161]

Nordihydroguaia-
retic
acid

Blocks H2O2 production in macrophages
in response to phorbol esters and in
endothelial cells in response to thrombin

Lipooxigenase inhibitor. Blocks arachidonic acid
metabolism [162–164]

SKF525A Decreases superoxide and H2O2
production in endothelial cells Cytochrome P450 inhibitor [162, 165]

Metformin

Scavenges hydroxyl radicals but not
superoxide. Could also inhibit PMA and
Ang II-dependent ROS production from
NADPH oxidase. However, this is likely
to be due to inhibition of PKC activity

Antihyperglycemic agent. PKC inhibitor [166–168]

Sildenafil-citrate Inhibitor of endothelial superoxide
production and gp91phox expression

Inhibits phosphodiesterase type 5. Nonselective
and in direct inhibitor for NADPH oxidase
isoforms. Have been shown to influence immune
system due to changes in gp91phox expression

[169–172]

Bilirubin
Inhibitor of superoxide production. No
effect on Nox2, p22phox and p47phox but
may reduce p47phox phosphorylation

ROS scavenger [173–175]

Minocycline

Downregulates p67phox expression.
Inhibitor of superoxide generation in
microglia and dopaminergic neurons in
response to stimuli such as thrombin

Antibiotic [176, 177]

Perhexiline
Inhibits superoxide production in intact
neutrophils stimulated by fMLP or PMA.
Mechanism unknown

Efficient antianginal agent that blocks
carnitine-palmitoyl-transferase [178, 179]

Roxithromycin

Inhibits superoxide generated by intact
neutrophils activated by fMPL or PMA
but not by cell lysates. No effect on
PKC-dependent phosphorylation. May
inhibit translocation of p47phox and/or
p67phox

Macrolide antibiotic. Inhibit RNA-dependent
protein synthesis. Efficient in blocking
cytochrome P450

[180–182]

Taurine chloramines

Inhibits translocation of p47phox and
p67phox to the membrane. Also inhibits
phosphorylation of p47phox. Reversible
inhibition of PMA-dependent superoxide
anion production in human neutrophils

Blocks inducible NOS in alveolar macrophages [183, 184]

Resveratrol
Reduces superoxide generation in intact
macrophages and homogenates. Does not
scavenge superoxide in cell-free systems

Inhibitor of PKC [185–187]

Curcurmin
Reduces superoxide production in intact
macrophages and homogenates. Does not
scavenge superoxide in cell-free systems

Irreversible inhibitor of thioredoxin reductase via
alkylation of cysteine residues [185, 188]

Nitrolinoleate

Nitrated lipid which blocks PMA- and
FMLP-dependent superoxide generation
and degranulation in human neutrophils
by enhancing cAMP but not cGMP levels

Also linked with increasing cAMP vasorelaxation [189, 190]

Mycophenolate acid

Fungal derivative that blocks endothelial
and neutrophil-derived superoxide by
reducing Rac levels. Does not alter mRNA
levels of Nox2, Nox4, and p47phox

Efficient inhibitor of inosine monophosphate
dehydrogenase associated with purine synthesis in
B and T lymphocytes

[191, 192]

GK-136901

Well known NOX1 and NOX4 oxidase
inhibitor. Unknown mechanism, but
structural similarity with NADPH
suggests that it may act as a competitive
substrate inhibitor of this enzyme

None [193, 194]
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Table 1: Continued.

Name Mode of action Pharmacological effects References

ML171

Phenothiazine compound with selectivity
for NOX1 oxidase (IC50 of 0.25 𝜇M) over
other NADPH oxidases (IC50 > 3 𝜇M).
Does not scavenge oxygen radicals
generated by xanthine oxidase activity

None [195]

Mastoparan
Inhibits superoxide production by
neutrophil lysates most likely via
interaction with N-terminal of p67phox

An amphiphilic cationic tetradecapeptide isolated
from wasp venom. Has affinity towards SH3
domains. Also interact with G-proteins

[196–199]

Ghrelin
Blocks superoxide production by thoracic
aorta most probably via release of NO.
Does not scavenge superoxide

Capable of releasing growth hormone releasing
peptide. Stimulates gastric acid secretion [200–202]

Alpha tocopherol

Inhibitor of p67phox-p47phox
translocation and p47phox
phosphorylation in monocytes,
neutrophils and microglial cells. This
effect is likely to be due to PKC inhibition

ROS scavenger [203–206]

Benzylisothiocyanate

Concentration-dependent. Inhibits
TPA-induced superoxide production in a
human leukemia cell line. Does not affect
PKC activity and p47phox translocation.
Mechanism may involve covalent cysteine
modification of the NADPH oxidase

May inhibit NO, PGE2 and TNF-𝛼 production.
Also known to cause apoptosis via induction of
Bak and Bax proteins

[207–209]

Probucol
Known to reduce superoxide production
in rabbit aorta, by down-regulation of
p22phox

Free radical scavenger [54, 210–213]

Nox2ds-tat

Oxidase assembly inhibitor: inhibits
association of NOX2 subunit with
p47phox. Does not scavenge O

2

−∙

generated by cell-free systems

None [148, 214]

VAS3947

Triazolopyrimidine that decreased ROS
production in several cell lines with low
micro molar efficiency, irrespective of the
specific isoforms expressed; showed no
inhibitory effects against xanthine
oxidase-derived ROS or eNOS activity

None [215]

Adapted from [125, 216].
eNOS: endothelial nitric oxide synthase; IC50: half-maximal inhibitory concentration; Nox: NADPH oxidase; O2

−∙: superoxide; ROS: reactive oxygen species;
SH3: Src homology 3; DPI: diphenyleneiodonium chloride; AEBSF: 4-(2-aminoethyl)-benzenesulfonyl fluoride; S178341: 4-dimethyl-2,3,5,6-triiodobenzene;
VAS-2870: 3-benzyl-7-(2-benzoxazolyl) thio-1,2,3-triazolo (4,5-d) pyrimidine; SKF 525A: 2-diethylaminoethyl 2:2–diphenylvalerate hydrochloride.

effective against Nox2, Nox4, and Nox5 dependant NADPH
oxidase-dependant activity. Apocynin has been shown to
reverse activation of the NADPH oxidase system in rat
kidneys induced by hydroxyl-l-proline (HLP) treatment even
in the face of high levels of hyperoxaluria, revealing the role
of Apocynin as an inhibitor as well as having antioxidant
inductive activities [129].

The most frequently used inhibitor of NADPH oxidase is
diphenyleneiodonium chloride (DPI), also known as diben-
ziodolium chloride. Its mode of action is by taking electrons
from electron transporter and creating a radical which blocks
the appropriate transporter of electrons through a covalent
binding step [124]. Regarding NOX isoforms, the action of
DPI appears to be nonspecific towards any isoform and it
partially or completely inhibits different types of enzymes
such as iNOS, xanthine oxidase, and NADPH oxidase [124].

9. Summary

In this review, we talk about renal injury caused by oxalate
and calcium oxalate crystals due to hyperoxaluria. Oxalate
and calcium oxalate can lead to renal injury due to dis-
ruption of membranes, ROS-induced oxidative stress, and
mitochondrial dysfunction. We put the main emphasis on
oxidative stress caused by ROS produced by different iso-
forms of NADPH oxidase as it has been found that these
different isoforms of NADPH oxidase are one of the most
important contributors of ROS and oxidative stress produced
in the different subcellular localizations of the kidneys.These
NADPHoxidase complexes play a crucial role in host defense,
various signaling pathways leading to regulation of gene
expression, and protein functions under normal conditions
of oxidative balance.When this oxidative balance is disturbed
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due to environmental and/or physiological processes, the
potential of the NADPH oxidases in inducing injury to
both microorganisms and cells makes regulation essential,
not only through normal physiological activities, but also
exogenous inhibitors. Chemicals that inhibit generation of
ROS provide considerable benefits over general antioxidants
such as vitamin E, which appears to be less efficient due
to various properties, including decreased bioavailability. It
would seem, therefore, that in order to reduce the function
and downstream effects of NADPH oxidase, a main focus
should be on blocking the assembly of NADPH oxidase
subunits. Various peptide and non-peptide inhibitors are
known which mainly operate by disrupting the association
of NADPH oxidase complex assembly. Special focus should
be on targeting the organizer subunit, that is, p47phox or
the NOXO1 subunits. Other molecular subunits for therapy
may be the activator subunits such as p67phox and NOXA1
along with Rac. Thus, the main focus should be to develop
an inhibitor with increased efficiency and specificity of
binding with the protein subunit. Comprehensive studies are
needed on the molecular subunit structures to be targeted
and their effects on interactions with other subunits present
downstream in the NADPH oxidase complex.
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The role of xanthine oxidase (XOD) in patients undergoing chronic hemodialysis treatment (HD) is poorly understood. Geriatric
nutritional risk index (GNRI) ≤ 90 could be linked with malnutrition-inflammation complex syndrome. This study measured
XOD,myeloperoxidase (MPO), superoxide dismutase (SOD), lipid hydroperoxides, total free thiol groups, and advanced oxidation
protein products (AOPP) in 50 HD patients before commencing (pre-HD) and immediately after completion of HD session (post-
HD) and in 22 healthy controls. Pre-HD serum hydroperoxides, AOPP, XOD, and SOD were higher and total thiol groups were
lower in patients than in controls (𝑃 < 0.05, resp.). Compared to baseline values, serumMPO activity was increased irrespective of
GNRI status. Serum XOD activity was increasing during HD treatment in the group with GNRI ≤ 90 (𝑃 = 0.030) whilst decreasing
in the group with GNRI > 90 (𝑃 = 0.002). In a multiple regression analysis, post-HD serum XOD activity was independently
associated with GNRI ≤ 90 (𝛽 ± SE: 0.398 ± 0.151; 𝑃 = 0.012) and HD vintage (𝛽 ± SE: −0.349 ± 0.139; 𝑃 = 0.016). These results
indicate that an upregulated XOD may be implicated in HD-induced oxidative injury contributing to accelerated protein damage
in patients with GNRI ≤ 90.

1. Introduction

Oxidative stress and malnutrition-inflammation complex
syndrome often coexist in critically ill patients and have
recently came into a focus as nontraditional risk factors of
cardiovascular morbidity and overall mortality in patients
with end-stage renal disease (ESRD) [1–5]. The reasons
underlying chronically disturbed oxidant homeostasis in
ESRD may include various factors, such as progressive dete-
rioration of renal metabolic activities, inflammation, uremic
toxins, and restrictive diets [1, 6, 7]. It has been previously
shown that even a single hemodialysis (HD) treatment
can provoke the formation of oxidants, which was largely
attributed to activation of leukocytes by bio-incompatible
dialysis membrane and release of myeloperoxidase (MPO)
into the blood [2]. Extracellular MPO is well known to cat-
alyze the peroxidation of the blood low-density lipoproteins

(LDL) and albumin, leading to the formation of oxidized LDL
and advanced oxidation protein products (AOPP), thereby
contributing to augmentation of prooxidant and proinflam-
matory state in the vascular compartment [2, 4, 5].

Xanthine dehydrogenase (XDH) is a cytoplasmic enzyme
implicated in hydroxylation of hypoxanthine to xanthine and
its oxidation to uric acid and a relevant source of oxidants
in vasculature [8–10]. XDH may undergo limited proteolysis
or oxidation of critical cysteine residues to yield the xanthine
oxidase (XOD) form. Unlike XDH that generates mostly
superoxide anion radicals, XODmore efficiently catalyzes the
formation of hydrogen peroxide, which is less reactive but
long-lived oxidant. Previous studies have revealed systemat-
ically upregulated XOD in inflammation, diabetes, and car-
diovascular diseases [11, 12]. Moreover, serum XOD activity
was found to be markedly elevated in HD and peritoneal
dialysis patients, independently of dialysis modality [13].
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Patients undergoing HD treatment have high prevalence
ofmalnutrition-inflammation syndrome, clinically presented
as muscle and fat tissue wasting, loss of visceral proteins, and
higher inflammatory and oxidative state [1, 4, 5]. There is
currently no clear explanation about mechanisms underlying
enhanced oxidative stress inHDpatients with low nutritional
status. However, recent experimental studies suggest that
targeting XOD by allopurinol may protect against oxidative
stress, inflammatory cytokine signaling, proteolytic activity,
and tissue wasting [14]. Geriatric nutritional risk index
(GNRI) is a useful tool for nutritional screening, based on
simple anthropometric measures and serum albumin con-
centration. In a cohort of 490 chronic HD patients, the predi-
alytic GNRI values below 90 have been recently linked with
increased inflammatory CRP levels and mortality rates [3].
Given that prooxidant enzymes can play significant roles
in oxidative stress, this study assessed serum MPO and
XOD activities and oxidative stress markers in relation to
nutritional status in ESRD patients on chronic HD treatment.

2. Subjects and Methods

2.1. Study Participants. Fifty adults, clinically stabile non-
smoker ESRD patients (23 males, 27 females, mean age
57.4 ± 12.6 years) were enrolled in the study after written
informed consent was provided. Patients were routinely
dialyzed 12 hours per week in two local dialysis centers using
commercially available dialysers in the bicarbonate hemo-
dialysis and hemodiafiltration (Fresenius Medical Care, Bad
Homburg, Germany). The causes of ESRD were diabetic
nephropathy (28%), polycystic kidney disease (22%), chronic
glomerulonephritis (16%), nephrosclerosis (12%) chronic
pyelonephritis (8%), and nephropathy of unknown etiology
(14%). Excludedwere patientswith knownmalignant, hepatic
or autoimmune diseases, acute infections, or recent cardio-
vascular events. The control group was consisted of 22 age-
and sex-matched healthy subjects (9 males, 13 females, mean
age 58.4 ± 9.3 years). This study was conducted following the
tenets of Declaration of Helsinki. Ethical clearance for the
study was obtained from the Ethics Committee of Medical
Faculty Pristina, Kosovska Mitrovica.

2.2. Sample Collection. At the middle of dialysis week, 10mL
of blood was taken into tubes with or without EDTA, prior to
anticoagulation and start of HD (pre-HD) and immediately
after completion of HD treatment (post-HD).

2.3. Biochemical Methods

2.3.1. Measurement of Serum Xanthine Oxidase Activity.
Serum XOD activity was determined by UV method, using
xanthine as a substrate, as described in [15].The formation of
uric acid was continuously monitored at 𝜆 = 293 nm on an
UV/VIS spectrophotometer equippedwith a constant tempe-
rature cuvette compartment (SAFAS 2, Monaco). XOD activ-
ity was calculated after correction for preexisting uric acid
usingmolar absorbance of 𝜀 = 1.26×104 L×M−1×cm−1. One

unit of XOD activity was defined as 1 𝜇mol uric acid formed
per minute at 37∘C.

2.3.2. Assessment of Extracellular Myeloperoxidase Activity.
Serum MPO activity was measured in the system of 4-
aminoantipyrine and phenol with hydrogen peroxide as a
substrate, by monitoring the formation of pinkish colored
quinoneimine at 𝜆 = 505 nm [16]. MPO activity was calcu-
lated using molar absorbance of 𝜀 = 1.3×104 L×M−1 × cm−1.
One unit of MPO activity was defined as amount of enzyme
degrading 1𝜇mol of hydrogen peroxide per minute, at 25∘C.

2.3.3. Assessment of Extracellular Superoxide Dismutase Activ-
ity. Superoxide dismutase (SOD) is an antioxidant enzyme
that catalyzes the conversion of superoxide anion radicals
to hydrogen peroxide and molecular oxygen. Serum SOD
activity was determined by the rate of inhibition of adrenaline
autooxidation to adrenochrome, continuously monitored at
25∘C for 3 minutes at 𝜆 = 480 nm and calculated using the
molar absorbance of 𝜀 = 4.02 × 103 L ×M−1 × cm−1 [17]. One
unit of SOD activity was defined as the quantity of enzyme
that inhibits autooxidation of 5mmol adrenaline by 50%.

2.3.4. Determination of Total Free Thiol Groups. Serum free
thiol groups (SH) are implicated in nonenzymatic antioxidant
defense and can serve as a marker of acute oxidative protein
injury. Concentration of serum SH groups was determined
with Ellman’s reagent and calculated using molar absorbance
of 𝜀 = 1.36 × 104 L ×mol−1 × cm−1 [18].

2.3.5. Measurement of Blood Oxidative Stress Markers. We
measured two oxidative stress markers: total hydroperox-
ides, indicating an ongoing lipid peroxidation (LPO) and
advanced oxidation protein products (AOPP) representing
a marker of protein oxidative injury. Concentration of
total serum hydroperoxides was measured by the ferrous-
oxidation xylenol-orange method (FOX), following reduc-
tion of preexisting peroxides with triphenylphosphine [19].
Plasma AOPP was measured by the method of Anderstam
et al. [20]. The absorbance readings were taken at 𝜆 =
340 nm against reagent blank. Concentration of AOPP was
calculated respective to chloramine-T standard, corrected for
dilution factor.

2.3.6. Other Hematological and Blood Biochemical Measure-
ments and Calculations. Blood cell count and differential
weremeasured in EDTA blood samples with the Onyx hema-
tology analyzer (Beckman Coulter, Krefeld, Germany). Total
proteins, albumin, urea, total cholesterol, HDL-cholesterol,
triglyceride, uric acid, and C-reactive protein (CRP) were
routinely measured on Hitachi 902 chemistry analyzer
(Roche Diagnostics GmbH, Mannheim, Germany), accord-
ing to manufacturer’s instructions. LDL cholesterol was
calculated using Friedewald’s formula. Plasma atherogenic
index was calculated as Log (triglycerides/HDL cholesterol)
[21].
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Post-HD values of biochemical variables were corrected
for intradialytic decrease of plasma volume, according to
Leypoldt et al. [22]. The following formula was applied:
𝑋POST-corrected = 𝑋POST × [1 − (TPPOST − TPPRE)/TPPOST],
where X and TP denote the particular biochemical variable
and total serum protein concentrations in post-HD (TPPOST)
and pre-HD samples (TPPRE), respectively. The quality of
dialysis was assessed as urea-based Kt/V formula.

2.4. Anthropometric and Nutritional Indices. Body mass
index (BMI) was calculated respective to predialytic body
weight by the formula: BMI (kg/m2) = present body weight/
height2. Geriatric nutritional risk index (GNRI) was applied
to assess nutritional status, calculated as follows using pre-
dialytic values of variables: GNRI = (1.489 × serum albumin
(g/L)) + (41.7 × present/ideal body weight) [3]. The GNRI ≤
90 was considered to be low [3].

2.5. Statistical Methods. Statistical analyses were accom-
plished with statistical software package MedCalc, version
8.0, (MedCalc Software, Ostend, Belgium). Data distribution
and homogeneity of variance were tested by Kolmogorov-
Smirnov test. Data were presented as mean value ± SD,
geometric mean and 95% confidence interval (CI) of the
mean or frequencies. Differences between groups were tested
by one-way ANOVA and Student’s t-test for independent
or paired samples, where appropriate; chi-square test was
used to compare nonparametric data. Correlation analysis
was accomplished by calculating the Pearson’s correlation
coefficient (r). Multiple regression analysis was used to
examine the influence of multiple clinical and biochemical
variables on XOD activity. The significance level was set at
𝑃 < 0.05.

3. Results

A total of 50 ESRD patients and 22 controls were included
in the study. Basic clinical and biochemical data of patients
and controls are summarized in Table 1. In comparison to
controls, patients with ESRDhad higher neutrophil leukocyte
count, ferritin, andCRP, while lower blood hemoglobin levels
(Table 1).

Baseline levels of oxidative stress markers, prooxidant
enzymes, and SOD activity in ESRD patients and control
subjects are presented in Table 2. In comparison to control
values, serum total hydroperoxides and AOPP were signif-
icantly higher, and total SH groups were lower in patients.
Also, extracellular SOD and XOD activities were at the
baseline higher in patients than in controls, while MPO
activity was comparable to control values (Table 2).

According to adopted criterion [3], ESRD patients were
further divided into group with GNRI ≤ 90 (𝑛 = 15) and
group with GNRI > 90 (𝑛 = 35). Seven patients in each group
had diabetic nephropathy (chi-square = 2.499; 𝑃 = 0.114).
There was also no significant difference between GNRI > 90
and GNRI ≤ 90 groups regarding baseline concentrations of
serum hydroperoxides and AOPP, as well as XOD and MPO
activities (Table 3, Figure 1). However, baseline serum total
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Figure 1:The impact of a single hemodialysis session on serumXOD
activity. Serum xanthine oxidase activity (XOD) was determined
prior to (pre-HD) and immediately after completion of hemodialysis
session (post-HD) in patients with normal geriatric nutritional risk
index (GNRI > 90) and with GNRI ≤ 90. In contrast to GNRI > 90
group, where a single HD session induced the fall of serum XOD
activity from 19.3 ± 10.6U/L to 12.1 ± 6.0U/L (𝑃 = 0.002, paired
samples t-test), in the group with GNRI ≤ 90, there was an elevation
of serum XOD activity from 18.4 ± 7.8U/L to 24.8 ± 7.3U/L (𝑃 =
0.030, paired samples t-test), contributing to significant post-HD
differences between GNRI groups (𝑃 < 0.001, independent samples
t-test).

SH groups were significantly lower, whilst SOD activity was
higher in GNRI ≤ 90 than in GNRI > 90 group (Table 3).

To evaluate the impact of a single HD session on blood
oxidants and antioxidants, all post-HD values were corrected
for intradialytic decrease of blood plasma volume [22]. In
comparison to baseline values, post-HD serum hydroper-
oxides and total SH groups were lower, while AOPP levels
were unchanged. Relative to pre-HD values, serum SOD and
MPO activities were higher in post-HD samples. The post-
HD serum MPO activity was correlated with AOPP (𝑟 =
0.355; 𝑃 = 0.011).

In comparison to group with GNRI > 90, post-HD serum
hydroperoxides were higher and total SH groups were lower
than in the group with GNRI ≤ 90 (Table 3). Post-HD XOD
activity also differed between groups (Figure 1), in such way
that in GNRI > 90 group baseline serum XOD activity
declined during HD from 19.3 ± 10.6U/L to 12.1 ± 6.0U/L
(𝑃 = 0.002, paired samples t-test) while increased after HD
treatment in GNRI ≤ 90 group from 18.4 ± 7.8U/L to 24.8 ±
7.3U/L (𝑃 = 0.030, paired samples t-test). Post-HD serum
XOD activity was correlated with hydroperoxides (𝑟 = 0.540;
𝑃 < 0.001), AOPP (𝑟 = 0.324; 𝑃 = 0.022), and total SH
groups (𝑟 = −0.578; 𝑃 < 0.001).

We also modeled a multiple regression analysis to exam-
ine the influence of age, gender (male versus female), HD
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Table 1: Basic clinical and biochemical data of ESRD patients and controls.

Control group (𝑛 = 22) ESRD patients (𝑛 = 50)
Age (years) 58.9 ± 13.3 61.7 ± 10.7
Gender (male/female, 𝑛) 9/13 14/14
Hypertension (yes/no, 𝑛) 8/14 8/14
Hemodialysis vintage (months) NA 46.3 ± 36.6
𝐾𝑡/𝑉 urea NA 1.10 ± 0.37
Neutrophil leukocytes (109/L) 4.10 ± 1.92 4.89 ± 2.07
Lymphocytes (109/L) 2.21 ± 0.55 2.39 ± 0.92
Log CRP (mg/L) 0.114 ± 0.335 0.534 ± 0.633∗

Albumin (g/L) 45.6 ± 5.1 40.6 ± 7.3∗

Hemoglobin (g/L) 133.7 ± 20.2 118.6 ± 24.1∗

Ferritin (𝜇g/L) 85 ± 62 511 ± 647∗

Body mass index (kg/m2) 22.9 ± 5.3 21.4 ± 4.4
GNRI 114.3 ± 16.0 105.9 ± 13.4
Total cholesterol (mmol/L) 4.65 ± 1.14 4.90 ± 0.96
HDL cholesterol (mmol/L) 1.76 ± 0.54 1.54 ± 0.51
LDL cholesterol (mmol/L) 2.75 ± 0.65 3.09 ± 0.62
Triglycerides (mmol/L) 1.92 ± 0.91 2.13 ± 0.77
Plasma atherogenic index 0.152 ± 0.175 0.196 ± 0.172
∗
𝑃 < 0.05 versus controls; NA: not applicable.

Table 2: Blood oxidative stress markers and antioxidants in ESRD patients and controls.

Control group (𝑛 = 22) ESRD patients (𝑛 = 50)
Hydroperoxides (𝜇mol/L) 6.1 ± 1.5 12.5 ± 4.1∗

AOPP (𝜇mol/L) 40.1 ± 11.1 91.3 ± 24.9∗

Total SH groups (𝜇mol/L) 462 ± 73 371 ± 59∗

SOD (kU/L) 43.6 ± 12.5 61.3 ± 17.1∗

MPO (U/L) 16.9 ± 6.5 18.1 ± 5.4
XOD (U/L) 3.7 ± 1.0 18.5 ± 10.6∗
∗
𝑃 < 0.05 versus controls.

vintage, the quality of HD, presence of hypertension or dia-
betes (yes versus no, resp.), inflammatory CRP levels, plasma
atherogenic index, andGNRI status (GNRI≤ 90 versusGNRI
> 90) on post-HD serum XOD activity. Univariate analysis
(Table 4) showed that post-HD serum XOD activity was
significantly correlated with HD vintage (𝑃 = 0.016), serum
CRP (𝑃 = 0.028), and GNRI status (𝑃 = 0.001). In a multi-
variate regression with stepwise elimination mode, HD
vintage (𝑃 = 0.016) and GNRI status (𝑃 = 0.012) were
retained as independent predictors of post-HD serum XOD
activity (Table 4).

4. Discussion

In the present study, we evaluated the relationship between
serumXOD activity, oxidative stress markers, and nutritional
status in HD patients. The major finding was that elevation
of XOD activity during a single HD session was positively
correlated with serum hydroperoxides and AOPP and inde-
pendently associated with GNRI ≤ 90, as an indicator of poor
nutritional status. These results suggest that an upregulated

XOD may exacerbate oxidative injury during HD treatment
contributing to pathogenesis of malnutrition-inflammation
complex syndrome.

Chronic uremia is known to induce a large-scale oxida-
tive modifications of blood lipids and proteins, leading to
increased hydroperoxides and AOPP and loss of free SH
groups [2, 6, 7], as was also observed in the current study.The
majority of serum free SH groups are provided by albumin,
whose single free SH group at cysteine 34 is exposed at the
surface of the molecule. Acting as a sacrificial antioxidant
albumin can prevent oxidative damage of practically all
blood constituents, which is particularly important in cases
when other antioxidants, such as vitamin C, are present at
chronically low levels or at highly oxidized state.However, the
oxidation of free SH and other critical groups may facilitate
albumin fragmentation and subsequent breakdown [23, 24]
and further deteriorate the blood protein, nutritional and
antioxidant status. Moreover, some blood antioxidant and
anti-inflammatory proteins, such as 𝛼

1
-antitrypsin and HDL

apolipoprotein A, were found to be extensively oxidized
in ESRD patients with malnutrition-inflammation complex
syndrome [4, 5].



Oxidative Medicine and Cellular Longevity 5

Table 3: Comparisons of blood oxidative stress markers, MPO and SOD, activities before and after completion of hemodialysis session.

GNRI > 90 group (𝑛 = 35) GNRI ≤ 90 group (𝑛 = 15)
Pre-HD Post-HD Pre-HD Post-HD

Hydroperoxides (𝜇mol/L) 12.9 ± 3.7 5.8 ± 1.7∗ 11.9 ± 3.0 7.9 ±2.8∗,¶

AOPP (𝜇mol/L) 94.6 ± 30.6 95.3 ± 28.7 82.2 ± 29.4 90.4 ± 27.5
Total thiol groups (𝜇mol/L) 371 ± 59 292 ± 60∗ 296 ±67¶ 193 ±62∗,¶

MPO (U/L) 18.2 ± 6.9 71.3 ± 22.1∗ 19.6 ± 9.1 68.5 ± 25.9∗

SOD (kU/L) 53.4 ± 20.4 101.3 ± 12.7∗ 75.6 ± 25.2∗ 107.1 ± 17.2∗

Data are mean value ± SD. Differences between GNRI groups or between pre-HD and post-HD values were tested by independent samples 𝑡-test or paired
samples 𝑡-test, respectively.
∗
𝑃 < 0.05 post-HD versus correspondent pre-HD value: ¶

𝑃 < 0.05 GNRI ≤ 90 versus GNRI > 90 group, at the same sampling time.

Table 4: Univariate and multivariate regression modeling predicting postdialytic serum XOD activity in ESRD patients.

Independent predictors Univariate correlations Multivariate model
𝛽 SEM 𝑃 value 𝛽 SEM 𝑃 value

Age (years) 0.008 0.144 0.953 −0.039 0.138 0.778

Gender (male versus female) 0.220 0.141 0.125 0.151 0.137 0.277

Hypertension (yes versus no) −0.159 0.142 0.269 −0.044 0.135 0.742

Hemodialysis vintage (months) −0.337 0.136 0.016 −0.349 0.139 0.016

Diabetes (yes versus no) 0.192 0.142 0.183 0.082 0.129 0.526

𝐾𝑡/𝑉 urea 0.052 0.144 0.722 0.085 0.155 0.586

Log CRP (mg/L) 0.310 0.137 0.028 0.247 0.143 0.091

Plasma atherogenic index 0.116 0.143 0.424 0.175 0.128 0.225

GNRI ≤ 90 versus GNRI > 90 0.453 0.129 0.001 0.398 0.151 0.012

Multivariate 𝑅2-adjusted = 0.278; 𝑃 = 0.006.

Despite of the fact that the maintenance HD is currently
the major treatment modality in ESRD, there are many
controversies of whether and how it influences the burden
of oxidatively modified molecules. Previous studies have
demonstrated both the fall of serum hydroperoxides, as early
as the first hour of HD session, and a significant increase of
LPO adducts and AOPP in post-HD samples [6, 7]. In the
current study serum hydroperoxides were markedly reduced
during HD, while AOPP remained virtually unchanged
(Table 3). Such findings could reflect different diffusion rates
of hydroperoxides and macromolecular AOPP into dialytic
fluid or faster decomposition of hydroperoxides to other
LPO adducts that could not be detected with xylenol orange
test. We observed that in comparison to the group with
normal GNRI, those with lowGNRI values had higher serum
hydroperoxides and lower total SH groups after completion
of HD treatment, which may indicate a higher degree of
oxidative damage imposed during HD associated with worse
blood nutritional status.

Aside from chronic uremia-induced oxidative stress,
ESRDpatients usually endure an intermittent oxidative injury
during each HD treatment. It is generally believed that the
major reason is activation of leukocytes upon contact with
bio-incompatible dialysis membrane or impurity in dialysis
fluid and release of MPO into the blood [1, 2]. Extracellular
MPO is a powerful catalyst of the LPO process and induce
chlorination and nitrosylation of various blood compounds,
giving rise to dysfunctional molecules, toxic mediators,
atherogenic lipids and protein oxidation products, such as

AOPP [2]. Accordingly, serum MPO activity was by 300%
increased after completion of HD and positively correlated
with AOPP (𝑟 = 0.355; 𝑃 = 0.011), which is consistent with
evidence that dityrosine-containing oxidized albumin is the
main constituent of AOPP [2, 25]. However, in agreement to
some previous studies [4, 26], baseline serum MPO activity
was in ESRD patients similar to that in healthy controls and
comparable between GNRI groups (Table 2), and the post-
HD MPO activities do not differ between patients’ groups
(Table 3).

On the other side, the baseline serum XOD activity was
in ESRD patients far over the values in healthy subjects
(Table 2) and in agreement with Choi et al. [13]. However,
this finding may be rather expected having in mind that a
variety of stimuli usually present in ESRD, like endotoxemia
or hypoxia, can enhance the transcriptional activity of the
XOD gene [9]. Beside controlling purine catabolic pathway,
the XOD can induce the expression of cyclooxygenase-2
[27], translocation of nuclear factor-𝜅B, synthesis of TNF-𝛼,
activation of neutrophils, and phagocytic killing [8, 12], being
therefore a potent modulator of innate immune response.
In turn, inflammatory cytokines may be responsible for
upregulated synthesis of both CRP and XOD [28], and a
positive correlation between these parameters in the current
study (Table 4) further supports the idea that XOD has a
putative role in inflammatory signal transduction [8].

XDH/XOD is constitutively expressed in endothelial and
many other cells. Still, the majority of vascular enzyme
are most probably of hepatic origin [9] and are reversibly
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attached to endothelial cell surface via glycosaminoglycan-
rich receptors. The release of extracellular XOD into circu-
lation occurs upon competitive binding of heparin, propor-
tionally to the content of vascular wall enzyme [10]. This was
used for determination of endothelial XOD in vivo, particu-
larly in pathologies associated with endothelial dysfunction.
For example, a bolus injection of heparin (5000 IU) has been
shown to induce an increase of serum XOD activity by 200%
within a fewminutes in patients with chronic heart failure but
not in healthy controls [23]. In the current study all ESRD
patients were routinely anticoagulated with unfractionated
heparin solution, in accordance to European best practice
guidelines. Taking into account the results of previous studies
[10, 23], we may speculate that the post-HD elevation of
serumXOD activity in the group with low GNRI status could
reflect the basically higher content of endothelium-bound
XOD.

Endothelial cells also contain some SOD enzyme bound
to the cell surface, which probably serves to counterbalance
the local formation of oxidants and is also released into the
blood after bolus injection of heparin [23]. In the current
study, there were differences regarding absolute values and
the direction in which serum XOD activities have changed
during HD, although the rise of SOD activity was almost
equal in both GNRI groups. These results suggest that a
poor nutritional status in ESRD could be associated with an
imbalanced presence of prooxidant and antioxidant enzymes
in the vascular compartment.

Patients undergoingHD treatment often experience some
degree of intradialytic hypoxia associated with volume over-
load that may extend between two HD sessions [22]. During
hypoxic periods, there is a decrease of intracellular pH
leading to facilitated conversion of XDH to XOD form [9],
while breakdown products, inosine and hypoxanthine, may
accumulate due to poor regeneration of ATP. Hypoxanthine
is normally present in plasma at only 1-2 𝜇M but is several
fold increased inHD patients [13] and can serve as a substrate
for XOD-catalyzed formation of oxidants in the blood. Ex
vivo incubation of human plasma with 5mU/mL XOD and
500𝜇M hypoxanthine has been shown to oxidize up to 50%
of total SH groups, mostly within the first 20 minutes [24].
According to our results, one of the reasons of enhanced
oxidative damage in patients with low GNRI status could be
increased presence of vascular XOD and/or the conversion of
enzyme to oxidase form due to more severe hypoxia.

XOD is present in the blood almost entirely at oxidase
form but has a relatively short half-life of 2-3 hours [9].
However, in circulation, this enzyme retains the ability to
prime näıve phagocytic cells [4] and produce oxidants [10,
12], especially at loci exposed to mechanical forces, such as
oscillatory shear stress [29], causing activation of inflamma-
tory cascade, deprivation of nitric oxide, and vascular dys-
function. In addition, the circulating XOD can be distributed
to remote tissues, and after internalization into vascular
and other cells, it may further exert pathological effects
[30]. Moreover, targeting XOD with allopurinol has been
shown to attenuate oxidative stress, cytokine signaling, and
muscle wasting in a rat model of cancer cachexia [14]
and inhibit MAPKinase signaling and ubiquitin-proteosome

pathway thereby preventing atrophy and proteolysis in dis-
used muscles [31]. The second major source of serum XOD
in humans is gastrointestinal tract. The gut hypoperfusion
or ischemic/reperfusion injury, prolonged parenteral nutri-
tion, or poor nutritional status may upregulate XOD, which
increases the permeability of intestinal barrier and mediates
transmigration of bacteria (and endotoxin) into the blood,
contributing to sustained microinflammatory state in ESRD
[32]. Inflammation is highly prevalent in HD patients, and
although its sources are not fully elucidated, it may lead to
accelerated atherosclerosis. Moreover, murine macrophages
overexpressingXODhave been shown to differentiate to foam
cells [12], implicated in atherosclerotic plaque development.

The results from experimental studies imply that hyper-
and dyslipidemia and cholesterol-rich diets can create a
positive feedback loop and profoundly affect XOD activity,
thereby linking lipid abnormalities with high expression of
XOD [11, 12].The present study found no significant relation-
ship between serum XOD activity and atherogenic index of
plasma, as a surrogate marker of atherogenic dyslipidemia
[21]. Instead, the post-HD serum XOD activity was indepen-
dently associated with lowGNRI status (𝛽±SE: 0.398±0.151;
𝑃 = 0.012). Given that concentration of serum albumin
is included in calculation of GNRI score, these results sug-
gest that XOD can be implicated in protein oxidative injury
during HD treatment. Due to chronic inflammation, uremia,
loss of amino acids, restrictive diets or anorexia, and albumin
synthesis may be insufficient to compensate for enhan-
ced catabolic rate, and damage imposed by XOD-derived
oxidants would probably enhance its breakdown, leading
overtime to evident hypoalbuminemia.

5. Conclusions

Taken together, these results indicate that an upregulated
XOD can be implicated in protein oxidative damage and
inflammatory cascade in ESRD patients. Repetitive liberation
of XOD into the blood during each HD treatment could
contribute to augmented oxidative damage and pathogenesis
of inflammation-malnutrition complex syndrome. In ageing
world population, there is increasing number of patients
requiring maintenance HD treatment, and targeting factors
associated with oxidative injury in ESRD may have medical,
social, and economic aspects. Therefore, further studies are
needed to evaluate the long-term relationships betweenXOD,
oxidative stress, and nutritional status in patients on chronic
HD treatment.
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Vascular diseases are the most prominent cause of death, and inflammation and vascular dysfunction are key initiators of the
pathophysiology of vascular disease. Lipid peroxidation products, such as acrolein and other 𝛼, 𝛽-unsaturated aldehydes, have
been implicated as mediators of inflammation and vascular dysfunction. 𝛼, 𝛽-Unsaturated aldehydes are toxic because of their high
reactivity with nucleophiles and their ability to form protein and DNA adducts without prior metabolic activation. This strong
reactivity leads to electrophilic stress that disrupts normal cellular function. Furthermore, 𝛼, 𝛽-unsaturated aldehydes are reported
to cause endothelial dysfunction by induction of oxidative stress, redox-sensitive mechanisms, and inflammatory changes such as
induction of cyclooxygenase-2 and cytokines. This review provides an overview of the effects of lipid peroxidation products, 𝛼,
𝛽-unsaturated aldehydes, on inflammation and vascular dysfunction.

1. Introduction

Vascular disease, a chronic inflammatory disorder associated
with vascular injury due to lipid and protein oxidation [1], is
themost prevalent cause ofmortality andmorbidity in almost
all parts of the world [2]. Its etiological factors include an
interplay between multiple factors such as hyperlipidemia,
hypertension, diabetes, obesity, infection, and smoking [3].
Most of these risk factors cause oxidative stress by increasing
the level of reactive oxygen species (ROS) [4].

Numerous studies have revealed that lipid peroxidation
(LPO) products are associated with the development of
inflammation-related diseases, such as chronic obstructive
pulmonary disease (COPD) and vascular diseases, (including
atherosclerosis, Alzheimer’s disease and stroke) [5–8]. The
accumulation of LPO products in human tissues is a major
cause of cellular and tissue dysfunction that may act as
physiological mediators in oxidative stress-related diseases
[5, 9]. Among LPO products, reactive 𝛼, 𝛽-unsaturated alde-
hydes are thought to contribute to vascular disease and other
oxidative stress-related pathologies by covalently modifying

proteins and affecting critical protein functions [10]. These
products may also promote atherosclerosis by modifying
lipoproteins and can cause cardiac cell damage by impairing
metabolic enzymes [11]. In this review, we focus on the
molecular evidence supporting the role of 𝛼, 𝛽-unsaturated
aldehydes generated during the lipid peroxidation in inflam-
mation and vascular dysfunction.

2. 𝛼, 𝛽-Unsaturated Aldehydes

In this review, we concentrate on the role of 𝛼, 𝛽-unsaturated
aldehydes in vascular disease from exogenous (e.g., cigarette
smoke) and/or endogenous (e.g., LPO) sources. 𝛼, 𝛽-
Unsaturated aldehydes can be generated during inflamma-
tion because of LPO which is accelerated by diverse oxidative
stressors, such as cigarette smoke-generated ROS, reactive
nitrogen species (RNS), and free radicals [12]. During LPO,
various ROS/RNS oxidize membrane lipids, particularly the
polyunsaturated fatty acids, lead to free radical chain reac-
tions and subsequent formation of byproducts, such as 𝛼, 𝛽-
unsaturated aldehydes.𝛼,𝛽-Unsaturated aldehydes are highly
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Figure 1: Structures of 𝛼, 𝛽-unsaturated aldehydes.

reactive and can cause atherogenic and carcinogenic effects
by injuring blood vessel walls and by forming DNA adducts,
respectively.

Acrolein (ACR), 4-hydroxy-2-nonenal (4-HNE), and
crotonaldehyde (CRA) are the most reactive and toxic 𝛼, 𝛽-
unsaturated aldehydes (Figure 1). These LPO products can
modify nucleophilic side chains on amino acid residues,
such as the sulfhydryl groups of cysteine, the imidazole
groups of histidine, and the amino acid groups of lysine
[13]. Recent studies are reported to the detailed chemistry
and the relative electrophilicities of these aldehydes using
quantum mechanical parameters [14, 15]. The generation
of these strong electrophilic aldehydes and the subsequent
adduction of protein nucleophilesmay have pathophysiologi-
cal implications.These aldehydes are associated with elevated
tissue levels of their respective protein adducts in disease
processes that involve oxidative damage [16, 17]. In addition,
the formation of adducts by these reactive aldehydes has been
linked to the disruption of cell signaling and mitochondrial
dysfunction [14].

2.1. Acrolein (ACR). ACR is present in relatively large
amounts (10–140 𝜇g/cigarette) in cigarette smoke and has
been implicated in the pathogenesis of vascular disease [18].
ACR is also produced during the incomplete combustion of
wood, plastics, gasoline, and diesel fuel; the heating of animal
and vegetable fats; and endogenous LPO that is caused by
oxidative stress [19]. ACR has a strong electrophilic reactivity
towards nucleophiles; therefore, it disrupts the redox control
of protein function and causes cytotoxicity via irreversible
adduction. In addition, ACR may play a role in the patho-
genesis of cardiovascular and neurodegenerative disorders
[17]. It is an important oxidative stress biomarker for LPO,

and ACR levels increase during aging and in disease, such
as atherosclerosis and Alzheimer’s disease [20, 21]. Several
recent studies have linked ACR exposure to atherosclerosis
[22], hypertension [23], dyslipidemia [24], and infarction
[25].

2.2. Crotonaldehyde (CRA). CRA is abundant in the envi-
ronment and is also produced endogenously during lipid
metabolism [26]. CRA is reported to be present in many
foods, such as fish, meat, fruit, and vegetables, and in
various liquors [27]. It is formed as a product of LPO
and is also produced during the combustion of carbon-
containing fuels and other materials [28]; cigarette smoke
is another important source of CRA (31–169 𝜇g/kg body
weight) [29]. CRA is mutagenic without metabolic activation
in numerous cell systems [30] and induces hepatic tumors in
rodents [29]. The toxicity of CRA is caused by its strongly
reactive electrophilic carbonyl group [31]. Many studies have
indicated that CRA directly or enzymatically conjugates with
glutathione (GSH), thereby reducing the GSH levels [32].
Previous studies showed that CRA can modulate biological
reactions through various downstream signaling pathways
and cause cellular oxidative stress [33].

2.3. 4-Hydroxy-2-Nonenal (4-HNE). 4-HNE, a strongly reac-
tive 𝛼, 𝛽-unsaturated aldehyde, is a diffusible end product of
endogenous LPO and is a known marker of oxidative stress.
4-HNE is a potent alkylating agent that reacts with DNA
and proteins, thereby generating various types of adducts
[31, 34]. These adducts can induce stress signaling pathways
and apoptosis [34]. It has been reported that cigarette smoke
extract (CSE) causes 4-HNE production either directly or
indirectly via LPO in various cell types. In another study by
Kode et al. [35], CSE caused a dose-dependent increase in
oxidative stress in various cell lines and in 4-HNE levels in
small airway epithelial cells (SAECs). CSE-induced cytotoxi-
city in different cell lines has been attributed to an increase in
the endogenous production of 4-HNE.

Kumagai et al. showed that 4-HNE may be a major
inflammatory mediator in the development and progression
of atherogenesis [36]. 4-HNE is reported to be producing
nerve terminal toxicity by forming adducts that play a critical
role in Alzheimer’s disease [37]. In addition, studies have
revealed that 4-HNE is associated with several other patho-
logical conditions, such as COPD [38], acute respiratory
distress syndrome (ARDS) [39], and atherosclerosis [40].

3. 𝛼, 𝛽-Unsaturated Aldehydes in
the Pathogenesis of Vascular Diseases

Vascular disease is a complex inflammatory disease that
involves several types of inflammatory cells, multiple inflam-
matory mediators, and oxidative stress. 𝛼, 𝛽-Unsaturated
aldehydes cause inflammation and damage cells by inducing
oxidative stress, redox-sensitive mechanisms, and proin-
flammatory mediators. The results of many studies have
implicated 𝛼, 𝛽-unsaturated aldehydes in the pathogenesis of
vascular disease (Table 1).
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Table 1: 𝛼, 𝛽-unsaturated aldehydes and vascular diseases.

𝛼, 𝛽-Unsaturated aldehydes Diseases References

Acrolein
(endogenous/exogenous)

Alzheimer’s Lovell et al., 2001 [41], Bradley et al., 2010 [42]
Diabetes Uesugi et al., 2004 [43], Grigsby et al., 2012 [44]

Atherosclerosis Uchida et al., 1998 [19], Srivastava et al., 2011 [45]
COPD Wang et al., 2009 [46]

Crotonaldehyde
(endogenous/exogenous)

Alzheimer’s Kawaguchi-Niida et al., 2006 [28]
COPD Volpi et al., 2011 [47]

4-HNE
(endogenous/exogenous)

Alzheimer’s Tsirulnikov et al., 2012 [48], Butterfield et al., 2010 [37]
Ischemia Eaton et al., 1999 [49]

Atherosclerosis Leonarduzzi et al., 2005 [50], Kumagai et al., 2004 [36]
COPD Rahman et al., 2002 [38], Halliwell and Poulsen 2006 [51]

3.1. 𝛼, 𝛽-Unsaturated Aldehydes and Oxidative Stress. Oxida-
tive stress induced by 𝛼, 𝛽-unsaturated aldehydes plays
an important role in the pathogenesis of vascular disease
through direct injury to the endothelium, as well as through
redox-sensitive mechanisms. 𝛼, 𝛽-Unsaturated aldehydes
increase oxidative stress in endothelial, macrophage, and
smooth muscle cells which in turn induces a proinflamma-
tory vascular phenotype by stimulating the transcription of
various genes. Cellular oxidative stress and inflammation are
implicated in the pathogenesis of many diseases, including
stroke, myocardial infarction, and atherosclerosis. Reactive
𝛼, 𝛽-unsaturated aldehydes have been shown to induce
intracellular peroxide production in endothelial cells [52].
𝛼, 𝛽-Unsaturated aldehydes tend to trigger the formation
of ROS or act as oxidants and potentiate oxidative stress in
cells [53]. Adams Jr. and Klaidman reported that ACR was
oxidized by xanthine oxidase to produce oxygen radicals and
that the GSH adduct of ACR also induced oxygen radical
formation [54]. ACR depletes endogenous GSH which itself
is a critical component of the endogenous antioxidant defense
system, thereby increasing the ROS levels [55]. In addition, it
has been shown that 4-HNEmediates endothelial nitric oxide
synthase (eNOS) uncoupling and superoxide generation by
altering tetrahydrobiopterin (BH

4
) homeostasis [56] and

that it induces ROS generation by activating nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase which is
dependent on the activity of 5-lipoxygenase (5-LO) [57].

Maintaining the redox balance in the vascular system is of
paramount importance since uncompensated oxidative stress
contributes to endothelial dysfunction and vascular disease.
Oxidative stress is increasingly seen as a major upstream
component in the signaling cascade involved inmany cellular
functions, such as cell proliferation, inflammatory responses,
adhesion molecule stimulation, and chemoattractant pro-
duction. The mechanisms by which endothelial oxidative
stress leads to vascular inflammation and the development of
atherosclerosis have been reported [58].

3.2. 𝛼, 𝛽-Unsaturated Aldehydes and Antioxidant Enzymes.
Oxidative (electrophilic) stress induces NF-E2-related fac-
tor 2 (Nrf2)/antioxidant response element (ARE)-mediated
expression of phase II detoxifying and antioxidant enzymes

and activates other stress-inducible genes [59]. 𝛼, 𝛽-
Unsaturated aldehydes are attracted to electrons and can
inactivate the nucleophilic active sites of thiolate or seleno-
cysteine enzymes, such as glutathione peroxidase (GPx)
through covalent bonding [31]. The inactivation of GPx by
𝛼, 𝛽-unsaturated aldehydes is involved in imbalance of the
redox state in cell [60]. The thioredoxin (Trx)/thioredoxin
reductase (TR) system plays a crucial role in many bio-
logical functions, such as redox regulation, apoptosis, and
immunomodulation in diverse organisms. Endothelial cells
exposed to ACR show rapidly inactivation of TR, result-
ing in an increase in oxidative cellular damage [52]. In
ACR-stimulated human umbilical vein endothelial cells
(HUVECs), the induction of heat shock protein 72 (Hsp72)
is considered to be a defense system unique to HUVECs
[61]. The results of some studies indicate that a highly
electrophilic compound, such as ACR, would have the
potential to increase Nrf2-mediated gene expression, includ-
ing that of the cytoprotective antioxidant heme oxygenase-
1 (HO-1) in macrophages [62] and endothelial cells [63].
Furthermore, 4-HNE and CRA induces HO-1 expression
in endothelial cells [53, 64]. HO-1, a rate-limiting enzyme
in heme metabolism, has been recognized as an important
factor that protects vascular tissue against atherosclerosis by
exerting antioxidative, anti-inflammatory, antiproliferative,
anti-apoptotic, and vasodilatory effects on the vasculature.
Therefore, increased HO-1 expression in various cells treated
with 𝛼, 𝛽-unsaturated aldehydes may serve as an adaptive
response to oxidative damage.

3.3. 𝛼, 𝛽-Unsaturated Aldehydes and Inflammation. 𝛼, 𝛽-
Unsaturated aldehyde-induced toxicity is reported to occur
because of depletion of cellular GSH, which subsequently
induces ROS production that leads to cell malfunction [55,
65]. ROS was also shown to induce the production of various
atherogenic factors, including inflammatory mediators.

3.3.1. 𝛼, 𝛽-Unsaturated Aldehydes and Nuclear Factor Kappa-
Light-Chain-Enhancer of Activated BCells. Thenuclear factor
kappa-light-chain-enhancer of activated B cells (NF-𝜅B)/Rel
family complex is a redox-sensitive transcription factor that
plays a role in the expression of various rapid-response genes
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Figure 2: Schematic representation of 𝛼, 𝛽-unsaturated aldehydes stimulated leading to inflammation and vascular disease. 𝛼, 𝛽-Unsaturated
aldehyde reacts directly or indirectly with various genes and transcription factors and induces oxidative stress which may play an important
role in inflammation and vascular diseases.

associated with the inflammatory and immune responses. In
addition, NF-𝜅B activation may play a role in the develop-
ment of chronic inflammatory diseases, such as rheumatoid
arthritis, Alzheimer’s disease, and atherosclerosis.

The results of many studies suggest that 𝛼, 𝛽-unsaturated
aldehydes can regulate inflammation by modulating NF-
𝜅B signaling [55]. ACR may affect NF-𝜅B activation, either
indirectly by decreasing cellular reduced GSH content or
directly by binding to the reactive cysteine on the subunit
of I𝜅B kinase (IKK) [55]. The effect of ACR on NF-𝜅B may
be cell-type specific and other regulatory mechanisms may
also be involved. Li et al. reported that ACR induced I𝜅B
expression in rat alveolar macrophage cells, an effect that
led to the inhibition of NF-𝜅B activation [66]. However,
Haberzettl et al. showed that the ACR-induced increase in
cytokine production was accompanied by NF-𝜅B activation
[67]. The other 𝛼, 𝛽-unsaturated aldehyde, 4-HNE, may
also play a role in modulating NF-𝜅B activation through a
mechanism similar to that of ACR. It has been suggested
that 4-HNE induces 5-LO expression via epidermal growth
factor receptor (EGFR)-mediated activation of the NF-
𝜅B/extracellular-regulated kinase (ERK) pathways in murine
macrophages [68].

3.3.2.𝛼,𝛽-UnsaturatedAldehydes andProinflammatoryMedi-
ators. Cyclooxygenase (COX)-2 is an inducible isoform of
COX, which is the key enzyme that regulates the amount of
and the duration for which proinflammatory prostaglandins
(PG) are produced and also plays a crucial role in inflamma-
tion. Under normal conditions, COX-2 expression is tightly
regulated, but it is dramatically induced during inflamma-
tion by various stimulants. Burleigh et al. suggested that
COX-2 expression promotes atherosclerotic inflammation
[69]. Since chronic inflammation plays a significant role in

atherosclerosis, COX-2 may participate in the development
of atherosclerosis.

The endothelium is a vulnerable target for ACR and
related aldehydes. Several studies have reported that exposure
to ACR causes endothelial damage [18]. Endothelial cells
exposed to ACR exhibit a time-and dose-dependent stimula-
tion of COX-2 expression and enhancement of PG synthesis
[21]. The increased PG synthesis in endothelial cells after
treatment with ACR reflects an increase in the levels of func-
tional COX-2 protein. In addition, the induction of COX-2
by ACR occurs through activation of the protein kinase C
(PKC), p38 mitogen-activated protein kinase (MAPK), and
cAMP response element-binding protein (CREB) pathways;
it has been suggested that ACR plays an important role in the
progression of atherosclerosis via an inflammatory response
involving COX-2 expression. 4-HNE is reported to strongly
induce COX-2 expression in macrophages [36]. These data
suggest that the 4-HNE accumulated in macrophages/foam
cells functions as an inflammatory mediator that plays a role
in stimulating the inflammatory response and contributes to
the progression of atherogenesis.

In addition, Haberzettl et al. showed that ACR treat-
ment increased the production of interleukin-6 (IL-6),
tumor necrosis factor-𝛼 (TNF-𝛼), and interleukin-8 (IL-8)
in endothelial cells [67]. These findings suggest new proin-
flammatory and atherogenic aspects of ACR toxicity and the
possibility that endogenously produced ACR can contribute
toward endothelial injury and inflammation. Because the
induction of cytokines, such as TNF-𝛼, IL-6, and IL-8,
plays a crucial role in atherosclerosis, production of these
cytokines may be a significant feature of atherogenesis. Fur-
thermore, ACR treatment induced endoplasmic reticulum
(ER) stress and triggered the unfolded protein response
[67].
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Activated macrophages are reported to generate and
secrete matrix metalloproteinase (MMP)-9 which degrades
atherosclerotic plaque constituents. A recent study by
O’Toole et al. reported that secretion of MMP-9 increases
in ACR-stimulated human macrophages [70]. In addition,
murine macrophages exposed to ACR exhibited 5-LO over-
expression, subsequent proinflammatory leukotriene (LT)
accumulation, and enhancedMMP-9 biosynthesis [71].These
data support the possibility that exposure to oxidants or
acute inflammatory events can trigger plaque rupture. Akiba
et al. showed that 4-HNE accelerates MMP-1 production in
human coronary smoothmuscle cells (hCSMCs) [72]. MMP-
1 (collagenases) cleave native collagen types I and III, which
are predominant structural components of atherosclerotic
lesions, indicating that increase in the levels of collagenases
is a critical event in the progression of atherosclerosis.

4. Conclusions

Lipid peroxidation-derived 𝛼, 𝛽-unsaturated aldehydes have
been shown to play an important pathophysiological role in
vascular diseases. 𝛼, 𝛽-Unsaturated aldehydes from exoge-
nous and/or endogenous sources, being highly reactive
electrophilic molecules, react and modify both proteins
and DNA resulting in toxicity. These aldehydes have been
implicated in oxidative stress-induced vascular pathologies
which act as redox signalingmediators leading to cellular and
tissue injury. Furthermore, 𝛼, 𝛽-unsaturated aldehydes were
reported to induce inactivation of antioxidant enzyme such
as GPx and TR, activation of NF-𝜅B signaling pathway, and
stimulation of inflammatory response through activation of
the proinflammatory signaling pathway (Figure 2). Together,
results of these studies provide a better understanding of
the involvement of LPO-derived 𝛼, 𝛽-unsaturated aldehydes
in vascular dysfunction and their possible role in vascular
disease. Understanding the mechanism of inflammation-
related vascular dysfunction mediated by LPO-derived 𝛼, 𝛽-
unsaturated aldehydes may help in revealing the pathological
factors responsible for vascular diseases and in developing
effective therapeutic strategies for these diseases.
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Hypertension is a risk factor for several cardiovascular diseases and oxidative stress suggested to be involved in the pathophysiology.
Antihypertensive drug Clonidine action in ameliorating oxidative stress was not well studied. Therefore, this study investigate the
effect of Clonidine on oxidative stressmarkers and nitric oxide (NO) in SHR and nitric oxide synthase inhibitor, N-nitro-L-arginine
methyl ester (L-NAME) administered SHR. Male rats were divided into four groups [SHR, SHR+Clonidine (SHR-C), SHR+L-
NAME, SHR+Clonidine+L-NAME(SHRC+L-NAME)]. Rats (SHRC) were administered with Clonidine (0.5mg kg−1 day−1) from
4 weeks to 28 weeks in drinking water and L-NAME (25mg kg−1 day−1) from 16 weeks to 28 weeks to SHRC+L-NAME. Systolic
blood pressure (SBP) was measured. At the end of 28 weeks, all rats were sacrificed and in their heart homogenate, oxidative stress
parameters and NO was assessed. Clonidine treatment significantly enhanced the total antioxidant status (TAS) (𝑃 < 0.001) and
reduced the thibarbituric acid reactive substances (TBARS) (𝑃 < 0.001) and protein carbonyl content (PCO) (𝑃 < 0.05). These
data suggest that oxidative stress is involved in the hypertensive organ damage and Clonidine not only lowers the SBP but also
ameliorated the oxidative stress in the heart of SHR and SHR+L-NAME.

1. Introduction

Globally, near one billion people have hypertension; of these,
two-thirds are in developing countries, killing nearly 8 mil-
lion people worldwide every year and nearly 1.5 million peo-
ple each year in South-East Asia region approximately one-
third of the adult population in this region has high blood
pressure [1]. The Sixth Reports of the Joint National Com-
mittee on Prevention, Detection, Evaluation, and Treatment
of High Blood Pressure (JNCVI) define hypertension or high
blood pressure to be present if it is persistently at or above
140/90mmHg.

Hypertension is a risk factor for several cardiovascular
diseases such as atherosclerosis or myocardial infarction [2],
kidney failure [3], stroke, and death [4].

Growing evidence indicated that oxidative stress plays
an important role in the pathophysiology of hypertension

[5]. Hypertension is associated with imbalance of oxidant
antioxidant status which causes alteration in lipid peroxida-
tion [6] superoxide dismutase and glutathione peroxidase [7]
and higher production in hydrogen peroxide [8].

Nitric oxide (NO) (endothelium-derived relaxing factor)
is synthesised in biological system by nitric oxide synthase
(NOS) and has a strong vasodilatory effect [9]. NOS inhibitor
such as N-nitro-L-arginine methyl ester (L-NAME) has a
causal role in oxidative stress [10–12] as well as promotes
persistent hypertension and progressive cardiovascular dam-
age [13]. Zhou and Frohlich [13] developed and established
the L-NAME/SHRmodel thatmimics the pathophysiological
alterations associated with naturally-occurring progressive
impairment of cardiac and renal functions and structure.
They have reviewed series of studies designed using the
L-NAME/SHR to investigate the effect of antihypertensive
agents on prevention, development, progression, and even
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reversal of hypertensive nephrosclerosis. Each report docu-
mented the pathophysiological actions by the intervention
of an antihypertensive agent either concomitantly with or
subsequently following L-NAME. However, the studies were
focusing on pathophysiological effect of calcium antagonists,
angiotensine converting enzyme inhibitors and aldosterone
antagonist. Therefore, using the L-NAME/SHR model, we
would like to determine the effects of Clonidine, an a-
adrenoceptor agonists, another class of antihypertensive drug
on oxidative stress markers [thiobarbituric acid reactive sub-
stances (TBARS), protein carbonyl (PCO), total antioxidant
status (TAS)] and nitric oxide level in the heart of SHR and
SHR+L-NAME.

2. Methods

This study was approved by the Animal Ethics and Welfare
Committee of Universiti Sains Malaysia. Male SHR aged 4
weeks were obtained from the Animal Research and Service
Centre (ARASC), Health Campus Universiti Sains Malaysia,
and housed in individual cages in standard environment
(25–27∘C) room temperature under 12 hours light and 12
hours dark cycle (lights on 0700–1900 hours). The animals
were fed with commercial rat food pellet and Clonidine
(Sigma, USA) was given through drinking water. Rats
were divided into 4 groups: (1) SHR (untreated), (2) SHR
treated with Clonidine (0.5mg kg−1 day−1; 4–28 weeks)
(SHRC), (3) SHR administered L-NAME (25mg kg−1 day−1)
(untreated)(SHR/L-NAME), and (4) SHR administered L-
NAME (25mg kg−1 day−1) treated with Clonidine
(0.5mg kg−1 day−1; 4–28 weeks) (SHRC/L-NAME) of which
each group consists of 6 animals (𝑛 = 6). Chronic admin-
istration of L-NAME started in rats aged 16 weeks until 28
weeks in group 3 and group 4. The normotensive Wistar-
Kyoto (WKY) rats were divided and treated with clonidine
in a similar manner with SHR groups.

Systolic blood pressure (SBP) was taken during the exper-
imental period for every two weeks using the tail plethys-
mography blood pressure analyzer (IITC Life Science, USA).
Rats were weighed and sacrificed at the end of 28th weeks.
The heart was collected and homogenized (Glas-Col, USA)
in 0.05M sodium phosphate buffer (pH 7.4). Supernatant of
heart homogenate was stored at −70∘C until use for biochem-
ical analysis.

Lipid peroxidation was determined as thiobarbituric acid
reactive substances (TBARS) according to the method of
Chatterjee et al. [14]. MDA, an end product of fatty acid
peroxidation, react with TBA to form coloured complex
which has maximum absorbance at 532 nm. 1,1,3,3-Tetrae-
thoxypropane (TEP); a form ofMDAwas used as standard in
this assay. 0.1% of heart homogenate orMDA standard (2 𝜇M,
4 𝜇M, 6𝜇M, and 8 𝜇M) were pipette into each test tubes. The
test tubes were vortexed and then kept in boilingwater bath at
95∘C for 60minutes. After cooling, the tubeswere centrifuged
at 3000×g for 10 minutes. One mL of each supernatant was
transferred to semimicrocuvette and absorbance was read at
532 nm on a spectrophotometer.

Protein carbonyl (PCO) levels were determined using
Protein Carbonyl Assay Kit (Cayman, USA) according to the

method of Rohrbach et al. [15]. DNHP react with protein
carbonyl, forming a Schiff base to produce corresponding
hydrazone. The amount of protein-hydrazone produced was
quantified spectrophotometrically at an absorbance between
360 and 385 nm.

Total antioxidant status (TAS) was assessed according
to the method of Koracevic et al. [16]. It was based on the
principle that a standardized solution of Fe-EDTA complex
reacted with hydrogen peroxide by a Fenton-type reaction,
leading to the formation of hydroxyl radicals. These reactive
oxygen species degraded benzoate, resulting in the release
of TBARS. Antioxidants from the added sample of heart
homogenate caused suppression of the production of TBARS
that was proportional to their concentration. This reaction
was measured spectrophotometrically at 532 nm and the
inhibition of colour development was defined as the TAS.

Nitric Oxide (NO) was determined using Nitrate/Nitrite
Colorimetric Assay Kit according to the method Yui et al.
[17]. Nitrate reductase utilizes NADPH in the enzymatic
reduction of nitrate to nitrite. Nitrite produced reacts with
Griess Reagent 1 followed byGriess Reagent 2 to produce Azo
product. The concentration of the Azo product in the sample
was obtained by measuring the absorbance at 540 nm.

3. Statistical Analysis

Data were analyzed using One-Way ANOVA with post hoc
Tukey test. Data were analyzed using Statistical Package for
the Social Science (SPSS) software version 20. Significant level
was set at (𝑃 < 0.05). Data are expressed as mean and stand-
ard error mean (mean ± SEM) for six animals in each group.

4. Results

4.1. SBP, Oxidative Stress Parameters, and NO of Clonidine
Treated and Untreated SHR and SHR+L-NAME. The SBP of
Clonidine treated and untreated SHR and SHR+L-NAME
were presented in Figure 1. SBPof SHR treatedwithClonidine
(SHRC) were significantly lower from age of 8 weeks until 28
weekswhen compared to untreated SHR (𝑃 < 0.001, a∗∗∗). L-
NAMEwas administered to rats at age of 16 weeks.Therefore,
SHR+L-NAME treated with Clonidine (SHRC+L-NAME)
showed significant increase compared to untreated SHR+L-
NAME (c∗∗∗, 𝑃 < 0.001), before L-NAME was administered
as these still represent the SHRC compared to SHR. After
administration of L-NAME, SHR+L-NAME showed signif-
icant increase in SBP in weeks 26 (𝑃 < 0.01, b∗∗) and in
weeks 28 (𝑃 < 0.001, b∗∗∗) compared to SHR. There was
also significant decrease of SBP in Clonidine treated SHR
administered L-NAME (SHRC+L-NAME) when compared
to untreated SHR+L-NAME from weeks 20 until weeks 28
(week 20: 𝑃 < 0.05, d∗, week 22 and 24: 𝑃 < 0.01, d∗∗, and
week 26 & 28: 𝑃 < 0.001, d∗∗∗).

4.2. TAS. Figure 2 represents the level of TAS in Clonidine
treated and untreated SHR and SHR+L-NAME. The level of
TAS was significantly increased with Clonidine treatment in
SHR (𝑃 < 0.001, a∗∗∗). However, no significant difference in
TAS level in L-NAME administered SHR when compared to
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SHR+L-NAME compared to SHR, c∗∗∗ 𝑃 < 0.001 SHRC+L-NAME compared to SHR+L-NAME and d∗ 𝑃 < 0.05, d∗∗ 𝑃 < 0.01, and
d∗∗∗ 𝑃 < 0.001 SHRC+L-NAME compared to SHRC.
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Figure 2: TAS levels in Clonidine treated and untreated SHR
administered with L-NAME. a∗∗∗ 𝑃 < 0.001 SHR compared to
SHRC, c∗∗∗ 𝑃 < 0.001 SHRC+L-NAME compared to SHR+L-
NAME.

SHR. Significant increase was evident in TAS level in Cloni-
dine treated SHR administered with L-NAME (SHRC+L-
NAME) when compared to untreated SHR administered L-
NAME (SHR+L-NAME) (𝑃 < 0.001, c∗∗∗). No significant
difference was observed in SHRC+L-NAMEwhen compared
to Clonidine treated SHR without L-NAME (SHRC).

4.3. TBARS. The TBARS levels of Clonidine treated and
untreated SHR and SHR+L-NAME were provided in Fig-
ure 3. TBARS level in Clonidine treated SHRwas significantly

lower compared to untreated SHR (𝑃<0.001, a∗∗∗).The levels
of TBARS in SHR administered with L-NAME (SHR+L-
NAME) were significantly higher when compared to SHR
(𝑃 < 0.001, b∗∗∗). Significant decrease was evident in
TBARS level in Clonidine treated SHR administered with L-
NAME (SHRC+L-NAME)when compared to untreated SHR
administered L-NAME (SHR+L-NAME) (𝑃 < 0.001, c∗∗∗).
No significant difference was observed in SHRC+L-NAME
when compared to Clonidine treated SHR without L-NAME
(SHRC).

4.4. PCO. Figure 4 represents the PCO level of Clonidine
treated and untreated SHR and SHR+L-NAME. PCO level
in Clonidine treated SHR was significantly lower compared
to untreated SHR (𝑃 < 0.05, a∗). Significant increase
was observed in PCO levels of SHR administered L-NAME
(SHR+L-NAME) when compared to SHR (𝑃 < 0.001, b∗∗∗).
Significant decrease was evident in PCO level in Clonidine
treated SHR administered with L-NAME (SHRC+L-NAME)
when compared to untreated SHR administered L-NAME
(SHR+L-NAME) (𝑃 < 0.05, c∗). Significant increase also was
observed in SHRC+L-NAME when compared to Clonidine
treated SHR without L-NAME (SHRC) (𝑃 < 0.001, d∗∗∗).

4.5. NO. The NO levels of Clonidine treated and untreated
SHR and SHR+L-NAME were given in Figure 5. NO level
in Clonidine treated SHR and SHR+L-NAME was increased
but not statistically significant compared to untreated SHR.
Significant decrease was observed in NO levels of SHR
administered L-NAME (SHR+L-NAME) when compared to
SHR (𝑃 < 0.001, b∗∗∗). No significant difference was evident
in NO level in Clonidine treated SHR administered with
L-NAME (SHRC+L-NAME) when compared to untreated
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Figure 3: TBARS levels in Clonidine treated and untreated SHR
administered with L-NAME. a∗∗∗ 𝑃 < 0.001 SHR compared to
SHRC, b∗∗∗ 𝑃 < 0.001 SHR+L-NAME compared to SHR, and
c∗∗∗ 𝑃 < 0.001 SHRC+L-NAME compared to SHR+L-NAME.
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Figure 4: PCO levels in Clonidine treated and untreated SHR
administered with L-NAME. a∗ 𝑃 < 0.05 SHR compared to SHRC,
b∗∗∗ 𝑃 < 0.001 SHR+L-NAME compared to SHR, c∗ 𝑃 < 0.05
SHRC+L-NAME compared to SHR+L-NAME, and d∗∗∗ 𝑃 < 0.001
SHRC+L-NAME compared to SHRC.

SHR administered L-NAME (SHR+L-NAME). Significant
decrease also was observed in SHRC+L-NAME when com-
pared to Clonidine treated SHR without L-NAME (SHRC)
(𝑃 < 0.001, d∗∗∗).

4.6. SBP, Oxidative Stress Parameters, and NO of Clonidine
Treated and Untreated WKY and WKY+L-NAME. WKY
rats showed normal SBP. As expected, L-NAME adminis-
tration in WKY significantly increases the SBP at 18 weeks
(𝑃 < 0.05) and 20 weeks onward (𝑃 < 0.001) when
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Figure 5: NO levels in Clonidine treated and untreated SHR admin-
istered with L-NAME. b∗∗∗ 𝑃 < 0.001 SHR+L-NAME compared to
SHR and d∗∗∗ 𝑃 < 0.001 SHRC+L-NAME compared to SHRC.

compared toWKY.Clonidine treatment significantly reduced
the SBP in WKY+L-NAME when compared to WKY+L-
NAME untreated (data not shown).

Table 1 showed the oxidative stress parameters and NO
of normotensive WKY rats. Significant increase (b∗∗∗, 𝑃 <
0.001) was evident in TBARS and PCO levels of WKY+L-
NAME when compared to WKY. However, no significant
difference was evident in TAS levels of WKY+L-NAME
when compared to WKY. Clonidine treatment significantly
elevated the TAS level in WKY when compared to untreated
WKY (a∗∗∗, 𝑃 < 0.001), but no significant difference was
seen in PCO levels. TBARS level showed significant increase
in Clonidine treated WKY (a∗, 𝑃 < 0.05) and WKY+L-
NAME (c∗, 𝑃 < 0.05) when compared to their matched
untreated groups. Significant decrease (b∗∗∗ and d∗∗∗, 𝑃 <
0.001) in NO level was evident in L-NAME administered
groups. However, no significant difference was evident in NO
level in Clonidine treated WKY and WKY+L-NAME when
compared to their matched untreated groups.

5. Discussions

The results of this study showed that SBP was significantly
elevated in SHR as demonstrated in previous studies [18, 19].
Administration of L-NAME at 16 weeks initially did not
elevate SBP in SHR. However, at weeks 26 and 28, SBP was
elevated in SHR+L-NAME. Gerová et al. [20] showed that
the use of L-NAME as NOS inhibitor alters the regulation
of blood pressure and is accompanied by development of
cardiovascular disorders. It has been shown that chronic
reduction of NO synthesis resulted in hypertension [20, 21]
and reduced endothelial vasorelaxation [22–24] and myocar-
dial hypertrophy [25]. The results of this study demonstrated
that Clonidine can attenuate development of high blood
pressure and end-organ damage in SHR and SHR+L-NAME
with significant endothelial dysfunction produced by inhi-
bition of NO synthesis. Since 1960, Clonidine is believed to
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Table 1: Effect of Clonidine treatment on TBARS, PCO, TAS, and NO level of Clonidine treated and untreatedWKY andWKY administered
L-NAME.

Parameters Groups
WKY WKY+L-NAME WKYC WKYC+L-NAME

TAS 7.64 ± 0.17 6.91 ± 0.05 10.54 ± 0.93 a∗∗∗ 8.53 ± 0.18
TBARS 5.59 ± 0.32 7.49 ± 0.20 b∗∗∗ 7.80 ± 0.49 a∗ 8.98 ± 0.25 c∗

PCO 2.69 ± 0.07 3.12 ± 0.05 b∗∗∗ 2.94 ± 0.18 3.11 ± 0.19 c∗

NO 37.65 ± 0.56 27.92 ± 0.79 b∗∗∗ 39.25 ± 0.65 30.71 ± 0.69 d∗∗∗

Values are expressed as mean ± S.E.M. (𝑛 = 6 per group).
WKY: WKY no treatment, WKY+L-NAME: WKY no treatment+L-NAME, WKYC: WKY+Clonidine, and WKYC+L-NAME: WKY+Clonidine+L-NAME.
a∗ P < 0.05, a∗∗∗ P < 0.001 WKY compared to WKYC, b∗∗∗ P < 0.001 WKY+L-NAME compared to WKY, c∗ P < 0.05 WKYC+L-NAME compared to
WKY+L-NAME, and d∗∗∗ P < 0.001 WKYC+L-NAME compared to WKYC.

lower blood pressure through several modes of action such
as stimulating a-adrenoceptors in the cardiovascular centers
with a reduction of sympathetic nerve activity and nora-
drenaline release [26, 27] producing suppressant effect on
adrenal medullary function, and decreasing adrenal sympa-
thetic nerve activity [28–30], and activation of nonadrenergic
depressor pathways, and activation of baroreflex [31, 32].

Clonidine treatment also delayed the onset and attenu-
ated the severity of hypertension produced by L-NAME inhi-
bition. Rizzoni et al. reported that SHR are normotensive at 4
weeks of age and develop hypertension, cardiac hypertrophy
and vascular dysfunction by 8–12 weeks [33].

The increase in the systolic blood pressure in SHR was
accompanied by changes in the marker of oxidative stress,
such as lower heart total antioxidant status, higher thiobar-
bituric acid reactive substance, and elevation of protein car-
bonyl content. This implies, as previously demonstrated, an
increase in the production of reactive oxygen species, which
in turn produce a higher systemic and heart oxidative stress
in SHR [5]. Alteration in oxidant-antioxidant balance in SHR
demonstrated in this study may contribute to the generation
and/or maintenance of hypertension via promoting vascular
smooth muscle cell proliferation and hypertrophy as well as
collagen deposition, leading to thickening of vascular media
and narrowing of the vascular lumen as reviewed by Gross-
man [34]. In addition, increase oxidative stress may damage
the endothelium, impair endothelium-dependent vascular
relaxation, and increase vascular contractile activity [35].

The present study demonstrates that nitric oxide synthase
inhibition by L-NAME reduced the nitric oxide level in SHR.
By contrast, administration of L-NAMEwas not affecting the
TAS. L-NAME inhibits the production of vasodilator nitric
oxide.

Regarding Clonidine treatment, data from the study
herein revealed that Clonidine treatment elevated total anti-
oxidant status in SHR. To further evaluate the effect of Cloni-
dine against hypertension-associated oxidative stress, the
lipid peroxidation product (TBARS) and protein oxidation
product (PCO) in heart were examined. Clonidine treatment
decreases the level of lipid peroxidation product and protein
oxidation product in heart of SHR and SHR administered L-
NAME in comparison to untreated groups.

The protective effect of clonidinemay havemultiple com-
ponents in its action. Clonidine, an 𝛼2-adrenergic receptor
agonist, is thought to decrease blood pressure by causing

a reduced sympathetic nerve firing rate with the locus
of its action within the CNS [36]. The same report also
demonstrated that Clonidine treatment results in hypoten-
sive in SHR through action of sympathetic vasoconstrictor
fibers. 𝛼2-Adrenoceptor agonists, such as clonidine, attenuate
hypoxia-induced damage to brain and retinal neurones by a
mechanism of action which likely involves stimulation of a-
adrenoceptors. When compared to Clonidine administered
WKY andWKY+L-NAME (Table 1), Clonidine administered
SHR and SHR+L-NAME showed a significant reduction
in oxidative stress parameters which clearly indicate that
Clonidine is reducing oxidative stress in SHR and SHR+L-
NAME.

From this study, therefore, it concluded that some evident
was found to support the idea that, in addition to the hypoten-
sive effect of Clonidine, this antihypertensive drug enhance
the level of antioxidant status and ameliorate the oxidative
stress which might reduce the hypertension induced heart
damage in SHR and SHR+L-NAME. A better understanding
of the complexity of oxidative stress and hypertension, role
of nitric oxide, and development of new class of antihyper-
tensive drug which ameliorates oxidative stress will likely be
the avenues for future research to prevent hypertension and
hypertension induced cardiovascular complications.
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Effect of methanolic extract of Rumex hastatus roots (MRR) and its derived fractions, n-hexane (HRR), ethyl acetate (ERR),
chloroform (CRR), butanol (BRR), and aqueous extract (ARR), was studied against carbon tetrachloride (CCl

4
) induced hepato

and testicular toxicity in rats. Intraperitoneal dose of 20 percent CCl
4
(0.5 ml/kg bw) was administered twice a week for eight

weeks to a group of rats. Other groups were given CCl
4
and various fractions of R. hastatus roots (200mg/kg bw). CCl

4
treatment

depleted glutathione contents and activities of antioxidant enzymes while increased the concentration of lipid peroxides (TBARS)
along with corresponding DNA injuries and histopathological damages. Supplementation with various fractions of R. hastatus
roots (200mg/kg body weight) attenuated the toxicity of CCl

4
in liver and testis tissues through improvement in the serological,

enzymatic, and histological parameters towards the normal. Posttreatment of R. hastatus roots (200mg/kg body weight) also
reversed the alteration in reproductive hormonal secretions andDNAdamages inCCl

4
treated rats.The results clearly demonstrated

that R. hastatus treatment augments the antioxidants defense mechanism and provides the evidence that it may have a therapeutic
role in free radical mediated diseases.

1. Introduction

Reactive oxygen species (ROS), like hydroxyl, peroxyl, and
superoxide radicals, are very transient and highly reactive
causes of the pathogenesis of atherosclerosis, neurodegener-
ation, inflammation, cardiovascular diseases, diabetes, and
cataracts [1, 2]. CCl

4
is a toxic chemical, commonly used

to induce hepatic cirrhosis [3] and testicular injuries in
experimental animals [4]. Metabolic activation of CCl

4
by

cytochrome P
450

resulted in the production of trichloro-
methyl radical (∙CCl

3
) and peroxy trichloromethyl radical

(∙OOCCl
3
) that in turn initiate lipid peroxidation, respon-

sible for injuries in various organs like liver and testis [5].
These free radicals combine with polyunsaturated fatty acids
of hepatic and testicular cell membranes, cause elevation of
thiobarbituric acid reactive substances (TBARSs) concentra-
tion with subsequent necrosis [6], and increase lysosomal

enzymes activities [7].The health promoting effects of antiox-
idants on oxidative damage are mostly examined through
cellular antioxidants enzymes in addition to TBARS and
GSH concentration [5, 8]. It is also reported that increase
in oxidative damage to sperm membranes, proteins, and
DNA is associated with alterations in signal transduction
mechanisms that affect fertility [9] and cause degeneration of
somniferous tubules showing a relationship between hypog-
onadism and liver cirrhosis [5]. Rumex hastatus D. Don
belongs to the Polygonaceae family and is popularly known
as “khatimal.” It is distributed in northern Pakistan, northeast
Afghanistan, and southwest China, growing between 700
and 2500m, and sometimes grows as a pure population. It
is reported that the whole plant is used as medicine. It is
laxative, alterative, tonic, and is used in rheumatism [10]
and sexually transmitted diseases including AIDS [11]. Our
previous studies substantiated theR. hastatus leaves as a good



2 Oxidative Medicine and Cellular Longevity

antioxidant source with sufficient amount of phenolics [12].
Zhang et al. [13] by referring the use in Chinese herbal system
reported seven phenolic compounds from R. hastatus roots.
Thus, regarding the cultural/ethnic use present toxicological
studies in rat models have been planned to evaluate the pro-
tective effect of various fractions of R. hastatus roots against
hepato- and testicular toxicity caused by CCl

4
.

2. Materials and Methods

2.1. Extract Preparation. R. hastatus District roots were col-
lected from Havelian, Abbottabad, Pakistan. Shade dried
roots were powdered in a Willy Mill to 60-mesh size and
used for solvent extraction. Five kg powder was extracted
twice with 10 liters of 95 percent methanol at 25∘C for 48 h
and filtered. The methanolic solution was dried in a rotary
evaporator (Panchun Scientific Co., Kaohsiung, Taiwan) to
obtain methanolic crude extract of R. hastatus roots (MRR).
In order to resolve the compounds with escalating polarity,
a part of the extract was suspended in distilled water and
subjected to liquid-liquid partition by using solvents in a
sequence of 𝑛-hexane (HRR), ethyl acetate (ERR), chloroform
(CRR), and butanol (BRR), while the remaining soluble
portion was filtered and used as aqueous fraction (ARR).
After fractioning, the solvent of the respective fraction was
evaporated by rotary evaporator [14].

2.2. In Vivo Evaluation of Fractions. For in vivo studies six-
week-oldmale Sprague-Dawley rats weighting 180±10 gwere
provided with food and water ad libitum and kept at 20–
22∘C on a 12 h light-dark cycle. All experimental procedures
involving animals were conducted in accordance with the
guidelines of National Institutes of Health, Islamabad, Pak-
istan.The study protocol was approved by Ethical Committee
of Quaid-i-Azam University, Islamabad Pakistan. The rats
were acclimatized to laboratory condition for 7 days before
commencement of experiments.

2.3. Experimental Plan. For subchronic toxicity, eight-week
experiment was designed according to Shyu et al. [3]. Ninety-
six rats were randomly divided into sixteen groups (6 rats
of each group). Group I animals remained untreated, while
Group II animals received olive oil and DMSO twice a week
for eight weeks. Animals of Groups III, IV, V, VI, VII, VIII, IX,
and X received intraperitoneally 0.5mL of CCl

4
, (20 percent

in olive oil) twice a week for eight weeks. Group III received
only CCl

4
, while Group IV administered silymarin at a dose

of 50mg/kg bw after 48 h of CCl
4
treatment. Groups V, VI,

VII, VIII, IX, and X received different fractions at a dose
of 200mg/kg bw, HFC, EFC, CFC, BFC, MFC, and AFC,
twice a week for eight weeks orally. However, Groups XI,
XII, XIII, XIV, XV, and XVI received fractions (200mg/kg
bw) alone twice a week for eight weeks after 48 hr of CCl

4

treatment orally. At the end of eight weeks, after 24 h of the
last treatment, animals were given chloroform anesthesia and
dissected from ventral side. Bloodwas drawn and centrifuged
at 1500×g for 10min, at 4∘C to collect the serum. Liver and
testis tissues were perfused with ice cold saline and excised.
Subsequently, half of both tissue portions were treated with

liquid nitrogen and stored at−80∘C for further enzymatic and
DNA damage analysis, while other portions were processed
for histology.

2.4. Analysis of Serum. For estimation of liver function tests
serum samples were assayed for ALT, AST, ALP,-𝛾-GT, total
cholesterol, triglycerides, LDL, and HDL by using standard
AMP diagnostic kits (Graz, Austria).

Serum analysis of testicular hormones like FSH, LH, tes-
tosterone, prolactin, and estradiol was radioimmunoassayed
by using Marseille Cedex 9 France Kits and Czech Republic
Kits from Immunotech Company.

2.5. Assessment of Antioxidant Enzymes. Ten percent of ho-
mogenates of liver and testis tissues were prepared separately
in 100mM KH

2
PO
4
buffer containing 1mM EDTA (pH 7.4)

and centrifuged at 12,000×g for 30min at 4∘C. The super-
natant was collected and used for the following experiments
as described below. Protein concentration of the supernatant
was determined by the method of Lowry et al. [15] using
crystalline bovine serum albumin as standard.

2.5.1. Catalase Assay (CAT). CAT activities were determined
by using H

2
O
2
as a substrate [16]. 0.1mL of the supernatant

was mixed with 2.5mL of 50mM phosphate buffer (pH 5.0)
and 0.4mL of 5.9mM H

2
O
2
, and change in absorbance was

recorded at 240 nm after one min. One unit of CAT activity
was defined as an absorbance change of 0.01 as units/min.

2.5.2. Peroxidase Assay (POD). In this method guaiacol was
used as the substrate [16]. For the PODactivity determination
0.1mL of the supernatant was added to the reaction mixture
having 2.5mL of 50mM phosphate buffer (pH 5.0), 0.1mL
of 20mM guaiacol, and 0.3mL of 40mM H

2
O
2
. Changes in

absorbance of the reaction solution at 470 nm were deter-
mined after one min. One unit of POD activity was defined
as an absorbance change of 0.01 units/min.

2.5.3. Superoxide Dismutase Assay (SOD). In this method
NADH was used as the substrate [17]. Reaction mixture of
this method contained 0.1mL of phenazine methosulphate
(186 𝜇M), 1.2mL of sodiumpyrophosphate buffer (0.052mM;
pH 7.0), and 0.3mL of supernatant after centrifugation
(1500×g for 10min followed by 10000×g for 15min) of tissue
homogenate was added to the reaction mixture. Enzyme
reaction was initiated by adding 0.2mL of NADH (780𝜇M)
and stopped after 1min by adding 1mL of glacial acetic acid.
Amount of chromogen formed was measured by recording
color intensity at 560 nm. Results are expressed in units/mg
protein.

2.5.4. Glutathione-S-Transferase Assay (GST). Glutathione-S-
transferase activity was assayed by the method of Habig et al.
[18]. The reaction mixture consisted of 1.475mL phosphate
buffer (0.1mol, pH 6.5), 0.2mL reduced glutathione (1mM),
0.025mL of 1-chloro-2,4-dinitrobenzene (CDNB) (1mM),
and 0.3mL of supernatant in a total volume of 2.0mL. The
changes in the absorbance were recorded at 340 nm, and
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enzymes activity was calculated as nM CDNB conjugate
formed/min/mg protein using a molar extinction coefficient
of 9.6 × 103M−1 cm−1.

2.5.5. Glutathione Reductase Assay (GSR). Glutathione re-
ductase activity was determined by the method of Carlberg
and Mannervik [19]. The reaction mixture consisted of
1.65mL phosphate buffer (0.1mol; pH 7.6), 0.1mL EDTA
(0.5mM), 0.05mL oxidized glutathione (1mM), 0.1mL
NADPH (0.1mmol), and 0.1mL of supernatant in a total
volume of 2mL. Enzyme activity was quantitated at 25∘C
by measuring disappearance of NADPH at 340 nm and was
calculated as nM NADPH oxidized/min/mg protein using
molar extinction coefficient of 6.22 × 103M−1 cm−1.

2.5.6. Glutathione Peroxidase Assay (GSH-Px). Glutathione
peroxidase activity was assayed by the method of Mohan-
das et al. [20]. The reaction mixture consisted of 1.49mL
phosphate buffer (0.1M; pH 7.4), 0.1mL EDTA (1mM),
0.1mL sodium azide (1mM), 0.05mL glutathione reductase
(1 IU/mL), 0.05mL GSH (1mM), 0.1mL NADPH (0.2mM),
0.01mLH

2
O
2
(0.25mM), and 0.1mL of supernatant in a total

volume of 2mL. The disappearance of NADPH at 340 nm
was recorded at 25∘C. Enzyme activity was calculated as nM
NADPH oxidized/min/mg protein using molar extinction
coefficient of 6.22 × 103M−1 cm−1.

2.5.7. Quinone Reductase Assay (QR). The activity of quinone
reductase was determined by themethod of Benson et al. [21].
The 3.0mL reaction mixture consisted of 2.13mL Tris-HCl
buffer (25mM; pH 7.4), 0.7mL BSA, 0.1mL FAD, 0.02mL
NADPH (0.1mM), and 0.lmL of supernatant. The reduc-
tion of dichlorophenolindophenol (DCPIP) was recorded at
600 nm, and enzyme activity was calculated as nM of DCPIP
reduced/min/mg protein using molar extinction coefficient
of 2.1 × 104M−1 cm−1.

2.6. Reduced Glutathione Assay (GSH). Reduced glutathione
was estimated by the method of Jollow et al. [22]. 1.0mL
sample of supernatant was precipitated with 1.0mL of (4
percent) sulfosalicylic acid. The samples were kept at 4∘C
for 1 h and then centrifuged at 1200×g for 20min at 4∘C.
The total volume of 3.0mL assay mixture contained 0.1mL
filtered aliquot, 2.7mL phosphate buffer (0.1M; pH 7.4), and
0.2mL of 1,2-dithio-bis-nitrobenzoic acid DTNB (100mM).
The yellow color developed was read immediately at 412 nm
on a SmartSpec Plus Spectrophotometer. It was expressed as
𝜇MGSH/g tissue.

2.7. Estimation of Lipid Peroxidation (TBARS). The assay for
lipid peroxidation was carried out following the modified
method of Iqbal et al. [23]. One milliliter of 20 percent TCA
aqueous solution and 1.0mL of 0.67 percent TBA aqueous
solution was added to 0.6mL of phosphate buffer (0.1M; pH
7.4) and 0.4mL of homogenate sample. The reaction mixture
was heated in a boiling water bath for 20min and then shifted
to crushed ice-bath before centrifuging at 2500×g for 10min.
The amount of TBARS formed in each of the samples was

assessed by measuring optical density of the supernatant at
535 nm using spectrophotometer against a reagent blank.The
results were expressed as nM TBARS/min/mg tissue at 37∘C
using molar extinction coefficient of 1.56 × 105M−1 cm−1.

2.8. Hydrogen Peroxide Assay (H
2
O
2
). Hydrogen perox-

ide (H
2
O
2
) was assayed by H

2
O
2
-mediated horseradish

peroxidase-dependent oxidation of phenol red by themethod
of Pick and Keisari [24]. 2.0mL of homogenate sample
was suspended in 1.0mL of solution containing phenol
red (0.28 nM), horse radish peroxidase (8.5 units), dextrose
(5.5 nM), and phosphate buffer (0.05M; pH 7.0) and was
incubated at 37∘C for 60min. The reaction was stopped by
the addition of 0.01mL of NaOH (10 N) and then centrifuged
at 800×g for 5min. The absorbance of the supernatant was
recorded at 610 nm against a reagent blank. The quantity of
H
2
O
2
produced was expressed as nM H

2
O
2
/min/mg tissue

based on the standard curve of H
2
O
2
oxidized phenol red.

2.9. DNA Fragmentation Assay. DNA fragmentation assay
was conducted using the procedure of Wu et al. [25]. Tissue
samples (50mg) were homogenized in 10 volumes of a TE
solution pH 8.0 (5mM Tris-HCl, 20mmol EDTA) and 0.2
percent triton X-100. 1.0mL aliquot of each sample was cen-
trifuged at 27,000×g for 20min to separate the intact chro-
matin (pellet, B) from the fragmented DNA (supernatant,
T). The pellet and supernatant fractions were assayed for
DNA content using a freshly prepared DPA (Diphenylamine)
solution for reaction. Optical density was read at 620 nm
at (SmartSpec Plus Spectrophotometer catalog no. 170-2525)
spectrophotometer. The results were expressed as an amount
of percent fragmented DNA by the following formula:

percent fragmented DNA = T × 100
T + B
. (1)

2.10. DNA Ladder Assay. DNAwas isolated from tissue sam-
ples by using the method of Wu et al. [25] to estimate DNA
damages. 5 𝜇g of DNA of rats separately was loaded in 1.5
percent agarose gel containing 1.0 𝜇g/mL ethidium bromide
including DNA standards (0.5𝜇g per well). After electropho-
resis gel was studied under gel doc system and was photo-
graphed through digital camera.

2.11. Histopathological Studies. For microscopic evaluation
tissues were fixed in a fixative (absolute alcohol 60 percent,
formaldehyde 30 percent, glacial acetic acid 10 percent) and
embedded in paraffin, sectioned at 4 𝜇m, and subsequently
stained with hematoxylin and eosin. Sections were studied
under light microscope (DIALUX 20 EB) at 10x magnifi-
cations. Slides of all the treated groups were studied and
photographed.

2.12. Statistical Analysis. Data are expressed as means ± SD
(𝑛 = 6), and significant differences between the groups
were statistically analyzed by Duncan’s multiple range test
(Statistica Software, 1990). Concentration of significance
among the various treatments was determined at 𝑃 < 0.05.
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Table 1: Effects of various fractions of R. hastatus roots on liver function tests.

Group AST (U/L) ALT (U/L) ALP (U/L) 𝛾-GT (U/L)
Control 78.25 ± 2.09++ 65.23 ± 1.78++ 121.65 ± 2.19++ 1.94 ± 0.07++

Oil + DMSO 76.46 ± 2.94++ 64.74 ± 2.02++ 123.29 ± 2.55++ 1.95 ± 0.16++

CCl4 240.15 ± 4.19∗∗ 198.93 ± 4.27∗∗ 350.79 ± 5.31∗∗ 5.11 ± 0.53∗∗

Silymarin + CCl4 104.23 ± 3.24++ 89.28 ± 2.19++ 171.54 ± 2.63++ 2.27 ± 0.13++

HRR + CCl4 213.23 ± 4.21+ 130.94 ± 4.18++ 235.67 ± 4.86++ 3.15 ± 0.48++

ERR + CCl4 202.18 ± 5.23+ 128.32 ± 3.15++ 229.92 ± 5.95++ 3.01 ± 0.36++

CRR + CCl4 176.33 ± 3.09++ 106.23 ± 2.56++ 207.11 ± 4.23++ 2.79 ± 0.11++

BRR + CCl4 142.01 ± 3.29++ 94.28 ± 2.66++ 189.61 ± 2.16++ 2.72 ± 0.13++

MRR + CCl4 139.28 ± 4.13++ 99.91 ± 2.73++ 193.26 ± 3.42++ 2.57 ± 0.32++

ARR + CCl4 170.45 ± 4.27++ 90.34 ± 3.11++ 175.24 ± 3.18++ 2.33 ± 0.12++

HRR alone 78.45 ± 1.29++ 63.26 ± 1.45++ 124.65 ± 1.27++ 1.93 ± 0.10++

ERR alone 75.37 ± 1.55++ 65.34 ± 1.34++ 122.15 ± 2.67++ 1.90 ± 0.09++

CRR alone 79.43 ± 0.95++ 68.86 ± 0.93++ 123.15 ± 1.23++ 1.92 ± 0.17++

BRR alone 76.76 ± 1.56++ 66.56 ± 2.20++ 120.55 ± 2.32++ 1.99 ± 0.04++

MRR alone 74.51 ± 1.34++ 62.02 ± 0.74++ 125.34 ± 1.22++ 1.97 ± 0.07++

ARR alone 77.45 ± 1.75++ 63.36 ± 1.34++ 122.20 ± 2.85++ 2.01 ± 0.07++

Mean ± SE (𝑛 = 6 number).
∗∗indicate significance from the control group at 𝑃 < 0.01 probability level.
++indicate significance from the CCl4 group at 𝑃 < 0.01 probability level.

Table 2: Effects of various fractions of R. hastatus roots on lipid profile.

Group Triglycerides (mg/dL) Total cholesterol (mg/dL) HDL (mg/dL) LDL (mg/dL)
Control 140.00 ± 3.57e 29.14 ± 1.59d 41.23 ± 1.44d 23.25 ± 1.01d

Oil + DMSO 139.89 ± 4.73e 30.00 ± 1.34d 40.92 ± 1.71d 23.98 ± 1.26d

CCl4 263.67 ± 2.62a 72.09 ± 1.99a 60.80 ± 2.89a 37.21 ± 1.98a

Sily + CCl4 182.14 ± 2.36d 40.80 ± 2.18c 47.29 ± 1.70c 27.83 ± 1.71c

HRR + CCl4 205.23 ± 3.17c 64.30 ± 1.79b 56.36 ± 0.77b 34.38 ± 0.16b

ERR + CCl4 213.85 ± 3.25b 60.96 ± 2.64b 54.50 ± 1.24b 33.65 ± 0.84b

CRR + CCl4 199.13 ± 4.44c 56.36 ± 3.60b 50.97 ± 1.12c 30.35 ± 1.14c

BRR + CCl4 189.16 ± 3.82c 42.51 ± 2.84c 46.54 ± 1.56c 27.93 ± 1.28c

MRR + CCl4 194.83 ± 2.92c 44.89 ± 2.06c 45.27 ± 1.46c 29.51 ± 2.08c

ARR + CCl4 190.65 ± 3.54c 54.57 ± 2.35b 49.35 ± 0.43c 31.23 ± 0.66c

HRR alone 138.45 ± 1.35e 31.55 ± 1.44d 40.56 ± 1.33d 24.78 ± 0.15d

ERR alone 137.96 ± 2.50e 32.14 ± 1.32d 41.66 ± 1.45d 23.25 ± 1.35d

CRR alone 140.26 ± 1.64e 30.23 ± 1.74d 42.55 ± 1.56d 22.98 ± 1.01d

BRR alone 138.76 ± 1.41e 28.15 ± 1.46d 40.12 ± 1.68d 24.98 ± 0.23d

MRR alone 141.01 ± 1.62e 33.10 ± 2.81d 42.20 ± 0.72d 22.25 ± 0.95d

ARR alone 139.78 ± 3.84e 29.14 ± 1.36d 39.23 ± 1.45d 23.25 ± 0.16d

Values are mean ± SD (06 number). Sily: Silymarin.
a–d(means with different letters) indicate significance at 𝑃 < 0.05.

3. Result

3.1. Effects of R. hastatus Roots on Liver Function Test and
Biochemical Markers. The serological concentrations of AST,
ALT, ALP, and 𝛾-GT are highly susceptible to oxidative stress
in liver tissue as shown in Table 1. Chronic CCl

4
treatment

considerably (𝑃 < 0.05) augmented the concentrations
of serum marker enzymes of liver which was attenuated
significantly (𝑃 < 0.05) by oral administration of various
fraction of R. hastatus roots. However, various fractions of
R. hastatus roots alone showed the same serum enzyme con-
centration like that of control group. Hepatotoxin also reacts

with polyunsaturated fatty acids to cause lipid peroxidation
by disturbing lipid profile as summarized in Table 2. These
parameters were significantly restored (𝑃 < 0.05) by various
fractions of R. hastatus roots near to control. For serological
investigations fractions can be ordered as BRR > MRR >
ARR > CRR > ERR >HRR.

3.2. Effects of R. hastatus Roots on Male Reproductive Hor-
mones of Rats. To estimate the testicular toxicity, repro-
ductive hormones act as effective biomarkers. CCl

4
intox-

ication alters the secretion of pituitary and reproductive
hormonal concentration. The effects of various fractions of
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Table 3: Effects of various fractions of R. hastatus roots on male reproductive hormonal concentration.

Group Testosterone (ng/mL) Luteinizing hormone
(ng/mL)

Follicle stimulating
hormone (ng/mL) Prolactin (ng/mL) Estradiol (ng/mL)

Control 2.87 ± 0.09h 3.08 ± 0.06d 45.63 ± 0.27h 10.23 ± 1.41f 15.23 ± 0.78g

Oil + DMSO 2.82 ± 0.05h 2.98 ± 0.09d 45.28 ± 0.37h 12.26 ± 1.45f 16.74 ± 0.45g

CCl4 1.12 ± 0.06a 1.21 ± 0.10a 20.69 ± 0.39a 25.61 ± 0.32a 32.45 ± 0.19a

Sily + CCl4 2.55 ± 0.08g 2.67 ± 0.14c 38.96 ± 0.60g 15.45 ± 0.74e 19.48 ± 0.90f

HRR + CCl4 1.40 ± 0.04b 1.34 ± 0.06a 22.34 ± 0.42b 22.05 ± 0.80b 29.04 ± 0.45b

ERR + CCl4 1.45 ± 0.10b 1.33 ± 0.09a 22.31 ± 0.38b 23.14 ± 0.62b 28.92 ± 0.36b

CRR + CCl4 1.75 ± 0.11c 1.64 ± 0.10b 25.62 ± 0.71c 20.55 ± 0.70c 25.24 ± 0.74c

BRR + CCl4 2.30 ± 0.07f 2.26 ± 0.11c 33.61 ± 0.32e 17.90 ± 0.63d 23.51 ± 0.17d

MRR + CCl4 2.25 ± 0.06e 2.44 ± 0.12c 34.37 ± 0.25f 18.26 ± 0.56d 21.35 ± 0.78e

ARR + CCl4 2.02 ± 0.05d 2.04 ± 0.13c 28.55 ± 0.65d 20.31 ± 0.38c 25.37 ± 0.28c

HRR alone 2.80 ± 0.08h 2.93 ± 0.11d 45.22 ± 0.47h 12.11 ± 0.65f 16.73 ± 0.47g

ERR alone 2.78 ± 0.16h 2.88 ± 0.18d 45.53 ± 0.60h 10.53 ± 0.71f 17.03 ± 0.80g

CRR alone 2.99 ± 0.09h 3.00 ± 0.10d 45.48 ± 0.49h 13.06 ± 1.06f 16.61 ± 0.35g

BRR alone 2.75 ± 0.05h 3.18 ± 0.09d 45.78 ± 0.46h 9.76 ± 1.93f 16.74 ± 0.65g

MRR alone 2.98 ± 0.09h 3.11 ± 0.06d 46.05 ± 0.26h 10.45 ± 1.48f 14.63 ± 0.97g

ARR alone 2.93 ± 0.10h 3.08 ± 0.07d 46.13 ± 0.58h 12.17 ± 1.42f 15.47 ± 0.87g

Values are mean ± SD (06 number). Sily: Silymarin.
a–h(means with different letters) indicate significance at 𝑃 < 0.05.

Table 4: Effects of various fractions of R. hastatus roots on tissue proteins and antioxidant enzyme concentrations.

Group Protein
(𝜇g/mg tissue)

CAT
(U/min)

POD
(U/min)

SOD
(U/mg protein)

TBARS
(nM/min/mg protein) H2O2 (𝜇M/mL)

Control 2.27 ± 0.020f 4.80 ± 0.10d 14.31 ± 0.25d 4.33 ± 0.46d 2.30 ± 0.41c 1.89 ± 0.10c

Oil + DMSO 2.30 ± 0.010f 4.75 ± 0.15d 13.90 ± 0.20d 4.10 ± 0.28d 2.08 ± 0.33c 1.78 ± 0.12c

CCl4 1.05 ± 0.021a 2.10 ± 0.07a 6.67 ± 0.17a 1.23 ± 0.54a 6.52 ± 0.58a 3.54 ± 0.26a

Sily + CCl4 1.91 ± 0.023e 3.97 ± 0.06c 11.67 ± 0.44c 3.14 ± 0.43c 3.11 ± 0.80b 2.18 ± 0.31b

HRR + CCl4 1.42 ± 0.009b 2.92 ± 0.32b 9.09 ± 0.34b 1.96 ± 0.16b 6.00 ± 0.54a 3.40 ± 0.17a

ERR + CCl4 1.43 ± 0.010b 3.07 ± 0.20b 9.57 ± 0.21b 2.05 ± 0.21b 6.18 ± 0.33a 3.29 ± 0.11a

CRR + CCl4 1.50 ± 0.013c 3.63 ± 0.17c 10.13 ± 0.64c 2.38 ± 0.31b 5.03 ± 0.26b 2.89 ± 0.20b

BRR + CCl4 1.82 ± 0.085e 3.99 ± 0.15c 11.01 ± 0.24c 2.90 ± 0.15c 4.18 ± 0.92b 2.69 ± 0.31b

MRR + CCl4 1.78 ± 0.060e 4.00 ± 0.26c 11.61 ± 0.75c 3.32 ± 0.43c 3.65 ± 0.75b 2.27 ± 0.42b

ARR + CCl4 1.65 ± 0.014d 3.80 ± 0.10c 10.60 ± 0.55c 2.96 ± 0.18c 4.62 ± 0.71b 2.77 ± 0.25b

HRR alone 2.30 ± 0.011f 4.71 ± 0.12d 14.68 ± 0.62d 4.21 ± 0.50d 2.19 ± 0.74c 1.82 ± 0.34c

ERR alone 2.33 ± 0.019f 4.65 ± 0.24d 14.71 ± 0.71d 4.78 ± 0.36d 2.34 ± 0.82c 1.84 ± 0.57c

CRR alone 2.44 ± 0.010f 4.91 ± 0.27d 14.99 ± 0.53d 4.64 ± 0.45d 2.52 ± 0.67c 1.96 ± 0.77c

BRR alone 2.26 ± 0.009f 4.96 ± 0.41d 14.66 ± 0.45d 4.71 ± 0.33d 2.24 ± 0.63c 1.93 ± 0.61c

MRR alone 2.38 ± 0.028f 4.86 ± 0.21d 15.07 ± 0.23d 4.73 ± 0.21d 2.18 ± 0.64c 2.01 ± 0.49c

ARR alone 2.35 ± 0.012f 4.84 ± 0.15d 15.01 ± 0.10d 4.58 ± 0.26d 2.39 ± 0.45c 1.92 ± 0.70c

Values are mean ± SD (06 number). Sily: Silymarin.
a–f(means with different letters) indicate significance at 𝑃 < 0.05.

R. hastatus roots against CCl
4
toxicity on hormonal con-

centration of testosterone, luteinizing hormone (LH), follicle
stimulating hormone (FSH), prolactin, and estradiol are
summarized in Table 3. CCl

4
intoxicated rats considera-

bly (𝑃 < 0.05) decreased the testosterone, FSH, and LH
concentration of serum while significantly (𝑃 < 0.05)
raised the prolactin and estradiol concentration. The serum
concentrations of LH, testosterone, prolactin, and estradiol
were restored (𝑃 < 0.05) by oral administration of various
fractions of R. hastatus roots near to control group except

HRR and ERR that showed no significance for luteinizing
hormone.

3.3. Effects of R. hastatus Roots on Testis Enzymatic Antioxi-
dant Concentrations. In the present study scavenging effects
of various antioxidant enzymes were assessed. The effects
of various fractions of R. hastatus roots against CCl

4
intox-

ication on tissue soluble protein and antioxidant enzyme
system such as CAT, POD, SOD, TBARS, and H

2
O
2
testis are

reported in Table 4. Free radicals generated byCCl
4
injection,
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Table 5: Effects of various fractions of R. hastatus roots on phase II antioxidant enzymes and DNA fragmentation.

Group GST
(nM/mg protein)

GPx
(nM/mg protein)

GR
(nM/mg protein)

GSH
(𝜇M/g tissue)

QR
(nM/mg protein)

Percent DNA
injuries

Control 150.21 ± 4.11g 110.71 ± 3.23e 198.47 ± 4.72h 17.69 ± 1.11e 105.33 ± 1.34g 9.21 ± 1.30e

Oil + DMSO 146.34 ± 4.10g 104.56 ± 3.10e 190.69 ± 4.39h 15.40 ± 1.30e 107.12 ± 1.46g 8.38 ± 1.63e

CCl4 87.48 ± 3.45a 57.86 ± 2.67a 120.76 ± 3.02a 7.63 ± 0.75a 63.34 ± 1.01a 51.11 ± 2.02a

Sily + CCl4 122.22 ± 3.18e 94.62 ± 2.47d 158.61 ± 2.35g 13.73 ± 0.73d 91.54 ± 2.11f 22.43 ± 1.57d

HRR + CCl4 94.05 ± 2.56b 68.44 ± 2.37b 127.11 ± 2.34b 10.08 ± 0.39b 69.69 ± 1.72b 42.22 ± 1.27b

ERR + CCl4 95.67 ± 2.48b 70.37 ± 2.42b 127.51 ± 2.55b 10.25 ± 0.36b 71.47 ± 1.95b 35.33 ± 2.15c

CRR + CCl4 100.28 ± 2.27c 76.22 ± 2.71c 132.17 ± 2.33c 11.17 ± 0.28c 75.56 ± 1.38c 26.44 ± 1.73d

BRR + CCl4 119.16 ± 3.15e 80.51 ± 2.33c 144.43 ± 2.26e 12.19 ± 0.43d 83.24 ± 2.82e 25.53 ± 2.15d

MRR + CCl4 130.53 ± 2.34f 88.61 ± 2.20c 150.39 ± 2.41f 12.36 ± 0.15d 90.97 ± 2.61f 23.78 ± 1.23d

ARR + CCl4 108.26 ± 3.68d 85.47 ± 2.62c 139.40 ± 2.16d 11.53 ± 0.32c 79.87 ± 2.28d 25.73 ± 1.56d

HRR alone 149.67 ± 3.63g 107.34 ± 3.57e 192.22 ± 2.23h 16.22 ± 0.50e 108.34 ± 1.41g 7.66 ± 1.27e

ERR alone 155.87 ± 4.58g 106.48 ± 4.53e 201.47 ± 3.50h 18.37 ± 0.38e 100.44 ± 1.70g 7.22 ± 1.43e

CRR alone 148.51 ± 3.45g 109.38 ± 3.22e 191.71 ± 3.00h 15.30 ± 0.38e 109.34 ± 1.24g 7.80 ± 1.28e

BRR alone 156.63 ± 4.43g 107.68 ± 4.34e 195.45 ± 3.45h 17.04 ± 0.38e 108.45 ± 1.89g 8.34 ± 0.28e

MRR alone 156.52 ± 3.23g 111.51 ± 3.38e 200.10 ± 2.69h 18.10 ± 0.23e 110.71 ± 1.57g 8.23 ± 0.93e

ARR alone 157.77 ± 3.76g 102.57 ± 3.43e 197.53 ± 4.02h 15.37 ± 0.20e 109.34 ± 1.45g 6.78 ± 1.73e

Values are mean ± SD (06 number). Sily: Silymarin.
a–h(means with different letters) indicate significance at 𝑃 < 0.05.

disturbing the cell membrane by reactingwith phospholipids,
leading to lipid peroxidation, caused significant elevation of
TBARS and H

2
O
2
content. Our results point to the ability

of CCl
4
on tissue to cause significant damage by decreasing

the tissue protein as well as CAT, POD, and SOD activities in
addition to increasing the lipid peroxidation and hydrogen
peroxide contents versus control group. Posttreatment of
various fractions of R. hastatus roots with CCl

4
improved

the activity of reduced enzymes and the soluble protein
whereas reduced the concentration of TBARS and H

2
O
2
.

The effects of various fractions of R. hastatus roots on
phase II antioxidant enzymes like GST, GPx, GR, GSH,
QR, and DNA fragmentation percent of testicular tissue are
presented in Table 5. Administration of CCl

4
significantly

(𝑃 < 0.05) decreased the glutathione status of GST, GPx, GR,
GSH, and QR while amplifying the percent fragmentation
of DNA. Posttreatment of various fractions of R. hastatus
roots along with CCl

4
treatment markedly improved the

activities of GST, GPx, GR, GSH, QR, and percent DNA
fragmentation.

3.4. Effects of R. hastatus Roots on DNA Damages (Ladder
Assay). CCl

4
induces DNA damages in the testicular tissues

of rats. DNA ladder assay showed that intact genomic DNA
was found in control as well as DMSO treated group. Con-
versely, CCl

4
group showed severe DNA damages. Postad-

ministration of silymarin anddifferent fractions ofR. hastatus
roots showed reduction in DNA damages as DNA band
patterns of these groups were more similar to control group
(Figure 1).

M 1 2 3 4 5 6 7 8 9 10

Figure 1: Agarose gel showing DNA damage by CCl
4
and protective

effects of various fractions of R. hastatus leaves in testicular tissue.
Lanes from left (M) low molecular weight marker, (1) control, (2)
DMSO+ olive oil group, (3) CCl

4
group, (4) silymarin +CCl

4
group,

(5) MRR + CCl
4
group, (6) BRR + CCl

4
group, (7) ARR + CCl

4

group, (8) CRR + CCl
4
group, (9) ERR + CCl

4
group, and (10) HRR

+ CCl
4
group.

3.5. Effects of R. hastatus Roots on Testis Histoarchitecture.
Figure 2 illustrates the histological examination of testicular
tissues of different treatment groups. Microscopic assess-
ment of male reproductive system revealed the normal
seminiferous tubules, sperms with normal morphology, and
concentration in control as shown in Figure 2(a). Histological
structure of germ cells was found to be normal in appear-
ance. Figure 2(b) demonstrates that CCl

4
intoxication caused

degenerative changes such as loss of germ cells, abnormality
of germinative epithelium, interruption in meiosis, sperm
with abnormal shape and concentration, and delocaliza-
tion of seminiferous tubules. These changes were markedly
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(a) (b)

(c) (d)

(e) (f)

Distorted and less concentration of germ cells
Displaced interstitial cells away from
the seminiferous tubules

(g)

Distorted and less concentration of germ cells
Displaced interstitial cells away from
the seminiferous tubules

(h)

Figure 2: Microphotograph of rat testis (H&E stain). (a) Representative section of testis from the control group showing normal histology,
(b) CCl

4
group, (c) MRR + CCl

4
group, (d) BRR + CCl

4
group, (e) ARR + CCl

4
group, (f) CRR + CCl

4
group, (g) ERR + CCl

4
group, and (h)

HRR + CCl
4
group.
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reduced with oral administration of various fractions of R.
hastatus roots or silymarin revealing a marked repairing of
testicular abnormalities. Among all the tested samples of
R. hastatus roots, MRR and BRR as shown in Figures 2(c)
and 2(d) demonstrated maximum antioxidant and healing
effects against CCl

4
induced damage showing sperm with

normalmorphology and concentration near to control group.
Histopathological findings are in accord with the results of
above studied parameters for testicular toxicity.

3.6. Effects of R. hastatus Roots on Histopathology of Liver.
Slides of liver tissues were prepared for histopathological
study and stained with hematoxylin and eosins as shown
in Figure 3. Figure 3(c) depicts that administration of CCl

4

causes fatty changes like ballooning of cells, inflammatory
cells infiltrations, dilation of central vein, cellular hypertro-
phy, necrosis, and degeneration of the lobular architecture.
CCl
4
administration for eight weeks resulted in chronic

injury in the form of hepatic cirrhosis. Postadministration
of various fractions of R. hastatus roots attenuated the
hepatic injuries and percent them such as with very less or
no fatty changes, no dilation of blood vessel, and uniform
morphology of hepatocytes near to control group as shown
in Figures 3(c)–3(h). Abnormal changes were not found in
the morphology of control group (Figure 3(a)).

4. Discussion

Medicinal plants extracts and their bioactive metabolites
play important role in the prevention of oxidative damages
especially CCl

4
induced hepatic and testicular injuries in

experimental animals [7, 26]. In the present investigations
administration of various fractions of R. hastatus revealed
reduction in elevated concentrations of AST, ALT, ALP,
and 𝛾GT to maintain the structural consistency of the
hepatocellular structure. Our findings are in agreement with
Singh et al. [6] who reported that rise in serum markers
has association with immense centrilobular necrosis, cel-
lular infiltration, and ballooning of liver. CCl

4
treatment

caused alteration in cholesterol profile which was signifi-
cantly reversed with postadministration of various fractions
of R. hastatus. Similar investigations were reported by Wang
et al. [27] while working on female rats to assess hepatic
protection of Noni fruit juice against CCl

4
induced chronic

liver damage. Like testicular histology, serum gonadotropin
releasing hormone (GnRH) including LH and FSH con-
centrations may facilitate in discovering conclusion about
toxicosis.The reduction in serum testosterone concentrations
indicates either a direct effect of chemical (CCl

4
) at Leydig

cell concentration or an indirect effect by disturbing the
hormonal environment at hypothalamopituitary axis [28]
due to oxidative trauma in CCl

4
treated rats. Tohda et al. [29]

also reported that abnormal concentration of intratesticular
testosterones inhibits spermatogenesis. The production of
testosterone in Leydig cells is stimulated by LH, which
activates FSH to bindwith Sertoli cells to stimulate spermato-
genesis [30]. CCl

4
insults revealed the suppression in FSH

concentration of serum that was in consistency with Khan

and Ahmed [5] who reported significant reduction in serum
FSH concentration. CCl

4
intoxicated rats show the malfunc-

tioning of pituitary to secrete FSH and LH indicating that
testicular dysfunction leads to infertility. Estradiol directly
stimulates the pituitary by determining prolactinemia, with
hypothalamic dysfunction in case of hypogonadism. Thus,
increased concentration of estradiol and prolactin may also
be liable for the origin of hypogonadism in the present study.
GSH concentrations are dependent upon the activities of
glutathione reductase (GR) and NADH [31]. Glutathione
system including GPx, GR, GST, as well as SOD and CAT
represents a mutually loyal team of defense against ROS
[32]. Enhanced lipid peroxidations expressed in terms of
TBARS determine structural and functional alterations of
cellular membranes [33]. In the present study, administration
of various fractions of R. hastatus improved the activities
of antioxidant enzymatic (SOD, CAT, POD, GPx, GST, GR,
and QR) as well as nonenzymatic (GSH, TBARS, and H

2
O
2
).

Hence, the present results regarding chronic toxicity of
CCl
4
are in accordance with previous reports of Khan and

Ahmed [5] while studying the protective effects of Digera
muricata (L.) Mart on testis against CCl

4
oxidative stress.

It was reported that CCl
4
resulted in the oxidative damage

to testicular proteins and DNA in rats [4, 34]. From the
present study, it can be assumed that various fractions
of R. hastatus ameliorated the toxic effects on DNA as
revealed by percent DNA fragmentation and ladder assay.
The present study clearly augments the defensive mecha-
nism of various samples against oxidative stress induced
by CCl

4
and provides confirmation about its therapeutic

use in reproductive abnormalities. Hepatohistology of CCl
4

intoxicated rats revealed necrosis, fatty changes, cellular
hypertrophy, infiltrated kupffer cells and lymphocyte, cir-
rhosis, and nuclear degeneration in some areas, which was
markedly diminished by induction of various fractions of
R. hastatus. Our study revealed similar investigation which
is in agreement with earlier findings [3], while evaluating
the medicinal activity of plants against CCl

4
stimulated

hepatotoxicity in rats. The CCl
4
challenge revealed testicular

destruction [35] and degeneration in histological architecture
like that of profenofos that was recorded by Moustafa et al.
[36]. Data of the present study revealed that CCl

4
may cause

proliferative behavior of testicular cells and obstruct repro-
duction. However, groups administered various fractions of
R. hastatus demonstrated a quality active spermatogenesis,
thin basement membranes, and normal seminiferous tubules
in most of the part of testis. Same histopathology was noticed
by Manjrekar et al. [37] while evaluating the protective
effects of Phyllanthus niruri Linn. on testis against CCl

4

intoxication.

5. Conclusions

It can be concluded from the current study that various
fractions of R. hastatus roots have the ability to recover the
metabolic enzymatic activities and repair cellular injuries,
thus providing scientific evidence in favour of its pharmaco-
logical use in hepatic and testicular dysfunctioning.
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(a) (b)

(c) (d)

(e) (f)

Fatty changes and ballooning
Cellular hypertrophy

(g)

Cirrhosis
Necrosis

(h)

Figure 3: Microphotograph of rat liver (H&E stain). (a) Representative section of liver from the control group showing normal histology, (b)
CCl4 group, (c) MRR + CCl

4
group, (d) BRR + CCl

4
group, (e) ARR + CCl

4
group, (f) CRR + CCl

4
group, (g) ERR + CCl

4
group, and (h)

HRR + CCl
4
group.
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Theprotective effect ofmagnesiumasmagnesium sulfate (MS) on sodium-metavanadate- (SMV-) induced lipid peroxidation (LPO)
under in vivo and in vitro conditions was studied.The 18-week SMV intoxication (Group II, 0.125 Vend/mL) enhanced spontaneous
malondialdehyde (MDA) generation in rat liver, compared with the control (Group I) and MS-supplemented animals (Group
III, 0.06Mgend/mL). Coadministration of SMV with MS (Group IV, SMV-MS) caused a return of the MDA level to the control
value range. The effect seems to result from the Mgend-independent action and its antagonistic interaction with Vend. The in vitro
treatment of liver supernatants (LS) obtained from all the tested animals groups with selected exogenous concentrations of Feexg or
Vexg exhibited enhanced MDA production, compared with spontaneously formed MDA. It also showed Mgexg-stimulating effect
on LPO (LS I, Group I) and revealed that the changes in the MDA generation in LS IV (Group IV) might have resulted from the
synergistic interactions of Vend with Feexg andVexg and from the antagonistic interactions ofMgend with Feexg andVexg.The findings
allow a suggestion that adequate Mg intake for a specific period in the conditions of SMV exposure may prevent V-induced LPO
in the liver.

1. Introduction

Lipid peroxidation (LPO) is a well-known free-radical pro-
cess defined as oxidative deterioration of lipids. It is used
as an indicator of oxidative stress (OS), which occurs when
the balance between the production of reactive oxygen
species (ROS) and free radicals (FR) overrides the antioxidant
capability of the cells or tissues [1–3]. It may be one of the
possible mechanisms underlying oxidative cellular damage
caused byROS, and it can be implicated in the pathogenesis of
a number of diseases [2, 4].The products formed during LPO
such as aldehydes, inter alia, and malondialdehyde (MDA)
are well known to have deleterious effects. They can alter
biological membrane organization and modify proteins and
DNA. On the other hand, they can also modulate signal
transduction pathways, induce adaptive response, as well as

increase tolerance against forthcoming OS by upregulating
defense capacity [5, 6].

Vanadium (V), which is a widely distributed element, has
a wide range of industrial use. It interplays environmentally,
occupationally, and biologically with human life [7]. Its
toxicity depends, inter alia, on the route of administration,
chemical form, and oxidation state, which determines the
extensive biological effects of this element [8]. Due to its
harmful health effects [9], our particular interest has been
focused on searching factors which might prevent the dele-
terious action of V and attenuate its prooxidant activity.

As a redox-active metal, V may modulate the cellular
redox potential and be involved in oxidative injury mecha-
nisms. In certain conditions, it may enhance the generation
of oxygen-derived reactive species and stimulate LPO [10].
Its prooxidant properties have been revealed in in vivo and
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in vitro conditions both by us [11, 12] and by some other
researchers [10, 13–21]. On the other hand, antioxidant action
of V [22], its insulin-like effects [23], and anticarcinogenic
activity [24–26] have also been reported.

In turn, the relatively non-toxic and nonredox reactive
magnesium (Mg) cannot participate in redox reactions that
yield FR. It may effectively protect against FR and perox-
idative damage. Its inhibitory effects on LPO have been
demonstrated in vitro [27, 28] and in vivo in various animal
models, including rats, [29–32] as well as in human studies
[33, 34]. The limitation of LPO by this element has also
been revealed under the conditions of cadmium andmercury
exposure in a ratmodel [35, 35]. However, in some conditions
Mg may stimulate LPO causing OS. Its ability to elevate
LPO has been revealed by us [11, 12] and by some other
investigators [27].

The antioxidant potential of Mg and its beneficial role
in limiting LPO and the strong prooxidant potential of V
and its well-known toxicological impact as well as insufficient
information about the possible protective influence of Mg on
V-induced LPO prompted us to perform an experiment in
a rat model to explore the hypothesis whether an 18-week
administration of Mg as magnesium sulfate (MgSO

4
, MS,

0.06mg Mg/mL) in combination with sodiummetavanadate
(NaVO

3
, SMV) will be able to effectively limit V-stimulated

LPO in the liver. This organ is one of the sites of V
accumulation and plays a major role in the storage, secretion
and production of many important substances as well as in
maintenance of homeostasis and detoxification allowing the
body to function and live. The influence of exogenous Mg,
V and Fe on LPO in liver supernatants (LS) and the effects
of interactions between them, recognition of which may help
in elucidation of the cellular mechanisms of the response to
combinations of metals, have also been examined.

2. Material and Methods

2.1. Chemicals and Reagents. NaVO
3
(SMV), (MgSO

4
, MS),

iron sulfate (FeSO
4
), and thiobarbituric acid (TBA) were

obtained fromSigmaChemicals (St. Louis,MO,USA).All the
other chemicals and reagents used were of analytical grade.

2.2. Experimental Design. The experiment was conducted on
40 adult outbred albino male Wistar rats with average initial
body weight about 267 g, which, following an adaptation
period of 7 days in a room in controlled conventional
conditions, were randomly divided into 4 groups (10 rats per
group). All the rats were individually housed in stainless steel
cages (one rat per cage) when the experiment was started.
Every day over a 18-week period, all the rats had unlimited
access to the rodent laboratory chow (Labofeed B; Fodder
and Concentrate Factory, Kcynia, Poland) in the shape of
pellets of 12mm diameter and they received to drink: Group
I (untreated control)—deionized water; Group II (SMV)—a
water solution ofNaVO

3
at a concentration of 0.125mgV/mL;

Group III (MS) a water solution of MgSO
4
at a concentration

of 0.06mg Mg/mL; Group IV (SMV-MS)— a water solution
of NaVO

3
andMgSO

4
at the same concentrations as in Group

II for NaVO
3
and in Group III for MgSO

4
. Food, fluids, and

deionized water were offered ad libitum. Throughout the 18-
weeks period, body weight was obtained weekly and at the
time of slaughter. Animals’ behavior was also observed.

The stock solutions of NaVO
3
and MgSO

4
were replaced

by freshly prepared solutions every 2 days. The daily intake
of water and the solutions of SMV, MS, and SMV-MS were
measured with a measuring cylinder and the water and fluid
intake was expressed as mL/rat/24 h. In turn, the daily intake
of V and Mg in the SMV- or/and MS-administered animals
was estimated on the basis of the 24 h consumption of the
SMV, MS, and SMV-MS solutions and expressed as mg/kg
b.wt./24 h. However, the food intake was calculated on the
basis of the 24 h consumption of food by the rats from all
the groups (the remainder of food together with additional
spillage was weighed and subtracted from the whole food
that the rats received to eat) and expressed as g/rat/24 h. The
V and Mg concentrations in drinking water were selected
on the basis of our previous experiments conducted in
a rat model [11, 12, 36] and studies of other researchers
[37, 38]. The concentration of V was chosen to reveal its
prooxidant potential, which was meant to be attenuated by
the administration of this element in combination with Mg.
The concentration of Mg was chosen to be not too high since
Mg (asMgSO

4
) has been reported to induce diarrhea [39, 40].

After 18 weeks, all the rats were sectioned between 8:00
and 11:00 am and livers, which were used to prepare LS
for determination of the MDA level, and other organs were
dissected, directly washed in ice-cold physiological saline
solution (0.9% NaCl), and weighed. The biological material
that was not used immediately was stored frozen at –20∘C
or –80∘C in a deep-freezer HFU 486 basic (bought as part
of the Project entitled “Building of the Centre of Interdisci-
plinary Research” realized within the frame of the Operating
Programme “Development of Eastern Poland” 2007–2013,
Priority I: Modern Economy, Action I.3. The Advancement
of Innovation, cofinanced by the European Regional Devel-
opment Fund) (Thermo Fisher Scientific, Germany) until
further analysis.The experiment was conducted according to
the experimental protocol approved by the 1st Local Ethical
Committee for Animal Studies in Lublin, Poland.

2.3. Analytical Procedure. LSs, in which the MDA level was
determined using TBA, were obtained from 40 outbred 6.5-
month-old albino male Wistar rats. More details concerning
the preparation of LS for measurement of MDA and the
methodology of determination of this LPOmarker have been
described by us previously [11]. LSs obtained from all the
groups of rats: LS I (from Group I, Control), LS II (from
Group II, SMV), LS III (from Group III, MS), and LS IV
(from Group IV, SMV-MS) were divided into a few parts
and subsequently incubated (a) without an inductor: LPO
spontaneous (LPOspont.), (b) with 30 𝜇M FeSO

4
(Feexg 30 𝜇M),

(c) with 100, 200, or 400 𝜇M SMV (Vexg 100, 200, 400 𝜇M), or
(d) with 100, 200, or 400𝜇M MS (Mgexg 100, 200, 400 𝜇M). The
MDA formed was calculated using the molar extinction
coefficient 1.56 × 105M−1 cm−1 and the results were expressed
in nmoles per gram of wet tissue (nmol/g wet tissue).
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Table 1: Main and interactive effects of Vend and Mgend on the measured variables in male Wistar rats after 18-week administration of both
elements as SMV and MS in combination.

Variablesa Two-way ANOVA analysisb Character of interaction revealedc
Main effect of Vend Main effect of Mgend Interactive effect of Vend × Mgend

Fluid I 𝐹 = 61.263, 𝑃 = 0.000 NS NS —
Food I 𝐹 = 45.645, 𝑃 = 0.000 NS NS —
BWG 𝐹 = 46.591, 𝑃 = 0.000 NS NS —
LPOspontaneous 𝐹 = 22.678, 𝑃 = 0.000 𝐹 = 21.722, 𝑃 = 0.000 𝐹 = 9.091, 𝑃 = 0.005 Antagonistic
aFluid I and Food I: fluid and food intake expressed as mL and g/rat/24 h, respectively; BWG: body weight gain expressed as g/18 week.
bData are presented as 𝐹 values and the levels of significance (𝑃). NS: no significant effect.
cThe effect of Vend andMgend in combination (Vend +Mgend effect)< or> sum of the effects of Vend andMgend alone (Vend effect +Mgend effect) (antagonistic
or synergistic interaction, resp.).

2.4. Statistical Analysis. The results were processed with the
Statistica and SPSS, version 9.0 and 14.0 PL for Windows,
respectively. The distribution patterns in the data were eval-
uated using the Shapiro-Wilk’s normality test. The homo-
geneity of variances was verified employing Levene’s test and
sometimes also Hartley’s Fmax, Cochran’s C and Bartlett’s
tests. The two-way analysis of variance (2-way ANOVA)
with the vanadium (Vend) and magnesium (Mgend) factors
and the 𝐹 test were employed to indicate the significant
effects of Vend, Mgend, or the Vend × Mgend interaction. In
addition, the three-way ANOVA analysis of variance (3-
way ANOVA) with exogenous iron (Feexg 30 𝜇M), exogenous
vanadium (Vexg 100, 200, 400 𝜇M), and exogenous magnesium
(Mgexg 100, 200, 400 𝜇M) factors as well as the 𝐹 test were
also employed to reveal significant effects of Feexg 30 𝜇M,
Vexg 100, 200, 400 𝜇M , or Mgexg 100, 200, 400 𝜇M. 𝐹 values which
had 𝑃 values smaller than 0.05 were considered statistically
significant. If the 2- or 3-way ANOVA tests demonstrated
interactive effects between the elements used or trends
toward those effects, subsequent calculations were done in
order to describe the character of the interactions revealed
(antagonistic or synergistic) [41]. The post hoc comparisons
between the four individual groups were performed using
Tukey’s or T3 Dunnett’s tests. Comparisons between spon-
taneous LPO and LPO modified exogenously by Feexg, Vexg
and Mgexg were assessed by the 𝑡-test or Wilcoxon test for
dependent samples. The Student’s “𝑡”-test for independent
samples was also applied for the detection of significant
differences in the consumed V doses between the rats in
Groups II and IV and Mg doses between the rats in Groups
III and IV. The differences were considered significant if the
𝑃 values were smaller than 0.05. All the results are expressed
as mean ± SEM.

3. Results

3.1. General Observation. Nodistinct differences in the physi-
cal appearance andmotor behavior were observed during the
18 experimental weeks in most of the rats receiving the SMV
or/and MS solutions to drink, compared with the control.
Some of the rats which drank the SMV and MS solutions
separately (Groups II and III, resp.) and in combination
(Group IV) had gastrointestinal disturbances, which were
probably caused by the ingestion of V or/and Mg. Only

one rat from Group IV had one-day diarrhea in the third
and eight week of the experiment. In turn, loose stool was
observed in one rat in Group II and in three rats in Groups
III and IV in the first or/and second week of the experiment.
However, in two rats inGroup II and in one inGroup III loose
stool was observed at the turn of fifth and sixth week of the
experiment and at the turn of second and fifth week of the
study, respectively.

3.2. Basic Parameters. The fluid and food intakes as well as
body weight gain in the rats of Groups II and IV were lower,
compared with those found in the animals in Groups I and
III (Figures 1(a), 1(c), and 1(d)). As the two-way ANOVA
revealed, the decrease in the abovementioned parameters
observed in the rats of Group IV was due to the independent
action of V only (Table 1). It was also observed that the rats
in Group IV took up slightly less V (by 8%), in comparison
with the animals in Group II, but this difference did not turn
out to be statistically significant. In turn, the consumption
of Mg by the rats in Group IV was significantly lowered (by
21%), compared with that found in the animals in Group III
(Figure 1(b)), whichmight be an effect of reduced fluid intake
due to the SMV administration (Figure 1(a)).

3.3. Spontaneously Formed Hepatic MDA. As presented in
Figure 2(a), the exposure to SMV alone (Group II) signifi-
cantly enhanced the level of spontaneously generated MDA,
compared with the control (Group I), the MS-supplemented
(Group III) and the SMV-MS-applicated (Group IV) rats.
Supplementation of the rats with MS alone did not change
markedly the MDA formation, compared with the control,
whereas the administration of MS in combination with SMV
reduced its level by 62%, compared with the SMV-intoxicated
rats. It was also observed that the level of the examined LPO
marker was within the same value range that was found in
the control animals. The two-way ANOVA revealed that the
decrease in the spontaneously formed MDA in the rats of
Group IV was influenced by the independent action of Mg
and by its interaction with V (Table 1).

3.4. MDA Level Modified by Fe
𝑒𝑥𝑔

, V
𝑒𝑥𝑔

, and Mg
𝑒𝑥𝑔

. In LS
II, the MDA level modified by Feexg 30 𝜇M (Figure 2(b)),
Vexg 100, 200, 400 𝜇M (Figures 2(c), 2(d), and 2(e)) or
Mgexg 100, 200, 400 𝜇M (Figures 2(f), 2(g), and 2(h)) increased
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Figure 1: Fluid intake (a), V and Mg doses consumed by the rats through drinking water (b), food intake (c) and body weight gain (d) in the
tested animals groups. Differences are indicated by a,b,cversus control, SMV-intoxicated andMS-supplemented rats, respectively (1,2,3Tukey’s,
T3 Dunnett’s and 𝑡 test, resp.). ∗𝑃 < 0.05, ‡𝑃 < 0.01, †𝑃 < 0.001, #

𝑃 = 0.09. Numerical values in the bars indicate the percentage of
the decrease in the measured parameters (↓), compared with the control (italic alone), the SMV-intoxicated (italic underline bold), and the
MS-supplemented (underline bold) rats.

markedly, compared with that found in LS I, III, and IV
incubated in the same in vitro conditions. Further, in
LS IV incubated with the concentrations of Feexg 30 𝜇M,
Vexg 100, 200, 400 𝜇M, or Mgexg 100, 200, 400 𝜇M, the level of
MDA was markedly decreased by 76%, 38.5%, 29%, 22%,
53%, 51%, and 48%, respectively, in comparison with that
found in LS II incubated in the same manner (Figures
2(b)–2(h)). Moreover, in LS IV incubated with Feexg 30 𝜇M
(Figure 2(b)) or withMgexg 100, 200, 400 𝜇M (Figures 2(f)–2(h)),
the MDA level returned to the range of values obtained
for LS I incubated with the same concentrations of Feexg
and Mgexg. In the presence of Vexg 100 𝜇M or Vexg 200 𝜇M

(Figures 2(c) and 2(d)), the level of this LPO marker was not
significantly elevated, compared with that demonstrated in
LS I. Only in the presence of the highest V concentration
(Vexg 400 𝜇M), its level was significantly higher, compared with
LS I (Figure 2(e)). Furthermore, in LS IV incubated with
Vexg 100, 200, 400 𝜇M (Figures 2(c), 2(d) and 2(e)), the MDA
level was also significantly higher, compared with that found
in LS III incubated in the presence of the abovementioned
Vexg concentrations.

It was also shown that in LS III incubated in the pres-
ence of Feexg 30 𝜇M (Figure 2(b)), Vexg 100 𝜇M (Figure 2(c)), or
Mgexg 100, 400 𝜇M (Figures 2(f) and 2(h)), the level of MDA
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Figure 2: MDA level in LS obtained from the control, SMV-, MS- and SMV-MS-administered rats incubated without an oxidation inductor
(LPO spontaneous) (a) orwith Feexg 30 𝜇M (FeSO

4
) (b), Vexg 100, 200, 400 𝜇M (NaVO

3
) (c, d, e), orMgexg 100, 200, 400 𝜇M (MgSO

4
) (f, g, h). Differences

are indicated by a,b,c,dversus control, SMV-intoxicated, MS-supplemented, and SMV-MS-administered rats, respectively (1Tukey’s and 2T3
Dunnett’s test). ∗𝑃 < 0.05, ‡𝑃 < 0.01, †𝑃 < 0.001, ∗∗𝑃 = 0.07, #

𝑃 = 0.09, ##
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Figure 3: MDA level in LS obtained from the control, SMV-, MS- and SMV-MS-administered rats incubated without an oxidation
inductor (LPO spontaneous) or with different exogenously added concentrations of Feexg 30 𝜇M or Vexg 100, 200, 400 𝜇M (a) or Mgexg 100, 200, 400 𝜇M
(b) as FeSO

4
, NaVO

3
and MgSO

4
, respectively. Differences are indicated by a,b,c,dversus ControlLPO spont., SMVLPO spont., MSLPO spont. and

SMV-MSLPO spont., respectively, (Wilcoxon or 𝑡 test). ∗𝑃 < 0.05, ‡𝑃 < 0.01, †𝑃 < 0.001, ‡‡𝑃 = 0.07. Numerical values in the bars or above
them indicate how many times the MDA level increased (↑).

was lowered by 48%, 51%, 45%, and 47.6%, respectively,
in comparison with that in LS I incubated with the same
concentrations of Feexg, Vexg, or Mgexg. The level of MDA in
LS III incubatedwithVexg 200 𝜇M,Vexg 400 𝜇M (Figures 2(d) and
2(e)), or Mgexg 200 𝜇M (Figure 2(g)) was also lower, compared
with that observed in LS I, but these differences were not so
clear.

In addition, LS I, obtained from the control rats,
which were incubated with Feexg 30 𝜇M, Vexg 100, 200, 400 𝜇M
or Mgexg 100, 200, 400 𝜇M exhibited higher MDA production,
compared with that observed in LS I incubated without
(ControlLPO spont.) the abovementioned concentrations of
Feexg or Vexg (Figure 3(a)) or Mgexg (Figure 3(b)). Higher
MDA production was also demonstrated in LS II, III, and
IV obtained from the SMV-intoxicated, MS-supplemented,
and SMV-MS-administered rats, respectively, incubated in
the presence of Feexg 30 𝜇M or Vexg 100, 200, 400 𝜇M, in com-
parison with the spontaneously formed MDA in those
LSs (Figure 3(a)). In turn, the incubation of LS II, III,
and IV in the presence of Mgexg 100, 200, 400 𝜇M did not
significantly change the level of MDA, compared with
SMVLPO spont., MSLPO spont., and SMV-MSLPO spont., respec-
tively (Figure 3(b)).

The three-way analysis of variance revealed that the
changes in the MDA level in LS IV (obtained from the
rats supplemented with MS during the SMV exposure)
modified by exogenous Feexg 30 𝜇M, Vexg 100, 200, 400 𝜇M, or
Mgexg 100, 200, 400 𝜇M resulted from the independent action
of Vend and Mgend as well as from their interaction or a
distinct trend toward the Vend ×Mgend interaction (Table 2).
In addition, the three-way ANOVA indicated that, beside
the effects revealed between Vend and Mgend, the alterations
in the MDA production in LS IV incubated with Feexg 30 𝜇M
were also a consequence of the independent action of Feexg

and its interaction with Vend and Mgend as well as an effect
of the interaction between three elements: Feexg, Vend, and
Mgend. In turn, the changes in the MDA generation in LS IV
incubated with Vexg 100 𝜇M, Vexg 200 𝜇M, or Vexg 400 𝜇M addi-
tionally resulted from the independent action of Vexg 100 𝜇M,
Vexg 200 𝜇M, and Vexg 400 𝜇M and from their interaction with
Vend and Mgend (Table 2). In the case of incubation of LS
IV with Mgexg 200 𝜇M or Mgexg 400 𝜇M, the three-way analysis
of variance revealed that the alterations in the level of MDA
in LS IV in the presence of Mgexg 200 𝜇M or Mgexg 400 𝜇M
were also an effect of independent action of Mgexg 200 𝜇M and
Mgexg 400 𝜇M. In turn, any significant effect of Mgexg 100 𝜇M on
theMDA production in LS IV was revealed by the performed
analysis (Table 2).

4. Discussion

The current report demonstrates the influence of the 18-week
V andMg administration (as SMV andMS, resp.), separately
and in combination, on changes in such basic parameters
as fluid and food intakes, and body weight gain in male
Wistar rats. It also presents (a) the protective impact of Mg
on the in vivo SMV-stimulated LPO in the rat liver, (b) the
modulating effects of the exogenously used Mg, V, and Fe
on LPO in in vitro conditions, (c) the main and interactive
effects of the abovementioned elements, and (d) the character
of their interactions with respect to changes in the explored
free radical process.

On the basis of the data obtained, we may state that the
supplementation of the rats withMS during the 18-week SMV
exposure did not limit the decrease in the fluid and food
intake and body weight gain (Figures 1(a), 1(c) and 1(d)).
Similar effects had also been observed by us previously in rats
supplemented with MS during the 12-week SMV exposure
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Table 2: Main and interactive effects of Vend, Mgend, Feexg, Vexg and Mgexg on the MDA level measured in liver supernatants obtained from
the SMV-MS coapplied rats incubated in in vitro conditions with Feexg 30 𝜇M, Vexg 100, 200, 400 𝜇M or Mgexg 100, 200, 400 𝜇M.

Three-way ANOVA analysisa Character of interaction revealed or character of a trend
toward interaction

LPO modified by Feexg 30 𝜇M
Main effect of Vend 𝐹 = 18.412, P = 0.000 —
Main effect of Mgend 𝐹 = 11.626, P = 0.001 —
Interactive effect of Vend × Mgend 𝐹 = 8.097, P = 0.006 Antagonisticb

Main effect of Feexg 30 𝜇M 𝐹 = 17.994, P = 0.000 —
Interactive effect of Feexg 30 𝜇M × Vend F = 12.317, P = 0.001 Synergisticc

Interactive effect of Feexg 30 𝜇M × Mgend F = 6.995, P = 0.010 Antagonisticd

Interactive effect of Feexg 30 𝜇M × Vend × Mgend F = 5.526, P = 0.021
LPO modified by Vexg 100 𝜇M

Main effect of Vend F = 75.402, P = 0.000 —
Main effect of Mgend F = 29.066, P = 0.000 —
Interactive effect of Vend × Mgend F = 6.950, P = 0.051 Antagonisticb

Main effect of Vexg 100 𝜇M F = 206.252, P = 0.000 —
Interactive effect of Vexg 100 𝜇M × Vend F = 46.205, P = 0.000 Synergistice

Interactive effect of Vexg 100 𝜇M × Mgend F = 12.570, P = 0.001 Antagonisticf

Interactive effect of Vexg 100 𝜇M × Vend × Mgend NS —
LPO modified by Vexg 200 𝜇M

Main effect of Vend F = 51.672, P = 0.000 —
Main effect of Mgend F = 16.998, P = 0.000 —
Interactive effect of Vend × Mgend F = 2.999, P = 0.088 Antagonisticb

Main effect of Vexg 200 𝜇M F = 372.550, P = 0.000 —
Interactive effect of Vexg 200 𝜇M × Vend F = 35.037, P = 0.000 Synergistice

Interactive effect of Vexg 200 𝜇M × Mgend F = 8.299, P = 0.005 Antagonisticf

Interactive effect of Vexg 200 𝜇M × Vend × Mgend NS —
LPO modified by Vexg 400 𝜇M

Main effect of Vend F = 61.594, P = 0.000 —
Main effect of Mgend F = 14.220, P = 0.000 —
Interactive effect of Vend × Mgend F = 5.271, P = 0.025 Antagonisticb

Main effect of Vexg 400 𝜇M F = 1026.907, P = 0.000 —
Interactive effect of Vexg 400 𝜇M × Vend F = 42.650, P = 0.000 Synergistice

Interactive effect of Vexg 400 𝜇M × Mgend F = 6.158, P = 0.015 Antagonisticf

Interactive effect of Vexg 400 𝜇M × Vend × Mgend NS —
LPO modified by Mgexg 100 𝜇M

Main effect of Vend F = 38.869, P = 0.000 —
Main effect of Mgend F = 49.991, P = 0.000 —
Interactive effect of Vend × Mgend F = 12.331, P = 0.001 Antagonisticb

Main effect of Mgexg 100 𝜇M NS —
Interactive effect of Mgexg 100 𝜇M × Vend NS —
Interactive effect of Mgexg 100 𝜇M × Mgend NS —
Interactive effect of Mgexg 100 𝜇M × Vend × Mgend NS —

LPO modified by Mgexg 200 𝜇M —
Main effect of Vend F = 39.615, P = 0.000 —
Main effect of Mgend F = 48.829, P = 0.000 —
Interactive effect of Vend × Mgend F = 16.616, P = 0.000 Antagonisticb

Main effect of Mgexg 200 𝜇M F = 4.838, P = 0.031 —
Interactive effect of Mgexg 200 𝜇M × Vend NS —
Interactive effect of Mgexg 200 𝜇M × Mgend NS —
Interactive effect of Mgexg 200 𝜇M × Vend × Mgend NS —
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Table 2: Continued.

Three-way ANOVA analysisa Character of interaction revealed or character of a trend
toward interaction

LPO modified by Mgexg 400 𝜇M
Main effect of Vend 𝐹 = 41.824, 𝑃 = 0.000 —
Main effect of Mgend 𝐹 = 53.944, 𝑃 = 0.000 —
Interactive effect of Vend × Mgend 𝐹 = 10.024, 𝑃 = 0.002 Antagonisticb

Main effect of Mgexg 400 𝜇M 𝐹 = 10.024, 𝑃 = 0.002 —
Interactive effect of Mgexg 400 𝜇M × Vend NS —
Interactive effect of Mgexg 400 𝜇M × Mgend NS —
Interactive effect of Mgexg 400 𝜇M × Vend × Mgend NS —

Vend and Mgend: endogenous V (NaVO3, SMV) and Mg (MgSO4, MS) which were received in combination for 18 weeks; Feexg, Vexg, Mgexg: exogenous Fe
(FeSO4), V (NaVO3) and Mg (MgSO4) added to liver supernatants obtained from the SMV-MS-coadministered rats.
aData are presented as 𝐹 values and the levels of significance (𝑃). NS: no significant effect.
bThe effect of Vend andMgend in combination in the presence of Feexg 30 𝜇M or Vexg 100, 200, 400 𝜇M orMgexg 100, 200, 400 𝜇M < sum of the effects of Vend andMgend
alone in the presence of Feexg 30 𝜇𝑀 or Vexg 100, 200, 400 𝜇M or Mgexg 100, 200, 400 𝜇M (antagonistic interaction).
cThe effect of Vend and Feexg 30 𝜇M in combination in the presence of Mgend > sum of the effects of Vend and Feexg 30 𝜇M alone in the presence of Mgend
(synergistic interaction).
dThe effect of Mgend and Feexg 30 𝜇M in combination in the presence of Vend < sum of the effects of Mgend and Feexg 30 𝜇M alone in the presence of Vend
(antagonistic interaction).
eThe effect of Vend and Vexg 100, 200, 400 𝜇M in combination in the presence of Mgend > sum of the effects of Vend and Vexg 100, 200, 400 𝜇M alone in the presence
of Mgend (synergistic interaction).
fThe effect of Mgend and Vexg 100, 200, 400 𝜇M in combination in the presence of Vend < sum of the effects of Mgend and Vexg 100, 200, 400 𝜇M alone in the presence
of Vend (antagonistic interaction).

[36, 42]. The changes in the fluid and food intake and in the
body weight gain in rats after SMV intoxication had already
been discussed [43].

As we expected, V (as SMV) enhanced LPO (Figures
1(a) and 3(a)). The elevated level of LPO in the liver of rats
after intoxication with SMV or ammonium metavanadate
(AMV) and in LS incubated with sodium vanadate in the
in vitro system was also reported by other investigators [44–
46]. A strong correlation between the induction of LPO and
hepatotoxicity and the inhibition of both processes in parallel
by antioxidants, suggesting a causative role for LPO in V-
induced hepatotoxicity, was observed as well [47].

The performed analysis allowed us to conclude that
the increase in the MDA production observed in LS IV
(Group IV) in the presence of Feexg 30 𝜇M orVexg 100, 200, 400 𝜇M
(Figure 3(a)) was not only a consequence of the independent
action of both elements but it also resulted from the synergis-
tic interactions between Feexg andVend and betweenVend and
Vexg (Table 2). The same interactive effects were found by us
previously [11]. This is not surprising, as both elements may
intensify LPO [48].

In turn, the incubation of LS II, III, and IV with
Mgexg 100, 200, 400 𝜇M did not significantly alter theMDA level,
compared with spontaneously generated MDA, and only in
LS I was a stimulating action of Mg on the hepatic MDA
formation demonstrated (Figure 3(b)).The stimulating effect
of Mg on the hepatic MDA production was also observed by
us previously [11].

On the other hand, the present findings clearly demon-
strated that the male Wistar rats receiving SMV in combi-
nation with MS (Group IV) for 18 weeks had a significantly
lowered spontaneous MDA level than those exposed to

SMV (Group II), in which the hepatic spontaneous MDA
generationwasmarkedly higher, comparedwith that found in
the control (Group I) andMS-supplemented animals (Group
III) (Figure 2(a)). The results obtained from the two-way
ANOVA analysis allowed us to conclude that the protective
impact of Mg on reduction of the SMV-stimulated hepatic
MDA generation during the 18-week combined SMV and
MS administration resulted from the independent action
of Mgend and from its antagonistic interaction with Vend
(Table 1). Unfortunately, when the rats were supplemented
with MS during the shorter 12-week SMV exposure, we did
not demonstrate any significant fall in the spontaneously
generated MDA in the liver, compared with that found
in SMV-intoxicated rats [11]. We may suppose that the
differences in the duration of the experimental period might
be, at least partly, the cause of the discrepancies observed.

In addition, the results of the three-way ANOVA analysis
also allowed us to state that the limitation in the increase
in the MDA production in LS IV incubated with Feexg 30 𝜇M
or Vexg 100, 200, 400 𝜇M, compared with LS II (Figures 2(b)–
2(e)), might be associated with the antagonistic interaction of
Mgend with Feexg and Vexg (Table 2). Neither the antagonistic
Vend ×Mgend, Feexg ×Mgend, and Mgend × Vexg interactions
nor the three-way interaction (Fe × V × Mg) (Table 2) had
been observed by us previously [11].

An important new finding of the study is that the
independent action of Mgend was a major effect responsible
for suppression of the spontaneously formed MDA in the
liver of rats supplemented withMS during the SMV exposure
(Table 1). We cannot exclude that the antiradical activity
of Mg might underlie, at least in part, its beneficial effect
[28, 49–51]. The effect of Mg on some antioxidants appears
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also worthy of inquiry [31, 52]. Therefore, further work is
necessary to explain precisely the mechanism(s) responsible
for the beneficial action of Mg in the 18-week conditions of
the SMV-MS coadministration.

The Vend × Mgend antagonistic interaction also played a
significant role in the reduction of the SMV-induced spon-
taneous LPO in the liver of the SMV-MS-coadministered
rats (Table 1). The V × Mg interactions investigated in in
vivo and in vitro conditions are still little known, and only
single reports about this issue have appeared in the literature
[38, 53, 54]. Recently Sánchez et al. [55] showed that the
interactions between V and Mg might occur in the rats’
digestive and renal systems. The antagonistic character of
the interaction revealed between Vend and Mgend in our
experimental conditions requires additional analyses. This
seems to be important especially for extending the knowledge
of themechanism of the vanadate effect on organisms and the
potential role of Mg in prevention of V toxicity.

5. Conclusion

To the best of our knowledge, the current report is the first
demonstration of the protective action of Mg against the
prooxidant potential of V revealed in a rat model. The study
has clearly demonstrated that the 18-week supplementation
of male Wistar rats with Mg (as MS) during the exposure
to V (as SMV) may protect against V-induced hepatic LPO.
The study provides evidence that the beneficial influence
of Mg on limitation of the increase in the hepatic MDA
generation during the 18-week SMV intoxication may result
from the independent action of Mg and from its antagonistic
interaction with V. However, further studies are needed to
explain the exact mechanism(s) accounting for the protective
effect ofMg against the SMV-inducedOS in our experimental
conditions.The results obtained seem to suggest that a proper
Mg intake for a specific time period in the conditions of SMV
exposure may prevent V-stimulated LPO in the liver.

The present study has also shown the degree to which
the independent action of the elements used (V, Mg, and
Fe) and their mutual interactions may modify the hepatic
MDA production. Simultaneously, it has confirmed that Mg
is able to promote LPO in certain conditions by revealing its
stimulating action on the explored free radical process in the
in vitro system.

Abbreviations

Mgend: Mg (as MS) administered to rats endogenously
Vend: V (as SMV) administered to rats endogenously
Mgexg: Mg (as MgSO

4
) added exogenously to liver

supernatants (LS)
Vexg: V (as NaVO

3
) added exogenously to liver

supernatants (LS)
Feexg: Fe (as FeSO

4
) added exogenously to liver

supernatants (LS).
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Oxidative stress has been suspected of contributing to the pathogenesis of pterygia. We evaluated the immunohistochemical
localization of the markers of oxidative stress, that is, the proteins modified by 4-hydroxyhexenal (4-HHE) and 4-hydroxynonenal
(4-HNE), which are reactive aldehydes derived from nonenzymatic oxidation of n-3 and n-6 polyunsaturated fatty acids,
respectively. In the pterygial head, labeling of 4-HHE- and 4-HNE-modified proteins was prominent in the nuclei and cytosol
of the epithelium. In the pterygial body, strong labeling was observed in the nuclei and cytosol of the epithelium and proliferating
subepithelial connective tissue. In normal conjunctival specimens, only trace immunoreactivity of both proteins was observed in
the epithelial and stromal layers. Exposures of ultraviolet (330 nm, 48.32 ± 0.55 J/cm2) or blue light (400 nm, 293.0 ± 2.0 J/cm2) to
rat eyes enhanced labeling of 4-HHE- and 4-HNE-modified proteins in the nuclei of conjunctival epithelium. Proteinmodifications
by biologically active aldehydes are a molecular event involved in the development of pterygia.

1. Introduction

Pterygium, a common ocular surface disease only observed
in humans [1, 2], is a chronic condition characterized by
encroachment of a fleshy, triangular portion of the bulbar
conjunctiva into the cornea. Pterygia develop more often
on the nasal side of the eye and are often bilateral [2–6].
Progression of lesions with central migration into the visual
axis results in severe visual impairment [7, 8]; thus, surgical
excision needs to be considered when progression occurs.

Histologically, pterygia are comprised of a superficial
growth of a highly vascularized elastoid and basophilic
degenerated connective tissue; that is, covered by an alter-
nately thickened or thinned epithelium [9]. Although the
pathogenesis of pterygia is not fully understood, it has been
proposed that their typical location can be explained by the
corneal focusing of incident sunlight on the medial limbus
[10–12]. Epidemiologic studies also have indicated a possible
association between chronic sunlight exposure, especially
ultraviolet light (UV), and development of pterygia [2, 13–15].

The detrimental effects of ultraviolet irradiation could be due
either directly to an ultraviolet phototoxic effect or indirectly
to formation of radial oxygen species that cause oxidative
stress [16].

The current thinking suggests that free radicals that
form during oxidative stress can directly attack critical
biomolecules including polyunsaturated fatty acids (PUFAs)
and initiate free radical chain reactions that result in lipid
peroxidation in cellular membranes. This chain reaction
amplifies generation of lipid radical species, causing PUFA
degeneration in a variety of oxidized products, includ-
ing aldehydes [17]. 4-Hydroxyhexenal (4-HHE) and 4-
hydroxynonenal (4-HNE) are 𝛼, 𝛽-unsaturated aldehydes
that are end products of nonenzymatic oxidation of n-3
and n-6 polyunsaturated fatty acids, respectively [18]. These
highly reactive aldehydes can react readily with histidine,
cysteine, or lysine residues of proteins, leading to formation
of stable Michael adducts with a hemiacetal structure [19].
Formation of these adducts leads to a variety of cytopatholog-
ical effects, that is, inhibition of enzyme activity; inhibition
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Figure 1: Expressions of aldehyde-modified proteins in pterygia. Representative images of H&E staining (a, e, i, m, q, and u), 4-HHE (b, f, j, n,
r, and v) and 4-HNE (c, g, k, o, s, and w) immunohistochemistry, and negative control staining (d, h, l, p, t, and x) are shown.Three specimens
from the pterygial head (head 1, 2, and 3) and two specimens from the pterygial body (body 1 and 2) are shown at higher magnifications.
H&E: hematoxylin and eosin; 4-HHE: 4-hydroxyhexenal; 4-HNE: 4-hydroxynonenal.
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Figure 2: Expressions of aldehyde-modified proteins in normal conjunctiva. Representative images of H&E (a, c) staining, 4-HHE (d) and
4-HNE (e) immunohistochemistry, and negative control staining (b, f) are shown. (a, b) Lower magnification. (c–f) Higher magnification.
H&E: hematoxylin and eosin; 4-HHE: 4-hydroxyhexenal; 4-HNE: 4-hydroxynonenal.

of protein, RNA, and DNA synthesis; cell cycle arrest, and
apoptosis [20, 21]. The use of specific antibodies to recognize
the hemiacetal structure of the Michael adducts enables their
detection in tissues [22].

Increasing evidence suggests that protein modifications
by reactive aldehydes are involved in various diseases. We
evaluated the immunohistochemical localization of proteins
modified by these aldehydes in pterygial specimens from
patients and conjunctivae from rats that were exposed to
the short wavelength lights. The aims of the current study
were to evaluate the expression of the two aldehyde-modified
proteins in the epithelial and stromal layers of human ptery-
gia and normal conjunctiva to determine if they participate
in the development of pterygia, and to test the possible
relationship between short-wavelength light radiation and
the development of pterygia.

2. Subjects and Methods

Human biopsy study was conducted as a part of the study
protocol “Establishment of a Library of Ocular Tissues and
Cells Obtained during Various Ophthalmic Surgeries,” that
the institutional review board of Shimane University Hos-
pital reviewed and approved. All subjects provided written
informed consent. The human biopsy specimens of pterygia
and adjacent normal conjunctiva were obtained intraoper-
atively during pterygial excision from four eyes of three
patients (1 man, 2 women; age range, 63–80 years).

The specimens were fixed in 4% paraformaldehyde con-
taining 20% isopropanol, 2% trichloroacetic acid, and 2%
zinc chloride, for 24 hours at room temperature, processed
for paraffin embedding, and morphologically analyzed using
hematoxylin and eosin (H&E) staining and immunohisto-
chemistry for 4-HHE and 4-HNE, as described previously

[23, 24]. Briefly, the sections were deparaffinized and endoge-
nous peroxidase activity was inactivated with 3% H

2
O
2

for 10 minutes. After blocking with a serum-free blocking
reagent (Dako, Carpinteria, CA,USA) for 30minutes at room
temperature, the sections were incubated with the anti-4-
HHE (1 : 100) or anti-4-HNE (1 : 100) antibody diluted with
antibody diluent (Dako) for 2 hours at 37∘C and then with
the peroxidase-linked anti-mouse IgG polymer (EnVision+
System, Dako) for 1 hour at 37∘C. For negative control experi-
ments, sectionswere incubatedwith antibody diluentwithout
a primary antibody for 2 hours at 37∘C and then with the
peroxidase-linked anti-mouse IgGpolymer for 1 hour at 37∘C.
Signals were developed with 3,3-diaminobenzidine (Dako)
in chromogen solution.Monoclonal anti-4-HHE- and anti-4-
HNE-modified protein antibodies were purchased fromNOF
Corporation (Tokyo, Japan).

For animals, all procedures were performed according to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research andThe Shimane University Guidelines
for Animals in Research. Male Sprague-Dawley rats (4-week-
old) were obtained from Charles River Laboratories Japan
Inc. (Kanagawa, Japan) and maintained in our colony room
for 7–10 days before the experiments.The light intensity in the
cages was 10–20 lux. All rats were kept in a 12-hour (7 AM to
7 PM) light-dark cycle.

After anesthesia was induced by the intramuscular injec-
tion of a mixture of ketamine (120mg/kg) and xylazine
(6mg/kg), light exposure was performed to the left eyes,
and the opposite eyes left unexposed to light were served
as controls. Rats were exposed to 330 or 400 nm lights with
10 nm in bandwidth, using a xenon lamp light source with
bandpass filters (Asahi Spectra Co., Ltd., Tokyo, Japan) for
an estimated period as described later. Light was exposed at
a right angle to the center of the cornea. During exposure,
diluted saline (×2) was adequately dropped to the surface of
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Figure 3: Expressions of aldehyde-modified proteins in conjunctiva from rats exposed to 330 nm wavelength light. The eyes were exposed
(a–d, i–l, and q–s) or unexposed (e–h, m–p, and t–v) to the light. Representative images of H&E staining (a–h) 4-HHE (j–l, n–p) and 4-HNE
(q–v) immunohistochemistry, and negative control staining (i, m) are shown.Three specimens from the conjunctiva (1, 2, and 3) are shown at
highmagnifications. Insertions are higher magnifications of squares (k, o, r, and u). H&E: hematoxylin and eosin; 4-HHE: 4-hydroxyhexenal;
4-HNE: 4-hydroxynonenal.



Oxidative Medicine and Cellular Longevity 5

1
2

3

1
2

3

4-
H

H
E

4-
H

N
E

H
 &

 E

Negative control 1 2 3

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s)

(t) (u) (v)

50 𝜇m 50 𝜇m 50 𝜇m

50 𝜇m 50 𝜇m 50 𝜇m

500 𝜇m

500 𝜇m

250 𝜇m

250 𝜇m

250 𝜇m

250 𝜇m

Figure 4: Expressions of aldehyde-modified proteins in conjunctiva from rat exposed to 400 nm wavelength light. The eyes were exposed
(a–d, i–l, and q–s) or unexposed (e–h, m–p, and t–v) to the light. Representative images of H&E staining (a–h), 4-HHE (j–l, n–p) and 4-HNE
(q–v) immunohistochemistry, and negative control staining (i, m) are shown.Three specimens from the conjunctiva (1, 2, and 3) are shown at
high magnifications. Insertions are higher magnifications of squares (l, p, s, and v). H&E: hematoxylin and eosin; 4-HHE: 4-hydroxyhexenal;
4-HNE: 4-hydroxynonenal.
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the cornea to prevent drying, and intramuscular injection
of anesthetic drug was added to keep the anesthesia. After
exposure, rats were kept in the cyclic light (10–20 lux, 12-hour
light-dark cycle) for 7 days until enucleation. The number of
animals was 6 (12 eyes) in each light wavelength.

Before the start of each exposure, irradiance was mea-
sured at the position of the cornea with a radiometer (IL
1400A, International Light Technologies, Peabody,MA,USA)
connected to a silicon photodiode detector (SEL033, Inter-
national Light Technologies), and exposure duration was
determined by dividing the target corneal radiant exposure.
The radiometer was calibrated prior to each light exposure.
After the light exposure, corneal irradiance measured again,
and with the initial measurement value was recalculated to
secure the radiant exposure to the cornea was around 48.32±
0.55 J/cm2 for 330 nm and 293.0 ± 2.0 J/cm2 for 400 nm light.

The eyes enucleated were analyzed byH&E and immuno-
histochemical procedures as described in human specimen
analysis.

3. Results and Discussion

At lower magnifications (Figures 1(a)–1(d)), the 4-HHE-
and 4-HNE-modified proteins were seen throughout the
pterygial specimens including the head, where the corneal-
migration front of the pterygium, and the body, where active
proliferation of subepithelial connective tissues occurred.
At higher magnifications, in the head of the pterygium
(Figures 1(e)–1(p)), prominent immunoreactivity of both 4-
HHE- and 4-HNE-modificed proteins was observed in the
nuclei and cytosol of the epithelium; the immunoreactivity
of both aldehyde-modified proteins was moderate in the
subepithelial stroma. In the body (Figures 1(q)–1(x)), strong
immunoreactivity of the aldehyde-modified proteins was
observed in the nuclei and cytosol of the epithelium and
in the subepithelial stromal layer. The expression patterns
of both aldehyde-modified proteins were consistent in three
other pterygial specimens analyzed (data not shown). In the
normal conjunctival specimen, only trace immunoreactivity
was observed in the epithelial and stromal layers (Figures
2(a)–2(f)).

The results clearly showed marked upregulation of reac-
tive aldehydes-modified proteins in pterygial tissue com-
pared with trace expression in normal conjunctiva; in the
pterygial stromal layer, immunoreactivity was more promi-
nent in the proliferating body than in the head. Since 4-HNE
modulates cellular proliferation and differentiation including
proto-oncogene expression [25], reactive aldehyde might
alter the proliferative regulation in the pathogenesis of ptery-
gium. Previously, reduced enzymatic activity of antioxidant
enzymes including catalase, superoxide dismutase (SOD),
and glutathione peroxidase (GPX) was reported in human
pterygial tissue [16]. Protein modification by incubation
with reactive aldehydes including 4-HHE and 4-HNE effec-
tively diminishes the enzymatic activities of SOD, GPX,
and glutathione S-transferase [26]. Protein modification of
thioredoxin, another antioxidant enzyme, by 4-HNE initiates
tissue inflammation [27].Thus, a compromised antioxidative

defense system and initiation of inflammation due to oxida-
tive modification of antioxidant enzymes may be involved in
the proliferative mechanisms of pterygia.

We also tested a possible association between light
exposure and levels of protein modifications by 4-HNE and
4-HHE in rats’ conjunctival samples. Compared to eyes
unexposed to the light (Figures 3(n)–3(p), 3(t)–3(v), 4(n)–
4(p), and 4(t)–4(v)), exposures of UV (Figure 3) or blue light
(Figure 4) clearly enhanced the nuclear labeling of both 4-
HHE-(Figures 3(j)–3(l) and 4(j)–4(l)) and 4-HNE-(Figures
3(q)–3(s) and 4(q)–4(s)) modified proteins in conjunctivae.
The expression patterns of both aldehyde-modified proteins
were consistent in 5 other animals analyzed (data not shown).

Although other factors may contribute to pterygial devel-
opment, intracellular damage accruing from short wave-
length light including UV exposure has been suggested to be
the most important likely etiology [15, 28, 29]. UV radiation
acts directly by phototoxicity or indirectly through free radi-
cals. Intracellularly, the free radicals cause oxidative damage
by acting on macromolecules such as proteins, lipids, and
nucleic acids [30]. Previous investigators have demonstrated
the formation of 8-hydroxydeoxyguanosine, an established
marker of oxidized damage in nucleic acids [31, 32] in pterygia
[33, 34]. The current study found evidence that oxidation
of lipids and proteins also is involved in the pathogenesis
of pterygial formation and progression; the results suggest
the possible causative relationships between UV or short-
wavelength visible light radiation and the oxidation of lipids
and proteins in pterygia.

4. Conclusions

Oxidative stress has been suspected of contributing to the
pathogenesis of pterygia. We assessed the possible relation-
ship between abnormal protein oxidation and modification
by reactive aldehydes in pterygia. The results suggested that
protein modifications by 4-HNE and 4-HHE are molec-
ular events involved in the development of pterygia and
that short-wavelength light radiations to ocular surface are
involved in these aldehyde-modified protein formations.
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[9] A. Papapetropoulos, G. Garćıa-Cardeña, J. A. Madri, andW. C.
Sessa, “Nitric oxide production contributes to the angiogenic
properties of vascular endothelial growth factor in human
endothelial cells,” Journal of Clinical Investigation, vol. 100, no.
12, pp. 3131–3139, 1997.

[10] H. R. Taylor, S. K. West, F. S. Rosenthal, B. Munoz, H. S.
Newland, and E. A. Emmett, “Corneal changes associated with
chronicUV irradiation,”Archives of Ophthalmology, vol. 107, no.
10, pp. 1481–1484, 1989.

[11] O. D. Schein, “Phototoxicity and the cornea,” Journal of the
National Medical Association, vol. 84, no. 7, pp. 579–583, 1992.

[12] J. Cejkova and Z. Lojda, “The damaging effect of UV rays
below 320mm on the rabbit anterior eye segment, II. Enzyme
histochemical changes and plasmin activity after prolonged
irradiation,” Acta Histochemica, vol. 97, no. 2, pp. 183–188, 1995.

[13] D. J. Moran and F. C. Hollows, “Pterygium and ultraviolet radi-
ation: a positive correlation,” British Journal of Ophthalmology,
vol. 68, no. 5, pp. 343–346, 1984.

[14] A. P. Cullen, “Photokeratitis and other phototoxic effects on
the cornea and conjunctiva,” International Journal of Toxicology,
vol. 21, no. 6, pp. 455–464, 2002.

[15] H. C. Kau, C. C. Tsai, C. F. Lee et al., “Increased oxidative DNA
damage, 8-hydroxydeoxy-guanosine, in human pterygium,”
Eye, vol. 20, no. 7, pp. 826–831, 2006.
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1 Experimental Ophthalmology Laboratory, Cĺınica Universidad de Navarra, School of Medicine, University of Navarra,
ES-31008 Pamplona, Spain
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Oxidative stress is involved in the pathogenesis of several diseases such as atherosclerosis and age-related macular degeneration
(AMD). ApoE-deficientmice (apoE−/−) are awell-establishedmodel of genetic hypercholesterolemia and develop retinal alterations
similar to those found in humanswithAMD.Thus supplementationwith lutein ormultivitamin plus lutein and glutathione complex
(MV) could prevent the onset of these alterations. ApoE−/− mice (𝑛 = 40, 3 months old) were treated daily for 3 months with lutein
(AE-LUT) orMV (two doses): AE-MV15 (15mg/kg/day) andAE-MV50 (50mg/kg/day) andwere compared to controls with vehicle
(AE-C). Wild-type mice (𝑛 = 10) were also used as control (WT-C). ApoE−/− mice showed higher retinal lipid peroxidation and
increasedVEGF expression andMMP-2 activity, associatedwith ultrastructural alterations such as basal laminar deposits, vacuoles,
and an increase in Bruch’s membrane thickness. While lutein alone partially prevented the alterations observed in apoE−/− mice,
MV treatment substantially reduced VEGF levels andMMP-2 activity and ameliorated the retinal morphological alterations.These
results suggest that oxidative stress in addition to an increased expression and activity of proangiogenic factors could participate in
the onset or development of retinal alterations of apoE−/−mice.Moreover, these changes could be prevented by efficient antioxidant
treatments.

1. Introduction

Oxidative and nitrosative stress can induce alterations in
DNA, proteins, and lipids, and extensive data suggest that
oxidative damagemay play amajor causal role in a number of
human diseases such as atherosclerosis, cancer, and cataracts
as well as retinal pathologies such as age-related macular
degeneration (AMD) [1, 2]. Currently, AMD is the most
common cause of severe and irreversible blindness in Europe
and the United States in people older than 65 years, and
its prevalence is expected to increase as the population ages

[3, 4]. The pathogenesis of AMD is unclear; however, several
mechanisms influenced by genetic, systemic health, and
environmental risk factors have been proposed. Numerous
studies have also shown a relationship between cardiovas-
cular disease and AMD, although others have not been able
to verify this correlation. Dietary fat, in particular, choles-
terol, is positively linked to increased incidence of coronary
heart disease (CHD), and evidence suggests that abnormal
lipid levels may contribute to the development of AMD,
either directly or through the promotion of vascular disease
[1, 2, 5].
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Animal models attempting to recreate AMD through
phototoxicity, senescence acceleration, candidate gene
manipulation, and high-fat diets do not fully replicate the
clinical, histologic, and angiographic features of the human
condition, probably because of the multifactorial aspect of
the disease [6]. The histopathology of early AMD reveals
accumulation of specific lipid-rich deposits under the retinal
pigment epithelium (RPE) [7]. Moreover, as it has been
postulated on the hypothetical model of RPE oxidant injury,
matrix metalloproteinases could participate in extracellular
matrix (ECM) turnover in Bruch’s membrane (BM) [8].
Degenerative changes of the RPE and photoreceptor cells are
early events in AMD [9], and it has been demonstrated that
apoE deficiency predisposes to ultrastructural changes in
BM [10]. Apolipoprotein E-deficient mice (apoE−/−) develop
spontaneous hypercholesterolemia in a few weeks [11] and
also display morphological and ultrastructural alterations
in RPE [10, 12, 13] similar to those in human AMD. Based
on functional and structural analyses, the apoE−/− mouse
constitutes a valuable tool in elucidating the underlying
mechanism of retinal degeneration [13].

Lutein and zeaxanthin are essential carotenoids that need
to be obtained from certain vegetables, such as spinach,
corn, pumpkin, and egg yolk [14]. They accumulate in the
retina, where they play an important role in maintaining
visual sensitivity and protecting against light-induced retinal
damage [15, 16]. In the retina, lutein and zeaxanthin coexist
with large amounts of polyunsaturated fatty acids that are
highly susceptible to oxidation suggesting that antioxidants
could prevent degenerative pathologies in which oxidative
stress is of high importance such as AMD [17–20]. Our
group previously showed an increase in oxidative processes
related to the retinal morphological alterations observed in
apoE−/− mice and other models of hypercholesterolemia.
Furthermore, we have reported the protective effect of antiox-
idants, such as vitamins C and E, lutein, egg yolk, and a
multivitamin-mineral complex on retinal oxidative stress and
hypercholesterolemia-derived ultrastructural alterations in
apoE−/− mice [21–24].

The aim of the present study was to investigate the
effect of lutein and a multivitamin complex with lutein
and glutathione on systemic and retinal biochemical and
ultrastructural parameters in apoE−/− mice.

2. Material and Methods

2.1. Experimental Design. Ten 3-month-old male mice
C57BL/6 and forty apoE−/− mice were used for this study.
Progenitor coupleswere obtained from “Center for Transgene
Technology and Gene Therapy,” Flanders Interuniversity
Institute for Biotechnology, Leuven (Belgium). All exper-
imental procedures followed the Guidelines for the Use
of Animals in Association for Research in Vision and
Ophthalmology (ARVO) and were approved by the Animal
Research Ethics Committee of the Universidad de Navarra.
Animal welfare was applied during all experimental process
and animals were euthanized by CO

2
inhalation according

to ethics guidelines.

Animals were randomly divided into five experimental
groups (𝑛 = 10), fed a standard rodent chow (9605/8, Harlan
Teklad TRM, Madison, WI, USA) water ad libitum for 90
days, and housed in cages in a temperature-controlled room
(20–22∘C) with a 12-hour light/dark cycle. The five study
groups were as follows: wild type (WT-C) and apoE−/− (AE-
C) receiving vehicle; apoE−/− (AE-MV15) mice receiving
15mg/kg/d of multivitamin-mineral, glutathione and lutein
complex (providing 0.027mg/kg/day of lutein) (composition
in Table 1); apoE−/− (AE-MV50) mice receiving 50mg/kg/d
of multivitamin-mineral, glutathione and lutein complex
(providing 0.086mg/kg/day of lutein); and apoE−/− (AE-
LUT) mice receiving 0.093mg/kg/d lutein. Multivitamin
treatment was administered according to the approved reg-
imen for humans.

The treatments were emulsified in a mixture of
water : soybean oil : Tween-80 (1 : 1 : 0.02; v : v : v) and admin-
istered daily by gastroesophageal cannula for 3 months
(100 𝜇L). Purified lutein was kindly provided by Dr.
Christine Gartner (Cognis, Germany), and multivitamin
complex, Nutrof, was a kind gift by Laboratorios Thea
(Barcelona, Spain).

At the beginning and end of the treatment, eyes were
examined by indirect fundoscopy with a 78-diopter lens and
0.5% cycloplegic eye drops. No retinal alterations were found
in any group.

2.2. Lipid Plasma Analysis. Blood samples were collected
after mice were killed and plasma obtained after separating
the red blood cells by centrifugation (2,600 g, 10min, 4∘C)
and were immediately frozen in liquid nitrogen and stored at
−80∘C. Concentrations of plasma total cholesterol (TC) and
triglycerides (TG) were measured following the manufactur-
ers’ instructions (SigmaChemical Co., St. Louis,MO), using a
microplate ELISA reader and calculated from the linear range
of standards.

2.3. Retinal and RPE-Choroid Homogenates Preparation.
Immediately after blood collection, eyes were enucleated and
transferred to a saline solution (pH 7.4). Retinas were rapidly
dissected by making a small incision with a scalpel 1mm
behind the limbus and extending the incision through 360∘
using fine ophthalmic scissors. Anterior segment structures
(cornea, iris, and lens) were removed. RPE-choroid samples
were homogenized with a Teflon pestle in lysis buffer (RIPA
buffer) and centrifuged for 20 minutes at 13,000 rpm at 4∘C.
Supernatant was collected and protein concentration was
determined by Bradford assay with slight modification [21,
24].

2.4. Lipid Peroxidation in Plasma and Retinal Homogenates
Based on Measurement of Thiobarbituric Acid Reactive Sub-
stances. Thiobarbituric acid reactive substances (TBARS)
were measured in plasma and retinal homogenates as an
index of oxidative stress, increasing the sensitivity by using
a fluorometric modification of the method of Conti et al. as
described [25]. Valueswere corrected by total protein content.
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Table 1: Daily dose per body weight of substances in the multivitamin-mineral complex.

100 g 15mg/kg/day (𝜇g) 50mg/kg/day (𝜇g)
Vitamins

Vitamin A 71.7mg 0.32 1.08
𝛽-carotene 0.4 g 1.8 6
Vitamin C (ascorbic acid) 10.7 g 48.15 160.5
Vitamin E (d-𝛼-tocopherol) 1.8 g 8.1 27
Vitamin B1 (thiamin) 250.8mg 1.13 3.78
Vitamin B2 (riboflavin) 286.6mg 1.3 4.33
Vitamin B3 (niacin) 3.2 g 14.4 48
Vitamin B6 (pyridoxine) 358.3mg 1.61 5.37
Vitamin B9 (folic acid) 35.8mg 0.16 0.54
Vitamin B12 (cyanocobalamin) 179.2 𝜇g 0.00081 0.00269

Oligoelements
Zinc (Zn) 1.3 g 5.85 19.5
Magnesium (Mg) 1.8 g 8.1 26.9
Manganese (Mn) 179.2mg 0.81 2.69
Selenium (Se) 4.5mg 0.02 0.066

Others
Glutathione 179.2mg 0.81 2.69
Lutein 179.2mg 0.81 2.69

Data per 100 g of product are shown as mg and for daily dose in 𝜇g. Calculation based on a 30 g mouse.

2.5. Measurement of Total Nitrites and Nitrates as an Indirect
Indicator of NO Synthesis. Nitric oxide (NO) is oxidized
rapidly in biological tissues, firstly to nitrites and secondly
to nitrates. Determination of nitrites (NO

2

−) and nitrates
(NO
3

−) is an indirect indicator of NO synthesis. Method-
ology employed for nitrites and nitrates measurement was
adapted from Archer and Marzinzig [26, 27] with slight
modifications. Briefly, samples were deproteinized with sul-
fosalicilic acid (25%), mixed with 5𝜇L NaOH 1M to arise
pH 7,6, and centrifuged for 10 minutes (10,000 g). Standard
curve was prepared with NaNO

3
and ranged between 0 and

30 𝜇M. Fourteen mU of nitrate reductase (NADPH 40 𝜇M
and FAD 1 𝜇M in Tris 20mM; pH 7,6) were added to 10 𝜇L of
supernatant. Samples were developed by adding diaminon-
aphthalene (DAN) 0.1mg/mL and reaction was stopped
with NaOH 2.8mM. Fluorescence at 410 nm was read in
a microplate reader (POLARstar Galaxy, BMG LABTECH
GmbH) after excitation at 380 nm.

2.6. Western Blotting for Vascular Endothelial Growth Factor
(VEGF). Equal amounts of RPE-choroid homogenates (5𝜇g)
were mixed with Laemmli buffer (62.5mMTris-HCl, pH 6.8;
2% SDS; 10% glycerol; 0.1% bromophenol blue) and boiled
for 5min. Samples were separated on 12% SDS-PAGE gels
and transferred to a nitrocellulose membrane. After blocking
with 5% skimmed milk (w/v), 0.1% Tween-20 (w/v) in TBS
for 1 hour at room temperature, membranes were exposed
to the primary antibody (0.2 𝜇g/𝜇L, monoclonal anti-VEGF,
sc7269, Santa Cruz Biotechnology Inc., Santa Cruz, CA)
at room temperature for 1 hour followed by incubation
with a horseradish peroxidase-conjugated goat antimouse
antibody (sc2005; 0.4 𝜇g/𝜇L, Santa Cruz Biotechnology Inc.).

Signals were detected with an enhanced chemoluminescence
(ECL) kit (ECL western blotting detection kit, GE Health-
care, Fairfield, CT) and exposure to autoradiographic film
(Hyperfilm ECL, GE Healthcare). The relative intensities of
the immunoreactive bands were analyzed with Quantity One
software (version 4.2.2, Bio-Rad Laboratories, Hercules, CA).
The loading was verified by Ponceau S red, and the same blot
was stripped and reblotted with an anti-𝛽-actin monoclonal
antibody (Sigma-Aldrich) to normalize the VEGF level.

2.7. Gelatin Zymography Assay for Matrix Metalloproteinase-2
(MMP-2) Activity. MMP-2 activity was quantified by gelatin
zymography on RPE-choroid homogenates [28]. Eight 𝜇g
of total protein from homogenate supernatants were mixed
with nonreducing sample buffer (62.5mM Tris-HCl, pH 6.8;
10% glycerol; 0.1% bromophenol blue) and electrophoresed
directly on 9% SDS-polyacrylamide gels (SDS-PAGE) con-
taining 0.1% gelatin (w/v). After electrophoresis, gels were
washed 4 times for 20 minutes at room temperature in a
2.5% (v/v) Triton X-100 solution to remove excess of SDS,
transferred to a solution (zymogramdevelopment buffer, Bio-
Rad), and incubated for at least 18 hr at 37∘C. Protein fixation
was developed by incubating gels for 15 minutes with 50%
methanol/7% acetic acid and then washing for 30 minutes
(6 times of 5 minutes each) with distilled water. After that,
gels were stained for 1 hour with GelCode Blue Stain Reagent
(Pierce, Rockford, USA) counterstained with distilled water
and then analyzed with Quantity One software (version 4.2.2,
Bio-Rad) after densitometric scanning of the gels. The active
MMP-2/(active MMP-2 + proMMP-2) intensity ratio was
designated as the MMP-2 activation ratio. Each zymography
assay was repeated at least three times to ensure accuracy.
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2.8. Electron Microscopy. Three or four eyes from each group
were processed for histological examination. The whole
enucleated murine eyes were fixed in 2.5% glutaraldehyde,
0.1mol/L cacodylate, 0.2mol/L PBS. The posterior pole was
dissected as described above and postfixed in 1% osmium
tetroxide, stained with 1% uranyl acetate, and embedded
in Epon Araldite resin. One-micrometer sections were cut
with an ultramicrotome, stained with 2% toluidine blue O,
and examined under a light microscope to determine the
areas of interest. Thin sections (approximately 50–90 nm)
were cut, collected on copper grids, and stained with 4%
uranyl acetate and lead citrate. Subsequently, three sections
from each animal were evaluated by transmission electron
microscopy (TEM) (EM10, Carl Zeiss, Thornwood, NY) and
photographed for posterior analysis. For semiquantitative
scoring, 2-3 representative high-power micrographs were
made of each low-power section. The high-power micro-
graphs were graded by two independent examiners unaware
of the experimental procedures.The variables evaluated were
as follows: frequency of BLamD, BM thickness, presence of
vacuoles in RPE, presence of vacuoles and lucent areas in
BM, and presence of deposits of amorphous material in the
RPE. BM thickness was directly measured in three different
standardized locations in each image and averaged to provide
a mean score for that micrograph. The mean of high-power
micrographs was used to assign an average BM thickness
for an individual specimen (𝜇m). The remaining variables
were graded following previous score grading method [24,
29] with slight modification: absence (−), any (+), mod-
erate (++), and severe presence (+++). In addition, the
frequency of BLamD was classified as follows. “Any BLamD”
was defined as the presence of any discrete focal nodule
of homogenous material of intermediate electron density
between the RPE cell membrane and BM in at least one
micrograph. “Severe BLamD” was defined as the presence,
in at least three micrographs, of the following: continuous
BLamD extending under two or more cells, deposit thickness
equal to or greater than 20% of RPE cell cross-sectional
thickness.

2.9. Statistical Analysis. Values are reported throughout as
the mean ± the standard error of the mean (SEM). Statistical
significance for biochemical parameters and BM thickness
was determined applying analysis of variance (ANOVA)
or Kruskal Wallis test to assess differences among groups.
After a significant ANOVA or Kruskal Wallis, comparisons
between groups were made with Bonferroni posthoc or
Mann Whitney test, respectively. Statistical significance was
accepted at the 95% confidence level (𝑃 < 0.05), and analysis
was performed by using the computer program SPSS (v. 15.0,
SPSS Inc. Chicago, USA).

3. Results

3.1. ApoE−/− Mouse Weight and Lipid Profile. Table 2 sum-
marizes the general characteristics of the different animal
groups. AE-C weight was higher than WT-C weight (𝑃 <
0.05), and apoE−/− phenotype was confirmed by measuring

Table 2: Body weight, TC, and TG of the different animal groups at
the time of sacrifice.

Body weight TC TG
WT-C 28.3 ± 3.3 69.9 ± 9.5 83.2 ± 11.6

AE-C 35.6 ± 3.7
∗
624.7 ± 169.0

∗∗∗
123.4 ± 15.0

∗

AE-MV15 34.3 ± 2.8
∗
675.7 ± 142.6

∗∗∗
104.7 ± 21.1

AE-MV50 34.4 ± 2.4
∗
663.1 ± 161.4

∗∗∗
86.4 ± 30.7

†

AE-LUT 35.6 ± 2.3
∗
675.7 ± 189.9

∗∗∗
137.6 ± 53.3

Data are expressed as g (body weight) and mg/dL (TC and TG) ± S.D.
Statistically significant differences fromWT-C are marked as ∗𝑃 < 0.05 and
∗∗∗
𝑃 < 0.001 and from AE-C as †𝑃 < 0.05. (𝑛 = 8–10).

Table 3: Plasma and retinal lipid peroxidation of the different
animal groups at the time of sacrifice.

TBARS plasma TBARS retina NO retina
WT-C 1.22 ± 0.06 3.02 ± 0.33 11.03 ± 1.18

AE-C 1.66 ± 0.10
∗∗

8.72 ± 0.78
∗∗
5.91 ± 0.85

∗∗

AE-MV15 1.32 ± 0.08
†
4.77 ± 0.43

††
2.13 ± 0.27

†

AE-MV50 1.25 ± 0.11
†

6.58 ± 0.67
†
3.64 ± 0.48

†

AE-LUT 1.57 ± 0.08 7.83 ± 0.36 2.21 ± 0.90
†

Data are expressed as 𝜇M malondialdehyde (MDA; TBARS plasma), nmol
MDA/mgprotein (TBARS retina), and nmol nitrates/mg protein (NO retina)
media ± S.E.M. Statistically significant differences from WT-C are marked
as ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 and from AE-C as †𝑃 < 0.05 and ††𝑃 < 0.01
(𝑛 = 8–10).

plasmaTC. PlasmaTC andTG in theAE-Cwere significantly
higher (𝑃 < 0.001 and 𝑃 < 0.05, resp.) than in WT-C mice
(Table 2).

All mice had similar weight evolution during treatment,
and treatments did not modify mice weight. Also, diet
supplementation with nutritional supplement or lutein did
not modify TC in apoE−/− mice, showing that the effects
observed in this study were independent of cholesterol
concentration modifications. Nutritional supplementation in
diet, in addition to not increasing plasma TC concentration,
induces a decrease in TG concentration in apoE−/−mice (𝑃 <
0.05). Lutein supplementation did not significantly modify
TG levels (Table 2).

3.2. Plasma and Retinal Lipid Peroxidation. AE-C animals
showed an increase in plasma and retinal lipid peroxidation
(𝑃 < 0.01), as assessed by TBARS production, compared with
WT-C (Table 3).

Both doses of nutritional complex (MV) induced a reduc-
tion in systemic and retinal lipid peroxidation (𝑃 < 0.05 and
𝑃 < 0.01) to values similar to control group (Table 3). AE-
LUT animals did not show statistical differences regarding
lipid peroxidation when compared to AE-C group (Table 3).

3.3. NO in Retina. Retinal NO synthesis was lower in AE-
C compared with WT-C animals (𝑃 < 0.01, Table 3). All
treatments administered were able to significantly (𝑃 < 0.05,
Table 3) reduce NO synthesis compared to AE-C group.
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Table 4: The effect of the different treatments on RPE and BM deposit severity, vacuolization, and BM thickness.

WT-C AE-C AE-MV15 AE-MV50 AE-LUT
BM thickness 0.45 ± 0.03

∗∗
1.08 ± 0.05 0.78 ± 0.07 0.58 ± 0.04

∗
0.75 ± 0.06

Frequency of images with evidence of BLamD − +++ ++ + ++
Presence of lucent areas in BM − ++ + − +
Vacuolization in RPE − +++ + + +
Absence (−), any (+), moderate (++), and severe (+++) presence. BM thickness shown in 𝜇m (mean ± SD). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001 versus AE-C (𝑛 = 3-4
for each group).
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Figure 1: Changes in VEGF protein expression in RPE-choroid
homogenates, reported as percentage increase with respect to
untreated wt mice. Augmented VEGF protein in apoE−/−, assessed
by western blot (densitometric analysis and representative blot
showing the 25 kDa VEGF monomer), is reduced in apoE−/− MV-
50. 𝛽-actin was used as load control. Differences from WT-C are
marked as ∗𝑃 < 0.05 and from AE-C as †𝑃 < 0.05 (𝑛 = 6-7).

3.4. VEGF Expression in ApoE−/− Mouse and the Effect
of Supplementation. Western blot with anti-VEGF antibody
revealed an almost 3-fold increase in the AE-C group in
comparison to WT-C (𝑃 < 0.05, Figure 1).

AE-MV50 mice showed VEGF protein levels similar to
WT-C (𝑃 < 0.05 versus AE-C, Figure 1). AE-LUT and
AE-MV15 had a marginal reduction when compared to
AE-C animals, but this difference did not reach statistical
significance.

3.5. MMP-2 Activity in ApoE−/− Mouse and the Effect of
Supplementation. Zymography analysis of total RPE-choroid
homogenates showed that MMP-2 activity increased in AE-
C groups when compared to WT-C tissues (𝑃 < 0.01,
Figure 2). Gelatinase activity was significantly (𝑃 < 0.01)
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Figure 2: Zymogram analysis of MMP-2 activity in RPE-choroid,
reported as percentage increase with respect to untreated wt mice.
Eyecups homogenates of apoE−/− mice showed an increase in gelati-
nase activity in comparison to WT-C mice. Mutivitamin treatment
(AE-MV50) reducedMMP-2 activity back to control levels. AE-LUT
and AE-MV15 groups exhibited a little but no significant reduction.
Differences from WT-C are marked as ∗∗𝑃 < 0.01 and from AE-C
as ††𝑃 < 0.01 (𝑛 = 6-7).

reduced in the AE-MV50 group compared with AE-C. AE-
MV15 (𝑃 = 0.062) and AE-LUT (𝑃 = 0.072) animals did not
show statistically significant MMP-2 activity modification,
although a reduction was observed (Figure 2).

3.6. Ultrastructural Alterations in ApoE−/−Mice and the Effect
of Supplementation with Lutein and Multivitamin Complex.
None of the eyes examined microscopically showed any type
of drusen or neovascularization, but some alterations were
observed in apoE−/−mice (see below). ApoE−/−mice showed
basal laminar deposits, vacuoles, and an increase in BM
thickness. While lutein alone partially prevented the alter-
ations observed in apoE−/−mice, MV treatment substantially
ameliorated the retinal morphological alterations. Figure 3
depicts photomicrographs of retinal cross sections from rep-
resentative mice of WT-C and AE-C groups, Figure 4 shows
representative images of the AE-treated groups, and Table 4
summarized the score grading for microscopic parameters
analyzed.
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Figure 3: Transmission electron micrographs of the outer retina and choroid of WT-C (a, b) and AE-C (c–j) groups (𝑛 = 3-4). Photographs
of wt mice reveal no accumulation of sub-RPE deposits, with normal RPE basal infoldings and BM ((a) ×2, 250 and detail in (b) ×4, 250).
In contrast, apoE−/− control mice show some ultrastructural alterations like vacuolization in RPE (white arrow), swelling of basal infoldings
(black arrow), subRPE electrodense deposits (black asterisk) ((c) ×1, 200 and detail in (d) ×5, 250), and opening of intercellular junctions ((e)
×2, 500 and detail in (f), ×5, 250; white arrow). Also, electrodense material, seeming BLamD (black asterisk) is observed in RPE ((g) ×2, 500
and details in (h) ×10, 000) combined with some amorphous electro-dense material (black arrow). BM thickening is evident compared with
WT-C animals, and non-membrane-bound lucent vacuoles inside BM were present ((i) ×3, 975 and (j) ×7, 725; black arrow).
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Figure 4: TEM from apoE−/− animals supplemented with the different treatments. AE-MV15 ((a) ×2, 500 and (b) ×10, 000) and AE-LUT ((e)
×5, 250 and (f) ×7, 725) animals showed less confluent and more diffuse BLamD and less lucent areas in BM, whereas those alterations were
almost absent in AE-MV50 mice ((c) ×5, 250 and (d) ×7, 725).

WT-C mice showed normal RPE and BM features. RPE
nuclei were rounded and displayed straight borders. The BM
structurewas conserved. TEMof the outer retina and choroid
revealed no accumulation of sub-RPE deposits with normal
basal infoldings, BM, and choriocapillaris (Figures 3(a) and
3(b)).

Compared with WT-C, AE-C mice showed ultrastruc-
tural changes (Figures 3(c)–3(j)). Low-power micropho-
tographs revealed a disruption of cellular components and
disorganized structure (Figures 3(c) and 3(e)). Also, eyes
from AE-C mice had an increase in the number and
size of empty and autophagocytic cytoplasmic vacuoles
(Figure 3(d)) and, as previously reported [10, 13, 30, 31], basal
laminar deposits-like (BLamD-like) structures located in the
extracellular space between the basal lamina of the RPE and

the inner collagenous layer of BM (Figures 3(c), 3(d), 3(g),
and 3(h)). Moreover, most of RPE cells analyzed exhibited
swelling of basal infoldings and opening of intercellular space
junctions between RPE cells (Figures 3(e) and 3(f)). We
also observed abnormal deposits of electrodense amorphous
material in the subRPE space confined to a small area located
to the RPE side of BM (Figures 3(d), 3(f), and 3(h)), as well
as areas of increased thickness in BM (Figures 3(i) and 3(j)).
The thickness of BM was statistically significantly higher in
AE-C group than in WT-C (Table 4, 𝑃 < 0.001). The BM
of AE-C exhibited lucent non-membrane-bounded vacuoles
dispersed through both collagenous layers (Figures 3(i) and
3(j)).

In contrast with the apoE−/− untreated animals, mice
fed with the MV complex exhibited less severe structural
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alterations in RPE and BM, with less swelling of basal
infoldings and less cytoplasm vacuoles in the RPE and in
BM. Mice supplemented with the low dose of multivitamin
complex (AE-MV15; Figures 4(a) and 4(b)) and lutein (AE-
LUT; Figures 4(e) and 4(f)) still showed moderate presence
of BLamD in RPE, which were absent in AE-MV50 ani-
mals (Table 4, Figures 4(c) and 4(d)). BM thickening in all
groups supplemented was less pronounced compared to AE-
C animals. However, only in AE-MV50 group a statistically
significant reduction was observed (Table 4, 𝑃 < 0.05).

4. Discussion

In this study we examined the utility of apoE−/− mice as a
model for AMD-like retinal degeneration and the effects of
antioxidant treatments on the phenotypical and biochemical
changes observed in this model.Themost important findings
are the increased VEGF expression and MMP-2 activity in
the RPE-choroid of apoE−/− mice and the corresponding
decrease in VEGF levels andMMP-2 activity after high doses
of a multivitamin complex with lutein and glutathione. In
addition, multivitamin supplementation reduced systemic
and retinal oxidation and ameliorated the pathological AMD-
like changes in apoE−/− mice. The fact that lutein and the
multivitamin complex prevented biochemical and morpho-
logic changes strongly suggests that hypercholesterolemia-
derived oxidative stress is at least partly responsible for the
alterations.

Based on biochemical and structural analyses, the
apoE−/−mouse is a valuable tool in elucidating the underlying
mechanism of retinal degeneration. ApoE−/− mice accrued
marked increases in plasma TG and TC that were associated
with increased systemic oxidative status. TG levels were
reduced in animals supplemented with high-dose multivi-
tamin complex, and this reduction may contribute, at least
in part, to systemic oxidative stress decrease. We and others
have reported evidence of systemic oxidative stress in apoE−/−
mice [22–24], and our group has previously demonstrated
that systemic and retinal oxidative stress in apoE−/− mice is
reduced by dietary antioxidants present in egg yolk [23] and
zeaxanthin [22].Moreover, vitamins C and Ewere effective in
reducing oxidative and nitrative stress in apoE−/− mice [24]
and in a model of porcine dietary hypercholesterolemia [21].
VEGF can be regulated by hypoxia, oxidative stress, and nitric
oxide [32]. Matrix metalloproteinases (MMPs) are involved
in extracellular matrix remodelling. Both VEGF and MMPs
are regulated, at least in part, by oxidative stress [33, 34];
thus, it is relevant to study their activation and expression in
pathologies where oxidative stress seems to play an important
role.

In the present work we observed a reduction in total
NO production in the retinas of apoE−/− mice compared
to wild-type animals which could be a consequence of
a reduced nNOS activity and, subsequently, reduced NO
production [35]. In our study, the treatments groups showed
NO reduction compared to apoE−/− controls. It is possible
that the decrease or increase in reduced glutathione (GSH)

concentration (as a consequence of supplement adminis-
tration) is able to alter the effects of NO (GSH forms
adducts with NO: S-nitrosoglutathione) without affecting the
expression of NOS [36]. It has been demonstrated that GSNO
and NO protect neurons from hydroxyl radical-induced
oxidative stress in vivo by terminating lipid peroxidation and
augmenting the antioxidative potency of GSH, among other
effects [37]. Therefore, restoring GSH levels can help NO to
exert its beneficial effects, whereas the decrease in GSH levels
could enhance the neurotoxic effects of free NO. Alterations
in NO synthesis and bioavailability not only activate growth
factors as VEGF but also induce physiological changes such
as vasoconstriction and decreased choroidal flux. Increased
oxidative stress in apoE−/− mice could result in an excess
of O
2

∙−, which would react with NO to form ONOO−,
decreasing NO bioavailability. However, the methodology
employed in the present study did not permit us to evaluate
NO bioavailability in genetic hypercholesterolemia.

ApoE−/− mice showed an increase in VEGF expression
and MMP-2 activity in the RPE compared to wild-type-
animals, probably produced in response to high oxidative
stress environment. VEGF expression is regulated partly
by oxidative stress or NO and hypoxia in RPE cells [38].
Our results agree with those obtained in apoE−/− mice
aortas showing an increase in gelatinase activity, VEGF,
and VEGFR2 compared to controls [39, 40]. VEGF and
MMPs can positively regulate each other [41]. An increase
in VEGF expression in RPE has been previously reported by
us; however, to our knowledge this study is the first showing
an increasedMMP-2 activity in posterior eyecups of apoE−/−
mice. It is possible that the augmented VEGF expression
and MMP-2 activity in apoE−/− mice could be derived, at
least partly, from the increased oxidation observed in the
retinal environment, where the presence of free radicals could
stimulate cytokine or growth factors production.

GSH and its related enzymes are part of the antioxidant
defense against oxidative stress elevation. GSH depletion
occurs in several forms of cell death, including in the retina
[42, 43]. In rd1 mice it has been demonstrated that antioxi-
dant supplementation (lutein, zeaxanthin, 𝛼-lipoic acid, and
GSH) prevents photoreceptor apoptosis and DNA oxida-
tive damage. When administered individually, none of the
antioxidants produced a significant decrease in the number
of apoptotic cells or DNA damage level in photoreceptors
[44]. These results agree with ours in showing a decrease
in retinal lipid peroxidation, VEGF, and MMP-2 activity in
animals supplemented with the mixture of antioxidants with
lutein and GSH but no significant modifications in animals
supplemented with lutein alone. Our group demonstrated
the decrease of superoxide anion as well as retinal lipid
peroxidation by vitamins C and E oral administration in
hypercholesterolemic porcine RPEs [21]. That result con-
firmed the association of retinal lipid peroxidation and
changes in reactive oxygen species synthesis and could be
the same mechanism in apoE−/− mice and the multivitamin
complex.

This is the first study showing a decrease in VEGF
expression and MMP-2 activity in the retina after nutritional
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supplementation in the apoE-deficient mouse. According to
the most recent review on lutein [45], there is only one study
that demonstrated a reduction in VEGF after lutein supple-
mentation where Izumi-Nagai et al. [46] showed a reduction
of VEGF in RPE protein extracts from a murine model of
choroidal neovascularization. Their experimental setting is
completely different fromourmodel; luteinwas administered
only during 6 days (3 days before laser photocoagulation and
3 days afterwards), while our treatment lasted for 3 months.
Moreover, to the best of our knowledge, there is only one
paper showing a decrease in VEGF expression in ARPE-19
cells after TNF-alpha stimulation [47].

To determine whether the biochemical changes are
accompanied by retinal ultrastructural alterations, we per-
formed limited electron microscopy analyses. In the future,
extensive examination of several eye cross sections will
render a more accurate depiction of eye-wide morphological
changes. Nevertheless, our electron microscopy evaluation
shows that apoE−/− mice develop several ultrastructural
alterations. BLamDs, defined as amorphous electron-dense
material among the basal infoldings on the RPE side of BM,
were present as previously reported [10, 22–24]. We observed
ultrastructural changes in the BM of apoE−/− similar to
those reported by Dithmar et al. [10]. BLamD was more
dispersed, and the sub-RPE layer contained far less electron-
dense material in animals supplemented with multivitamin
complex than in the controls or the untreated groups. The
impact of dietary antioxidants on BLamD is consistent with
reports that increased exposure to oxidation (e.g., inhalation
of cigarette smoke and exposure to photooxidative stress)
induces increased formation of BM deposits [29, 48]. Lipid
peroxidation is likely one of many potential stimuli of injury,
and it is possible that BLamD formation reflects a final
common pathway of reparative processes shared by many
cellular types in response to injury [49]. Our results strongly
suggest that the reduced quantity of BLamD in the 6-month-
old AE-MV50 retinas resulted from increased turnover or
reduced formation of BLamD. Furthermore, we demonstrate
an increase in BM thickness in apoE−/− mice, that is, reduced
by supplementation with antioxidants, lutein and GSH. The
results obtained in this animal model agree with those
showed in a porcine model of dietetic hypercholesterolemia
[21] and with the observations in other models of retinal
degeneration such as rd1 mice [44]. Our hypothesis is
that the hypercholesterolemic status of apoE−/− mice may
have contributed significantly to the retinal abnormalities,
probably mediated by an increase in oxidative stress.

Moreover, this hypothesis is supported by the fact that
those mice supplemented with multivitamin complex did
not show these characteristic features. Therefore, these com-
pounds could play a role in protection of oxidative stress-
derived damage in the retina. This could be considered in
preventive therapy for ocular degenerative pathologies, as
a mean to improve life quality in patients. The reduction
of VEGF expression and MMP-2 activity, accompanied by
oxidative stress reduction, could be one of the mecha-
nisms underlying the reduction in ultrastructural alterations.
When lutein is combined with other antioxidant substances,

beneficial effects are observed in hypercholesterolemia oxida-
tive stress-derived changes. Although our study did not estab-
lish a causal relationship between phenotypical and biochem-
ical findings, the latter can be associated with cytoplasmic
and BM ultrastructural alterations. The increase in VEGF
expression could be responsible for the increased permeabil-
ity in choroid and BM, and MMP-2 activity could degrade
BM, leading to the observed thickening and vacuolization.
MMPs are enzymes involved in synthesis and degradation
of extracellular matrix and have specific substrates such as
collagen and elastin, both of themBM components. RPE cells
are subsequently stimulated to increase synthesis of MMPs
and othermolecules responsible for ECM turnover. Increased
matrix turnover is characterized by increased MMPs and
decreased collagens [8]. As these morphological changes are
ameliorated with supplementation with antioxidants, it is
probable that oxidative stress increase is the initiating factor
for the molecular and morphological changes in apoE−/−
mice.

5. Conclusions

This study provides data suggesting an evolving role for
hypercholesterolemia in the development of retinal oxidative
stress and the influence of dietary fat in ultrastructural
RPE changes. Furthermore, VEGF and MMP-2 are respon-
sible, at least in part, for some of the changes caused by
hypercholesterolemia-derived oxidative stress. Additionally,
supplementation with lutein, glutathione, and a complex of
vitamins appears to be effective in reducing these retinal
changes. However, further experimental, epidemiological
and clinical studies are required to confirm these findings.
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4Département de Biostatistique, Hospices Civils de Lyon, 69003 Lyon, France
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Preterm infants (PT) are particularly exposed to oxidative stress (OS), and a blood-sparing marker, the malondialdehyde adduct
to hemoglobin (MDA-Hb), may be useful to accurately assess OS-related neonatal morbidity. In a prospective study, MDA-
Hb concentrations were assessed in two groups of PT, one with and one without severe neonatal morbidity as estimated by a
composite index of severe morbidity (ISM). All PT born in a single tertiary care NICU (<32 weeks and birth weight < 1500 g) were
consecutively included. MDA-Hb and blood glutathione (GSH) concentrations were measured by liquid chromatography-mass
spectrometry during the first 6 weeks of life. Linear regressions and amultilevel model were fitted to study the relationship between
MDA-Hb or GSH and ISM. Of the 83 PT (mean± SD: 28.3±2weeks, 1089±288 g), 21% presented severe neonatal morbidity. In the
multivariate model, MDA-Hb concentrations were significantly higher in the ISM+ group than in the ISM– group during the first 6
weeks of life (𝑃 = 0.009). No significant difference in GSH concentrations was observed between groups (𝑃 = 0.180). MDA-Hb is a
marker of interest for estimating oxidative stress in PT and could be useful to evaluate the impact of strategies to improve perinatal
outcomes.

1. Introduction

As very low birth weight (VLBW) infants present an imbal-
ance between the prooxidant and antioxidant systems [1–
3], they are at high risk for oxidative-stress- (OS-) related
damage. Antioxidant enzymes mature in late gestation, and
the maternal-fetal transfer of antioxidant molecules like
alpha-tocopherol and ascorbic acid is not complete in pre-
mature neonates [4]. Yet, these infants also often require
oxygen therapy and a parenteral nutrition. Although par-
enteral nutrition solutions contain antioxidantmolecules like

vitamins A, C, and E, they also contain polyunsaturated fatty
acids that are particularly sensitive to peroxidation, which
generates toxic byproducts of the reactive oxygen species
[5, 6]. The lipid peroxidation in these solutions depends on
their composition and is increased by light exposure [7–
9]. A relationship has been suggested between lipid per-
oxidation and several common morbidities of prematurity,
including bronchopulmonary dysplasia (BPD), retinopathy
of prematurity, periventricular leukomalacia, and necrotizing
enterocolitis (NEC) [10–13]. However, the studies show dis-
crepancies because of differences in peroxidation assessment.
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Malondialdehyde (MDA) is the most studied product of
polyunsaturated fatty acid peroxidation, but most assays
have been developed on the basis of its derivatization with
thiobarbituric acid (TBA), which has poor specificity [14, 15].
Other methods, such as liquid chromatography coupled with
mass spectrometry, have been proposed to improve MDA
assessment [16, 17]. We recently validated a new sensitive
and specific method to measure MDA adduct to hemoglobin
(MDA-Hb) in neonates [18].This method would facilitate OS
evaluation over several weeks ormonths based on the stability
of MDA-Hb, as its elimination depends on the lifespan of the
erythrocyte [19]. As MDA-Hb is measured in erythrocytes,
additional blood despoliation is avoided, which makes the
method well suited to VLBW infants.

This pilot study sought to determine the relationship
between blood MDA-Hb concentrations and neonatal mor-
bidity in VLBW infants. A secondary objective was to
assess the influence of the perinatal condition on MDA-Hb
concentrations.

2. Methods

2.1. Population. All PT born at a gestational age (GA) of 24 to
31 weeks, with a birth weight (BW) below 1500 g, and admit-
ted before the first 6 hours of life to our tertiary care neonatal
unit at Croix Rousse University Hospital, Lyon, France, were
consecutively enrolled in this prospective study. Infants with
major congenital abnormalities (including cardiac, neurolog-
ical, renal, and digestive malformation) or metabolic disease,
and those requiring surgery, were excluded. The study was
totally integrated into the usual care of PT hospitalized in
the unit. No additional blood sampling was needed for the
present study, and the protocols of respiratory and nutritional
care did not change during the study. The international
recommendations for nutrition were followed for all infants.
All parents signed an informed consent form. The study was
approved by the ethics committee of the University Hospital
Center of Lyon, France (CPP Lyon Sud Est IV).

2.2. Study Design. The patients were included at birth and
the study lasted for the first 6 weeks of life or infant trans-
fer/death. The clinical data were collected by a single person
(C. Cipierre). We prospectively recorded variables concern-
ing the antenatal context in four categories: fetal growth
restriction (FGR) (estimated fetal weight <10th percentile),
preeclampsia (characterized by hypertension and protein-
uria), suspicion of maternal antenatal infection (positive
blood culture,maternal fever≥ 38.5∘C, andC-reactive protein
> 20mg/L), and other causes (metrorrhagia and placental
abnormalities). We also collected data at birth: GA, BW,
Apgar score at 5min, and the need for specific intensive resus-
citation (intubation, chest compression, or drugs for resus-
citation). The infants were considered as growth restricted
when BW was < −2 SD [20]. We also collected data con-
cerning respiratory care (assisted ventilation, oxygen supply,
and surfactant administration), hemodynamics (vasoactive
amine, ibuprofen administration), nutrition (total parenteral
supply), and complications during hospitalization (early

onset sepsis, late onset sepsis, BPD, NEC, intraventricular
haemorrhage, and periventricular leukomalacia).

A composite index of severe morbidity (ISM) was con-
sidered as present (ISM+) within the first 6 weeks of life
when the patients presented severe respiratory, neurological,
or digestive morbidity. The composite index of severe mor-
bidity (ISM) was considered when at least one of the three
morbidities was present. Severe respiratory morbidity was
defined by the presence of at least one of the following: oxygen
dependency at 36 weeks postconceptional age or median
duration of assisted ventilation >+2 SD compared with the
median duration of ventilation in the same population of GA
infants hospitalized in the service between 2005 and 2007
(109 infants born at GA < 28 weeks: median = 249 hours
(IC 95%: 288–417) and 202 infants born at GA ≥ 28 weeks:
median = 321 hours (IC 95%: 57–844)) (personal data). Severe
neurological morbidity was defined as the existence of at least
one of the following abnormalities: severe intraventricular
haemorrhage (grade 3 or 4) or periventricular leukomalacia.
Severe digestive morbidity was defined as NEC of grade 3 or
4 [21].

2.3. Measurement of Oxidative Stress Markers. MDA-Hb and
reduced glutathione (GSH), a key antioxidant, weremeasured
once a week in the first 6 weeks of life and it did not require
an additional blood sample to be drawn.We assumed that the
erythrocytes remaining from routine blood samples taken for
electrolyte determination would be sufficient for MDA-Hb
assessment.

At birth, MDA-Hb and GSH concentrations were
assessed at the time of admission in the neonatal unit, that
is, before the first hour of life for inborn infants and before
the first 6 hours of life for outborn infants.

All samples were stored at −80∘C until analysis. These
markers were measured by a unique laboratory, as previously
described [18].

The procedure formeasuringMDA-Hb consisted of three
steps: isolation of Hb and delipidation for avoiding any
artifactual lipid peroxidation, hydrolysis and derivatization
of the adduct, and then measurement of the adduct. In
brief, after a first centrifugation, RBCs (one volume) were
washed two times with four volumes of NaCl (9 g/1000mL),
centrifuged (5minutes, 1000G). 150 𝜇L of washed and packed
RBCs was resuspended in distilled water (450𝜇L) and freeze-
dried at −80∘C for 5 minutes then thawed in hot water
(30 seconds under water at 60∘C). After a second cycle
of freeze drying—thawing, Hb solution was obtained by
centrifugation for 4min at 8000G; one aliquot was used
to measure Hb concentration and another aliquot (200𝜇L)
was rapidly delipidated by mixing with 100𝜇L Folch reagent
(methanol/chloroform, 1 vol./2 vol.) and centrifuged for 5
minutes at 13000G. The delipidated Hb from the top phase
was stored at −80∘C until analysis. The original method to
derivatize plasmatic MDA with diaminonaphthalene (DAN)
was previously described [22]. Preliminary experiments
showed that to decrease adsorption of the diazepinium
(formed between MDA and DAN) to Hb, derivatization had
to be done in saline. The quantification was carried out by
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LC-MS with a dideurated internal standard; the derivatives
of MDA and dideuterated MDA were detected at m/z 195.2
and 197.2, respectively, as described by Steghens et al. [16].The
adduct ofMDA toHbwas expressed in nanomol per gramHb
(nanomol/g Hb).

For GSH assessment, we used whole blood (25𝜇l) kept
into the guarding of the needle at the end of venipuncture.
As described in [23], GSH was measured after derivatization
with N-ethylmaleimide (NEM) to avoid any artifactual pro-
duction of oxidized glutathione (GSSG) due to protein acid
precipitation.Themethod used forGSHmeasurement by LC-
MS discriminates GSNEM detected at m/z = 433.7 with a
retention time at 2.9min and GSSG detected at m/z = 614.1
with a retention time at 4.4min. The results are expressed in
micromole per liter (𝜇mol/L) of whole blood.

To consider the possible contribution of blood transfu-
sions, we measured the MDA-Hb and whole blood GSH
concentrations in five randomly selected packed red cells
used in preterm infants included in our study.

2.4. Statistical Analysis. All the collected variables are
described in the studied population and within both groups
defined by the outcome. Categorical variables are presented
as numbers and percentages, and continuous variables are
presented as median and extreme values. Percentages were
compared using the Fisher exact test, andmedians were com-
pared using the Wilcoxon test. Differences were considered
significant for P values < 5%. We compared the concentra-
tions of MDA-Hb and GSH at birth in the two ISM groups
(absent/present) with regard to the four antenatal contexts
previously described. Linear regressions were fitted to study
the relationship betweenMDA-Hb and ISM (absent/present)
in the first 6 weeks of life. Because the MDA-Hb measures
were repeated weekly in each infant, a multilevel model
with random effects, or frailties, was used to account for
correlations between measures in the same infant due to
unobserved factors. MDA-Hb values were log-transformed
to normalize their distribution. To study the trend over
time of the repeated MDA-Hb measurements, time in weeks
was introduced into the model as a continuous variable
in addition to ISM. Similar models were fitted for GSH.
Analyses were performed using R software (R Development
Core Team; R: a language for environmental and statistical
computing, Vienna: R Foundation, 2008) and SPSS version
15.0 software (Statistical Product and Service Solutions 15.0;
SPSS, Inc, Chicago, IL, USA).

3. Results

Between February and July, 2009, 83 VLBW infants were
consecutively enrolled in this study, 40% of whom were
very immature (GA ≤ 28wks). Seventeen of them (21%)
presented a composite index of severe morbidity (ISM+),
and 3 of these infants died. The first one died after 4 days
from septic shock. Two others died from severe neurological
complications (HIV stage 4, status) after 2 and 10 days of
life.

As expected, the characteristics of infants with severe
neonatal morbidity (ISM+) were significantly different from
those of infants without morbidity (ISM−) (Table 1). The
ISM+ group comprised more immature and sicker children
who had assisted ventilation, oxygen supply, and parenteral
nutrition for longer periods than in the ISM− group. They
also more frequently presented patent ductus arteriosus
requiring ibuprofen and late onset sepsis, and they received
more blood transfusions: 14 of the 17 infants in the ISM+
group had at least one transfusion, and 10 of these had
received more than 2 transfusions. The median postnatal age
at the first and second transfusions was, respectively, 7 and
12 days for the ISM+ group and 7 and 13 days for the ISM−
group. Antenatal factors did not differ significantly between
the ISM+ and ISM− groups.

MDA-Hb concentrations at birth differed according to
the antenatal context (Figure 1). Significantly higher MDA-
Hb concentrations were observed in infants with maternal
antenatal infection compared with infants without infection
(𝑃 = 0.023). In contrast, GSH concentrations at birth were
similar regardless of the prenatal environment (infants with
suspicion of maternal antenatal infection compared with
infants without, 𝑃 = 0.931).

MDA-Hb concentrations at birth were significantly
higher in the ISM+ group than in the ISM− group, but GSH
concentrations were similar in the two groups (Table 2). The
maximal MDA-Hb value ISM− group was related to only
one infant, which can be considered as an outlier. It was
a neonate born at 30 weeks by C-section after a 9h ROM
in a mother with subnormal PCR (30mg/L). There was no
neonatal infection.

Thereafter, in the first 6weeks of life, the concentrations of
these markers were significantly different between the ISM+
and ISM− groups (Figure 2). Median MDA-Hb concentra-
tions were significantly higher in the ISM+ group during this
period (𝑃 = 0.009), and, at 6 weeks, they were approximately
3-fold higher in ISM+ (25.5 nanomol/g Hb) than in ISM−
(9.3 nanomol/g Hb) (𝑃 = 0.01). Conversely, no significant
difference in the GSH concentrations was observed between
the groups in the first 6 weeks of life (𝑃 = 0.18) (Figure 2).

As the increment of MDA-Hb could be associated to
hyperbilirubinemia or phototherapy, we adjusted for pres-
ence or absence of phototherapy and for the maximal serum
bilirubin concentration, using amultivariate analysis.Thedif-
ference in MDA-Hb remained statistically significant (resp.,
𝑃 = 0.02 and 𝑃 = 0.03).

The median MDA-Hb and whole blood GSH concentra-
tions in 5 packed red cells were, respectively, 8.4 nanomol/g
Hb and 1568𝜇M/L.

4. Discussion

To our knowledge, this is the first report in neonates on
the malondialdehyde adduct to hemoglobin (MDA-Hb), a
marker of OS measured in red blood cells, that is, without
requiring an additional blood sample. We observed that
MDA-Hb concentrations were influenced by the clinical
context, as described in studies with MDA [11].
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Table 1: Characteristics of 83 very preterm infants with (ISM+) or without (ISM−) composite index of severe morbidity (ISM).

All
𝑁 = 83

ISM+
𝑛 = 17

ISM−
𝑛 = 66

𝑃 value∗

Singleton, 𝑛 (%) 62 (74.7) 14 (82.3) 48 (72.7) 0.07
Antenatal steroids, 𝑛 (%) 74 (89.1) 14 (88.3) 60 (90.9) 0.38
Fetal growth restriction, 𝑛 (%) 11 (13.3) 1 (5.9) 10 (15.2) 0.45
Preeclampsia, 𝑛 (%) 10 (12) 0 (0) 10 (15.2) 0.11
Maternal antenatal infection, 𝑛 (%) 5 (6.0) 1 (5.9) 4 (6.1) 1.00
Others causes, 𝑛 (%) 57 (68.7) 15 (88.2) 42 (63.6) 0.08
Cesarean section, 𝑛 (%) 50 (62.6) 7 (41.2) 45 (68.2) 0.05
Gestational age at birth, weeks 28.7 (24.0–31.6) 26.0 (24.0–30.4) 29.0 (24.5–31.6) <0.01
Birth weight, grams 1085 (570–1500) 765 (570–1500) 1120 (690–1500) <0.01
Male, 𝑛 (%) 39 (47.0) 11 (64.7) 28 (44.4) 0.10
Apgar score at 5min, value 9 (2–10) 8 (6–10) 9 (2–10) 0.09
Resuscitation in DR, 𝑛 (%) 49 (59.0) 14 (82.4) 35 (53.0) 0.08
RDS, 𝑛 (%) 80 (96.4) 17 (100.0) 63 (95.5) 0.37
Surfactant, 𝑛 (%) 51 (61.4) 14 (82.3) 37 (56.0) 0.03
Oxygen therapy, hours 37 (1–1661) 276 (1–1661) 68 (1–948) <0.01
Assisted ventilation, hours 64 (1–1107) 427 (5–1107) 27 (1–764) <0.01
Early onset sepsis, 𝑛 (%) 6 (7.2) 4 (23.5) 2 (3.0) 0.01
Late onset sepsis, 𝑛 (%) 22 (26.5) 10 (58.8) 12 (18.2) <0.01
Persistent ductus arteriosus, 𝑛 (%) 22 (26.5) 8 (47.0) 14 (21.2) 0.03
Blood transfusions, 𝑛 (%) 34 (41.0) 14 (82.3) 20 (30.3) <0.01
Parenteral nutrition, 𝑛 (%) 63 (75.9) 15 (88.2) 48 (72.7) <0.01
Parenteral nutrition duration, d 8 (1–35) 13 (1–35) 9 (1–28) <0.01
Categorical variables are presented as number (%) and continuous variables as median (min–max).
∗Comparison between the 2 groups (ISM+ versus ISM−, Mann-Whitney or Chi2 test).

Table 2: Concentrations of malondialdehyde (MDA-Hb) and reduced glutathione (GSH) at birth in 83 very preterm infants with (ISM+) or
without (ISM−) composite index of severe morbidity (ISM).

All
𝑁 = 83

ISM+
𝑛 = 17

ISM−
𝑛 = 66

𝑃 value∗

MDA-Hb (nanomol/gHb) 11.3 (2.2–134.3) 19.9 (6.6–117.5) 9.3 (2.2–134.3) 0.03
GSH (𝜇M/L) 1310 (301–2168) 1295 (301–2168) 1324 (989–2042) 0.50
∗Comparison between the 2 groups (ISM+ versus ISM−, Mann-Whitney or Chi2 test).

Published data about background levels of MDA-Hb in
humans are scarce. Kautiainen et al. [24] assessed MDA-
Hb concentrations in one healthy adult and in mice. They
reported lower values (0.2 and 3.8 nanomol/g Hb) which are
not comparable to ours because they used a very different
and complex method: using a 4ml sample volume, the final
measurement of the 3OHPrValwas obtained after reduction
with sodium borohydride (NaBH4), dialysis, and globin
precipitation, derivatization with PFPITC, proteolysis with
trypsin and pronase, and a last Dowex chromatography. This
is not usable in human neonates (blood volume, complex
assay). Furthermore, these values were obtained in a very
small number of subjects (1 human adult and some mice)
and cannot be compared to values obtained in a significant
number of newborn infants.

For the purpose of monitoring, Hb can be preferred
to DNA because of its better-defined lifespan and more
facile chemical identification of adducts. In particular, the
estimated half-live of the adduct toN-terminal valine inHb is
about six days [25]; thus, it is possible that this type of adduct
may accumulate in the blood of newborn.

The present study has several limitations which need to
be addressed. First, this was our definition of the composite
index of severe morbidity. The composite index of severe
morbidity included several types of neonatal morbidity with
different time courses. For example, respiratory morbidity
develops over a few weeks, whereas the onset of NEC is
quite rapid. Our global approach might be considered as less
precise than if we had considered each type of morbidity
individually, but a global approach was essential to our
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Figure 2: Box plot of the concentrations of malondialdehyde (MDA-Hb) (a) and reduced glutathione (GSH) (b) in the first 6 weeks of life,
in 83 very low birth weight infants with (𝑛 = 17) or without (𝑛 = 66) a composite index of severe morbidity (ISM). Values shown are median
levels (25th/75th box; 10th/90th error bars).

study as we aimed to include all the situations carrying
significant morbidity. Although the number of patients was
not very large, the population was rather homogeneous
and representative of the population of PT from 24 to 31
weeks. Moreover, the population was large enough to reveal a
relationship between the level of OS and both the antenatal
context and the neonatal morbidity. In our population, we
found maximal MDA-Hb value in one infant of the control

(ISM−) group. It could be considered as an outlier. It could be
also a false-positive result. There was no neonatal infection.
We do not have any explanation for that high value.However,
as we aimed to evaluate whether MDA-Hb could be used as a
marker of oxidative stress in a population of preterm infants,
we could not expect a 100% specificity.

Our population represented the four classes of etiology in
preterm delivery: maternal antenatal infection, preeclampsia,
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fetal growth restriction (FGR), and other causes (metror-
rhagia, placental abnormalities). The first three are asso-
ciated with inflammation, which is known to affect redox
balance [26]. We found the significantly highest MDA-Hb
concentration at birth in the cases of maternal antenatal
infection, which is characterized by the release of inflam-
matory cytokines by decidua and fetal membranes, leading
to preterm labor and the generation of free radicals and
ROS in fetal and maternal circulation [27]. In contrast, GSH
concentrations at birth were similar regardless of the prenatal
environment and similar to GSH concentrations in healthy
adults [23]. Lower GSH concentrations were observed in
VLBW infants comparedwith full-term infants [28], butGSH
at birth has not been studied in VLBW infants in relation to
the perinatal context, to our knowledge.

Various fundamental and clinical data have underlined
the central role of OS in the physiopathology of current
neonatal diseases related to prematurity [29–33]. Therefore,
higher concentrations of oxidant markers were expected
in the sicker infants, and we indeed found an association
betweenMDA-Hb, an index of lipid peroxidation, andneona-
talmorbidity.This finding agreeswith previous findings using
other oxidative markers [1, 29, 30, 34].

The MDA-Hb concentration at birth could be useful in
identifying neonates at high risk for severe morbidity, as we
found higher values in the ISM+ group than in the ISM−
group. This fits quite well with the results recently published
by Perrone et al. [35], reporting significantly higher levels
of oxidant markers in the cord blood of preterm infants
with NEC than in preterm infants without NEC [29, 34–
36]. HigherMDA-Hb concentrationswere found in the ISM+
group not only during the first postnatal week, as often
described [29, 34, 37], but also over the first 6 weeks of life.

The evidence ofOS persisting for at least amonth strongly
suggests a long-lasting imbalance between antioxidant and
oxidant-generating systems, which causes oxidative damage
in preterm infants.

Depletion of whole blood GSH is known to occur in
preterm infants, and GSH correlates with gestational age
[38, 39].Therefore, the GSH concentrations should have been
lower in the less mature infants (ISM+ group) than in the
ISM− group.This was not the case, suggesting the absence of
a clear relationship between GSH concentrations and severe
neonatal morbidity. Two explanations for our finding may
be the small size of our study population and the influence
of blood transfusions (more frequent in the ISM+ group).
However, one should note that the GSH concentrations in
both the ISM+ and ISM− groups were similar to those of
healthy adults, as measured by Steghens et al. using the
same dosage method [23]. Very few studies have reported
reduced glutathione measurement, and most of these studies
concerned cord blood samples fromneonates not yet exposed
to true OS and compared preterm infants with healthy
full-term infants. To our knowledge, this study is the first
to evaluate the relationship between severe morbidity in
preterm infants at birth and over 6 weeks of age and the GSH
concentration.

In the studies performed several days after birth, lower
GSH concentrations (in erythrocytes and cells from tracheal

aspirates) were observed in preterm infants with respiratory
distress syndrome [39, 40]. In the present study, no difference
in GSH concentrations in the ISM+ and ISM− groups was
observed in the first 6 weeks of life. The lowest concentration
of GSH in the ISM+ group was observed at the time of the
MDA-Hb peak, during the second week of life. This could be
explained by an abnormality in the antioxidant system in the
ISM+ infants, whowere exposed to higher levels ofOS related
to excessive consumption and/or reduced capacities of GSH
synthesis due to hepatic immaturity or a deficit in cysteine,
the main acid amine regulator of GSH synthesis [41–43].

The infants in the ISM+ group had more blood trans-
fusions, which may have had an impact on the MDA-
Hb and GSH concentrations. For example, the MDA-Hb
concentrations may have been underestimated due to the
influence of blood transfusions.Thiswould explain theMDA-
Hb decrease in the third week of life in the ISM+ group.
Moreover, the cumulative effect of MDA-Hb over time may
also have been affected. On the other hand, the GSH concen-
trations may have been overestimated in this group, but no
conclusions can be drawn regarding our GSH results, which
did not differentiate the groups but nevertheless remain
interesting from a clinical point of view. To estimate the
impact of transfusions, we had tomeasure theMDAandGSH
concentrations in five randomly selected packed red cells
used in preterm infants included in our study. Both MDA-
Hb and whole blood GSH concentrations in packed red cells
were neither very low nor very high. As they were close to
those measured in healthy full-term neonates at birth [18],
the contribution of blood transfusions to MDA-Hb and GSH
levels in preterm infants is unlikely.

It appears that the OS level in the ISM+ group was such
that oxygen-free radical production, as reflected by theMDA
adduct to hemoglobin, exceeded the antioxidant defense
system. The evidence of a strong pro/antioxidant imbalance
raises many questions about the involvement of OS in the
physiopathology of neonatal complications, without being
able to establish a causal link.

In conclusion, the present study is the first step in the
validating technique to evaluate postnatal OS without the
need of additional blood sampling. The higher MDA-Hb
concentrations in the sicker infants suggest that MDA-Hb
is a marker of interest for estimating and quantifying OS
in VLBW infants. This noninvasive method may help to
enhance our understanding of OS, thereby improving the
accuracy of modifications in therapeutics (assisted ventila-
tion, oxygen therapy, and parenteral nutrition) to reduce
free radical generation and providing guidelines for develop-
ing future applications of antioxidant therapy in premature
infants. Although these findings require confirmation in a
larger population, the results of our study provide insight into
the relationship between MDA-Hb and neonatal morbidity.
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Many studies suggest that fluoride exposure can inhibit the activity of various enzymes and can generate free radicals, which
interfere with antioxidant defence mechanisms in living systems. To further the understanding of this issue, this present study
examined the effects of low-dose fluoride treatment on the activity of enzymatic antioxidant superoxide dismutase (SOD) and
catalase (CAT), as well as the levels of lipid peroxidation (LPO) in the parotid (PA) and submandibular (SM) salivary glands of rats.
Rats were injected with a single dose of sodium fluoride (NaF) (15mg F−/kg b.w.) then euthanized at various time intervals up to
24 hours (h) following exposure. NaF exposure did not cause significant differences in SOD or CAT activity or LPO levels in PA
glands compared to control. Conversely, SM glands presented increased SOD activity after 3 h and decreased SOD activity after 1,
12, and 24 h, while LPO was increased after 6, 12, and 24 h of the NaF injection. There were no significant differences in the CAT
activity in the groups studied. Our results demonstrated that NaF intoxication caused oxidative stress in salivary glands few hours
after administration. These changes were more pronounced in SM than in PA gland.

1. Introduction

Fluoride is widely regarded as the cornerstone of modern
preventive dentistry. Because of its cariostatic properties,
fluoride has been increasingly added to alternative delivery
systems, such as toothpastes and mouth rinses, so that expo-
sure of populations to fluoride other than through fluoridated
water supplies and foodstuffs has become significant [1]. The
widespread use of these fluoridated products, in addition
to its ubiquitous presence in the environment, has renewed
consideration of the margin which exists between safe and
toxic levels of fluoride exposure [2, 3].

Although the most pronounced effects of fluoride intake
aremanifested in bones and teeth, it is also known to cross cell
membranes by simple diffusion and enter soft tissues causing
adverse effects on cell metabolism and function [1, 4–6]. In
soft tissues, its concentration is proportional to the plasma

concentration [7]. Salivary glands are important secretory
organs, vital to various processes occurring in the oral cavity.
Their secretory products have an utmost importance for
several physiological functions, playing a critical role in
oral and systemic health by monitoring, regulating, and
maintaining the integrity of the oral hard and soft tissues
[8]. The major salivary glands of both humans and rodents
consist of three pairs of macroscopic glands: parotid (PA),
submandibular (SM), and sublingual [9].

Studies with low doses of NaF administered to exper-
imental animals have been shown to induce a number of
alterations in the metabolism of their salivary glands. Some
of these metabolic alterations include increases in glycogen
content in SM glands [10] and higher levels of 3, 5cyclic
AMP (cAMP) in PA and SM glands [11] as well as promoting
the release of high molecular weight mucins from the SM
gland [12]. Fluoride is also known to inhibit the activity of



2 Oxidative Medicine and Cellular Longevity

many enzymes [13, 14]. Some of the effects reported arise
indirectly because one pathway is inhibited by fluoride mak-
ing more substrate available for other pathways which thus
appear to be enhanced [14]. NaF in low concentrations can
alter activities of some carbohydrate metabolizing enzymes
such as phosphofructokinase-1, hexokinase, pyruvate kinase,
glucose-6-phosphate dehydrogenase, and lactate dehydroge-
nase in SM glands of rats [15, 16] and promote the release of
amylase secretion from PA glands of rats and humans [12].

Oxidative stress is biomolecular damage caused by the
attack of reactive species (RS) upon the constituents of a
living organism [17]. Among RS, reactive oxygen species
(ROS) play a major part because they are highly reactive
and formed by numerous enzymes [18]. The production of
excessive amounts of ROS is toxic to the cell.The human body
has different methods of reducing the impact of oxidative
injury, using enzymatic or nonenzymatic defence systems to
prevent oxidative stress damage or by repairing the damage
after it has occurred [19]. The antioxidant defence systems
such as antioxidant vitamins (vitamins A, C, and E), SOD,
CAT, glutathione (GSH), and glutathione peroxidase (GSH-
Px) protect the cells against LPO [20].

The problems associated with F exposure is that it
amplifies the biochemical stress in the body by generating
imbalance between ROS and antioxidants thereby inducing
oxidative stress and inhibiting several groups of enzymes
[13, 14, 21], includingmany whose action depends on divalent
metals such as magnesium (enolase, phosphatases) or triva-
lentmetals (catalase, peroxidase) [14].These effects have been
observed in several soft tissues and cells, such as brain [21–
26], gastrocnemius muscle [26], kidney [21, 23–25, 27–29],
liver [19, 21, 23–25, 28, 30–32], heart [21], nervous system [33],
blood [5, 25, 28, 34, 35], and osteoblasts [36, 37].

However, to the best of our knowledge, no information
exists concerning the relation between fluoride intake and
oxidative stress in salivary glands.Therefore, the investigation
reported herein was undertaken to evaluate the influence
of a low dose of NaF over a time period of 24 h on some
antioxidant enzymes and LPO in SM and PA salivary glands
of rats.

2. Material and Methods

2.1. Chemicals and Reagents. Sodium fluoride (NaF) (CAS
no. 7681-49-4), nicotinamide adenine dinucleotide phos-
phate, reduced form (NADPH) disodium salt, 2-mercap-
toethanol, ethylene-diamine-tetra-acetic acid (EDTA), tri-
ethanolamine, diethanolamine, and trichloroacetic acid were
purchased from Sigma Aldrich Co. (St. Louis, MO, USA). 2-
Thiobarbituric acid was obtained fromMerck KGaA (Darm-
stadt, Germany). All other chemical reagents were of highest
pure analytical grade commercially available.

2.2. Ethical Aspects of Research. Experimental protocols and
animal handling and care were conducted in compliance
with the guidelines established by the Brazilian College of
Animal Care (COBEA) and according to the standards of
humane treatment for animals. This study was approved

by the Bioethics Committee of Animals from School of
Dentistry, University of São Paulo, approval number 01/06.

2.3. Experimental Design and Sample Preparation. One hun-
dred two-month-old male rats of Wistar strain were used in
the present investigation. Animals were obtained from the
Department of Biomaterials and Oral Biochemistry, School
of Dentistry (FOUSP), University of São Paulo, São Paulo,
Brazil.

Rats were housed in solid bottomed polypropylene cages,
acclimatized for 7 days to animal house conditions, andmain-
tained locally with ad libitum commercially available rodent
chow diet (Purina) and tap water. The fluoride concentration
in the tap water of São Paulo is regulated by the city govern-
ment at 0.7 ppm.Drugswere freshly prepared prior to admin-
istration. Prior to the treatment, all rats’ body weights (b.w.)
were obtained to minimize intergroup differences. Animals
weighed between 220–270 g and, therefore, were randomly
and equally (𝑛 = 50) stratified into two groups according to
the treatment received, fluoride (F) and control (C). Fluoride
treatment groups were intraperitoneally administered with
a single injection of NaF solution (15mg F−/kg b.w.), and
control rats received an equivalent dose of sodium chloride
solution (0.9% NaCl). Each treatment group, F and C, was
further divided into 5 subgroups according to the length of
time after injection. The animals were euthanized 1, 3, 6, 12,
and 24 h after injection, and SM and PA salivary glands were
immediately excised, cleaned in isotonic solution, precooled
in dry ice, and stored at −80∘C until further processing.
Tissues were minced and homogenized in a T-8 Ultra-Turrax
homogenizer (IKA-Werke GMBH & CO.KG, Germany) at
10% (w/v) in an ice-cold 50mM phosphate buffer solution
(PBS), pH 7.0. To remove red blood cells, tissue samples
were washed twice with 5 volumes of 0.9% NaCl solution.
Fibrous material and other tissue debris were eliminated by
centrifugation of the tissue homogenate at 1,540×g for 10min
at 4∘C (Himac CF 15R, Hitachi, Japan), and the supernatants
were used for all determinations.

2.4. Assay Procedures. All assays were monitored at 25∘C in a
model DU-800 spectrophotometer (Beckman, Fullerton, CA,
USA).

Specific activity of CAT (EC 1.11.1.6) was determined by
following the decomposition of hydrogen peroxide (H

2
O
2
) at

240 nm for 3min and calculated using the molar extinction
coefficient of 43.6M cm−1. One unit of activity is defined as
the amount of the enzyme required to decompose 1 𝜇mol of
H
2
O
2
/min [38, 39].

Specific activity of total SOD (EC 1.15.1.1.) was determined
measuring inhibition of superoxide-driven NADPH oxida-
tion by mercaptoethanol in the presence of EDTA and man-
ganese (II) chloride. Changes in the absorbance were mea-
sured at 340 nm. Percent inhibition was used as the index of
SOD activity and calculated as (sample rate)/(control rate) ×
100; one unit of SOD activity was defined as half-maximal
inhibition [40, 41].

Malondialdehyde, the marker of extent lipid peroxida-
tion, was estimated as thiobarbituric acid reactive substances
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Figure 1: Levels of MDA in PA (𝑛 = 6) and SM (𝑛 = 10) glands of rats after treatment with a single IP injection of 15mg F−/kg b.w. in
the experimental group (F) and with 0.9% NaCl in the control group (C). Rats were euthanized after 1, 3, 6, 12, and 24 h. No difference was
observed in PA. ∗𝑃 < 0.05 compared to the control group. Different letters show 𝑃 < 0.05 for different time intervals in the same treatment
group.

(TBARS) level in gland tissue by the method of Esterbauer
and Cheeseman [42]. Samples were read at 532 nm, and the
amount of TBARS was calculated using a molar extinction
coefficient of 1.56× 105M/cm.

Protein content was determined by using Folin-phenol
reagent with bovine serum albumin as standard by the
method of Lowry et al. [43].

2.5. Statistical Analysis. All experiments were performed in
duplicates, and the values are expressed as mean ± standard
deviation (SD). All data were checked for normality and
analyzed by one- (factor: treatment) or two-way (factors:
treatment and time) analysis of variance (ANOVA). When
significant main effects were detected in the outcome mea-
sures of the study (treatment × time), the means were subse-
quently analyzed by Tukey test for all pairwise comparisons.
All statistical tests were performed using Minitab Statistical
Software (PA, USA). Differences were considered statistically
significant at 𝑃 < 0.05.

3. Results

3.1. Effects of NaF on LPO of PA and SM Glands. Figure 1
shows the levels of MDA in PA (𝑛 = 6) and SM (𝑛 = 10)
glands of rats, respectively, after injection of 15mg F−/kg b.w.
Though the levels of MDA in PA glands were marginally
higher in experimental groups (F), they were not statistically
significant. In the SM glands, animals treated with fluoride
presented higher levels of MDA production than the control
group. The values were 91%, 110%, and 93% after 6, 12, and
24 h of the NaF injection, respectively (𝑃 < 0.01).

3.2. Specific Activity of CAT in PA and SM Glands after
Treatment with Fluoride. Figure 2 presents the specific activ-
ity of CAT in PA (𝑛 = 6) and SM (𝑛 = 10) glands of
rats, respectively, after injection of 15mg F−/kg b.w. Although,
fluoride exposure promoted a very slight decrease in CAT
activity of PA glands, no significant differences were observed
in any time point within the studied groups. We observed a
discrete increase trend in the activity of CAT in SM glands;
however, it was also not significant (𝑃 = 0.056).

3.3. Total Activity of SOD inPAand SMGlands after Treatment
with Fluoride. Figure 3 shows the total activity of SOD in PA
(𝑛 = 6) and SM (𝑛 = 10) glands of rats, respectively, after
injection of 15mg F−/kg b.w. Once again, fluoride treatment
did not aggravate the activity of SOD in PA glands. As for
SM glands, fluoride induced a different response. SM glands
showed a significant reduction of SODactivity after 1 h (29%),
12 h (26%), and 24 h (40%) of NaF administration (𝑃 < 0.05).
Conversely, a significantly increased activity of SOD (46%)
(𝑃 < 0.05) was observed after 3 h.

4. Discussion

This study assessed the susceptibility of SM and PA salivary
glands to oxidative stress and LPO induced by a single
injection of a low concentration of fluoride over a period
of 24 h. Injections of NaF (15mg F−/kg b.w.) resulted in very
slight alterations in PA salivary glands of rats. SM glands
presented an increase in SOD activity after 3 h and a decrease
of its activity after 1, 12, and 24 h, while LPOwas substantially
increased after 6, 12, and 24 h. Another relevant observation
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Figure 2: Specific activity of CAT in PA (𝑛 = 6) and SM (𝑛 = 10) glands of rats after treatment with a single IP injection of 15mg F−/kg b.w.
in the experimental group (F) and with 0.9% NaCl in the control group (C). Rats were euthanized after 1, 3, 6, 12, and 24 h. No difference was
observed in PA and SM.
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Figure 3: Total activity of SOD in PA (𝑛 = 6) and SM (𝑛 = 10) glands of rats after treatment with a single IP injection of 15mg F−/kg b.w. in
the experimental group (F) and with 0.9% NaCl in the control group (C). Rats were euthanized after 1, 3, 6, 12, and 24 h. No difference was
observed in PA. ∗𝑃 < 0.05 compared to the control group. Different letters show 𝑃 < 0.05 for different time intervals in the same treatment
group.

in our study is that the time period afterNaF injection did not
influence PA gland response as it did on SM gland.

The mechanism by which fluoride produces its effects
has still not been elucidated, and therefore, the manner in
which whole body effects are produced is still unclear [4,
44, 45]. Many studies have proposed that fluoride in varying
concentrations induces increased ROS generation, enhanced
LPO, and impaired antioxidant enzyme defence system in
blood and tissues of experimental animals by interfering with

themajormetabolic pathways of the living system [26, 28, 45–
47].

Antioxidant protection of living organism consists of sev-
eral levels of defensive response activity including enzymes,
proteins, and low-molecular-mass agents [47]. The mito-
chondrial electron transport chain and a variety of cellular
oxidases are the main source of ROS, which are continu-
ously generated as by-products of various intracellular redox
reactions. The primary defences against oxidative injury are
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the antioxidant enzymes that control RS metabolism. One
detoxifying enzyme that counteracts potentially deleterious-
oxidizing agents is superoxide dismutase. SOD converts the
dismutation of superoxide anions (O∙−

2
) to a less reactive

nonradical specie, H
2
O
2
, in the presence of metal ions

(copper and iron). It represents the primary line of ROS
defence, as it prevents further generation of free radicals,
by being highly efficient in catalytic removal of O∙−

2
[17].

Published scientific literature reports that fluoride in varying
concentrations impaired SOD activity in liver, kidney, brain,
thyroid, and cultured cells [19, 26, 27, 29, 44, 45, 48], increased
activity in osteoblasts [49] and effected no change in red
blood cells [5]. In the SM gland particularly, treatment with
fluoride decreased SOD activity after 1, 12, and 24 h and an
increase after 3 h (Figure 3). This increase in SOD activity
after 3 h of NaF administration may suggest an adaptive and
transient response to fluoride intoxication [21]. The loss of
SOD activity may be explained due to the fact that fluoride
ions are among competitive inhibitors of SOD activity and
the reaction rate for fluoride binding to the active site reaches
an equilibrium within a very short period of time [50].
Alternately, it could be attributed to a direct action by fluoride
on the enzyme leading to the diminished ability of the tissues
to handle O∙−

2
radicals [51].

CAT subsequently reduces the H
2
O
2
produced by SOD

to water. Catalase is a hemeprotein, which catalyses a dis-
mutation reaction; one H

2
O
2
is reduced to H

2
O, and the

other oxidized to ground-state O
2
[17]. Authors investigating

the influence of fluoride on the activity of CAT reported
contradictory results. Some studies have reported decreased
[19, 22, 26–29], increased [21], and unchanged [45] CAT
activity. Reddy et al. did not find any difference in the activity
ofCAT in red blood cells of fluoride-intoxicated rabbits [5]. In
this investigation, although no changes were observed for the
activity of CAT in both PA and SM glands over the studied
intervals after fluoride treatment, we did observe a trend
towards enhanced activity in SM glands of the experimental
group (statistically insignificant, 𝑃 = 0.056).

ROS react with antioxidants and attack redox-sensitive
biomolecules. Reactions with these targets result in the cell
damage frequently associated with oxidative stress [18]. They
react with methylene groups of polyunsaturated fatty acids,
initiating the peroxidation ofmembrane lipids and producing
MDA as one of the end products [47]. MDA is considered to
be the most significant indicator of membrane LPO arising
from the interaction of reactive oxygen types with cellular
membranes. Increased LPO fromfluoride toxicitymay be due
to the generation of ROS by high levels of H

2
O
2
being formed

in cells by controlled pathways. H
2
O
2
at high concentration

is deleterious to cells, and its accumulation causes oxidation
of cellular targets such as proteins, lipids, and DNA leading
to mutagenesis and cell death [52]. Removal of H

2
O
2
from

cells is, therefore, necessary for protection against oxidative
damage. In this study, the exposure to a low concentration of
fluoride altered the MDA content in SM salivary glands. A
marked increase in the concentration of MDA was observed
in SM glands of the experimental animals after 6, 12, and
24 h. These data corroborate with many authors who have
observed increased levels ofMDA indifferent tissues and cells

of fluoride-intoxicated animal [19, 21–24, 27–29, 31, 44, 45, 48,
53].

Extensive amounts of available information concerning
the role of fluoride in oxidative stress are inconclusive and
conflicting. Reddy et al. suggested that oxidative stress may
not be directly related to fluoride toxicity but could be a
secondary effect [5]. On the other hand, it is relevant to
state that many other factors could have influenced the
outcome response to fluoride exposure among these studies,
such as diet, route of administration, gender, species, body
weight and age of experimental animals, acid-base status,
and fluoride compound [13]. Rats are more resistant to
fluoride than sheep and rabbits [4]. Younger rats of both sexes
are more resistant than older rats, with females being less
resistant thanmales of the same age [14]. In our investigation,
the dose of 15mg F−/kg b.w. is relatively low and corresponds
to approximately 1/6 of the 24 hour median lethal dose
(LD
50
) for a rat intraperitoneally injected with NaF, which

has been reported to range from 85.5 to 98.0mg F−/kg
[13, 54]. Small amounts of fluoride have been shown to
cause normal plasma fluoride levels to surge and peak to
potentially harmful values [3]. It has been demonstrated
that NaF at a concentration as low as 0.5mg F−/kg increases
cAMP levels in PA gland of rats, altering salivary function
[12]. IP injections of NaF (15mg F−/kg b.w) increased cAMP
concentration in SM gland of rats after 30 and 60min
[55]. The same increased level of cAMP was observed for
PA gland cells of rats incubated 0.01mmol/L of NaF after
10min [56]. Low concentrations stimulate LPO, and at high
and very high concentrations may act as inhibitor of MDA
generation [47]. Xu et al. reported that low concentrations
of fluoride increased activity of antioxidant enzymes and
enhanced LPO in osteoblasts of mice [49]. Moreover, the
different responses found between SM and PA salivary glands
could be possible due to metabolic differences between the
two glands: PA gland metabolism is predominantly aerobic,
and SM glandmetabolism is predominantly anaerobic [57] in
addition to distinct histological characteristics and secretion
end products in each [58]. Nagler et al. reported that PA saliva
secretion presents much higher levels of salivary molecular
and enzymatic antioxidants parameters than SM/SL saliva
[59], which corroborate with our findings, where PA salivary
glands were more able to cope with oxidative stress induced
by NaF exposure than SM gland.

In conclusion, the results observed in this present study
have demonstrated that intraperitoneal administration of a
low concentration dose of NaF caused impairments in the
antioxidant defence system in the salivary glands of exper-
imental animals. Specifically, SOD activity was decreased
while LPO was increased in the first hours after intoxication.
Also significant was that the oxidative stress induced by NaF
intoxication was more pronounced in the SM gland than in
the PA gland.
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Objective. Lipid peroxidation plays a critical role in burn-induced plasma leakage, and ulinastatin has been reported to reduce lipid
peroxidation in various models. This study aims to examine whether ulinastatin reduces fluid requirements through inhibition of
lipid peroxidation in a swine burn model.Methods. Forty miniature swine were subjected to 40% TBSA burns and were randomly
allocated to the following four groups: immediate lactated Ringer’s resuscitation (ILR), immediate LR containing ulinastatin
(ILR/ULI), delayed LR resuscitation (DLR), and delayed LR containing ulinastatin (DLR/ULI). Hemodynamic variables, net fluid
accumulation, and plasma thiobarbituric acid reactive substances (TBARS) concentrations were measured. Heart, liver, lung,
skeletal muscle, and ileum were harvested at 48 hours after burn for evaluation of TBARS concentrations, activities of antioxidant
enzymes, and tissue water content. Results. Ulinastatin significantly reduced pulmonary vascular permeability index (PVPI) and
extravascular lung water index (ELWI), net fluid accumulation, and water content of heart, lung, and ileum in both immediate or
delayed resuscitation groups. Furthermore, ulinastatin infusion significantly reduced plasma and tissue concentrations of TBARS in
both immediate or delayed resuscitation groups. Conclusions. These results indicate that ulinastatin can reduce fluid requirements
through inhibition of lipid peroxidation.

1. Introduction

Burn injury is one of the most severe forms of injuries that
evokes both strong physical and emotional responses, pro-
ducing considerable morbidity and mortality. Data supplied
by the National Center for Injury Prevention and Control
indicate that in 2010 there were 412,256 (133.53/100,000)

nonfatal fire/burn injuries and 3,194 (1.03/100,000) fire/burn
deaths in theUnited States [1, 2].The cost of fire/burn injuries,
including both medical costs and cost of lost productivity,
is very high, costing a total of 7.546 billion dollars in 2000
[3]. Hypovolemic shock can develop rapidly after major
burn injury, and current treatment for burn shock mainly
focuses on maintaining a sufficient tissue perfusion with
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early, adequate fluid resuscitation. Currently, the most wildly
used formula of fluid resuscitation in burn injury is the Park-
land formula, which advocates providing 4mL of Ringer’s
lactate/kg/%TBSA (total body surface area) burned/24 hours
after burn, with one-half of the fluid expected to be infused
over the first 8 hours and the remaining infused over the next
16 hours [4]. However, burn shock can develop and progress
despite fluid resuscitation because much of the infused fluid
leaks into the extravascular space, and sometimes extensive
fluid resuscitation can exacerbate the interstitial edema,
producing life-threatening complication such as abdominal
compartment syndrome [5, 6]. Furthermore, although an
early, adequate fluid resuscitation is practically achievable
under normal conditions, effective treatment is a challenging
issue in mass casualty incidents caused by forces of nature
or by accidental or intentional explosions and conflagrations,
where the environmental conditions, the presence of mass
casualties, and logistic constraints preclude the availability
of intensive fluid resuscitation. Thus, the development of
pharmacologic resuscitation strategies that could reduce the
fluid requirements for burn injury would be beneficial both
in civilian burns or in burn disasters.

Previous studies have indicated that the burn-induced
hypovolemic shock is mainly due to the increase in total body
capillary permeability and the subsequent plasma leakage
[4, 7]. Previous studies also suggest that reactive oxygen
species (ROS) contribute to the increased microvascular
permeability, edema formation, and tissue damage after burn
injury [8–12]. After major injury, the peripheral perfusion
and oxygen are decreased; however, the restoration of oxygen
delivery during aggressive fluid resuscitation will initiate a
deleterious cascade of events that results in the burst of
oxygen radicals and causes lipid peroxidation which influ-
ences numerous cellular functions [13]. Physiological func-
tions of cell membranes change because lipid peroxidation
modifies properties of the membrane such as membrane
potential, fluidity, and permeability to different substance
[14]. Increased plasma and tissue levels of lipid peroxidation
products, such as malondialdehyde (MDA), have been well
documented after thermal injury [13, 15–20]. In addition,
the use of antioxidants has been found to be efficacious in
reducing fluid requirements after burn injury [21–27].

Ulinastatin is a protease inhibitor obtained from human
urine, and it has been reported to have free radical-
scavenging properties in various models [28–30]. Our recent
study also showed that ulinastatin attenuated vasopermeabil-
ity both in vivo and in vitro [31]. The present study tested the
hypothesis that ulinastatinwould attenuate lipid peroxidation
and tissue edema, thereby reducing fluid requirement after
major burn injury in a swine model.

2. Materials and Methods

2.1. Swine Burn Model and Treatment. Forty female, inbred
ChineseWuzhishan miniature swine (4–6 months, 20–25 kg,
purchased from the Institute of Animal Sciences, Chinese
Academy of Agricultural Sciences, Beijing, China) were
used. They were acclimatized in the animal quarter of our

laboratory for two weeks. All the animals were fasted for
16 h, and water was withheld for 4 h before the surgery.
Under anesthesia with intramuscular injection of ketamine
(Gu-Tian Pharmacy, Fu Jian Province, China), animals were
then instrumentedwith a thermodilution catheter of PICCO-
PLUS monitor (Pulsion Co., Germany) in the aorta for
the measurement of hemodynamic variables, and a vascu-
lar catheter was positioned in the superior vena cava for
drawing blood samples and fluid infusion. After surgery, all
animals were monitored for 1 hour to assure hemodynamic
stabilization, and the baseline data were then recorded. The
animals were then infused with 5mg/kg of propofol to assure
adequate anesthesia and were subjected to a 40% TBSA full-
thickness flam burn injury. A urinary catheter was inserted in
the bladder and connected to a commercial urine collection
bag. Animals were given buprenorphine (10micrograms/kg
i.v., Sigma, St. Louis, MO) immediately after burn injury and
every 12 hours thereafter for sedation and pain control. The
animals were kept in special slings for monitoring. All animal
experiments were approved by the Committee of Scientific
Research of First Hospital Affiliated to General Hospital of
PLA, China, and were conducted in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals.

The injured animals were randomly allocated to the
following four groups: immediate resuscitation with lactated
Ringer’s (ILR), immediate resuscitation with lactated Ringer’s
containing ulinastatin (ILR-ULI), delayed resuscitation with
lactated Ringer’s (DLR); delayed resuscitation with lactated
Ringer’s containing ulinastatin (DLR-ULI), and with 10 pigs
in each group. For ILR and ILR-ULI groups, each pig was
infused with 4mL/kg lactated Ringer’s alone or lactated
Ringer’s containing ulinastatin (80,000U/kg) over 30 min-
utes immediately after burn injury, followed by continuous
infusion of lactated Ringer’s, with the infusion rate adjusted
each hour to maintain a urine output of 1-2mg/kg/h. For
DLR and DLR-ULI groups, each swine was initially infused
with 4mL/kg or lactated Ringer’s containing ulinastatin
(80,000U/kg) over 30minutes at 6 hours after burn, followed
by continuous infusion of lactated Ringer’s, with the infusion
rate adjusted each hour to maintain a urine output of 1-
2mg/kg/h. 24 hours after burn injury, a second dose of
40,000U/kg ulinastatin was given simultaneously with con-
tinuous lactated Ringer’s in ILR-ULI and DLR-ULI groups.

2.2. Experimental Measurements. Hemodynamics variables
including mean arterial pressure (MAP), cardiac output
(CO), pulmonary vascular permeability index (PVPI), and
extravascular lung water index (ELWI) were measured using
PICCO-PLUS monitor (Pulsion, Germany).

Net fluid accumulationwas defined as cumulative infused
fluid volume minus cumulative urine output and was mea-
sured hourly as previously described by Dubick et al. [24].

Blood samples were collected for determination of hema-
tocrit and thiobarbituric acid reactive substances (TBARS)
concentration. Hematocri was determined by the clinical
laboratory in our hospital. TBARS were determined as an
index of lipid peroxidation using a commercial kit (Nanjing
Jiancheng Science and Technology Co., Ltd, Nanjing, China)
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Table 1: Hemodynamic variables in MAP, CO, ELWT, and PVPI.

Variables After injury (h)
0 6 12 18 24 36 48

MAP (mmHg)
Group ILR 90.5 ± 6.5 90.2 ± 5.8c 93.6 ± 6.3 91.2 ± 6.1 92.3 ± 6.5 92.6 ± 6.4 96.2 ± 4.9
Group ILR/ULI 89.3 ± 4.4 93.2 ± 6.4d 94.6 ± 5.5 94.2 ± 6.3 93.3 ± 5.2 90.1 ± 4.3 94.0 ± 3.3
Group DLR 91.1 ± 6.6 75.2 ± 3.4 89.2 ± 5.3 96.0 ± 6.2 92.0 ± 5.3 96.3 ± 6.9 93.8 ± 6.8
Group DLR/ULI 90.7 ± 5.3 73.2 ± 4.6 90.6 ± 4.5 91.0 ± 5.7 95.0 ± 5.9 95.1 ± 6.8 94.5 ± 5.5

CO (L⋅min−1)
Group ILR 3.76 ± 0.43 3.66 ± 0.38c 3.39 ± 0.46c 3.61 ± 0.34c 3.88 ± 0.49c 3.78 ± 0.45 3.79 ± 0.47
Group ILR/ULI 3.69 ± 0.44 3.70 ± 0.39d 3.55 ± 0.36d 3.58 ± 0.35d 4.06 ± 0.69 3.87 ± 0.52 3.83 ± 0.57
Group DLR 3.89 ± 0.53 2.66 ± 0.35 2.87 ± 0.40 2.86 ± 0.35 3.07 ± 0.36 3.35 ± 0.45 3.69 ± 0.50
Group DLR/ULI 3.76 ± 0.45 2.70 ± 0.38 3.05 ± 0.28 3.18 ± 0.33b 3.66 ± 0.28b 3.67 ± 0.41 3.80 ± 0.49

ELWI (mL⋅kg−1)
Group ILR 8.13 ± 0.64 11.17 ± 1.15c 11.65 ± 1.54 10.05 ± 1.09c 9.98 ± 0.87 9.56 ± 1.05 9.23 ± 0.56
Group ILR/ULI 8.02 ± 0.62 11.38 ± 1.24d 10.22 ± 0.98a 9.46 ± 1.07 9.23 ± 0.85a 8.76 ± 0.95a 8.48 ± 0.63a

Group DLR 8.15 ± 0.81 13.02 ± 0.86 12.55 ± 1.05 11.89 ± 1.12 10.26 ± 0.57 9.84 ± 0.67 9.68 ± 0.76
Group DLR/ULI 8.14 ± 0.69 13.26 ± 1.04 11.18 ± 0.78b 10.06 ± 0.75b 9.12 ± 0.60b 8.86 ± 0.54b 8.55 ± 0.57b

PVPI
Group ILR 2.71 ± 0.26 3.31 ± 0.37c 3.78 ± 0.30 3.87 ± 0.37 3.82 ± 0.29 3.68 ± 0.35 3.25 ± 0.31
Group ILR/ULI 2.58 ± 0.25 3.28 ± 0.25d 3.32 ± 0.29a 3.13 ± 0.34a 3.01 ± 0.33a 2.98 ± 0.21a 2.90 ± 0.29a

Group DLR 2.57 ± 0.24 4.29 ± 0.51 3.99 ± 0.27 3.78 ± 0.32 3.67 ± 0.34 3.64 ± 0.18 3.44 ± 0.31
Group DLR/ULI 2.68 ± 0.18 4.11 ± 0.14 3.50 ± 0.26b 3.24 ± 0.11b 3.17 ± 0.29b 3.02 ± 0.35b 2.75 ± 0.23b

MAP: mean arterial pressure, CO: cardiac output, ELWI: extravascular lung water index, PVPI: pulmonary vascular permeability index. Data were expressed
as mean ± SD. 𝑛 = 7–10 per time point. aULI versus ILR; bDLR/ULI versus DLR; cILR versus DLR; and dILR/ULI versus DLR/ULI at 𝑃 < 0.05.
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Figure 1: Hematocrit after thermal injury and fluid resuscitation in
pigs. Data were expressed as mean ± SD. 𝑛 = 7–10 per time point.
+ILR versus DLR; $ILR/ULI versus DLR/ULI at 𝑃 < 0.05.

according to manufacturer’s instruction. At 48 hours after
burn, pigs were euthanized, and heart, liver, lung, muscle
and ileum were harvested for determining concentrations of
TBARS, activities of antioxidant enzymes (catalase, copper-
zinc, and manganese superoxide dismutase) using commer-
cial kits (all purchased from Nanjing Jiancheng Science and

Technology Co., Ltd, Nanjing, China). Water content rate of
the harvested tissues was measured in percentage of dry/wet
ratio as previously described [31].

2.3. Statistical Analysis. SPSS 13.0 statistical software was
used, and all results were expressed as mean ± SD. One-way
ANOVAwas used for comparison among all groups, followed
by the Student-Newman-Keuls (SNK) test for comparison
between two groups. Differences were considered to be
statistically significant when 𝑃 < 0.05.

3. Results

3.1. Hemodynamic Variables. After thermal injury, no sig-
nificant changes in MAP or CO in immediate resuscitation
groupswere observed (Table 1).MAP andCOwere decreased
in the delayed resuscitation groups before resuscitation is ini-
tiated. After resuscitation, the MAP and CO in both delayed
resuscitation groups were gradually restored to near baseline
levels; however, the CO was slightly higher in DLR-ULI
group when compared to that of DLR group (Table 1). The
PVPI and ELWI were increased after thermal injury despite
resuscitation; however, ulinastatin significantly attenuated
the increase in PVPI and ELWI both in immediate or delayed
resuscitation groups (Table 1).

There were no significant changes in hematocrit in imme-
diate resuscitation groups after thermal injury (Figure 1). In
delayed resuscitation groups, hematocrit increased after burn
injury due to loss of plasma volume, however, it was returned
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Figure 2: Accumulative urine output (a) and net fluid accumulation (b) after thermal injury and fluid resuscitation in pigs. Data were
expressed as mean ± SD. 𝑛 = 7–10 per time point. ∗ULI versus ILR; #DLR/ULI versus DLR; +ILR versus DLR; and $ILR/ULI versus DLR/ULI
at 𝑃 < 0.05.

to near baseline levels after resuscitation, showing adequate
restoration of plasma volume in both groups (Figure 1).

3.2. Effect of Ulinastatin on Net Fluid Accumulation. After
thermal injury, pigs were given either immediate or delayed
resuscitation with adjusted infusion rate to maintain urine
output between 1 and 2mL/kg/h. Burn injury resulted in
a decrease in urine outputs in both delayed resuscitation
groups before resuscitation; however, when resuscitation ini-
tiated, urine outputs were similar in all groups (Figure 2(a)).
Resuscitation resulted in different extent of net fluid accu-
mulation in all groups; however, ulinastatin significantly
reduced net fluid accumulation both in immediate and
delayed resuscitation groups (Figure 2(b)).

3.3. Effect of Ulinastatin on TBARS Concentrations and
Antioxidant Enzymes Activities. Burn insult and resuscita-
tion resulted in an increase in plasma TBARS concentrations,
which was more prominent in delayed resuscitated animals
early after burn (Figure 3). Ulinastatin significantly prevented
the increase in plasmaTBARS both in immediate and delayed
resuscitation groups (Figure 3). The TBARS concentrations
in different organs, especially in lung and liver tissues, were
lower in ulinastatin-treated animals, although some of them
did not reach statistical significance (Figure 4). However,
activities of antioxidant enzymes (superoxide dismutase and
catalase) in heart, liver, lung, skeletal muscle, and ileum were
similar in all groups (Table 2).

3.4. Effect of Ulinastatin onWater Content in Different Organs.
Ulinastatin significantly reduced the water content of heart,
lung, and ileum in both immediate or delayed resuscitation
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Figure 3: Plasma TBARS concentrations after thermal injury and
fluid resuscitation in pigs. Data were expressed as mean ± SD. 𝑛 =
7–10 per time point. ∗ULI versus ILR; #DLR/ULI versus DLR; +ILR
versus DLR; and $ILR/ULI versus DLR/ULI at 𝑃 < 0.05.

groups (Figure 5). However, there was no significant differ-
ence among all groups in the water content of liver and
skeletal muscle tissues (Figure 5).

4. Discussion

Hypovolemic shock is a key factor influencing the mortality
rate during the early phase of major burn injury. Current
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Table 2: Effect of ulinastatin on tissue antioxidant enzyme activities.

Variables Group Organs
Heart Lung Liver Muscle Ileum

Cu-Zn SOD#

ILR 3.4 ± 0.5 1.3 ± 0.2 16.3 ± 2.2 1.0 ± 0.2 3.2 ± 0.5
ILR/ULI 3.5 ± 0.6 1.2 ± 0.2 17.3 ± 2.5 0.9 ± 0.1 3.1 ± 0.4
DLR 3.8 ± 0.2 1.2 ± 0.3 17.6 ± 1.4 1.1 ± 0.2 2.9 ± 0.4

DLR/ULI 3.2 ± 0.6 1.0 ± 0.3 16.8 ± 1.9 1.0 ± 0.1 3.0 ± 0.3

MnSOD+

ILR 7.9 ± 1.3 1.7 ± 0.3 6.6 ± 0.8 1.2 ± 0.1 2.2 ± 0.3
ILR/ULI 8.6 ± 1.5 1.5 ± 0.3 6.8 ± 0.8 1.3 ± 0.3 2.1 ± 0.4
DLR 8.4 ± 1.4 1.5 ± 0.2 6.3 ± 0.9 1.4 ± 0.2 2.2 ± 0.3

DLR/ULI 8.3 ± 1.4 1.6 ± 0.4 6.6 ± 0.7 1.3 ± 0.2 2.4 ± 0.3

Catalase

ILR 42.6 ± 5.6 54.3 ± 6.2 485.2 ± 73.1 8.6 ± 1.1 34.0 ± 6.5
ILR/ULI 46.6 ± 8.3 57.0 ± 7.5 428.8 ± 63.7 7.6 ± 1.4 37.4 ± 8.5
DLR 47.3 ± 6.1 56.3 ± 4.6 523.5 ± 59.5 8.6 ± 1.3 32.5 ± 4.4

DLR/ULI 42.6 ± 5.7 54.3 ± 6.2 489.3 ± 76.5 8.6 ± 1.4 32.6 ± 5.3
Data were expressed as mean ± SD of units per milligram of protein. 𝑛 = 7–10 in each group.
#Copper zinc superoxide dismutase.
+Manganese superoxide dismutase.
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Figure 4: TBARS concentrations in heart, liver, lung, muscle, and
ileum 48 hours after thermal injury in pigs. Data were expressed as
mean ± SD. 𝑛 = 7–10 in each group. ∗ULI versus ILR; #DLR/ULI
versusDLR; +ILR versusDLR; and $ILR/ULI versusDLR/ULI at𝑃 <
0.05.

efforts to improve burn shock outcomemainly focus on early
and adequate fluid resuscitation. Intensive fluid resuscitation,
however, may exacerbate interstitial edema and cause serious
adverse events, such as abdominal compartment syndrome.
Furthermore, intensive fluid resuscitation from burn shock
is usually difficult in austere environments (battlefield, forest
conflagration, or earthquake) due to the environmental
conditions, the presence of mass casualties, and logistic
constraints. Thus, pharmacologic agents that could reduce
the fluid requirements for burn injury by attenuating plasma
leakage would benefit casualties both in civilian burns or in
burn disasters.

Emerging evidence suggests that lipid peroxidation after
thermal injury plays a critical role in the increase in vascular
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Figure 5: Water content in heart, liver, lung, muscle and ileum 48
hours after thermal injury in pigs. Data were expressed as mean ±
SD. 𝑛 = 7–10 in each group. ∗ULI versus ILR; #DLR/ULI versus
DLR at 𝑃 < 0.05.

permeability and the subsequent plasma leakage [4]. Uli-
nastatin is a protease inhibitor obtained from human urine,
and it has been reported to reduce lipid peroxidation in
various models [29, 32–35]. Our recent study also showed
that ulinastatin attenuated vasopermeability both in vivo
and in vitro [31]. However, it remains unknown whether
ulinastatin treatment would reduce lipid peroxidation and
fluid requirements in swine model of major burn injury.

In this study we adopted a swine model of 40% TBSA
burn injury to investigate the effects of ulinastatin on lipid
peroxidation and fluid requirements. We have shown that in
this swine burn model, ulinastatin treatment attenuates lipid
peroxidation, tissue edema, and net fluid accumulation and
thereby reducing fluid requirements.
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Ulinastatin is a relatively safe drug, and the dosages
from 5,000 to 1,000,000U/kg have been reported in different
animal models [36–38]. In this study, we used a high dosage
of ulinastatin (80,000U/kg in the first 24 hours after burn and
then another 40, 000U/kg in the second 24 hours after burn)
in order to obtain more significant protective effects.

We first evaluated the effects of ulinastatin on fluid
requirements in burnt pigs followed by immediate resusci-
tation or delayed resuscitation in an adjusted rate according
to urine output. The hemodynamic response to burn injury
and resuscitation was similar to previous reports [24, 39, 40].
There was no significant changes in MAP and CO in imme-
diate resuscitation groups. Although there was a reduction
in MAP and CO in delayed resuscitation groups after burn
injury, they were gradually restored to near baseline levels
when resuscitation initiated. Similarly, hematocrit increased
after burn injury due to loss of plasma volume, however,
it was returned to near baseline levels after resuscitation
in delayed resuscitation groups. These results suggest that
adequate restoration of plasma volume was achieved in both
resuscitation strategies. An increase in PVPI and ELWI was
observed after thermal injury despite resuscitation, how-
ever, ulinastatin significantly attenuated the burn-induced
increase in PVPI and ELWI both in immediate or delayed
resuscitation groups. This suggests that ulinastatin could
attenuate burn-induced lung injury and edema which was
supported by other studies [41, 42]. PVPI and ELWI in DLR
and DLR/ULI groups were significantly higher than those in
ILR and ILR/ULI groups at 6 hours after injury when DLR
and DLR/ULI groups were not given fluid resuscitation. It is
possible that ELWI and PVPI are overestimated by PiCCO
systembecause of hypovolemiawhich is one of the limitations
of PiCCO system [43].

In this experiment, the urine output was maintained
at 1-2mL/kg/h by adjusting the infusion rate. Urine output
was similar in animals treated with or without ulinastatin.
However, ulinastatin significantly attenuated the net fluid
accumulation in both immediate and delayed resuscitation
groups. Furthermore, water content of heart, lung, and ileum
was significantly reduced in ulinastatin-treated animals.
These findings, together with previous studies by ours and
others [31, 42], indicate that ulinastatin is able to attenuate the
burn-induced increase in vascular permeability and plasma
volume loss and thereby reducing fluid requirements.

Since free radical-induced lipid peroxidation is suggested
to be implicated in burn-induced increase in vascular perme-
ability and the subsequent plasma leakage [4], ulinastatin has
been reported to reduce lipid peroxidation in variousmodels,
including burn models [29, 32–35, 44]. Thus, we further
investigated whether the protective effects of ulinastatin on
burn-induced increase in vascular permeability and plasma
volume loss were associated with reduced lipid peroxidation.
Wemeasured the plasma and tissue concentrations of TBARS
as an index of lipid peroxidation. In consistent with previous
study [44], we found that burn insult that resulted in an
increase in lipid peroxidation and ulinastatin administration
effectively attenuated the burn-induced lipid peroxidation.
We further measured the antioxidant enzymes activities in
heart, liver, lung, muscle, and ileum harvested at 48 hours

after burn. However, in contrast to previous investigation by
Shimazaki et al. [44], no significant difference in antioxidant
enzymes activities was observed among all groups. Differ-
ences between Shimazaki’s results and ours could be due to
differences in animals, tissues, or time of tissue harvest, and
further study is needed to confirm the effects of ulinastatin
on antioxidant enzymes activities.

5. Conclusions

In summary, ulinastatin, a protease inhibitor, attenuates
burn-induced increase in vascular permeability and net fluid
accumulation and has a therapeutic role in reducing fluid
requirements of thermal injuries. These protective effects of
ulinastatin may bemediated in part through the inhibition of
burn-induced lipid peroxidation.This study offers a potential
small-volume fluid resuscitation strategy in combatingmajor
burn injury.
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There are numerous studies concerning the effect of UVB light on skin cells but fewer on other skin components such as the
interstitial fluid. This review highlights high-density lipoprotein (HDL) and low-density lipoprotein (LDL) as important targets of
UVB in interstitial fluid. Tryptophan residues are the sole apolipoprotein residues absorbing solar UVB. The UVB-induced one-
electron oxidation of Trp produces ∙Trp and ∙O

2

− radicals which trigger lipid peroxidation. Immunoblots from buffered solutions
or suction blister fluid reveal that propagation of photooxidative damage to other residues such as Tyr or disulfide bonds produces
intra- and intermolecular bonds in apolipoproteins A-I, A-II, and B100. Partial repair of phenoxyl tyrosyl radicals (TyrO∙) by
𝛼-tocopherol is observed with LDL and HDL on millisecond or second time scales, whereas limited repair of 𝛼-tocopherol by
carotenoids occurs in only HDL. More effective repair of Tyr and 𝛼-tocopherol is observed with the flavonoid, quercetin, bound
to serum albumin, but quercetin is less potent than new synthetic polyphenols in inhibiting LDL lipid peroxidation or restoring
𝛼-tocopherol. The systemic consequences of HDL and LDL oxidation and the activation and/or inhibition of signalling pathways
by oxidized LDL and their ability to enhance transcription factor DNA binding activity are also reviewed.

1. Introduction

Human skin is chronically attacked by deleterious envi-
ronmental agents such as ultraviolet (UV) light, ionizing
radiation, and air pollutants, for example, ozone. These may
generate free radicals and other reactive oxygen species

(ROS), which—through processes of oxidative stress [1–3]—
can aggravate or even cause many skin disorders including
skin cancers, cutaneous autoimmune diseases, phototoxicity,
and skin aging.

During the last three decades, the incidence of cutaneous
cancers due to exaggerated exposure to solar UV radiation
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has markedly increased as a result of outdoor occupations
and sun-bathing habits. The spectral limit for the solar UV
radiation reaching theEarth is∼295 nm.Thebiological effects
of UV light have led photobiologists to separate the solar UV
spectrum into two domains, namely, UVB (295–315 nm) and
UVA (315–390 nm). While UVA mainly produces oxidative
stress [3, 4], UVB is responsible for both direct photochem-
istry of molecules as well as development of oxidative stress.
At the cellular level, the twomajor early events accompanying
exposure to UVB light are the induction of DNA damage and
lipid peroxidation [5, 6].

Our group—which involves collaboration among der-
matologists, biochemists, chemists, and biophysicists from
several countries—has spent more than 20 years investi-
gating the molecular and cellular aspects of UV-induced
photooxidative stress related to skin pathophysiology. This
review deals with several aspects of our contribution to
dermatological science and to the photobiology of skin.

A full comprehension of all mediators involved in the
response of human skin to UV light requires that the
molecular bases of the multifocal biological effects of the
UV radiation be understood. Not only epidermal cells but
also extracellular skin components have been considered in
our studies. For example, we have been interested in the
effect of UV light on some components of the interstitial
fluid which feeds the dermis and epidermis, as this fluid
plays an essential role inmediating the transport of nutrients,
hormones, essential proteins, and lipids required for cell
growth and differentiation. In addition to studies concerning
the deleterious effects on cells and other components of the
skin, preventive molecular strategies against oxidative stress
have also been developed by searching for new families of
antioxidants.

2. The Lipoproteins of the Interstitial
Fluid: Neglected Mediators of the Action of
the UV Radiation on Skin

Early on, it appeared to us that high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) are important
UVB targets. First, it has been shown that oxidation of some
amino acid residues of lipoproteins such as tyrosine (Tyr),
tryptophan (Trp), and lysine (Lys) leads to apolipoprotein
alterations and lipid peroxidation [7]. Secondly, thanks to
their lipid core, lipoproteins have been shown to be natural
carriers of the essential lipophilic antioxidants, 𝛼-tocopherol
(𝛼TocOH) and carotenoids (Car) [8], which can reduceUVB-
induced oxidative damage in skin [9]. Lastly, apolipoproteins
are known to contain tryptophan (Trp), the only aromatic
residue absorbing solar UVB (but not UVA) susceptible to
UVB-induced photooxidation with subsequent formation of
reactive indolyl radicals and ROS as primary species [10].

HDL and LDL like most other macromolecular compo-
nents of blood can cross vessel walls by a process resembling
ultrafiltration. Thus, the interstitial fluid feeding epidermal
cells can be considered as a serum ultrafiltrate. Therefore,
the concentration of serum proteins in this ultrafiltrate is
determined by their molecular size [11, 12]. That is, the

smaller the lipoprotein size, the greater its concentration in
the interstitial fluid as compared to that in serum. Thus, the
concentration of apolipoprotein A-1 (apoA-I)—a principle
constituent protein of HDL—is about 15 𝜇M, whereas that
of the LDL apolipoprotein B100 (apoB100) is on the order
of 0.4𝜇M. Each of apoA-I and apoB100 contains 4 and
37 Trp residues, respectively. As the indole ring of Trp has
appreciable molar extinction coefficients of 1500M−1 cm−1 at
295 nm and even 510M−1 cm−1 at 300 nm, one may conclude
that the most significant fraction of UVB light absorbance by
lipoproteins occurs in the 120𝜇M of HDL

3
Trp (HDL

3
has 2

apoA-I) compared to the 15 𝜇Mof LDL Trp. For comparison,
the concentration of the single Trp of albumin in the
interstitial fluid is about 160𝜇M.Consequently, in the∼50𝜇m
thick layer of the epidermis reached by the UVB radiation,
the Trp residues of lipoproteins absorb more than half the
quantity of light absorbed by albumin. Thus, despite its large
concentration, albumin cannot be considered as an effective
sunscreen for the lipoproteins. All these data support the
contention that lipoproteinsmust be considered as mediators
in the overall effects of UVB on human skin through the
specific or unspecific interaction of photochemically oxidized
HDL and LDL with human skin cells.

3. The UVB Light Absorption by
Trp Residues Is Responsible for Lipoprotein
Lipid Peroxidation

Upon irradiation of aerated solutions of LDL and HDL
3

with UVB light, Trp residues of apoA-I and apoB100 are
readily destroyed. The quantum yields of Trp photolysis are
5 × 10

−4 and 2 × 10−3 for LDL and HDL
3
, respectively.

This Trp destruction is accompanied by formation of lipid
peroxidation decomposition products as measured by the
thiobarbituric acid assay (TBARS) and by the consumption
of 𝛼TocOH and Car carried by the lipoproteins. On the
other hand, neither Trp destruction nor antioxidant con-
sumption is observed when solutions are irradiated with
the UVA radiation [13]. From UVB radiation data in [14],
demonstrating that the initial rate of Trp destruction and the
corresponding TBARS production are both proportional to
the lipoprotein concentration, it can be deduced that TBARS
production is proportional to the initial rate of Trp photolysis
(Figure 1). Furthermore, since a surfactant will disrupt the
lipid molecular organization necessary to lipid peroxidation,
1% SDS was added to the lipoprotein solution before the
irradiation in subsequent experiments. This addition did
not alter the Trp destruction but suppressed the TBARS
production [15]. As a consequence, it is likely that lipid
peroxidation in lipoproteins results from the Trp photolysis.
The fact that Car are not consumed under UVA irradiation of
HDL and LDL solutions—despite strong absorbance in the
UVA region—suggests that antioxidant consumption under
UVB cannot be solely attributed to direct photobleaching.
One must also consider their consumption while acting as
inhibitors of ROS and of the “dark” radical chain reactions of
the lipid peroxidation. Such chain reactionsmay be sustained
by trace metal ions probably present in the lipoprotein
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Figure 1: TBARS production as a function of the initial rate of
Trp photolysis. TBARS expressed in nmol/mg of protein and the
Trp photolysis initial rate expressed in nM/s have been determined
with air-saturated pH 7 buffered solutions of HDL at concentrations
up to 1 𝜇M. The incident UVB light dose in these experiments was
6.7 J/min. Drawn from data in [14].

preparations. Accordingly, the strong enhancement of postir-
radiation damage at the apolipoprotein level by redox metal
ions demonstrates a synergism between UVB-induced lipid
photoperoxidation and autoperoxidation [13].

The primary process of Trp residue photolysis by UVB
radiation in HDL and LDL is undoubtedly the one-electron
oxidation (e.g., photoionization) of the indole ring with
formation of a neutral Trp radical (∙Trp) as well as a hydrated
electron (𝑒aq) [10, 15]. In aerated solutions, 𝑒aq is scavenged
by O
2
at diffusion-controlled rate in competition with reac-

tions involving endogenous electrophilic residues (i.e., in
less than 200 ns) to produce the superoxide anion whose
dismutation produces H

2
O
2
, making it a primary product

of Trp photolysis [10, 16]. An additional demonstration of
𝑒aq production in one-electron oxidation of Trp residues is
the inhibition of 30% of the TBARS upon saturation of the
lipoprotein solutions with a mixture of N

2
O/O
2
(80/20 v/v).

This transforms approximately 80%of the 𝑒aq (hence of
∙O
2

−)
into strongly oxidizing ∙OH radicals. The ∙OH radicals react
nonspecifically with all constituents of HDL or LDL, not only
unsaturated lipids but also most residues of apolipoproteins
including Trp itself, and a 50% increase of the rate of Trp
destruction is observed upon N

2
O/O
2
saturation [14]. Inter-

estingly, it may be noted that the same ∙Trp radical has been
shown to be involved in the induction of lipid peroxidation,
which occurs during the well-established process of Cu2+-
induced LDL autooxidation. The binding of the redox Cu2+
ions in the vicinity of 7 of the 37 apoB100 Trp residues in LDL
probably catalyzes the Trp autooxidation [17].

4. Propagation of the Photooxidative Trp
Damage to Other Apolipoprotein Sites

The major HDL fraction in human serum is that of HDL
3

composed of twomain irregularly distributed proteins: apoA-
I (MW: 28 kDa) and apolipoprotein A-II (apoA-II, MW:
17.4 kDa). The remaining proteins comprise less than 10% of
the total protein content. On average, 75% of HDL

3
particles

contain 2 apoA-I and 2 apoA-II, while the rest are devoid of
apoA-II. The apoA-II is a dimer of 77 residues connected by
a disulphide bond with no Trp, free Cys, His, or Arg.

It has been long known that free radical formation in
proteins can induce their cleavage or cross-linking [18]. This
rule applies to UVB irradiated lipoproteins as shown in
Figure 2 which demonstrates that HDL apolipoproteins are
strongly altered by such radiation. SDS-polyacrylamide gel
electrophoresis and immunoblots with specific monoclonal
antibodies reveal that the apolipoprotein alteration, which
requires oxygen, occurs after a few minutes of irradiation
at low absorbed light (compare lanes A and B in Figure 2).
The dose rate was 0.4 J/min with an incident dose rate of
6.7 J/min before complete antioxidant consumption [15]. Self-
aggregation of apolipoproteins is a consequence of UVB light
absorption by apoA-I Trp residues as unirradiated samples
do not form aggregates. Dimers of apoA-I or apoA-II and
higher polymers of apoA-I or of both apolipoproteins are
also observed. ApoA-II produces dimers although it cannot
be directly altered by UVB [15]. Similarly, the formation of
high molecular mass apoA-I-containing particles is observed
during the Cu2+-induced oxidation of dialyzed plasma as
obtainedwith isolatedHDL

3
[19]. Further, both proteinmod-

ifications and TBARS formation are inhibited upon addition
of either desferrioxamine (lanes C; Figure 2), a strong Fe(III)
ion complexing agent, or of SDS before irradiation. These
effects occurring after only limited Trp photolysis [13, 14]
suggest that lipid peroxidation and Fenton-type reactions
catalyzed by trace metal ions bound to the lipoproteins play
a key role in these alterations. However, the incomplete
inhibition of these alterations by desferrioxamine suggests
other reaction pathways for the intra- and interapolipopro-
tein cross-linking. The light-induced polymer formation
can result—at least in part—from the propagation of other
primary species related to Trp residue photolysis as ∙Trp
can oxidize intact Tyr residues in LDL [20] to produce the
tyrosyl phenoxyl radical (TyrO∙) through long range electron
transfer reactions [21]. In HDL, Tyr 100 and Tyr 115 are at
sites close to Trp 108 which appears to play a key role in
these alternative pathways. Moreover, basic amino acids that
react with 𝑒aq and disulphide bond are split by 𝑒aq, leading to
additional radical formation. All these apolipoprotein radical
species (noted as ∙apoA-I, ∙apoA-II, or ∙apoB100) can, in turn,
contribute to cross-linking and/or polymer formation during
Trp photolysis.

As oxidized lipoproteins cannot properly perform their
biological functions [22], these results would only be of
interest if they were obtained with absorbed light doses
of physiological significance. The minimal erythemal doses
(MED), that is, the minimum doses required to produce
sunburn, for fair-skinned people are about 40mJ/cm2 at
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Figure 2: Immunoblots of air-saturated solutions of HDL with antibodies specific for apoA-I or apoA-II. Lanes A: unirradiated samples
bubbled with air; lanes B: as in A but irradiated with 6.7 J/min of UVB during the indicated times; lanes C: same as B but the solutions
contained 50 𝜇M desferrioxamine, a strong Fe(III) complexing agent. Adapted from [15].

300 nm, 50mJ/cm2 at 304 nm, and 1000mJ/cm2 at 313 nm
[23]. Since the stratum corneum transmits about 45% and 30%
at 313 nm and 304 nm, respectively, the UVB absorbed in the
∼50𝜇mof the epidermal layer [24] at 1MEDaround 310 nm is
about 50 J/cm3.Thus, considering the light doses used in [15],
for example, 0.1 to 0.2 J/cm3, there is more than enough light
at 1 MED to induce lipoprotein alterations in skin similar to
those reported in this reference.

A convenient stratagem for gathering the interstitial fluid
feeding the dermis and epidermis is to collect blister fluid
(0.7mL) from 2 cm diameter blisters formed by mild suction
(−175mmHg). In our studies, the methodology followed to
demonstrate the oxidativemodifications of apolipoprotein by
a UVB stress in neutral buffered aqueous solutions has been
applied to the suction blister fluid gathered before irradiation
[25]. The 8Trp residues of the two apoA-I of the HDL

3

fraction and the 37 Trp residues of apoB100 absorb practically
80% as much light as absorbed by the single Trp residue
of human serum albumin (HSA). Hence, the HDL and
LDL of the suction blister fluid or of a “reconstituted fluid”
based on protein concentrations reported in [11, 12] may be
readily photooxidized. Such photooxidation leads to a UVB
dose-dependent TBARS formation accompanying Trp loss.
Furthermore, the same apolipoprotein alterations as those
reported with buffered HDL and LDL solutions are observed
with appropriate specificmonoclonal antibodies as illustrated
with apoB-100 of LDL (Figure 3(a)). Incidentally, marked
photocleavage and photopolymer formation also occur in
blister fluid HSA (Figure 3(b), lane 5) [25]. Although HSA
functions as an antioxidant of lipoprotein autooxidation in
vitro [26] and in vivo [27], it is not an effective antioxidant in
the photooxidation of the suction blister fluid.

The TBARS formation as well as the structural modi-
fications of apolipoproteins and HSA in the suction blister
fluid are induced by UVB irradiation of skin at doses well
below 1 MED (see Figure 3 legend). The detection of apoA-
II polymers in Figure 3(b) (lanes 3 and 4) suggests again

the intervention of radical lipid chain peroxidation reactions
which propagate the initial photooxidative damage at the
apoA-I level within the HDL particles present in the suction
blister fluid. Accordingly, the formation of apoB100 polymers
can be attributed to the same reaction sequence [25].

It is of note that, in contrast to buffered solutions of
purified lipoproteins [13], irradiation of the suction blister
fluid with the UVA radiation produces apoA-I polymers,
demonstrating the presence of ROS-producing photosensi-
tizers probably associated with nutrients such as flavins or
resulting from nutrient metabolism products in the undia-
lyzed blister fluid.

5. Time Course of the Repair of
Apolipoprotein Photodamage
by Antioxidants

As noted above, the marked consumption of 𝛼TocOH and
Car at low absorbed doses of UVB irradiation cannot be
attributed solely to their photobleaching. Although Car
strongly absorb UVA (Figure 4), the consumption of Car is
arrested immediately by removing the UVB radiation from
a UVB + UVA light source. This consumption parallels
an immediate production of TBARS [13, 14]. By contrast,
time lags of at least 30min are observed in the Cu2+-
catalyzed autooxidation of lipoproteins (Figure 4), before
TBARS or conjugated diene production which parallels a
marked consumption of carotenoids (see also [29]). The
notable difference in behavior between the UVB-induced
photooxidation and the Cu2+-induced autoperoxidation sug-
gests links between antioxidant consumption and the one-
electron oxidation of Trp residues with UVB irradiation.

Given the pivotal role played by one-electron oxidation of
Trp in the propagation of photooxidative damage to multiple
sites of apoA-I, ApoA-II, and apoB100, it is essential to estab-
lish relationships between the initial Trp photoionization
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Figure 3: Immunoblots of apoB100 and albumin from air-saturated suction blister fluid before and after irradiation withUVB (absorbed light
dose: 12 J/mL). (a) Unmodified apoB100 migration is indicated as apoB100. Lane 1: molecular weight standards; lane 2: unirradiated suction
blister fluid (130𝜇g); lane 3: irradiated suction blister fluid; lane 4: reconstituted blister fluid; lane 5: isolated LDL as reference (prepared from
human serum and irradiated). (b) same as (a) but with 20 𝜇g of proteins. See [25] for full experimental details.

step and reactions which repair UVB-induced damage to
apolipoproteins.

The investigation of kinetics in such reactions requires
the production of ∙Trp concentrations much greater (∼ 𝜇M)
than those obtained under steady-state irradiation (≪pM)
with incident light doses comparable to those used in [13,
15, 25]. In HDL and LDL aqueous solutions, micromolar
∙Trp concentrations can be produced rather selectively by
pulse radiolysis [20], a fast kinetics spectroscopic technique
involving radiolysis of water with a high energy electron pulse
of a few nanosecond duration. Such electrons produce almost
equal yields of ∙OH and 𝑒aq as major radical species with
H∙ atoms as a minor component. Subsequently, ∙Trp radicals
are formed within 50 𝜇s by reaction of Trp residues with
∙Br
2

− radical-anions.These radical-anions are selective, mild
oxidants formed by scavenging the ∙OH radicals with Br−

anions. Most importantly, ∙Br
2

− is the sole radical formed in
N
2
O-saturated solutions, while both ∙Br

2

− and ∙O
2

− radical-
anions are simultaneously produced at almost equal yields in
air- or O

2
-saturated solutions.

Using the pulse radiolysis technique, the transient
absorbance parameters, absorbance maximum (𝜆max) as well
as molar extinction coefficient (𝜀max) at 𝜆max, of the

∙Trp,
TyrO∙, and 𝛼-tocopheroxyl (𝛼TocO∙) radicals have been
measured in the UV-visible spectral regions. With these
parameters kinetics of their formation and/or disappearance
have been determined in lipoprotein aqueous solutions on
time scales extending from microseconds to seconds. The
𝜆max characteristics for ∙Trp, TyrO∙, and 𝛼TocO∙ radicals

are 520 nm, 410 nm, and 430 nm, respectively, while the
corresponding 𝜀max are 1750M

−1 cm−1, 2700M−1 cm−1, and
7100M−1 cm−1, respectively. The 𝛼TocO∙ radical absorbance
also presents a shoulder at 410 nmwith 𝜀max = 4500M

−1 cm−1
[30]. This powerful tool allows one to elucidate and quantify
unknown repair reaction pathways as well as to characterize
the formation and decay of the various radical species in
different lipoprotein microenvironments [20, 31]. Transient
absorbance spectra presented in Figures 5(a) and 5(b) allow
one to clearly identify the different steps of the repair reac-
tions taking place in N

2
O-saturated LDL and HDL solutions

following oxidation with ∙Br
2

− radical-anions. While the
repair of ∙Trp by Tyr residues with formation of TyrO∙
radicals takes place on a time scale of a few hundreds of
𝜇s [20], TyrO∙ radicals are repaired by 𝛼TocOH on longer
time scales with formation of the 𝛼TocO∙. An unrepaired
population of ∙Trp species remains stable for more than
2.5 s. For the repairable damage, the repair reaction can be
schematized as

𝛼TocOH + ( ∙apoA-I, ∙apoA-II or ∙apoB100)

→ 𝛼TocO∙ + (apoA-I, apoA-II or apoB100)
(1)

Due to the extensive structural differences between their two
apolipoproteins, there are notable disparities concerning the
rates of repair in the two lipoprotein particles by 𝛼TocOH.
In oxidized LDL, 𝛼TocO∙ radicals formation is already
completed after 2.5mswith no indication of remaining TyrO∙
transient absorbance (see Figure 5(b)). On the other hand,
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Figure 4: Time courses of Car and 𝛼TocOH consumption. Lower
time scale: carotenoid consumption during Cu2+-catalyzed oxida-
tion of 240 nM of LDL in the absence (e) or presence (◼) of
0.75 𝜇M quercetin. Upper time scale: Car (◻, ) or 𝛼TocOH (�, )
consumption under irradiation of 400 nM of LDL with UVB (◻, �)
or UVA (, ). Drawn from data in [14, 28].

the rate of repair by 𝛼TocOH ismuch slower in oxidizedHDL
(Figure 5(a)) where absorbance of TyrO∙ radicals at their
410 nm maximum and that of the 𝛼TocO∙ radicals at 430 nm
are still visible 2.5 s after the radiolytic pulse [31].

An important structural feature should be noted. Each
LDL particle contains several 𝛼TocOH molecules, whereas
on average there is only one 𝛼TocOH molecule in each 3
to 5HDL particles. This major discrepancy in the average
number of 𝛼TocOH molecules in LDL and in HDL has
two implications. First, there is a much greater intrinsic
probability of TyrO∙ radical repair in the LDL particles
containing 𝛼TocOH, leading to a much faster reaction rate
(1) as evidenced by the rapid disappearance of the TyrO∙
radical absorbance over ∼300 𝜇s (Figure 5(b)). Secondly, the
observation of TyrO∙ transient absorbance at least 2.5 s after
HDL oxidation by ∙Br

2

− results from the absence of 𝛼TocOH
in ∼60% to 80% of the HDL particles, with no repair being
possible in those particles devoid of 𝛼TocOH (Figure 5(a)).
By analogy, it is reasonable to assume that the limited repair of
the TyrO∙ and ∙Trp radicals in the UVB-induced oxidation of
HDL and LDL leads to the permanent damage evidenced by
the immunoblots of Figures 2 and 3 and the oxidation of Trp
residues (Figure 1). Furthermore, the time scale of the various
repair reactions by𝛼TocOHandCar described here after one-
electron oxidation of Trp residues by ∙Br

2

− is consistent with
the kinetics of bleaching observed withUVB photooxidation.

Another interesting feature is revealed in Figure 5(b) by
comparing transient spectra obtained 30ms and 2.5 sec after
oxidation by ∙Br

2

− radical-anions. A bleaching is observed

in the 440–510 nm region corresponding to Car absorption.
Analyses of the kinetics of formation and decay of the𝛼TocO∙
radicals in HDL at 430 nm and of the Car consumption over
a 2.5 s time scale (Figure 6) demonstrate a limited (2%) repair
of 𝛼TocOH by Car according to the following reaction:

𝛼TocO∙ + Car → ∙Car+ +𝛼TocOH (2)

Interestingly, this partial “sparing effect” is only observed
in HDL even though LDL contains 10 times more Car than
HDL [31]. Comparative studies of LDL and HDL

3
by surface

pressure measurements on monolayers [34] and by EPR
with spin labeled fatty acids [35] have demonstrated that the
smaller HDL particles (e.g., ∼9 nm diameter versus 20 nm for
LDL) with lower nonesterified cholesterol and less saturated
phospholipid composition have a more fluid structure. As
a result of increased fluidity and of the interpenetration of
apoA-I within the particle, the full sequence of oxidation and
repair reactions can occur.

6. Sensitivity of 𝛼TocO∙ Radical Decay and
Car Bleaching to the Presence of O2

The effects of oxygen on radical reactions involved in the
formation and repair of oxidative damage in apoA-I and
apoA-II or apoB100 have been considered because of the
obvious relevance to processes in the in vivo environment.
The ∙Trp, TyrO∙, and 𝛼TocO∙ radicals are rather unreactive
with oxygen itself. On the other hand, 𝛼TocO∙ and ∙Trp,
in the free form or in proteins, readily react with the ∙O

2

−

radical-anion. Additionally, 𝛼TocO∙ can directly oxidize Car
but not Trp or 𝛼TocOH itself (see [31] for key references).
However, the complex lipoprotein structure and associated
microenvironments modulate this reactivity. Surprisingly,
∙Trp radicals do not react with ∙O

2

− in LDL or in HDL
suggesting reduced accessibility of the pool of remaining
long-lived ∙Trp radicals to ∙O

2

− in both lipoproteins.
Figures 6(a) and 6(b) show that the 𝛼TocO∙ radical yields

resulting from repair of oxidative damage to apoA-I and
apoA-II as well as to apoB100 are approximately half those
measured under N

2
O saturation; this is consistent with the

expected yields of TyrO∙ and ∙Trp radicals under O
2
satura-

tion. They also show that at short times after the radiolytic
pulse, a portion of 𝛼TocO∙ radical in HDL disappears at an
increased rate while the remainder—represented by at least
50% of the absorbance—is hardly affected by the presence of
∙O
2

− radicals. Thus, from three categories of 𝛼TocO∙ species
identified in these lipoproteins, only two react with ∙O

2

−

presumably by the following repair reaction:

𝛼TocO∙ + ∙O
2

−

+H+ → 𝛼TocOH +O
2

(3)

which leads to partial 𝛼TocOH restoration. Carotenoid
bleaching, accounting for partial 𝛼TocOH repair, is still
observed with HDL (Figure 6(a)) but not with LDL in which
the lack of Car bleaching rules out direct Car oxidation by
∙O
2

− and, thus, penetration of ∙O
2

− into the LDL lipid core.
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Figure 5: (a) Absorbance of apolipoprotein and quercetin radicals in HDL
3
. (�) Transient absorbance spectra of 12.5𝜇M HDL

3
in N
2
O

saturated 10mMpH 7 phosphate buffer containing 0.1MKBr recorded 200ms after oxidation with 3.2𝜇Mof ∙Br
2

− radical-anions. (◻, ◼)The
same but solutions contained 18.75𝜇MHDL

3
, 5𝜇MHSA, and 5 𝜇MQH. Spectra were recorded at 30ms (◻) and 700ms (◼) after oxidation

with 2.9𝜇M of ∙Br
2

− radical-anions. (b) Absorbance of apoB100 and quercetin radicals in LDL. (�) Transient absorbance spectra of 1.6 𝜇M
LDL in N

2
O saturated 10mM, pH 7, recorded 16ms after oxidation with 4.0 𝜇M of ∙Br

2

− radical-anions. (◻, ◼) The same but the solutions
contained 2.4 𝜇M LDL, 5𝜇M HSA, and 5 𝜇M QH. Spectra were recorded at 30ms (◻) and 1.2 s (◼) after oxidation with 3.2 𝜇M of ∙Br

2

−

radical-anions. Redrawn from data in [32].
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Figure 6: (a) Decay of transient absorbance of 𝛼TocO∙ radicals at 430 nm (�,⬦) and bleaching of the carotenoid absorbance at 470 nm (◻,)
after oxidation of 20 𝜇MHDL by ∙Br
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O (◻,�) and O
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(⬦,

). (b) Transient absorbance changes measured at 430 nm and 470 nm for solutions containing 1.6𝜇MLDL. In (a) and (b), [ ∙Br
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−

] = 3.0 𝜇M
for N
2
O-saturated solutions and [ ∙Br

2

−

] = 5.0 𝜇M for O
2
-saturated solutions (see [31] for full experimental details).
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7. Polyphenols as Effective Antioxidants
in Repair of Oxidative Damage to
Apolipoproteins: Restoration of 𝛼TocOH
by Albumin-Bound Quercetin

Given the particular role attributed to flavonoid-type antiox-
idants in the control of atherogenesis [36], it is of apparent
interest to determine whether quercetin (QH)—when bound
to its physiological carrier, HSA [37]—may supplement the
incomplete repair of apolipoprotein damage in HDL

3
and

LDL by endogenous 𝛼TocOH and may thus ameliorate the
subsequent biological consequences of skin irradiation.

The transient absorbance spectra observed thirty mil-
liseconds after the radiolytic pulse inN

2
O-saturated solutions

of HDL
3
and LDL containing 5 𝜇M QH and 5 𝜇M HSA

are shown in Figures 5(a) and 5(b). In these figures, the
transient absorbance spectrum of the ∙Q radical, that is, the
semioxidizedQHmolecule, appears as a very broad spectrum
extending from the near UV to the far red. The formation
of ∙Q radicals also accounts for the bleaching of the QH
absorption in the near UV region. Hence, kinetic analyses
may be most conveniently performed in the red region at a
wavelength with no contribution from the absorbance of the
TyrO∙, ∙Trp, and 𝛼TocO∙ radicals or fromQH bleaching [38].

In the minor fraction of HDL
3
containing 𝛼TocOH,

the semioxidized species, TyrO∙ is repaired by endogenous
𝛼TocOH, generating 𝛼TocO∙ radicals. In addition, two pop-
ulations representing 80% of 𝛼TocO∙ initially formed are
repaired over a 3-second time scale by quercetin bound to
HSA at physiologically relevant concentration. In contrast to
the intramolecular repair reaction by the endogenous antiox-
idants leading to 𝛼TocO∙ or ∙Car+ formation [31], the HSA-
bound ∙Q radicals are formed by intermolecular reaction
implying collision between HSA and the lipoproteins.

In the major fraction of HDL
3
particles lacking 𝛼TocOH,

both TyrO∙ and ∙Trp are repaired by free and HSA-bound
quercetin. In LDL particles, all of which contain 𝛼TocOH,
𝛼TocO∙ radicals are formed on the millisecond time scale
by the repair of TyrO∙ radicals produced in apoB100. Subse-
quently, 75% of initial 𝛼TocO∙ are repaired by HSA-bound
quercetin over a time interval of seconds. In summary, the
following repair reactions have been demonstrated:

TyrO∙ +QH → Tyr + ∙Q (4a)

𝛼TocO∙ +QH → 𝛼TocOH + ∙Q (4b)
∙Trp+QH → Trp + ∙Q (4c)

Once the major reactions have been characterized in de-
aerated solutions, the intervention of O

2
in these reactions

can be analyzed. First, it should be noted that the ∙O
2

−

radical-anion can readily oxidize QH with high rate constant
[32] according to

QH + ∙O
2

−

+H+ → ∙Q+H
2
O
2

(5)

The transient absorbance spectra observed in O
2
-

saturated solutions of HDL
3
and LDL containing 5 𝜇M QH

and HSA are similar to those obtained in the absence of
oxygen. In addition to the direct reduction of the ∙O

2

−

radicals (5), the reactions (4a), (4b), and (4c) observed in de-
aerated solutions also occur. The fraction of 𝛼TocO∙ radicals
(more than 50%) not repaired by superoxide radical-anions
can be repaired by HSA-bound quercetin with formation of
∙Q but to a much lesser extent in LDL than in HDL [38].

The extensive repair of oxidative damage to lipoproteins
by QH is particularly interesting as QH exists in plasma as
conjugated derivatives with antioxidant activities comparable
to or exceeding that of unconjugated QH [39].

Several recent studies suggest that newly synthesized
flavones such as 3-alkyl-3,4,5,7-tetrahydroxyflavones [28] or
hydroxyl-2,3-diarylxanthones [40] are much more effective
antioxidants than QH in the Cu2+-induced LDL oxidation
model [28] or in restoring 𝛼TocOH [40]. Because of their
obvious relevance to dermatology and/or possible cosmetic
applications, such new antioxidants merit further evaluation.
Unfortunately, it should be recalled that antioxidants—for
example, QH—may be either pro- or antioxidant under some
experimental conditions in the Cu2+-induced LDL oxidation
model [29]. It is known that contrasting behaviours may be
exhibited among the flavonoid molecules closely related to
QH. For example, flavanol catechin, flavonol QH, and the
flavones luteolin and rutin effectively protect human skin
fibroblasts against the photooxidative stress induced by UVA
alone or in the presence of a photosensitizer. By contrast,
the isoflavones genistein can aggravate the photodamage
[41]. Thus, the efficacy of antioxidants introduced by natural
nutrition or supplementation is still under debate [42].

8. Putative Biological Consequences of
UVB-Induced Lipoprotein Oxidation

The present review illustrates that photooxidation and
autooxidation of serum lipoproteins share common mech-
anisms although they occur on quite different time scales.
These involve the direct oxidation of Trp residues with propa-
gation of damage to other residues such as Tyr and induction
of lipid peroxidation leading to formation ofmultiple TBARS.
These, in turn, can react with free amino groups of the
apolipoproteins. For example, aldehydic end products of lipid
peroxidation react with Lys residues responsible for LDL
binding to their cell receptors. Furthermore, both oxidation
modes lead to consumption of vitamin E and Car, the natural
antioxidants that lipoproteins carry in human serum.Amajor
difference between photo- and autooxidation is that HDL
is strongly altered by light, owing to its large excess in
the interstitial fluid as compared to LDL. As a result, this
oxidizedHDL cannot properly fulfil one of itsmost important
functions, the protection of LDL from autooxidation [43].
Furthermore, the radical chain reactions of lipid peroxida-
tion produce prostanoids with vasoconstrictive activity and
platelet aggregation potency [44].

Beside systemic effects, lipoprotein oxidation induces or
impairs numerous crucial cell physiological responses. For
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Figure 7: Immunoblots using specific antibodies for ERK, phospho-ERK, Akt, phospho-Akt, and electrophoretic mobility shift assays
showing the concentration-dependent effect of oxidized LDL (oxLDL) in presence (Ins) or absence (−Ins) of insulin on signalling kinases
ERK and Akt (A) and on transcription factors AP1 and NF𝜅B (see full experimental details in [33]).

instance, we have shown that oxidation of HDL by various
sources of oxidative stress decreases cholesterol efflux from
human cultured fibroblasts. The reduced ability of HDL
to remove intracellular cholesterol pools and to bind to
their receptors has been attributed to apoA-I and apoA-II
alterations involving Lys and Trp residues [45].

In the case of oxidized LDL—depending on the degree of
alterations of the apoB100—either an imperfect recognition
by its receptor or a direct scavenging by macrophages is
observed. As a result, more or less oxidized LDL cannot
precisely regulate cholesterol uptake and synthesis by cells
[7, 22]. Additionally, it must be noted that irradiation of
cultured human fibroblasts with UVA decreases the uptake
and degradation of native LDL [46]. Most importantly,
oxidized LDL (and presumably photooxidized HDL) inhibits
cell migration [7]. These oxidized species are cytotoxic and
can induce apoptosis of normal or tumour cells, probably
by transferring radical damage from the lipoproteins to cell
targets [47].This ability to induce apoptosis is consistent with
activation and/or inhibition of signalling pathways such as
signalling kinases (PKC, MAPK) by oxidized lipoproteins or
with the ability of oxidized lipoproteins to enhance the DNA
binding activities of transcription factors such as NF𝜅B, AP,
and STAT1/3 (see [33] and references therein).

The inhibition of insulin (Ins) signalling by oxidized
LDL in cultured human fibroblasts is an excellent system to
illustrate these properties as these cells have a wide range
of biological responses to this hormone [48]. As shown in
Figure 7(a), oxidized LDL by itself increases phosphorylation
of the signalling kinase ERK but not that of PKB/Akt. In
addition, it stimulates the DNA binding activity of AP1
and NF𝜅B transcription factors (Figure 7(b)). Furthermore,
oxidized LDL prevents the activation of the Ins-signalling
pathway by inhibiting the Ins-induced phosphorylation of
ERK and PKB/Akt and the activation of AP1 and NF𝜅B.
All these altered signalling events are partially restored by
𝛼TocOH, demonstrating that the oxidative stress generated
by oxidized LDL has a negative effect on the Ins-signalling
pathway which is independent of the Ins-induced ROS
formation [33].

9. Conclusions

The main reasons for the paucity of studies addressing the
effects of UVB on the interstitial fluid—as compared to
the innumerable ones on skin cells—are probably due to
the difficulties in obtaining samples large enough through
suction blister fluid collection compared to ready accessibility
of skin cells. The analysis of the effects of UVB radiation on
major lipoproteins (LDL, HDL) of the interstitial fluid, which
bathes the epidermis, demonstrates that to achieve a full
understanding of the skin aging process, this medium should
not be ignored. Further, the need for such understanding
is supported by data which have established the primary
processes leading to 𝛼TocOH and Car consumption after
propagation of initial radical damage from Trp residues
to other apolipoprotein residues as well as to the lipid
core. This review illustrates that, in addition to systemic
effects, UVB-induced alterations of proteins of the interstitial
fluid maymake consequential contributions to inflammation
and degenerative processes of skin exposed to UVB attack.
Moreover, the local and systemic perturbations reported
here concern normal skin. They may also contribute to the
mechanism of action and long-term adverse effects observed
with the UVB phototherapy of chronic inflammatory skin
diseases such as psoriasis and atopic dermatitis [49, 50].
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Oxidative stress plays a critical role in the pathophysiology of a wide range of diseases including cancer. This view has broadened
significantly with the recent discoveries that reactive oxygen species initiated lipid peroxidation leads to the formation of potentially
toxic lipid aldehyde species such as 4-hydroxy-trans-2-nonenal (HNE), acrolein, and malondialdehyde which activate various
signaling intermediates that regulate cellular activity and dysfunction via a process called redox signaling. The lipid aldehyde
species formed during synchronized enzymatic pathways result in the posttranslational modification of proteins and DNA leading
to cytotoxicity and genotoxicty. Among the lipid aldehyde species, HNE has been widely accepted as a most toxic and abundant
lipid aldehyde generated during lipid peroxidation. HNE and its glutathione conjugates have been shown to regulate redox-sensitive
transcription factors such as NF-𝜅B and AP-1 via signaling through various protein kinase cascades. Activation of redox-sensitive
transcription factors and their nuclear localization leads to transcriptional induction of several genes responsible for cell survival,
differentiation, and death. In this review, we describe the mechanisms by which the lipid aldehydes transduce activation of NF-𝜅B
signaling pathways that may help to develop therapeutic strategies for the prevention of a number of inflammatory diseases.

1. Introduction

Lipid peroxidation-derived aldehydes (LDAs) have been
implicated in a number of oxidative stress-induced inflam-
matory pathologies such as diabetes, metabolic syndrome,
vascular and neural degeneration, liver and kidney toxicity,
cancer, retinopathy of prematurity, aging, and ischemia [1–
12]. LDAs such as malondialdehyde (MDA), 4-hydroxy-2-
nonenal (HNE), and acrolein are generated upon degradation
of lipid peroxides subsequent to free radical-induced perox-
idation of membrane lipids, particularly the polyunsaturated
fatty acids, in the biological membranes [13, 14]. Arachidonic
acid present in the biological membranes is predominantly
susceptible to free radical attacks due to the presence of
unsaturated bonds and is the primary source of LDAs. LDAs
are relatively more stable as compared to free radicals such as
oxygen and hydroxyl free radicals and act as highly reactive
electrophilic molecules [13]. Quantitatively, while HNE and
MDA are themost abundant aldehydes formed subsequent to

lipid peroxidation, acrolein is themost reactive one.However,
LDAs in general, have a tendency to react readily with the
nucleophiles including thiols and amines containing cellular
macromolecules such as proteins, and nucleic acids leading
to cellular damage and accumulation of chemically altered
macromolecules [15, 16]. In various disease states conjugates
of LDAs with proteins and nucleic acids have been identified;
for example, HNE-protein adducts were detected in mitotic,
necrotic, and apoptotic cells in brain tumor tissues [17]. LDAs
can act as toxic secondary messengers to propagate redox
signals leading to cellular and tissue injury [18–20].

HNEgenerated from the peroxidation of arachidonic acid
is highly toxic and themost abundant LDA in the living tissue
reaching a reported concentration of up to 10 nanomol/g
tissue [13]. Its in-situ concentration plays a key role in the
cell growth, death, and differentiation. HNE has been shown
to exert marked biological effects by affecting and altering
cellular signaling events, modifying and damaging protein
andDNA, eventually leading to cytotoxicity and pathogenesis



2 Oxidative Medicine and Cellular Longevity

LH + ∙OH L∙ + H2O
L∙ + O2 LOO∙

LOO∙ + LH LOOH + L∙

L∙ + L∙ L-L
L∙ + vitamin E

(1) Initiation:
(2) Propagation:

(3) Termination:
Vitamin E∙ + LH

Figure 1: Three reaction steps in free radical initiated lipid (LH)—
peroxidation leading to the formation of reactive lipid molecules
(LOO⋅) that form lipid-derived aldehydes such as HNE, acrolein,
MDA, and HHE.

[18, 19]. Similar effects have been reported for acrolein as well
[21–23]. In this review, we have discussed the mechanism
of production of LDAs and their roles in regulating the
inflammatory signals that activate redox-sensitive transcrip-
tion factors such as NF-𝜅B.

2. Oxidative Stress and Lipid Peroxidation
In aerobes, varieties of highly reactive chemical entities are
formed as the by-product of the oxygen utilization which is
collectively termed as reactive oxygen species (ROS) [24, 25].
The ROS include superoxide anion (O

2

−
), hydroxy radical

(OH⋅), nitric oxide radical (NO⋅), and their by-products (e.g.,
hydrogen peroxide, H

2
O
2
). A constant flux of ROS caused

by acute or chronic inflammatory diseases or environmental
stresses leads to a state ofmoderately increased levels of intra-
cellular ROS resulting in a condition referred to as oxidative
stress [26]. The eukaryotic cells are evolutionarily evolved to
modulate the oxidant levels in a highly efficient manner by
maintaining sufficient antioxidant levels, induction of new
gene expression and protein modification, and tightly regu-
lating their redox status within a narrow range [27]. However,
in the event of persistent exposure to the oxidants and other
toxic agents, excessive ROS are produced that are capable
of causing oxidative damage to biomacromolecules such as
peroxidation of membrane lipids, oxidation of amino acid
side chains (especially cysteine), formation of protein-protein
cross-links, oxidation of polypeptide backbones resulting
in protein fragmentation, DNA damage, and DNA strand
breaks [28, 29]. Out of all these events, the formation of lipid
peroxidation products is highly damaging because it leads
to widespread free radical reactions besides compromising
the membrane integrity leading to loss of cell function and
eventually results in severe cytotoxicity thatmay either lead to
uncontrolled cell growth (neoplasia) or cell death (apoptosis)
[30, 31].

The process of lipid peroxidation includes several chem-
ical reactions or steps such as initiation, propagation, and
termination (Figure 1) [32].The first step of lipid peroxidation
that is, initiation, includes hydrogen atom abstraction by
free radicals such as hydroxyl (⋅OH), alkoxyl (RO⋅), peroxyl
(ROO⋅), and HO

2

⋅. The initial reaction of ⋅OH with polyun-
saturated fatty acids produces a lipid radical (L⋅), which in
turn reacts with the molecular oxygen to form a lipid peroxyl
radical (LOO⋅) in the propagation reaction.The LOO⋅ species
then acquire a hydrogen atom from the neighboring fatty
acid molecule and produce a lipid hydroperoxide (LOOH)
and simultaneously generate a second lipid radical [32]. The
LOOH can further be cleaved by reduced metals, such as

Fe++, forming a lipid alkoxyl radical (LO⋅). In addition,
LOOH may also break down into the reactive aldehyde
products or LDAs including MDA, HNE, ONE, 4-HHE,
and acrolein in the presence of reduced metals or ascorbate
[13, 33, 34]. A chain reaction sets in which both alkoxyl and
peroxyl radicals stimulate lipid peroxidation by abstracting
additional hydrogen atoms from neighboring lipid molecules
[33–35]. This results in the disruption of major chunk of
cell membrane lipids that disturbs the assembly of cell
membrane causing alterations in membrane fluidity and
permeability, alterations of ion transport, and suppression
of metabolic processes [36]. The final and third step is the
termination which involves the formation of a hydroperoxide
which is achieved by reaction of a peroxyl radical with 𝛼-
tocopherol, a lipophilic chain-breakingmolecule found in the
cell membrane. Termination could also be achieved when
a lipid radical (L⋅) reacts with lipid peroxide (LOO⋅) or
when two peroxide molecules combine together and result in
nonreactive species LOOL or hydroxylated derivative (LOH),
respectively, which are relatively stable. Some of the lipid
peroxides could also react with the membrane proteins that
result in the termination [37, 38].The propagation reaction is
self-sustaining and continues unabated until the substrate is
consumed or the termination reaction sets in by antioxidants
or free radical quenchers [38]. Thus, being a self-sustaining
process, lipid peroxidation amplifies the effects of the original
free radical and results in extensive tissue damage.

Lipid peroxidation, an indicator of oxidative stress in
cells and tissues, is a well-defined mechanism of cell injury.
Peroxidation of membrane lipids has been shown to generate
toxic and unstable biomolecules such as reactive carbonyl
compounds including LDAs. These highly reactive elec-
trophiles readily react with cellular proteins and nucleic acids,
and also activate signaling cascade molecules and activate
transcription factors thus causing inflammation (Figure 2).
The cells have elaborate mechanisms to handle the excessive
levels of LDAs which include enzymes that detoxify the
LDA by reducing them to respective alcohols, for example,
aldose reductase (AR) and aldehyde reductase or by oxidizing
them to acids, for example, aldehyde dehydrogenase. Most
of the unsaturated LDAs such as HNE and acrolein are
also metabolized through forming GS-LDAs. Some of the
glutathione-S-transferase (GST) isozymes such as human
GSTA4-4 and GST5-8 have been shown to significantly
catalyze the conjugation of HNE. Several studies indicate
that regulation of enzymatic activity of GSTs could modulate
the cytotoxicity associated with the HNE [39–41]. Further,
LDAs also readily react with cellular glutathione (GSH)
forming GS-LDA conjugates which further get reduced into
GS-lipid alcohols and transported out of the cells. Recently,
our laboratory has extensively presented evidence that AR-
catalyzed GS-LDAs could mediate the activation of redox-
sensitive transcription factors.

3. NF-𝜅B and Cell Signaling

NF-𝜅B is a family of transcription factors that regulate expres-
sion of numerous genes and play important roles in immune
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and stress responses, inflammation, and apoptosis [42–45].
There are five known proteins which come together as sub-
units to constitute the transcription factor NF-𝜅B. These are
subunits p50 (derived from p105), p52 (derived from p100),
p65 (RelA), c-Rel, and RelB. These subunits, ubiquitously
expressed in mammalian cells and highly conserved across
the species, can either form homodimer or heterodimer to
form biologically active molecule of NF-𝜅B, which translo-
cates to the nucleus upon phosphorylation and transcribes
various genes [46]. Activation of NF-𝜅B via canonical
or noncanonical pathways is an important mechanism to
regulate the body’s immune and inflammatory responses
[47]. Various pathogens, oxidants, cytokines, chemokines,
and growth factors either via specific receptors or general
oxidative stress induce the molecular signals that eventually
lead to activation of a redox-sensitive transcription factorNF-
𝜅B [48]. Once activated either via canonical or noncanonical
pathway, NF-𝜅B enters nucleus where it binds to the kB
DNA binding sequence and transcribes various genes for
cytokines, chemokines, and other inflammatorymarkers.The
expression of a large number of genes involved in apoptosis,
cell growth, survival, differentiation, and immune response
is regulated by NF-𝜅B, which is associated with an array
of diseases such as autoimmune, cancer, and inflammatory
diseases.

4. Lipid Aldehydes in NF-𝜅B Mediated
Cell Signaling

Increasing evidences suggest that aldehyde molecules gen-
erated endogenously during ROS-induced process of lipid
peroxidation are involved in most of the pathophysiological
effects associated with oxidative stress in cells and tissues
[49, 50]. Though previously held view implied that lipid per-
oxidation products only elicit damage, more recently evolved
paradigm suggests that their impact could bemore varied and
dependent upon factors including the species, concentration
and the protein targets involved [51–53]. Increasing number
of studies now implicate LDAs in regulating oxidant-induced
cellular signaling [54–56]. The lipid aldehydes regulate cel-
lular functions by interacting with the specific proteins
covalently and non-covalently [57–59]. For example, protein
adducts are formed through the reaction of lipid aldehydes
with nucleophilic protein constituents, including amino acid
residues such as cysteine, lysine, and histidine, resulting in
Schiff base formation [60, 61]. Michael addition is another
mechanism of protein adduction, where thiolate groups of
cysteine residues react with electrophilic carbons present
in 𝛼-𝛽 unsaturated carbonyls. The most simple oxidation
products containing this reactive group, resulting from 𝛽-
scission, include 4-HNE and acrolein. Please refer to few
reviews available on the covalent reactivity of𝛼-𝛽unsaturated
carbonyls with cellular biomolecules [57–61] for detailed
information.

LDAs have been shown to regulate various signaling
pathways initiated by cytokines, chemokines, and growth
factors. HNEhas been shown to regulatemany PKC isozymes
depending upon its in situ concentration. For example, in rat
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Figure 2: Contribution of lipid peroxidation-derived aldehydes in
various disease complications.

hepatocytes low concentrations of HNE (0.1–1 uM) activate
PKC beta1 and beta2 isozymes while higher concentrations
of HNE (1–10 uM) inhibit PKC beta isozymes [62]. Further,
PKC delta activity was inhibited by low concentrations of
HNE (0.1 uM) and increased by high concentration of HNE
(>1 uM; [63]). Although it is not clear how PKC isozymes
are differentially regulated by HNE, it is possible that HNE
could target upstream signals of PKC such as PLC and DAG
which in turn may activate PKC isozymes. In addition to
PKC, HNE can also regulate other kinases such as MAPK,
ERK, and JNK indirectlyby activating upstream kinases or
directly by interacting with kinase active domains. Parola et
al. [64] indicated that HNE could directly form conjugate
with JNK which is responsible for histone modification
and subsequent nuclear translocation. On the other hand,
Song et al. [65] reported that HNE could activate JNK via
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activating an upstream kinase called stress-activated protein
kinase kinase-1 (SPKK1). Similarly, HNE activates ERK via
activating MEK1/2 and P38MAPK via activating MKK3/6
[66, 67]. However, it is not clear howHNE activates upstream
kinases of ERK andMAPK. HNE could also activate receptor
tyrosine kinases such as EGFR and PDGFR through direct
conjugation [68].

The cell signaling pathways activated by LDAs include
noncovalent mechanisms that involve binding to a pro-
tein receptor and covalent mechanisms that modify protein
kinases directly. The direct interaction of LDAs with protein
kinases such as SRC and PLC could change cellular calcium
signaling and alter in-situ cation mobilization leading to
activation of the caspases involved in cell death. Vatsyayan
et al. [6] have shown that HNE besides being cytotoxic, at
lower doses it triggers phosphorylation of epidermal growth
factor receptor (EGFR) and activation of its downstream
signaling components ERK1/2 and AKT which are known
to be involved in cell proliferation. Similarly, Chaudhary
et al. [69] concluded that HNE could evoke signaling for
defense mechanisms to self-regulate its toxicity and simul-
taneously may affect multiple signaling pathways through
its interactions with membrane receptors and transcription
factors/repressors [57]. Dwivedi et al. [70] suggested that
HNE has concentration-dependent opposing effects to cell
death and growth. This report indicates that constitutive
levels of HNE are needed for normal cell functions and low
levels of HNE promote proliferative machinery while high
levels promote apoptotic signaling. Further, they suggested
that HNE can modulate ligand-independent signaling by
membrane receptors such as EGFR or Fas (CD95) and
may act as a sensor of external stimuli for eliciting stress-
response, suggesting a key role of HNE in cellular signaling
[70]. Furthermore, our laboratory has presented numerous
evidences [71–73] that GS-LDAswhen enzymatically reduced
by AR, become important secondary messengers to activate
signaling molecules that eventually leads to activation of NF-
𝜅B via yet unknown mechanism (Figure 3). The regulation
of NF-𝜅B activation is the key for LDAs to modulate various
inflammatory pathologies. Since NF-𝜅B transcribes various
proinflammatory cytokines, growth factors, cell survival pro-
teins, structural proteins, and apoptotic proteins, regulation
of intracellular concentrations of LDAs could be novel strat-
egy to prevent inflammatory complications. Indeed, recent
studies indicate that enzymes that regulate LDAs generation
or participate in their metabolism could actually prevent
pathological effects of LDA-induced inflammatory complica-
tions [2–5, 73].

5. Activation of NF-𝜅B under Oxidative Stress

Increased oxidative stress is a hallmark of inflammatory
diseases such as those caused by infections, xenobiotics,
environmental pollutants, and those of autoimmune etiology,
and ROS is an essential mediator of intracellular signaling
under a variety of conditions [74–79]. Several lines of evi-
dence suggest that ROS mediates the activation of redox-
sensitive transcription factors such as NF-𝜅B and AP1, which
in turn stimulate the expression of an array of inflammatory

cytokines and chemokines genes [80, 81]. These evidences
largely suggest the use of a variety of antioxidants that inhibit
NF-𝜅B activation and also antioxidant enzymes which are
overexpressed as a counter mechanism to bring down the
NF-𝜅B activation. Excessive and unrestrained production of
inflammatory mediators causes cytotoxicity in an autocrine
and paracrine manner. Among various redox-sensitive tran-
scription factors such as NF-𝜅B, AP1, CREB, ERF2, NFAT,
and ATF2 that are activated by increased ROS levels, NF-𝜅B
has been extensively studied and is implicated inmany oxida-
tive stress-induced inflammatory diseases [45–49]. Activa-
tion of NF-𝜅B under oxidative stress has been noticed in
a number of inflammatory complications. However, how
exactly ROS activates various protein kinases upstream to
NF-𝜅B is not known clearly. In the preceding section, we
presented evidence that suggests that ROS-generated HNE
and other LDAs may directly or indirectly activate upstream
kinases including tyrosine receptor kinases [6, 68].

We and others have also presentedmany evidences which
implicate ROS-induced lipid peroxidation products such as
lipid aldehydes in the activation of signaling cascade that
eventually activates NF-𝜅B [70, 73, 82, 83]. Indeed, ROS-
induced lipid peroxidation has been proposed to be major
contributor in the pathophysiology of many inflammatory
disorders. HNE, generated by a number of oxidative stress
conditions inducing etiologies including bacterial infection,
xenobiotics, environmental pollutants, and autoimmune dis-
orders, is one of the highly abundant and toxic lipid aldehydes
[84]. Acrolein is another highly reactive species generated
both exo- and endogenously. Depending upon their respec-
tive concentrations both HNE and acrolein elicit phenotyp-
ically varied outcomes. Both are known to activate various
upstream kinases including MAPK and PKC [71, 82, 85–89],
thus enzymes that either regulate or metabolize HNE could
be mediators of oxidative stress signals. Modification of mul-
tiple cytoskeletal proteins and the activation of MAPKs and
ROS-sensitive transcription factors by HNE metabolizing
enzymes have been demonstrated by various investigators [71,
82]. Further, growth factors and cytokine-induced increased
generation of ROS could be an essential step for cell growth
because overexpression of antioxidants such as catalase and
super oxide dismutase (SOD) or treatment with antioxidants
such as N-acetylcysteine (NAC) are known to diminish
growth factor and cytokine-stimulated cell growth or death
[90, 91]. Many studies have indeed indicated that ROS
themselves can act as toxic messengers that activate NF-𝜅B
and affect the cellular functions of growth factors, cytokines
and other molecules [92, 93].These evidences clearly indicate
that various stimulants and oxidants activate redox-sensitive
transcription factors including NF-𝜅B by generating ROS
which in turn generate other secondary messengers such
as lipid aldehydes that phosphorylate upstream signaling
kinases.

6. Modulation of Oxidative Stress and Lipid
Aldehydes Signals by Antioxidants

In oxidative stress-induced inflammatory diseases, antioxi-
dant status of the tissues undergoes severe alteration leaving
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Figure 3: Regulation of lipid aldehyde-induced inflammatory signaling by aldose reductase.

the cells overexposed to oxidative free radicals. The lipid
peroxidation caused by increased ROS continues unabated
leading to generation of further more free radicals and
in this way a vicious cycle continues which results in the
establishment and progression of the disease [94]. The cells
are endowed with antioxidant system which includes (a)
SOD that catalyzes the breakdown of the superoxide anion
into oxygen and hydrogen peroxide; (b) catalase, which
catalyzes the conversion of hydrogen peroxide to water
and oxygen, and (c) peroxiredoxin, which catalyzes the
reduction of hydrogen peroxide, organic hydroperoxides, and
peroxynitrate to tackle oxidative bouts [95, 96]. In addition,
the cells also contain glutathione system which includes glu-
tathione, glutathione reductase, glutathione peroxidases, and
glutathione S-transferases, which maintains redox balance
and protect from oxidative challenges [97, 98]. However,
in the overwhelming oxidative stress these mechanisms
become ineffective and cellular homeostasis disrupts [98].
Many investigators have demonstrated that supplementa-
tion of antioxidants in the experimental animal models
of oxidative stress-generated inflammatory pathologies suc-
cessfully blocks the inflammatory changes [98–100]. Many
antioxidants that inhibit oxidative stress signaling pathways
are known to be effective in halting the inflammation in
experimental animal models. For example, Vitamin C and E,

N-acetylcysteine (NAC), Lipoic acid, GSH, carotenoids and
flavonoids from plants, and melatonins, have been shown
to be effective in experimental models of many diseases
including cardiovascular, neurodegenerative, infection, dia-
betic complications, autoimmune, and allergic complications.
A number of antioxidants have undergone clinical trials [101–
107] to prevent disease pathologies including cardiovascular
and cancer. These antioxidants however have not been suc-
cessfully translated for the clinical use because at the clinical
doses they become prooxidants and result in serious side
effects. This restricts the use of antioxidants as therapeutic
drugs and leaves them as prophylactic or preventive drugs
only. In this scenario, a new drug which can be both antiox-
idative as well as anti-inflammatory that could regulate both
ROS, and LDAs-induced signals could be a better approach
to prevent inflammatory complications. Our results from the
use of AR inhibitors in different preclinical models indicate
that AR inhibitors such as fidarestat could be such a drug
that can be used in the amelioration of inflammatory diseases
including cardiovascular, sepsis, infection and autoimmune-
induced uveitis, allergic asthma, cancer and metastasis, and
angiogenesis [73, 108]. These encouraging observations have
helped us to develop a highly specific and potentAR inhibitor,
fidarestat, which has been tested in the phase-iii clinical
studies for diabetic neuropathy and found to be safe for
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human use, as a potential antioxidative, anti-inflammatory,
antiangiogenic, antimitogenic, and chemopreventive drug for
preventing inflammatory diseases such as allergic asthma,
colon cancer, and uveitis.

7. Role of AR in Mediation of
Lipid Aldehydes Signals

It is well known that AR is overexpressed under oxidative
stress initiated by various cytokines, growth factors, bacterial
endotoxins such as lipopolysaccharides (LPS), and high glu-
cose. Overexpression of AR increases the turnover of ROS-
generated LDAs [73, 108].TheLDAs readily reactwith cellular
GSH and form GSH-LDA conjugates which are excellent AR
substrates [109, 110]. Since ROS is known to mediate and reg-
ulate intracellular signaling under diverse conditions, some of
the effects of ROS can bemediated by ROS-derived LDAs and
their GSH conjugates. We have systematically investigated
the involvement of lipid aldehydes and their GSH conjugates
in the mediation of signaling cascades that play important
role in the pathophysiology of a number of diseases. The
results from our studies indicate that reduction of LDAs and
their GSH conjugates by AR is essential for transduction
of cytotoxic signals [82–84]. This was firmly confirmed by
various evidences including that AR has poor affinity for
glucose (Km of 50–100mM), and in normal conditions only
a small percentage (3%) of glucose is metabolized by AR
[111]. Further, the kinetic and structural properties of AR
are unlike those of other glucose-metabolizing enzymes [112,
113]. The low Km for catalysis of carbohydrate reduction is
probably due to high hydrophobicity of the substrate binding
domain of AR which essentially prevents efficient reduction
of glucose by AR and suggests that hydrophobic aldehydes
could likely be the preferred substrates. Indeed, we have
unequivocally demonstrated that AR efficiently catalyzes
lipid aldehydes and their GSH conjugates [109, 110]. For
example, recombinant humanAR has been shown to catalyze
the reduction of a large series of saturated and unsaturated
aldehydes with 1000-fold higher efficiency when compared
to glucose [109–112]. Medium- to long-chain (C-6 to C-18)
aldehydes, which are generated during lipid peroxidation,
are most efficiently catalyzed by AR [109]. In particular, the
catalytic site of AR has more affinity towards GS-aldehyde
conjugates than parent aldehydes. This is confirmed by site-
directed mutagenesis studies showing that AR active site has
amino acid residues which efficiently bind with glutathione
moiety [109]. Further, molecular modeling of AR-GSH ana-
log crystal structure confirmed that AR has a specific GS-
aldehyde binding site at its catalytic site [112]. Thus, these
observations firmly support that physiological role of AR
could be the reduction of LDAs besides glucose metabolism
in polyol pathway.

Since LDAs are known to modulate the cellular function
by regulating the oxidative stress signals mediated by NF-
𝜅B and AP1 [114–118], we postulated that AR regulates
cellular functions by modulating oxidative stress signals.
Our claim is supported by the studies demonstrating that

AR inhibition prevents HNE-, growth factor-, and cytokine-
induced cytotoxicity in a variety of cultured cells [73, 108].
Further, our studies also demonstrated that inhibition of
AR prevents endotoxin-, allergen-, cytokine-, and growth
factor-induced activation of NF-𝜅B signals (Figure 3). In all
these conditions, increased ROS levels, lipid peroxidation,
and subsequent formation of lipid aldehydes play amajor role
in disrupting the cellular homeostasis.Thus, our observations
present a basis for the novel role of AR in the pathophysiology
of various inflammatory disease processesmediated by LDAs.

Besides the novel role implicating AR in mediating
signaling of the ROS-derived lipid aldehydes in inflamma-
tory pathologies, the exact role of AR in the mediation of
cellular signaling is not yet clear. How AR-catalyzed product
of GS-LDAs activates PKC and PLC isozymes still needs
to be investigated. Nevertheless, we have shown that AR-
catalyzed reduced product of GS-DHN activates various
kinases including PLC, PKC, and PI3K in cultured cells.
Activation of these kinases eventually results in the activation
of redox-sensitive transcription factors which transcribe
various inflammatory genes responsible for disease progres-
sion. The involvement of AR-catalyzed reaction products in
eliciting oxidative stress-induced cytotoxicity and inflamma-
tion is more obvious given the fact that inhibition of AR
prevents the increased synthesis of inflammatory cytokines
and chemokines by various oxidant stimuli such as LPS,
cytokines, growth factors, and high glucose. This is further
substantiated by our demonstration that HNE, GS-HNE,
and AR-catalyzed reduced product of GS-LDAs, that is, GS-
DHN promote, VSMC growth in vitro [71]. AR inhibition
by pharmacological inhibitors or ablation by siRNA prevents
HNE- and GS-HNE-induced VSMC proliferation but has
no effect on the GS-DHN-induced changes. These studies
thus suggest that the reduced forms of lipid-aldehyde glu-
tathione conjugates (such as GS-DHN) could be involved in
the oxidative stress-induced inflammatory signaling. Further
studies are required to investigate the exact mechanism of
GS-DHN-induced activation of upstream kinases that results
in transcription of inflammatory genes. Nevertheless, our
observations have opened up a new area of research in
understanding the role of AR in the mediation of oxidative
stress signaling in a number of inflammatory diseases.

8. Current and Future Developments

Oxidative stress-induced generation of lipid aldehydes has
been observed in many inflammatory complications includ-
ing cardiovascular disorders, bacterial sepsis, cancer, and
asthma, which present enormous clinical challenges world-
wide. Many researchers have presented the immense impor-
tance of this aspect of pathophysiology, and therefore there is
an urgent need for development of new therapeutic strategies
targeting the intervention in lipid aldehyde-mediated inflam-
matory signals in these diseases. However, a more precise
elucidation of lipid aldehyde-induced inflammatory signaling
is crucial for understanding the pathophysiology of multiple
diseases including infections, atherosclerosis, autoimmune,
and cancer. Based on these elucidations, a better therapeutic
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intervention could be developed to contain the inflammatory
responses in patients. Our extensive research during recent
years has identified that oxidative stress-induced LDAs and
their GS-conjugates catalyzed by AR play a major role
in the mediation of NF-𝜅B-induced inflammatory signals
via PLC/PKC/IKK/MAPK pathways. We have demonstrated
that in experimental animal models, inhibition of GS-LDA
metabolizing enzymes, specifically AR, prevents inflamma-
tory diseases such as uveitis, sepsis, colon cancer, atheroscle-
rosis, and allergic asthma. These results have delineated a
novel mechanism regulating inflammation and have laid
foundation for future studies that could result in clinical
application of AR inhibitors. Further, a better understanding
of the role ofAR-catalyzed LDAs and theirGSH-conjugates in
the signalosome and inflammasome signaling pathways will
better reveal underlying pathophysiological events in various
inflammatory diseases.

Abbreviations

AR: Aldose reductase
ARI: AR inhibitor
ROS: Reactive oxygen species
LDAs: Lipid peroxidation-derived aldehydes
MDA: malondialdehyde
HNE: 4-hydroxynonenal
GSH: Reduced glutathione
GS-LDAs: Glutathione-lipid-derived aldehydes
GS-HNE: Glutathione-HNE conjugate
GS-DHN: Glutathione-1,4-dihydroxynonene conjugate
LPS: Lipopolysacharides
NADPH: Reduced nicotinamide adenine dinucleotide

phosphate
PKC: Protein kinase C
PLC: Phospholipase C
MAPK: Mitogen-activated protein kinase
NF-𝜅B: Nuclear factor kappa B
AP-1: Activator protein 1
CREB: cAMP response element-binding protein
VSMC: Vascular smooth muscle cells
SOD: Superoxide dismutase
NAC: N-acetylcysteine
AMD: Age-related macular degeneration
EGFR: Epidermal growth factor receptor.
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In this study, BRL 3A cells were treated with different Cd concentrations (0, 10, 20, and 40 𝜇mol/L) for 12 h and preincubated
with or without N-acetyl-L-cysteine (NAC) (2mmol/L) for 30min, and cells were treated with Cd (0 and 20𝜇mol/L), pretreated
with p38 inhibitor (SB203580), JNK (c-Jun NH2-terminal kinases) inhibitor (SP600125), and extracellular signal-regulated kinase
(ERK) inhibitor (U0126) for 30min, and then treated with 20𝜇mol/L Cd for 12 h. Cd decreased cell viability, SOD, and GSH-
Px activity in a concentration-dependent manner. Increased MDA level, ROS generation, nuclear condensation, shrinkage, and
fragmentation in cell morphology were inhibited by NAC. Cd-induced apoptosis was attenuated by pretreatment with SB203580,
SP600125, and U0126.The results of western blot showed that NAC preincubation affected Cd-activated MAPK pathways, p38 and
ERK phosphorylation. Cd treatment elevated the mRNA levels of Bax and decreased the mRNA levels of Bcl-2, respectively. The
same effect was found in their protein expression levels. These results suggest that oxidative stress andMAPK pathways participate
in Cd-induced apoptosis and that the balance between pro- and antiapoptotic genes (Bax and Bcl-2) is important in Cd-induced
apoptosis.

1. Introduction

Cadmium (Cd) is one of the most toxic environmental
and industrial pollutants. Acute or chronic exposure to this
pollutant induces disturbances in several organs and tissues
[1]. Occupational and environmental Cd pollution originates
from mining, metallurgical industries, and manufacturers of
nickel-Cd batteries, pigments, and plastic stabilizers. Impor-
tant sources of human intoxication include cigarette smoke
as well as food, water, and air contaminations. At the cellular
level, Cd affects proliferation and differentiation. It also
causes apoptosis. The International Agency for Research on
Cancer has already classified Cd as a carcinogen [2].

Numerous studies revealed that Cd is a powerful inducer
of oxidative stress [3], causing oxidative toxicity in broiler
chicken, bone tissue, silver catfish, primary rat proximal
tubular cells, and so on [4–9]. Cd decreases cell viability
via a reactive oxygen species- (ROS-) mediated mechanism

[10] and causes apoptosis through oxidative stress [8]. N-
acetyl-L-cysteine (NAC) is a free radical scavenger used to
determine the involvement of ROS in Cd-induced apoptosis
and to suppress the renal proximal tubular damage caused
by prolonged Cd exposure. Thus, oxidative stress has a
critical function in Cd-induced toxicity [11]. However, the
contributions of oxidative stress and apoptotic mechanisms
to Cd-induced toxicity warrant further investigation.

In the pathways of oxidative stress-mediated apopto-
sis, mitogen-activated protein kinases (MAPKs) are given
more attention in apoptosis. MAPKs, including extracellu-
lar signal-regulated kinases (ERKs), stress-activated protein
kinases (c-Jun NH2-terminal kinases or JNK), and p38
MAPK, belong to a family of ser/thr protein kinases that
mediate numerous complex cellular programs, such as cell
proliferation, differentiation, and cell death in response to
different stimuli [12–14]. ERK, which is activated by growth
factors, is important for cell survival such as proliferation,
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differentiation, and development. By contrast, JNK and p38
MAPK are involved in apoptosis by promoting cell death
rate [15, 16]. Several studies demonstrated that Cd acti-
vates MAPKs in neuronal cells [17, 18], immature hippocam-
pus [19], and human retinal pigment epithelial cells [20]. Cd
activates p38 MAPK and JNK in C6 rat glioma cells [21].
Yang et al. [22] suggested that Cd induces the apoptosis of
the anterior pituitary both in vivo and in vitro. ERK and p38
MAPK pathways were found to be involved in the afore-
mentioned processes. Similarly, Haase et al. [23] reported
that monocytes/macrophages treated with Cd stimulate ERK
and p38 MAPK phosphorylation. U-937 promonocytic cells
treatedwith 200𝜇mol/LCdCl

2
for 2 h induce apoptosis, rapid

p38 MAPK phosphorylation, and late ERK phosphorylation
[24]. These reports suggest that the members of the MAPK
family are activated by Cd exposure according to cell type,
Cd concentration, and Cd exposure duration. The possible
function of MAPK activation in Cd-induced apoptosis was
determined using MAPK inhibitors, such as p38 (SB203580),
ERK (U0126), and JNK (SP600125). However, themechanism
by which Cd activates the family members of MAPKs in BRL
3A cell line and whether Cd targets other signaling pathways
responsible for BRL 3A cell survival remain unknown.

The protein and mRNA expression levels of Bcl-2 family
members, such as Bax and Bcl-2, were investigated in Cd-
induced apoptosis. Apoptotic-related proteins are members
of the Bcl-2 family. These proteins regulate mitochon-
drial outer membrane permeabilization and can be either
proapoptotic (Bax, Bak, andBad) or antiapoptotic (Bcl-2, Bcl-
xL, and Bcl-w). Bax regulates the mitochondrial pathway by
triggering the release of apoptotic factors, such as cytochrome
c (cyt c), from the mitochondria subsequent to the death
signal [25]. Bcl-2 is an anti-apoptotic protein that regulates
cell apoptosis by controlling mitochondrial membrane per-
meability and inhibits caspase activity either by preventing
the release of cyt c from the mitochondria into the cytosol or
by binding to the apoptosis-activating factor damage [26, 27].
Given the importance of Bcl-2 family members in apoptosis,
the regulation of Bax and Bcl-2 in Cd-induced apoptosis is
necessary to be determined.

Based on these considerations, this study investigated
whether Cd can induce apoptosis. The effects of Cd on BRL
3A cells and the possible functions of oxidative stress, MAPK
pathways, and Bcl-2 family members on Cd hepatotoxicity
were also determined. We used BRL 3A cells to observe
the effect of Cd and to explore the possible function of
oxidative stress, MAPK pathways, and Bcl-2 family members
on apoptosis induced by different concentrations of Cd and
NAC.

2. Materials and Methods

2.1.Materials. Cadmiumacetate (CdAC
2
), 2-,7-dichlorofluo-

rescein diacetate (DCFH-DA), penicillin, streptomycin, and
Hoechst 33258 kit were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fluorescein isothiocyanate (FITC)
Annexin V apoptosis detection kits were purchased from BD
Biosciences Pharmingen (San Diego, CA, USA). Dulbecco’s
modified Eagle’s medium (DMEM) and fetal bovine serum

(FBS) were obtained fromGibco Laboratories (Grand Island,
NY, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (MTT) and trypsin were from Amresco
Inc. (Solon,OH,USA).Malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px) kits
were purchased from Jiancheng Bioengineering Institute
(Nanjing, China). A bicinchoninic acid (BCA) protein assay
kit was provided by Beyotime Institute of Biotechnology
(Jiangsu, China). Antibodies antirat JNK, P-JNK, ERK, P-
ERK, p38, P-p38, Bax, Bcl-2, 𝛽-actin, and horseradish perox-
idase- (HRP-) conjugated goat antirabbit IgG were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Radio-immunoprecipitation assay (RIPA) lysis buffer was
from Solarbio China, Inc. (Beijing, China). Kodak X-ray film
was purchased from Eastman Kodak Co. (Rochester, NY,
USA). Cell culture plates were obtained from Corning Inc.
(Corning, NY, USA). PrimerScript RT reagent Kit and SYBR
Premix Ex Taq were from TaKaRa Bio Inc. (Shiga, Japan).
Nitrocellulose (NC) filter membrane was from Pall Gelman
Sciences (Port Washington, NY, USA). Enhanced chemilu-
minescence (ECL) detection kit was from ECLMillipore Ltd.
(Burlington, MA, USA). Other reagents used were available
locally and of analytical grade.

2.2. Cell Culture and Treatments. BRL 3A-immortalized rat
hepatocytes were used between passages 10 and 20 (Cell
of Chinese Academy of Science, Shanghai, China). BRL 3A
cells were cultured in DMEM culture medium (Gibco, USA)
supplemented with 100U/mL penicillin, 100𝜇g/mL strepto-
mycin, and 10% FBS. The cells were incubated at 37∘C under
a humid 5% CO

2
atmosphere (Thermo, USA).

BRL 3A cells were seeded at a density of 2 × 105 cells/mL
in 6- or 96-well plates. CdAC2 was dissolved in distilled-
deionized water as stock solution and diluted with nonserum
culture medium to different concentrations before being
added to the cell culture.

2.3. Cell Viability Assay. BRL 3A cells were treated with 0, 10,
20, and 40 𝜇mol/L Cd for 12 h. In the other two experiments,
the cells were preincubated with 2mmol/L NAC for 30min
and then incubated with 20𝜇mol/L Cd for 12 h. Cell viability
was evaluated byMTT assay. After the incubation period, the
cells were incubated with MTT at a final concentration of
0.5mg/mL for 4 h at 37∘C prior to discarding the medium.
Then, 150𝜇L of DMSO was added to each well, and the plate
was stirred thoroughly for 10min on a shaker. The optical
density (OD) of each well was measured at 490 nm with a
sunrise-basic ELISA Reader (Tecan, Austria). Cell viability
was expressed as the proportion of OD to the control.

2.4. Cell Morphological Analysis. BRL 3A cells were treated
with 0, 10, 20, and 40 𝜇mol/L Cd for 12 h. In the other two
experiments, the cells were incubated with 2mmol/L NAC
for 12 h and pre-incubated with 2mmol/L NAC for 30min,
followed by incubation with 20 𝜇mol/L Cd for 12 h. After the
treatment, imageswere takenwith an inverted phase-contrast
microscope (Leica, Germany) equipped with a Quick Imag-
ing system.
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2.5. Hoechst 33258 Staining. Nuclear morphology was ana-
lyzed using Hoechst 33258. BRL 3A cells were treated with
0, 10, 20, and 40 𝜇mol/L Cd for 12 h. In the other two
experiments, the cells were incubated with 2mmol/L NAC
for 12 h and pre-incubated with 2mmol/L NAC for 30min,
followed by incubation with 20 𝜇mol/L Cd for 12 h. The
culture medium was removed after the treatment. The cells
were washed twice with phosphate-buffered saline (PBS) and
fixed in 4% formaldehyde at 4∘C for 10min. The fixed cells
were washed, stained with 5𝜇g/mL Hoechst 33258 at room
temperature for 15min in the dark, and then washed twice
with PBS. Cell nuclear morphology was observed under a
camera-equipped fluorescence light microscope using the
filter of 450 nm to 490 nm.

2.6. Determination of Apoptosis. BRL 3A cells were seeded
into six-well plates. Apoptosis was tested using an apoptosis
detection kit according to the manufacturer’s instructions.
BRL 3A cells were treated with 0 and 20𝜇mol/L Cd for 12 h.
In the other three experiments, the cells were pre-incubated
with 10 𝜇mol/L SB203580, SP600125, and U0126 for 30min,
followed by incubation with 20 𝜇mol/L Cd for 12 h. After
treatment, BRL 3A cells were collected and suspended in
100 𝜇L of binding buffer containing 5𝜇L of FITC Annexin
V and 5 𝜇L of propidium iodide (PI) dye solution. After
incubation in the dark at 25∘C for 15min, 400𝜇L of binding
buffer was added. Then, the cells were analyzed by a FAC-
SAria flow cytometer (Becton-Dickinson, San Jose, CA,USA)
at excitation and emission wavelengths of 488 and 605 nm,
respectively. A minimum of 10,000 cells per sample were
registered. Quadrants were positioned on Annexin V/PI dot
plots. Living (Annexin V−/PI−), early apoptotic (Annexin
V+/PI−), late apoptotic (Annexin V+/PI+), and necrotic
(Annexin V−/PI+) cells were distinguished. Therefore, the
total apoptotic proportion included the percentage of cells
with fluorescence Annexin V+/PI− and Annexin V+/PI+
[28].

Each independent experiment needed to set another
three samples: unstained cells, FITC Annexin V only, and PI
only. Each experiment was repeated at least three times.

2.7. ROS Determination. The intracellular ROS levels were
measured using the stable nonfluorescent molecule DCFH-
DA. This molecule passively diffuses into cells, where the
acetate can be cleaved by intracellular esterases to produce a
polar diol that is retained well within the cells. Relative ROS
production was expressed as a change in fluorescence com-
pared with the fluorescence of the corresponding control.

BRL 3A cells were treated with 0, 10, 20, and 40 𝜇mol/L
Cd for 12 h. In the other two experiments, the cells were
incubated with 2mmol/L NAC for 12 h and pre-incubated
with 2mmol/L NAC for 30min, followed by incubation with
20𝜇mol/L Cd for 12 h. After the treatment, the cells were
collected, incubated with 20𝜇mol/L DCFH-DA at 37∘C for
20min in the dark, and then washed twice with PBS. The
cells were analyzed in a FACSAria flow cytometer (Becton-
Dickinson, USA) at excitation and emission wavelengths of
488 and 525 nm, respectively.

2.8.Measurement of SODActivity, GSH-PxActivity, andMDA
Level. As a breakdown product of the oxidative degradation
of cell membrane lipids, MDA is generally considered as
an indicator of lipid peroxidation. Lipid peroxidation was
evaluated by measuring MDA concentrations through spec-
trophotometry of the color produced during the reaction
of thiobarbituric acid with MDA. MDA concentrations
expressed in nmol/mg protein were calculated from the
absorbance of thiobarbituric acid reactive substances at
532 nm. SOD is a superoxide scavenger. Total SOD activity
was determined from the inhibition rate of the superoxide
radical-dependent cyt c reduction. In the assay, the xanthine-
xanthine oxidase systemwas used as the source of superoxide
ions, and the absorbance was determined at 550 nm. The
values were expressed as U/mg protein. GSH-Px activity was
assessed according to the kit’s instruction via the reaction
H
2
O
2
+ 2GSH→ 2H

2
O + GSSG (oxidized glutathione). The

absorbance was determined at 412 nm, and the enzyme
activity was expressed as U/mg protein [28, 29].

BRL 3A cells were treated with 0, 10, 20, and 40 𝜇mol/L
Cd for 12 h. In the other two experiments, the cells were incu-
bated with 2mmol/L NAC for 12 h and pre-incubated with
2mmol/L NAC for 30min, followed by incubation with
20𝜇mol/L Cd for 12 h. The treated cells were pelleted and
lysed in 200𝜇L of cell lysis solution (containing 0.1M Tris-
HCl and 0.1% Triton-100) to evaluate lipid peroxidation
following the protocol of SOD, GSH-Px, and MDA assay
kits.

2.9. Western Blot Analysis. BRL 3A cells were treated with 0,
10, 20, and 40 𝜇mol/L Cd for 12 h. In the other two experi-
ments, the cells were incubated with 2mmol/L NAC for 12 h
and pre-incubated with 2mmol/L NAC for 30min, followed
by incubation with 20𝜇mol/L Cd for 12 h (only in the ERK-
and P38-related groups). After the treatment, the cells were
washed twice with cold PBS, extracted into RIPA lysis buffer
on ice for 30min, and then sonicated at 3W for 15 s. The cell
lysates were centrifuged at 12,000 g for 10min at 4∘C. The
protein content was determined using a BCA protein assay
kit. Lysate aliquots were diluted with 6× sodium dodecyl
sulfate (SDS) sample buffer and boiled for 10min. A total
of 30 𝜇g of protein from each treatment was separated by
12% SDS-polyacrylamide gel and then electrophoretically
transferred onto NC membranes (Poll, USA). After being
blocked at room temperature for 2 h with 5% nonfat milk
in TBS with 0.1% Tween-20 (TBST), the membranes were
incubated overnight at 4∘C with the corresponding primary
antibodies: rabbit anti-rat antibody (JNK, P-JNK, ERK, P-
ERK, p38, P-p38, Bax, and Bcl-2) in 1 : 1000 and rabbit anti-
rat 𝛽-actin antibody in 1 : 5000. After being washed with
TBST (6 × 5min), the membranes were incubated with HRP-
conjugated goat anti-rabbit IgG (at a dilution of 1 : 5000) at
room temperature for 2 h. After additional washes, the mem-
branes were visualized using an ECL detection kit according
to the manufacturer’s instructions and then exposed to X-ray
film. The volumes of the bands were determined by standard
scanning densitometry with normalization of densitometry
measures to 𝛽-actin.
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2.10. Quantitative Real-Time Polymerase Chain Reaction
(PCR) of Bax and Bcl-2. BRL 3A cells were treated with 0, 10,
20, and 40𝜇mol/L Cd for 12 h. After the treatment, RNA was
extracted from BRL 3A cells using the AXYPrep multisource
total RNA miniprep kit (Axygen, USA) according to the
manufacturer’s instructions.The OD ratios (OD260/OD280)
of the samples were assessed between 1.8 and 2.0. For cDNA
synthesis, 900 ng of total RNA was reverse transcribed
to complementary DNA using a PrimerScript RT reagent
kit with a gDNA eraser. After the RT reaction, each sample
was conducted in triplicate, and each reaction mixture was
prepared using the SYBR Premix Ex Taq in a total volume of
20𝜇L. In a 96-well plate, cDNA fragments of Bax, Bcl-2, and
𝛽-actin were amplified separately by PCR in triplicate using
an ABI PRISM7500 Sequence Detection System (Applied
Biosystems, USA). The reaction conditions were as follows:
95∘C for 2min; 95∘C for 5 s; 40 cycles of 95∘C for 5 s, 59∘C
for 34 s, and 95∘C for 15 s; 60∘C for 1min; and 95∘C for
15 s. Relative quantification of gene expression within each
reaction was calculated with the 2−ΔΔCt method according to
the manufacturer’s instructions (ABI PRISM 7500 Sequence
Detection System, Applied Biosystems, USA).

The primer sequences (Table 1) were designed according
to cDNA sequences from Gene Bank. All primers were syn-
thesized by Invitrogen China, Inc. (Shanghai, China).

2.11. Statistical Analysis. Results were represented statistically
asmeans± SD. Significancewas assessed by one-wayANOVA
following appropriate transformation to normalized data and
equalized variance where necessary. Statistical analysis was
performed using SPSS statistics 17.0 (SPSS Inc., USA); 𝑃 <
0.05 and 𝑃 < 0.01 were considered to indicate significance
and high significance, respectively. All assays were performed
in triplicate.

3. Results

3.1. Cell Viability. To determine the appropriate concentra-
tion of Cd for the mechanism studies, we measured the
effect of Cd exposure on cell viability. As shown in Figure 1,
Cd (0𝜇mol/L to 40 𝜇mol/L) decreased cell viability in a
concentration-dependent manner. The cell viability of the
20𝜇mol/L Cd group was approximately 50% of that of
the control. Therefore, 20𝜇mol/L of Cd was used in the
experiments of inhibitory effects. NAC (2mmol/L) alone
did not obviously alter cell viability compared with the
control. However, preincubation with 2mmol/L NAC for
30min attenuated the reduction in cell viability induced by
20𝜇mol/L Cd compared with the 20𝜇mol/L Cd group.

3.2. Effects of Cd on Cell Morphology. Phase-contrast micro-
scopic observations after exposure to increasing Cd concen-
trations (10 𝜇mol/L to 40 𝜇mol/L) revealed morphological
changes showing cytoplasmic shrinkage, rounding, and loss
of cell integrity. NAC (2mmol/L) alone had no significant
effect on cell morphology compared with the control. Pre-
incubation with 2mmol/L NAC for 30min could attenuate
cytotoxicity to maintain cell integrity induced by 20𝜇mol/L
Cd compared with the 20𝜇mol/L Cd group.
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Figure 1: Cell viability of BRL 3A cells treated with Cd and NAC.
Cells were treated with 0 𝜇mol/L to 40 𝜇mol/L Cd and pre-treated
with or without 2mmol/L NAC for 12 h. Data are presented as
mean ± SD of three independent experiments performed in trip-
licate. Significant difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with
the control. #𝑃 < 0.05, ##𝑃 < 0.01, compared with the 20𝜇mol/L Cd
group.

Following detection of apoptosis-related proteins and
genes, BRL 3A cell apoptosis was observed after Hoechst
33258 staining. Significant morphological changes were
observed in the cells exposed to 10 𝜇mol/L to 40 𝜇mol/L
Cd for 12 h. The cells of the control group appeared normal
with round and homogenous nuclei, whereas those treated
with 10 𝜇mol/L to 40𝜇mol/L Cd exhibited typical apoptotic
features, such as plasma membrane blebbing, cell shrinkage,
fragmentation, and nuclear chromatin condensation. The
fluorescence intensity of cell staining with Hoechst 33258
indicated that the untreated cells displayed evenly dispersed
chromatin structures. However, the cells treated with NAC
(2mmol/L) alone showed no significant changes compared
with the control cells. Pre-incubation with 2mmol/L NAC
could attenuate changes, such as abnormal nuclear contents
(Figure 2).

3.3. Effects of Cd on Cell Apoptosis. The involvement of
MAPK signaling in Cd-induced apoptosis was investigated.
Flow cytometry was used to distinguish the effects of MAPK
inhibitors in apoptosis and necrosis after double staining
with Annexin V-FITC and PI. Pre-incubation with 10 𝜇mol/L
SB203580, SP600125, and U0126 for 30min before treatment
with 20𝜇mol/L Cd significantly decreased cell apoptotic
rates to 10.47%, 14.43%, and 11.47%, respectively, in BRL 3A
cells compared with the corresponding rate of 20.6% in the
20𝜇mol/L Cd control group (Figure 3).

3.4. Effects of Cd on ROS Generation. ROS generation was
expressed as the measured fluorescence intensity in analyzed
cells. Representative results of ROS are shown in Figure 4.
Cd (10 𝜇mol/L to 40𝜇mol/L) increased the level of ROS
production in a concentration-dependent manner, whereas
pre-incubation with 2mmol/L NAC significantly reduced
ROS generation induced by 20 𝜇mol/L Cd.

3.5. Effects of Cd on SOD Activity, GSH-Px Activity, and MDA
Level. To assess the intracellular oxidant and antioxidant
status, SOD activity, GSH-Px activity, and MDA level were
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Figure 2: Cd and NAC induce morphological changes in BRL 3A cells. Cultured cells were exposed to 0, 10, 20, and 40𝜇mol/L Cd for 12 h
(a, b, c, and d). In the other experiment, the cells were pre-incubated with 2mmol/L NAC for 30min and incubated with 20𝜇mol/L Cd or
only incubated with 2mmol/L NAC for 12 h (f and e). (A) After the treatment, images were taken with an Olympus inverted phase-contrast
microscope. (B) Thereafter, the cells were fixed, stained with Hoechst 33258, and then observed under a fluorescence microscope. Arrows
indicate morphological changes (blebbing cells, chromatin condensation, or fragmentation) in the nuclei of BRL 3A cells. Scale bar: 100 𝜇m.

evaluated in BRL 3A cells (Figure 5). The MDA levels in the
groups treatedwith 20𝜇mol/L to 40 𝜇mol/LCdwere remark-
ably higher than those in the control group. Cd (20𝜇mol/L to
40 𝜇mol/L) significantly decreased SOD activity. Compared

with the 20𝜇mol/L Cd group, SOD activity significantly
increased in the group pre-incubated with 2mmol/L NAC.
The GSH-Px activity in the groups treated with 10 𝜇mol/L to
40 𝜇mol/L Cd was significantly lower than that in the control
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Figure 3: Flow cytometric analysis of BRL 3A cells after treatment with Cd and MAKP inhibitors. Cellular apoptosis was tested using an
apoptosis detection kit. (A) BRL 3A cells were treated with 0 and 20 𝜇mol/L Cd for 12 h (a and b). In the other three experiments, the cells
were pre-incubated with 10𝜇mol/L SB203580, SP600125, and U0126 for 30min, followed by incubation with 20𝜇mol/L Cd for 12 h (c, d, and
e). (B) The apoptotic percentage shows that 10𝜇mol/L p38 inhibitor (SB203580), JNK inhibitor (SP600125), and ERK inhibitor (U0126) can
reduce cell apoptosis significantly. Data are presented as mean ± SD of three independent experiments performed in triplicate. Significant
difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with the control. #𝑃 < 0.05, ##𝑃 < 0.01, compared with the 20 𝜇mol/L Cd group.

group. The GSH-Px activity in the cells pre-incubated with
2mmol/L NAC was significantly higher than that in the cells
treated with 20𝜇mol/L Cd alone.

3.6. Effects of Cd on Protein Expression of p38, ERK, and
JNK. Immunoblot analyses were performed with antibodies

to determine the effects of Cd on the phosphorylation of
MAPKs. The effects of Cd exposure on protein expression
were also observed. Western blot analysis showed that the
treatment of BRL 3A cells with Cd for 12 h caused some
changes. Robust phosphorylation of p38 and JNK (1/2) was
observed in the groups treated with 10 𝜇mol/L to 40 𝜇mol/L
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Figure 4: Effect of Cd and NAC on ROS generation of BRL 3A cells.
Cultured cells were exposed to 0𝜇mol/L to 40 𝜇mol/L Cd and pre-
treated with or without 2mmol/L NAC for 12 h. Data are presented
as mean ± SD of three independent experiments performed in trip-
licate. Significant difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with
the control. #𝑃 < 0.05, ##𝑃 < 0.01, compared with the 20 𝜇mol/L Cd
group.

Table 1: The primers for real-time PCR.

Gene Primers (5-3)

Bax Sense: TTGTTACAGGGTTTCATCCAGG
Antisense: GTGTCCACGTCAGCAATCATC

Bcl-2 Sense: GGGAGCGTCAACAGGGAG
Antisense: AGCCAGGAGAAATCAAACAGA

𝛽-Actin Sense: CGTTGACATCCGTAAAGAC
Antisense: TGGAAGGTGGAGTGAG

Cd, whereas decreased phosphorylation of ERK was found
in the groups treated with 10 𝜇mol/L to 20𝜇mol/L Cd.
Meanwhile, 40 𝜇mol/L Cd did not significantly alter the
phosphorylation of 44 kD ERK but significantly elevated the
phosphorylation of 42 kD ERK. ERK phosphorylation could
be increased and p38 phosphorylation could be inhibited by
NACpre-incubation comparedwith the 20𝜇mol/LCd group.

A significant increase in Bax protein level was found
in the groups treated with 10 𝜇mol/L to 40 𝜇mol/L Cd. A
significant reduction in Bcl-2 protein level was observed in
the groups treated with 10 𝜇mol/L to 40 𝜇mol/L Cd.The data
shown (Figure 6) are expressed as percentage of the control
(considered as 100%).

3.7. Effects of Cd on the mRNA Levels of Bax and Bcl-2.
Transcriptional changes in Bax and Bcl-2 were observed
in the Cd-treated BRL 3A cells. The Bax mRNA level was
significantly elevated in the groups treated with 10𝜇mol/L
to 40 𝜇mol/L Cd, with the peak found in the 10 𝜇mol/L Cd
group. The Bcl-2 mRNA level in the groups treated with
10 𝜇mol/L to 40 𝜇mol/L Cd significantly decreased. Figure 7
shows the relative quantification of gene expression levels by
real-time PCR in relation to 𝛽-actin.

4. Discussion

In the present study, Cd was demonstrated to be toxic to BRL
3A cells, resulting in decreased cell viability and increased

oxidative stress. Furthermore,MAPK pathways and Bax gene
family have critical functions in Cd-induced apoptosis. The
antioxidant NAC attenuated most of these changes. Thus,
ROS elevation is an early event in Cd-induced apoptosis.

In this study, 10𝜇mol/L to 40 𝜇mol/L Cd significantly
decreased cellular viability. This finding may be attributed to
apoptotic cell death. Chen et al. [17] reported that neuronal
cell apoptosis is induced by 10 𝜇mol/L Cd, whereas Iryo
[30] observed apoptosis in CCRF-CEM cells treated with
5 𝜇mol/L Cd. Exposure to 5 𝜇mol/L Cd decreases granulosa
cell number and viability and causes chromatin condensation
and DNA fragmentation [28]. Thus, Cd at doses higher than
5 𝜇mol/L is harmful to cells in vitro possibly because of
apoptosis induction.

Apoptosis is a major mode of elimination of damaged
cells in Cd toxicity and precedes necrosis [31]. In the
present study, morphological observations and flow cytomet-
ric assessment showed that Cd induced the apoptosis of BRL
3A cells. This observation is compatible with the report of
Coonse et al. [32], who proved the occurrence of apoptosis
after Cd treatment of the human osteoblast-like cell line
Saos-2. In addition, morphological and biochemical analyses
revealed that Cd induces the apoptosis of murine fibroblasts
[33].

The mechanisms of Cd toxicity have been suggested to
interfere with cell adhesion and signaling, oxidative stress,
apoptosis, genotoxicity, and cell cycle disturbance [34].
Although the overall effect of Cd on any cell or tissue is
likely to be due to a synergism of several mechanisms, only
one mechanism possibly dominates in a specific cell type
[28]. In these studies, the toxic manifestations induced by
Cd were associated with oxidative stresses, including lipid
peroxidation and ROS production. Previous studies found
that oxidative stress can be induced by Cd. Moreover, Cd-
induced apoptosis is mediated by oxidative stress in LLC-PK1
[11]. Aydin et al. [31] demonstrated that Cd induces oxida-
tive stress, resulting in oxidative deterioration of biological
macromolecules. Cd possibly affects bone tissues through
disorders in its oxidative/antioxidative balance, resulting
in oxidative stress [5]. ROS reportedly possess important
functions in the initiation of apoptosis. Bertin and averbeck
[2] confirmed that Cd can provoke ROS generation. NAC is
an antioxidant and ROS scavenger that can effectively block
the Cd-induced activation of ERK, JNK, and p38 signaling
network, prevent Cd-induced cell death, and significantly
reduce Cd-induced toxicity in human lens epithelial cells
and human retinal pigment epithelial cells [17, 20, 35]. These
findings demonstrate the association between apoptosis and
intracellular ROS. Similarly, Chen showed that Cd induces
ROS generation, leading to apoptosis of PC12 and SH-SY5Y
cells. Pretreatment with NAC scavenged Cd-induced ROS
and prevented cell death, suggesting that Cd-induced apop-
tosis is caused by ROS generation. Thus, antioxidants can
be exploited for the prevention of Cd-induced diseases [17].
The present study showed that Cd elevated ROS generation
and NAC antagonized Cd-induced ROS. As ROS scavengers,
SOD and GSH-Px were depleted. As a lipid peroxidation
product, MDA accumulated in BRL 3A cells exposed to
Cd. NAC elevated the activities of SOD and GSH-Px. The
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Figure 5: Effect of Cd and NAC on MDA level (A), SOD activity, and GSH-Px activity (B) in BRL 3A cells. Cells were treated with 0𝜇mol/L
to 40 𝜇mol/L Cd and pre-treated with or without 2mmol/L NAC for 12 h. Data are presented as mean ± SD of three independent experiments
performed in triplicate. Significant difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with the control. #𝑃 < 0.05, ##𝑃 < 0.01, compared with the
20 𝜇mol/L Cd group.

results of the present study are in accordance with previous
reports, suggesting that oxidative stress has a major function
in BRL 3A cells exposed to Cd. The toxic influence of Cd is
most likely due to the formation of excess free radicals that
cause oxidative stress, resulting in cell damage. Similarly, Cd
can inhibit SOD and GSH-Px in human embryonic kidney
cells, suggesting enhanced ROS levels [36]. Cd treatment
significantly increased MDA level and decreased GSH-Px
and SOD activities in granulosa cells from chicken ovarian
follicles [28]. Cd exposure increases MDA content and
reduces GSH-Px and SOD activities in the frontal cortex and
hippocampus [37]. Moreover, exposure of yeast cells to Cd
increasesMDA level. By contrast, SOD andGSH-Px activities
were also high in Cd-exposed cells [7]. The present study
found thatNAC cannot blockMDA.These discrepanciesmay
be dependent on cell type, stimulus, Cd concentration, and
Cd exposure duration.

MAPKs are important signal enzymes in controlling
cell survival, proliferation, and differentiation. They are also
involved in many facets of cellular regulation. ERK, which
is currently believed to be activated by growth factors, is
necessary for cell proliferation, differentiation, and develop-
ment. By contrast, JNK and p38 are involved in apoptosis by
promoting cell death rate [15, 16]. Previous studies demon-
strated that the activation of MAPK pathways is responsible
for Cd-induced apoptosis in various cells. Cd was reported
to activate MAPKs in human retinal pigment epithelial cells
[20] and human lens epithelial cells [35]. Several studies
noted that Cd activates the MAPKs in neuronal cells [17,
18]. The present results showed that treating BRL 3A cells
with 10𝜇mol/L to 40 𝜇mol/L Cd for 12 h resulted in the
robust phosphorylation of p38 and JNK (1/2). Meanwhile,
p38 phosphorylation was inhibited by NAC preincubation
compared with the 20𝜇mol/L Cd group.The present findings
indicated that Cd induced the apoptosis of BRL 3A cells at
least partially by activating p38 and JNK (1/2) and that p38

phosphorylation can be inhibited by NAC pre-incubation.
Thus, p38 and JNK (1/2) both participate in Cd-induced
apoptosis. In addition, oxidative stress might lay upstream
of p38, indicating a key function in its activation. Cd at
10 and 20𝜇mol/L decreased the phosphorylation of ERK.
Conversely, 40𝜇mol/L Cd did not significantly alter the
phosphorylation of 44 kD ERK but significantly elevated the
phosphorylation of 42 kD ERK. ERK phosphorylation was
increased by NAC pre-incubation, which is contradicting
to previous findings. ERK is involved in the regulation of
proliferation and apoptosis in several cells [38]. ERK has
also been associated with two apparently opposing processes.
The involvement of ERK in cell proliferation has been
extensively described, as well as its function in postmitotic
cells undergoing differentiation. Depending on the cell type
and stimulus, ERK also acts as a negative regulator of cell
proliferation and induces apoptosis when its activity is highly
increased [38, 39]. Analysis of these apparent discrepancies
led to a more precise understanding of the multiple functions
and regulations of ERK [40]. The present results showed no
significant change between the control and 40 𝜇mol/L Cd
groups in the phosphorylation of 44 kD ERK. By contrast,
the phosphorylation of 42 kD ERK increased significantly.
These results suggest that low Cd concentrations result in an
unconventional ERK phosphorylation, which in turn leads
to apoptosis signaling. High Cd concentrations can activate
ERK phosphorylation. This claim is in accordance with the
theory that the final cellular outcome of activated ERK is
dependent on the cell type, the stimulus that induces ERK,
and the duration of ERK activation [41].

To investigate the relationship between MAPK phospho-
rylation and apoptosis, BRL 3A cells were pretreated with
SB203580, SP600125, and U0126 for 30min before treatment
with 20𝜇mol/L Cd. Pretreatment with these inhibitors sig-
nificantly blocked Cd-induced apoptosis, indicating that p38,
ERK, and JNK are involved in BRL 3A cells exposed to Cd
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Figure 6: (a) Effect of Cd and NAC on ERK and p38 phosphorylation of BRL 3A cells. (b) Effect of Cd on the JNK phosphorylation and Bax
and Bcl-2 protein expression levels of BRL 3A cells. (c) Quantitative analysis of the immunoreactive phosphorylated ERK and p38 proteins
in treated BRL 3A cells. (d) Quantitative analysis of the immunoreactive phosphorylated JNK, Bax, and Bcl-2 proteins in Cd-treated BRL 3A
cells. Each value is expressed as the phospho/total MAPK percentage of phosphorylation and the ratio of OD in Bax and Bcl-2 with respect
to 𝛽-actin. Significant difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with the control. #𝑃 < 0.05, ##𝑃 < 0.01, compared with the 20 𝜇mol/L Cd
group.

and that MAPK pathways are the downstream pathways of
oxidative stress in apoptosis. Similarly, in human promono-
cytic cells, the p38-specific inhibitor SB203580 can attenuate
apoptosis [24]. In PC12 and SH-SY5Y cells, inhibition of ERK
(U0126) and JNK (SP600125), but not p38 (SB203580), par-
tially protects the cells fromCd-induced apoptosis. In CCRF-
CEM cells, treatment with the ERK inhibitor U0126 sup-
presses Cd-induced ERK activation and apoptosis, whereas
the inhibition of p38 activity with SB203580 cannot pro-
tect cells from apoptosis [30]. By contrast, SB202190 is a
p38 inhibitor that decreases the cytotoxicity and apopto-
sis induced by high Cd concentrations [42]. In summary,
some MAPK inhibitors suppress cell death and apoptosis
depending on the concentrations of Cd and inhibitors. This
finding indicates that JNK, ERK, and p38 independently

participate in Cd-induced cell death and apoptosis. These
results strongly suggest that MAPKs have different functions
in Cd-exposed BRL 3A cells and that MAPK inhibitors can
prevent Cd-induced toxicity, even though other signaling
pathways are involved in the Cd-induced toxicity. Three
major apoptosis pathways are involved in mammalian cells:
mitochondria-, death receptor-, and endoplasmic reticulum-
mediated apoptosis. Several studies showed cell apoptosis
viamitochondria, death receptor, and endoplasmic reticulum
pathways during Cd exposure. Coutant et al. [43] suggested
that Cd-induced apoptosis can occur in the Boleth cell line
through caspase-dependent and -independent pathways. Cd-
induced apoptosis was investigated in LLC-PK1 cells via ROS-
and mitochondria-linked signal pathways [11]. Endoplasmic
reticulum (ER) stress signaling and mitochondrial pathways
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Figure 7: Relative quantification of Bax and Bcl-2 gene expression
levels by real-time PCR in relation to𝛽-actin. Cells were treatedwith
0𝜇mol/L to 40 𝜇mol/L for 12 h. Data are presented as mean ± SD of
three independent experiments performed in triplicate. Significant
difference: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with the control; #𝑃 <
0.05, ##𝑃 < 0.01, compared with the 20 𝜇mol/L Cd group.

mediate Cd-induced testicular germ cell apoptosis [44].
Cd can induce apoptosis via the mitochondrial pathway in
human embryonic kidney cells [36]. Apoptosis is usually
controlled by the coeffects of different signal pathways rather
than any single pathway. Thus, in vitro studies on the mito-
chondrial, death receptor, and ER pathways in Cd-exposed
BRL 3A cells should be prioritized in the future.

The Bcl-2 family members were found to play important
roles in regulating mitochondrial-mediated apoptosis. The
Bcl-2 family is divided into two groups based on function.
Members of the first group, such as Bcl-2 and Bcl-xL, have
anti-apoptotic activity and protect cells from death. By
contrast, Bax, Bad, and Bid, as members of the second group,
show pro-apoptotic activity [45]. In addition, Bcl-2 was
observed to promote cell survival by preserving the integrity
of the external mitochondrial membrane, which prevents the
release of cyt C from the mitochondria, inducing cell death
[26]. Bax is a 21 kDa protein that promotes mitochondrial
membrane permeability, leading to apoptotic cell death [46].
Thepresent study showed an increase in Bax and a decrease in
Bcl-2 in protein expression and mRNA level. Similarly, Zhou
et al. [11] revealed that Bcl-2 protein expression can decrease
significantly and Bax protein expression can increase as
early as 12 h after exposure to Cd in LLC-PK1 cells. Cd
induces apoptosis by provoking higher Bax expression and
inhibiting Bcl-2 expression in granulosa cells from chicken
ovarian follicles [28]. These results suggest that the up- or
downregulation of Bax and Bcl-2 by Cd accounts for its pro-
or anti-apoptotic effect on BRL 3A cells in vitro.

5. Conclusion

Cd can enhance oxidative stress and induce MAPK pathway
activation. Inhibition of p38, JNK, and ERK protected the
cells from Cd-induced apoptosis. The apoptosis of BRL 3A
cells was also associated with the Bcl-2 family. This study
partly elucidates the hepatotoxic mechanism of in vitro

exposure to Cd and offers opportunities for the development
of therapeutic agents for Cd-induced hepatic diseases.
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Effect of high-dose insulin analog initiation therapy was evaluated on lipid peroxidation and oxidative stress markers in type 2
diabetes mellitus (T2DM). Twenty-four T2DM patients with HbA1c levels above 10% despite ongoing therapy with sulphonylurea
and metformin were selected. Former treatment regimen was continued for the first day followed by substitution of sulphonylurea
therapy with different insulin analogs. Glycemic profiles were determined over 72 hours by Continuous Glucose Monitoring
System (CGMS), and blood/urine samples were collected at 24 and 72 hours. Insulin analog plus metformin treatment significantly
reduced glucose variability. Plasma and urine lipid peroxidation were markedly decreased following insulin analog plus metformin
treatment. No correlation existed between glucose variability and levels of plasma and urine oxidative stress markers. Likewise,
changes in mean blood glucose from baseline to end point showed no significant correlation with changes in markers of oxidative
stress. On the contrary, decreased levels of oxidative stress markers following treatment with insulin analogs were significantly
correlated with mean blood glucose levels. In conclusion, insulin plus metformin resulted in a significant reduction in oxidative
stress markers compared with oral hypoglycemic agents alone. Data from this study suggests that insulin analogs irrespective of
changes in blood glucose exert inhibitory effects on free radical formation.

1. Introduction

Intensive treatment of diabetes leads to a reduction in
plasma levels of glycosylated hemoglobin (HbA1c), which is
associated with a significant decrease in the development and
progression of vascular and neurologic complications [1, 2].
At present, measurement of HbA1c level is considered the
gold standard for assessing long-term glycemic control and
is regarded as a key therapeutic target for the prevention
of diabetes-related complications [3]. Although HbA1c level
is a measure of metabolic control and the effectiveness of
therapeutic interventions directed to control hyperglycemia,
it does not reveal any information on the extent and fre-
quency of blood glucose excursions [3]. In this regard, it
is important to note that recent studies show that glycemic
instability may present additional risk to the development of
complications over that predicted by the mean glucose value

alone [4]. This being the case, HbA1c level may not always
be the most clinically useful glycemic indicator of the risk for
complications. Patients with similar mean glucose or HbA1c
values can have different glycemic profiles, with differences
both in the number and duration of glucose excursions [5].
It is therefore unknown whether two individuals with the
same mean blood glucose (MBG) but extremes of glucose
variability might have the same or different level of risk for
complications.

Postprandial hyperglycemia may be a risk factor for car-
diovascular disease in individuals with diabetes [6]. Endothe-
lial dysfunction is one of the first stages, and one of the
earliestmarkers, in the development of cardiovascular disease
[7]. The possible deleterious roles of either postprandial
hyperglycemia or glycemic variability were assessed via dif-
ferent markers of oxidative stress, and it was demonstrated
that postprandial hyperglycemia independently induced
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Figure 1: Representative micrographs of CGMS data from each experimental group. (a) Biphasic insulin lispro group, (b) biphasic insulin
aspart group, and (c) insulin glargine group.

endothelial dysfunction, through oxidative stress [8].The fact
that postprandial hyperglycemia induces oxidative stress is
of particular significance. Recent studies demonstrated that
hyperglycemia-induced overproduction of superoxide by the
mitochondrial electron-transport chain and hyperglycemia-
driven reactive oxygen species production enhanced four
mechanisms of tissue damage via the polyol pathway, the
hexosamine pathway, protein kinase C (PKC) activation, and
formation of advanced glycation end-products (AGEs) [9].

With the apparent evidence that glycemic variability may
be related to the pathogenesis of complications in diabetes
[4] and in view of the need to reduce glycemic variability
in order to achieve desired levels of control [10], it is
important to have simple, clinically meaningful estimates
of glycemic variability. MiniMed was the first commercial
glucose sensor with FDA approval of the ContinuousGlucose
Monitoring System (CGMS) and includes a 3-day sensor and
the necessary hardware to record the sensor current data
and blood glucose measurements used for sensor calibration.
Daily glycemic profiles can be recorded for 72 hours by
CGMS, and intraday glycemic variability can be determined
by the standard deviation (SD) around the mean glucose
values. The recorded information is processed and analyzed

retrospectively, which provides insights to improve insulin
therapy [11].

This study applied continuous glucose monitoring tech-
nology to investigate the effect of high-dose insulin analog
initiation therapy on glycemic variability and on formation of
oxidative stress as determined from plasma and urine 8-iso
prostaglandin F2𝛼 (8-iso PGF2𝛼), plasma protein carbonyl,
and nitrotyrosine levels. Plasma nitrite and nitrate levels were
also determined to assess nitric oxide production.

2. Patients and Methods

2.1. Determination of Patient Groups. The study group
included 24 patients who were admitted to Antalya Research
and Education Hospital, Endocrinology Clinic, with a diag-
nosis of type 2 diabetes mellitus (DM). HbA1c levels in
all patients were above 10% despite ongoing therapy with
sulphonylurea and metformin. Patients enrolled in the study
were divided into three groups according to the given insulin
treatment. Former treatment regimen was continued for the
first day followed by substitution of sulphonylurea therapy
with different insulin analogs. Group 1 (𝑁 = 8) received
0.4U/kg/day lispro mix (50% insulin lispro protamine and
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Figure 2: (a) Plasma protein carbonyl levels in experimental groups. ∗𝑃 < 0.001 compared to pretreatment. (b) Plasma nitrotyrosine levels
in experimental groups. ∗𝑃 < 0.001 compared to pretreatment. (c) Plasma nitrite/nitrate levels in experimental groups.

50% insulin lispro) subcutaneously (SC) in three equal
doses plus 2000mg/day oral metformin; Group 2 (𝑁 =
8) received 0.4U/kg/day insulin aspart (30% insulin aspart
and 70% protamine insulin aspart) SC in two equal doses
plus 2000mg/day oral metformin; Group 3 (𝑁 = 8)
received 0.4U/kg/day insulin glargine SC in one dose plus
2000mg/day oral metformin. The given insulin treatments
were in accordance with American Association of Clinical
Endocrinologists (AACE) Diabetes Mellitus guidelines [12].
All patients gave written informed consent prior to entry.
This study was approved by the Institutional Review Board of
Akdeniz University School of Medicine and was performed
in accordance with the Declaration of Helsinki.

2.2. Continuous Glucose Monitoring. All patients were
equipped with CGMS (Medtronic MiniMed, USA) and
were monitored for 72 consecutive hours after admission. A
CGMS sensor was inserted into the subcutaneous abdominal
fat tissue and calibrated according to the standard Medtronic
MiniMed operating guidelines. During CGMS monitoring,
blood glucose levels were checked via a glucometer (Accu-
Check Go, Roche Co.) 4 times per day and the data was

entered into the CGMS. After monitoring for 72 hours, the
recorded data were downloaded into a personal computer
for the analysis of the glucose profile. After downloading
the recorded data, MBG levels and the SD around the mean
glucose values, assessing glycemic variability, were analyzed
from the data.

2.3. Laboratory Measurements. Blood and urine samples
were obtained from all patients at 24 and 72 hours. HbA1c
levels were determined by Abbott ARCHITECT c16000 Sys-
tem (Abbott Diagnostic, Abbott Park, IL, USA) via immuno-
turbidimetric method.

2.4. Measurement of Plasma Protein Carbonyl Levels. Plasma
protein-bound carbonyls were measured via a protein car-
bonyl assay kit (Cat. no.1005020 Cayman Chemical, Ann
Arbor, MI, USA). The utilized method was based on the
covalent reaction of the carbonylated protein side chain with
2,4 dinitrophenylhydrazine (DNPH) and detection of the
produced protein hydrazone at an absorbance of 370 nm.
The results were calculated using the extinction coefficient of
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Figure 3: (a) Plasma-free 8-iso prostaglandin F2𝛼 levels in experimental groups. ∗𝑃 < 0.001 compared to pretreatment. (b) Urine 8-iso
prostaglandin F2𝛼 levels in experimental groups.∗𝑃 < 0.01 compared to pretreatment.

22mM−1 cm−1 for aliphatic hydrazones and were expressed
as nmol/mL. Aswritten in the instructionmanual of the assay
kit, typically human plasma has a protein carbonyl content
of 35–280 nmol/mL. The intra- and interassay coefficients of
variation (CV) for protein carbonyl measurements are 4.7%
and 8.5%, respectively.

2.5. Measurement of Plasma Nitrotyrosine Levels. Plasma
nitrotyrosine content was measured via ELISA using a com-
mercial kit (Cat. no.STA-305, Cell Biolabs, Inc. San Diego,
CA, USA). Antigen captured by a solid phase monoclonal
antibody (nitrated keyhole limpet hemocyanin raised in
mouse) was detected with a biotin-labeled goat polyclonal
antinitrotyrosine. A streptavidin peroxidase conjugate was
then added to bind the biotinylated antibody. A TMB sub-
strate was added and the yellow product was measured at
450 nm. A standard curve of absorbance values of known
nitrotyrosine standards was plotted as a function of the
logarithm of nitrotyrosine standard concentrations using
the GraphPad Prism Software program for windows version
5,03. (GraphPad Software Inc). Nitrotyrosine concentrations
in the samples were calculated from their corresponding
absorbance values via the standard curve.The reported range
of plasma nitrotyrosine levels in healthy human population
determined via this assay kit is 20–148 nmol/L [13].

2.6. Measurement of Plasma Nitrite/Nitrate Levels. Plasma
samples were transferred to an ultrafiltration unit and cen-
trifuged through a 10-kDa molecular mass cut-off filter
(Amicon,Millipore Corporation, Bedford,MA,USA) for 1 hr
to remove proteins. Analyses were performed in duplicate
via the Griess reaction using a colorimetric assay kit (Cay-
man Chemical, Cat. no.780001, Ann Arbor, MI, USA). The
reported ranges of plasma nitrite/nitrate levels in healthy
human population determined via this assay kit are 2–
20𝜇M [13]. The intra- and interassay coefficients of variation

(CV) for nitrite/nitrate measurements are 2.7% and 3.4%,
respectively.

2.7. Measurement of Plasma-Free 8-iso Prostaglandin F2𝛼.
Plasma-free 8-iso PGF2𝛼 levels were determined by enzyme
immunoassay (EIA) using 8-iso PGF2𝛼 EIA kit (Cayman
Chemical, Cat. no.516351, Ann Arbor, MI, USA). Purification
and extraction of plasma samples were performed before
assay. Purification was done by 8-iso PGF2𝛼 affinity purifi-
cation kit (Cayman Chemical, Cat. no.10368, Ann Arbor,
MI, USA). The elution solution was evaporated to dryness
by vacuum centrifugation via Savant DNA 120 speed vac
concentrator (Thermo Scientific, IL, USA) and reconstituted
with EIA buffer. As written in the instruction manual of
the assay kit, plasma from human volunteers contains 40–
100 pg/mL of 8-iso PGF2𝛼. The interassay CV is 16.4% and
15.5% and intra-assay CV is 11.7% and 7.2% for 8-iso PGF2𝛼
measurements of 200 pg/mL and 12.8 pg/mL, respectively.

2.8. Measurement of Urine 8-iso Prostaglandin F2𝛼. Urine-
free 8-iso PGF2𝛼 levels were determined by enzyme
immunoassay (EIA) using 8-iso PGF2𝛼 EIA kit (Cayman
Chemical, Cat. no.516351, Ann Arbor, MI, USA). Isoprostane
concentrations are expressed as nanograms per milligram of
urine creatinine. As written in the instruction manual of the
assay kit, normal human urinary levels of 8-iso PGF2𝛼 range
from 10 to 50 ng/mmol creatinine. Urine creatinine levels
were determined by colorimetric reaction (Jaffe reaction)
of creatinine with alkaline picrate measured kinetically at
490 nm via commercial assay kit (Biolabo Reagents, Maizy,
France).

2.9. Statistical Analysis. Statistical analysis was performed
by using SigmaStat statistical software version 2.0. Statistical
analysis for each measurement is given in the result section.
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Figure 4: Scatter plots and correlation coefficients between mean blood glucose and oxidative stress markers following high-dose insulin
analog therapy. (a)The correlation betweenmean blood glucose and plasma protein carbonyl levels, (b) the correlation between blood glucose
and plasma nitrotyrosine levels, (c) the correlation between mean blood glucose and plasma-free 8-iso prostaglandin F2𝛼 levels, and (d) the
correlation between mean blood glucose and urine 8-iso prostaglandin F2𝛼 levels.

3. Results

3.1. Patient Characteristics of Experimental Groups. Patient
characteristics of experimental groups are given in Table 1.

3.2. CGMS Data of Experimental Groups. CGMS data of
experimental groups are given in Table 2. A representative
graph of CGMS results from each group is given in Figure 1.
Mean blood glucose and SD around the mean glucose values
after treatment with insulin analog plus metformin were
significantly lower compared to those before treatment levels
in all experimental groups. No significant difference was
observed among different insulin analog treatments with
respect to MBG and SD around the mean glucose values.
Statistical analysis for MBG and SD levels was performed

by two-way analysis of variance, and all pairwise multiple
comparisons were done via Tukey test.

3.3. Plasma Protein Carbonyl Levels. Plasma protein carbonyl
levels in treatment groups are given in Figure 2(a). Levels
of plasma protein carbonyl (mean ± SD) were significantly
(𝑃 < 0.001) decreased after treatment with insulin analog
plus metformin (biphasic insulin lispro (𝑁 = 8), 46.78 ±
6.29; biphasic insulin aspart (𝑁 = 8), 46.42 ± 7.04; insulin
glargine (𝑁 = 8), 46.39 ± 7.89 nmol/mL) compared to
those before treatment levels in all experimental groups
(biphasic insulin lispro (𝑁 = 8), 68.01 ± 7.34; biphasic
insulin aspart (𝑁 = 8), 70.94 ± 13.79; insulin glargine
(𝑁 = 8), 67.84 ± 7.20 nmol/mL). No significant difference
was observed among different insulin analog treatments
with respect to plasma protein carbonyl levels. Statistical
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Table 1: Patient characteristics of experimental groups.

Group Age (years) Gender
(female/male) HbA1c (%)

Insulin lispro mix
(𝑛 = 8) 54.25 ± 16.10 4/4 11.94 ± 3.08

Insulin aspart
(𝑛 = 8) 46.5 ± 9.7 4/4 11.91 ± 1.99

Insulin glargine
(𝑛 = 8) 52.25 ± 6.48 3/5 11.48 ± 1.85

Data are mean ± SD. SD: standard deviation; HbA1c : hemoglobin A1c.

analysis for plasma protein carbonyl levels was performed
by two-way analysis of variance and all pairwise multiple
comparisons were done via Tukey test. The correlation of
plasma protein carbonyl levels with mean blood glucose
values and SD around the mean glucose values following
treatment with insulin analogs was evaluated by linear regres-
sion analysis. A significant correlation was observed between
protein carbonyl levels and mean blood glucose values (𝑟 =
0.435, 𝑃 = 0.033) (Figure 4(a)). Although levels of plasma
protein carbonyl were significantly decreased after treatment
with insulin analogs, no significant correlation was observed
between glucose variability and plasma protein carbonyl
levels (𝑟 = 0.055, 𝑃 = 0.79). Likewise, changes in mean blood
glucose from baseline to end point showed no significant
correlation with changes in plasma protein carbonyl levels
(𝑟 = 0.032, 𝑃 = 0.882).

3.4. Plasma Nitrotyrosine Levels. Plasma nitrotyrosine levels
are given in Figure 2(b). Plasma nitrotyrosine levels (mean
± SEM) were significantly (𝑃 < 0.001) decreased after
treatment with insulin analog plus metformin (biphasic
insulin lispro (𝑁 = 8), 28.01 ± 1.91; biphasic insulin aspart
(𝑁 = 8), 30.86 ± 0.76; insulin glargine (𝑁 = 8), 28.93
± 1.11 nmol/L) compared to those before treatment levels in
all experimental groups (biphasic insulin lispro (𝑁 = 8),
45.11 ± 3.88; biphasic insulin aspart (𝑁 = 8), 43.61 ± 2.11;
insulin glargine (𝑁 = 8), 41.36 ± 1.63 nmol/L). No signifi-
cant difference was observed among different insulin analog
treatments regarding plasma nitrotyrosine levels. Statistical
analysis for plasma nitrotyrosine levels was performed by
two-way analysis of variance and all pairwise multiple com-
parisons were done via Tukey test. The correlation of protein
nitrotyrosine levels with mean blood glucose values and SD
around the mean glucose values following treatment with
insulin analogs was evaluated by linear regression analysis.
A significant correlation was observed between nitrotyrosine
levels and mean blood glucose values (𝑟 = 0.431, 𝑃 = 0.035)
(Figure 4(b)). Although levels of plasma nitrotyrosine were
significantly decreased after treatment with insulin analogs,
no significant correlation was observed between glucose
variability and plasma nitrotyrosine levels (𝑟 = 0.10, 𝑃 =
0.63). Likewise, changes inmean blood glucose from baseline
to end point showed no significant correlation with changes
in plasma nitrotyrosine levels (𝑟 = 0.066, 𝑃 = 0.761).

3.5. Plasma Nitrite/Nitrate Levels. Plasma nitrite/nitrate lev-
els are given in Figure 2(c). No significant difference was
observed in nitrite/nitrate levels (mean ± SEM) after treat-
ment with insulin analog plus metformin (biphasic insulin
lispro (𝑁 = 8), 7.56 ± 1.3; biphasic insulin aspart (𝑁 = 8),
6.8 ± 0.79; insulin glargine (𝑁 = 8), 8.5 ± 1.77 𝜇mol/L)
compared to those before treatment levels in all experimental
groups (biphasic insulin lispro (𝑁 = 8), 7.6 ± 0.99; biphasic
insulin aspart (𝑁 = 8), 6.95 ± 0.52; insulin glargine (𝑁 = 8),
7.83 ± 2.4 𝜇mol/L). No significant difference was observed
among different insulin analog treatments with regard to
plasma nitrate/nitrite levels. Statistical analysis for plasma
nitrite/nitrate levels was performed by two-way analysis of
variance and all pairwisemultiple comparisons were done via
Tukey test.

3.6. Plasma-Free 8-iso Prostaglandin F2𝛼. Measured plasma-
free 8-iso PGF2𝛼 levels are shown in Figure 3(a). Plasma-
free 8-iso PGF2𝛼 levels (mean ± SEM) were significantly
higher (𝑃 < 0.001) before treatment with insulin analogs
plus metformin (biphasic insulin lispro (𝑁 = 8), 57.98 ±
6.3; biphasic insulin aspart (𝑁 = 8), 58.73 ± 6.23; insulin
glargine (𝑁 = 8), 56.11± 4.89 pg/mL) compared to those after
treatment levels (biphasic insulin lispro (𝑁 = 8), 26.67± 4.04;
biphasic insulin aspart (𝑁 = 8), 32.10 ± 1.97; insulin glargine
(𝑁 = 8), 27.36 ± 2.02 pg/mL). No significant difference
was observed among different insulin analog treatments with
respect to plasma-free 8-iso PGF2𝛼 levels. Statistical analysis
for plasma-free 8-iso PGF2𝛼 was performed by two-way
analysis of variance and all pairwise multiple comparisons
were done via Tukey test. The correlation of plasma-free 8-
iso PGF2𝛼 levels with mean blood glucose values and SD
around the mean glucose values following treatment with
insulin analogs was evaluated by linear regression analysis.
A significant correlation was observed between plasma-free
8-iso PGF2𝛼 levels and mean blood glucose values (𝑟 =
0.481, 𝑃 = 0.017) (Figure 4(c)). Although levels of plasma-
free 8-iso PGF2𝛼were significantly decreased after treatment
with insulin analogs no significant correlation was observed
between glucose variability and plasma-free 8-iso PGF2𝛼
levels (𝑟 = 0.06, 𝑃 = 0.77). Likewise, changes in mean blood
glucose from baseline to end point showed no significant
correlation with changes in plasma-free 8-iso PGF2𝛼 levels
(𝑟 = 0.045, 𝑃 = 0.834).

3.7. Urine 8-iso Prostaglandin F2𝛼. Urine 8-iso PGF2𝛼 levels
are shown in Figure 3(b). Urine 8-iso PGF2𝛼 levels (mean ±
SD) were significantly higher (𝑃 < 0.01) before treatment
with insulin analogs plus metformin (biphasic insulin lispro
(𝑁 = 8), 2.31 ± 1.84; biphasic insulin aspart (𝑁 = 8), 1.76 ±
1.51; insulin glargine (𝑁 = 8), 1.72 ± 1.17 ng/mg creatinine)
compared to those after treatment levels (biphasic insulin
lispro (𝑁 = 8), 0.81 ± 0.46; biphasic insulin aspart (𝑁 = 8),
0.71 ± 0.66; insulin glargine (𝑁 = 8), 0.87 ± 0.86 ng/mg
creatinine). No significant difference was observed among
different insulin analog treatments with respect to urine-
free 8-iso PGF2𝛼 levels. Statistical analysis for urine 8-iso
PGF2𝛼 levels was performed by two-way analysis of variance
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Table 2: CGMS data of experimental groups.

Group Mean blood glucose (mg/dL)
before treatment

SD (mg/dL) before
treatment

Mean blood glucose
(mg/dl) after treatment

SD (mg/dL) after
treatment

Insulin lispro mix (𝑛 = 8) 227.00 ± 65.91 67.25 ± 28.53 183.25 ± 77.09a 39.38 ± 16.99b

Insulin aspart (𝑛 = 8) 187.75 ± 51.17 45.88 ± 17.06 165.88 ± 50.08a 32.50 ± 14.35b

Insulin glargine (𝑛 = 8) 231.63 ± 30.87 38.75 ± 10.59 182.75 ± 32.85a 32.25 ± 9.50b

Data are mean ± SD. SD: standard deviation; a𝑃 < 0.05 compared to mean blood glucose before treatment within the same group; b𝑃 < 0.01 compared to SD
before treatment within the same group.

and all pairwise multiple comparisons were done via Tukey
test. The correlation of urine-free 8-iso PGF2𝛼 levels with
mean glucose values and SD around the mean blood glucose
values following treatmentwith insulin analogswas evaluated
by linear regression analysis. A significant correlation was
observed between urine-free 8-iso PGF2𝛼 levels and mean
blood glucose values (𝑟 = 0.593, 𝑃 = 0.002) (Figure 4(d)).
Although levels of urine-free 8-iso PGF2𝛼 were significantly
decreased after treatment with insulin analogs, no significant
correlation was observed between glucose variability and
urine-free 8-iso PGF2𝛼 levels (𝑟 = 0.22, 𝑃 = 0.3). Likewise,
changes in mean blood glucose from baseline to end point
showed no significant correlation with changes in urine-free
8-iso PGF2𝛼 levels (𝑟 = 0.165, 𝑃 = 0.441).

4. Discussion

The role of glycemic variability, assessed by using CGMS,
in the formation of oxidative stress has been investigated in
different studies. Mean amplitude of glycemic excursions and
24 h urinary excretion rates of 8-iso-PGF2𝛼 were calculated
to determine glucose variability and oxidative stress, respec-
tively. One study was performed in 21 type 2 diabetes patients
and reported a strong correlation between glucose variability
and oxidative stress [14]. Two other studies performed on 25
type 1 and 24 type 2 diabetic patients could not confirm a
strong correlation between glucose variability and oxidative
stress [15, 16]. To our knowledge, this is the first study to
apply CGMS technology to investigate the effect of high-dose
insulin analog initiation therapy on glycemic variability and
on oxidative stress as determined from plasma and urine 8-
iso PGF2𝛼, plasma protein carbonyl, and nitrotyrosine levels.

Previous studies have reported increased levels of car-
bonyl groups in plasma proteins of type 2 diabetes mellitus
subjects [17], while more recent studies have investigated the
role of glycemic control in plasma protein oxidation. In one
study, HbA1c levels were used as an index of glycemic control,
and plasma carbonyl levels were measured in 17 patients with
HbA1c >7% (poor glycemic control) and in 23 patients with
HbA1c <7% (good glycemic control). A significant increase
was reported in protein carbonyl levels in the poor glycemic
control group [18]. In two similar studies, it was shown that
type 2 diabetic patients with retinopathy and nephropathy
had higher plasma levels of protein carbonyls as compared to
type 2 diabetic patients without these complications [19, 20].
In a recent article, it was reported that elevated levels of
carbonyl compounds correlated with insulin resistance in
type 2 diabetes [21]. In support of previous studies, our data

has shown that better glycemic control through initiation
of high-dose insulin analog therapy resulted in decreased
plasma protein carbonyl formation in type 2 diabetic patients.
Although levels of plasma protein carbonyl were significantly
decreased after treatment with insulin analogs, a significant
correlation was not observed between SD around the mean
glucose values and plasma protein carbonyl levels.

Previous studies have shown a significant increase in
plasmanitrotyrosine levels in type 2 diabetic patients [22] and
a significant correlation of nitrotyrosine values with plasma
glucose concentrations (𝑟 = 0.38, 𝑃 < 0.02) [23]. The role of
hyperglycemia in postprandial nitrotyrosine generation was
also investigated in 23 type 2 diabetic patients and 15 healthy
subjects. Fasting nitrotyrosine was significantly increased in
diabetic patients and was further increased during meal tests
compared to controls. As compared with regular insulin,
aspart administration significantly reduced the area under
the curve of both glycemia and nitrotyrosine levels [24]. To
our knowledge, this is the first study evaluating the effect of
different insulin analogs on nitrotyrosine formation in type 2
diabetes.Theobserved decrease of plasmanitrotyrosine levels
following high-dose insulin analog initiation therapy is in
agreement with previous studies that show a significant cor-
relation between nitrotyrosine levels and increased plasma
glucose [23, 24]. The significant decrease of nitrotyrosine
levels observed 48 hours after the initiation of insulin therapy
supports the concept of increased transport of nitrated
proteins across vascular endothelium [25]. Although we
observed that plasma nitrotyrosine levels were significantly
decreased after treatment with insulin analogs, we could not
find a significant correlation between SD around the mean
glucose values and plasma nitrotyrosine levels.

Plasma and urine 8-iso PGF2𝛼 levels were significantly
decreased following insulin analog initiation therapy. This
observation is in accordance with the reported litera-
ture, which shows a link between glucose fluctuations and
increased plasma and urine 8-iso PGF2𝛼 [14, 26]. In an
observational study, 60 patients with type 2 diabetes were
treated by oral hypoglycaemic agents alone, and 31 patients
with type 2 diabetes were treated with insulin plus oral
hypoglycaemic agents. Oxidative stress was estimated in
these patients from 24 h urinary excretion rates of 8-iso
PGF2𝛼, and mean amplitude of glycemic excursions was
estimated by CGMS. The 24 h excretion rate of 8-iso PGF2𝛼
was much higher (𝑃 < 0.001) in type 2 diabetic patients
treated with oral hypoglycaemic agents alone than in type 2
diabetes group treated with insulin [27]. In a cross-sectional
study recruiting type 2 diabetic patients, 17 patients were
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treated with basal bolus-insulin therapy, and 20 patients
were treated with twice daily injection of premixed insulin
analog therapy. No significant difference was observed in
urinary 8-iso PGF2𝛼 levels in the two patient groups, and
it was suggested that premixed insulin analog therapy was
equivalent to basal bolus-insulin therapy in terms of glycemic
fluctuations and oxidative stress [28]. A recent observational
study was performed on 122 persons with type 2 diabetes, 61
were treated with oral hypoglycaemic agents alone, and 61
were treatedwith a combination of oral hypoglycaemic agents
and insulin at either a low dose (<0.40 unit/kg/day) or high
dose (≥0.40 unit/kg/day). The 24-h excretion rates of 8-iso
PGF2𝛼 were much lower in patients receiving combination
of oral hypoglycemic agents and insulin at a low dose [29].
A recent study also examined the relation between glycemic
variability and oxidative stress in a cohort of type 2 diabetic
patients treated with oral hypoglycemic agents. Twenty-
four patients with type 2 diabetes underwent 48 hours of
continuous glucosemonitoring, and two consecutive 24-hour
urine samples were collected for the determination of 8-
iso PGF2𝛼 using high-performance liquid chromatography
tandem mass spectrometry. Standard deviation and mean
amplitude of glycemic excursions were calculated as mark-
ers of glycemic variability. Regression analysis showed no
relevant relationship between glucose variability and 8-iso
PGF2𝛼 excretions in patients enrolled in the study [16]. In our
study, we also observed no significant correlation of urine-
free 8-iso PGF2𝛼 levels with SD around the mean glucose
values, evaluated by linear regression analysis.

There are discrepancies among studies that have mea-
sured plasma nitrite/nitrate levels in type 2 diabetic patients.
Some reports show increased levels of nitrite/nitrate in type
2 diabetic patients compared to healthy control subjects [30]
while some studies show no difference among the two groups
[31]. We observed no significant difference in nitrite/nitrate
levels after treatment with insulin analogs plus metformin
compared to those before treatment levels. Our observation is
in agreementwith a studywhich shows thatmetabolic control
does not affect plasma levels of nitrate and nitrite in type 2
diabetic patients [32].

5. Conclusions

We have observed that treatment with insulin analog plus
metformin resulted in a significant reduction in glycemic
variability and oxidative stress as compared to oral hypo-
glycemic agents alone. The decrease in levels of oxidative
stress markers, including plasma and urine 8-iso PGF2𝛼,
plasma protein carbonyl, and nitrotyrosine, following treat-
ment with insulin analogs was significantly correlated with
mean blood glucose levels. No significant correlation existed
between glucose variability, determined by SD, and levels of
plasma and urine oxidative stress markers. Likewise, changes
in mean blood glucose from baseline to end point showed no
significant correlation with changes in markers of oxidative
stress. Data from this study suggests that treatment with
insulin analogs, regardless of blood glucose changes, exerts
inhibitory effects on free radical formation.
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The aim of the study was to determine the concentration of lipid peroxidation products, the activity of selected antioxidant
and lysosomal enzymes, and protease inhibitor in patients with renal cell carcinoma who underwent radical nephrectomy. The
studied group included 44 patients: 21 of them underwent open surgery, while 23 underwent laparoscopy. Blood samples were
collected three times: before treatment and 12 hours and five days after nephrectomy. In blood of participants, the concentration
of thiobarbituric acid reactive substances (TBARS), the activity of catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GPx), and the activity of acid phosphatase (AcP), arylsulfatase (ASA), cathepsin D (CTSD), and 𝛼

1
-antitrypsin (AAT)

were assayed. No statistically significant differences in investigated parameters were found between studied groups. Moreover,
TBARS concentration and CAT, SOD, and GPx activity were not altered in the course of both types of surgery. Five days after both
open and laparoscopic nephrectomy techniques, AAT activity was higher than its activity 12 hours after the procedure.The obtained
results suggest that laparoscopymay be used for nephrectomy as effectively as open surgerywithout creating greater oxidative stress.
Reduced period of convalescence at patients treated with laparoscopy may be due to less severe response of acute-phase proteins.

1. Introduction

Renal cell carcinoma (RCC) is the most common kidney
cancer that arises from the cells of the renal tubule [1].
Despite of the fact that renal cell carcinoma is relatively rare
compared with other cancers, its incidence is still increasing
[2]. Cigarette smoking, obesity, hypertension, and/or related
medications have been implicated as risk factors [3]. For
localized RCC, the radical nephrectomy remains the main-
stay of surgical treatment, however, techniques are being
modified [4]. Since its introduction, laparoscopic radical
nephrectomy has been established as a standard care for the
surgical management of localized renal cell carcinoma [5, 6].

Laparoscopic surgery seems to have considerable advantages
over open surgery, such as decreased blood loss, decreased
postoperative pain, and less morbidity, as well as shorter
hospital stay [7–9]. However, laparoscopy requires special
skills using unfamiliar devices, and there is a limited pool of
urologist, trained in laparoscopy [6, 9]. Moreover, the induc-
tion of pneumoperitoneum during laparoscopy procedure
has several local and systemic effects [10]. Still very little is
known about the effect of different nephrectomy techniques
on antioxidant-oxidant balance and inflammatorymarkers in
patients with RCC.

An imbalance between the production of reactive oxygen
species (ROS) and an ability of human system to detoxify
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them or easily repair the resulting damage of ROS may
cause oxidative stress. The most often investigated process
involved in reactive oxygen species generation in cells is
lipid peroxidation. Lipid peroxidation products, such as
thiobarbituric acid reactive substances (TBARS), change the
capacity of biological membranes [11]. The final result of
structural disorders of cellular constituents caused by ROS
is the change of their function and even cell death [12].
Yet, human organism is endowed with a complex arsenal
of antioxidant defense mechanisms protecting them from
an increased ROS formation and their reactions with cell
compounds. One of the defense mechanisms is based on
antioxidant enzyme activity and includes superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) [13]. Oxidative stress may also lead to some distur-
bances in lysosomal membranes, hence, provoking some
changes in activity of lysosomal enzymes in blood serum.
These enzymes are involved in housekeeping tasks such as
turnover of intracellular proteins, antigen presentation, and
bone remodeling, but they are also known to be found outside
lysosomes in certain pathological conditions and participate
in numerous diseases [14].

The aim of this study was to determine the effect of two
different nephrectomy techniques on the concentration of
lipid peroxidation products, the activity of main antioxidant
enzymes, and the activity of selected lysosomal enzymes as
well as protease inhibitor in patients with renal cell carcinoma
who underwent open surgery and laparoscopy.

2. Materials and Methods

The study was conducted on the group of patients attending
theDepartment ofUrology of the JanBiziel RegionalHospital
in Bydgoszcz. The inclusion criteria were patients ≥18 years
of age who underwent radical nephrectomy for localized
renal cell carcinoma and agreed to voluntary participation in
experiment. Patients suffering from any other disease were
excluded from the study as the treatmentmay have an impact
on antioxidants level in blood. Exclusion criteria were also
cigarettes smoking and use of supplement of diet containing
antioxidants. Blood samples were obtained from a total
number of 44 subjects (24men and 20 women) aged between
30 and 76 years. All of the patients underwent radical
nephrectomy; however, two different techniques were used,
and hence, the subjects were divided into two groups. The
first group consists of 21 persons treated with open surgery,
while the other included 23 subjects treated with laparoscopy.

Blood samples were collected from the basilic vein before
nephrectomy and 12 hours and five days after both open
surgery and laparoscopy. The Local Bioethical Committee at
Collegium Medicum of the Nicolaus Copernicus University
in Toruń agreement was obtained, and all subjects had given
their written informed consent.

Thiobarbituric acid reactive substances level was deter-
mined in blood plasma and erythrocytes according to Buege
and Aust [15] method in the Esterbauer and Cheesman
modification [16]. The method involves creation of col-
oured complex between lipid peroxidation products and
thiobarbituric acid at the temperature of 100∘C and in acidic

environment. The maximum absorption of that complex
occurs at a wavelength of 532 nm. The main product of lipid
peroxidation reacting with thiobarbituric acid is malon-
dialdehyde (MDA), and, therefore, the level of TBARS in
plasma was expressed as nmol of MDA/mL and in the
erythrocytes as nmol of MDA/gHb.

The activity of antioxidant enzymes was measured in
erythrocytes. Beers and Sizer [17] method was used to assay
catalase activity. This method is based on measurement of
absorbance decrease of hydrogen peroxide, which is decom-
posed by catalase, measured at a wavelength of 240 nm. CAT
activity was expressed as 104 IU/gHb. Superoxide dismutase
activity was performed by Misra and Fridovich method
[18]. This procedure is based on SOD impeding the reaction
of autooxidation of adrenaline to adrenochrome in an
alkaline environment. SOD activity was expressed as U/gHb.
Glutathione peroxidase activity was determined according to
Paglia and Valentine [19] by a method based on the measure-
ment of changes in absorbance at a wavelength of 340 nm,
caused by oxidation of reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH). NADPH is a coenzyme of
reduction of glutathione disulfide. The obtained oxidized
glutathione is a product of reaction catalysed by glutathione
peroxidase. Activity of GPx was expressed as U/gHb.

The activity of lysosomal enzymes and protease inhibitor
was measured in the blood serum. The activity of acid phos-
phatase was determined by means of Bessey’s method [20].
The activitymeasurewas the quantity of p-nitrophenol gener-
ated during enzymatic hydrolysis of 4-nitrophenylphosphate
disodium salt used as a substrate. Roy’s method modified by
Błeszyński [21] was used to assay arylsulfatase activity. The
substrate employed here was 4-nitrocatechol sulfate (4-NCS),
and themeasure recorded was the quantity of 4-nitrocatechol
released during enzymatic hydrolysis. Cathepsin D activity
was determined using the Anson method [22] based on
measurement of tyrosine quantity released during hydrolysis
of haemoglobin by CTSD. The activity of 𝛼

1
-antitrypsin was

determined according to Eriksson [23]. This procedure relies
on the evaluation of the level of trypsin inhibited by AAT
present in 1mL of blood serum.

All results were statistically analysed by means of facto-
rial repeated-measures ANOVA test with post hoc analysis
(Tukey’s range test). Before runningANOVA,model assump-
tions were also tested (Shapiro-Wilk test for normality and
Box’s Test for homogeneity of covariance). The correlation
coefficients (𝑟) between parameters for an evaluation of
relationships were also estimated. Changes with a level of
significance𝑃 < 0.05were regarded as statistically significant.

3. Results

The concentration of TBARS both in blood plasma and
in erythrocytes of patients with renal cell carcinoma after
nephrectomy was not altered in patients who underwent
either open or laparoscopic surgery as compared to the value
before the surgical treatment (Table 1). There were also no
statistically significant differences in thiobarbituric acid reac-
tive substances concentration between the two groups of RCC
patients. However, some increasing tendency in TBARS levels
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Table 1: Lipid peroxidation products level and antioxidant enzymes activity in patients with renal cell carcinoma before and after radical
nephrectomy by open surgery and laparoscopy.

Open radical nephrectomy (n = 21)
Before surgery 12 hours after surgery 5 days after surgery

TBARSplasma (nmol MDA/mL) 0.51 ± 0.14 0.53 ± 0.12 0.55 ± 0.14
TBARSerythrocytes (nmol MDA/gHb) 37.6 ± 13.2 39.0 ± 18.2 38.6 ± 14.5
CAT (104 IU/gHb) 61.4 ± 18.6 67.2 ± 27.0 61.4 ± 19.6
SOD (U/gHb) 1167.6 ± 345.4 1132.5 ± 193.3 1110.3 ± 222.9
GPx (U/gHb) 9.0 ± 3.7 8.8 ± 3.2 7.8 ± 3.5

Laparoscopic radical nephrectomy (n = 23)
Before laparoscopy 12 hours after laparoscopy 5 days after laparoscopy

TBARSplasma (nmol MDA/mL) 0.45 ± 0.11 0.56 ± 0.13 0.56 ± 0.18
TBARSerythrocytes (nmol MDA/gHb) 32.6 ± 19.2 40.1 ± 12.6 35.4 ± 12.9
CAT (104 IU/gHb) 74.7 ± 32.3 55.8 ± 15.9 61.3 ± 17.3
SOD (U/gHb) 1161.0 ± 298.2 1060.3 ± 135.1 1011.7 ± 131.3
GPx (U/gHb) 6.9 ± 3.9 9.9 ± 3.1 6.5 ± 2.9
No statistically significant differences between open surgery and laparoscopy.
TBARS: thiobarbituric acid reactive substances; CAT: catalase; SOD: superoxide dismutase; GPx: glutathione peroxidase.

was noticed 12 hours and 5 days after the surgery as compared
to the value before the intervention.

Considering the activity of catalase, superoxide dismu-
tase, and glutathione peroxidase in investigated groups of
patients, no statistically significant changes were found as a
result of radical nephrectomy.There were also no statistically
significant differences between patients undergoing open
surgery versus laparoscopy (Table 1). Yet, some statistically
significant correlations between studied antioxidant enzymes
were found. Before the treatment, there was a positive
correlation (𝑟 = 0.52, 𝑃 < 0.05) between CAT and SOD
activity in group of patients treated with open surgery and
negative correlation (𝑟 = −0.63, 𝑃 < 0.01) between CAT
activity and TBARS level in erythrocytes in patients before
laparoscopy. In patients treated with laparoscopy 12 hours
after the nephrectomy, positive correlation (𝑟 = 0.50, 𝑃 <
0.05) was revealed between CAT and GPx activity.

No statistically significant differenceswere found in activ-
ity of investigated lysosomal enzymes and protease inhibitor
between the patients treated with open surgery as compared
to patients who were subjected to laparoscopy. However,
some changes in their activity were found as a consequence of
surgical treatment.The pattern of changes was similar in both
groups of patients, but some differences were noticed. The
activity of arylsulfatase decreased after the nephrectomy in
comparison to the value before the intervention (Table 2). In
patients treated with open surgery, it decreased by about 26%
(𝑃 < 0.05) 12 hours and by about 22% (𝑃 < 0.05) 5 days after
the nephrectomy. In subjects who underwent laparoscopy, it
decreased even much more, by about 37% (𝑃 < 0.001) and
45% (𝑃 < 0.001) 12 hours and 5 days after nephrectomy,
respectively. In turn, CTSD activity in both statistically signif-
icant groups increased as a result of surgical treatment (Table
2). At patients treated with open surgery, CTSD activity 12
hours after the procedure was 77% higher (𝑃 < 0.05), while
5 days after surgery 89% higher (𝑃 < 0.01) than before the

treatment. Twelve hours and 5 days after laparoscopy, CTSD
activity was 61% (𝑃 < 0.01) and 55% higher (𝑃 < 0.05),
respectively. Comparing the activity of protease inhibitor
in the course of treatment, its activity 12 hours after both
techniques of nephrectomy decreased, but this was statisti-
cally insignificant. Five days after the treatment, AAT activity
statistically significantly increased as compared to the value
12 hours after the treatment (Table 2). At patients subjected to
open surgery, AAT activity was then 84% higher (𝑃 < 0.001),
while at subjects treated with laparoscopy, it was 51% higher
(𝑃 < 0.05). There were no statistically significant changes in
AcP activity after open surgery or laparoscopy (Table 2).

Considering correlation coefficients between all studied
lysosomal enzymes and protease inhibitor, positive correla-
tion was revealed between ASA and AcP activity (𝑟 = 0.49,
𝑃 < 0.05) and between ASA and AAT activity (𝑟 = 0.66,
𝑃 < 0.01) and negative correlation between CTSD and ASA
activity (𝑟 = −0.78, 𝑃 < 0.001) at patients treated with open
surgery 5 days after the treatment. At patients subjected to
laparoscopy, negative correlation between CTSD and ASA
activity was found both 12 hours (𝑟 = −0.62, 𝑃 < 0.05) and 5
days after (𝑟 = −0.81, 𝑃 < 0.001) the nephrectomy.

Moreover, in the presented study, some correlations were
found between parameters of oxidative stress and lysosomal
enzymes. Twelve hours after the open surgery, negative
correlation (Figure 1) was observed between SOD and CTSD
activity (𝑟 = −0.45, 𝑃 < 0.05), while 12 hours after the lap-
aroscopy, negative correlation (Figures 2 and 3) was revealed
between SOD and CTSD activity (𝑟 = −0.52, 𝑃 < 0.05) as
well as between GPx and CTSD activity (𝑟 = −0.51, 𝑃 <
0.05). Five days after the surgical treatment at patients sub-
jected to open surgery, statistically significant negative cor-
relation (Figure 4) was observed between SOD and CTSD
activity (𝑟 = −0.49, 𝑃 < 0.05). In a group of patients
who underwent laparoscopy, 5 days after the intervention,
statistically significant negative correlation (Figure 5) was
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Table 2: Lysosomal enzymes and protease inhibitor activity in patients with renal cell carcinoma before and after radical nephrectomy by
open surgery and laparoscopy.

Open radical nephrectomy (𝑛 = 21)
Before surgery 12 hours after surgery 5 days after surgery

AcP (10−2 nM p-nitrophenol/mg
protein/min) 1.87 ± 0.78 2.46 ± 0.89 2.22 ± 0.99

ASA (10−3 nM NCS/mg protein/min) 2.13 ± 0.46 1.58 ± 0.59a 1.66 ± 0.68a

CTSD (10−2 nM tyrosine/mg
protein/min) 2.31 ± 1.19 4.10 ± 1.82a 4.37 ± 2.17aa

AAT (mg trypsin/mL serum) 0.62 ± 0.2 0.43 ± 0.2 0.79 ± 0.2bbb

Laparoscopic radical nephrectomy (𝑛 = 23)
Before laparoscopy 12 hours after laparoscopy 5 days after laparoscopy

AcP (10−2 nM p-nitrophenol/mg
protein/min) 2.07 ± 0.86 1.62 ± 0.79 1.61 ± 0.58

ASA (10−3 nM NCS/mg protein/min) 2.22 ± 0.36 1.40 ± 0.72ccc 1.23 ± 0.51ccc

CTSD (10−2 nM tyrosine/mg
protein/min) 2.81 ± 0.97 4.53 ± 2.01cc 4.35 ± 2.10c

AAT (mg trypsin/mL serum) 0.61 ± 0.2 0.49 ± 0.2 0.74 ± 0.3d

No statistically significant differences between open surgery and laparoscopy.
Statistically significant differences: versus before open surgery: a𝑃 < 0.05, aa𝑃 < 0.01; versus 12 hours after open surgery: bbb𝑃 < 0.001; versus before
laparoscopy:c𝑃 < 0.05 andcc𝑃 < 0.01 andccc𝑃 < 0.001; versus 12 hours after laparoscopy:d𝑃 < 0.05.
AcP: acid phosphatase; AAT: 𝛼1-antitrypsin; ASA: arylsulphatase; CTSD: cathepsin D.

7 8 9 10 11 12 13 14 15 16
SOD (U/gHb) 

0

1

2

3

4

5

6

7

8

9

×105

×103

CT
SD

 (1
0−
2

nM
/m

g/
m

in
)

SOD : CTSD: 𝑟 = −0.4502; 𝑃 = 0.0464

Figure 1: Linear regression of superoxide dismutase (SOD) activity
versus cathepsin D (CTSD) activity, at patients with renal cell
carcinoma, 12 hours after open surgery nephrectomy.

observed between CAT and CTSD activity (𝑟 = −0.65, 𝑃 <
0.05), as well as positive correlation between SOD and ASA
activity (𝑟 = 0.69, 𝑃 < 0.01). Moreover, positive correlation
between TBARSplasma level and AAT activity (𝑟 = 0.59, 𝑃 <
0.05) was found.

4. Discussion

Laparoscopic surgery has become one of the most impor-
tant and popular technique in general surgery and is the
procedure of choice for almost all types of abdominal
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Figure 2: Linear regression of superoxide dismutase (SOD) activity
versus cathepsin D (CTSD) activity, at patients with renal cell
carcinoma, 12 hours after laparoscopic nephrectomy.

operations, because of its advantages over open surgery [10].
Although it is technically demanding, laparoscopy provides
RCC patients improved quality of life during recovery period
with decreased analgetic requirements, fewer complications,
and more rapid convalescence [24, 25]. However, there are
some reports about higher in-hospital mortality and more
common failure to rescue after laparoscopy probably due to
poor experience of surgeons and hospitals [24, 25]. Despite
all the advantages, laparoscopic surgery can have several
local and systemic consequences related to the induction
of pneumoperitoneum used to facilitate the visual field.
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Figure 3: Linear regression of glutathione peroxidase (GPx) activity
versus cathepsin D (CTSD) activity, at patients with renal cell
carcinoma, 12 hours after laparoscopic nephrectomy.
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Figure 4: Linear regression of superoxide dismutase (SOD) activity
versus cathepsin D (CTSD) activity, at patients with renal cell
carcinoma, 5 days after open surgery nephrectomy.

Insufflation of carbon dioxide into peritoneal cavity leads to
alterations in acid-base balance, blood gases, and cardiovas-
cular and pulmonary physiology [26] and causes reversible
renal dysfunction [27, 28].The effects of pneumoperitoneum
depend on many factors like the pressure level and gas
used [29]. For example, helium seems to limit postoperative
oxidative response following laparoscopy as higherMDA and
carbonyl responses and sulfydryl consumption were revealed
after CO

2
insufflation compared with helium [30].

Recently, some clinical and experimental studies demon-
strate that creating a pneumoperitoneum results in oxidative
stress. Laparoscopy may among others alter the production
of reactive oxygen species because of the effect of carbon
dioxide on peroxynitrite metabolism [31]. Oxidative stress
during surgical injury is also due to ischemia/reperfusion
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Figure 5: Linear regression of catalase (CAT) activity versus
cathepsin D (CTSD) activity, at patients with renal cell carcinoma, 5
days after laparoscopic nephrectomy.

injury. During laparoscopy, increase of intra-abdominal pres-
sure caused by pneumoperitoneum may cause splanchnic
ischemia followed by reperfusion due to deflation [32]. An
increase in lipid peroxidation products during the imme-
diate postoperative period and postoperative decrease in
endogenous antioxidants after laparoscopy, but not after open
cholecystectomy, were shown by Glantzounis et al. [32]. The
authors suggest that free radicals are generated at the end
of laparoscopic procedure, possibly as a result of ischemia-
reperfusion phenomenon induced by pneumoperitoneum.
Increased oxidative stress due to pneumoperitoneum was
also observed during laparoscopic donor nephrectomy, both
in donor and remaining kidneys [25].

In our study, no statistically significant changes in the
level of lipid peroxidation products and the activity of anti-
oxidant enzymes were revealed both 12 hours and 5 days after
open surgery or laparoscopy. There were also no differences
in parameters of oxidative stress between patients treated
with different nephrectomy techniques. The literature data
about the effect of open and laparoscopic surgery techniques
on parameters of oxidative stress are unequivocal. Gianotti
et al. [33] demonstrated that both laparoscopy and open
colon surgery may cause oxidative damage during mesen-
tery traction and immediately after the end of operation.
Bukan et al. [34] showed that both open and laparoscopic
cholecystectomy techniques caused an increased oxidative
stress; however, laparoscopy induces less significantly oxida-
tive stress than open surgery. The others concluded that
cholecystectomy, either open or laparoscopic, caused only
moderate oxidative stress [31]. SOD activity and total antiox-
idant status was not changed after both procedures, while
endogenous lipid peroxide level was higher onday 7 after
intervention. Moreover, they found that the level of oxidized
low density lipoproteins was higher after surgery, but only
after open cholecystectomy. On the other hand, comparing
open donor nephrectomy, laparoscopic donor nephrectomy,
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and retroperitoneoscopic donor nephrectomy, no differences
were detected in oxidative stress markers in renal tissue
samples [35].

Despite the lack of changes in oxidative stress markers
after the surgical treatment, some statistically significant
changes in ASA activity in serum of RCC patients after neph-
rectomy were found. However, it is known that this enzyme
is a member of family of sulfatases activated by the oxidation
of cysteine to formylglycine [36]. In turn, formylglycine-
generating enzyme is inhibited by oxidation of its cysteine
due to increased ROS generation [37]. Hence, it is possible
that decrease in ASA activity observed in our study after
nephrectomy is a consequence of presence of limiting factor
for its activity related to increased generation of reactive
oxygen species after the surgical treatment.

Comparing open and laparoscopic nephrectomy tech-
niques no statistically significant differences were found in
cathepsin D activity; yet, after both procedures, its activ-
ity increased relevantly. Among the lysosomal hydrolases,
cathepsins play major role in cellular proteolysis [38]. Orig-
inally, cathepsins were believed to participate exclusively in
terminal protein degradation during necrotic and autophagic
death. Nowadays, it is well established that those enzymes
execute numerous specific functions participating in impor-
tant physiological processes [39]. The increase in CTSD
activity in blood serum is probably due to its release into
cytosol after labilization of lysosomal membrane. Although
themechanism of lysosomalmembrane destabilization is still
poorly understood, the list of agents able to destabilize the
membrane is very comprehensive and includes reactive oxy-
gen species, which disturb the membranes by peroxidation
of their lipids [40]. No significant statistically changes in
antioxidant enzymes activity and lipid peroxidation level as
a result of radical nephrectomy were found in this paper, but
some statistically significant negative correlations between
antioxidant enzymes and cathepsin D activity were revealed
after surgical treatment in both groups of patients. This may
suggest insufficient antioxidant defense after the surgery,
which may lead to some oxidative damage, like lysosomes
disruption. The confirmation of increased level of reactive
oxygen species generation after the nephrectomy may be the
increasing tendency in TBARS levels observed in this paper.
Accumulating data suggest that ROSs not only act as damag-
ing entitles, but alsomay carry important beneficial functions
[41]. Reactive oxygen species occurring after the surgery may
play a possible role in the healing of laparotomic wound [31].

The main way in which cathepsins activity is regulated
is by interaction with their endogenous protease inhibitors
[42]. In human plasma, serine protease inhibitors represent
about 10% of the total protein, of which 70% is 𝛼

1
-antitrypsin

[43]. AAT is nowadays considered as one of the acute-phase
proteins as its normal plasma level increases 3-to 5-fold under
variety of physiological and pathological conditions like
stress, infections, and inflammation [44]. In present study,
12 hours after nephrectomy, the activity of 𝛼

1
-antitrypsin

statistically insignificantly decreased, but 5 days after the
procedure, its activity was higher than before treatment
and 12 hours after the treatment. An increasing amount of
evidences suggest that AAT possesses not only the ability

to inhibit proteases, but also to exert anti-inflammatory and
tissue protective effects independent of protease inhibition
[45]. AAT in concert with other proteins is probably involved
in protecting extracellular spaces from protein misfolding
and precipitation especially under stress conditions [46].
Despite the fact that there were no statistically significant
differences between patients from both studied groups, it
can be noticed that the rise of AAT activity was higher after
open surgery, which may suggest more intense inflammatory
reaction than after laparoscopic procedure. Those results are
in agreement with some research which compared inflam-
matory response in open and laparoscopic cholecystectomy
techniques [47–49]. They found more significant increase in
acute-phase inflammatory markers, such as 𝛼

1
-antitrypsin,

after open surgery than after laparoscopy.They postulate that
laparoscopic cholecystectomy, which is related to less tissue
damage, provokes less intense stress response. Gál et al. [50]
also showed that both open and laparoscopic procedures
induced changes of acute-phase proteins level, free radi-
cal mediated reactions, and neutrophil functions. However,
laparoscopy induces a significantly less intense response in
these parameters. Considering the inflammatory response
after open versus laparoscopic nephrectomy techniques, less
intense surgical trauma-induced immune dysfunction was
found after laparoscopy [51].

5. Conclusions

Our study demonstrates that neither open nor laparoscopic
radical nephrectomy has effect on postoperative level of
lipid peroxidation products and on activity of antioxidant
enzymes in blood of RCC patients, and both techniques
may cause only moderate changes in oxidant-antioxidant
balance. Therefore, we believe that laparoscopy may be used
for radical nephrectomy as effectively as open surgerywithout
creating oxidative stress. Moreover, we have observed that
the response of 𝛼

1
-antitrypsin is more severe after open

surgery than after laparoscopy in studied RCC patients. The
attenuation of acute-phase response may explain the reduced
period of convalescence at patients treated with laparoscopy.
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