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Lifestyle factors including dietary habit, physical activity,
smoke, and physiological stress are modifiable determinants
of the oxidative stress and the chronic low-grade inflam-
mation involved in the pathogenesis and progression of
many ageing-associated diseases. In a cross-sectional pilot
study, Seyedsadjadi et al. found relationships between a
comprehensive redox balance lifestyle score (RBLS) and
carotid intima-media thickness and total antioxidant capac-
ity (TAC)/hydroperoxide (HPX) ratio. The RBLS included
visceral adipose tissue, nutritional factors (polyunsaturated
fatty acids, transfatty acids, iron, vitamin E, vitamin C, and
carotenoids intakes), caffeine and alcohol intakes, smoking
history, physical activity, depression scores (stress and
anxiety), Pittsburgh sleep quality index, and apnoea risk.
Moreover, RBLS was related with the inflammatory markers
C-reactive protein and interleukin-1β. In this context, Ma
et al. reported that melatonin suppressed the activation of
the prolonged nucleotide-binding domain and leucine-rich
repeat pyrin domain-containing 3 (NLRP3) inflammasome
and the secretion of IL-1β within the atherosclerotic lesions,
in the atherosclerotic model high-fat-diet ApoE−/− mice.
Furthermore, in this study, melatonin induced sirtuin
(SIRT)3 activation. On the other hand, two studies in the
present special issue investigated the modulation of SIRT1

by nutraceuticals. Da Pozzo et al. found increases in SIRT1,
nuclear factor erythroid 2-related factor 2 (NRF2), fork-
head/winged helix box gene, and group O (FOXO)3 mRNA
levels in the hearts of old mice fed with lyophilized berga-
mot juice (1mg/kg/day) diluted in water for three months.
Corbi et al. investigated the effects of treatment (80 days) in
rabbits with various supplements including Lippia citrio-
dora extract, containing verbascoside 5mg/kg feed (VB),
350mg of root extract of Raphanus sativus/kg feed (RAP),
or 5mg of lycopene, extracted from tomato fruit/kg feed
(LYC). SIRT1 activity was higher in the rabbit’s heart and
liver of animals treated with VB, compared to the groups
receiving control, RAP, and LYC. However, no differences
were found in SIRT1 protein expression between groups
in both the heart and liver of the rabbits. On the other
hand, treatment with VB, RAP, and LYC resulted in a
marked improvement in the blood lipid and glycaemic pro-
file in respect to control and all three plant extracts induced
a significant reduction in oxidant parameters as well as an
increase in antioxidant tissue activity and vitamin A and
E levels.

Ageing per se is associated with a decline in the anti-
oxidant defenses, with telomere-shortening processes, with
immunosenescence and with mitochondrial dysfunction.
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In a meta-analysis of animal studies, Braakhuis et al.
reported decreased nitrotyrosine concentration (190 ani-
mals, SMD −0.67, 95% CI (−1.30, −0.05), p = 0 04), protein
carbonyl concentration (182 animals, SMD −0.13, 95% CI
(−0.44, 0.18), p = 0 41), and increase in the membrane
potential (63 animals, MD 11.44, 95% CI (1.28–21.60), p =
0 03) after treatment with the mitochondrion-targeted anti-
oxidant MitoQ.

Although diet and exercise are the major players in the
prevention of frailty in the elderly, moods can affect both
the antioxidant defensive and the immune systems. Being
the activation of hypothalamus-pituitary-adrenocortical
(HPA) axis is crucial in stress response and the bed nucleus
of the stria terminalis (BST), a mediator of the HPA axis
responses to stress; Karnia et al. investigated the effect of
the electrical stimulation (four weeks) of BTS. BTS caused
oxidative stress (i.e., higher level of lipid peroxidation
markers, lower level of protein oxidation marker, and ele-
vated antioxidant enzyme activity) in skeletal muscle of rats.
Besides, increased plasma corticosterone concentration was
found. From that, the authors suggested that these findings
could have also potential implication showing that reaction
to the long-term “psychological stress” may lead to free
radical damage of muscle.

Controversies surrounding the usefulness of nutraceuti-
cals in elderlies exist, and possible food-drug interaction in
aged people is an underlooked aspect of geriatric patients
that could affect metabolic pathways. The human study
(Fodor et al.), included in this special issue, reported that
resveratrol (100 and 200mg for 12 months) improved blood
pressure, body mass index, glucose (in nondiabetic patients),
and lipid profile, in patients who had a stroke in the last 12
months and who underwent allopathic (medical) treatment
combined with medical physical rehabilitation, whereas no
adverse effects were observed.

Behavioural, epigenetic (dietary phytochemicals, drugs),
and lifestyle (dietary intake, physical activity, and smoking
habit) factors must be taken into account in the management
of geriatric patients in order to assess individual risk or
benefit of dietary and/or physical activity advice in the
context of a personalized drug therapy. In this context,
spatiotemporal distribution of drug is particularly relevant.
Kalangi et al. tested in the carrageenan-induced mouse paw
edema model of inflammation the hypothesis that nanotech-
nology in combination with optical imaging using quantum
dot- (QD-) tagged biological macromolecules can be used
to estimate the spatiotemporal distribution of the anti-
inflammatory Celecoxib. In vivo imaging of QD-Celecoxib
conjugates showed clear localization in the inflamed tissue
of mouse paw within 3 h, with a gradual increase reaching a
maximum and a later decline followed by an increase in
urinary bladder region.

In conclusion, we sincerely hope that this special issue
contributes to add knowledge in age-related disease manage-
ment. However, more studies are needed in order to shed
light on the relationship between neuropsychological factors
and oxidative stress, as well as on nongenetic or genetic
influences that affect immune, anti-inflammatory, and
antioxidant aspects related to accelerated ageing.
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The NLRP3 (nucleotide-binding domain and leucine-rich repeat pyrin domain containing 3) inflammasome-mediated
inflammatory responses are critically involved in the progression of atherosclerosis (AS), which is the essential cause for
cardiovascular diseases. Melatonin has anti-inflammatory properties. However, little is known about the potential effects of
melatonin in the pathological process of AS. Herein, we demonstrate that melatonin suppressed prolonged NLRP3
inflammasome activation in atherosclerotic lesions by reactive oxygen species (ROS) scavenging via mitophagy in macrophages.
The atherosclerotic mouse model was induced with a high-fat diet using ApoE−/− mice. Melatonin treatment markedly
attenuated AS plaque size and vulnerability. Furthermore, melatonin decreased NLRP3 inflammasome activation and the
consequent IL-1β secretion within atherosclerotic lesions. Despite the unchanged protein expression, the silent information
regulator 3 (Sirt3) activity was elevated in the atherosclerotic lesions in melatonin-treated mice. In ox-LDL-treated
macrophages, melatonin attenuated the NLRP3 inflammasome activation and the inflammatory factors secretion, while this
protective effect was abolished by either Sirt3 silence or autophagy inhibitor 3-MA. Mitochondrial ROS (mitoROS), which was a
recognized inducer for NLRP3 inflammasome, was attenuated by melatonin through the induction of mitophagy. Both Sirt3-
siRNA and autophagy inhibitor 3-MA partially abolished the beneficial effects of melatonin on mitoROS clearance and NLRP3
inflammasome activation, indicating the crucial role of Sirt3-mediated mitophagy. Furthermore, we demonstrated that
melatonin protected against AS via the Sirt3/FOXO3a/Parkin signaling pathway. In conclusion, the current study demonstrated
that melatonin prevented atherosclerotic progression, at least in part, via inducing mitophagy and attenuating NLRP3
inflammasome activation, which was mediated by the Sirt3/FOXO3a/Parkin signaling pathway. Collectively, our study provides
insight into melatonin as a new target for therapeutic intervention for AS.

1. Introduction

Atherosclerosis (AS), with a high rate of morbidity and
mortality, is a predominant cause for cardiovascular diseases.
Also, AS has been identified as a chronic inflammatory
disease, in which inflammation is a primary driving force
for lesion rupture [1]. Inflammasomes are cellular protein
complexes that could respond to cellular damage, whose
formation requires the pattern recognition receptor (PRR).

NLRP3 (nucleotide-binding domain and leucine-rich
repeat pyrin domain containing 3) a recognized type of
PRR, is a cytoplasmic receptor responding to danger
signals. Upon activation, NLRP3 interacts with adapter
apoptosis-associated speck-like protein containing a C-
terminal caspase recruitment domain (ASC) to form NLRP3
inflammasome, leading to caspase-1 activation and the
release of proinflammatory cytokines [2, 3]. Since the NLRP3
inflammasome is considered a cellular machinery involved in
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the activation of inflammatory processes, it is necessary to
study its role in the progression of atherosclerotic plaque.

Melatonin (N-acetyl-5-methoxytryptamine (MEL)), a
predominant indoleamine of the pineal gland with marked
antioxidant, antiageing, and metabolic properties, has been
reported to exert beneficial effects on cardiovascular diseases
including myocardial ischemia-reperfusion, hypertension,
and heart failure [4–9]. Recently, the protective signaling
pathways of melatonin have attracted more and more atten-
tion. One of the essential mechanisms mediating the protec-
tive of melatonin is via the activation of silent information
regulator 3 (Sirt3). Yu et al. illustrated melatonin ameliorated
cardiac ischemia/reperfusion injury through the activation of
the Sirt3 axis [10]. However, the potential function of melato-
nin in AS is not completely understood [11]. Therefore, it is
of great importance to demonstrate the underlying protective
action of melatonin for its clinical application.

In the current study, we hypothesized that melatonin
protects against AS via the regulation of NLRP3 inflamma-
some. The study designs are as follows: the atherosclerotic
model was induced with a high-fat diet (HFD) in ApoE−/−

mice. Atherosclerotic plaque progression and stability
were examined with histological and immunofluorescence
staining. An in vitro study was performed in oxidized low-
density lipoprotein- (ox-LDL-) treated macrophage cell line
RAW264.7 cells. Furthermore, we examined NLRP3 inflam-
masome activation and inflammatory factor secretion was
tested, along with mitochondrial ROS generation, autophagy,
mitophagy indexes, and potential signaling pathways.
Forkhead box O3a (FOXO3a), which is a downstream target
of Sirt3, has the abilities to regulate the expressions of
antioxidant-encoding genes [12–14]. To investigate the
potential role of the Sirt3/FOXO3a signaling pathway in the
experimental conditions, siRNAs targeting Sirt3 and FOXO3a
were applied.

2. Material and Methods

2.1. Animals. ApoE−/− mice (male, 8 weeks old), purchased
from the Animal Center in the Fourth Military Medical
University, were initially fed with a standard laboratory chow
diet for one week. Thereafter, animals were randomly divided
into three groups (n = 20 each). In the control (Con) group,
mice were maintained with a standard laboratory chow diet
(TD.88137, Harlan Laboratories Inc., Madison, WI). In the
atherosclerosis (AS) group, mice were fed with a Western-
type diet (containing 15% fat and 0.25% cholesterol) for 12
weeks as previously reported [15]. In the melatonin-treated
atherosclerotic (AS+MEL) group, melatonin administration
started 4 weeks after the beginning of the Western-type diet.
Melatonin (Sigma-Aldrich, St. Louis, MO, USA) was initially
dissolved in ethanol and diluted with sterile water (final
ethanol concentration 0.5%). Then, melatonin was intraper-
itoneally injected (20mg/kg/d) for continuous 28 days
(dosage determined according to our previous study) [16].
Animals were given free access to food and water
during the whole experimental process. After the whole
experimental period, the mice were sacrificed by cervical
dislocation under anesthesia. All procedures were performed

in accordance with the US National Institutes of Health
(National Institutes of Health Publication number 85-23,
revised 1996). Experimental protocols and animal care
methods were approved by the Fourth Military Medical
University Committee on Animal Care (XJYYLL-2014251).

2.2. In Vitro Experimental Protocol. The ox-LDL-treated
RAW264.7 cell model was used for in vitro studies
according to our previous reports [15, 17]. Raw 264.7
macrophages were incubated with DMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (MDgenics, St. Louis, MO, USA) and 1% penicillin-
streptomycin. Macrophages were maintained in a 5% CO2
incubator at 37°C. ox-LDL treatment (ox-LDL, 50mg/ml
for 24h, Shanghai Leuven Biological Technology, Shanghai,
China) was coadministered with or without melatonin (ini-
tially dissolved in ethanol and diluted with culture medium
to a final concentration of 10μmol/l) in macrophages.

2.3. Small Interfering RNA. The small interfering RNA
(siRNA) targeting of Sirt3 and siRNA targeting FOXO3
were purchased from GenePharma Co. Ltd. (Shanghai,
China). The sequence of the mouse siRNA was as follows:
Sirt3, 5′-ACUCCCAUUCUUCUUUCAC-3′; FOXO3, 5′-
UUCAGAGACGAGGGUCCAAACACUG-3′. Twenty-four
hours after seeding, cells were transiently transfected with
100 nM siRNA per dish at 80% confluence using the lipofec-
tamine 2000 (Invitrogen Life Technology, Carlsbad, CA,
USA). The knockdown efficiency of the target proteins was
measured with Western blot assay.

2.4. Cytokine Measurement. The blood or cell supernatant
was collected to measure inflammatory factors using a com-
mercial ELISA kit (Sen-Xiong Company, Shanghai, China)
according to the manufacturer’s instructions. Each sample
was tested in triplicate to achieve accuracy.

2.5. Mitochondrial ROS Generation. The amount of mito-
chondrial ROS production was measured with a MitoSOX™
Red Mitochondrial Superoxide Indicator (Thermo Fisher,
Waltham, MA, USA). Briefly, cells were incubated with the
MitoSOX dye with the final concentration of 5μM for
30min at 37°C. Cells were then washed with PBS three times
and collected for flow cytometry analysis.

2.6. Measurement of Mitochondrial Membrane Potential
(MMP). MMP was measured using a commercially avail-
able JC-1 probe (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine iodide, Beyotime, Beijing, China). In
brief, JC-1 dye was dissolved according to the manufacturer’s
instructions. Macrophages were incubated with JC-1 dye for
30min at 37°C. After that, cells were washed with PBS and
collected for consequential flow cytometry analysis.

2.7. Western Blot Assay. The Western blot analysis was done
as described previously [18]. In brief, the vessel tissue or
cellular proteins were collected using RIPA solution and
separated with the SDS-PAGE gels. The samples were
then transferred to polyvinylidene difluoride membrane
(Millipore, USA) and incubated overnight (4°C) with
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primary antibodies including Sirt3, NLRP3, ASC, caspase
1, caspase 1-pro, FOXO3, acetylated protein, Parkin, and
GAPDH (Cell Signaling Technology, MA, USA, 1 : 1000
dilution). Membranes were then washed with TBST
and incubated with the secondary antibodies for 1 h at
37°C. Finally, bands were visualized with the chemilumines-
cence detection kit (Thermo Electron Corp., Rockford,
USA) and analyzed with the Imagelab software system
(Bio-Rad, CA, USA).

2.8. Transmission Electron Microscopy (TEM). The cultured
macrophages were rinsed with ice-cold PBS and centrifuged
at 1000×g for 5min at room temperature, after which the
supernatants were removed. Cell pellets were fixed with
2.5% glutaraldehyde in 0.1M cacodylate buffer with pH7.4
for at least 30min at 4°C. After fixation, the specimens were
thoroughly washed in 0.1M cacodylate buffer and then post-
fixed with 1% osmium tetroxide for 1 h at room temperature.
The specimens were dehydrated using a graded series of
ethanol and embedded in Epon. Finally, 0.1μm thin sections
were stained with uranyl-acetate/lead citrate and viewed in a
TEM (JEM-1230, JEOL, Tokyo, Japan).

2.9. Sirt3 Activity Assay. The Sirt 3 activity was analyzed
using a commercial kit (Sirt3 Activity Assay Kit, Abcam,
Cambridge, MA, USA) according to the manufacturer’s
instructions. Briefly, the activity of Sirt3 was measured by
the basic principle of changing a Sirt3 reaction into the activ-
ity of the peptidase. In order to measure the enzyme activity
of Sirt3, the activity of NAD+-dependent histone deacetylase
was measured under the existence of Trichostatin A, which is
the powerful inhibitor of HDACs. The results were read
using a microplate reader capable of measuring fluorescence
at Ex/Em=340–360/440–460 nm. The Sirt3 activity was pre-
sented as the relative Sirt3 activity value (per the Con group).

2.10. Tissue Collection and Morphological Staining. To
examine the atherosclerotic model and therapeutic effects
of melatonin, the total carotid artery and descending
aorta were removed from mice after euthanasia, followed
by several morphological staining protocols, including
hematoxylin-eosin (H&E), Oil Red O, and Masson tri-
chrome staining. The arteries were fixed in a 4% paraformal-
dehyde solution, embedded in paraffin, and sectioned at
5mm for the following staining. The sections were stained
with H&E or Masson trichrome staining, and images of the
stained sections were visualized using a light microscope
(Olympus, Japan). The sizes of the plaque areas were quanti-
fied by delineating plaque areas in 3-4 root H&E stained
sections/per mouse, and the data are presented as the mean
plaque area. The necrotic core area was defined as the area
that was negative for H&E staining within each plaque.

2.11. Immunofluorescence Microscopy. For mitochondrial
staining, macrophages were incubated with MitoTracker®
Red (Thermo Fisher, Waltham, MA, USA) at 37°C for
20min. Then, cell slides or frozen tissue samples were fixed
with 4% paraformaldehyde for 15min at 4°C. After washing
with PBS three times, cells were punched with 1% Triton
and blocked with 2% horse serum for 1 hour at room

temperature. Then, slides were incubated with primary
antibody (LC3B antibody, 1μg/ml; NLRP3 antibody, 1/200
dilution; and CD68 antibody, 1/100 dilution, all from
Abcam) at 4°C overnight. After being washed with PBS three
times, samples were incubated with the corresponding
IgG-FITC or Rhodamine-conjugated secondary antibody
(dilution factor 1 : 200) for 2 h at room temperature. Cell
nuclei were counterstained by DAPI (1mg/ml) for 5min.
After a final wash, the slides were visualized under a laser
scanning confocal microscope (Olympus FV1200, Olympus,
Tokyo, Japan).

2.12. Statistical Analysis. All analyses were performed with
SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). Data are
presented as the mean± S.D. The multigroup comparisons
were made with a one-way ANOVA analysis, followed by
Dennett’s post hoc test. Values of P < 0 05 were considered
to indicate a statistically significant difference.

3. Results

3.1. Melatonin Inhibited Atherosclerotic Lesion Progression In
Vivo. First, we examined the effect of melatonin on the
atherosclerotic plaque progression. The AS model was
successfully established, revealed by the plaque formation,
and increased serum IL-1β level (75.3± 10.21 versus
220.6± 8.79 pg/ml, P < 0 05, Figure 1(e)) in Figures 1(a)–
1(e). Figures 1(a) and 1(b) are the representative H&E,
Masson, and Oil Red staining images for atherosclerotic
plaques from sections across the aortic root. Quantifica-
tion analysis revealed that melatonin treatment signifi-
cantly reduced the plaque size as compared with the AS
group (0.5769± 0.0780 versus 0.3836± 0.0340, P < 0 05,
Figure 1(c)). Additionally, melatonin-treated mice showed
a decreased necrotic core area (8.5569± 0.2780 versus
7.2636± 0.3340, P < 0 05, Figure 1(d)), indicating that
melatonin decreased both the plaque size and the necrotic
core. In agreement with plaque area, serum IL-1β level was
markedly decreased by melatonin treatment in comparison
with the AS group (167.2± 12.7 versus 220.6± 8.79 pg/ml,
P < 0 05, Figure 1(e)). Taken together, the data demon-
strated that melatonin inhibited plaque progression in
the AS model.

3.2. Melatonin Inhibited NLRP3 Inflammasome Activation in
Atherosclerotic Lesions. Representative immunofluorescence
staining images of NLRP3 and macrophage marker
CD68 in AS lesion are presented in Figure 2(a). The
CD68-positive staining area (in red color) shows the macro-
phage infiltration. In atherosclerotic plaques, CD68-positive
macrophages were abundant around the lipid core area,
indicating the significant macrophage infiltration within
atherosclerotic lesions. Similarly, NLRP3-positive cells (in
green color) were also found in this area, indicating the
increased expression of NLRP3 in inflammatory AS plaque.
Of note, NLRP3 staining was decreased in the aortic artery
of melatonin-treated mice, suggesting that melatonin
reduced the NLRP3 activation in atherosclerotic plaque.
NLRP3 and consequent caspase-1 expressions by Western
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blot (Figure 2(b)) showed the same tendency, as melatonin
markedly reduced NLRP3 and caspase-1 protein level in
AS mice (P < 0 05). Furthermore, IL-1β level within
lesions was markedly decreased by melatonin treatment
in comparison with the AS group (16.89± 0.57 versus
26.77± 0.76 pg/mg, P < 0 05, Figure 2(c)).

3.3. Melatonin-Induced Sirt3 Activation and Mitophagy
within Atherosclerotic Plaques. As shown by Western blot
results in Figure 3(a), Sirt3 expression was slightly reduced
in the AS group; however, there was no significant difference
of Sirt3 expression between the AS and the AS+MEL groups
(P > 0 05). Strikingly, Sirt3 activity was obviously elevated by
melatonin (0.894± 0.026 versus 0.635± 0.023, P < 0 05,
Figure 3(b)), indicating the protective role of melatonin was
possibly dependent on Sirt3 activity. Mitophagy indexes
including LC3, TOM20, and Parkin were also examined, as
the elevated level of the LC3II/I ratio and Parkin expression,
together with the reduced mitochondrial protein TOM20
expression, are well-recognized mitophagy markers. As is
revealed byWestern blot data in Figures 3(c)–3(f), melatonin
significantly elevated the LC3II/I ratio and Parkin expression,
while decreasing mitochondrial protein TOM20 level
(P < 0 05), indicating that melatonin activated the process
of mitophagy within atherosclerotic lesions.

3.4. Melatonin Suppressed Ox-LDL-Induced NLRP3
Inflammasome Activation in Macrophages. Macrophage

plays an essential role in the progression of AS. Therefore,
we examined the effect of melatonin on inflammatory
cytokine secretion and inflammasome activation in vitro
by using ox-LDL-treated macrophages. To investigate the
potential role of Sirt3 and mitophagy involved in the
experimental condition, siRNA targeting Sirt3 and autoph-
agy inhibitor 3-MA were applied. As was revealed in
Figure 4(a), melatonin significantly diminished the ox-
LDL-induced Sirt 3 activity reduction, and this effect was
abrogated by siRNA targeting Sirt3. ELISA results
(Figure 4(b)) showed that melatonin markedly reduced ox-
LDL-induced IL-1β secretion in macrophages (249± 22.0
versus 348± 18.1 ng/ml, P < 0 05). Notably, both Sirt3
deletion by Sirt3-siRNA and autophagy inhibitor 3-MA
abolished the beneficial effect of melatonin (339± 12.2 versus
249± 22.0 ng/ml and 330± 8.93 versus 249± 22.0 ng/ml,
P < 0 05), suggesting that the function of melatonin was
dependent on Sirt3 and the induction of mitophagy.
NLRP3 inflammasome activation was explored by Western
blot (Figures 4(c)–4(g)). Even though ASC expression was
unchanged, NLRP3 expression was markedly increased in
ox-LDL-treated cells, consequently elevating the activation
of caspase-1 (indicated by increased caspase-1/caspase-1-
pro ratio). Melatonin obviously decreased both NLRP3
and consequential caspase-1 activation, indicating that
melatonin reduced ox-LDL-induced NLRP3 inflammasome
activation. Both Sirt3 deletion by siRNA and autophagy
inhibitor 3-MA partially reduced the effect of melatonin,
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Figure 1: Melatonin inhibited atherosclerotic lesion progression in vivo. (a) Representative H&E and Masson staining images of
atherosclerotic lesions of the aortic root area (n = 20). (b) Representative Oil Red staining images of atherosclerotic plaques of aortic root
area (n = 20). (c) The atherosclerotic plaque size (represented as the ratio of plaque area/lumen area) in the melatonin-treated group as
compared with the AS group (0.5769± 0.0780 versus 0.3836± 0.0340 %, P < 0 05). ∗P < 0 05 versus the AS group. (d) The necrotic core
area (represented as the ratio of necrotic core area/whole plaque area) in the melatonin-treated group as compared with the AS group
(8.5569± 0.2780 versus 7.2636± 0.3340 %, P < 0 05). ∗P < 0 05 versus the AS group. (e) The serum IL-1β level measured by the ELISA
assay in the melatonin-treated group in comparison with the AS group (167.2± 12.7 versus 220.6± 8.79 pg/ml, P < 0 05). ∗P < 0 05 versus
the Con group; #P < 0 05 versus the AS group.
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demonstrating that the beneficial function of melatonin was
mediated by Sirt3 and mitophagy.

3.5. Melatonin Inhibited NLRP3 Inflammasome Activation
through Mitophagy Induction and ROS Scavenging. Since
ROS is a recognized inducer for NLRP3 inflammasome
activation, we further explored whether melatonin inhibited
NLRP3 inflammasome activation through ROS scaveng-
ing. Immunofluorescence microscopy images (Figure 5(a))
revealed the induction of mitophagy by melatonin in
ox-LDL-treated macrophages, evidenced by the overlapping
of LC3 and MitoTracker (yellow dots in the ox-LDL+MEL
group). Both Sirt3 deletion and autophagy inhibitor 3-MA
decreased the effect of melatonin on mitophagy induction.
The mitochondrial membrane potential (MMP) was moni-
tored by JC-1 staining using the flow cytometry method

(Figure 5(b)). Melatonin significantly reduced ox-LDL-
induced MMP loss (9.51% versus 27.8%, P < 0 05). Of note,
both Sirt3 deletion and 3-MA partially abolished the MMP
recovery resulted from melatonin treatment (21.9% and
27.3% versus 9.51%, P < 0 05), indicating that the effect of
melatonin depended on both Sirt3 and autophagy process.
Consistent with MMP, melatonin reduced mitochondrial
ROS generation in ox-LDL-treated macrophages, whereas
either Sirt3-siRNA or 3-MA reversed the ROS scavenging
caused by melatonin (Figure 5(c)). Additionally, mitochon-
drial impairment was also observed with a TEM micrograph
(Figure 5(d)). The TEM microphage in the Con group shows
the normal mitochondrial morphology, while ox-LDL
stimulation induced swollen mitochondria with lysis of
cristae which indicated the impairment of mitochondrial
structures. Furthermore, the identifiable mitochondria in
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Figure 2: Melatonin inhibited NLRP3 inflammasome activation within atherosclerotic lesions. (a) The NLRP3 expression (the green color)
and colocation with macrophage marker CD68 (the red color) in the aortic artery of melatonin treated mice as compared with AS mice
(n = 20). (b) The NLRP3 and caspase-1 protein expression levels in atherosclerotic lesions as compared with the AS mice measured by
Western blot (n = 20, P < 0 05). ∗P < 0 05 versus the Con group; #P < 0 05 versus the AS group. (c) The IL-1β level measured by the
ELISA assay within atherosclerotic lesions of melatonin treated AS mice in comparison with the AS group (n = 20, 16.89± 0.57 versus
26.77± 0.76 pg/mg, P < 0 05). ∗P < 0 05 versus the Con group; #P < 0 05 versus the AS group.
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autophagosomes (the indicator for the presence of mitophagy)
were observed in ox-LDL+MEL-grouped cells, reconfirming
that melatonin induced mitophagy in ox-LDL-treated macro-
phages. Western blot results in Figure 5(e) revealed that
melatonin induced the increase in the LC3II/I ratio and
Beclin1/Parkin expression, while Sirt3-siRNA and 3-MA
reversed the changes caused by melatonin. Taken together,
these results demonstrated that melatonin caused mitophagy
induction and ROS scavenging, which was mediated by
Sirt3-dependent mitophagy.

3.6. Melatonin Activated Parkin-Mediated Mitophagy
Process through the Sirt3-FOXO3a Pathway. To explore
the signaling pathway of melatonin in ox-LDL-treated

macrophages, we highlighted mitophagy-related protein
expressions using both Sirt3 and FOXO3 silencing by siRNA.
As is demonstrated in Figure 6(a), melatonin promoted the
deacetylation level of forkhead box O3 (FOXO3a, decreased
ratio of acetylated protein of 90 kDa/total FOXO3a) and
consequently increased the expression of Parkin. Sirt3 silence
abolished the regulatory effect of melatonin on acetylated
FOXO3a and Parkin. Similarly, FoxO3a deletion also
reversed the alterations of the acetylated FOXO3a ratio
and Parkin expression caused by melatonin (Figure 6(b)).
Importantly, FOXO3a did not alter the expression level
of Sirt3. Collectively, these mechanistic data revealed that
the Sirt3-FOXO3a signaling pathway was associated with
Parkin-mediated mitophagy.
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Figure 3: Melatonin induced Sirt3 activation and mitophagy in atherosclerotic plaques. (a) The Sirt3 expressions in the control group, AS
group, and AS +MEL group were examined by Western blot assay (∗P < 0 05 versus the Con group). (b) The Sirt3 activity in the
melatonin-treated group in comparison with the AS group (n = 20, 0.894± 0.026 versus 0.635± 0.023, P < 0 05). #P < 0 05 versus the AS
group. (c–f) The LC3II/I ratio, Parkin expression, and mitochondrial protein TOM20 level, which are the representative markers of the
process of mitophagy, were examined by the Western blot assay (n = 20, P < 0 05). #P < 0 05 versus the AS group.
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4. Discussion

In this present study, we demonstrated, for the first time, that
melatonin markedly inhibited AS plaque progression in a
high fat dieted ApoE−/− mice, mediated by mitophagy induc-
tion and decreased NLRP3 inflammasome activation. In
ox-LDL-treated macrophages, melatonin reduced mitoROS
level via the induction of mitophagy, consequently suppress-
ing prolonged NLRP3 inflammasome activation. Further-
more, the beneficial effects of melatonin were associated
with the Sirt3-FOXO3a-Parkin signaling pathway (schematic
illustration in Supplementary Figure 1). Taken together, our
data revealed the protective effect and underlying
mechanism of melatonin on AS, which shed light on the
therapeutic strategies of melatonin for clinical AS patients.

Melatonin, though mainly secreted by the pineal gland, is
a widely produced indoleamine in all organisms [19]. The

biological benefits of melatonin are mediated by several
mechanisms, including antioxidant acting, reducing endo-
plasmic reticulum stress and DNA damage repair [20, 21].
Numerous researches have indicated that melatonin plays
an important role in various cardiovascular diseases, such
as myocardial ischemia-reperfusion injury, hypertension,
abdominal aortic aneurysm, and cardiotoxicity induced by
clinically used drugs [22–25]. Interestingly, a previous study
using a HFD mouse model demonstrated that melatonin
could reduce the plasma cholesterol level, indicating the
beneficial role of melatonin against AS [26]. Furthermore,
in a recent meta-analysis by Mohammadi-Sartang et al., they
demonstrated that melatonin supplementation significantly
improved triglycerides and total cholesterol levels in patients
[27]. These studies indicated the protective role of melatonin
against AS via the lipid profile regulation. However, the role
of melatonin in atherosclerosis remains controversial. Even
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Figure 4: Melatonin suppressed ox-LDL-induced NLRP3 inflammasome activation in macrophages. (a) The Sirt3 activity examined by the
ELISA assay. ∗P < 0 05 versus the Con group; #P < 0 05 versus the ox-LDL group; and &P < 0 05 versus the ox-LDL+MEL group. (b)
The IL-1β secretion level in macrophages examined by the ELISA assay. ∗P < 0 05 versus the Con group; #P < 0 05 versus the ox-LDL group;
and &P < 0 05 versus the ox-LDL+MEL group. (c–g) The Sirt3, NLRP3, ASC, caspase-1, and caspase-1-pro expressions were examined by the
Western blot assay. ∗P < 0 05 versus the Con group; #P < 0 05 versus the ox-LDL group; and &P < 0 05 versus the ox-LDL+MEL group.
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though several studies suggested that melatonin was reduced
in AS plaque and inhibited atherosclerosis progression,
controversies exist. For instance, Tailleux et al. reported that
melatonin was highly increased in the surface of aortic
atherosclerotic lesions and promoted atherosclerosis in the
proximal aorta, but their results were based on the high
melatonin dosage [11, 28, 29]. In our present study, we
found that melatonin inhibited AS progression, through
its anti-inflammatory properties.

The inflammatory nature of atherosclerosis has been
established. Notably, searching for effective anti-inflammatory
strategies for the treatment of AS underscores the importance
of a better mechanistic understanding of atherosclerotic
inflammation. Recently, the role of NLRP3 inflammasome

in the disease of AS has drawn much attention [30, 31].
Inflammasomes are responsible for the conversion of
proIL-1β and proIL-18 to mature inflammatory factors in
response to danger signals such as pathogen-associated
molecular patterns (PAMPs) and danger-associated molecu-
lar patterns (DAMPs) as intracellular complexes. In 2010,
Duewell et al. first reported that NLRP3 inflammasomes are
essential for high-fat diet-induced atherosclerosis [32].
It was also reported that NLRP3 inflammasome mRNA
level was upregulated in a pig aorta in a diabetes mellitus-
associated atherosclerosis [33]. Zheng et al. further demon-
strated that silence of NLRP3 suppressed atherosclerosis
and stabilized plaques in ApoE-deficient mice, indicating
the prerequisite role of NLRP3 inflammasomes in the
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Figure 5: Melatonin inhibited NLRP3 inflammasome activation through mitophagy induction and ROS scavenging. (a) The colocalization of
LC3 and MitoTracker in the melatonin-treated group was revealed by the immunofluorescence microscopy images. (b) The mitochondrial
membrane potential (MMP) was examined by the JC-1 flow cytometry assay (ox-LDL group: 27.8%, ox-LDL+MEL group: 9.51%,
ox-LDL+MEL+ si-Sirt3 group: 21.9%, and ox-LDL+MEL+3MA group: 27.3%; P < 0 05). (c) The mitochondrial ROS generation in
each group was revealed by the MitoSOX value results. (d) TEM images showed that induced mitochondrial impairment in
macrophages, evidenced by swollen mitochondria with lysis of cristae. Moreover, the identifiable mitochondria in autophagosomes
(the indicator for the presence of mitophagy) were observed in ox-LDL+MEL-grouped cells, confirming the presence of mitophagy. (e)
The LC3II/I ratio, Beclin1, Parkin, and TOM20 expressions were examined by the Western blot assay. ∗P < 0 05 versus the Con
group; #P < 0 05 versus the ox-LDL group; and &P < 0 05 versus the ox-LDL+MEL group.
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progression of atherosclerosis [34]. Moreover, it was recently
confirmed that NLRP3 expression was significantly increased
in human atherosclerotic plaques in comparison to non-
atherosclerotic vessels [35]. Our current data was in agree-
ment with these previous findings. NLRP3 inflammasome
activation and inflammatory cytokine IL-1β secretion were
upregulated in both AS plaque area and ox-LDL-treated
macrophages. Strikingly, melatonin markedly inhibited
NLRP3 inflammasome activation and IL-1β secretion, thus
suppressing the progression of AS plaque. From these
findings, we could conclude that melatonin exerted the
protective effect against AS through the inhibition of NLRP3
inflammasome activation.

We next explored the underlying mechanisms by which
melatonin attenuated NLRP3 inflammasome activation.
Recent findings emphasized the mitochondria as a key
regulator in inflammatory responses [36]. Specially, mito-
chondrial ROS have been suggested to be a critical activator
of the NLRP3 inflammasome complex [37]. A previous

research showed that mtROS overproduction by the inhibi-
tion of mitochondrial complex I or complex III triggered
NLRP3 inflammasome activation [38, 39]. Similarly, the
in vitro data demonstrated that ox-LDL stimuli attenuated
MMP and increased mitoROS production in macrophages,
consequently leading to NLRP3 inflammasome activation.
Melatonin treatment in macrophages rescued MMP loss
and decreased mitoROS generation, contributing to the
alleviation of NLRP3 inflammasome activation. Mitophagy,
mitochondria-selective autophagy, plays a central role in
maintaining mitochondrial homeostasis through the
elimination of a damaged mitochondria. The process of
mitophagy is a balance regulator of NLRP3 inflammasome
activation through mitoROS scavenging [40, 41]. Using both
immunofluorescence staining and Western blot methods, we
found that melatonin triggered mitophagy, which conse-
quently attenuated mitoROS production and NLRP3
inflammasome activation. Furthermore, autophagy inhibitor
3-MA abolished the beneficial effects of melatonin on
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Figure 6: Melatonin activated Parkin-mediated mitophagy process through Sirt3-FOXO3a pathway. (a) The acetylation level of forkhead box
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mitoROS scavenging, indicating that melatonin alleviated
ox-LDL-induced mitoROS overgeneration and NLRP3
inflammasome activation was mitophagy dependent.

To date, the role of melatonin on Sirt3 has not been
thoroughly investigated [42]. Sirt3 is a member of the class
III deacetylases located in the mitochondria, regulating a
variety of cellular biochemical processes by interacting with
histone and nonhistone proteins [43, 44]. In the current
study, we observed a decrease in Sirt3 expression in both
AS plaque and ox-LDL-treated macrophages. With the
method of Sirt3 silencing by using siRNA, we demonstrated
that the protective role of melatonin against AS was mediated
by Sirt3. Interestingly, melatonin elevated Sirt3 activity,
without altering its expression level. The work of Pi et al.
and Chen et al. provided the evidence regarding the likely
involvement of Sirt3 in the hepatoprotective effect of
melatonin [45, 46]. Zhai et al. recently reported that
melatonin exerted cardioprotective effects by upregulating
Sirt3 expression and activity [47]. This is contradictory with
our data, since we only observed elevated Sirt3 activity but
not expressed in the melatonin-treated group.

In the next step, the underlying signaling pathway was
examined. As is evidenced by the Western blot results,
deacetylation of FOXO3a and Parkin expression were
decreased by ox-LDL stimuli, while melatonin reversed this
decrease via Sirt3 activation. By using siRNA targeting Sirt3
and FOXO3a, we concluded that the regulatory effect of
melatonin on Parkin-mediated mitophagy was Sirt3/
FOXO3a dependent. In a recent work by Díaz-Casado
et al., they demonstrated that melatonin restored the
Parkin/Pink1 network and rescued mitochondrial function
in a zebrafish Parkinson’s disease model [48]. Similarly,
Yu et al. previously reported the involvement of Sirt3/
FOXO3a/Parkin-mediated mitophagy in diabetic cardiac
dysfunction [49]. Herein, we demonstrated for the first time
the protective effects of melatonin on Sirt3/FoxO3a/Parkin-
mediated mitophagy in ox-LDL-stimulated macrophages.

Despite the potential clinical relevance of our findings,
there are some limitations in the present study. Even though
we applied Sirt3-siRNA to demonstrate the beneficial role of
melatonin was Sirt3 dependent in macrophages, in vivo
evidence was limited due to the lack of Sirt3 knockout mice.
Secondly, our current research has not elucidated the
possibility that melatonin might have a direct effect on ox-
LDL and which melatonin receptor is responsible for Sirt3
activation. Thirdly, the plasma cholesterol levels were not
examined in the present study, which might be a potential
contributor to the beneficial effect of melatonin. These
above-mentioned limitations need further investigation in a
future work.

Collectively, our study revealed that melatonin prevented
atherosclerotic progression via the blockage of NLRP3
inflammasome activation and inflammatory factor secretion,
which was a novel mechanism of melatonin against AS.
Melatonin induced Sirt3/FOXO3/Parkin-mediated mito-
phagy and decreased mitochondrial ROS production, thereby
attenuating NLRP3 inflammasome activation in macro-
phages. Taken together, our study provides novel insight into
melatonin as a new target for therapeutic intervention for AS.
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Mitochondria are metabolically active organelles that produce significant reactive oxygen species, linked with aging and
degenerative diseases. In recent years, particular focus has been put on mitochondria-targeted antioxidants, to decrease the
concentration of reactive oxygen species and help alleviate the accumulation of oxidative damage and associated aging. MitoQ is
a mitochondria-targeted antioxidant of which is reported to support healthy aging. The aim of this systematic review is to
investigate the effects of MitoQ on oxidative outcomes related to the aging process. A predeveloped search strategy was run
against MEDLINE (Ovid), EMBASE (Ovid), and CINAHL databases, which identified 10,255 articles of interest, with 27
of these finalised for use after screening. Three outcomes had sufficient data to meta-analyse nitrotyrosine concentration
(190 animals, SMD −0.67, 95% CI (−1.30, −0.05), p = 0 04), membrane potential (63 animals, MD 11.44, 95% CI (1.28–21.60),
p = 0 03), and protein carbonyl concentration (182 animals, SMD −0.13, 95% CI (−0.44, 0.18), p = 0 41). MitoQ intervention
produced a statistically significant reduction in nitrotyrosine concentration and increased membrane potential. MitoQ may be
of some benefit in alleviating oxidative stress related to aging.

1. Introduction

Aging, an inevitable biological process, is characterised by
a general decline in physiological function that leads to
morbidity and mortality. Specific causes of this decline are
still uncertain, although various lines of evidence implicate
oxidative damage and mitochondrial decline as being a
fundamental driving force behind this process [1]. Sustained
damage inflicted by endogenously produced oxidants is the
likely cause of age-related deficits in mitochondrial function
and general physiological decline common to all aging
organisms [1].

The postulated relationship between cellular decline and
reactive oxygen species (ROS) has been well explored in
the free radical theory of aging, which suggests that
human lifespan and degenerative disease are tied to the
adverse effects of ROS on cell structure and function [2].
Once produced, ROS react with lipids, proteins, and nucleic
acids causing oxidative damage to these macromolecules,

over time contributing to the aging process [3]. Various
biomarkers have been used to measure the effects of oxidative
damage in nutraceutical research, including lipid peroxida-
tion, antioxidant activity assays, antioxidant enzyme activity,
and DNA damage [2, 4, 5]. 7,8-Dihydro-8-oxo-deoxygua-
nosine (8-oxo-dG) is one of the most abundant and
well-characterised DNA lesions caused by ROS [3].

Mitochondria are among the most metabolically active
organelles in the body and are a primary source of energy
production and oxidative phosphorylation [6]. Oxidative
phosphorylation, a process in energy production, results in
the production of ROS. The free radical superoxide in partic-
ular is created in the mitochondria through nonenzymatic
means when leakage of electrons from various complexes
occurs and subsequently binds to oxygen molecules [7].
Other ROS markers are of interest as well in the mitochon-
dria. Malondialdehyde (MDA) is formed as a product of lipid
degradation and is mutagenic in nature due to its ability
to create DNA adducts. It is also a mitochondrial toxin,
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inhibiting respiration and enzyme catalytics [8]. As both
the major producer and primary target of ROS, mitochon-
dria are thought to play an important role in aging.

Nitrotyrosine (3-NT) is a biomarker of protein oxidation
produced upon the nitration of protein residues, which alters
protein structure and function [9]. In aging-related oxidative
stress, peroxynitrite production, resulting from the reaction
between nitric oxide and superoxide, could increase. Peroxy-
nitrite is responsible for nitration of tyrosine residues in
proteins. Therefore, the presence of nitrotyrosine in plasma
proteins is considered an indirect evidence of peroxynitrite
production and an indicative of oxidative stress [9]. Protein
carbonyls arise from lipid peroxidation and are associated
with many chronic human illnesses [10]. Mitochondrial
membrane potential is also an important factor to consider
as it affects energy production as well as organelle turnover
and elimination [11]. Membrane potential has been used as
a proxy marker for mitochondrial function, which naturally
declines with age [3].

Generally speaking, decreasing the concentration of
ROS and thereby potential damaging capabilities, it is
hypothesised that the aging process can be delayed. This con-
cept has inspired a host of nutraceuticals aimed at alleviating
oxidative damage, particularly in the mitochondria [12].

To decrease mitochondrial oxidative damage, a number
of mitochondria-targeted antioxidants have been developed.
One such mitochondria-targeted antioxidant is MitoQ,
which consists of a quinone moiety linked to a triphenyl-
phosphonium (TPP) moiety by a 10-carbon alkyl chain
[13]. Currently, the effect of MitoQ on oxidative stress is
inconclusive and predominately researched in studies with
small participant numbers [13]. Therefore, the purpose of
this systematic review is to investigate the effect of MitoQ
on markers of oxidative stress and aging, which could form
the basis of future human clinical trials.

2. Material and Methods

2.1. Search Strategy and Selection Criteria. A literature search
investigating the effect of MitoQ on oxidative stress-related
aging markers in clinical and preclinical trials was conducted
using a created search strategy. The search strategy included
the following concepts: MitoQ and quinone derivatives,
oxidative stress markers, and mitochondria, with terms
optimised for each database using Boolean operators. Data
were collected from the following databases: MEDLINE
(Ovid), CINAHL, and EMBASE (Ovid). The databases
AMED and EMBASE classic were also considered but were
excluded due to AMED having an absence of MitoQ-
relevant articles and EMBASE classic cataloguing articles
from 1947–1973 during which MitoQ had not been synthe-
sised. The strategy employed the use of medical subject
headings (MeSH terms) where possible, but in circumstances
when a MeSH term was invalid in a particular database, an
equivalent term was substituted. Articles obtained from the
search were then screened by title and abstract, and
duplicates were removed. The 247 full-text articles that
remained were then screened by two authors (VS and RN)

independently based on a predefined inclusion and exclusion
criteria. The inclusion criteria were as follows:

(1) Animal or human studies

(2) Placebo or control intervention

(3) Crossover or parallel in design

(4) Randomised controlled trial (RCT)

(5) Studies that measure lipid peroxidation, oxidative
damage, or one of the secondary outcome measures

Studies were excluded if cell based, lacked inferential
statistics (standard error (SE)/standard deviation (SD) or
p values), or if data could not be accurately extracted.
An article was determined to be included or excluded if both
authors achieved consensus. In cases of disagreement or if
either author was unsure of the article’s status, a third author
(AB) made a final decision. After this, 18 articles were
included for data analysis (see Figure 1). The intended
outcomes were as follows:

(1) Primary outcomes

(i) Lipid peroxidation (malondialdehyde (MDA),
thiobarbituric acid reactive substance (TBARS),
rinary 8-epi-prostaglandin-F2α (8-epi-PGF2α),
and urinary 8-hydroxydeooxyguanosine (8-
OHdG)

(ii) Oxidative damage (DNA/RNA damage)

(2) Secondary outcomes

(i) Protein carbonyl concentration

(ii) Antioxidant enzymes (catalase, superoxide dis-
mutase, and glutathione peroxidase activity or
concentration)

(iii) Mitochondrial membrane potential

(iv) Antioxidant activity (FRAP and ORAC)

(v) 3-Nitrotyrosine

(vi) Nitric oxide concentration

(3) Genetic-related outcomes

(i) Genes related to oxidative stress response and/
or antioxidant activity (Nrf2, Hmox1, Sepp1,
and Srxn1)

(ii) Reactive oxygen species metabolism (Fmo2,
Sod2, and Ucp2)

3. Data Collection and Assessment of Bias

Data was independently collected by two authors (VS and
RN). Where data was presented in graphical format, Plot
Digitizer software was used to accurately extract data (both
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authors individually extracted the mean and respective
inferential statistics, and if there was a difference, the average
value of the two was used) (Source Forge, GNU Library
License version 2.0) to confirm the visually collected
data. Where studies provided a range of characteristics
(i.e., 150–200 g), the middle value was used. Conversely,
if studies provided a range for sample size, the lower
number was utilised to prevent overpowering. For con-
trol data, the authors extracted the values for the closest
possible variable; for example, when control, high-fat
diet, and high-fat diet +MitoQ was used, high-fat diet
was used as “control.” If data was presented as median
with interquartile range, the corresponding author for
the paper was contacted for the mean and SD. One
author [14] was contacted and provided the mean and
SD results.

The review of abstracts and full texts retrieved
followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (PRISMA) [15].
Collected data included characteristics of participants and

study, intervention type and dose, study description/over-
view/setting, study recruitment, risk of bias, and outcomes.

With the use of the following 6 categories, 2 reviewers
(RN and VS) completed the assessment of the risk of bias
for each study independently:

(1) Sequence generation

(2) Allocation concealment

(3) Blinding

(4) Missing outcome data

(5) Risk of reporting bias

(6) Other sources of bias according to SYRCLE’s risk of
bias tool for animal studies [15]

3.1. Data Synthesis. Literatures reporting the standard error
of the mean (SEM) were converted to SD prior to analysis
by multiplying by the square root of the sample size. Where

Records identied from 
MEDLINE (Ovid)

(n = 4201)

Records identied from 
CINAHL 
(n = 243)

Records identied from 
EMBASE (OVID) 

(n = 6699)

Records after duplicates removed 
(n = 10,255)

Records screened 
(n = 10,255) 

Records excluded: titles and abstract not relevant
(n = 10,008)

Full-text articles assessed
for eligibility

(n = 247)

Full text articles excluded with reasons (n = 226):

(i) Incorrect article types excluded (n = 107)

(ii) Absent MitoQ intervention (n = 93)

(iii) Acute duration (n = 10)

(iv) Repeats removed (n = 7)

(v) Other: missing outcomes, out of scope, 
incorrect outcomes 

(n = 9)

Studies included in 
quantitative synthesis 

(n = 19)

Studies included in 
qualitative synthesis 

(n = 21)

Figure 1: PRISMA chart.
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a result was presented in relation to control, and the control
lacked inferential information, the same SD for the invention
was used for control. The units of MitoQ dosage varied
between studies, so to improve clarity of interpretation, all
doses were converted into a common metric (mg·day−1).
Ten studies [16–25] reported MitoQ concentration in moles,
and so the molar mass of the supplement active ingredient
(680 g·mol−1) was used to convert this value into mg·day−1.
The remaining studies [14, 26–32] reported dosage per kg
weight; in this case, the average subject weight was used to
convert this value into mg·day−1.

3.2. Data Analysis. For outcome measures with data from
three or more publications, a meta-analysis was per-
formed with the Review Manager software (version 5.3).
When outcomes were measured in different units, the
study effect size was calculated from standardised mean
differences. Alternatively, when an outcome was measured
in identical units, mean difference was utilised. When
pooling data, the fixed effect model was adopted, except
when the heterogeneity score (Higgins score) was greater
than 60%, the random effect model, with other factors in
agreement with the model type [15]. The subject number
from research using the same participant was artificially
lowered when analysed to reduce the effect from the
same subject, as was conducted in the membrane potential
meta-analysis [27].

4. Results

4.1. Study Selection. After the individual screening of the
10,255 articles, the articles with title/abstracts not pertaining
to the review were deleted with 247 articles remaining. Two
reviewers (VS and RN) assessed the remaining articles, and
27 of these were included after mutual consensus. The
PRISMA diagram outlining the selection process, including
the number of studies at each stage and reasons for exclusion,
is presented in Figure 1.

4.2. Study Characteristics. The characteristics of studies
included in the meta-analysis are shown in Table 1. In
summary, all of the studies were RCTs and used a parallel
design. The studies were conducted in a range of countries,
including seven in the United Kingdom [11, 18–20, 26–28],
eight in the United States [16, 17, 21, 22, 29, 33–35], three
in France [30, 31, 36], two in India [23, 32], and one in
New Zealand [37], Uruguay [24], China [38], and Singapore
[25]. A total of 13 animal studies used MitoQ as supplemen-
tation, either dissolved in drinking water [16, 17, 19, 20, 32,
35] or added as part of rodent diet [18, 26, 31]. One human
study provided MitoQ as dietary supplement [33], and a
further study used MitoQ as stock solution [25]. The remain-
ing used a combination of IV infusion [14, 17, 21, 22, 28, 29],
to administer MitoQ.

The range of MitoQ dose varied from 0.1–340mg·day−1.
Seven studies used a MitoQ dosage below 50mg·day−1
[14, 25–29, 33], seven studies used a MitoQ dosage above
50 but below 300mg·day−1 [16, 20–22, 30–32], and 5 studies
used a MitoQ dose above 300mg·day−1[17–19, 23, 24].

The major studies can be subdivided into three durations.
Dare et al., Lowes et al., and Powell et al. [14, 28, 29] had an
intervention duration of within 24hrs; nine studies had a
duration of 1–8 wk [16, 17, 22, 24–26, 31, 33], and six studies
had an intervention duration of 8–28 wk [18–21, 32, 35]. The
studies varied in their reported outcomes, although they all
measured at least one of the predetermined primary or
secondary outcomes.

Six articles included female animals [17, 18, 20, 21, 23, 24],
while the remainder used all male subjects. The Sprague-
Dawley rat breed was predominantly used as interventional
subjects, with 6 articles [14, 23, 26, 27, 30, 31], including them.
C57BL/6 mice were the next common breed of animal used,
with four articles [16, 19, 20, 28], including them.

Of the 27 studies included, seven studies measured
protein carbonyl concentrations, [17–19, 23, 25, 28, 32],
six measured 3-NT, [20–23, 26, 35], and three each mea-
sured MDA [23, 29, 33] and four membrane potential
[27, 30, 31, 38]. The remaining outcome measures were
reported by various studies.

4.3. 3-Nitrotyrosine. Eight studies reported 3-NT, [16, 20–24,
26, 35], as a result of protein oxidation, totalling 190 animals,
with MitoQ intervention (n = 92) or control (n = 98). The
meta-analysis of the change in 3-NT is shown in Figure 2.
MitoQ supplementation had a significant reduction in 3-NT
concentration (p = 0 04).

4.4. Membrane Potential. Four studies reported membrane
potential, [27, 30, 31, 38], totalling 62 animals, with MitoQ
intervention (n = 31) or control (n = 31). MitoQ significantly
increases membrane potential (p = 0 03) (see Figure 3).

4.5. Protein Carbonyls. Eight RCTs reported protein carbonyl
concentration, totalling 182 animals, [17–20, 23, 25, 28, 32].
All participants were given either a MitoQ intervention
(n = 90) or control (n = 92). MitoQ treatment tends to
favour decrease of protein carbonyl concentration though
the change is statistically insignificant (see Figure 4).

4.6. Other Outcomes. The remaining outcomes with insuffi-
cient data to meta-analysed are displayed in Table 2. In
general, lipid peroxidation biomarkers are lower with MitoQ
treatment, with remaining measures unclear. Three studies
reported MDA [23, 29, 33], totalling 42 animals/humans,
with MitoQ intervention (n = 21) or control (n = 21). Few
studies reported results for gene-related outcomes.

4.7. Bias. In summary, four studies reported adequate
sequence of allocating participants to treatment [25, 27, 30,
33], whereas the remaining 16 did not state the method of
allocation and therefore had unclear bias.

Similarly, two studies reported a satisfactory method
of concealing allocation [25, 33], with the remaining cate-
gorised as high risk because the method was not reported
by the investigators.

All studies were single-blind RCTs except Lowes et al.,
Ng et al., and Shill et al. [25, 27, 33], which employed a
double-blind RCT design. As a consequence, the three
double-blind RCTs had a low blinding bias, while the
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Study or subgroup
Mean

Experimental Control
SD Total

1.2 0.45 5
1.4 0.22 5
1.8 1.12 14
0.9 0.429 6
6.1 2.01 6
0.5 0.48 5
0.5 0.48 5

Mean SD Total
Weight

1 0.45 6 7.6% 0.41 (−0.80, 1.61)
1.66 (0.19, 3.13)

−0.86 (−1.65, −0.06)
−0.25 (−1.24, 0.73)
−0.13 (−1.26, 1.00)
−1.79 (−3.39, −0.20)
−1.71 (−3.28, −0.14)
−6.77 (−9.64, −3.89)
−0.05 (−0.98, 0.87)
0.21 (−0.75, 1.17)
0.23 (−1.02, 1.48)

−2.29 (−4.09, −0.50)
−1.59 (−3.12, −0.06)
−0.77 (−2.08, 0.55)

−10 −5

Favours (MitoQ) Favours (control)

0 5 10

−0.67 (−1.30, −0.05)

1 0.22 6 6.7%
5.1 5.25 13 9.1%
1 0.35 12 8.4%

6.4 2.2 6 7.9%
2.5 1.34 5 6.3%
3.7 2.34 5 6.4%
160 5 8 3.3%
1.05 0.15 9 8.7%

1 0.14 8 8.5%
1.7 0.84 5 7.5%

3.75 0.45 5 5.7%
2.5 0.5 5 6.5%
1.2 0.45 5 7.3%

IV, random, 95% Cl
Std. mean difference

IV, random, 95% Cl
Std. mean difference
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−

−
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B C D E F G
Risk of bias

80 15 8
1.04 0.21 9
1.04 0.21 9
1.9 0.73 5
2.3 0.67 5
1.4 0.73 5
0.9 0.22 5

92 98 100.0%
Heterogeneity: tau2 = 0.95, Chi2 = 45.23, df = 13 (p < 0.0001); I2 = 71%
Test for overall effect: Z = 2.10 (p = 0.04)

A: random sequence generation (selection bias)
B: allocation concealment (selection bias)
C: blinding of participants and personnel (performance bias)

D: blinding of outcome assessment (detection bias)
E: incomplete outcome data (attrition bias)
F: selective reporting (reporting bias)

G: other bias

Total (95% Cl)

Chacko et al., 2011 (25 mg·kg−1·day−1) [26]
Chacko et al., 2011 (5 mg·kg−1·day−1) [26]
Gioscia-Ryan et al., 2014 (old) [16]
Gioscia-Ryan et al., 2014 (young) [16]
Maiti et al., 2017 [23]
McManus et al., 2011 (v dTTP) [21]
McManus et al., 2011 [21]
Miquel et al., 2014 [24]
Ojano-Dirain et al., 2014 (v dTTP) [35]
Ojano-Dirain et al., 2014 [35]
Parajuli et al., 2012 (0 h) [22]
Parajuli et al., 2012 (0 h) [22]
Parajuli et al., 2012 (48 h) [22]
Sakellariou et al., 2017 [20]

Figure 2: Nitrotyrosine forest plot.

Study or subgroup
Mean SD

Experimental
Total Mean SD

Control Mean difference
IV, random, 95% Cl

Mean difference
IV, random, 95% Cl

Risk of bias
A B C D E F G
+ ? − ? + + +
+ + − ? + + +
+ + − ? ? + +
+ + − ? ? + +
+ + − ? ? + +
+ + − ? ? + +
+ + − ? ? + +
? − − − + + +

Total
Weight

Coudray et al., 2016 [31] 65 4.3 8 62.9 5.6 8 29.6% 2.10 (−2.79, 6.99)
0.70 (−3.28, 4.68)

52.50 (−101.05, 206.05)
87.50 (−6.81, 181.81)
28.70 (−10.02, 67.42)
146.20 (32.45, 259.95)
23.80 (−15.72, 63.32)
20.00 (−12.11, 27.89)

−200

Favours (control) Favours (MitoQ)

−100 0 100 200

11.44 (1.28, 21.60)

70.9 3.9 7 70.2 3.7 7 30.3%
133.8 108.1 2 81.3 24.3 2 0.4%
166.3 64.5 2 78.8 21.7 2 1.1%
82.5 20.2 2 53.8 19.3 2 5.7%

202.5 80.3 2 56.3 17 2 0.8%
81.3 21.7 2 57.5 18.5 2 5.5%
90 8.5 6 70 5 6 26.7%

31 31 100.0%

Feillet-Coudray et al., 2014 [30]
Lowes et al., 2008 (gut) [27]
Lowes et al., 2008 (heart) [27]
Lowes et al., 2008 (kidney) [27]
Lowes et al., 2008 (liver) [27]
Lowes et al., 2008 (lung) [27]
Xiao et al., 2017 [38]

Total (95% Cl)
Heterogeneity: tau2 = 84.63, Chi2 = 30.92, df = 7 (p < 0.0001); I2 = 77%
Test for overall effect: Z = 2.21 (p = 0.03)

A: Random sequence generation (selection bias)
B: Allocation concealment (selection bias)
C: Blinding of participants and personnel (performance bias)

D: Blinding of outcome assessment (detection bias)
E: Incomplete outcome data (attrition bias)
F: Selective reporting (reporting bias)

G: other bias

Figure 3: Membrane potential forest plot.

Study or subgroup Mean
0.16 0.02 4 0.2 0.005 4 2.1% −2.39 (−4.53, −0.24)

−2.05 (−4.02, −0.07)
0.00 (−1.39, 1.39)
−0.19 (−1.33, 0.94)
−0.22 (−1.72, 1.29)
−0.21 (−1.72, 1.29)
−0.18 (−0.80, 0.44)
0.00 (−0.62, 0.62)
−0.84 (−2.04, 0.37)
0.01 (−1.12, 1.14)
5.42 (2.13, 8.71)

0.15 (−1.24, 1.54)
0.85 (−0.48, 2.17)

−0.13 (−0.44, 0.18)

0.16 0.02 4 0.22 0.03 4 2.4%
0.155 0.15 4 0.155 0.035 4 5.0%
1.35 0.24 6 1.4 0.24 6 7.4%
0.63 0.017 3 0.65 0.1 4 4.2%
0.59 0.078 3 0.62 0.14 4 4.2%
0.95 0.3 20 1 0.25 20 24.7%

1 1.34 20 1 1.12 20 24.8%
0.34 0.06 6 0.39 0.05 6 6.6%

0.782 0.2 6 0.78 0.2 6 7.4%
1.12 0.02 5 1 0.02 5 0.9%
11.7 0.5657 4 11.6 0.5657 4 4.9%
2.25 0.062 5

90

2.19 0.066 5

92

5.4%

−10 −5

Favours (MitoQ) Favours (control)

0 5 10

100.0%

SD
Experimental

Total Mean SD
Control Std. mean difference

IV, fixed, 95% Cl
Std. mean difference

IV, fixed, 95% Cl
Risk of bias

A B C D E F G
? − − + + − −

? − − + + − −

? − − + + − −

− − − ? ? + +
? ? − − + − −

? ? − − + − −

+ + + + + + +
+ + + + + + +
? − − − + + +
? − − − + + +
? − − − + + +
? − − − + + +
? − − ? + + +

Total Weight

Dare et al., (0 h) [28]
Dare et al., (1 h) [28]
Dare et al., (24 h) [28]
Maiti et al., 2017 [23]
Mercer et al., 2012 (ATM+/+/APoE−/−) [18]
Mercer et al., 2012 (ATM+/−/APoE−/−) [18]
Ng et al., 2014 (v dTTP) [25]
Ng et al., 2014 [25]
Rodriguez-Cuenca et al., 2010 (heart) [19]
Rodriguez-Cuenca et al., 2010 (liver) [19]
Sakellariou et al., 2016 [20]
Supinski et al., 2009 [17]
Wani et al., 2011 [32]

Total (95% Cl)
Heterogeneity: Chi2 = 22.64, df = 12 (p = 0.03); I2 = 47%
Test for overall effect: Z = 0.82 (p = 0.41)

A: random sequence generation (selection bias)
B: allocation concealment (selection bias)
C: blinding of participants and personnel (performance bias)

D: blinding of outcome assessment (detection bias)
E: incomplete outcome data (attrition bias)
F: selective reporting (reporting bias)

G: other bias

Figure 4: Protein carbonyl forest plot.
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Table 2: Non-meta-analysed data table.

Outcome Intervention Control
Unit

Author, year Mean SD n Mean SD n

Lipid peroxidation

Lipid peroxidation

McManus et al., 2011 [21] 1.2 0.5 6 4.9 1.96 6 μM·mg protein−1

McManus et al., 2011 (dTPP) [21] 1.2 0.5 6 3.9 1.96 6 μM·mg protein−1

8-Isoprostane

Coudray et al., 2016 [31] 151 48 8 73 26 8 pg·mg protein−1

8-OHdG

Wani et al., 2011 [32] 0.38 0.08 5 0.41 0.01 5 ng·ml−1

Lowes et al., 2008 [27] 16 3.5 10 23.5 4 6 ng·16 hr−1

8-OHdG (DNA)

Sakellariou et al., 2016 [20] 2.7 0.2 5 2.8 0.1 5 ng·ml−1

TBARS

Wani et al., 2011 [32] 168 44.9 5 172 56.1 5 nmol·μg protein−1

MDA

Maiti et al., 2017 [23] 0.47 0.24 6 0.47 0.24 6 nmol·mg protein−1

Powell et al., 2015 [29] 1.2 2.24 5 9 2.24 5 μM MDA·mg tissue−1

Shill et al., 2016 [33] 7.7 2.53 10 9.1 0.9 10 μM

Antioxidant enzymes

CAT content

Coudray et al., 2016 [31] 709 40 8 672 104 8 U·mg protein−1

CAT activity

Powell et al., 2015 [29] 2 0.2 5 2.6 0.2 5 μM·min−1

Powell et al., 2015 (dTPP) [29] 2 0.2 5 2.5 0.2 5 μM·min−1

GPx activity

Coudray et al., 2016 [31] 4.72 0.87 8 2.56 0.26 8

Sakellariou et al., 2016 [20] 0.9 0.2 5 Ratio to control

Powell et al., 2015 [29] 38 7 5 20 7 5 μM·min−1·ml−1

Powell et al., 2015 (dTPP) [29] 38 7 5 30 7 5 μM·min−1·ml−1

MnSOD expression

Coudray et al., 2014 [31] 2.47 0.32 8 2.56 0.26 8 U·mg protein−1

Ojano-Dirain et al., 2014 [35] 1.3∗ 0.18 9 1 0.14 8 Protein expression relative to control

Ojano-Dirain et al., 2014 (dTPP) [35] 1.3 0.18 9 1.08 0.24 9 Protein expression relative to control

Wani et al., 2011 [32] 4.9 0.64 5 4.62 0.5 5 U·mg protein−1

ROS

Coudray at al., 2016 [31] 650 145 8 580 147 8 pM H2O2·min−1·mg protein−1

Ng et al., 2014 [25] 6 2.6 3 7 3.5 3 RFU·min−1

Ng et al., 2014 (dTPP) [25] 6 2.6 3 6 2.6 3 RFUmin−1

Mitochondrial DNA damage

mtDNA damage amplification

Dare et al., 2015 [28] (0 h reperfusion) 1.1 0.2 5 0.75 0.6 4 Relative amplification

Dare et al., 2015 [28] (1 h reperfusion) 0.97 0.16 4 1.05 0.1 4 Relative amplification

Dare et a., 2015 (24reperfusion) [28] 0.8 0.3 4 0.2 0.1 4 Relative amplification

Gene-related outcomes

Nrf2

Coudray et al., 2016 [31] 1.1 0.25 8 1.23 0.31 8 Ratio to control

Lowes et al., 2008 [27] 0.8 1.1 12 0.25 0.5 12 Intensity

SOD2 gene exp

Sakellariou et al., 2016 [20] 1 0.04 5 Ratio to control
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remainder had high or unclear blinding bias. Most studies
had zero withdrawals/animal deaths during the study
period; therefore, no outcome data were missing. Ojano-
Dirain et al. [35] reported that 1-2 mice perished per
group yet this did not match the difference, so the study
was categorised as unclear. Additionally, Miquel et al. [24]
did not provide the exact number of subjects per group and
so was categorised as unclear.

The main source of “other bias” resulted from the
declaration of funding. Two of the studies were funded by
commercial interests, and the arrangement between the
researchers and funder was not well defined. [18, 28]. In
addition, Mercer et al. [18] declared a conflict of interest also
due to holding stock in Antipodean Pharmaceuticals who
produces MitoQ. As it was not possible to determine the
impact the conflict may have had on these two studies, they
were both allocated high risk. The remaining 18 studies were
assigned low bias risk as authors had no conflicts of interest
to declare and funding appeared to be independent of third
parties with vested interest in MitoQ.

5. Discussion

This review has examined the effect of MitoQ on oxidative
stress markers related to the aging process. Our findings
indicate that MitoQ has a statistically significant reduction
in concentrations of 3-NT. This is of interest as nitration of
protein residues has been shown to inhibit enzyme catalytics
[7], and so MitoQ may promote efficiency of cellular pro-
cesses as well as help decrease the concentration of reactive
oxygen species. Of special note is the manganese-dependent
superoxide dismutase (MnSOD) protein, which is inhibited
by 3-NT and serves as a superoxide scavenger in the
mitochondria, preventing formation of the hydroxide ion
which is a powerful oxidant. MnSOD upregulation has been
linked with an increase in mean lifespan [39] and decrease in
endothelial dysfunction with aging [40] in the animal model.
This bodes positive effects for human aging; however, the
true effect is still unknown for the majority of research has
been conducted on animals.

Mitochondrial membrane potential has been shown
to significantly increase upon administration of MitoQ,
suggesting an upregulation in the functioning capacity
of mitochondria with supplementation. Mitochondrial
membrane potential is commonly used as an indication
of functional status [11]. Membrane potential arises from
a proton gradient established across the mitochondrial inner
membrane which drives ATP production through oxidative

phosphorylation. While decreased membrane potential
(depolarization) indicates damaged, dysfunctional mitochon-
dria that cannot meet cellular energy demands, increased
membrane potential (hyperpolarization) suggests increased
functional capacity and work conducted.

Four articles [27, 30, 31, 38] were found investigating the
impact of MitoQ on membrane potential; however, Lowes
et al. provided data subcategorised by organ which were all
included in the meta-analysis. This is an interesting focus
for additional research as Lowes et al. indicate that there is
an outcome variation between organs which could indicate
that MitoQ mechanism of action has affinity for certain
areas in the body, potentially allowing for a targeted
response in systemic disease. While the concept of organ
affinity by MitoQ has not been well established, it is worthy
of further investigation.

Oxidatively modified forms of proteins accumulate
during aging, oxidative stress, and in some pathological
conditions and have been studied for some time [41]. Protein
carbonyl is an oxidative damage marker resulting from the
damage of accumulated protein. Protein carbonyl concentra-
tion as an outcome of MitoQ was better investigated, with
seven articles reporting it. Based on our data, the effect of
MitoQ on protein carbonyl is insignificant, with variable
results between studies.

MDA is an important DNA mutagen, and it is also a
more obscure oxidative outcome and appears not to have
been investigated in great detail, with only three studies
sourced, two animals, and one human.

Lipid peroxidation biomarkers not meta-analysed were
lower when supplementing with MitoQ. Antioxidant defence
enzymes, such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), are crucial for
breaking down the harmful end products of oxidative phos-
phorylation, and our data suggests that supplementation
with MitoQ has little impact on the antioxidant enzyme
content and activity. It is useful to consider that provision
of MitoQ does not appear to downregulate antioxidant
enzyme activity and therefore function is at least maintained.
Varied results were seen with the effect of MitoQ on ROS,
mitochondrial DNA damage, and oxidative stress-related
gene expression.

No significant differences in outcome were noted among
the different animal breeds. A range of animal study models
were used in the included articles; however, of particular
interest, it is the obesogenic model [30, 31] or the high-fat
western diet model [18], although no notable difference
between oxidative stress models was indicated.

Table 2: Continued.

Outcome Intervention Control
Unit

Author, year Mean SD n Mean SD n

SOD gene exp

Powell et al., 2015 [29] 6 1.34 5 5.5 0.67 5 U·ml−1

Powell et al., 2015 (dTPP) [29] 6 1.34 5 6.5 1.57 5 U·ml−1

TBARs: thiobarbituric acid reactive substance; GPX: glutathione peroxidase; CAT: catalase; SOD: superoxide dismutase; PC: protein carbonyl; MDA:
malondialdehyde; ROS: reactive oxygen species.
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The recommended commercial dosage of MitoQ is
10mg per day (taken from the manufacturer’s website);
however, most of the included studies met or exceeded
the recommended doses, acknowledging the extrapolation
a human recommendation to animal studies is difficult.
MitoQ achieves action by means of its TPP cation, which
is transported into mitochondrial matrix by means of
membrane potential [42]. Once within the mitochondria,
it is reduced to ubiquinol by respiratory chain complex II
and is now able to provide an antioxidative effect by electron
exchange with oxidative species. However, the bioavailability
of the molecule must be taken into consideration: as MitoQ is
consumed orally and so is subjected to first pass metabolism
[43] of the liver and stomach, meaning the quantity of
supplement reaching the systemic circulation will be
decreased from the full dosage. Bioavailability and delivery
to site of action have been established and cited in the
literature, at least in vivo [44]; however, delivery of MitoQ
to skeletal muscle mitochondria in human participants has
not yet been conducted.

It must be noted that all studies supplied MitoQ under
conditions of stress; however, this in turn may raise the
amount of reactive oxygen species in subjects due to
chronic psychoemotional stress [45]. Due to this, ROS
concentrations may be influenced depending on the length
of study and also the study model, whose characteristics
such as animal caging condition, lighting, feeding regularity,
and human interactions may contribute to variable degrees
of the aforementioned psychoemotional stress. Living condi-
tions of the animal subjects is therefore an important variable
of consideration; however, the effect does not appear to be
significant as study designs, as reported in the articles, note
similar patterns: namely, standard rodent chow, drinking
water ad-libitum, and 12-hour light/dark cycle. This model
is unlikely to represent the typical consumer of the MitoQ
supplement and so raises the question as to whether MitoQ
effect would change when applied to the human model.

MitoQ appears to require a high level of dosage to induce
toxicity. When administered through intravenous means,
animals subject to MitoQ treatment are able to be given up
to 20mg MitoQ/kg without any toxicity [44]. Orally, animals
fed with MitoQ dissolved in drinking water at 500 μM
(339mg) had no adverse effects, though toxicity was reported
after 10 days of intervention at a dosage of greater than 2mM
(1357mg) [46]. This indicates that MitoQ is well tolerated
and that the commercial dosage of the product is well within
the therapeutic range. Interestingly, rats fed with 500 μM
MitoQ over a 6-month period were reported to have an
accumulation of MitoQ in the heart (113 pmol/g) and liver
(20 pmol/g) [44]. Therefore, it appears that MitoQ has
promise in targeting ROS production associated with heart
failure—though caution would be advisable in those
conditions as the effects of MitoQ on cardiac rhythm upon
ischemia are unknown.

6. Conclusion

This is the first systematic review and meta-analysis of the
effects of MitoQ on oxidative stress age-related outcomes.

The findings demonstrate that MitoQ intervention may
reduce nitrotyrosine concentration and improve mitochon-
drial function as measured by membrane potential. While
protein carbonyl concentrations were lower with MitoQ
treatment, the results were insignificant. Animal studies were
primarily used in this review, as important preclinical data;
however, these results give further basis and direction for
human clinical trials.
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Aging is one of the main risk factor for the onset of cardiovascular diseases; one of the possible explanations could be linked to the
age-associated overproduction of free radicals. This increase of oxidative stress can be overcome with a high intake of food
antioxidants. In this context, a number of studies have been addressed to assess the antiaging potential of natural antioxidant
compounds. Recently, it has been shown that the juice of bergamot (Citrus bergamia Risso et Poiteau), a fruit mostly produced
in the Ionian coastal areas of Southern Italy (Calabria), is a valuable source of health-promoting constituents with, among other,
antioxidant properties. In order to investigate the potential antiaging effects of this Mediterranean natural antioxidant source,
bergamot juices of three different cultivars (“fantastico,” “femminello,” and “castagnaro”) were herein characterized by the mean
of high-performance liquid chromatography-photodiode array-electrospray ionization-tandem mass spectrometry. Then, juices
were investigated for the evaluation of total polyphenolic and flavonoid contents, cell-free model antioxidant activities, and
in vitro antiaging properties on two different cellular models of induced myocardial senescence. The best performing juice was
also assessed in vivo. The phytochemical profiles confirmed that juices were rich in flavonoids, both flavone and flavanone
glycosides. In addition, two limonoid glycosides were also identified in all cultivars. Each cultivar showed different phenolic and
flavonoid contents. In tube results showed the juice robust antioxidant activities that correlate with their phenolic and flavonoid
contents. Moreover, for the first time, the ability of juice to counteract the chemical-induced senescence was here demonstrated
in both cellular models. Lastly, the in vivo data obtained from mouse hearts evidenced an increase in transcription of genes
involved in antiaging and antioxidant responses. The overall results suggest that bergamot juice exerts antioxidant and
antisenescence effects, making it useful for nutraceutical purposes.

1. Introduction

The pathogenesis of many age-associated diseases can be due
to an increase of oxidative stress; indeed, the overproduction
of free radicals could impair protein and fatty acid functions
and could lead to DNA damage, predisposing to age-related
disorders [1]. In particular, old age is a primary nonmodifi-
able risk factor for the onset of cardiovascular diseases.
DNA damage and telomere shortening are associated with
cellular senescence, atherosclerosis, coronary artery disease,

and heart failure [2]. Furthermore, the accumulation of dys-
functional mitochondria in aged cardiomyocytes could alter
the redox state and contribute to the pathological myocardial
remodeling and heart failure [3].

In this line, a great deal of interest has been recently
devoted to the antiaging potential of natural compounds with
antioxidant properties [4]. Epidemiological studies have evi-
denced that a high intake of antioxidant-containing food is
associated with a reduced risk of cardiovascular diseases. In
particular, the Mediterranean diet (containing antioxidants,
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omega-3 and -6 polyunsaturated acids, polyphenols, flavo-
noids, and procyanidins) is associated with higher longevity
and reduced risk of age-related vascular disease development
[5]. A number of human dietary intervention trials have
shown improvements in vascular function following the con-
sumption of foods with high flavonoid content [6, 7]. Among
these foods, Citrus fruits have gained a high attention for
their content of flavonoids and other beneficial components.
In particular, bergamot (Citrus bergamia Risso et Poiteau), a
fruit mostly produced in the Ionian coastal areas of Southern
Italy (Calabria), has been demonstrated to be a valuable
source of health-promoting molecules that contribute to its
antioxidant, anti-inflammatory, and cholesterol reduction
capacities [8–17]. C. bergamia is a small tree; it belongs to
the Rutaceae family, mainly cultivated in a specific area of
Calabria, characterized by a microclimate suitable for its
growth. Whereas the bergamot essential oil obtained from
the fruit peel is extensively characterized [18–20] and used
in cosmetic and food industries, only recently the bergamot
by-products, such as the pulp and its juice, were evaluated
for their healthy biological properties [8, 11, 21–25]. This
reevaluation could represent an economic advantage in the
industrial processes, reducing costs of their disposal and
gaining a good source of beneficial compounds. Further-
more, the promotion of the bergamot fruit may have impor-
tant economic implications for the regions in which this fruit
can be cultivated.

To the best of our knowledge, no studies investigat-
ing antisenescence property of bergamot juice have been
performed so far. Thus, in order to explore the potential
cardiovascular antiaging effects of this natural antioxi-
dant source, bergamot juices of three different cultivars
(“fantastico,” “femminello,” and “castagnaro,” usually
used in the industry) were herein characterized by the means
of high-performance liquid chromatography-photodiode
array-electrospray ionization-tandem mass spectrometry
(HPLC-PDA-ESI-MS/MS). Then, the juices were investi-
gated for the evaluation of total polyphenolic (TPC) and fla-
vonoid (TFC) contents and for the cell-free model
antioxidant activities by superoxide radical scavenging activ-
ity (O2

•−), ferric reducing antioxidant power (FRAP), and
lipid peroxidation inhibition (β-carotene bleaching, BCB)
tests; finally, the relative antioxidant capacity index (RACI)
was calculated. In vitro antiaging properties were tested on
two different cellular models of chemical-induced senescence
of myocardial cell line H9c2 derived from rat hearts. Lastly,
the best performing juice was also assessed in vivo.

2. Materials and Methods

2.1. Chemicals and Apparatus. Solvents such as methanol,
chloroform, phosphoric acid, hydrochloric acid, and glacial
acetic acid were purchased from Carlo Erba (Milano, Italy).
N,N-dimethylformamide (DMF) was obtained from Alfa
Aesar (Karlsruhe, Germany). Acetonitrile HPLC grade were
purchased from VWR (Milano, Italy). HPLC grade water
(18mΩ) was prepared by a Mill-Q purification system
(Millipore Corp., Bedford, MA, USA). Dimethyl sulfoxide
(DMSO), doxorubicin (DOX), hydrogen peroxide (H2O2),

p-formaldehyde, Folin-Ciocalteu reagent 2N, sodium car-
bonate, aluminum chloride, sodiumnitrate, sodium nitroprus-
side (SNP), sulfanilamide, N-(1-naphthyl) ethylenediamine
dihydrochloride, phenazine methosulphate (PMS), β-nico-
tinamide adenine dinucleotide (NADH), nitrotetrazolium
blue chloride (NBT), potassium phosphate monobasic
(KH2PO4), sodium acetate trihydrate, 2,4,6-tripyridyl-s-tri-
azine (TPTZ), iron(III) chloride (FeCl3·6H2O), β-carotene,
linoleic acid, Tween 20, sodium hydroxide, gallic acid, quer-
cetin, naringin, ascorbic acid, 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox), butylhydroxytoluen
(BHT, 2,6-bis (1,1-dimethylethyl)-4-methylphenol), Dulbec-
co’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin, and streptomycin were purchased from
Sigma-Aldrich (Milano, Italy). CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay (MTS) was obtained
from Promega Italia Srl (Milano, Italy).

All spectrophotometric measurements were done in
cuvettes or 96-well microplates on a UV/vis spectrophotom-
eter (SPECTROstar Nano, BMG LABTECH).

2.2. Plant Material. Three different cultivars of C. bergamia
(“fantastico,” “femminello,” and “castagnaro”) were supplied
by Young Fruit and Visalli Diego companies (Reggio Cala-
bria, Italy). Fresh fruits of each cultivar were squeezed using
a manual citrus juicer, and the obtained juices were stored
at −20°C and defrosted to room temperature before analyses.

2.3. Sample Preparation. For HPLC-PDA-ESI-MS study,
10.0mL of each juice was added to DMF (10.0mL) and the
mixture was centrifuged three times for 5min at 1145×g.
The supernatant liquid was filtered through a 3mm diameter
PTFE membrane with a 0.45μm pore size. Aliquots of 10μL
were injected into the LC-MS system.

For the evaluation of TPC, TFC, and antioxidant activi-
ties, juices were lyophilized and then dissolved in methanol.
For the assessment of antisenescence activity, lyophilized
juices were dissolved in DMSO. The samples were sonicated
and centrifuged.

2.4. HPLC-PDA-ESI-MS/MS Analyses. Qualitative HPLC-
PDA-ESI-MS/MS analyses were performed using a Surveyor
LC pump, a Surveyor autosampler, coupled with a Surveyor
PDA detector, and a LCQ Advantage ion trap mass spec-
trometer (Thermo Finnigan) equipped with Xcalibur 3.1
software. Analysis was performed using a 4.6× 150mm,
4μm, Synergi Fusion-RP column (Phenomenex). The eluent
was a mixture of acetonitrile (solvent A) and water (solvent
B). The solvent gradient was as follows: 0–15min 5–20%,
15–40min 20–70% A, and 40–45min 70–100% A. Elution
was performed at a flow rate of 0.8mL/min with a splitting
system of 2 : 8 to the MS detector (160μL/min) and PDA
detector (640μL/min), respectively. The volume of the
injected juice DMF solutions was 10μL. Analyses were per-
formed with an ESI interface in the negative mode. The
ionization conditions were optimized, and the parameters
used were as follows: capillary temperature, 210°C; capillary
voltage, −10.0V; tube lens offset, −50.0V; sheath gas flow
rate, 60.00 arbitrary units; auxiliary gas flow rate, 20.00
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arbitrary units; spray voltage, 4.50 kV; and scan range of m/z
150–1200. In the MS/MS experiments, normalized collision
energy 35.0% was applied. N2 was used as the sheath and
auxiliary gas. PDA data were recorded with 200–600nm
range with two preferential channels as the detection wave-
length 280 and 325 nm. In order to determine the amount
of main bergamot juice flavonoids, calibration curve was
constructed by using the naringin as external standard in a
concentration range 0.0020–0.25mg/mL and DMF as sol-
vent. Six different concentrations of standard solutions
(0.250, 0.125, 0.060, 0.030, 0.0075, and 0.002mg/mL) were
prepared and analysed by triplicate injections. The calibra-
tion curve was generated by using concentration (mg/mL)
with respect to the area obtained from the integration of
the PDA/UV peaks recorded at 325nm. The relation between
variables was analyzed using linear simple correlation. For
the linear regression of the standard, R2 was 0.9997. The fla-
vonoid amounts were obtained by using a GraphPad Soft-
ware Prism 6.0 and finally expressed as mg/mL of fresh juice.

2.5. Total Polyphenol Content. Folin-Ciocalteu assay was
used to determine the total polyphenol content of samples
[26]. Distilled water (425μL) and 75μL of the diluted sample
(methanol in blank) were added to 500μL of Folin-Ciocalteu
reagent and 500μL of Na2CO3 (10% w/v). The mixture was
mixed and incubated for 1 h in the dark at room temperature.
The absorbance was measured at 723 nm after incubation.
Gallic acid was used as standard, and results were expressed
as mg gallic acid equivalents per gram of the dried sample
(mgGAE/g) from three independent assays.

2.6. Total Flavonoid Content. One hundred μL of each sam-
ple (methanol in blank) was added to 15μL of 5% NaNO3
into the microcentrifuge tube. After 5min, 30μL of 10%
AlCl3 was added; after some minutes, 100μL of 1M NaOH
solution and 255μL of distilled water were added. The
absorbance was measured against blank at 510nm after
10min of incubation at room temperature. Quercetin was
used as standard, and the total flavonoid content was
expressed as mg of quercetin equivalents per gram of the
dried sample (mgQE/g) from three independent assays [27].

2.7. In Tube Activity

2.7.1. Superoxide Radical (O2
•−) Scavenging Activity. Super-

oxide radicals (O2
•−) were generated in the PMS/NADH sys-

tem, as previously reported [28]. The reaction mixture
consisted of 40μL of different concentrations of the sample
(methanol in negative control), 40μL of NADH, and
130μL of NBT. The reaction was started by adding of PMS
(40μL) to the mixture. The superoxide scavenging capacity
of methanol samples was quantified by their ability to inhibit
NBT reduction to blue formazan by superoxide. The assay
was conducted at room temperature, and the absorbance of
formazan produced was determined at 560 nm for 2min in
kinetic function. Results were expressed in mg/mL as con-
centration of the sample required to inhibit the activity by
50% (IC50) from three independent assays. Ascorbic acid
was used as positive control.

2.7.2. Ferric Reducing Antioxidant Power. The ferric reducing
antioxidant power of samples was determined using FRAP
assay with some modifications [29]. Briefly, 25μL of appro-
priately diluted sample (methanol in blank) was added to
225μL of FRAP reagent and incubated at 37°C for 40min
in the dark. FRAP reagent was prepared fresh before experi-
ment by mixing 300mM acetate buffer in distilled water
pH3.6, 20mM FeCl3·6H2O in distilled water, and 10mM
TPTZ in 40mM HCl in a proportion of 10 : 1 : 1. The reduc-
tion of a colorless ferric complex (Fe3+-tripyridyltriazine) to a
blue-colored ferrous complex (Fe2+-tripyridyltriazine) by
action of electron-donating antioxidants was determined at
593 nm. Trolox was used as standard, and FRAP values were
expressed as mg of Trolox equivalents per gram of the dried
sample (mg TE/g) from three independent assays.

2.7.3. Lipid Peroxidation Inhibition Assay. The ability of sam-
ples to prevent the inhibition of lipid peroxidation was car-
ried out by BCB assay as reported by Dekdouk et al. [26]. A
stock solution of β-carotene/linoleic acid was made by dis-
solving 0.2mg of β-carotene in 0.2mL of chloroform, lino-
leic acid (20mg), and Tween 20 (200mg). The chloroform
was completely removed by a rotary evaporator, and dis-
tilled water (50mL) was added with oxygen. The resulting
emulsion was vigorously stirred. Aliquots (950μL) of the
mixture were transferred to test tubes containing 50μL of
the sample (the final concentration for all tested samples
was 0.25mg/mL) or methanol as blank. BHT was used as
a positive standard. 250μL of this solution was transferred
to a 96-well plate, and outer wells were filled with 250μL of
water to provide a large thermal mass because the reaction
was temperature-sensitive. The microplate was immediately
placed at 50°C for 180min, and the absorbance was moni-
tored at 470nm every 30min. Results, from three indepen-
dent assays, were expressed as percentage of antioxidant
activity (% AA) measured on the basis of BCB inhibition
and calculated as follows:

%AA = 1 −
Abs sampleT0′

−Abs sampleT180′

Abs blankT0′
−Abs blankT180′

∗ 100 1

2.7.4. RACI Calculation. To get a complete and dynamic
picture of the ranking of food antioxidant capacity, the
relative antioxidant capacity index was calculated. Previous
data confirmed that RACI is a valid tool to assess food anti-
oxidant capacity [30]. RACI was calculated by integrating
the antioxidant capacity values generated from the different
cell-free model methods.

2.8. In Vitro Activity

2.8.1. Cell Culture. H9c2 cells (normal primary cardiomyo-
cytes; ATTC, Manassas, VA, USA) were cultured, following
the usual procedures, in DMEM supplemented with 10%
FBS, 100 units/mL penicillin, and 100mg/mL streptomycin
in tissue culture flasks at 37°C in a humidified atmosphere
of 5% CO2.

2.8.2. Cell Viability. H9c2 cells were seeded at a density of
10× 103 cells/cm2 in 96-well plates. “Fantastico” bergamot
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juice was dissolved in DMSO at a concentration of
100mg/mL (stock preparation). After 24 h, the cells were
treated for three days with fresh growth medium containing
the lyophilized “fantastico” bergamot juice dissolved in
DMSO, ranging from 0.01 to 1mg/mL (DMSO 0.01%), or
vehicle. Cell viability was then determined using the MTS
assay according to manufacturer’s instruction. The absor-
bance of formazan at 490nm was measured in a colorimetric
assay with an automated plate reader from three independent
assays (Victor Wallac 2, Perkin Elmer).

2.8.3. Senescence-Associated β-Galactosidase Staining. Cell
senescence in H9c2 cells was induced by DOX or H2O2, as
previously reported [31, 32]. Briefly, cells were cultured up
to about 80% confluence in DMEM medium; before the
experiments, cells were seeded onto 24-well plates at a den-
sity of 10× 103 cells/cm2. After time to allow the cell attach-
ment (24 h), the medium was replaced in each well and the
cells received different treatments for 3 h, H2O2 (ranging
from 5 to 100μM), DOX (0.01, 0.05, and 0.1μM), or relative
vehicles. Subsequently, the cells were cultured for 3 days,
after which senescence was determined.

To evaluate the number of senescent cells after 3 days
from DOX or H2O2 insults, the senescence marker sa-β-Gal
was detected as previously reported [33]. In parallel experi-
ments, different concentrations of lyophilized “fantastico”
bergamot juice dissolved in DMSO (0.01, 0.1 and 1mg/mL)
or vehicle (0.01% DMSO) were added to the cell medium
after the DOX or H2O2 senescence insults and maintained
in the medium for three days before assessing the sa-β-Gal
staining. According to the literature, treated cells were
fixed in p-formaldehyde and incubated in a dry incubator
in freshly prepared staining solution for 16h at 37°C [34].
Cells were then washed in phosphate-buffered saline (PBS)
(1x) and photographed at 100x magnification. Images of
random light microscopic fields were captured (5 fields per
well), and both blue and total cells were counted using Ima-
geJ (ImageJ Software, version 1.41, USA). Three independent
assays were performed.

2.9. In Vivo Activity

2.9.1. Chronic Treatment. C57BL/6J mice were taken from
Envigo (Milan, Italy). All procedures were performed
according to European (EEC Directive 2010/63) and Italian
(D.L. 4 March 2014 n. 26) legislation. Animals were housed
in cages with free access to standard food pellets and water
on a 12 h light/dark cycle.

Nine-month-old male mice (25–30 g) were randomly
assigned into two groups: one group was used as a control
while the other group received lyophilized “fantastico” ber-
gamot juice diluted in water (1mg/kg/day). The final con-
centration of the lyophilized juice was 1mg/mL, and the
diluted solution was daily prepared. Mice were weekly
weighed, and water intake was daily monitored over a
period of three months. At the end of treatment, mice were
fasted overnight to measure blood glucose levels. Blood was
collected from the tail tip, and glucose concentration was
determined using the Glucocard™ blood glucose meter

(Menarini). Then, mice were anaesthetized with an intraper-
itoneal injection of aqueous urethane solution 30% w/w
(Sigma-Aldrich). Intracardiac blood was collected in tubes
with the anticoagulant EDTA (BD Vacutainer), in order to
measure the complete lipid panel (tryglicerides, total choles-
terol, HDL, and LDL) and glycated haemoglobin (using
cobas b 101 instrument, Roche Diagnostics). Finally, hearts
were taken, and an amount was immediately processed to
extract the total RNA, in order to assess three genes relevant
to aging, lifespan, and antioxidant response (SIRT1, NRF2,
FOXO3, HO-1, and NQO1).

2.9.2. RNA Extraction and Real-Time PCR Analysis. Total
RNA from mouse hearts was extracted using the RNeasy®
Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Purity of the RNA samples was
determined by measuring the absorbance at 260 : 280 nm.
cDNA synthesis was performed with 500ng of RNA using
the i-Script cDNA synthesis kit (Bio-Rad, Hercules, USA)
following the manufacturer’s instructions. Primers used for
RT-PCR were designed in intron/exon boundaries to ensure
that products did not include genomic DNA (Table 1)
[35–37]. RT-PCR reactions consisted of 25μL Fluocycle® II
SYBR® (EuroClone, Milan, Italy), 1.5μL of both 10μM for-
ward and reverse primers for SIRT1, NRF2, FOXO3, HO-1,
NQO1, and GAPDH (Sigma-Aldrich, Milan, Italy), 3μL
cDNA, and 19μL of H2O. All reactions were performed for
38 cycles using the following temperature profiles: 94°C for
30 s (initial denaturation); Annealing temperature °C (see
Table 1) for 30 s (annealing); and 72°C for 1 s (extension).
GAPDH was used as the housekeeping gene. mRNA levels
for each sample were normalized against GAPDH mRNA
levels, and relative expression was calculated by using the
Ct value. PCR specificity was determined by both the melt-
ing curve analysis and gel electrophoresis.

2.10. Statistical Analyses. The nonlinear multipurpose curve-
fitting program GraphPad Prism (GraphPad Software Inc.,
San Diego, CA) was used for data analysis and graphic pre-
sentations. The cell-free model antioxidant activity data were
expressed as mean± standard deviation of three independent
experiments. Pearson coefficient was used to determine the
correlation among polyphenol and flavonoid contents and
antioxidant activity. The in vitro antisenescence activity
data are presented as the means± standard errors of the
means (SEM) of triplicate samples and are representative
of three different experiments. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) with
Bonferroni’s corrected t-test for post hoc pair-wise compari-
sons. p < 0 05 was considered statistically significant.

3. Results and Discussion

3.1. Juice Composition. In the present study, the HPLC-
PDA profiles recorded at 325nm of the three C. bergamia
juices obtained from the different cultivars are displayed
in Figure 1.
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Compounds 1–14 were detected in all cultivars and were
identified comparing their HPLC elution orders, ESI-MS/
MS, and UV data (Table 2) with those previously reported.

In agreement with previous studies, our investigation
about the chemical composition of bergamot juices led to
identification of citric acid (1) [38], the flavonoids vicenin-2
(2), lucenin-2 4′-methyl ether (3), neoeriocitrin (4), naringin
(8), neohesperidin (9), 3-hydroxy-3-methylglutaryl-neoerio-
citrin (10), neodiosmin/chrysoeriol 7-O-neohesperidoside
(11), melitidin (12), and brutieridin (13) [39, 40]. The ESI-
MS/MS technique has been useful for the identification of
components that can occur as isomers in the Citrus juice.
In particular, compound 4 was distinguished by its isomer
eriocitrin due to its fragmentation pattern in which the base
peak is represented by product ion at m/z 459 instead of m/z
287, as observed in the MS/MS experiment of eriocitrin [39].
Similarly, the base peak generated by MS/MS analysis of
compound 8 was observed at m/z 459, in agreement with
the fragmentation pathway of naringin [39], whereas the iso-
mer narirutin is characterized by a most abundant product
ion at m/z 287 [41]. The obtained data confirmed the berga-
mot juice composition, well established in many previous
studies demonstrating that it is rich in flavonoid constitu-
ents, including both flavone and flavanone glycosides [39].

In addition, herein, the two limonoids, limonin glucoside
(5) and nomilinic acid glucoside (14), were also identified.
Limonoids are a class of bitter components of bergamot fruits
and are generally abundant in Citrus seeds, but they are also
present in pulps, peels, and juices, as reported in a recent
work [40].

Lastly, the peak at retention time (tR) 21.62min was
generated by the coelution of two compounds (6 and 7)
that have not been previously detected in C. bergamia.
Compounds 6 and 7 remained not identified, but we tenta-
tively hypothesized their structures basing on full MS and
MS/MS spectra (Figure 2).

Full spectrum of compound 6 displayed a deproto-
nated molecule [M−H]− at m/z 901. The MS/MS product

ion spectrum showed ions at m/z 757 generated by the loss
of a 3-hydroxy-3-methylglutaryl moiety ([M−H−144]−) and
595, resulting from the loss of a 3-hydroxy-3-methylglutaryl
residue followed by one hexose molecule ([M−H−144
−162]−). The base peak ion at m/z 595 can be attributed to
eriocitrin or neoeriocitrin, two flavanone O-glycoside isomers
previously reported in C. bergamia juice [39]. A very similar
fragmentation profile was shown by MS/MS of compo-
nent 7, obtained at m/z 855, producing ions at m/z 741
([M−H−144]−) and 579 ([M−H−144−162]−), leading to
suppose that compound 7 can be a naringin or narirutin
([M−H]− at m/z 579) with a hydroxy-3-methylglutaryl moi-
ety and a hexose residue linked to the molecule.

The quantification of the main flavonoids detected in all
sample juices was determined on the naringin basis by
HPLC-PDA recorded at 325nm. Results obtained from
quantitative analysis are listed in Table 3.

3.2. Total Polyphenol and Flavonoid Content. TPC and
TFC of juices obtained from “fantastico,” “femminello,”
and “castagnaro” cultivars of C. bergamia fruits were then
investigated. Each cultivar showed different phenolic and
flavonoid contents (Table 4).

In particular, TPC ranged from 8.77± 0.77 to 17.10±
1.34mgGAE/g of the sample in “castagnaro” and “fantas-
tico,” respectively. TFC, instead, varied from 6.51± 0.61 to
57.46± 3.20mgQE/g of the sample again in “castagnaro”
and “fantastico,” respectively. The values of TPC are in
accordance with Sicari and Pellicanò [42], although in that
case, fresh juice has been used as the sample, whereas here
juices have been previously lyophilized.

3.3. In Tube Antioxidant Activity. In order to characterize the
total antioxidant capacity of bergamot juices [27], four differ-
ent and complementary assays were herein used to evaluate
juice antioxidant activities. The samples were evaluated
firstly for their antiradical activity against superoxide and
nitric oxide physiological radicals. Then, samples were

Table 1: Nucleotide sequences, annealing temperature, and product size of the primers utilized in real-time RT-PCR experiments.

Primer nucleotide sequences Annealing temp (°C) Product size (base pairs)

SIRT1
For. 5 ATGACGCTGTGGCAGATTGTT 66.8

202
Rev. 5′ CCGCAAGGCGAGCATAGAT 67.4

NRF2
For. 5′ GGACATGGAGCAAGTTTGGC 66.8

165
Rev. 5′ TCCAGCGAGGAGATCGATGA 68.4

FOXO3
For. 5′ AGTGGATGGTGCGCTGTGT 67.1

100
Rev. 5′ CTGTGCAGGGACAGGTTGT 64.0

HO-1
For. 5′ ATACCCGCTACCTGGGTGAC 64.9

200
Rev. 5′ TGTCACCCTGTGCTTTGACCT 67.0

NQO1
For. 5′ TTCTGTGGCTTCCAGGTCTT 63.8

130
Rev. 5′ AGGCTGCTTGGAGCAAAATA 63.7

GAPDH
For. 5′ ATGTGTCCGTCGTGGATCTGAC 68.5

132
Rev. 5′ AGACAACCTGGTCCTCAGTGTAG 63.4
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assessed for their abilities to reduce ferric ions and to inhibit
the lipid peroxidation (Table 4). Two of the used tests (O2

•−

and FRAP) have not been previously reported for measuring
the activity of bergamot juice samples. Last, the RACI was
also calculated.

3.3.1. O2
•− Scavenging Activity. O2

•− is a radical oxygen spe-
cies normally produced inside the body, but it is known to

be very harmful to cellular components as a precursor of
a more reactive oxygen species, for example, the hydroxyl
radical. The activity of ascorbic acid (IC50 = 4.34± 0.39mg/
mL), used as reference, was compared with the samples by
IC50 values (Table 4). Juice obtained from “castagnaro”
exhibited the lowest IC50 value (IC50 = 1.01± 0.02mg/mL),
followed by “fantastico” (IC50 = 1.13± 0.11mg/mL). Both
these juices demonstrated to have a stronger superoxide
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Figure 1: HPLC-PDA profiles of C. bergamia juices from “fantastico” (a), “femminello” (b), and “castagnaro” (c) cultivars. Peaks were
monitored at 325 nm. For the peak data, see Table 2.
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radical scavenging activity than ascorbic acid. Juice obtained
from “femminello” exhibited an activity (IC50 = 4.77± 0.58)
similar to ascorbic acid. The scavenging activities were in
accordance with previous investigation [10].

3.3.2. Ferric Reducing Antioxidant Power. FRAP test eval-
uates the ability of plant extracts to reduce ferric ions. In
our study, the FRAP assay revealed that “fantastico” cultivar
had the highest reducing power (9.83± 0.54mgTE/g),
followed by “femminello” and “castagnaro” (8.43± 0.67 and
6.85± 0.63mgTE/g, respectively) (Table 4).

3.3.3. Lipid Peroxidation Inhibition Test. To get a wider
overview of the antioxidant potential, the antioxidant
effect of the samples on the peroxidation of linoleic acid
in the β-carotene/linoleic acid system was also investi-
gated by a BCB test. The oxidation of linoleic acid gen-
erates peroxyl free radicals, which will then oxidize the
highly unsaturated β-carotene. The presence of antioxi-
dants minimizes the oxidation of β-carotene. All samples
showed moderate β-carotene bleaching inhibition activity; in
fact, results ranged from 22.42± 1.15 to 31.60± 0.50 %
and the highest value was found in cultivar “castagnaro”
(Table 4).

3.3.4. Relative Antioxidant Capacity Index. Moreover, RACI
was calculated among all the tested samples. All methods
used for antioxidant activity determination together with
TPC were included in RACI calculation. In particular, TPC
assay results were included since it was recently proposed

that the results obtained by the Folin-Ciocalteu procedure
could be also interpreted as an alternative way to measure
the total reducing capacity of samples as the reagent reacts
with any reducing substance [26]. Results of antioxidant
activity expressed as IC50 were converted in 1/IC50 before
the RACI calculation, and data of relative antioxidant activity
were represented as histograms (Figure 3).

According to the obtained results, “fantastico” cultivar
had the highest RACI (0.55), followed by “castagnaro”
(−0.09), and “femminello” (−0.45).

Recently, Sicari and Pellicanò [42] have investigated C.
bergamia cultivar juices using two radical scavenging assays
(2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid, ABTS,
and 1,1-diphenyl-2-picrylhydrazyl, DPPH). The highest
antioxidant capacity has been found in “castagnaro” juice
compared to “fantastico” and then “femminello”. On the
contrary, comparing the radical scavenging activity of the
three bergamot cultivars using just DPPH assay, the previous
paper [39] has established “femminello” more active than
“fantastico” and “castagnaro” cultivars.

These discrepancies among literature and in respect to
present results may be ascribed to the fruit phenolic content
that depends on many factors, such as the degree of maturity
at harvest, genetic differences, and environmental conditions
[42]. Notably, statistically significant differences on antioxi-
dant activity and phenolic composition of bergamot fruits
collected in different Calabria areas have been evidenced,
suggesting that also the microclimate may influence the
chemical composition and, therefore, the quality of the juice
itself [11].

Table 2: Spectral (UV and ESI-MS/MS), chromatographic data of compounds 1–14, detected in C. bergamia juices from “fantastico,”
“femminello,” and “castagnaro” cultivars.a

Peak Compound tR (min) [M−H]− MS/MS base peak MS/MS ions (m/z) λmax (nm)

Organic acids

1 Citric acid 2.74 191 111 129, 173, 87 210

Flavone C-glucoside

2 Vicenin-2 16.22 593 473 575, 503, 383, 353 270, 335

3 Lucenin-2 4′-methyl ether 17.57 623 503 605, 533, 503, 413, 383 255, 270, 345

Flavanone O-glycosides

4 Neoeriocitrin 19.98 595 459 441, 287, 235, 205 285

8 Naringin 22.06 579 459 417, 313, 271 280, 330

9 Neohesperidin 22.97 609 301 489, 447 285, 330

Flavone O-glycosides

10 3-Hydroxy-3-methylglutaryl-neoeriotricin 23.19 739 595 637, 677, 459 285, 325

11 Neodiosmin/chrysoeriol 7-O-neohesperidoside 23.57 607 250, 280, 330

3-Hydroxymethylglutaryl flavanone O-glycosides

6 Unidentified 21.62 901 757 839, 799, 677, 637, 595 270, 345

7 Unidentified 21.62 885 579 741, 661, 621 265, 345

12 Melitidin 24.47 723 579 661, 621, 579 285, 325

13 Brutieridin 24.92 753 609 691, 651, 301 285, 325

Limonoid glucosides

5 Limonin glucoside 21.41 649 605 461, 443 210

14 Nomilinic acid glucoside 25.40 711 607 651 210
aCompound numbers correspond with peak numbers in Figure 1.
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Figure 2: ESI-MS/MS spectra of compounds 6 and 7. ESI-MS/MS spectra of compound 6 at m/z 901 (a) and compound 7 at m/z 885 (b),
performed in the negative ion mode. For the peak data, see Table 1.

Table 3: Quantitative amount (mg/L of fresh bergamot juice) of the main flavonoids detected in C. bergamia juices from “fantastico,”
“femminello,” and “castagnaro” cultivars by HPLC-PDA analysis at 325 nm.a

Peaks Compounds
Cultivars

“Fantastico” “Femminello” “Castagnaro”

2 Vicenin-2 187.4 78.3 63.0

3 Lucenin-2 4′-methyl ether 140.8 74.4 43.8

4 Neoeriocitrin 103.7 78.3 29.3

8 Naringin 112.8 51.2 42.6

9 Neohesperidin 157.2 91.4 58.0

12 Melitidin 11.2 16.1 16.0

13 Brutieridin 94.1 66.1 27.4
aCompound numbers correspond with peak numbers in Figure 1.
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Then, in order to verify if there was a correlation between
juice amount of polyphenols and antioxidant properties,
Pearson analyses were conducted using averaged values of
each variable, as reported in Table 5.

The highest positive correlation was observed between
FRAP and TPC and TFC (r = 0 89), suggesting a consistent
relationship between polyphenolic and flavonoid content
and the ferric reducing antioxidant power.

On the other hand, it was not noticed a high value of
correlation when O2

•− and BCB were evaluated in compari-
son to phenolic and flavonoids content. This result could be
possibly explained because these tests involved not only phe-
nolic compounds [27]. Moreover, the BCB test mostly gives
an indication of lipophilic active constituents, whereas TPC
assay reports the levels of both lipophilic and hydrophilic
phenols. These data could suggest the presence of minor lipo-
philic and/or not phenolic compounds acting synergistically
to enhance the biological activity.

3.4. Antisenescence Activity

3.4.1. H9c2 Mitochondrial Metabolic Activity. Although from
embryonal origin, H9c2 cells were found to be closer for
energy metabolism features to normal primary cardiomyo-
cytes, H9c2 cells have been successfully used as an in vitro
model to simulate cardiac ischemia-reperfusion injury [43].
Moreover, this cell line is widely used as a successful cellular

model for studies of myocardial pathophysiology including
aging processes [31, 32].

As a first step, in order to assess if bergamot juice affected
per se cellular life/death processes, the mitochondrial met-
abolic activity was explored in H9c2 cells by the use of a
tetrazolium dye. The mitochondrial metabolic activity is
a parameter conventionally used to estimate cellular prolifer-
ation and drug toxicity. Cells were treated with the lyophi-
lized bergamot juice of “fantastico” cultivar, which showed
the highest antioxidant potential and represent about 90%
among the three cultivars. The results demonstrated that
bergamot juice did not exert any cytotoxic effect on H9c2
cells (Figure 4). Indeed, no difference was observed in the
mitochondrial metabolic activity following three days of
treatment in samples compared to control.

3.4.2. H9c2 Cell Senescence Induction. H9c2 cell senescence
was induced by cell exposure to exogenous oxidative insults
(doxorubicin, DOX, or hydrogen peroxide, H2O2), as

Table 4: Results of O2
•−, FRAP, and BCB tests, beside TPC and TFC, of juices of C. bergamia fruits obtained from cultivars “fantastico,”

“femminello,” and “castagnaro”. mgGAE/g =mg of gallic acid equivalents per gram of the dried sample; mgQE/g =mg of quercetin
equivalents per gram of the dried sample; IC50 = concentration of the sample required to inhibit the activity by 50% in mg/mL; mgTE/
g =mg of Trolox equivalents per gram of the dried sample; % AA=percentage of antioxidant activity at final concentration of 0.25mg/mL.

Cultivars TPC (mg GAE/g) TFC (mg QE/g) O2
•− (IC50 mg/mL) FRAP (mg TE/g) BCB (% AA)

“Fantastico” 17.10± 1.34 57.46± 3.20 1.13± 0.11 9.83± 0.54 26.18± 0.85
“Femminello” 14.00± 0.56 16.89± 1.50 4.77± 0.58 8.43± 0.67 22.42± 1.15
“Castagnaro” 8.77± 0.77 6.51± 0.61 1.01± 0.02 6.85± 0.63 31.60± 0.50
Ascorbic acid — — 4.34± 0.39 — —
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Figure 3: RACI values obtained for the C. bergamia cultivars.
RACI values were obtained comparing the total phenolic content,
the superoxide radical scavenging activity, the ferric reducing
antioxidant power, and the lipid peroxidation inhibition results of
investigated cultivars.

Table 5: Pearson coefficient calculated among TPC, TFC,
superoxide radical scavenging activity, ferric reducing antioxidant
power, and lipid peroxidation inhibition.a

TPC TFC

O2
•− −0.27 0.20

FRAP 0.99 0.93

BCB −0.70 −0.29
aIn bold face the highest positive correlations.
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Figure 4: Effects of C. bergamia “fantastico” cultivar juice on the
mitochondrial oxidative metabolism activity. H9c2 cells were
treated with three different concentrations of lyophilized juice,
dissolved in DMSO, and the mitochondrial oxidative metabolism
activity was examined.
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previously reported [31, 32, 34]. The presence of senescence-
associated β-galactosidase (sa-β-Gal) was monitored as a
marker of cellular senescence. For chemical insults, in order
to establish the effective dose of DOX or H2O2 able to induce
cellular senescence, H9c2 cells were challenged with increas-
ing concentrations of DOX (ranging from 0.01 to 0.1μM)
or H2O2 (ranging from 5 to 100μM), diluted in water, for
3 h. Subsequently, the cells were cultured with fresh com-
plete medium for 3 days, and then the presence of sa-β-
Gal was examined. A concentration-dependent increase of
sa-β-gal was observed following the H9c2 cell treatment
with DOX (0.05μM, p < 0 01 and 0.1μM, p < 0 001). Con-
versely, only 60μM H2O2 was effective to induce the stain-
ing of sa-β-Gal significantly (p < 0 01). A higher dose of
H2O2 (100μM) did not further increase the senescence
marker, probably due to the cytotoxic effect exerted by such
a high concentration of H2O2. Together, these results
allowed us to establish 0.05μM DOX and 60μM H2O2 as

the effective drug concentrations to be used for the follow-
ing H9c2 cell experiments.

3.4.3. Effects of Bergamot Juice in Cellular Senescence
Models. Therefore, with the aim to explore the protective
potential of bergamot juice against cellular senescence,
the DOX- or H2O2-treated cells were cultured with fresh
complete medium containing different concentrations of
“fantastico” bergamot juice (FBJ) and the pivotal senes-
cence hallmark, the sa-β-Gal staining, was assessed after
3 days. Figure 5 showed the results obtained from the
H2O2-induced (light gray bars) and DOX-induced (dark
gray bars) senescence model.

In Figure 5(a), representative phase contrast photomicro-
graphs were reported, in which the sa-β-Gal staining cells are
in light blue. As reported in Figure 5(b), bergamot juice alone
did not affect the number of senescent cells with respect to
control, for any of the tested concentrations. As expected,
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Figure 5: Effects of C. bergamia “fantastico” juice on H9c2 senescence-associated β-galactosidase staining. (a) Representative phase contrast
photomicrographs of control cells, DOX-injured cells, and DOX-injured cells treated with FBJ, 0.1mg/mL. The arrows indicate the blue-
stained cells. (b) Percentage of cellular senescence in not-injured cells treated with different concentrations of FBJ. Data are shown as the
percentages of β-galactosidase-positive cells with respect to the total cell number of the sample. Each bar represents the mean± SEM of
three replicates from three independent experiments. (c) Percentage of cellular senescence in H2O2- or DOX-injured cells treated with FBJ
at different concentrations. Data are shown as the percentages of β-galactosidase-positive cells with respect to the total cell number of the
sample. Each bar represents the mean± SEM of three replicates from three independent experiments. The light gray bars represent the
data obtained from the H2O2-induced senescence model; the dark gray bars represent the data obtained from the DOX-induced
senescence model. ∗∗∗p < 0 001 versus the control (cells not injured); °°°p < 0 001 versus the H2O2- or DOX-challenged cells with DMSO;
°°p < 0 01 versus the H2O2- or DOX-challenged cells with DMSO; °p < 0 05 versus the H2O2- or DOX-challenged cells with DMSO.
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H9c2 cells injured with H2O2 or DOX evidenced a signifi-
cant sa-β-Gal staining in respect of control cells (p <
0 001, ∗ versus control cells; Figure 5(c)), and notably, all
the tested “fantastico” bergamot juice cotreatments were
able to protect the injured cells from the appearing of the
senescence hallmark (p < 0 05 and p < 0 01, ° versus H2O2
or DOX-treated cells; Figure 5(c)). Interestingly, in both
cellular models, the relation between senescence percentages
and FBJ concentrations showed an inversely proportional
trend. These data suggested that the optimal FBJ concen-
tration capable of better counteracting the senescence
mechanism is the lowest one (0.01mg/mL).

To the best of our knowledge, there is another study in
the literature concerning the antisenescence potential of ber-
gamot; this study has evidenced antiaging and immune mod-
ulating responses on human photoaged keratinocytes treated
with a highly concentrated extract of bergamot fruit [44]. In
addition, our results are in accordance with previous find-
ings suggesting that the bergamot juice polyphenols could
influence cellular function by acting as activators of
sirtuin-1 [9], a nuclear histone deacetylase, largely involved
in aging processes [45].

3.4.4. Effects of Bergamot Juice In Vivo. In light of the
antisenescence results, “fantastico” juice effects were also
assessed in old mice. During daily water intake of berga-
mot fruit juice, no difference between the “bergamot
group” and the “vehicle group” was highlighted along
the three months of treatment. Weekly weightings showed
a physiological increase in the body mass, according to
growth curves reported in the literature (data not shown).
Blood total cholesterol, HDL, LDL, triglyceride, glycaemia,
and glycated haemoglobin values were superimposable
with the corresponding values measured in young-adult
animals, suggesting that these animals did not have car-
diometabolic diseases. Indeed, lipid and glycemic parameters
measured in BFJ and control groups were not significantly
different (Table 6).

Nevertheless, the real-time PCR analyses, performed on
hearts of the old mice fed with FBJ or vehicle for three
months, showed statistically significant increases in mRNA
levels of three regulator genes, SIRT1, NRF2, and FOXO3,
which are largely involved in antiaging and antioxidant
responses (Figure 6).

The silent information regulator 2 family proteins
(SIRT), also called “sirtuins,” have been demonstrated to
coordinate metabolic responses to changes in nutritional

availability and maintain physiological homeostasis. Brain-
specific Sirt1-overexpressing (BRASTO) transgenic mice
have shown significant life span extension and delay in the
aging process compared to control mice [46]. The nuclear
factor erythroid 2-related factor 2 (NRF2) is a regulator of
cellular resistance to oxidants; it orchestrates the expression
of antioxidant response element-dependent genes to regulate
the outcomes of oxidant exposure [47]. Last, forkhead/
winged helix box gene, group O (FOXO) proteins are a
set of transcription factors at a central integration hub
for many important cellular pathways, relevant to healthy
aging and longevity. FOXOs are involved in energy metab-
olism, oxidative stress, proteostasis, apoptosis, cell cycle
regulation, metabolic processes, immunity, inflammation,
and stem cell maintenance [48]. Notably, a BFJ-enriched diet
was able to increase the mRNA expression of these three key
genes in mice hearts, suggesting an enhanced cellular antiox-
idant capacity and an antiaging response for those mice fed
with BFJ.

In order to further demonstrate the involvement of these
pathways in the antioxidant effects of the active compounds
contained in bergamot juice, two additional genes, NAD(P)H
dehydrogenase quinine 1 (NQO1) and heme oxygenase
1 (HO-1), routinely assessed as markers of NRF2 activity,
have been investigated. These two NRF2 target genes are
markers of a robust antioxidant response [49]. As reported
in Figure 7, the real-time PCR analyses, performed on hearts
of the old mice fed with FBJ or vehicle for three months,
showed statistically significant increases in mRNA levels of
NQO1 and HO-1, suggesting a robust antioxidant effect for
FBJ (Figure 7).

Then, considering that oxidative stress has been pointed
out as relevant cause of both in heart aging and in the devel-
opment of several cardiac diseases, an approach with BFJ

Table 6: Lipid panel, glycaemia, and glycated haemoglobin levels
(HbA1c) of treated mice.

Vehicle FBJ (1mg/mL)

Total cholesterol (mg/dL) 69.5± 0.5 68± 2.57
HDL (mg/dL) 19± 4 17.8± 1.74
LDL (mg/dL) 38.5± 5.5 37.48± 3.06
Triglycerides (mg/dL) 57± 2 62± 1.9
Glycaemia (mg/dL) 91.5± 10.5 85.4± 9.5
HbA1c (mmol/mol) 29± 3 27.4± 0.87
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Figure 6: FBJ induces gene expression. Real-time PCR analyses
showed a statistically significant increase in SIRT1, NRF2, and
FOXO3 mRNA levels in hearts of old mice fed with FBJ for three
months. ∗p < 0 05; ∗∗∗p < 0 005.
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could guarantee an improvement of these targets (SIRT1,
NRF2, FOXO, HO-1, and NQO1) typically altered and at
the basis of cardiac dysfunction and of the consequent tissue
damage [50].

Therefore, all together, these data indicated that the
bergamot juice exerts beneficial health effects counteract-
ing senescence in myocardial H9c2 cells and increases
the antiaging and antioxidant defenses in mouse hearts,
opening new perspectives on the potential pharmaceutical
application of this natural source.

4. Conclusions

Natural polyphenols have gained considerable attention as
potential agents for prevention and treatment of oxidative
stress-related diseases, such as aging and cardiovascular dis-
eases [5, 51], and in particular, the Mediterranean citrus fruit
bergamot has been demonstrated to be a valuable source
of antioxidant molecules. In addition, limonoids occurring
in Citrus genus displayed different pharmacological activi-
ties; in particular, a placebo-controlled, double-blind study
demonstrated that limonin glucoside may be useful in the
prevention and/or treatment of different chronic inflamma-
tory diseases, such as cancer, diabetes, and cardiovascular
diseases [52]. The results of our study confirmed that berga-
mot juices possess a robust antioxidant activity and could be
considered a valuable source of health-promoting constitu-
ents, such as naringin, neoeriocitrin, and neohesperidin, as
previously established [11, 39, 41]. Furthermore, to the best
of our knowledge, we demonstrated for the first time the
potential of bergamot juice to counteract also the senescence
processes, in vitro and in vivo.

These findings supported the nutraceutical properties of
the bergamot fruit, encouraging the use of its pulp as
health-promoting resource.
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Background. Several dietary phytochemicals potentially regulate the equilibrium between oxidant and antioxidant species. The aim
of this study was to evaluate the effects of Lippia citriodora, Raphanus sativus, and Solanum lycopersicum on blood parameters,
oxidative/antioxidant status, and SIRT1 activity in the rabbit’s heart and liver. Methods. Twenty rabbits were divided into 4
groups of 5 animals each. The control group (CN) received a feed without any additives. One intervention group received a
supplement containing verbascoside (VB), another Raphanus sativus extract (RAP), and lastly lycopene (LYC). Oxidant-
antioxidant parameters and SIRT1 activity were measured in plasma and in the heart and liver, respectively. Results. The
treatment with VB, RAP, and LYC resulted in a marked improvement in the blood lipid and glycaemic profile in respect to CN.
VB was the most effective, but all three plant extracts induced a significant reduction in oxidant parameters as well as an
increase in antioxidant tissue activity and vitamin A and E levels. SIRT1 activity was significantly increased in both VB and LYC
compared to CN, but the increased levels in the VB group were far the highest. The multivariate analysis suggests that the
benefits of VB, particularly the antiglycaemic and antioxidant effects, might be mediated by increasing SIRT1 activity.

1. Introduction

Aging is a phenomenon universally involving all organisms,
and it is characterized by a progressive decline of physiolog-
ical function, mainly the cardiovascular and metabolic pro-
file, leading to death. In the last decades, the prevalence of
the aging population is rising progressively, and this “aging
boom” has led to augmented investigation in the mecha-
nisms involved in the aging genesis and progression [1]. A
global consensus identifies aging as a multifactorial process
genetically determined and epigenetically influenced by the
environment. However, many theories of aging have been
proposed, most of them considering the reactive oxygen
species (ROS) and the oxidant/antioxidant equilibrium as

crucial protagonists in aging genesis and progression [2].
Several studies have suggested that the increased ROS induce
cellular damage and mitochondrial dysfunction influences
the aging process. Based on these results, interesting models
focused on antioxidant supplementation as an antiaging
strategy have been developed [3–5].

Sirtuins, nicotinamide adenine dinucleotide- (NAD-)
dependent protein deacetylases, have shown to mediate
many pathways in metabolism, cardiovascular disease, and
longevity of mammalian organisms [6]. In a broad range of
experimental models, sirtuins proved to play a very impor-
tant role against oxidative damage [7]. For instance, some
studies have suggested that sirtuins deacetylate the antioxi-
dant enzyme manganese superoxide dismutase (SOD2) in
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the mitochondrial matrix, resulting in increased scavenging
of ROS [8]. Other interesting studies have described that
the expression of several antioxidant genes such as superoxide
dismutase, catalase, peroxiredoxins 3 and 5, thioredoxin 2,
and thioredoxin reductase 2 is regulated by sirtuin isoform 1
(SIRT1) through deacetylation of the transcription factor
FoxO3a and the transcriptional coactivator peroxisome
proliferator-activated receptor γ-coactivator 1α (PGC-1α)
pathway [9, 10]. The emerging data on the beneficial effects
of sirtuin activators on aging and age-related diseases have
focused on sirtuins as a new potential target [11, 12]. In fact,
SIRT1 activators are intensively investigated for their ability
to treat metabolic disorders, inflammation, and endothelial
dysfunction, with a possible implication in the clinical
therapy management [13, 14]. Recently, the use of dietary
plant phenolic extracts is becoming an attractive alternative
therapy. In fact, the use of these compounds has been mainly
recognized as part of dyslipidaemia treatment and vascular
wall health [15], as well as of neuroprotection [16]. The most
interesting plant extract components that could have a thera-
peutic application are lycopene (Solanum lycopersicum L.),
horseradish (Raphanus sativus L.), and verbascoside (Lippia
citriodora) [17]. It has been previously demonstrated that a
dietary supplementation with lycopene, horseradish, and ver-
bascoside has a positive effect on plasma oxidative status in an
animal model of adult rabbits. In addition, Campo and col-
leagues [18, 19] have reported that the administration of ver-
bascoside in subjects with cardiovascular risk factors reduced
the platelet aggregation values. Although the modulation of
the biochemical profile and oxidative status seems to be
strongly associated with sirtuin activity and phenolic extracts
have some beneficial effects on it, surprisingly, no data are
reported on the role of phenolic components in sirtuin activity.
In the present study, we aimed to evaluate the dietary effects of
plant extracts, Lippia citriodora (verbascoside), horseradish
(Raphanus sativus L.), and lycopene (Solanum lycopersicum
L.), on blood parameters, plasma oxidant/antioxidant status,
and SIRT1 activity in the rabbit’s heart and liver tissues.

2. Methods

2.1. Animals and Experimental Design. All breeding proce-
dures and the management of animals were conducted in
compliance with the European directive 2010/63/EU, con-
cerning the protection of animals used for scientific purposes.
The Ethic and Scientific Committee of the University of
Molise approved the full experimental design. The experiment
was conducted on 20 weaned male rabbits (New Zealand
white and Californian) and lasted 80 days. The animals were
reared in cages (two per cage) equipped with feeders and
automatic watering. Temperature and relative humidity of
the rabbitry were recorded continuously using a digital ther-
mograph located at the height of the cages. The rabbitry was
equippedwith an environmentalmicroclimate control system
in order to maintain a temperature of 18± 4°C and a relative
humidity of 70± 5% throughout the experimental period.

Rabbits were randomly divided into four groups of 5
animals each, matched by age (38± 2 days) and body weight
(1.49± 0.07 kg). The control group (CN) received a fattening

feed without any natural supplements, conversely to the
other experimental groups. One intervention group received
a supplement of Lippia citriodora extract, containing verbas-
coside 5mg/kg feed (VB group), another group received
350mg of root extract of Raphanus sativus/kg feed (RAP
group), and the last one received 5mg of lycopene, extracted
from tomato fruit/kg feed (LYC group). The feed was admin-
istered ad libitum and was produced by Agrizoo s.n.c.
(Miranda, Isernia, Italy). Feed additives based on Lippia
citriodora (0.5% of verbascoside as the main component),
horseradish (Raphanus sativus dry root extract with enzyme
complex Inuzyme®), and lycopene (2% of Solanum lycopersi-
cum extract fruit) were provided by Sintal Zootecnica (Isola
Vicentina, Vicenza, Italy), Erba Vita Italia S.p.A. (Montegri-
mano Terme, Perugia, Italy), and Erbamea srl (San Giustino,
Perugia, Italy), respectively.

2.2. Sampling and Laboratory Analysis of Blood. Individual
samples were taken from the auricularis marginalis vein with
the vacutainer method (Venoject, Terumo Europe N.V.,
Leuven, Belgium) using tubes with lithium heparin for
plasma production. Blood samplings were performed at the
beginning (weaning age, 0 d) and at the half (40 d) and at
the end of the experiment (80 d). Blood was centrifuged for
20min at 3000 rpm, and the following parameters were
determined on the plasma: glucose, triglycerides, total choles-
terol, low-density lipoprotein (LDL) cholesterol, high-density
lipoprotein (HDL) cholesterol, serum glutamic oxaloacetic
transaminase (sGOT), serum glutamic pyruvic transaminase
(sGPT), bilirubin, and creatinin, using a semiautomatic clini-
cal chemistry analyzerArcomodel (Biotechnical Instruments,
S.p.A., Italy). Reactive oxygenmetabolites (ROMs) were spec-
trophotometrically determined with the colorimetric method
proposed by Diacron at a wavelength of 505nm using a spe-
cific commercial kit [20]. The results were expressed in Carr
units (1 Carr corresponds to 0.024mmol/l of H2O2).

The determination of thiobarbituric acid reactive sub-
stances (TBARS) was spectrophotometrically performed
according to Esterbauer and Zollern [21] using a standard
curve with 1,1,3,3-tetramethoxypropane (Sigma-Aldrich,
St. Louis, USA). The results were expressed as μmol of
malondialdehyde (MDA)/l of plasma. Vitamins A and E were
extracted from plasma samples with chloroform, according to
Zhao et al. [22]. Vitamin amount was detected by HPLC
(Kontron Instruments, Italy) which consisted of an automatic
autosampler (HPLC Autosampler 360) with a loop of 20μl,
pump system (HPLC Pump 422), and a column C18 (5μm,
250× 4.60mm) (Phenomenex, Torrance, CA, USA). The
mobile phase consisted of a mixture of acetonitrile and meth-
anol (85 : 15 v/v) with a flow value of 1ml/min. Vitamins A
and E were identified by comparing the retention time of the
samples with the retention time of the pure standards
(>97%) purchased by Sigma-Aldrich (St. Louis, USA). The
quantification was performed using the Gyminix system
(version 1.8.1) by comparing the peak of the area with
that of the reference standard curve.

2.3. Tissue Processing and Homogenate Preparation. At the
end of the study period, all the rabbits were sacrificed, and
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their hearts and liver tissue were immediately removed and
rinsed free of blood. The left ventricle was separated, frozen
in liquid nitrogen, and stored at −80°C until processing.
The tissues were homogenized in lysis buffer containing
10mM Tris-HCl (pH7.4); 0.5% NP-40; 250mM sucrose;
0.1mM EGTA; 10mM NaCl; 15mM MgCl2; 1mM PMSF;
1μg/ml each of aprotinin, leupeptin, and pepstatin; 1mM
Na3VO4; and 1mM NaF.

After 1 h, the homogenate was obtained by centrifugation
at 14000 rpm for 10min at 4°C. Protein concentration was
determined using the Bio-Rad assay (Milan, Italy) [23].

2.4. Total Antioxidant Activity (TAC). The TAC of heart
and liver supernatants was measured using the ability of
endogenous antioxidants to scavenge the 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation
decolorization assay, according to the method of Re et al.
[24]. The ABTS radical was generated by chemical reac-
tion with potassium persulphate. For this purpose, 25ml
of ABTS (7mM) was spiked with 440 μl of potassium per-
sulphate (140mM) and allowed to stand in darkness at
room temperature for 12–16 h (time required for the for-
mation of the radical). Trolox was used as the standard,
and the total antioxidant capacity of samples was defined
as the concentration of Trolox having equivalent activity
which is expressed as μmol/g tissue weight. Each experi-
ment was performed in triplicate.

2.5. Isolation and Extraction of Nuclei for SIRT1 Deacetylase
Assay.Aliquots of heart and liver tissue homogenate (without
protease inhibitors) were spun through 4ml of 30% sucrose,
10mM Tris-HCl (pH7.5), 10mMNaCl, and 3mMMgCl2 at
1300×g for 10min at 4°C; the pellet was washed with cold
10mM Tris-HCl (pH7.5) and 10mM NaCl. The nuclei were
suspended in 50–100μl of extraction buffer containing
50mM Hepes KOH (pH7.5), 420mM NaCl, 0.5mM EDTA
Na2, 0.1mM EGTA, and 10% glycerol, sonicated for 30 s,
and stood on ice for 30min.

After centrifugation at 13000 rpm for 10min, an aliquot
of the supernatant (crude nuclear extract) was used to deter-
mine protein concentration using the Bio-Rad assay [23].

2.6. SIRT1 Deacetylase Expression and Activity. SIRT1
protein expression was measured using the Human SIRT1
(sirtuin 1) ELISA Kit (Elabscience® Biotechnology Inc.,
United States). Briefly, serially diluted standards or samples
were added to the micro ELISA plate wells, precoated with
an antibody specific to human SIRT1. Then, a biotinylated
detection antibody specific for human SIRT1 and avidin-
horseradish peroxidase (HRP) conjugate were added to each
microplate well and incubated. After several washing steps,
the substrate solution was added to each well. Lastly, the
enzyme-substrate reaction was terminated by the addition
of stop solution producing a colored reaction that was mea-
sured spectrophotometrically at a wavelength of 450± 2nm.
The optical density (OD) values were proportional to the
concentration of human SIRT1, and the concentration of
human SIRT1 in the samples was calculated by comparing
the OD of the samples to the standard curve.

The SIRT1 deacetylase activity was evaluated in the crude
nuclear extract from heart and liver tissues of all the rabbit
groups. We measured SIRT1 using a deacetylase fluorometric
assay kit (Sir2 Assay Kit, CycLex, Ina, Nagano, Japan). The
final reaction mixture (100μl) contained 50mM Tris-HCl
(pH8.8), 4mM MgCl2, 0.5mM DTT, 0.25mA/ml lysyl
endopeptidase, 1μM Trichostatin A, 200μM NAD, and 5μl
of nuclear samples.

The fluorescence intensity at 440 nm (exc. 340 nm)
was measured every 30 s for a total of 60min immediately
after the addition of fluorosubstrate peptide (20μM final
concentration) and normalized by protein concentration.
All determinations were performed in triplicate on 10
different samples, and the results are reported as relative
fluorescence/μg of protein (AU) [23]. Each experiment
was performed in triplicate.

2.7. Statistical Analysis. Blood parameters were assessed
using the delta (difference between post- and pretreatment
levels). After the evaluation of the normality of frequency dis-
tribution, all variables were subjected to analysis of variance
using a one-way ANOVA of the statistical package SPSS 23
version. A multivariate linear regression analysis was per-
formed when appropriate. The differences between means
were considered significant for at least p < 0 05. The results
are presented as mean± standard deviation.

3. Results

All rabbits survived to the 80-day treatments; neither side
effect occurred. Table 1 shows the baseline characteristics in
the blood profile divided by groups. No differences were
found among groups at the start of the study in glycaemic,
lipid, hepatic, and renal profiles (Table 1) and in oxidant-
antioxidant levels as shown by ROMs, TBARs, and vitamin
A and E levels (Table 2). By using the delta of all parameters,
measured as differences between the posttreatment and the
baseline levels, significant differences were found among
groups. All plant extracts were able to improve blood lipid,
glycaemic, and hepatic parameters, with different efficacies
among them.

In particular, VB was characterized by the greatest
improvement in the lipid profile. In fact, a significant
reduction in triglyceride level was found in VB versus CN
(p < 0 0001) and VB versus RAP (p = 0 038) but not with
respect to LYC (p = 0 055) (Table 3). Similarly, the delta of
total cholesterol was the lowest in VB with significant differ-
ences in respect to CN and LYC (both p < 0 0001) (Table 3).
Also, RAP was able to significantly reduce the delta of
total cholesterol in respect to CN (p < 0 0001) and LYC
(p = 0 026) (Table 3). All treatments also reduced LDL-
cholesterol values in respect to CN (p < 0 0001). On the con-
trary, VB supplementation was the most robust tool to
increase HDL cholesterol, with significant differences in
respect to all other groups (all p < 0 0001) (Table 3). More-
over, VB induced the highest reduction in glycaemic levels
in respect to CN, RAP, and LYC (all p < 0 0001). Also, LYC
showed a significant reduction in glycaemic levels in respect
to CN (p = 0 007) but not to RAP (p = 0 578) (Table 3). The

3Oxidative Medicine and Cellular Longevity



RAP group showed only a partial decrease in respect to CN,
which did not achieve any significant value (Table 3).

All plant extracts induced a reduction in the hepatic
parameters, sGOT and sGPT, in respect to CN. VB again
induced the highest reduction of sGOT (p < 0 0001), while
no significant differences in reducing sGPT levels among
the treatment groups were found (Table 4). No significant
differences were found among the treatment groups in
respect to CN and to each other in inducing total bilirubin
and creatinine level variations (Table 4). In regard to oxidant
and antioxidant changes, all plant extracts were able to
induce a significant reduction in oxidant levels measured as
ROMs and TBARS and an increase in antioxidant vitamins

A and E in respect to CN (all p < 0 0001). No statistically
significant differences were found in ROM levels among
the treatment groups, whereas VB showed the highest
reduction and RAP the lowest. VB was also responsible
for the most important changes in TBARS, with statisti-
cally significant differences in respect to RAP (p = 0 001)
and LYC (p = 0 046). No differences were found between
RAP and LYC.

In antioxidants, VB was the most effective in increasing
both vitamins A and E in respect to LYC (p < 0 0001 and
p = 0 046, resp.), without differences with RAP. However,
the RAP group showed higher values in vitamin A changes
in respect to LYC (p < 0 0001).

Table 1: Baseline lipid, glycaemic, hepatic, and renal profiles divided by groups.

CN VB RAP LYC p

Body weight (gr) 1448± 110.32 1532± 58.05 1497± 51.22 1486.5± 64.55 0.302

Triglycerides (mmol/l) 99.08± 3.85 101.88± 4.77 100.63± 6.42 100.8± 5.69 0.885

Total cholesterol (mmol/l) 64.38± 4.01 64.44± 4.82 64.37± 4.35 65.12± 2.90 0.972

LDL cholesterol (mmol/l) 30.98± 2.26 30.5± 1.65 30.46± 2.71 30.67± 1.96 0.978

HDL cholesterol (mmol/l) 25.38± 2.32 25.92± 1.20 25.6± 1.46 25.48± 1.89 0.961

Glycaemia (mmol/l) 158.6± 6.11 158.6± 7.40 158± 6.99 156.7± 6.04 0.933

sGOT (U/l) 18.12± 1.84 18.58± 0.88 19.58± 2.46 19.54± 1.99 0.488

sGPT (U/l) 25.4± 3.71 25.8± 2.89 25.44± 3.09 25.43± 2.56 0.996

Total bilirubin (mmol/l) 1.03± 0.15 1.01± 0.08 0.96± 0.13 0.962± 0.13 0.659

Creatinin (mmol/l) 1016± 0.16 1.10± 0.18 1.15± 0.16 1.08± 0.28 0.722

LDL: low-density lipoprotein; HDL: high-density lipoprotein; sGOT: serum glutamic oxaloacetic transaminase; sGPT: serum glutamic pyruvic transaminase.

Table 2: Baseline oxidant-antioxidant levels in blood of the rabbits divided by groups.

CN VB RAP LYC p

ROMs (Carr units) 153.62± 15.64 155.21± 12.96 151.01± 17.34 155.06± 15.93 0.940

TBARS (μmol/l) 1.31± 0.14 1.34± 0.27 1.32± 0.22 1.32± 0.22 0.998

Vitamin A (μmol/l) 8.93± 1.04 8.25± 1.05 8.34± 1.30 8.77± 1.14 0.676

Vitamin E μmol/l) 0.66± 0.09 0.64± 0.11 0.65± 0.12 0.64± 0.09 0.991

ROMs: reactive oxygen metabolites; TBARS: thiobarbituric acid reactive substances.

Table 3: Blood parameter variations on the basis of different treatments.

CN VB RAP LYC p

ΔTriglycerides (mmol/l) 0.64± 144∗§° −10.74± 1.47 −8.01± 1.89∗∗ −8.15± 1.64 <00001
ΔTotal cholesterol (mmol/l) 1.28± 0.4∗§° −6.84± 0.77 −5.51± 0.91 −4.21± 1.07∗∗∗§§ <0.0001
ΔLDL cholesterol (mmol/l) 1.92± 1.62∗§° −5.06± 0.81 −3.46± 0.98 −4.2± 0.91 <0.0001
ΔHDL cholesterol (mmol/l) 0.12± 0.19∗§°° 2.68± 0.25 1.4± 0.47∗∗∗∗ 0.91± 1.80∗∗∗§§§ <0.0001
ΔGlycaemia (mmol/l) −0.2± 2.75∗

°°°
−9.0± 1.58 −1.5± 1.96∗∗∗∗ −3.0± 1.83∗∗∗ <0.0001

ΔsGOT (U/l) 0.38± 0.78∗§°° −2.52± 0.98 −2.15± 0.56∗∗∗∗∗ −1.66± 0.97∗∗∗ <0.0001
ΔsGPT (U/l) 1.58± 1.13∗§° −3.66± 0.88 −1.9± 0.89 −0.89± 0.80 <0.0001
ΔTotal bilirubin (mmol/l) −0.0180± 0.15 −0.16± 0.15 −0.05± 0.37 −0.52± 0.04 0.075

ΔCreatinin (mmol/l) 0016± 0.07 −0.16± 0.14 0.15± 0.13 −0.15± 0.12 0.082

Δ: differences measured between posttreatment and baseline; LDL: low-density lipoprotein; HDL: high-density lipoprotein; sGOT: serum glutamic oxaloacetic
transaminase; sGPT: serum glutamic pyruvic transaminase. ∗VB versus CN (p < 0 0001); ∗∗VB versus RAP (p = 0 038); ∗∗∗VB versus LYC (p < 0 0001); ∗∗∗∗VB
versus RAP (p < 0 0001); ∗∗∗∗∗VB versus RAP (p = 0 010). §RAP versus CN (p < 0 0001); §§RAP versus LYC (p = 0 026); §§§RAP versus LYC (p = 0 011). °LYC
versus CN (p < 0 0001); °°LYC versus CN (p = 0 001); °°°LYC versus CN (p = 0 007).
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Significant differences were also found among groups in
SIRT1 activity measured in the rabbit’s heart and liver, with
VB showing higher levels in respect to CN, RAP, and LYC
(all p < 0 0001, Figures 1(a) and 1(b)). No significant differ-
ences were found between the RAP and CN groups in SIRT1
activity in both the heart and liver, whereas higher values
characterized the RAP in respect to the CN group. Finally,
in the heart, LYC showed significantly higher SIRT1 activity
in respect to CN (p = 0 013) but not to RAP (Figure 1(a)),
while in the liver, no differences were found (Figure 1(b)).
By SIRT1 protein expression evaluation, no differences were
found between groups in both the heart (Figure 1(c)) and
liver (Figure 1(d)) of the rabbits.

The total antioxidant capacity (TAC) of all plant extracts
was also checked by the ABTS assay. In the heart, VB was the
only extract able to significantly increase (p < 0 0001) TAC in
respect to the CN group, without any differences among
RAP, LYC, and CN groups (Figure 2(a)). In the liver, sig-
nificant differences (p < 0 0001) of TAC were found
among all groups in respect to CN, with the highest levels in
VB (p < 0 0001), followed by RAP (p < 0 0001) and LYC
(p = 0 005) (Figure 2(b)).

By multivariate linear regression analysis, introducing
the SIRT1 activity in heart as the dependent variable, the best
predictors were represented by the VB group (p < 0 0001,
β = −39 490; 95% CI −55.990, −23.001), the delta glycae-
mia (p < 0 0001, β = −18 347; 95% CI −23.276, −13.418;
Figure 3(a)), the delta ROMs (p = 0 004, β = −1 662;
95% CI −2.677, −0.646; Figure 3(b)), and the delta TBARs
(p = 0 042, β = −84 096; 95% CI −164.686, −3.505). Per-
forming the multivariate linear regression analysis, intro-
ducing the SIRT1 activity in the liver as the dependent
variable, the best predictors were represented by the VB
group (p < 0 0001, β = −29 749; 95% CI −40.941, −18.557),
the delta glycaemia (p = 0 001, β = −3 742; 95% CI −5.714,
−1.769; Figure 3(c)), and the delta ROMs (p < 0 0001,
β = −2 23; 95% CI −3.148, −1.257; Figure 3(d)).

4. Discussion

Our data demonstrated the efficacy of different plant extracts
on lipid and glycaemic profiles and oxidant/antioxidant
status (e.g., TBARS, ROMs, TAC, and vitamins A and E). In
particular, the beneficial effects of VB seem to be mediated
by SIRT1 activity in both the rabbit’s heart and liver, revealing

for the first time the existence of a direct correlation between
the VB beneficial effects and increase in SIRT1 activity.

Multiple aspects of cellular and redox signalling in
response to cellular stressors are finely regulated and con-
served in both animals and plants [25–27].

In this study, we suggest that the different effects of the
plant extracts could be related to their diverse chemical com-
position. The most important benefits were obtained by a
treatment with Lippia citriodora containing verbascoside
5mg/kg feed.

Verbascoside is a polyphenol belonging to the phenolic
acid subclass used as a medicinal plant, by virtue of a wide
spectrum of biological activity including cardiovascular
effects [28, 29].

In our study, the evidence that verbascoside was able
not only to reduce all parameters involved in cardiovascu-
lar risk composition, such as glycaemia, total cholesterol,
and LDL cholesterol, but also to induce an increase in
HDL cholesterol, a well-identified protective cardiovascular
factor, confirmed these effects.

Moreover, the VB effects on vitamin A and E levels
reinforce the antioxidant capability of this plant extract. Pre-
viously, Rossi et al. showed that plant extracts of Verbenaceae
might improve vitamin E status in vivo by protecting
α-tocopherol from oxidative decay [30]. Similarly, Iglesias
et al. [31] reported that the procyanidins could repair oxidized
α-tocopherol in themedium-long term in fishmuscle. Palazzo
et al. [32] demonstrated that the increased vitamin A and E
levels can be attributed to the ability of VB to strengthen and
save the endogenous antioxidant system, controlling oxida-
tivemetabolism by reducing the production of reactive radical
species and increasing the antioxidant activity of enzymes
[33–35]. A dual mechanism of action, proposed by Palazzo
et al. [32], includes the direct action of capturing free radicals
during the propagation of a chain reaction and the inhibition
of prooxidant enzymes as the initiation of the oxidation phase
[36]. Vitamin E, in its function as a chain-breaking antioxi-
dant, rapidly transfers its phenolic H-atom to a lipid peroxyl
radical, converting it into a lipid hydroperoxide and a vitamin
E radical [37–39].

Indeed, a relationship between SIRT1 activity and
vitamin E levels was demonstrated in the hippocampus and
cerebral cortex of rodents, in which vitamin E prevented a
decrease in SIRT1 expression caused by a high-fat diet [40].
Also, Zillikens et al. [41] found an interaction between
vitamin E and SIRT1, suggesting that this interface could be

Table 4: Oxidant-antioxidant level changes in blood of the rabbits divided by groups.

CN VB RAP LYC p

ΔROMs (Carr units) 28.84± 6.24∗§° −34.49± 3.62 −29.81± 4.01 −33.99± 3.26 <0.0001
ΔTBARS (μmol/l) 0.54± 0.19∗§° −0.62± 0.06 −0.41± 0.05∗∗ −0.48± 0.05∗∗∗ <0.0001
ΔVitamin A (μmol/l) −0.21± 0.09∗§° 8.49± 1.02 8.19± 1.31∗∗∗∗ 5.30± 1.3∗∗∗∗∗§§ <0.0001
ΔVitamin E (μmol/l) −0.033± 0.014∗§° 0.64± 0.08 0.59± 0.10 0.48± 0.12∗∗∗ <0.0001
Δ: differences measured between posttreatment and baseline; ROMs: reactive oxygen metabolites; TBARS: thiobarbituric acid reactive substances. ∗VB versus
CN (p < 0 0001); ∗∗VB versus RAP (p = 0 001); ∗∗∗VB versus LYC (p = 0 046); ∗∗∗∗VB versus RAP (p < 0 0001); ∗∗∗∗∗VB versus LYC (p < 0 0001). §RAP versus
CN (p < 0 0001); §§RAP versus LYC (p < 0 0001). °LYC versus CN (p < 0 0001).
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Figure 1: SIRT1 activity in the rabbit’s heart (a) and liver (b) and SIRT1 protein expression in the rabbit’s heart (c) and liver (d), divided by
groups. CN: control; VB: verbascoside; RAP: raphan; LYC: lycopene. ∗VB versus other groups (p < 0 0001); °LYC versus CN (p = 0 013).
SIRT1 activity was expressed as arbitrary unit (AU).
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Figure 2: Total antioxidant activity (TAC) by the ABTS assay in the rabbit’s heart (a) and liver (b), divided by groups. CN: control; VB:
verbascoside; RAP: raphan; LYC: lycopene. ∗VB versus other groups (p < 0 0001); §RAP versus LYC (p < 0 0001); °°LYC versus CN
(p = 0 005). The ABTS assay was expressed as mmol Trolox equivalent/mg protein.
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due to the antioxidant function of vitamin E and its role as
a regulator of enzymes and gene activity [42]. In our
knowledge, this is the first study that demonstrated increased
levels of vitamins A and E associated with increased
SIRT1 activity.

According to Funes et al. [43], the VB biological activity
could also be related to its ability to modulate membrane-
dependent cellular processes, such as cell signalling [44]
and mitochondrial function [45, 46], although the molecular
basis of these effects still remains unclear [43].

In addition, Zhang et al. [46] demonstrated that in cells
treated with H2O2, a well-known cellular oxidant, the

administration of VB induced a reduction of DNA oxidative
damage [46].

Interestingly, VB and its derivatives are the only well-
established examples of successful action, due to the con-
comitant inhibition of expression and DNA binding of the
two main proinflammatory transcription factors activator
protein-1 and nuclear factor κB [47]. Indeed, the activities
of the main antioxidant enzymes catalase, glutathione perox-
idase, and glutathione reductase showed to be significantly
enhanced by VB [48]. Quirantes-Piné et al. [49] showed that
after VB administration, the antioxidant enzyme activities
significantly augmented while the myeloperoxidase activity
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Figure 3: Linear regression by groups between the best predictor delta glycaemia (a) and delta ROMs (b) in the rabbit’s heart and between
delta glycaemia (c) and delta ROMs (d) in the rabbit’s liver. CN: control; VB: verbascoside; RAP: raphan; LYC: lycopene. SIRT1 activity was
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diminished, suggesting VB protective antioxidant effects on
blood cells and its potential anti-inflammatory and anti-
atherogenic activities in rats. Then, the authors suggested
that these VB actions influence redox enzymes at the post-
transcriptional level [49]. Furthermore, some data have con-
firmed that the reduced NF-κB activation represents the
mechanism responsible for the VB protective effects [48, 50].

The NF-κB system regulates apoptosis, proliferation,
and energy metabolism and then survival during cellular
stress [51–53]. SIRT1 is able to regulate NF-κB signal-
ling, thereby contributing to the maintenance of cellular
homeostasis [54, 55].

In this study, the treatment with VB induced a significant
increase in SIRT1 activity in the rabbit’s heart, suggesting a
possible role of this key redox state regulator in stimulating
changes of the oxidant and antioxidant levels. This finding
was confirmed by the rise of SIRT1 activity also in the rabbit’s
liver. We hypothesised that VB is responsible for SIRT1
activation through a hormetic mechanism. The consequent
activation of SIRT1 was in turn able to induce the total
antioxidant capacity, including enzymes such as catalase
and SOD, well-known Sirt1 targets.

Previously, several studies have demonstrated the VB
capability to induce an increase in catalase and SOD activity.
Recently, Dell’Aquila et al. [56] demonstrated that catalase
activity significantly increased in VB-exposed oocytes. The
same authors suggested that this increase could be due to
the potential formation of H2O2 during the oxidation of phe-
nolics, concluding that the stimulating effect of VB on CAT
activity may also be related to the observed increase in intra-
cellular ROS levels [56]. Also, Sheng et al. [57] revealed that
VB significantly decreased apoptotic death in PC12 cells,
whereas it increased extracellular hydrogen peroxide levels.

These findings support the hypothesis that a hor-
metic effect could be responsible for SIRT1 activation,
without changes in its expression, and consequent increased
antioxidant response.

Finally, the possible explanation of the different behav-
iours of the other extracts, Raphanus and lycopene, on blood
profiles could be related to their dissimilar chemical compo-
sition. In fact, the horseradish contains polyphenols derived
from flavonoids and lignans, whose titration, however, has
not been well defined. Lycopene, on the other hand, is a
carotenoid. According to our study that showed also an
increase in SIRT1 activity in rabbits treated with lycopene
with effects on glycaemic and lipid profiles, Luvizotto et al.
[58] showed that lycopene supplementation upregulated
mRNA expression of SIRT1 in rats.

5. Conclusions

This is the first study that demonstrated a relationship
between VB administration and SIrt1 activity in the rabbit’s
heart and liver tissue, suggesting that SIRT1 could mediate
the antioxidant effects of this extract. Moreover, these data
suggest that all the plant extracts VB, RAP, and LYC in the
concentration used are not toxic and able to improve glycae-
mic and lipid profiles, through induction of antioxidant
effects that, in particular for the VB, could be mediated by

the SIRT1 activity. Surely, further studies are needed to
confirm the possible underlining mechanisms, to investi-
gate the involvement of other sirtuins (such as Sirt3) and
to settle the role of hormesis in the antioxidant response
induced by these extracts.
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Recent studies indicate that activation of hypothalamus-pituitary-adrenocortical axis (HPA) plays the crucial role in stress
response, while several lines of evidence mark the bed nucleus of the stria terminalis (BST) as a major mediator of the HPA axis
responses to stress. The purpose of this study was to investigate the influence of the corticosterone flux induced by the electrical
stimulation of BST on markers of free radical damage of lipids and proteins and antioxidant enzyme activity in skeletal muscle
of rats. The male Wistar rats were used and assigned to one of three groups: sham-operated (SHM; n = 6), two-week (ST2; n = 6),
and four-week stimulated (ST4; n = 5) groups. Blood, soleus, and extensor digitorum longus muscles were collected. The
chronic, 4-week electrical stimulation of the BST evokes increased plasma corticosterone concentration, which resulted in
oxidative stress in skeletal muscles. We found higher level of lipid peroxidation markers, lower level of protein oxidation
marker, and elevated antioxidant enzyme activity in both muscles. Our findings have also potential implication showing that
reaction to the long-term “psychological stress” may lead to free radical damage of muscle.

1. Introduction

It is well known that chronic stress response has extremely
negative consequences for health. However, the molecular
mechanisms that trigger and accelerate the process of stress
inducing life-threatening effects, death, and the pathophysi-
ological complications of diseases that arise from stress has
not been definitively clarified. A number of studies have
focused on the understanding of molecular pathways that
determine system response to stress through the release of
glucocorticoids (GCs) [1, 2]. The catabolic effects of GCs
are well known, and destructive role of GCs is manifested
in skeletal muscle disorders, including oxidative stress and
muscle atrophy [3–8].

The oxidative stress is defined as a disturbance of
prooxidant-antioxidant balance in the direction of oxidation
reaction. This stress is a series of biochemical reactions that
result in free radical cell damage or its compartments by
reactive oxygen and nitrogen species (RONS). Mitochondria
and cytoplasm are the main sources of reactive oxygen
species (ROS) generation in the skeletal muscle [3]. Recently,
it has been shown that both sources of ROS generation are
involved in aging process and dysfunction in several meta-
bolic and neurodegenerative diseases, which may be partially
connected with elevated GC level [9]. A growing body of
evidence demonstrates that GC signaling is a common
mediator of wasting, irrespective of the underlying initiator
or disease state. The GCs may increase a leakage of protons
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from mitochondria, thus affecting the electron transport
chain activity, mitochondrial membrane potential, and ATP
generation, and may lead to cell injury and cell death [4].
Furthermore, high plasma levels of GCs can alter the physi-
cochemical properties of a biological membrane, particularly
cellular and mitochondrial membranes. Recently, it has been
presented that GCs may penetrate into the membrane and
change functions of membrane proteins, thereby affecting
lipid peroxidation and membrane permeability [5], protein
carbonylation, and mitochondrial dysfunction [6, 7]. Many
previous data have reported the inductive role of GCs on
the oxidative stress in the variety of different tissues such
as the brain [10–13], liver [11–14], heart [11], bone [9],
tendons [15], and muscles [8, 16]. Moreover, disturbances
in oxygen metabolism and downregulation of cell’s antiox-
idant capacity are considered to be an important factor in
the development of neurodegenerative disorders such as
Alzheimer disease (AD) and Parkinson disease (PD) and
amyotrophic lateral sclerosis (ALS) [17]. In addition, Sato
and coworkers have indicated the direct link between the
increased level of GCs with ROS generation and the progres-
sion of the neurodegenerative diseases [10].

It is generally known that one of the main mechanisms
responsible for the release of GCs is hypothalamus-
pituitary-adrenocortical axis (HPA) activation [18]. HPA is
a critical component of the body’s stress response. There is
an evidence indicating the bed nucleus of the stria terminalis
(BST) to be a major mediator of the HPA axis in the response
to stress [19, 20]. Moreover, some data suggest that the BST
acts as a relay between limbic processing of emotional
information with a final response of the HPA axis [21]. The
possible connections act mainly through sending projec-
tions from the BST to the corticotrophin-releasing hormone
regions of the paraventricular hypothalamic nucleus [22].

Despite the fact that oxidative stress in skeletal muscles
has been shown to be induced by GCs, there are no reports
regarding the influence of chronic stress response to endoge-
nous GC action on oxidative stress in skeletal muscles
through the direct HPA axis activation. Additionally, some
previous reports suggest that treatment with exogenous
GCs to simulate a stress response may not reflect real state
of stress response. The purpose of this study was to deter-
mine the chronically persistent endogenous GC release
(chronic stress response) induced by the electrical stimula-
tion of the BST on markers of free radical damage of lipids
and protein and antioxidant enzyme activity in two different
types of the skeletal muscles in rat. We believe that advantage
of our model is that it mimics unconscious stress state in
stimulated rats [23, 24]. We hypothesize that chronic stress
response (CSR) linking with GC action may influence on
the oxidative damage in the skeletal muscle in rat.

2. Materials and Methods

2.1. Animals. Male Wistar rats (250–300 g) were used. The
animals were provided a standard diet ad libitum with free
access to water and were maintained on a 12h light/dark
cycle, temperature 22°C, and humidity 50–55%. The animals
were habituated daily for about two weeks before the

experiment to minimize stress caused by the experimental
procedures. In brief, the habituation were carried out in a
sound attenuating chamber in a 250× 350× 440mm test-
ing box. The rats were taken from their home cages and
placed in the testing box where they had free access to
food and were allowed to explore the box for 30min.
Experimental procedures were performed between 8 : 00
and 13 : 00. The rats were divided randomly into three
groups: the BST two-week electrically stimulated group
(ST2; n = 6), the BST four-week electrically stimulated
group (ST4; n = 5), and the BST sham group (SHM; operated
but not stimulated; n = 6).

The experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC),
and the protocols were approved by the Local Animal
Research Ethical Committee for the Care and Use of Labora-
tory Animals at the Medical University in Gdansk, Poland
(number 8/2010).

2.2. Surgery. Standard stereotaxic surgery was performed
under pentobarbital anesthesia (60mg/kg i.p.) (Vetbutal,
Biowet Puławy, Poland) with a premedication of xylazine
(5mg/kg i.p.) (Sedazin, Biowet, Puławy) and 0.1% solution
of atropine (0.25mg per animal) according to Myślińska
and coworkers [25].

2.3. The Electrical Stimulation. The electrical stimulation was
performed following the procedure described before [25].
Briefly, two weeks after recovery from the surgery, the stim-
ulated groups were screened for BST stimulation-induced
behavior. Once determined, the current intensity was held
constant throughout 14 (ST2) or 28 (ST4) consecutive days
of the stimulation. The animals from the SHM group were
treated in the same way as the experimental group with the
exception that no current was passed through the electrodes.

2.4. Animal Sacrifice, Blood, and Muscle Collection. All
animals were sacrificed at required time point (one hour after
termination of the last electric stimulation). The blood
samples were collected by heart puncture one hour after the
last session of stimulation. The blood was centrifuged at
2000g for 10min at 4°C. Plasma was separated and stored
at −80°C for later analysis. Extensor digitorum longus
(EDL) and soleus (SOL) muscles were removed from both
hind limbs, dissected from fat and connective tissue, and
placed into individual tubes for immediate freezing in liquid
nitrogen. All samples were stored at −80°C until analysis.
After sacrificing, rats’ brains had perfused by 4% polyfor-
maldehyde and removed in order to carry out histological
verification of the electrodes’ placement.

2.5. Muscle Homogenization. Prior to the chemical assays,
muscles were minced and homogenized in an ice-cold
buffer that contained 50mM potassium phosphate, 1mM
EDTA, 0.5mM DTT, 1.15% KCl, and 1 : 200 protease
inhibitor (Sigma-Aldrich, P8340) at pH7.4. The homoge-
nates were then centrifuged at 750g at 4°C for 10min,
then supernatants were collected and stored in −80°C until
analysis. Protein concentration was determined using the
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Bradford assay (Sigma-Aldrich, B6916) according to man-
ufacturer’s instructions.

2.6. Plasma Corticosterone (CORT). The plasma CORT con-
centration was determined by radioimmunoassay using a
commercially available kit (Rat corticosterone 125I RIA kit,
Institute of Isotopes, Budapest, Hungary) and Wizard 1470
gamma counter. The concentration of CORT was expressed
as nanogram per ml of plasma.

2.7. Enzyme Activities and Oxidative Stress Markers in
Skeletal Muscles

2.7.1. Superoxide Dismutase (SOD). The muscle SOD activity
was determined in the SOL and EDL muscles by measuring
the kinetic consumption of O2

−• by superoxide dismutase
in a competitive reaction with cytochrome c, as described
by Flohé and Ötting [26]. In the SOL muscle, 7.5μl of super-
natant was added to a cuvette containing 982.5μl of medium
(50mM phosphate buffer, 1mM EDTA, pH7.8, with par-
tially acetylated cytochrome c (25mg/100ml)) and xanthine
(0.5μM). In the EDL muscle, 15μl of supernatant and
975μl of medium were added. 10μl of xanthine oxidase
(0.2U/ml) was added to initiate the reaction, and absorption
was measured at 550nm for 3min at 30°C. In a separate
cuvette, MnSOD activity was measured on the same sample
analyzed under identical conditions with the addition of
10μl of 200mM KCN (prepared fresh daily at pH8.5–9.5).
Cu/ZnSOD activity was calculated by subtracting MnSOD
activity from total SOD activity. The SOD activities were
expressed as units per milligram of protein.

2.7.2. Catalase (CAT). The muscle CAT activity was
measured in the SOL and EDL muscles by estimating the
kinetic decomposition of H2O2, according to Aebi [27].
Briefly, 30μl of supernatant of the SOL or 100μl of the
EDL from the 750g spin was added to a cuvette containing
960μl or 890μl of medium, respectively (50mM phosphate
buffer, 5mM EDTA, and 0.05% Triton X-100 at pH7.4).
10μl of 1M H2O2 was added to the cuvette and mixed to
initiate the reaction. Absorbance was measured at 240 nm
for 1min at 30°C. CAT activity was expressed as micromoles
per minute per milligram of protein.

All of the samples were analyzed in duplicate, and all
kinetics were measured in a temperature-controlled Cecil
Super Aquarius CE 9200 spectrophotometer.

2.7.3. Glutathione Peroxidase (GPx). The GPx activity in
muscle homogenates was determined by Glutathione Perox-
idase Kit (703102, Cayman Chemicals, USA) in accordance
with supplied manufacturer’s instruction.

The activity of GPx was expressed as nanomoles per
minute per milligram of protein.

2.7.4. 8-Isoprostanes (8-iso). A marker of lipid peroxidation,
skeletal muscle 8-iso content, was determined with 8-
Isoprostane ELISA Kit (516351, Cayman Chemicals, USA)
according to the manufacturer’s instruction. The concen-
tration of 8-iso was expressed as picograms per milligram
of protein.

2.7.5. Glutathione Disulfide (GSSG). GSSG was determined
by using a kinetic assay as described by Akerboom and
Sies [28]. In brief, the homogenate was centrifuged at
5000g for 5min, the supernatant was neutralized in
300mM 3-(N-morpholino) propanesulfonic acid in 2M
solution of KOH. The samples were analyzed in the
medium containing 100mM potassium phosphate buffer
pH7.0, 1mM EDTA, 0.1mM 5.5′-dithio-bis (2-nitroben-
zoic acid) (DTNB), 0.2U/ml glutathione reductase, and
0.2mM NADPH and were measured by using the spectro-
photometer (Cecil Super Aquarius CE 9200) at 412nm. A
standard curve made of fresh GSSG was used to calculate
the concentrations of GSSG. The concentration of GSSG
was expressed as nanomoles per milligram of protein.

2.7.6. Sulfhydryl Group Content (SH Groups). The SH group
content in the muscle homogenates was measured spectro-
photometrically (Cecil Super Aquarius CE 9200) with DTNB
assay according to a previously described procedure [29].
Briefly, samples were incubated with 0.1mM DTNB at room
temperature for 60min. Absorbance was determined at
412 nm. The level of SH groups was expressed as micromoles
per gram of tissue.

2.7.7. Malondialdehyde (MDA). The muscle MDA level was
determined as previously described [30]. In brief, the absor-
bance of the 750g centrifuged homogenate was measured on
the spectrophotometer (Cecil Super Aquarius CE 9200) at
586nm. The level of MDA in the samples was determined
using 10mM 1,1,3,3-tetramethoxypropane as a standard. The
level of MDA was expressed as micromoles per gram of tissue.

2.7.8. Statistical Analysis. Statistical analysis was performed
using a software package (Statistica v. 12.0, StatSoft Inc.,
Tulsa, OK, USA). The results are expressed as mean± SD.
The differences between groups were tested using one-way
ANOVA followed by Tukey post hoc test; p values less than
0.05 were considered statistically significant.

3. Results

3.1. Serum CORT Level. Serum CORT concentration after
BST stimulation was significantly higher in the ST4 group
as compared with the ST2 and SHM groups (p < 0 001;
Figure 1). The CORT concentration was 445.9± 31.6,
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Figure 1: The level of CORT in plasma. Results were expressed as
mean± SD, SHM (n = 6), ST2 (n = 6), ST4 (n = 5). ∗∗∗p < 0 001.
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170.1± 104.1, and 88.6± 45.6 ng/ml in the ST4, ST2, and
SHM groups, respectively.

3.2. Oxidative Stress Markers and Enzyme Activities in
Skeletal Muscles

3.2.1. Markers of Lipid Peroxidation. The level of both lipid
peroxidation markers (MDA and 8-iso) in the SOL and
EDL muscles were significantly elevated in the ST4 group
compared with the other groups. The concentration of
MDA was significantly higher in the ST4 (14.0μmol/g tissue)
than ST2 and SHM groups in the SOL muscle (8.0, p < 0 001
and 6.9μmol/g tissue, p < 0 001, resp.) (Figure 2(a)). After
4 weeks of the BST electrical stimulation, the concentration
of MDA was also elevated in the ST4 group as compared to
both ST2 and SHM groups in the EDL muscle (3.5-fold,
p < 0 001 and 3-fold, p < 0 001, resp.); (Figure 2(b)). The
level of 8-iso in the SOL muscle was the highest in the
ST4 group (139.4± 16.0) as compared with the ST2
(35.8± 10.7) and the SHM groups (32.0± 8.9 pg/mg protein)
(p < 0 001; Figure 2(c)). Also, in the EDL muscle, the con-
centration of 8-iso was elevated approximately fourfold
in the ST4 group as compared to the SHM and ST2
groups (p < 0 001 Figure 2(d)).

3.2.2. Marker of Protein Oxidation. The level of SH group was
not significantly different between groups in SOL muscle
after the BST stimulation (Figure 3(a)) and it was 1321.2 in
the ST4, 1363.1 in the ST2, and 1378.2μmol/g tissue in the

SHM group, respectively. However, in the EDL muscle,
the level of SH groups in the ST4 rats was significantly
lower than in the SHM group, also differences in the
ST4 as compared to the ST2 group was observed in the
EDL muscle after the electrical stimulation (p < 0 001;
Figure 3(b)). The values of SH groups were 1323.5± 62.1,
1476.9± 48.7, and 1543.3± 41.8μmol/g tissue in the ST4,
ST2, and SHM groups, respectively.

The concentration of GSSG was the highest in the
ST4 group in both muscles. In the SOL muscles, there
were 500.9± 43.8 in the ST4, 395.4± 13.8 in the ST2,
and 413.9± 43.5 nmol/mg protein in the SHM groups,
respectively (p < 0 001 ST4 versus ST2; p < 0 01 ST4 versus
SHM) (Figure 4(a)). There was significantly higher level of
GSSG in both the ST4 and ST2 in the EDL muscle, as
compared to the SHM group (p < 0 001 ST4 versus SHM
p < 0 01 ST2 versus SHM). The values were 219.8± 12.9,
200.6± 22.1, and 163.0± 16.9 nmol/mg protein in the ST4,
ST2, and SHM groups, respectively (Figure 4(b)).

3.2.3. Antioxidant Enzyme Activity. The activity of total SOD
was higher in the ST4 group compared to the SHM group
only in the EDL muscle (p < 0 001; Figure 5(b)). Total SOD
activity was also elevated in the ST2 group versus the SHM
group in the EDL muscle (p < 0 05; Figure 5(b)). The activity
of total SOD was not different in the SOL muscle after rat
stimulation (Figure 5(a)). In Cu/Zn SOD activity, there were
no differences between groups in SOL muscle (Figure 5(c)).
However, the EDL muscle activity of Cu/ZnSOD was higher
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Figure 2: The level of MDA in (a) SOL and (b) EDL. The level of 8-iso in (c) SOL and (d) EDL. Results were expressed as mean± SD,
SHM (n = 6), ST2 (n = 6), ST4 (n = 5). ∗∗∗p < 0 001.
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in the ST4 as compared to the SHM group (p < 0 05;
Figure 5(d)). The mitochondrial isoform of SOD activity
was higher in the ST4 group than in both ST2 and SHM
groups in the SOL muscle (p < 0 01 and p < 0 05, resp.;
Figure 5(e)). There was also elevated MnSOD activity in the
ST4 group versus both the ST2 and SHM groups in EDL
muscle (p < 0 05; Figure 5(f)).

After 4 weeks of rat stimulation, CAT activity was higher
in the ST4 group when compared to the ST2 and SHM
groups in both muscles. In the SOL muscle, the activity of
CAT was 8.4± 0.9 in the SHM group, 8.9± 1.9 in the ST2
group, and 13.2± 2.3μmol/min/mg of protein in the ST4
group (p < 0 01; ST4 versus ST2 and ST4 versus SHM)
(Figure 6(a)). The activity of CAT in the EDL muscle was
lower than in the SOL muscle; nevertheless, differences
between groups were also significant (p < 0 01 ST4 versus
ST2, p < 0 001 ST4 versus SHM). The CAT activity was
1.4± 0.2 in the SHM group, 2.0± 0.3 in the ST2 group,
and 3.5± 1.3μmol/min/mg of protein in the ST4 group
in the EDL muscle after the electrical stimulation of the
BST (Figure 6(b)).

GPx activity was significantly higher in the ST4 group
compared to the SHM group, both in the SOL and EDL mus-
cles. In the SOL muscle, the value was 13.4± 1.3 in the ST4
group, 9.2± 0.7 in the ST2 group, and 9.5± 0.5 nmol/min/
mg protein in the SHM group (p < 0 001 ST4 versus ST2

and ST4 versus SHM; Figure 6(c)). In the EDLmuscle, signif-
icant differences were observed between the ST4 and the
SHM groups (p < 0 01; Figure 6(d)) and between the ST2
and the SHM groups (p < 0 05). The average activity of
GPx was 1.6± 0.2, 1.5± 0.3, and 1.1± 0.1 nmol/min/mg of
protein in the ST4, ST2, and SHM groups, respectively.

4. Discussion

To the best of our knowledge, this is the first preclinical study
showing that the 4-week electrical stimulation of the BST
considerably induces HPA axis activation and evokes CORT
secretion. In addition, the elevated plasma CORT concentra-
tion was associated with increased oxidative stress in skeletal
muscle. We found higher concentration of markers of lipid
and protein peroxidation and elevated activity of antioxidant
enzymes in both SOL and EDL muscles after 4 weeks of
stimulation. Moreover, we did not observe similar changes
after 2 weeks of stimulation, short stress response (SSR). This
observation is consistent with earlier data conducted by
Myślińska and coworkers, where a lack of differences was
observed in plasma CORT level between the sham-operated
and 2-week BST-stimulated groups [25]. Taking into account
anatomical and functional basis of the inductive role of the
BST in HPA axis activation [19, 20] with simultaneous no
differences in plasma CORT level after 2 weeks of the BST
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Figure 3: The level of SH groups in (a) SOL and (b) EDL. Results were expressed as mean± SD, SHM (n = 6), ST2 (n = 6), ST4 (n = 5).
∗∗∗p < 0 001.
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stimulation in experimental condition, we decided to extend
the time of the electrical stimulation of this limbic structure.
Our data suggest that exposure to the CSR (4 weeks of stim-
ulation) is associated with free radical damage of macromol-
ecules in skeletal muscle. In the present study, we noticed
fivefold increase of the CORT level in the ST4 group versus
the SHM group. It may prove the essential role of the BST
in the modulation of CSR, what was widely discussed before
[19, 21]. Moreover, obtained data suggest that the chronic
4-week electrical stimulation of BST could mimic long-
term mental stress and be useful as a “model” of unconscious
stress. In the study by Fontella and coworkers, it was demon-
strated that repeated restraint stress entails the increase of
plasma CORT level [13]. What is more, another study
showed two times higher (compared with [13] and the cur-
rent study) release of the CORT after restraint stress [12].
Despite the differences in particular data, the multifold
increase of plasma CORT level compared with the control

group seems to confirm credibility of adopted model of
stress response.

4.1. The Exogenous GC Administration as a Mimic of Stress
Response. One of the considered methods used to mimic
the stress response is an exogenous CORT or other synthetic
GC administration. Oshima and coworkers showed that
treatment with dexamethasone (DEX) leads to an increased
generation of ROS in both human rhabdomyosarcoma and
a dopaminergic neuroblastoma cell lines [6]. Also, it was
reported that DEX treatment rats decreased GSH content
in blood and SOL muscle [16] and GSH/GSSG ratio
decreased in the brain in TDP-25 transgenic mice [31].
In the current study, similar effect was observed, where
the level of GSSG in both types of muscle was the highest
in the ST4 group. Likewise, it was reported that lipid
peroxidation markers, TBARs or MDA, were increased in
blood [16], brain [32, 33], lymphoid organs [34], and even
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Figure 5: The activity of total SOD in (a) SOL and (b) EDL, Cu/ZnSOD in (c) SOL and (d) EDL, andMnSOD in (e) SOL and (f) EDL. Results
were expressed as mean± SD, SHM (n = 6), ST2 (n = 6), ST4 (n = 5). ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001.
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seminal plasma [35] after DEX administration. In the
experiment conducted by Pereira and coworkers, higher
concentration of TBARs was presented in both gastrocne-
mius and SOL muscles after just three days of DEX
injections versus control group [34]. On the other hand,
Jeje and Raji reported higher liver MDA level after chronic
14 and 21 days of DEX treatment when compared with
short-term DEX administration [14]. Additionally, it was
shown that oxidative stress greatly increased with duration
of GC administration, mostly after 3 weeks of treatment
[36]. Therefore, in the current study, we expected that
CSR would have greater impact on oxidative stress marker
level than SSR. We found higher concentration of MDA
and 8-iso in both SOL and EDL muscles. Furthermore,
our data also showed that marker of protein oxidation,
SH groups, was reduced only in the EDL muscle. This
observation is consistent with earlier reports documented
that white muscles are more susceptible to free radical
damage [30]. Moreover, the susceptibility for oxidation of
white muscle might be displayed with the result of GSSG
level, where the elevation was observed not only in the
ST4 but also in the ST2 group. Our data are in line with
earlier observations that ROS generation was higher in
white muscle versus red muscle [30, 37]. Additionally, it
was demonstrated that the EDL muscle shows a greater
tendency to atrophy after DEX treatment than the SOL
muscle [38]. One of the explanations of this phenomenon
can be that the fast-twitch muscles contain higher gluco-
corticoid receptor (GR) content compared to slow-twitch
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muscles [39], and therefore it is presumably more susceptible
to develop negative effect of GC action. However, opposite
conclusion was demonstrated [40], it was suggested that an
increased sensitivity of the SOL muscle to GCs occurs only
in old rats.

4.2. The Endogenous GC Secretion as a Base of Stress
Response. Recently, it was shown that GC secretion might
be provoked by different types of stressors [41]. Some of
them link oxidative stress in skeletal muscles with hyperme-
tabolism state and with stress response to situations such as
burn trauma [42, 43]. However, other pathological condi-
tions, for example, cancer, may stimulate endogenous GC
production and contribute to metabolic derangements and
the skeletal muscle loss [44, 45]. Likewise, psychological
stress is widely associated with ROS generation, mainly in
central nervous system, with simultaneous increase of plasma
CORT level. Elevated GCs is combined with the development
of impairments of cognitive function, learning, and memory
[10–13, 33, 46–48]. The evidence for a direct connection was
observed between CSR and neurodegenerative disorders such
as AD or PD [49–51]. Moreover, one of the earliest events in
AD pathogenesis is a systemic oxidative stress, indicated by
an increase lipid peroxidation and GSSG in cerebrospinal
fluid, plasma, and urine [52]. Taken together, it seems to be
worth to consider that both AD and PD show abnormalities
not only in structure of central nervous system but also in
abnormal functioning of skeletal muscle which cause
disorders such as bradykinesia, rigidity, tremor, postural
instability, and gait disorders [53, 54]. Therefore, wider
perspective to the assessment of oxidative stress in skeletal
muscle in neurodegenerative diseases seems to be justified.

4.3. The Antioxidant Enzyme Activity Changes during Stress
Response. In the current study, we observed increased activity

of main three antioxidant enzymes in the white muscle and
two of them (CAT and GPx) in the red muscle. We did not
observe any changes in the activity of total and Cu/ZnSOD
in the SOL muscle. In contrast with the red muscle, EDL
activity of total SOD and both Cu/ZnSOD and MnSOD
significantly increased as compared to the SHM and ST2
groups after 4 weeks of stimulation. Further, in the red
muscle, GPx activity was higher only in 4-week stimulated
group. Interesting observations were made in the white
muscle where the activity of GPx was higher not only in the
ST4 group but also in the ST2 group compared to the SHM
group. This observation corresponds with the level of GSSG
and confirms that the EDL muscle is more susceptible to
the disruption than the SOL muscle. However, an opposite
effect was observed in the studies on the influence of CORT
injections on ROS generation in the hippocampus where
activity of SOD, CAT, and GPx decreased after CORT
treatment compared to a control group [10]. One of the
explanations for these differences in antioxidant enzyme
activities between the brain and muscle can be that the brain
is much more susceptible to GC-induced oxidative stress.
Also, the brain is the main target of GCs and generally has
low antioxidant capacity, high metabolic activity, and highly
susceptible to peroxidation cell membranes [36]. Secondly, it
is also well known that differences between red and white
muscles occur, and red muscles possess higher antioxidative
capacity in terms of higher antioxidant enzyme activity
[55], what may provide more effective defense against ROS
generation. Another explanation for the increased activity
of antioxidant enzymes in our study may be a pathway where
ROS induced by GCs activate a signaling cascade, which
results in further FOXO activation [9]. It was shown that
FOXO may induce gene expression for antioxidant enzymes,
that is, MnSOD and CAT but also proteins responsible for
protein catabolism [3, 52]. To our knowledge, this is the first

4 wks BST
electrical stimulation

(CSR) 

HPA axis 

CORT

ROS
generation

Free radical
damage

Figure 8: The potential consequences of reaction to the long-term “psychological stress” lead to the free radical damage of skeletal muscle. (1)
The bed nucleus of the stria terminalis is linked with the chronic stress response. (2) The chronic BST stimulation induces massive plasma
CORT secretion by HPA axis. (3) The chronic stress response evokes ROS generation in two types of skeletal muscles. (4) Lipid and
protein peroxidation in muscle is associated with higher CORT level. (5) The activity of antioxidant enzymes is elevated during the
chronic stress response.
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study that shows the influence of BST on regulation of HPA
axis activity during CSR with simultaneous oxidative stress in
both types of skeletal muscles is a consequence of elevated
plasma CORT level (Figure 7).

5. Conclusions

We found elevated level of lipid and protein peroxidation
and higher activity of antioxidant enzymes in both SOL and
EDL muscles after 4 weeks of stimulation. Moreover, four
but not two weeks of electrical stimulation of BST evokes
increased plasma CORT level, resulted in oxidative stress in
skeletal muscles (Figure 8). Taken into account, higher
markers of free radical damage of macromolecules and
elevated antioxidant enzyme activity in EDL muscle, we
determine that the white muscle is more susceptible for
disruption. These data may suggest that the electrical stimu-
lation of the BST could be useful as a novel imitator of the
CSR. Therefore, we postulate that the CSR associated with
ROS generation may be one of the factors for the develop-
ment of neurodegenerative diseases in human being. How-
ever, further studies are necessary to find the mechanism(s)
of macromolecule disruption resulted by the CSR.
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Lifestyle behaviours have been closely linked to the progressive cell damage associated with oxidative stress (OS) and the
development of cardiovascular disease (CVD). Early detection of lifestyle-linked OS may therefore be useful in the early
identification of prodromal disease. To test this hypothesis, this study assessed the relationship between a comprehensive redox
balance lifestyle score (RBLS) and carotid intima-media thickness (CIMT), a recognized marker for CVD, and plasma
biomarkers of OS. In a cross-sectional study design, 100 apparently healthy middle-aged participants were asked to complete a
comprehensive lifestyle questionnaire, followed by DXA scanning, CIMT ultrasonography, and blood collection. The RBLS was
composed of lifestyle components with pro- and antioxidant properties with a higher score indicative of lower oxidative activity.
Multiple linear regression and logistic regression analysis were performed for statistical analysis. The RBLS was significantly
associated with the risk for increased CIMT that was independent of conventional CVD risk factors (χ2 9 = 35 60, P ≤ 0 001).
The adjusted model explained 42.4% of the variance in CIMT. Participants with RBLS below the median were at
significantly increased risk of higher CIMT compared to participants with RBLS above the median (OR = 3 60, 95% CI:
1.19–10.88, P = 0 023). Significant associations were also observed between the RBLS, plasma total antioxidant capacity
(TAC) (r 99 = 0 28, P = 0 006), hydroperoxide (HPX) (rs 99 = −0 28, P = 0 005), TAC/HPX ratio (r 98 = 0 41, P ≤ 0 001),
γ-glutamyltransferase (r 97 = −0 23, P = 0 024), uric acid (r 98 = −0 20, P = 0 045), and inflammatory C-reactive protein
(rs 97 = −0 25, P = 0 012) and interleukin-1β (r 97 = −0 21, P = 0 040). These findings highlight the importance of identifying
the collective influence of lifestyle behaviours on OS activity and its potential to remodel the vascular endothelium.

1. Introduction

Cardiovascular diseases (CVDs) are the leading causes of
death globally accounting for almost 30% of deaths world-
wide [1]. The development of CVDs has a generally long pro-
dromal period with clinical symptoms only becoming
apparent after considerable damage, and remodelling has
already occurred in the vascular endothelium. It has been
shown that carotid intima-media thickness (CIMT) ultraso-
nography represents a sensitive and reliable method to detect
the presence and progression of subclinical vascular changes

that if left unchecked portend CVD [2]. However, in a recent
study, more than half of CIMT variance was not explained by
conventional cardiovascular risk factors such as dyslipidae-
mia [3]. Unfortunately, biochemical abnormalities such as
high plasma total cholesterol are now recognized as down-
stream secondary pathologies, not as primary initiators of
the disease process and therefore may not closely reflect
actual disease, particularly in the early stages [4]. Thus, the
identification of biomarkers for which the change more spe-
cifically represents the disease process and is therefore more
indicative of the presence of tissue damage is needed.
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It has been shown that biochemical changes associated
with redox imbalance and oxidative stress are associated
with the endothelial remodelling involved in atherosclero-
sis and increased CIMT [5, 6]. In addition, it has been
reported that biomarkers of oxidative stress are signifi-
cantly associated with the risk of atherosclerosis and
CIMT even after controlling for conventional risk factors
[7]. In other words, while generally not included in rou-
tine pathology measures such as plasma lipid profile, this
chronic subclinical disease process may be detected via
changes in oxidative stress biomarkers. This is consistent
with the observation that oxidized low-density lipoprotein
cholesterol (LDL-C) has been shown to be more athero-
genic than native LDL-C [4]. Therefore, including a mea-
sure of oxidative stress in any risk assessment tool may
add further value to the current set of conventional risk
factors used for disease prediction and prognosis.

The role of unhealthy lifestyle behaviours as primary
driving forces behind the development of CVDs has been
well established [1]. Continuous exposure to unhealthy life-
style behaviours, with high prooxidant and low antioxidant
potentials, has been shown to significantly affect the redox
balance causing oxidative stress and subsequent chronic cell
damage [8]. Through years of chronic exposure, this damage
accumulates and gradually drives the body toward a diseased
phenotype [9]. Therefore, an early evaluation of the effect of
lifestyle behaviours on the redox balance may be helpful in
assessing whether an individual’s lifestyle is driving their bio-
chemistry toward either health or disease.

Much of the literature addressing the association between
lifestyle behaviours, CVD risk, and oxidative stress has
focused on the independent effects of individual lifestyle
behaviours [10–14]. However, considering the potential
for complex interactions between multiple lifestyle factors
[15–17], a combination of several oxidative stress-related
lifestyle factors, as a unified score, may be more strongly
associated with health outcomes than any individual fac-
tor. While some studies have developed indices or scores
that account for multiple lifestyle components, assessments
of their effects on redox balance have been limited to life-
style components such as dietary antioxidants/prooxidants,
smoking, and medication use [18, 19]. In addition, their
assessments have yielded conflicting results [18]. More
importantly, none has investigated the association between
an oxidative stress-related lifestyle score and a subclinical
indicator of CVD, such as high CIMT. Hence, the associ-
ations between a redox balance lifestyle score, the risk for
higher CIMT, and biomarkers of oxidative stress remain
unclear. Therefore, in this study, we aimed to examine
the association between a more comprehensive lifestyle
score that included lifestyle factors previously shown to
influence redox balance (i.e., redox balance lifestyle score
(RBLS)) and risk for higher CIMT as a recognized subclin-
ical marker for CVD. Secondarily, we investigated whether
this RBLS also correlates with plasma biomarkers of oxida-
tive stress and other conventional risk factors for athero-
sclerosis in otherwise healthy subjects. To the best of our
knowledge, this is the first study to investigate these asso-
ciations in an apparently healthy cohort.

2. Materials and Methods

2.1. Participants. In this cross-sectional study, 100 apparently
healthy subjects (48 males and 52 females), aged between 40
and 75 years, were recruited at Sydney Adventist Hospital
and the University of New South Wales campuses. After
obtaining a written informed consent, participants were
asked to complete a series of questionnaires for the assess-
ment of their lifestyle behaviours. Participants were asked
to recall their lifestyle behaviours over the past four months.
All questionnaires (except dietary questionnaires) were com-
pleted online a maximum of two weeks before the blood
collection and physiological assessments. Hard copies of die-
tary questionnaires were completed on the same day as the
blood collection and physiological assessments. Blood collec-
tion, blood pressure measurement, and body scanning for
visceral adipose tissue (VAT) fat mass analysis were all
performed on the same day in a fasted state (about 12
hours). Ethical approval of the study was obtained from
the Adventist HealthCare Limited Human Research Ethics
Committee, Sydney Adventist Hospital, Australia (HREC
number: 2013-022).

2.2. Biochemical Analysis. Plasma total antioxidant capacity
and reactive oxygen species (in the form of hydroperoxides)
were measured indirectly using the FORD (free oxygen
radicals defence) and the FORT (free oxygen radical test)
colorimetric assays (CR3000, Callegari Srl., Catellani Group,
Parma, Italy), as previously described [20]. Plasma C-reactive
protein (CRP) levels were quantified by immunoturbidi-
metric assay on a Roche/Hitachi cobas c system (Sydney
Adventist Hospital pathology laboratory). Plasma tumour
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6
levels were measured using the MILLIPLEX® MAP human
high-sensitivity T-cell magnetic bead panel immunoassay
(Merck KGaA, Darmstadt, Germany).

Measurements of fasting plasma glucose (FPG), total
cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), triglyceride (TG), uric acid (UA), and γ-glutamyl-
transferase (GGT) levels were conducted by the Sydney
Adventist Hospital pathology laboratory on a Roche/Hitachi
cobas c system using the enzymatic method. Plasma-glycated
hemoglobin A1c (HbA1c) concentration was measured by
ion-exchange high-performance liquid chromatography
(HPLC) on the D-100 hemoglobin testing system (Bio-Rad
Laboratories, Hercules, CA, USA).

Low-density lipoprotein cholesterol (LDL-C) levels were
calculated by the Friedewald equation [21]. TyG index was
calculated as the ln [fasting triglycerides (mmol/L)× fasting
glucose (mmol/L)/2] [22].

2.3. Visceral Fat Mass Analysis. Dual-energy X-ray absorpti-
ometry (DXA) method was used to measure VAT fat mass by
a Lunar iDXA (GE Healthcare, Madison, WI, USA) with an
automatic total-body scan mode and enCORE software (ver-
sion 16, GE Healthcare, Madison, WI, USA). After being
changed into a standard cloth gown, participants were cor-
rectly centred on the scanning table in a supine position
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and then were scanned by a trained operator according to the
standard methods previously described [23].

2.4. Common Carotid Intima-Media Thickness (CIMT)
Measurement. IMT measurements of the right common
carotid artery (CCA) were obtained after placing the partici-
pant in a supine position and having them rotate their neck
to the left. Orientation to the CCA was achieved by first using
a transversal scanning view from the base of the neck to the
carotid bifurcation. At approximately 1 cm below the bifur-
cation, the transducer was rotated to obtain a longitudinal
image of the vessel. At least three representative measure-
ments of CIMT were made in the far wall in the most thick-
ened area of each vessel, while plaques were not included.
The mean of these three measurements was then calcu-
lated and reported in the study. Optimal B-mode settings
for gain, depth, and focal zone placement were adjusted
to enhance arterial wall structures and image quality for
each individual. IMT was measured by manually applying
electronic callipers [24].

2.5. Questionnaires. For assessing dietary and alcohol intake,
the validated 74-item Cancer Council Victoria Dietary Ques-
tionnaire for Epidemiological Studies Version 2 (DQES v2)
[25] was used. The evaluation of caffeine intake, physical
activity level, sitting time, depression, anxiety and stress,
sleep quality, and sleep apnoea risk was conducted by using
the validated Stanford questionnaire [26], International
Physical Activity Questionnaire (IPAQ)—long version [27],
Depression Anxiety Stress Scale-21 (DASS-21) question-
naire; Pittsburgh Sleep Quality Index (PSQI) [29], and Berlin
questionnaires [30], respectively.

2.6. Statistical Analysis. The Shapiro-Wilk and Kolmogorov-
Smirnov tests were applied to test the normality of the
variables. After checking graphical displays and applying
appropriate statistical rules, the following outliers were
removed: one outlier was removed from the data for each
of the variables stress score, anxiety score, sitting time,
intakes of lycopene, α-carotene, β-carotene, polyunsaturated
fatty acid (PUFA), iron, vitamin E and alcohol, plasma IL-6,
TNF-α, TAC, and hydroperoxide. Therefore, n = 99 for each
of these variables. In addition, one outlier was removed and
one missing value was reported for the variable carotid
intima-media thickness resulting in n = 98 for this variable.
Two outliers were removed for the variables PSQI, depres-
sion score, intakes of caffeine and β-cryptoxanthin, plasma
uric acid, and carotenoid resulting in n = 98 for each of these
variables. Three outliers were removed for the variables vita-
min C intake, VAT fat mass, plasma IL-1β, TG, CRP, GGT,
and TG/HDL-C resulting in n = 97 for each of these vari-
ables. Correlations between variables were analyzed using
Pearson’s (r n ) or Spearman’s (rs n ) correlation coeffi-
cients, as deemed appropriate. Multiple linear regression
analysis was performed to examine the association between
the RBLS and plasma levels of oxidative stress and inflam-
matory markers as well as other biochemical marker levels,
after adjustment for age and gender. The Levene’s test of
equality was used to check the homogeneity of variances

between groups. If normality tests for the variables or
multiple linear regression models were significant, then
an appropriate transformation of the data was performed
so that normality assumptions were satisfied. Transforma-
tion techniques included base-10 log-transformed means,
square roots, or reciprocal roots.

Logistic regression analysis was used to examine the asso-
ciation between the high CIMT risks and the RBLS. The
median value was used to dichotomize the CIMT measure.
Also, in order to allow a quantitative comparison of risks in
persons at different ends of the exposure distribution, the
RBLS was divided into two categories. All models were exam-
ined for collinearity among the independent variables. Line-
arity of any continuous independent variables and the logit
transformation of the dependent variable were checked using
the Box-Tidwell procedure. Whenever the distribution of a
variable was significantly different from the normal distribu-
tion, we transformed that variable by using the power of 2 or
the square root of the related independent variables was used.
The results of the logistic regression models were expressed as
adjusted odds ratios (ORs) and 95% CIs. All statistical analy-
ses were performed using SPSS version 23 for Windows. P
values less than 0.05 were considered statistically significant.

2.7. Redox Balance Lifestyle Score Definition. The redox bal-
ance lifestyle score (RBLS) was developed with reference to
the previously validated oxidative balance score (OBS) [18].
OBS was comprised of lifestyle components with prooxidant
and antioxidant properties including nutritional subcompo-
nents, alcohol intake, smoking, and medication and supple-
ment use. In order to provide a better estimation of the
redox balance state, additional lifestyle behaviours with
established evidence of their association with oxidative stress
were included in the score calculation. These include intakes
of transfatty acids [31] and caffeine [15]; psychological
wellness [13]; sleeping behaviours [14]; physical activity
[10]; and, for the first time, a measure of VAT fat mass,
a well-known prooxidant risk factor for NCDs [32]. As
all participants had been asked to stop taking medications
or supplements at least two weeks prior to testing day, we
did not take into account medication or supplement use.

The total score ranged from 4.54 to 9.05 points, with a
higher score reflecting a better redox balance state
(Table 1). All continuous score variables were divided into
tertiles on the basis of the distribution of these variables
among the participants of the study. The exception was for
alcohol intake that was categorized as abstainer, one drink
per day, and greater than 1 drink per day intakes, due to a sig-
nificant number of abstainers in the cohort. The qualitative
variable of apnoea risk was divided into two categories (low
and high) based on the related questionnaire’s scoring sys-
tem. The smoking history cutoffs were defined by assigning
one point to current smokers, two points to ever smokers,
and three points to never smokers. Subjects who had values
for components with antioxidant properties in the first, sec-
ond, and third tertiles were assigned one, two, and three
points, respectively. Subjects who had values for components
with prooxidant properties in the first, second, and third
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tertiles were assigned three points, two points, and one point,
respectively (Table 1).

In order to calculate the final RBLS, a raw score was first
calculated for each person for each lifestyle component based
on the scoring system described above. The raw score for
each lifestyle component was then weighted by multiplying
it by the (absolute) correlation coefficient of the association
between the relevant component and the plasma TAC/HPX
ratio (Table 1), a meaningful measure of redox balance
[33]. Importantly, the potential for prooxidant effects due
to excess antioxidant vitamin intake (e.g., vitamin E, vitamin
C, or β-carotene) was accounted for by assigning a value of
one to intakes higher than levels previously linked to oxida-
tive activity [34, 35] for the related antioxidant. However,

in this cohort, antioxidant vitamin intake values were below
these pro-oxidant-linked values.

3. Results

Among a total of 100 subjects, 48 were males. Participant
characteristics for individual components and their associa-
tion with the redox balance lifestyle score (RBLS) are shown
in Table 2. The participants’ possible score can range between
4.54 (least healthy) and 9.05 (most healthy). The overall
mean± SD for the RBLS for the cohort was 6.69± 0.90.
Statistically significant correlations were found between
individual components and the overall RBLS as shown in
Table 2. β-Carotene intake had the strongest association

Table 2: Participant characteristics for individual components of the RBLS and their association with the RBLS.

Characteristic n Mean ± SD Correlation coefficient with RBLS

Lifestyle score (RBLS) 100 6.69± 0.90 —

Age 100 55.98± 8.83 −0.09
VAT fat mass (g) 97 953.12± 798.26 −0.27∗

PUFA intake (g/day) 99 11.5± 5.65 0.12

Trans FA intake (g/day) 100 0.38± 0.31 −0.05
Iron intake (mg/day) 99 12.13± 4.44 −0.05
Vitamin E intake (mg/day) 99 7.09± 2.83 0.32∗

Vitamin C intake (mg/day) 97 105.54± 46.80 0.37∗

α-Carotene intake (μg/day) 99 714.03± 418.73 0.48∗

β-Carotene intake (μg/day) 99 3784.80± 1819.34 0.51∗

Lycopene intake (μg/day) 99 5143.93± 2639.29 0.04

Lutein and zeaxanthin intake (μg/day) 100 1011.88± 447.43 0.50∗

β-Cryptoxanthine intake (μg/day) 98 236.27± 172.67 0.38∗

Caffeine intake (mg/day) 98 303.06± 320.63 −0.40∗a

Alcohol intake (g/day) 99 7.57± 10.72 −0.32∗a

Smoking history 100 −0.17a

Current smoker 0

Ever smoker 74

Never smoker 26

Physical activity (%) 100 0.28∗a

Sedentary/low 20

Moderate 43

High 35

Sitting time (min/day/week) 99 399.78± 154.34 −0.21∗a

Depression score 98 2.46± 3.01 −0.38∗a

Stress score 99 4.76± 3.25 −0.32∗a

Anxiety score 99 1.56± 1.76 −0.15a

PSQI 97 4.34± 2.95 −0.50∗a

Apnoea risk (%) 100 0.44∗a

High risk 20

Low risk 80

RBLS: redox balance lifestyle score; VAT: visceral adipose tissue; PUFA: polyunsaturated fatty acids; PSQI: Pittsburgh sleep quality index. Comparisons were
made using Pearson’s correlation unless otherwise stated; acomparisons were made using Spearman’s correlation; ∗P < 0 05.
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while transfatty acid and iron intakes had the weakest
associations with the RBLS.

3.1. Association between the Redox Balance Lifestyle Score
(RBLS) and Carotid Intima-Media Thickness (CIMT).
Table 3 shows the logistic regression analysis results for the
association between redox balance lifestyle score (RBLS)
and risk of higher CIMT. The logistic regression analysis
showed that after adjustment for age and gender, there was
a statistically significant (χ2 3 = 23 61, P ≤ 0 001) associa-
tion between CIMT and the RBLS that explained 28.6%
(Nagelkerke R2) of the variance in CIMT. Those with scores
below the median (i.e., ≤6.68) were at significantly increased
risk of higher CIMT compared to those with scores above the
median (OR = 4 11, 95% CI: 1.57–10.75, P = 0 004).

Importantly, these associations remained significant after
additional adjusting for conventional atherosclerosis risk fac-
tors including systolic and diastolic blood pressures, LDL-
cholesterol, eGFR, FPG, and TG/HDL-C (χ2 9 = 35 60, P
≤ 0 001), where the adjusted model then explained 42.4%
(Nagelkerke R2) of the variance in CIMT. After adjustment,
those with the RBLS below the median (i.e., ≤6.68) were at
a significantly increased risk of higher CIMT compared to
participants with scores above the median (OR = 3 60, 95%
CI: 1.19–10.88, P = 0 023).

3.2. Association between the Redox Balance Lifestyle Score
(RBLS) and Oxidative Stress and Inflammatory Markers.
Table 4 shows the associations between the RBLS and
levels of plasma biomarkers of oxidative stress and inflam-
mation. A statistically significant positive association was
observed between the RBLS and total antioxidant capacity
(TAC) (r 99 = 0 28, P = 0 006). Since the residuals for the
linear regression model were not normally distributed when
gender was included, the association between the RBLS and
plasma TAC was analyzed separately for each gender. The
results showed that after controlling for age, there was a statis-
tically significant association between the RBLS and TAC in
males (t 45 = 3 71, P = 0 001, R2 = 0 20) but not in females
(t 48 = 0 98, P ≥ 0 05, R2 = −0 02). A statistically significant

negative association was observed between the RBLS and
plasma hydroperoxide levels (rs 99 = −0 28, P = 0 005). This
association remained significant after the adjustment for age
and gender (t 95 = −3 02, P = 0 003, R2 = 0 31).

There was a statistically significant negative association
between the RBLS and the plasma oxidative stress-
associated enzyme GGT (r 97 = −0 23, P = 0 024). This
association remained significant after adjustment for age
and gender (t 93 = −2 31, P = 0 023, R2 = 0 10).

The RBLS was significantly negatively associated with
plasma uric acid (r 98 = −0 20, P = 0 045). This associa-
tion remained significant after age and gender adjustment
(t 94 = −2 43, P = 0 017, R2 = 0 30).

As anticipated, the RBLS was statistically significantly
associated with the TAC/HPX ratio (r 98 = 0 41, P ≤
0 001), an index of redox balance (Figure 1). This associa-
tion remained significant after adjustment for age and
gender (t 94 = 4 40, P ≤ 0 001, R2 = 0 20).

There was a statistically significant negative associa-
tion between the RBLS and the plasma inflammatory
marker IL-1β (r 97 = −0 21, P = 0 04). This association
did not remain significant after adjustment for age and

Table 3: Mean carotid intima-media thickness (CIMT) and logistic
regression analysis for the association between an RBLS of ≤6.68
and the chance of CIMT > 0 70mm.

(a)

Mean ± SD (n = 98)
CIMT (mm) 0.76± 0.18

(b)

OR (95% CI) P value R2 χ2

Model A 4.11 (1.57–10.75) 0.004 28.6% 23.61

Model B 3.60 (1.19–10.88) 0.023 42.4% 35.60

Model A: adjusted for age and gender; model B: adjusted for age, gender,
systolic blood pressures, diastolic blood pressures, low-density lipoprotein
cholesterol, estimated glomerular filtration rate (eGFR), fasting plasma
glucose, and triglyceride/high-density lipoprotein cholesterol ratio; RBLS:
redox balance lifestyle score.

Table 4: Correlation coefficients and P values for the associations
between RBLS and plasma biomarkers of oxidative stress,
inflammation, and other biochemical markers.

Correlation coefficient P value

Oxidative stress biomarkers

TAC (mmol/L) 0.28 0.006

HPX (mmol/L) −0.28a 0.005

GGT (U/L) −0.23 0.024

Uric acid (mmol/L) −0.20 0.045

TAC/HPX 0.41 ≤0.001
Inflammatory biomarkers

IL-1β (pmol/L) −0.21 0.040

CRP (mg/L) −0.25a 0.012

TNF-α (pmol/L) −0.06 NS

IL-6 (pmol/L) −0.10a NS

Other biochemical markers

TC (mmol/L) −0.34 ≤0.001
LDL-C (mmol/L) −0.32 0.001

HDL-C (mmol/L) 0.12 NS

TG (mmol/L) −0.32a 0.002

FPG (mmol/L) −0.30 0.003

HbA1c (mmol/mol) −0.23 0.025

TG/HDL −0.27 0.008

TyG index −0.40 ≤0.001
RBLS: redox balance lifestyle score; TAC: total antioxidant capacity; HPX:
hydroperoxide; GGT: γ-glutamyltransferase; IL-1β: interleukin-1β; CRP:
C-reactive protein; TNF-α: tumour necrosis factor-α; TC: total cholesterol;
LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density
lipoprotein cholesterol; TG: triglyceride; FPG: fasting plasma glucose;
HbA1c: glycated hemoglobin A. Comparisons were made using Pearson’s
correlation unless otherwise stated; acomparisons were made using
Spearman’s correlation.
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gender (t 93 = −2 06, P ≥ 0 05, R2 = 0 05). The RBLS was
also significantly associated with the acute-phase plasma
inflammatory protein CRP (rs 97 = −0 25, P = 0 012). How-
ever, this association did not remain significant after age and
gender adjustment (t 93 = −2 36, P ≥ 0 05, R2 = 0 04).
No significant association was observed between the
RBLS and plasma TNF-α (r 99 = −0 06, P ≥ 0 05) and
IL-6 (r 98 = −0 07, P ≥ 0 05).

3.3. Association between the RBLS and Routine Pathology
Biomarkers. A statistically significant negative association
was observed between the RBLS and both plasma cholesterol
(r 100 = −0 34, P ≤ 0 001) and LDL-C levels (r 100 = −
0 32, P = 0 001). Both of these associations remained signifi-
cant after adjustment for age and gender (t 96 = −3 63, P
≤ 0 001, R2 = 0 12 and t 96 = −3 42, P = 0 001, R2 = 0 11,
resp.). There was no significant association between the RBLS
and plasma HDL-C (r 100 = 0 12, P ≥ 0 05).

There was a statistically significant inverse association
between the RBLS and plasma triglycerides (rs 97 = −
0 32, P = 0 002). This association remained significant
after adjusting for age and gender (t 93 = −3 81, P ≤
0 001, R2 = 0 15).

A statistically significant inverse association was observed
between the RBLS and both plasma glucose (r 100 = −0 30,
P = 0 003) and HbA1c (r 95 = −0 23, P = 0 025). After
adjustment for age and gender, the association between
RBLS and plasma glucose remained significant (t 96 = −
3 22, P = 0 002, R2 = 0 12). However, the association between
RBLS and plasma HbA1c did not remain significant after
adjustment for age and gender (t 91 = −2 39, P ≥ 0 05,
R2 = 0 05).

Not surprisingly, a strong inverse association was
observed between the RBLS and the plasma TG/HDL-C ratio
(a measure of insulin resistance) (r 97 = −0 27, P = 0 008).

This association remained significant after adjusting for age
and gender (t 91 = −2 99, P = 0 004, R2 = 0 22).

Furthermore, a strong inverse association was observed
between the RBLS and plasma TyG index (an additional
measure of insulin resistance) (r 100 = −0 40, P ≤ 0 001).
Since the residuals for the linear regression model were
not normally distributed when gender was included, the
association between the RBLS and plasma TyG index
was analyzed separately for each gender. The results
showed that after controlling for age, there was a statisti-
cally significant association between the RBLS and TyG
index in both males (t 45 = −3 53, P ≤ 0 001, R2 = 0 18)
and females (t 49 = −2 60, P = 0 012, R2 = 0 09).

4. Discussion

Oxidative stress (OS), defined as an imbalanced state
between an organ’s exposure to reactive oxygen species and
the body’s compensatory antioxidant defence [36], is a recog-
nized player in the progressive cell damage involved in the
development of CVD [4]. The specific impact of individual
lifestyle components, with both pro- and antioxidant ele-
ments, on oxidative stress and the consequent development
of several diseases including CVD have been a focus of atten-
tion in the literature for some time [10, 37–39]. However, as
suggested by some investigators, it is not the individual but
the cumulative action of all lifestyle factors working together
that eventually affects the redox balance and determines an
individual’s risk of disease. In this context, some studies have
reported associations between a composite lifestyle score and
increased risk for several diseases [40, 41]. However, assess-
ments of multiple lifestyle elements have been limited to a
score comprising only a few pro- and antioxidant lifestyle
factors with uncertain effect on oxidative stress biomarkers
[18, 19]. Furthermore, no study has yet assessed the associa-
tion between a composite oxidative stress-related lifestyle
score and the subclinical vascular changes represented by
CIMT. While one large study has reported an association
between a seven-point cardiovascular health score and
CIMT, its assessment was limited to only four lifestyle com-
ponents with no reference to oxidative stress [42]. Therefore,
in this study, we aimed to assess the association between a
more comprehensive redox balance lifestyle score (RBLS)
and CIMT. We also investigated the association between
RBLS, oxidative stress and inflammatory biomarkers.

As expected, significant correlations were observed
between individual lifestyle components and the overall
RBLS (Table 2). All significant associations were in accor-
dance with expected direction, with poorer lifestyle habits
associated with increased oxidative stress.

In order to compare CIMT risks in subjects at different
ends of the score distribution, the RBLS and CIMT values
were divided into two groups using median values as the cut-
offs. Logistic regression analysis showed that a lower RBLS
was associated with a higher CIMT risk after adjusting for
age and gender. More surprisingly, this association remained
significant after further adjusting for conventional athero-
sclerosis risk factors including systolic and diastolic blood
pressures, LDL-cholesterol, eGFR, FPG, and TG/HDL-C
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Figure 1: Association between the redox balance lifestyle score
(RBLS) and plasma redox balance indicator of the TAC/HPX ratio.
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ratio. Subjects with scores below the median were 3.60 times
more likely to exhibit thicker CIMT than subjects with scores
above the median. As the oxidative modification hypothesis
of atherosclerosis suggests, it is the accumulation of the oxi-
dized LDL-C, not the native state of LDL-C, that is athero-
genic [4]. This is consistent with our finding that the
association between the RBLS and CIMT was independent
of the conventional atherosclerosis risk factors such as
LDL-C. While others have reported associations between
CIMT, individual lifestyle behaviours, and a seven-point car-
diovascular health score [42–45], to the best of our knowl-
edge, this is the first study to report the association between
a composite redox balance lifestyle score and CIMT.

We observed a significant positive association between
the RBLS and total antioxidant capacity (TAC) that was
independent of age in males but not in females. Consistent
with this finding, in one study, the combination of both
physical activity and adherence to a healthy diet was
associated with high plasma TAC values [17]. We also
observed a significant negative association between the
RBLS and plasma lipid hydroperoxide levels, which was
independent of age and gender. Similar to our finding,
Lakkur et al. showed that their suggested oxidative balance
score (OBS) was inversely associated with lipid peroxida-
tion biomarker of F2-isoprostanes [18].

As anticipated, our results showed a strong positive asso-
ciation between the RBLS and the TAC/HPX ratio, an effec-
tive index of redox balance, which was independent of age
and gender. This supports the view that various lifestyle
behaviours may synergistically shift the body’s biochemistry
toward an imbalanced redox state and consequent oxidative
stress. While no study has yet reported associations between
TAC/HPX ratio and a comprehensive lifestyle score, our lab
has previously reported on the correlation between individ-
ual lifestyle components and the TAC/HPX ratio, a redox
balance index, using the same cohort [33].

Elevated plasma GGT levels have been suggested as an
early biomarker of oxidative stress [46] and more impor-
tantly are associated with CIMT [47]. Consistent with this,
we found a significant negative association between the RBLS
and plasma GGT levels that was independent of age and gen-
der. In agreement with this finding, in one study, a negative
association was reported between an oxidative balance score
(comprising BMI, nutrition, physical activity, and smoking
components) and plasma GGT levels [19].

Elevated plasma uric acid levels have been shown to pos-
sess prooxidant properties in CVD [48] and also to be an
independent risk factor for increased CIMT [49]. We were
therefore not surprised to find a significant negative associa-
tion between the RBLS and plasma uric acid levels. Consis-
tent with this finding, one study has previously reported
significant associations between plasma uric acid levels and
individual lifestyle components such as BMI, nutrition, and
physical activity [50].

It is recognized that oxidative stress and inflammation
are interrelated. Oxidative stress can trigger an inflammatory
response, which, in turn, can be a direct inducer of oxidative
stress [51, 52]. Consistent with this, we observed a significant
negative association between the RBLS and the plasma

inflammatory marker IL-1β and also a significant negative
association between the RBLS and the acute-phase plasma
inflammatory protein CRP, which were both dependent on
age and gender. Similarly, Lakkur et al. showed a significant
association between an oxidative balance score (OBS) and
plasma CRP [53].

Our results showed that the RBLS was associated not only
with oxidative stress and inflammatory biomarkers but also
with routine pathology lipid biomarkers. Significant negative
associations were observed between the RBLS and plasma
levels of total cholesterol and LDL-C that were both indepen-
dent of age and gender. This finding is consistent with the
results of a population-based study by Lakkur et al. in which
OBS was significantly associated with plasma total choles-
terol and LDL-C [53]. Consistent with Lakkur et al. [53],
our data also showed no significant association between the
RBLS and plasma HDL-C. We observed a strong negative
association between the RBLS and plasma TG levels that
was independent of age and gender. Similarly, in one
study, a healthy lifestyle score (comprising BMI, nutrition,
physical activity, and smoking components) was reported
to be negatively associated with plasma TG in young Aus-
tralian adults [54].

We observed a statistically significant negative associa-
tion between the RBLS and plasma glucose, independent of
age and gender, and HbA1c, which was dependent on age
and gender. A number of other studies have shown a negative
association between lifestyle scores (comprising components
such as BMI, nutrition, and physical activity) and plasma glu-
cose and HbA1c levels [54–56]. These results suggest an
interrelationship between oxidative stress and plasma bio-
marker levels in response to lifestyle.

In further support of the role for oxidative stress in the
development of CVD and related comorbidities, we observed
strong negative and independent associations between the
RBLS and surrogate markers of insulin resistance, triglycer-
ide to HDL-C ratio (TG/HDL-C), and TyG index [22, 57].
Consistent with this finding, other studies have shown nega-
tive associations between healthy lifestyle scores (comprising
components such as BMI, nutrition, and physical activity,
smoking, social support, and sleep) and plasma levels of insu-
lin [54, 55, 58].

In light of findings from a recent study in which more
than half of the CIMT variance was not explained by con-
ventional cardiovascular risk factors, additional contribu-
tors need to be identified [3]. Oxidative stress biomarkers
have been previously shown to be significantly associated
with the risk of atherosclerosis and increased CIMT after
controlling for conventional risk factors of atherosclerosis
[7]. As the RBLS in our study was associated with the risk
of higher CIMT independent of conventional CVD risk
factors and was also associated with oxidative stress bio-
markers, it can be suggested that oxidative stress bio-
markers may contribute to this role. Lifestyle factors with
more prooxidant and less antioxidant properties can syn-
ergistically work together to shift the body’s biochemistry
toward a state of oxidative stress, which can cause subclin-
ical changes in CIMT and gradually lead to the tissue
remodelling associated with CVD.
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While the conclusions in this study are robust, our study
had some limitations. First, the cross-sectional design of the
study does not allow confirmation of causality, but can gen-
erate hypotheses and thus stimulate future research. Also
the relatively small number of subjects may decrease the
sensitivity for identification of relationships with small effect
sizes. Future longitudinal studies overcoming these limita-
tions are required to verify the consistency of our observa-
tions. As lifestyle behaviour information was self-reported,
measurement error and misclassification may occur. While
validated questionnaires were applied to lessen such limita-
tions, assessing exposures over a four-month period was
another limitation of this study when long-term exposures
may be more relevant to the development of atherosclerosis.
Therefore, future studies overcoming these limitations are
recommended.

5. Conclusion

In this study, for the first time, we showed significant associ-
ations between a composite redox balance lifestyle score
(RBLS), risk for increased CIMT, and biomarkers of oxida-
tive stress and inflammation in otherwise healthy subjects.
Our findings provide further support for the role of multiple
lifestyle factors influencing oxidative activity and the devel-
opment of CVD. This suggests that monitoring oxidative
activity may help with early identification of individuals at
risk of CVD, allowing the institution of on-time, targeted,
lifestyle-linked risk modifications.
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Increased risk of cardiovascular side effects has been reported with many of the drugs in the market, including nonsteroidal anti-
inflammatory drugs (NSAIDs). Hence, it is critical to thoroughly evaluate the biodistribution and pharmacokinetic properties of
the drugs. Presently nanotechnology in combination with noninvasive imaging techniques such as magnetic resonance imaging
(MRI), computed axial tomography (CAT), and positron emission tomography (PET) provides a better estimate of the spatio-
temporal distribution of therapeutic molecules. Optical imaging using quantum dot- (QD-) tagged biological macromolecules is
emerging as a fast, economical, sensitive, and safer alternative for theranostic purposes. In the present study, we report the
nanoconjugates of mercaptopropionic acid- (MPA-) capped CdTe quantum dots (QDs) and Celecoxib for bio-imaging in
carrageenan-induced mouse paw edema model of inflammation. QD-Celecoxib conjugates were characterized by fluorescence,
FT-IR, NMR, and zeta-potential studies. In vivo imaging of QD-Celecoxib conjugates showed clear localization in the inflamed
tissue of mouse paw within 3 h, with a gradual increase reaching a maximum and a later decline. This decrease of fluorescence
in the paw region is followed by an increase in urinary bladder region, suggesting the possible excretion of QD-drug conjugates
from mice within 24 h.

1. Introduction

NSAIDs are promising anti-inflammatory molecules in treat-
ing inflammatory disorders with the recent focus on cancer
therapy [1]. In each year, above 40% of elderly people of 65
years have NSAIDs in their doctor’s prescription in the
USA alone [2, 3], because of NSAIDs’ efficacy and common
availability in treating the pain in age-associated diseases like
osteoarthritis and other musculoskeletal disorders [3]. 41,000
hospitalizations and 33,000 deaths each year among older
adults are reported to be due to the chronic usage of NSAIDS
and their adverse reactions [4]. It is a well-established fact
that chronic usage of most of NSAIDs is associated with

increased risk of renal failure, peptic ulcers, myocardial
infarction, stroke, and cerebrovascular and CNS-related
adverse effects in older adults [3, 5–8]. Despite gastrointesti-
nal toxic effects of NSAID usage [9, 10], withdrawal of Rofe-
coxib has brought the potential cardiac risks in the limelight
[9, 11, 12], especially among the adults aged 65 years and
above [6]. Celecoxib, a next-generation NSAID and the first
selective COX-2 inhibitor, has been approved for use in the
USA for the relief of signs and symptoms of rheumatoid
arthritis and osteoporosis in adults [6]. In addition to its
analgesic, antipyretic, and anti-inflammatory activities,
recent studies have shown its chemopreventive and che-
motherapeutic properties against a variety of cancers [1].
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It is now believed that selective inhibition of COX-2, next-
generation coxibs, even causes upper GI toxicity (lower
than that of traditional NSAIDs), cardiac risks, and other
problems [6, 11].

Currently available noninvasive imaging techniques for
the evaluation of drug efficacy and safety, in preclinical
research, either require the use of hazardous radiolabelled
tracers or is expensive and time-consuming. Therefore, the
development of economical, sensitive, and faster alternative
approaches for the determination of spatio-temporal distri-
bution of drug molecules is essential [13]. In the recent past,
selective fluorescent inhibitors of COX-2 were developed
alternatively for fluorine-radiolabelled agents in cancer
diagnosis by PET imaging [14–16]. Conjugating drugs to
fluorophores may alter drug property, and selective tagging
of drugs to fluorophores is always a limitation as fluoro-
phores have limited functional groups for conjugation.
Hence, it is unavoidable to prepare drug molecules as imag-
ing agents by attributing fluorescent properties every time,
which is expensive and time-consuming [17]. Optical imag-
ing in combination with nanotechnology provides an excit-
ing opportunity in this direction. Quantum dots and
nanoscale fluorophores conjugated to biological macromole-
cules have been successfully used in theranostic studies.
However, their use in pharmacokinetic and biodistribution
studies remains to be explored.

With increasing evidences of nanoparticles as powerful
molecular imaging agents [18–20], the above limitations
could be achieved by using the fluorescent semiconductor
nanoparticles called quantum dots (QDs). QDs have distinc-
tive optical properties such as advanced fluorescence lifetime,
tunable size, increased photobleach thresholds, and capacity
of multiplex imaging, with no match among the existing con-
ventional dyes [20–27]. Developing a novel quantum dot-
based molecular imaging method is one of the best choices to
avoid the accumulation of nonspecific probe and can also
increase the accuracy of diagnosis [20, 21, 28–32]. Unlike con-
ventionalfluorophores, theQDs, being inertfluorescent nano-
particles, form a unique kind of engineering platform with a
wide range of capping molecules for bio-conjugation of drugs
without altering the drug property [20, 21, 23, 26, 33]. With a
wide range of selective tagging options, QDs not only work as
a single tracer for multiple bioactive molecules but can also
be utilized in multiple functions like specific target imaging,
delivery, and tracing [20, 23, 32–35]. Though similar kinds
of efforts were made with naproxen conjugated to QDs,
QD-naproxen conjugates failed to enter the cells [36].
Later, targeting the alveolar macrophages in mice through
doxorubicin-conjugated QDs has also been demonstrated
[37]. Our previous study also demonstrated the tracing of the
5-fluorouracil-conjugated QDs in MCF-7 cancer cells [38].

In the present study, we explored the possibility to test
the capability of QD-Celecoxib conjugate to be an alternative
to radioisotopes in detecting the inflammation in mice paw
edema model. It is also expected to map off targets and
in vivo distribution of QD-Celecoxib conjugate through
molecular imaging. To the best of our knowledge, the present
study is the first of its kind with covalent tagging of NSAIDs
with QDs.

2. Materials and Methods

2.1. Materials. Cadmium chloride hemi(pentahydrate),
tellurium powder (99.99%), sodium borohydride, 3-
mercaptopropionic acid (MPA), sodium hydroxide (NaOH),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride (EDC), and carrageenan were purchased from Sigma,
USA. Celecoxib is a generous gift from Aurobindo Pharma
Pvt Ltd., Hyderabad, India.

2.2. Methods

2.2.1. Preparation of Water Soluble MPA-Capped CdTe QDs.
CdTe QDs were prepared using the reaction between
Cd2

+ and NaHTe solution in the presence of 3-
mercaptopropionic acid (MPA) as a stabilizer according
to the published procedures, with little modifications
[38, 39]. At the first stage, with a molar ratio of 2 : 1,
sodium borohydride was used to react with tellurium
in water to prepare sodium hydrogen telluride (NaHTe).
At the second stage, the freshly prepared oxygen-free
solution of NaHTe was added to nitrogen-saturated
1.25mM CdCl2·2.5H2O and dissolved in 100ml of water.
To this solution, 3mM of the MPA was added under
stirring, followed by adjustment of the pH to 11.2 by
dropwise addition of 1M NaOH. The molar ratio of Cd2

+:-
MPA:HTe− was 1 : 2.4 : 0.5. The reaction mixture was placed
in a three-necked flask fitted with a septum and valves and
is deaerated by N2 bubbling for 45min. Under stirring,
NaHTe is passed through the solution together with a slow
nitrogen flow for 20min. CdTe precursors were formed at
this stage under these conditions. The resulting mixture
was refluxed at 110°C under open-air conditions with a con-
denser attached for 90 minutes to obtain CdTe nanocrystals
of desired size.

2.2.2. Conjugation of Celecoxib to QDs. QD-Celecoxib conju-
gate was prepared by reaction of MPA-capped CdTe QDs
and Celecoxib in the presence of known cross-linker EDC
(1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride) as base in phosphate buffer (pH 7.5) at room temper-
ature with constant mixing for 2 h in a molar ratio of
1 : 1 : 0.5 (Celecoxib:EDC:QDs). Further, QD-Celecoxib
conjugates (10 nM, 100 nM, 1μM, and 10 μM of Cele-
coxib) were also prepared without changing the QD and
EDC concentrations. Scheme 1 (refer to Supplementary
Materials available here) shows the proposed hypothesis
of bio-conjugation between NH2 groups of Celecoxib with
carboxyl groups of MPA on CdTe through EDC [36, 40].
For all further studies, out of all the prepared conjugates,
100 μM of Celecoxib conjugate (50 μg/ml equivalent to
QD weight) was used until it is specified. After the conju-
gation process, QD-Celecoxib conjugates were washed
twice to remove unreacted molecules with PBS (pH 7.4)
by centrifuging at 1500g for 20min for further use.

2.2.3. Fluorescence Spectroscopy. Emission measurements
were recorded for QDs and different concentrations of
QD-Celecoxib conjugates (λex = 400 nm and λem = 529 nm)
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at room temperature with a Fluorolog-3 (HORIBA Jobin
Yvon, FL3-221).

2.2.4. FT-IR. The IR spectra were recorded on a JASCO
FT-IR model 5300 for MPA-capped QDs (50μg/ml) and
QD-Celecoxib (50μg/ml equivalent to QD weight) conju-
gates in PBS at pH7.4.

2.2.5. Solid-State NMR. 13C solid-state NMR (100MHz)
spectra for MPA-capped QDs (50μg/ml) and QD-Celecoxib
conjugates (50μg/ml) andCelecoxibwere recorded onBruker
AVANCE 400 spectrometer. QDs and QD-Celecoxib conju-
gates were precipitated with ethanol, dried overnight at 50°C,
and used for NMR studies.

2.2.6. Size and Zeta-Potential Studies. Size distribution
and zeta potential of the QDs and Celecoxib conjugates
were measured by using Malvern Zetasizer v6.20 in
PBS at pH7.4.

2.2.7. Biodistribution Studies of QD-Celecoxib
Conjugates In Vivo

(1) Mouse Paw Edema Model. Biodistribution and in vivo
localization studies of QD-drug conjugates were carried out
in Swiss albino mice weighing 25–30 g. All the animal study
protocols were duly approved by the institutional ethical com-
mittee. Food and water for animals were made available
throughout the experiment. Edema was induced in mice by
subcutaneous injection of carrageenan (0.1ml of 1%w/v solu-
tion innormal saline) into the subplantar regionof the left hind
paw[41].Edema-inducedanimalswere randomlydivided into
3 groups, each containing three mice.

Group I: This group of animals received PBS and
served as the control group.

Group II: This group of animals received MPA-capped
CdTe QDs at a dose of 2.5mg/kg body weight.

Group III: This group of animals received (100μM)
QD-Celecoxib conjugates at a dose of
2.5mg (equivalent to QD weight)/kg body
weight.

After appropriate treatments, the animals were observed
for fluorescence under in vivo imaging at different time
periods (0, 6, 12, and 24 h). All formulations were adminis-
tered by intravenous route through tail vein injection of
PBS at pH7.4 [42].

(2) In Vivo Fluorescence Imaging. All mice were given anaes-
thesia by IP injection of 80mg/kg body weight of ketamine
(Ketajet Sterfil Laboratories Pvt. Ltd, India). Different groups
of mice were imaged for the distribution of only QDs or Cel-
ecoxib QD conjugates using PhotonIMAGER (Biospace,
France). In vivo fluorescence imaging was taken as explained
by Swarnakar et al. [43].

3. Results

3.1. Characterization of QD-Drug Conjugates. The quality of
the synthesized CdTe MPA QDs was assessed by measuring
the average mean diameter and zeta potential of the nanopar-
ticles. The mean diameter and zeta potential as measured by
dynamic light scattering of nanoparticles, using Zetasizer,
were found to be ~8nm and −20.4mV, respectively (refer
to Supplementary Materials). The fluorescence characteris-
tics of the synthesized QDs were confirmed by their fluores-
cence emission spectra (Figure 1(a)). Thus characterized
QDs were used for tagging the Celecoxib, an anti-
inflammatory drug. The conjugation of Celecoxib to QDs
was done as described in Methods, and the conjugation was
confirmed by FT-IR and NMR spectroscopies. The forma-
tion of QD-Celecoxib conjugates was confirmed by FT-IR
spectroscopy. A significant shift in the peak from 1640 cm−1

(C=O) to 1540 cm−1 has been observed in the FT-IR spec-
trum, indicating the formation of the amide bond between
the –COOH group of MPA on QDs and the –NH2 group of
Celecoxib (Figure 1(b), top panel) [44]. This was further sub-
stantiated by the additional peaks corresponding to extra car-
bon atoms in 13C solid-state NMR spectra of the conjugates
but not observed in unconjugated QDs (Figure 1(c)). Further,
the formed conjugates have also shown a zeta potential of
−28.5mV, which is significantly different from that of
unconjugated QDs (refer to Supplementary Materials). The
observed change in the value of zeta potentials of MPA-
capped QDs and QD-Celecoxib conjugates also confirms
QDs and Celecoxib bio-conjugation [37]. However, no
aggregation was observed in both samples, which indicates
the good dispersion stability in PBS at pH7.4. The effect of
Celecoxib conjugation on the fluorescence properties of
QDs was assessed by evaluating the fluorescence emission
spectraofQD-Celecoxibconjugates synthesizedby incubating
different concentrations of Celecoxib with QDs. Although we
have not observed any significant change in the excitation/
emission wavelengths of the spectra, there was a significant
decrease in the peak fluorescence intensity with an increase
in the Celecoxib concentration (Figure 1(a)). The observed
decrease may be attributed to the number of –COOH groups
occupied by the Celecoxib molecules.

3.2. Evaluation and Biodistribution of QD-Celecoxib
Conjugates In Vivo: Mouse Paw Edema Model. In order to
evaluate the efficiency of drug-conjugated QDs, as potential
alternative to radioactive drug tracers, in pharmacokinetic
studies, we introduced, by an intravenous injection, unconju-
gated/Celecoxib-conjugated QDs into mice with left hind
paw edema. The mice receiving an intravenous injection of
PBSweremaintained as controls. In vivo imaging ofmice with
inflamed paw injected with unconjugated QDs shows the
uniform distribution of fluorescence (Figure 2(a)) all over
the mice body with no significant localization to inflamed
paw or any other part of the body. The mice group which
received the QD-Celecoxib conjugates showed significant
localization of QD-Celecoxib conjugates in paw edema tissue
(Figure 2(b)). This demonstrates the clear targeting of the
QD-Celecoxib conjugates to the inflammatory tissue of mice.
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Figure 1: (a) Emission spectra of QD-Celecoxib conjugates (λex = 400 nm and λem = 529 nm). Emission spectra showing concentration-
dependent fluorescence increase (10 nM> 100 nM> 100μM> 10μM> 100μM) of Celecoxib-conjugated QDs (50 μg/ml) over
unconjugated QDs (50 μg/ml). (b) FT-IR spectra of QD-Celecoxib conjugates with shifting of peak from 1640 cm−1 (C=O) to 1540 cm−1

showing the occupancy of Celecoxib of QD-drug conjugates against unconjugated MPA-capped QDs. (c) 13C solid-state NMR of
Celecoxib, MPA-capped QDs, and QD-Celecoxib conjugate. Spectra of QD-Celecoxib conjugate (bottom) showing more number of
carbons in comparison to Celecoxib (centre) and QDs alone (top), which forms an indirect confirmation of conjugation between
Celecoxib and QDs.
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However, the intensity of fluorescence was greatly decreased
all over the mice except the inflamed paw with increase in the
duration of exposure, 6 h, 12 h, and 24h. On the other hand,
florescence was increased in the lower abdominal region, near
the urinary bladder, suggesting clearance of QD-Celecoxib
conjugates frommouse body as shown in Figure 2(c).

4. Discussion

In vivo imaging of drugs forms a powerful approach to
monitor the metabolism and excretion of drug molecules.

Monitoring the behaviour of a single molecule in living cells
is a powerful approach to investigate the details of cellular
processes [35, 45]. Radioisotope tracers have been widely
used in modern pharmacology for pharmacokinetic and
pharmacodynamic studies in experimental animal models.
Though radioisotopes are the only suitable option for study-
ing biodistribution and pharmacokinetics of drugs at a
single-molecule level, there are several drawbacks with these
tracers, warranting the development of more sensitive tracers
for multiplexed imaging, with high photobleaching threshold
and quantitative determination during biomedical research

A B

(a)

A B

(b)

A B C

(c)

Figure 2: (a) In vivo imaging of unconjugated CdTe MPA QDs (2.5mg/kg body wt.) in mouse paw edema model showing evenly distributed
fluorescence in the whole body at 0 h (left); in vivo imaging of mouse shows no significant fluorescence specifically localized anywhere in the
body at 24 h (right). (b) In vivo imaging of QD-Celecoxib conjugates (2.5mg/kg body wt.) at 3 h of posttreatment in mouse paw edema model
showing the clear localization of QD-Celecoxib conjugates in inflamed tissue of paw edema, and the arrow indicates may be some deposition
in the brain region also in dorsal view (left); ventral view of same mouse showing localization of QD-Celecoxib conjugates near the heart
region other than in the paw edema tissue (right). (c) In vivo imaging of mice treated with QD-Celecoxib conjugates (2.5mg/kg body wt.)
at different time intervals: (A) 6 hrs, (B) 12 h, and (C) 24 h postinjection of QD-Celecoxib conjugates through tail vein. An increase in
fluorescence intensity near the urinary bladder (circled area) with increasing time up to 12 h and a later decrease at 24 h can be observed
that. Arrows in (A) and (B) are thought to be the deposition of QD-Celecoxib conjugates in the brain region, which cleared after 12 h.
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applications. In connection to this, the quantum dot- (QD-)
drug conjugates have shown promise in applications span-
ning both diagnostics and therapeutics [36]. Here, we report
a QD-based approach by molecular imaging for drug mole-
cule tracing and biodistributional studies in mice. Studies
were taken up to evaluate the selectivity of QD-anti-
inflammatory drug conjugates in mouse paw edema model.

Celecoxib, a selective COX-2 inhibitor, is being used
extensively for inflammatory disorders because of its low gas-
trointestinal side effects as compared to the conventional
NSAIDs, despite its known cardiac side effects [46]. We have
successfully developed a method for conjugation of Celecoxib
to QDs and characterization. As expected, QD-Celecoxib
conjugates were mainly localized in paw edema of mice. This
indicates that Celecoxib retained its drug property to lead the
QDs to localize at the inflammatory tissue, where COX-2 is
known to be overexpressed. However, no such localization
was observed in case of unconjugated MPA-capped QDs as
shown in 24 h in vivo image. From these studies, it is clear
that QD-Celecoxib conjugates are capable of tracing the
inflammatory tissue in mice as shown by molecular imaging.
In addition to the localization of QD-Celecoxib conjugates at
the inflamed tissue, fluorescence was also observed near the
heart and brain tissue of mice treated with QD-Celecoxib
conjugates. This may explain the reported cardiac side effects
of Celecoxib and other coxibs [12, 46, 47]. A number of stud-
ies have shown the constitutive expression of COX-2 in the
brain [48, 49], which may explain the observed localization
of QD-Celecoxib conjugates in the brain tissue also. QDs,
being very small in size (2–10nm), are capable of crossing
the blood-brain barrier [50]. In view of the fast clearance of
QDs over 24h from the body, it makes them less toxic than
radioisotopes, and their renal excretion of QDs was well
explained by Choi et al. in mice [51]. As existing reports
say that adverse reactions of NSAIDs among the elderly peo-
ple are due to the age-related loss of organ reserve, high
comorbidities, polypharmacy, and altered pharmacokinetics
[52], we believe that platforms like this can increase the
chance of understanding the tracing, biodistribution, and
drug reach to the target in small animal studies at
laboratory-level drug screening.

5. Conclusion

This study presents data on conjugation of CdTe QDs with
Celecoxib, a selective COX-2 inhibitor and their successful
application in bio-imaging and whole body distribution stud-
ies in paw edema models of inflammation in mice... Interest-
ingly this approach has revealed the off targets of Celecoxib
which may explain its reported side effects. The method
employed in the present study for Celecoxib could be
employed for other drug candidates to find their target and
nontarget interactions in animal models. This approach
stands unique, as it not only helps in bio-imaging for drug
distributional studies and also to map possible off targets.
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Stroke is a leading cause of mortality worldwide, as well as a source of long-term disabilities and huge socioeconomic costs. This
study investigates the effects of resveratrol, an antioxidant supplement, on blood pressure, weight status, glucose, and lipid
profile in patients who had a stroke in the last 12 months. Two hundred and twenty-eight patients were divided into three
groups: group I received only allopathic treatment (control group), while groups II and III received allopathic treatment with a
daily supplementation of oral resveratrol (100 and 200mg, resp.) for 12 months. In all groups, the changes of the studied
parameters were monitored at 6 and 12 months from the initial evaluation. In groups II and III, resveratrol induced
significant changes (p < 0 05) in the blood pressure, body mass index, as well as all parameters of the lipid profile, and
glucose (in nondiabetic patients), compared to the control group. The supplementation of the allopathic treatment with
resveratrol had a beneficial effect on all monitored parameters, which serve as major risk factors for stroke.

1. Introduction

Neurodegenerative, circulatory, and cardiovascular diseases
and cancers are considered as direct consequence of the com-
plex of phenomena, named “oxidative stress” [1–3]. Among
these, stroke represents a leading cause of mortality world-
wide and a major source of long-term disabilities and huge
socioeconomic costs [4]. A recent study has revealed that
about 90% of strokes can be attributed to the presence of 10
risk factors, including high blood pressure (BP), dyslipide-
mias, consumption of toxic substances (alcohol and tobacco),
obesity, daily stress, sedentariness, and diabetes mellitus [5].

During the pathophysiology of stroke, reactive oxygen
species (ROS) are generated, which can trigger chain reac-
tions that destroy the neuronal membranes [6, 7]. There
are cumulative evidences suggesting that ROS can damage
the cellular components [8], enhance the production of

inflammatory mediators which in turn can lead to additional
oxidative stress [9–12], and are involved in all the pathophys-
iological stages of neuronal death [13]. During ischemia,
mitochondria (the main ROS-generating cellular compo-
nents) suffer dysfunction, which causes an increase in
oxidative stress. Increased production of ROS through mito-
chondria plays a role in the pathogenesis of stroke through
direct damage to biomolecules resulting in necrosis, necrop-
tosis and apoptosis, damaged endothelium-dependent
vasodilator mechanisms, induction of mitochondrial perme-
ability of transition, and interrupted excitation-contraction
coupling [14].

Reactive oxygen species have an important role in normal
physiological processes, being also implicated in a lot of dis-
ease processes, where they mediate damage to cell structures,
including membranes, lipids, deoxyribonucleic acid (DNA),
and proteins. Oxidative stress has an important role in the
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pathogenesis of ischemic brain injury that follows a cerebro-
vascular attack, having as goal the cerebral vasculature. The
primary reactive oxygen species (like superoxide) and its
derivatives, in animal models with ischemic stroke, cause
vasodilatation by opening the potassium channels, altering
the vascular reactivity, and breaking down the blood-brain
barrier [15].

Diabetes mellitus and atherosclerosis are diseases that
are associated with chronic inflammation produced by
ROS [11, 16]. Consequently, stroke therapies should also
consider secondary prophylaxis by addressing ROS on
the medium and long term.

To neutralize these free radicals, the presence of poten-
tially neutralizing agents (antioxidants) in the body is needed
[17]. Particular attention is paid to the use of natural antiox-
idant agents that can be administered safely in humans in
determined, verified, and standardized doses [18, 19].
Resveratrol (3,5,4′-trihydroxy-trans-diphenyl-ethylene) is
well-known as a natural antioxidant, effective in combating
oxidative stress and related inflammation [20, 21]. Due to
its antioxidant effect, this substance can neutralize free radi-
cals in the human body, thus reducing the resultant cellular
aging process [22–24]. Resveratrol possesses phenolic func-
tions (Ar-OH) susceptible to block-connect hydroperoxide
radicals resulting from lipid peroxidation [25].

Numerous studies have shown the effectiveness of
resveratrol in improving health and preventing chronic dis-
eases. However, it is unclear whether these effects persist with
prolonged administration of resveratrol [20, 26]. This study
investigates the effects of long-term resveratrol supplementa-
tion on BP, weight status, glucose, and lipid profile in patients
who had a stroke in the last 12 months.

2. Methods

2.1. Study Design. This study included patients who had first
stroke in the last 12 months, hospitalized for recovery treat-
ment during 2011–2015 (patients were recruited each year
during 5 years, each patient being under observation for a
year). All patients were clinically stabilized after stroke.
When they were included in this study, the patients were hos-
pitalized in the Baile Felix Clinical Rehabilitation Hospital
where they followed a complex medical physical rehabilita-
tion program that imposed restrictions for BP values.

The research was conducted in accordance with the
WMA Ethical Declaration of Helsinki and was approved
by the Ethics Commission of the Council of Medicine
and Pharmacy Faculty, University of Oradea, Romania.
Each patient included in this study signed an informed
consent form, before the inclusion.

Two hundred and twenty-eight patients were divided
into three groups: group I (control), (n = 92 patients) who
underwent allopathic (medical) treatment combined with
medical physical rehabilitation, while groups II (n = 81
patients) and III (n = 55 patients) received allopathic treat-
ment and medical physical rehabilitation, combined with a
12-month supplementation with an oral daily dose of resver-
atrol (100 and 200mg/patient, resp.). The patients were dis-
tributed into groups using the method of selection for each

group, depending on the patient’s willingness of taking 100
or 200mg resveratrol, according to every patient’s history
and clinical characteristics, so that there were no significant
differences between groups. Allopathic treatment was indi-
vidualized for each patient, depending on the clinical charac-
teristics and associated pathology. All patients were evaluated
initially, at 6 months and at 12 months from the beginning of
the treatment. The following parameters were monitored:
BP, weight status, lipid profile (total cholesterol, high-
density lipoprotein (HDL) cholesterol, low-density lipopro-
tein (LDL) cholesterol, and triglycerides), and glucose profile.

2.2. Clinical Investigations

2.2.1. Blood Pressure Measurement. Blood pressure measure-
ment was performed following the 2007 Guidelines for the
Management of Arterial Hypertension [27].

2.2.2. Body Mass Index (BMI) Determination. To determine
the patients’ weight status, the BMI was calculated using
the following equation (BMI=weight in kilograms divided
by the square of height in meters, expressed in kg/m2) [28].

2.3. Biochemical Analysis. Blood samples were obtained in
the morning after a 12–14-hour meal break and were used
to evaluate the levels of total cholesterol, triglycerides, HDL
and LDL cholesterol, basal glucose, and glycosylated hemo-
globin (HbA1c).

2.3.1. Lipid Profile. The cholesterol, triglycerides, HDL cho-
lesterol, and LDL cholesterol assays were performed on the
Beckman Coulter AU680 analyser using Beckman Coulter
reagents, produced by Beckman Coulter Inc., Ireland. The
methods of determination included the oxidase-peroxidase
method for cholesterol, enzymatic glycerol-3-phosphate oxi-
dase method for triglycerides, and colorimetric direct
method for HDL and LDL cholesterol.

2.3.2. Fasting Blood Glucose. Basal glucose was determined by
the hexokinase method, the values on an empty stomach
being used for the selection of all subjects. A normal level
of basal blood glucose was considered a plasmatic concentra-
tion of <100mg/dL [29].

2.3.3. Glycosylated Hemoglobin. Glycosylated hemoglobin
was determined only for diabetic patients. It is a real image
of glucose control over a period of 90–120 days retrospec-
tively [26]. Determination was performed from venous blood
collected on EDTA anticoagulant by HPLC (Gold Standard)
using BioRad D-10 equipment and reagents.

2.3.4. Quality Control. The internal quality control was
performed according to ISO 15189: 2013 standard. Variation
coefficients were as follows: cholesterol CV%=2.05, triglyc-
eride CV%=1.95, HDL cholesterol CV%=2.29, LDL choles-
terol CV%=1.74, glucose CV%=2.05, and HbA1c
CV%=0.82.

2.4. Statistical Analysis. Statistical analysis was done using
EPIINFO, version 6.0, a program of the Center for
Disease Control and Prevention from Atlanta, adapted
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to the medical statistics processing. Average parameter
values, frequency ranges, standard deviations, and statisti-
cal significance tests by the Student method (t test) and
χ2 were calculated.

The distribution of the tests is similar to normal,
being used by assumptions involving numerical data.
The t test used was paired t test. In order to obtain an
indicator independent of the measurement units of the
two variables, the Bravais-Pearson correlation coefficient
was used. Statistical significance was assigned at a p value
of <0.05.

In order to interpret the magnitude of change in param-
eters at different time points, the “effect size” (ES) was mea-
sured. Based on statistical literature, the interpretation of
this index was compiled, namely, small ES=0.20, medium
ES=0.50, and large ES=0.80. When expressing the findings
of a quantitative study, ES is important because a p value
can identify if there is an effect but cannot reveal its
magnitude [30, 31].

3. Results

3.1. Patients’ Characteristics. In terms of demographic and
clinical characteristics, there were no significant differences
(p > 0 05) between the three groups (Table 1).

3.2. Clinical Evaluations

3.2.1. The Effect of Resveratrol on BP. Initially, there were no
significant differences (p > 0 05) in the mean BP values
between the three experimental groups (Table 2).

(1) Systolic BP. In the group receiving 100mg resveratrol,
the systolic BP value decreased from 148.02mmHg to
143.12mmHg at 6 months (p < 0 05) and to 139.85mmHg
in the next 6 months (p < 0 05). In the group receiving
200mg resveratrol, the systolic BP value decreased from
149.21mmHg to 142.02mmHg at 6 months (p < 0 05)
and to 139.35mmHg in the next 6 months (p < 0 05). In
the control group, systolic BP values decreased from
148.42mmHg to 146.10mmHg at 6 months (p > 0 05)
and to 145.32mmHg in the next 6 months (p > 0 05).

Comparing data (Table 2) at the initial evaluation and at
12 months of treatment, the ES was 0.53 in the group receiv-
ing 100mg resveratrol, ES =0.53 (p < 0 05) and 0.65 in the
group receiving 200mg resveratrol (p < 0 05), while in the
control group, ES was 0.20 (p > 0 05).

(2) Diastolic BP. In the group receiving 100mg resveratrol,
the diastolic BP value decreased from 88.29mmHg to
85.89mmHg at 6 months (p > 0 05) and to 84.27mmHg in

Table 1: Demographic and clinical characteristics.

Characteristics
Resveratrol 100mg group

(n = 81)
Resveratrol 200mg group

(n = 55)
Control group

(n = 92)
Number % Number % Number %

Gender

Females 32 39.51 21 38.18 37 40.22

Males 49 60.49 34 61.82 55 59.78

Age

55–60 years 4 4.94 2 3.63 5 5.43

61–65 years 54 66.67 35 63.64 59 64.13

>65 years 23 28.39 18 32.73 28 30.44

Average 65.03± 8.24 64.52± 8.05 64.78± 6.32

Risk factors

Obesity 31 38.27 21 38.18 39 42.39

Toxicants (coffee, tobacco, and alcohol) 37 45.68 23 41.82 42 45.65

Stress 41 50.62 29 52.73 47 51.09

HBP 64 79.01 43 78.18 72 78.26

Diabetes 12 14.63 9 16.36 14 15.22

Dyslipidemia 50 61.73 37 67.3 61 66.30

Diagnostic

Ischemic stroke 59 72.64 41 74.54 68 73.91

Hemorrhagic stroke 22 27.16 14 25.46 24 26.09

Time since stroke occurred

<3 months 10 12.35 7 12.73 11 11.96

3–6 months 46 56.79 30 54.54 50 54.35

6–12 months 25 30.86 18 32.73 31 33.70

Average (months) 5.08± 1.22 5.13± 1.14 5.17± 1.16
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the next 6 months (p > 0 05). In the group receiving 200mg
resveratrol, the diastolic BP value decreased from
88.47mmHg to 85.91mmHg at 6 months (p > 0 05) and
84.10mmHg in the next 6 months (p > 0 05). In the control
group, the diastolic BP value decreased from 87.61mmHg
to 86.39mmHg at 6 months (p > 0 05) and 85.67mmHg in
the next 6 months (p > 0 05), respectively (Table 2).

Comparing data at the initial evaluation and at 12
months of treatment, ES was 0.37 in the group with 100mg
resveratrol (p < 0 05), 0.39 in the group receiving 200mg res-
veratrol (p < 0 05), and 0.17 for the control group without
resveratrol supplementation (p > 0 05).

3.2.2. The Effect of Resveratrol on the Weight Status and BMI.
Initially, there were no significant differences (p > 0 05) in
BMI values between the two experimental groups. After a
12-month administration of resveratrol at 100 and 200mg,
we recorded a significant decrease (p < 0 05) in the mean
BMI values, compared to the control group (Table 3).

The mean BMI values decreased after 6 months in the
group receiving 100mg resveratrol from 29.47 kg/m2 to
27.97 kg/m2 (p > 0 05), resulting in an ES=0.35; in the
group receiving 200mg resveratrol, from 29.50 kg/m2 to
27.56 kg/m2 (p > 0 05), resulting in an ES=0.45; in the
nonresveratrol group, the BMI had a minimal decrease
from 29.95 kg/m2 to 29.42 kg/m2 (p > 0 05), resulting in
an ES=0.12.

In the next 6 months, in the group receiving 100mg
resveratrol, a decrease in BMI was noticed from
27.97 kg/m2 to 26.75 kg/m2 (p > 0 05), resulting in an
ES= 0.27; in the group receiving 200mg resveratrol, a
decrease in BMI was noticed from 27.56 kg/m2 to
25.77 kg/m2 (p < 0 05), resulting in an ES=0.42; in the
group without resveratrol, a decrease in BMI was noticed
from 29.42 kg/m2 to 29.31 kg/m2 (p > 0 05), resulting in
an ES=0.02.

Comparing data at the initial evaluation and at 12
months of treatment, ES was 0.64 (from 29.47 kg/m2 to
26.75 kg/m2, p < 0 05) in the group receiving 100mg
resveratrol, 0.87 (from 29.50 kg/m2 to 25.77 kg/m2, p < 0 05)
in the group receiving 200mg resveratrol, and 0.14 (from
29.95 kg/m2 to 29.31 kg/m2, p > 0 05) in the group without
resveratrol supplementation (Table 3).

3.3. Biochemical Analysis

3.3.1. The Effect of Resveratrol on the Lipid Profile. In all
groups, the lipid profile improved significantly both at 6
months and at 12 months (p < 0 05). In the resveratrol
groups, the lipid profile improved significantly over the 12
months (p < 0 05), compared with the control group
(Table 4). After 12 months, resveratrol administration irre-
spective of the dose had a substantial effect on all lipid profile
parameters, especially on triglycerides (ES =1.81 at 100mg
and ES=1.95 at 200mg) and serum cholesterol (ES= 1.51
at 100mg and ES=1.63 at 200mg). For the control group,
the ES was greater than 1 as well, in the case of triglycerides
and serum cholesterol (ES =1.39 and ES= 1.07, resp.). Com-
pared to the control group, the effect of resveratrol 100mg
was 2.02 times greater for HDL cholesterol (ES=1.25 versus
ES=0.62) and of 2.34 for LDL cholesterol (ES =1.24 versus
ES=0.53). Also, compared to the control group, the effect
of resveratrol 200mg was 2.11 times greater for HDL-
cholesterol (ES= 1.31 versus ES=0.62) and of 2.42 times for
LDL-cholesterol (ES =1.28 versus ES=0.53).

3.3.2. The Effect of Resveratrol on the Glycemic Profile

(1) Basal Glycemia. In diabetic patients, blood glucose levels
decreased insignificantly (p > 0 05) after 6 months, in the
group receiving 100mg resveratrol (from 142.18mg/dL to
136.29mg/dL, ES= 0.39) and in the group receiving 200mg
(from 142.46mg/dL to 136.21mg/dL, ES=0.41). The
decrease was significant compared to the control group
where the blood glucose values had a minimal decrease (from
142.47mg/dL to 141.81mg/dL, ES= 0.04).

In the following 6 months, blood glucose decreased in the
group receiving 100mg resveratrol from 136.29 to
134.24mg/dL, ES=0.17, and in the group receiving 200mg
from 136.21 to 133.89mg/dL, ES=0.16. In the group without
resveratrol, the effect was ES=0.08 (from 141.81 to
140.58mg/dL).

Comparing the results of the initial evaluation and 12
months of assessment in diabetic patients, ES was 0.52 (from
142.18mg/dL to 134.24mg/dL, p > 0 05) in the group receiv-
ing 100mg resveratrol, 0.56 in the group receiving 200mg
resveratrol (from 142.46mg/dL to 133.89mg/dL, p > 0 05)
and 0.12 (from 142.47mg/dL to 140.58mg/dL, p > 0 05) in
the group without resveratrol supplementation.

In nondiabetic patients, blood glucose levels decreased
significantly (p < 0 05) after 6 months in the group receiving
100mg of resveratrol (from 96.67mg/dL to 91.23mg/dL,
ES=0.48) and in the group receiving 200mg (from
96.98mg/dL to 91.21mg/dL, ES=0.51). The decrease was
significant from the baseline and from the control group

Table 2: Effect of resveratrol on blood pressure.

Evaluation
BP (mmHg)

Systolic BP ES Diastolic BP ES

Resveratrol 100mg group

Initial 148.02 ± 15.28 — 88.29 ± 10.73 —

At 6 months 143.12 ± 15.16∗ 0.32 85.89 ± 10.22 0.22

At 12 months 139.85 ± 14.82∗c 0.22 84.27 ± 10.18∗ 0.16

Resveratrol 200mg group

Initial 149.21 ± 15.13 — 88.47 ± 11.11 —

At 6 months 142.02 ± 15.27∗ 0.48 85.91 ± 11.02 0.23

At 12 months 139.35 ± 14.81∗c 0.17 84.10 ± 10.78∗ 0.16

Control group

Initial 148.42 ± 15.22 — 87.61 ± 11.25 —

At 6 months 146.10 ± 15.17 0.16 86.39 ± 11.32 0.11

At 12 months 145.32 ± 15.25 0.05 85.67 ± 11.11 0.06

Values are represented as mean ± SD (n = 81 patients in the resveratrol
100mg group; n = 55 patients in the resveratrol 200mg group; and n = 92
patients in the control group); ∗p < 0 05 versus initial value; c<0.05 versus
control group value.
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Table 3: Effect of resveratrol on the weight status and on the body mass index.

Weight status
Resveratrol 100mg group Resveratrol 200mg group Control group

Number of patients % Number of patients % Number of patients %

Normal weight 17 20.99 11 20.00 17 18.48

Overweight 33 40.74 23 41.82 36 39.13

Class I obesity 18 22.22 12 21.82 22 23.91

Class II obesity 9 11.11 7 12.73 12 13.04

Class III obesity 4 4.94 2 3.64 5 5.43

BMI average (initial) 29.47± 4.26 29.50± 4.27 29.95± 4.49

Normal weight 21 25.93 15 27.27 17 18.48

Overweight 33 40.74 24 43.64 36 39.13

Class I obesity 16 19.75 9 16.36 23 25.00

Class II obesity 8 9.88 5 9.09 11 11.96

Class II obesity 3 3.70 2 3.64 5 5.43

BMI average (at six months) 27.97± 4.44c 27.56± 4.28c 29.42± 4.72

ES 0.35 0.45 0.12

Normal weight 28 34.57 19 34.55 18 19.57

Overweight 36 44.44 25 45.45 36 39.13

Class I obesity 10 12.35 6 10.91 22 23.91

Class II obesity 5 6.17 4 7.27 11 11.96

Class III obesity 2 2.47 1 1.82 5 5.43

BMI average (at 12 months) 26.75± 4.12∗c 25.77± 4.13∗c 29.31± 4.55

ES 0.27 0.42 0.02

Values are represented as mean ± SD (n = 81 patients in the resveratrol 100mg group; n = 55 patients in the resveratrol 200mg group; and n = 92 patients in the
control group); ∗p < 0 05 versus initial value; c<0.05 versus control group value.

Table 4: Effect of resveratrol on the lipid profile.

Lipid profile
Resveratrol 100mg group Resveratrol 200mg group Control group
M± SD ES M± SD ES M± SD ES

Serum cholesterol (mg/dL)

Initial 257.56 ± 23.89 — 256.61 ± 22.23 — 255.14 ± 22.08 —

At 6 months 236.75 ± 22.82∗c 0.87 236.16 ± 22.61∗c 0.92 247.25 ± 21.67∗ 0.36

At 12 months 221.52 ± 21.75∗c 0.67 220.44 ± 21.56∗c 0.70 231.41 ± 20.78∗ 0.73

HDL cholesterol (mg/dL)

Initial 39.27 ± 5.27 — 39.36 ± 5.16 — 38.76 ± 5.29 —

At 6 months 43.78 ± 5.28∗c 0.86 43.92 ± 5.18∗c 0.88 40.17 ± 5.21 0.27

At 12 months 45.87 ± 5.31∗c 0.40 46.12 ± 5.11∗c 0.42 42.02 ± 5.14∗ 0.36

LDL cholesterol (mg/dL)

Initial 143.34 ± 15.41 142.82 ± 15.26 143.48 ± 15.46

At 6 months 127.66 ± 13.88∗c 1.02 125.01 ± 13.11∗c 1.04 137.92 ± 13.83∗ 0.36

At 12 months 124.21 ± 13.67∗c 0.25 123.22 ± 13.13∗c 0.29 135.21 ± 13.60∗ 0.20

Triglycerides (mg/dL)

Initial 195.36 ± 20.16 — 195.69 ± 20.24 — 194.45 ± 20.24 —

At 6 months 172.73 ± 18.49∗ 1.12 170.75 ± 18.23∗c 1.23 177.54 ± 19.01∗ 0.84

At 12 months 158.78 ± 16.85∗cr 0.75 156.28 ± 16.28∗c 0.79 166.28 ± 17.77∗ 0.59

Values are represented as mean ± SD (n = 81 patients in the resveratrol 100mg group; n = 55 patients in the resveratrol 200mg group; and n = 92 patients in the
control group); ∗p < 0 05 versus initial value; c<0.05 versus control group value; r<0.05 versus resveratrol 200mg group value.
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where the blood glucose values had a minimal decrease (from
95.71mg/dL to 94.55mg/dL, ES=0.1).

In the following 6 months, blood glucose decreased in
the group receiving 100mg resveratrol from 91.23 to
87.12mg/dL, ES=0.38, in the group receiving 200mg from
91.21 to 86.11mg/dL, ES=0.48, and in the group without
resveratrol, ES= 0.11 (from 94.55 to 93.33mg/dL). In both
groups with resveratrol, the decrease was significant com-
pared to the value at six months and compared to the
control group (Table 5).

Comparing the results of the initial evaluation and 12
months of assessment in nondiabetic patients, ES was 0.85
(from 96.67mg/dL to 87.12mg/dL, p < 0 05) in the group
receiving 100mg resveratrol, 0.97 (from 96.98mg/dL to
86.11mg/dL, p < 0 05) in the group receiving 200mg resver-
atrol, and 0.20 (from 95.71mg/dL to 93.33mg/dL, p > 0 05)
in the group without resveratrol supplementation.

(2) Glycosylated Hemoglobin. Glycated hemoglobin values
decreased after 6 months as follows: in the group receiving
100mg resveratrol from 7.13% to 6.72% (p > 0 05,
ES= 0.27); in the group receiving 200mg resveratrol from
7.15% to 6.66% (p > 0 05, ES = 0.33); and in the group
without resveratrol supplementation, there was a minimal
decrease in HbA1c values (from 7.10% to 7.09%, p > 0 05,
ES= 0.01).

In the next 6 months, a decrease in HbA1c mean
values was noticed from 6.72% to 6.61% (p > 0 05,
ES= 0.08) and from 6.66% to 6.55% (p > 0 05, ES= 0.08)
in the group receiving 200mg resveratrol. In the group
without resveratrol supplementation, ES was 0.03 (from
7.09% to 7.05%, p > 0 05) (Table 6).

Comparing data at the initial evaluation and at 12
months of treatment, ES was 0.34 (from 7.13% to 6.61%,
p > 0 05) in the group receiving 100mg resveratrol, 0.40
(from 7.15% to 6.55%, p > 0 05) in the group receiving
200mg resveratrol, and 0.03 (from 7.10% to 7.05%, p >
0 05) in the group without resveratrol supplementation.

4. Discussion

One of the most prevalent cardiovascular illness is stroke.
This is a main problem not only in matter of health, both
in terms of sequelae and the destructive impact on the quality
of life of the patient, implicitly on his or her relatives, but also
in the point of view of increasing mortality.

Comprehensive research over the last few decades has
discovered multiple mechanisms by which resveratrol
changes cardiovascular risk factors [32, 33]. Diabetes, hyper-
cholesterolemia, and hypertension, by decreasing bioactive
nitric oxide, lead to high production of reactive oxygen spe-
cies in vessel walls. Endothelial dysfunction is a significant
mechanism of cerebrovascular injury, deriving in part from
the excessive generation of reactive oxygen species [32].

Here, we show that long-term resveratrol supplementa-
tion in patients poststroke had a beneficial effect on these
parameters that serve as major risk factors for stroke.

To evaluate the long-term dose-dependent resveratrol
potential in the secondary prevention of stroke, in this study,

we compared the effects of two different doses of resveratrol
in terms of effectiveness on BP, weight status, lipid profile,
and glucose profile, in patients who have suffered a stroke
in the past 12 months.

We chose doses of 100mg and 200mg resveratrol/day,
respectively, due to the fact that it has been shown that doses
of resveratrol lower than 0.5 g per person may be sufficient to
decrease blood glucose levels, improve insulin action, and
generate cardioprotective effect and other favorable effects
[34, 35]. Moreover, some studies imply that in certain cases,
resveratrol can be more efficient in lower doses compared
to the effect produced by this compound in higher doses
[36, 37]. Nevertheless, studies upon the toxicity of resveratrol
in humans reveal that doses up to 0.5 g per day for long
periods may determine only reversible and moderate side
effects, being well tolerated [38].

We recorded significant decreases in BP, BMI, lipid
profile parameters, and glucose in patients, treated with a
daily oral dose of 100 or 200mg resveratrol for a year,
as compared to the control group. The effect of resveratrol
in 200mg dose was significantly better than in 100mg
dose, on triglyceride values alone. Patients were monitored
for a period of 12 months, during which no new vascular
attack occurred in any group; however, in the resveratrol
groups, the monitored parameters were significantly
improved. Previous studies have revealed that stroke risk
factor identification and treatment can considerably pre-
vent long-term morbidity and mortality and can diminish
ischemic stroke after a first stroke [38, 39].

Besides age, the most significant cardiovascular risk fac-
tor for developing both hemorrhagic and ischemic stroke is
hypertension. In addition, hypertension predisposes to risk
of cardiac diseases and atherosclerosis, thereby determining
cerebral embolism. The inflammatory mechanisms hold an

Table 5: Effect of resveratrol on glucose.

Evaluation
Glucose (mg/dL)

Diabetics ES Nondiabetics ES

Resveratrol 100mg group

Initial 142.18 ± 15.22 — 96.67 ± 11.26 —

At 6 months 136.29 ± 14.48c 0.39 91.23 ± 10.75∗c 0.48

At 12 months 134.24 ± 14.31 0.14 87.12 ± 10.61∗c 0.38

Resveratrol 200mg group

Initial 142.46 ± 15.24 — 96.98 ± 11.23 —

At 6 months 136.21 ± 14.56c 0.41 91.21 ± 10.67∗c 0.51

At 12 months 133.89 ± 15.68 0.16 86.11 ± 10.78∗c 0.48

Control group

Initial 142.47 ± 15.83 — 95.71 ± 11.63 —

At 6 months 141.81 ± 15.31 0.04 94.55 ± 11.22 0.10

At 12 months 140.58 ± 15.62 0.08 93.33 ± 11.28 0.11

Values are represented as mean ± SD (n = 13 diabetic and n = 68 nondiabetic
patients in the resveratrol 100mg group; n = 11 diabetic and n = 44
nondiabetic patients in the resveratrol 200mg group; and n = 16 diabetic
and n = 76 nondiabetic patients in the control group); ∗p < 0 05 versus
initial value; c<0.05 versus control group value.
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important role in the progression and pathogenesis of ath-
erosclerosis, thrombosis, plaque rupture, and stroke [40].
As we have previously mentioned, endothelial dysfunction
is regarded as an important mechanism for cerebrovascular
damages [32].

Several studies have reported an increased level of lipid
peroxidation and oxidative stress biomarkers in patients
with essential or secondary hypertension [41–44]. Other
studies showed that the production of H2O2 and 13-
hydroxyoctadecadienoic acid, a ROS production marker,
is significantly higher in these patients than in subjects
with normal BP [45, 46]. Therefore, due to its antioxidant
activity, resveratrol may have beneficial effects in reducing
high BP. In a study performed on 97 patients, Theodotou
et al. concluded that adding resveratrol to the standard anti-
hypertensive treatment effectively reduces BP [47]. This may
occur through increasing the production of nitric oxide in
blood vessels, where it activates the guanylate cyclase
enzyme, which facilitates vasodilatation [40, 48].

Our study demonstrated that the association of resvera-
trol to allopathic treatment for 12 months resulted in a signif-
icant decrease in BP (p < 0 05) in poststroke patients.

The evaluations at 6 months and 12 months did not indi-
cate significant differences between the two batches with dif-
ferent doses of resveratrol on the effect on BP.

Multiple studies have demonstrated that resveratrol is
able to determine cell cycle arrest and counteracts adipo-
genesis, in the same time having a proapoptotic effect in
adipocytes of mice and humans [49].

Resveratrol is a substance with multiple desirable anti-
obesity effects on adipocytes in body storage tissues. It
also diminishes adipogenesis and viability in preadipocyte
maturation, which is mediated by the regulation of spe-
cific adipocyte and enzyme-specific transcription factors
as well as genes that modulate mitochondrial function.
Resveratrol also increases the processes of lipolysis and
reduces lipogenesis in mature adipocytes [50].

In this study, following a 12-month administration of
resveratrol 100mg and 200mg, respectively, there was a sig-
nificant decrease in mean BMI when compared to the control
group, with no significant differences between the groups
with 100 and 200mg. BMI values have changed over the
12 months even though most patients kept their weight,
the results showing a decrease of this index.

Dyslipidemia and steatohepatitis determined by the
atherogenic diet in mice were improved by resveratrol, its
beneficial effects being correlated with the altered expression

of hepatic genes implicated in lipid metabolism [51]. In obese
mice, given a high-calorie diet, resveratrol significantly
decreased the body weight [52–54]. Studies on the nonhu-
man primate (Microcebus murinus) found that the adminis-
tration of 200mg/kg/day of resveratrol caused an increase
in basal metabolism and energy consumption, suggesting a
potential mechanism for weight loss [55, 56]. In this paper,
favorable changes in the lipid profile in all three groups, both
at 6 months and at 12 months, may be associated with the
hygienic-dietary regimen imposed on poststroke patients.

Six months after starting resveratrol administration, a
significant decrease in cholesterol and lipid profile change
in favor of the patient was observed. Significant values in lipid
profile changes were even more noticeable 12 months after
resveratrol administration started. In order to define the lipid
profile, a great importance had the increase in HDL choles-
terol values and decrease in LDL cholesterol, respectively,
after the administration of resveratrol. Triglyceride levels
decreased significantly in the groups of patients with resvera-
trol. Between the two resveratrol groups, there were signifi-
cant differences in triglyceride values, which meaningfully
decreased in the group with 200mg/day/patient.

In the literature, it has been highlighted that resveratrol
has antidiabetic effects, with a positive effect on both insulin
and pancreatic β cells, and impedes complications of the dis-
ease [57, 58]. Resveratrol activates the Sirtuin 1 (SIRT1) path-
ways, according to some recent studies on how resveratrol
works in diabetes. SIRT1 expression and activity were signif-
icantly reduced in experimental models of diabetes mellitus.
Some of the favorable effects of resveratrol on adjusting glu-
cose homeostasis are mediated by the activation of adenosine
monophosphate-activated kinase (AMPK). Modification of
AMPK activity, under hyperglycemic conditions, correlates
with insulin resistance and tissue damage and with hypergly-
cemia, supporting a key role of AMPK in type 2 diabetes [59].

Data existing in the literature show diverse effective doses
of resveratrol in insulin-resistant individuals. Thus, it is
important to understand that the mechanisms of action of
resveratrol can vary according to its dose. Treatment with
lower doses of resveratrol activates SIRT1, while higher doses
activate AMPK in a way independent of SIRT1 [60].

We noticed a decrease in blood glucose levels, both in the
first and last six months of administration. The changes were
not significant in diabetic patients for none of the studied
groups; however, the effect was more favorable in the resver-
atrol groups. Oxidative stress plays an important role in the
development of insulin resistance and can be neutralized by

Table 6: Effect of resveratrol on HbA1c.

Evaluation
HbA1c (%)

Resveratrol 100mg group Resveratrol 200mg group Control group
M± SD ES M± SD ES M± SD ES

Initial 7.13 ± 1.51 — 7.15 ± 1.50 — 7.10 ± 1.47 —

At 6 months 6.72 ± 1.40 0.27 6.66 ± 1.41 0.33 7.09 ± 1.43 0.01

At 12 months 6.61 ± 1.38 0.08 6.55 ± 1.40 0.08 7.05 ± 1.46 0.03

Values are represented as mean ± SD (n = 13 diabetic patients in the resveratrol 100mg group; n = 11 diabetic patients in the resveratrol 200mg group; and
n = 16 diabetic patients in the control group).
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the antioxidant effect of resveratrol [59, 61]. Previous studies
indicated increased insulin sensitivity in patients treated with
resveratrol [62] and explained these effects by the decrease in
oxidative stress, as evidenced by the monitoring of some
biochemical parameters.

Recommendations: six months after starting resveratrol
administration, a significant decrease in cholesterol and
LDL cholesterol was observed. Thus, adding resveratrol to
standard lipid-lowering medication may help restoring
normal lipid profile values in these patients (Figure 1).
Observation of the lifestyle and nutrition subsequent to a
stroke of a patient was not an objective in itself of our study
but could be a direction for further research.

5. Conclusions

The supplementation of allopathic treatment with resveratrol
had a beneficial effect on all monitored parameters that serve
as major risk factors for stroke. The response to treatment
was better in the 200mg resveratrol group, but the differences
were not significant compared to the 100mg resveratrol
group. Therefore, resveratrol can be used as a complemen-
tary, long-term therapy, as well as a beneficial adjuvant in
the secondary prevention of stroke.
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