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Aging is a natural process of life. The causes of aging may
come from different sources, both internally and externally.
Cellular aging may lead to organ dysfunction during this
complicated, irreversible process. Shortening of telomeres
during each cell division may lead to cell death; a cell stops
dividing while its telomeres shrink to a critical minimum
size; and it is one of the causes found in the degeneration
of our vision, memory, and immune system. Another con-
tributor to the aging process is oxidative stress. Increased
reactive oxygen species (ROS) levels caused by environmental
pollution, ionizing radiation, food additives, and so forth
may mutate our genes; induce harmful effects on our cells,
such as oxidations of lipid, amino acids in proteins, and
inactivate specific enzymes; and be a causal factor of cancer
development and premature aging. In order to live healthily
while we grow old, healthy eating and life style are crucial.
Meanwhile, scientists spend a lot of effort trying to investigate
ways to support healthy aging and prevent or delay the onset
of age-related disease and decline. Many natural ingredients
are also found to be beneficial; for example, flavonoids may
help fight oxidative stress.

This special issue was to collect information on themech-
anism of aging and idea on how to mitigate, delay, or treat
age-related decline and diseases. The issue includes studies
particularly focusing on the roles of ROS and inflammation
and gene in aging and antiaging, as well as investigations
of natural products and medications related to antiaging,

anticancer, and prevention of cardiovascular diseases, thus
promoting a healthy aging from different aspects.
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We have developed a new “drug” and approach that appear to be effective in reducing arterial age. This “drug” represents a
low, subtherapeutic dose of statin and sartan and particularly their low-dose combination. The improvement of arterial wall
characteristics, also reflecting in a decrease of arterial age, was achieved after a short period of treatment (one month) with the
above-mentioned drugs. In addition, we have also implemented a new, innovative therapeutic approach, consisting of intermittent
(cyclic) treatment—alternating short “treatment” periods andmuch longer “rest” periods (when the beneficial effects are still present
but gradually decline). This new “drug” and approach both merit further investigation in order to confirm their antiaging efficacy.

1. Introduction

Arterial aging is a process that occurs as part of whole body
aging. The role, contribution, and importance of arterial
aging to whole body aging have not yet been clarified.
Nevertheless, it seems logical that arterial aging should
have an important, if not pivotal, role in the aging of the
whole body. Therefore, arterial aging could be a valuable
target for antiaging interventions. Furthermore, arterial aging
also substantially contributes to cardiovascular disorders and
represents an important risk factor. It is also of note that a
person’s age is reflected in their arterial aging.

Although significant advances have been achieved in the
prevention and treatment of cardiovascular diseases, they
still remain the most important factor of morbidity and
mortality in the developed world [1]. Consequently, new
strategies for their more effective prevention are desirable [2],
as are strategies to allow successful aging. Thus, at least in
theory, slowing or even reversing arterial aging could result
in both antiaging and cardiovascular preventive effects and
benefits.We have previously described and introduced a new,
innovative preventive approach, which we have now explored
even further. In contrast to other implemented approaches,
our concept targets the arterial wall directly rather than
the risk factors for aging and atherosclerosis. Notably,

the treatment of arterial aging has not been described as an
antiaging approach.

We therefore propose a new “drug(s)”: low, subthera-
peutic doses of statins and sartans and particularly their
combination. In addition, we propose a new innovative
approach. The approach consists of “intermittent” treatment,
that is, one-month therapy followed by a 6–12 month free-of-
treatment “rest” period (when the beneficial effects are still
present but gradually decline). This period is then followed
by a new treatment cycle [3]. The efficacy of the described
approach has been studied on apparently healthy male indi-
viduals [4–6], as well as patients with diabetes mellitus type 1
[7] and type 2 and patients surviving myocardial infarction.
Herein, we describe and present our approach in detail,
combining data from the spectrum of our different studies.

2. Arterial Age

Age is an important risk factor for cardiovascular events
and cardiovascular risk calculators are based on age, such as
the most widely used Framingham Risk Score and SCORE
[8]. With regard to age, some studies suggest that arterial
(vascular) age should be considered in risk predictionmodels
instead of chronological age, especially for young or middle-
age people with low cardiovascular risk [9–11]. Thus, arterial
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(vascular) age can be defined as an individual’s age after
considering their functional and structural arterial wall prop-
erties and represents the age at which an individual’s arterial
wall parameter level would be in the healthy populationmean
[11]. Importantly, it should be considered that chronological
and arterial (vascular) age are not always strictly parallel.
Moreover, it is much more common that both “types” of
aging continue at a different pace. From a clinical point of
view, arterial age seems to be more important as a risk and
prognostic factor for cardiovascular events, since it more
reliably reflects the real age of an individual than his or her
chronological age.

For an individual, the concept of arterial age is more
understandable than cardiovascular disease risk [10–12]. Sev-
eral methods exist for calculating arterial age, some of which
are based on coronary calcium score determination [13], such
as the MESA (Multi-Ethnic Study in Atherosclerosis) arterial
age calculator [14]. In another study, arterial age calculation
was based on nomograms of carotid intima-media thickness
(cIMT) [9]. Arterial age calculation can be based directly on
the structural and functional arterial wall parameters, such as
in pulse wave velocity (PWV) and cIMT [11].The importance
of arterial aging has been confirmed by calculations of
vascular aging from SCORE and Framingham scores that
have recently been extended for arterial age determination
and calculations [10, 15].

We believe that arterial age is a very important factor in
the aging process, since arteries are the body’s main system
that interconnects all body organs. Consequently, arterial age
could be a surrogate for biological age. If we can achieve
arterial age decrease, we can logically expect an improvement
of the function of other body systems, resulting in a decrease
in the whole body’s age. Thus, arterial age could be an ideal
target for any antiaging intervention. Decreasing arterial age
could result in double benefits: a decrease in arterial age
and whole body age and a decrease in cardiovascular risk.
Research targets should therefore be focused on arterial age
in order to try to obtain efficacious treatment for arterial
health prevention in the near future. Taken all together, the
rationale is to reduce arterial age. Both age and cardiovascular
risk decrease would be possible by targeting the arterial age.
In this regard, a new “drug” and approach, which would
effectively target arterial age, seem to be a straightforward
solution in antiaging medicine.

3. Innovative ‘‘Drug’’

We propose a new “drug,” which, at least in theory, could
be beneficial in reducing injury of the arterial wall induced
by aging. It consists of two widely used drug groups with
known beneficial effects on the arterial wall: statins and
sartans or their combination. These beneficial effects are
so-called “pleiotropic effects” and are beyond their primary
mode of action, namely, plasma cholesterol reduction and
blood pressure lowering. Beneficial pleiotropic effects are
manifested through variousmechanisms, themost important
being those that are similar in both drug groups: oxidative
stress reduction, inflammation lowering, and other potential

mechanisms, exerted directly on the arterial wall [16–18].
Due to the described mechanisms, these two drug groups
represent a fairly logical choice for arterial antiaging, as the
aging process is the consequence of their perpetual activation.
Their efficacy on arterial function improvement has also been
explored, and they have been proved to be efficient to a certain
extent in therapeutic doses. At therapeutic doses, their effect
could be purely the result of their primary mode of action
[19–22]. It is very important to consider that the pleiotropic
effects of the drugs described appear even when they are
administered at lowdoses, that is, doses that do not exert their
primary effect on cholesterol or blood pressure [23, 24]. This
phenomenon is of paramount importance for our approach.
In addition, in subtherapeutic doses, these drugs have almost
no side effects and are particularly safe [25, 26].

As mentioned above, pleiotropic effects are not strictly
dose-dependent as they do not always appear in parallel with
therapeutic effects. For example, if a higher dose of a certain
statin reduces cholesterol to a higher degree, this does not
mean that its pleiotropic effects are also greater at a higher
dose. Thus differences appear in the pleiotropic effects of
low and high doses, particularly in the pleiotropic effects
on the arterial wall. For example, rosuvastatin was shown to
possessmore beneficial pleiotropic effects at low doses than at
high doses. In low doses, rosuvastatin significantly increased
capillary density and accelerated bloodflow in amousemodel
of surgically induced limb ischemia. This was accompanied
by an increase in circulating endothelial progenitor cells,
dependent on endothelial NO-synthase activation. These
effects were not observedwith rosuvastatin at high doses [27].

Based on the aforementioned assumptions, we proposed
a new approach to improving arterial wall characteristics,
choosing statin, sartan, or their combination at low doses.
Low doses were selected in order to achieve maximal
pleiotropic beneficial effects on the arterial wall and to avoid
any potential side effects. We chose low-dose fluvastatin,
valsartan, or their low-dose combination for our clinical
studies. We found that already after a short period (14 days
to 1 month) of treatment with a low-dose combination of
fluvastatin and valsartan or separate drugs, the functional and
structural arterial wall characteristics improved; that is, PWV
and beta-stiffness were reduced and flow-mediated dilation
(FMD) improved (Figure 1). These results confirm the strong
efficacy of such a low-dose drug combination. At the low
doses used, the drugs do not exhibit their primary mode
of action [3]. These facts were confirmed in our previous
studies, along with the fact that combination treatment was
superior to separate drugs [4–6].This effect could be additive
or even synergistic [28–31]. Notably, since this kind of low-
dose combination has not been investigated previously, it
represents an innovative “drug.”

4. Innovative Approach

We introduced intermittent or cyclic treatment, where a
cycle means a short period of treatment and a long period
without treatment. We believe that intermittent treatment is
more effective, since it does not allow rebound mechanisms



BioMed Research International 3

Short term

Intermittent

Statin

Sartan
Low-

“Drug’’ doseApproach

∗the strongest effect

Combination∗

Figure 1: Schematic presentation of the “drug” and approach. The
approach is formed of a short-term treatment period, followed
by much longer period without treatment, that is, intermittent
approach. The “drug” consists of two widely used drug groups with
known beneficial effects on the arterial wall: low-dose statins and
sartans or their low-dose combination.

to develop that could be particularly important for the
inhibition of the pleiotropic effects. It is worthy of mention
that in animal studies we observed that, after reaching a
peak, the effects decline with the continuation of the same
treatment; this is probably due to the reasons described above
[32]. Additionally, better compliance and almost no side
effects are achieved by short-term treatment.

We have tested this intermittent cycling approach in
several studies.The approach consists of a short (one-month)
treatment period followed by a relatively much longer rest
period (from a few to 12 months). During the rest period,
the beneficial effects are still present but gradually decline
(Figure 2). We observed that the so-called “rest” period
should be shorter in participants with already injured arterial
wall (patients with diabetes mellitus, after myocardial infarc-
tion) and longer in healthy persons [7]. This observation is
quite logical and supports our idea.

5. Improvement of Arterial
Wall Characteristics

The drug combination and therapeutic approach described
above specifically target the arterial wall. The latter has two
types of characteristics: functional, represented by endothe-
lial function, and structural, represented by the arterial
stiffness. However, arterial stiffness is more complex, as it is
influenced by functional and structural changes.

The functional characteristics of the arterial stiffness
are regulated by the vascular smooth muscle cells (VSMC),
which are in turn regulated by vasoactive hormones, the
most important one being nitric oxide (NO), released by
the endothelium. These characteristics might therefore be
improved through improvement of the endothelium. For this
kind of improvement, the effects can vary from immediate
to long-term, but on the other hand, for structural char-
acteristics improvement, a longer time is needed to allow
for remodeling. The structural characteristics are defined by
the ratio between collagen and elastin in the arterial media,
as well as the amount of viable VSMC that produce these
compounds. The higher the amount of elastin, the more

“Treatment

period”
period”

(1 month)

“Treatment
period”

(1 month)
“Rest

period”
“Rest

· · ·

· · ·

· · ·

0 01 16–12 6–12

Time (months)
First intervention Second intervention

Im
pr

ov
em

en
t/e

ffe
ct

Figure 2: A scheme representing the intermittent approach. The
approach consists of a short (one-month) treatment period followed
by a relatively much longer rest period (from a few to 12 months).
During the rest period, the beneficial effects are still present but
gradually decline.

elastic the artery, while, on the other hand, the artery becomes
stiffer with age, when collagen predominates and becomes
cross-linked. This particular characteristic is also influenced
by the functional characteristics of the arterial wall. For arte-
rial stiffness improvement/decrease, two possible approaches
could be used: (i) decrease in functional and (ii) decrease in
structural effects on arterial stiffness. Our approach interferes
with and influences both.

A one-month treatment with a low-dose combination of
fluvastatin and valsartan improves the functional arterial wall
characteristics. Through these and additional mechanisms,
it also subsequently influences the structural arterial wall
characteristics, leading to overall beneficial effects on the
arterial function. The improvement in functional character-
istics is evident in an increase in FMD, while the structural
characteristics’ improvement is evidenced by a decrease
in both PWV and 𝛽-stiffness [4–6]. In addition to these
observations, we have shown that these effects can at least
in part be explained by a reduction in inflammation and
oxidative stress [33].

6. Decrease of Arterial Age

We have proposed the following concept—if arterial stiffness
increases with age, a decrease in arterial stiffness will result
in decreasing arterial age. The decrease of arterial age was
achieved by our approach in all studied groups of apparently
healthy participants. After one month of treatment, low-
dose fluvastatin or low-dose valsartan separately decreased
arterial age by approximately 7 years, whereas a low-dose
combination decreased arterial age by approximately 10 years.
These calculations are based on nomograms for PWV and 𝛽-
stiffness [34, 35].

7. Proof of the Concept

Aging influences the arterial wall through two basic inter-
connected mechanisms: structural and dynamic. Structural
aging is the consequence of a higher collagen to elastin
fibers ratio, leading to stiffer arteries. Dynamic aging is
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the consequence of reduced nitric oxide (NO) bioavailability,
leading to endothelial dysfunction and a higher tone of
smooth muscle cells in the arterial media. All these derange-
ments have a similar pathophysiological background, namely,
increased oxidative stress and inflammation in the arterial
wall [36]. Additional, not yet fully discovered mechanisms
probably also play a role. Nevertheless, all of the described
derangements could be influenced, amongst other, also by the
new “drug” and approach [33, 36].

In our studies, we have thoroughly tested the described
new, innovative “drug” and approach. In apparently healthy
middle-aged men, we tested the effect of one-month ther-
apy with low-dose fluvastatin, valsartan, or their low-dose
combination. We have consistently obtained improvement
of arterial wall characteristics in every participant. These
results were all statistically significant to a very high degree.
In participants treated only with low-dose fluvastatin, PWV
decreased by 6% and𝛽-stiffness decreased by 11%,while FMD
improved by 92%, all compared to the baseline values [4].
Low-dose valsartan showed slightly better results, with PWV
decreasing by 8% and 𝛽-stiffness by 12% and FMD improving
by 150% [5]. As expected, the low-dose combination of fluvas-
tatin and valsartan proved to be the most potent. In the latter
group of participants, PWV decreased by 11% and 𝛽-stiffness
by 12% and FMD improved by 170% [6]. These results were
further supported by an accompanying significant decrease
in inflammatory markers, namely, high sensitivity C-reactive
protein (hsCRP), vascular cell adhesion molecule-1 (VCAM-
1), and interleukin 6 (IL-6) in the low-dose combination
group. Additionally, oxidative stress parameters also signifi-
cantly changed only in the low-dose combination group, with
total antioxidant status (TAS) and glutathione peroxidase
(GPx) increasing and selenium levels decreasing [33]. These
molecular results partially elucidate the mechanism behind
the approach. Furthermore, the effectiveness of a 30-day
treatment with a low-dose combination of fluvastatin and
valsartan was also proved in patients with diabetes mellitus
type 1; PWV decreased by 7.5% and 𝛽-stiffness decreased by
10% while FMD improved by 73% [7]. Importantly, we have
observed no side effects in any of our study participants.
This was somehow expected, as low, subtherapeutic doses of
statins and sartans were used, thus not producing any blood
pressure or lipids reduction.

When the arterial wall parameters were monitored after
discontinuation of the one-month treatment, the protective
pleiotropic effects were still present over a certain period
of time but gradually declined. The decline was the fastest
in the low-dose fluvastatin group, followed by the low-dose
valsartan group [4, 5]. In the low-dose combination group,
the residual effect fivemonths after treatment discontinuation
was somehow surprisingly still at almost 80% and was
halved only after 10 months (therefore not yet reaching
the basal level) [6], thus allowing for a probable one-year
cycle period. Our preliminary observations show that after
these effects reached the basal level, repeating a one-month
treatment with the same drug/combination as the previous
time gave the same results as the first treatment. When these
results are taken together, a constant cyclical achievement
of the basal level results or basal level arterial age could

be achieved with the described intermittent approach over
several years or even longer. Evidently, the arterial aging
process can be slowed down. Furthermore, on the one hand,
such treatment leads to obtaining or regaining some “arterial”
years that would be otherwise lost and would lead to a more
rapid decline in arterial function, preclinical atherosclerotic
changes, and later on to atheroscleroticmanifestation. On the
other hand, such treatment leads to the slowing ofwhole body
aging.

This concept was proven even further in animal studies
with isolated rat heart and aorta, where we obtained the
highest increase in endothelium-dependent thoracic aorta
relaxation and coronary flow after six weeks of treatment
with low-dose statin, sartan, or their low-dose combination.
As in human studies, the low-dose combination was the
most effective. It should be emphasized that, after eight
weeks of treatment, the described protective effects declined,
thus proving the assumption on the activation of counter
compensatorymechanisms [32].Therefore, an optimal length
of therapy should be used in order to obtain the maximal
possible effect on the one hand and avoid triggering the
compensatory mechanisms that diminish protective effects
on the other. The results in animal studies were further
backed by gene expression experiments, where the expression
of endothelin receptor type A (EDNRA) gene was reduced,
while the expression of endothelial nitric oxide synthase 3
(NOS3) gene increased [37].

8. Future Perspectives

We have shown that our new “drug” and approach are
effective in a varied range of participants, from apparently
healthy to unhealthy ones. We believe that ideal candidates
for treatment would be middle-aged males and females,
still healthy or with existing cardiovascular disease, diabetes
mellitus, or overt atherosclerotic disease, and also the elderly.
We believe that the new “drug” and approach could be
somehow effective in these people as well, despite their
different characteristics and the drugs they already use.

All in all, our previous studies have confirmed the
effectiveness of our new innovative “drug” and approach to
improving arterial wall properties and consequently decreas-
ing arterial age. We propose that repetition of treatment
cycles (alternating treatment and rest periods) through the
years could preserve arterial age at approximately the same
level for a longer period of time. Obviously, several additional
studies are necessary to confirm the effectiveness of our
preventive approach. Further animal and human studies
exploring the exact mechanisms underlying the observed
beneficial effect are also required. Larger and long-lasting
studies are needed in order to test whether this approach
influences whole body aging and reduces cardiovascular
events in the long term.
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The differential effects of a selective kappa- (𝜅-) opioid receptor agonist, U50488, were elucidated by monitoring the contraction
of isolated guinea pig atrial and ventricular muscles. In electrically driven left atria, U50488 in nanomolar concentration range
decreased the contractile force. Norbinaltorphimine (norBNI), a selective 𝜅-receptor antagonist, and pertussis toxin (PTX)
abolished the negative inotropic effect of U50488. In contrast, the inhibitory effect was not affected by the pretreatment of atropine
or propranolol. Even thoughU50488 exerted a negative inotropic effect in the left atrium, it did not affect the contractile force of the
right atrium and ventricles paced at 2Hz. Similarly, the beating rate of the spontaneously beating right atrium was also unaffected
by U50488.These results indicate that the activation of 𝜅-opioid receptors can only produce negative inotropic effect in left atria via
activation of PTX-sensitive G protein in guinea pigs. The absence of negative inotropic effects in right atria and ventricles suggests
that there may be a greater distribution of functional 𝜅-opioid receptors in guinea pig left atria than in right atria and ventricles,
and the distribution of the receptors may be species-specific.

1. Introduction

Many studies have indicated that 𝜅-opioid receptors exist in
the heart by receptor binding assay [1–3] and physiological
studies [4, 5]. Stimulation of 𝜅-opioid receptors in the heart
may evoke negative inotropic [6, 7] and chronotropic effects
[8]. Prior investigators also suggested that activation of
cardiac 𝜅-opioid receptors could mediate cardioprotective
and antiarrhythmic effect during myocardial ischemia and
reperfusion [9–12]; modulation of cardiac function by opioid
peptide receptor agonists or antagonists, and future drug
development to improve myocardial salvage would be pos-
sible [2, 3].

While U50488, a selective 𝜅-opioid receptor agonist, de-
creases the electrically induced [Ca2+]i transient in rat cardiac
myocytes at a higher concentration (𝜇mol/L) by activating

the phosphoinositol pathway [13, 14], it inhibits the aug-
mentation of the electrically induced [Ca2+]i transient by
𝛽-adrenoceptor stimulation in the heart at a lower concen-
tration (nmol/L) [13]. Electrophysiological studies showed
that U50488 could inhibit the P-type calcium channel in
brain Purkinje cells through activation of 𝜅-opioid receptors
[15, 16]; it could also inhibit the L-type calcium, sodium,
and potassium channels in ventricular myocytes directly at
a higher concentration [17, 18].

Several studies have reported that 5-hydroxytryptamine
(5-HT), calcitonin gene-related peptide (CGRP), angiotensin
II, somatostatin, adenosine, and diadenosine tetraphosphate
changed the contractile force more in atrial than in ventric-
ular tissues [19–23]. However, opioid receptors exist in both
atria and ventricles; it is still unknown whether there is any
response difference in the 𝜅-opioid receptors between these
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Figure 1: Effect of U50488 on the contractile force in guinea pig atria and ventricle. Sinoatrial node of right atrium was removed. Atria and
ventricle were paced at 2Hz. After equilibrium for 30min, U50488 and norBNI were added sequentially. (a) Left atrium. (b) Right atrium.
(c) Right ventricle.

tissues. This study was planned to examine the effects of a
selective 𝜅-receptor agonist, U50488, on atrial and ventric-
ular muscles isolated from guinea pigs.

2. Materials and Methods

2.1. Chemicals. NorBNI (norbinaltorphimine), U50488
(trans-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclo-
hexyl]-benzeneacetamide), U69593 ((+)-(5𝛼,7𝛼,8𝛽)-N-meth-
yl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneac-
etamide), and PTX (pertussis toxin) were purchased from
Research Biochemicals International (RBI) Chem. Co.
(USA). Propranolol, atropine, and carbachol were purchased
from Sigma Chem. Co. (USA).

2.2. Isolated Cardiac Preparations and Mechanical Response.
Preparations of isolated left and right atria (or ventricles)
frommale guinea pigs (Hartley strain, 0.2–0.5 kg) were used.
The preparations were bathed in Tyrode solution, and the
Tyrode solution (composition in mM: NaCl 137.0, KCl 5.4,
MgCl

2
1.1, NaHCO

3
11.9, NaH

2
PO
4
0.33, dextrose 11.0, and

CaCl
2
1.8) was aerated with 5% CO

2
and 95% O

2
at 37 ±

0.5∘C. Contractions of spontaneously beating right atrial
preparations, as well as the electrically driven left atrial,
right atrial, and right ventricular strips, were measured by
connecting one end of the preparation to a force displacement
transducer (type BG 25, Gould Inc., Cleveland, Ohio, USA)
by a fine silk thread and were recorded on a Gould RS 3400
recorder. To obtain themaximumdeveloped tension, an opti-
mal preload (1.0 g) was used. Left atria, right atria, and right
ventricular strips were stimulated at a frequency of 2Hz by
rectangular pulse of 2ms duration at supramaximal intensity
via an isolated Grass S88 stimulator (Grass Instruments Co.,
Quincy, MA, USA).

2.3. Assessment of the Effects of PTX. To assess a possible
role of pertussis toxin-sensitive G protein in the actions of
U50488, guinea pigs were pretreated with PTX 150𝜇g/kg
(i.p.) for 24 h before sacrifice.The influence of PTXon cardiac
tissues was verified by the contractile responses of left atrial
strips to carbachol. Carbachol (0.1 𝜇mol/L) decreased the
basal contractile force from 0.8 ± 0.1 g to 0.5 ± 0.1 g (decrease
about 44% in control group, 𝑛 = 5), whereas a less decrease
was found, from 0.8±0.1 g to 0.6±0.1 g (decrease about 24%,
𝑛 = 5), in PTX-treated group.

2.4. Statistics. Data are expressed as mean ± SE. Statistics
comparison was made by Student’s paired or unpaired 𝑡-test
with the level of significance taken as 𝑃 < 0.05.

3. Results

3.1. The Differential Effects of 𝜅 Receptor Agonists on Car-
diac Contractility. Figure 1 shows the original tracings of
continuous tension recordings of three different guinea pig
atrial and ventricular preparations in cumulative response to
300 nmol/L and 1 𝜇mol/L U50488. In the left atrium, U50488
exerted a significant and immediate negative inotropic effect
(Figure 1(a)). This inhibitory effect reached a steady state
in 10min and could be eliminated by norBNI (1 𝜇mol/L),
a selective 𝜅-opioid receptor antagonist. In contrast, the
inhibitory effect was not found in the preparations of right
atrium, right ventricle (Figures 1(b) and 1(c)), and left ven-
tricle (not shown). Average data of the influence of U50488
on the contractile force of left atrial preparations are shown
in Figure 2. U50488 started to reduce the contractile force
significantly at 30 nmol/L. At 100 nmol/L, 300 nmol/L, and
1 𝜇mol/L, it reduced the force to 77.3 ± 5.0%, 60.6 ± 7.7%,
and 49.8 ± 6.9% (𝑛 = 5) of the control, respectively. Similarly,
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Figure 2: The concentration-dependent effects of U50488 on
contractile force of left atrium illustrated as percentage of control.
Vertical lines are SE. ∗ and ∗∗ indicate 𝑃 < 0.05 and 𝑃 < 0.01 as
compared with control (𝑛 = 5).

we found that U69593, another selective 𝜅-receptor agonist,
also has the same negative inotropic effect on left atria but
not the preparations of right atria and ventricles (figure not
shown) in our other experiments. The inhibitory effect could
also be abolished by norBNI (1 𝜇mol/L). At 300 nmol/L and
1 𝜇mol/L, it reduced the force to 54.4 ± 5.3% and 45.9 ± 6.4%
(𝑛 = 4) of the control, respectively. As higher concentrations
of U50488 and U69593 may elicit effects not mediated via
opioid receptor [24], they were not investigated with the 𝜅-
opioid receptor antagonist.

3.2. Effects of norBNI andPTXon theNegative InotropicAction
of U50488. To further evaluate whether the inhibitory effects
of U50488 on left atria were due to 𝜅-opioid receptors and
the coupling of inhibitory G protein, Gi/o, the muscle strips
were pretreated with a selective 𝜅

2
-receptor antagonist,

norBNI (1 𝜇mol/L), for 10min. We found that norBNI at
1 𝜇M alone did not affect the contractile force of the left atrial
preparations, but it prevented the inhibitory effects ofU50488
(Figure 3(a)). In left atria isolated from guinea pigs pretreated
with PTX (150 𝜇g/kg, i.p.), which catalyzes the adenine
nucleotide ribosylation of Gi/o protein 𝛼-subunits, U50488
also failed to exert any inhibitory response (Figure 3(b)).
The average data of U50488 after norBNI or PTX pretreat-
ment are shown in Figure 4.

3.3. Effects of Propranolol and Atropine on the Negative Ino-
tropic Action of U50488. It had been reported that propra-
nolol couldmodify the inhibitory effect of U50488 in isolated
right atria of rat [4, 7], and the 𝜅-receptor agonist could
inhibit norepinephrine release from cardiac sympathetic

1g

200 s

0.3 𝜇mol/L U50488 1𝜇mol/L U50488

(a) norBNI pretreatment

0.3 𝜇mol/L U50488 1𝜇mol/L U50488

(b) PTX 150𝜇g/kg, i.p.

Figure 3: Representative tracings show the effect of norBNI and
PTX on the effect of U50488 in left atria. (a) A norBNI (1 𝜇mol/L)
pretreated atrium. (b) An atrium from PTX-pretreated guinea pig
(150 𝜇g/kg for 24 h).
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Figure 4: Effect of U50488 on left atria pretreated with norBNI (𝑛 =
4) and PTX (𝑛 = 5).

nerve [25]. Therefore, we evaluated whether the inhibitory
effects of U50488 in isolated left atria of guinea pig could be
affected by propranolol (3𝜇mol/L). A representative example
of the effect of propranolol pretreatment on the U50488-
induced negative inotropic action is shown in Figure 5(a),
and the average result is shown in Figure 5(b). The average
amplitudes of the contractile force of the left atrial prepara-
tions were decreased to 62.7 ± 4.3%, 54.2 ± 5.1%, and 46.0 ±
5.7% (𝑛 = 6) of the control by 0.3, 1, and 3 𝜇mol/L of U50488,
respectively. Decreases in contractile force induced by 0.3
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Figure 5: Negative inotropic effect of U50488 in left atria pretreated with propranolol (3𝜇mol/L, 𝑛 = 6) or atropine (1 𝜇mol/L, 𝑛 = 5). (a)
Representative traces show the effect of U50488 on the contractile force in left atria pretreated with propranolol or atropine for 20min. (b)
Concentration-dependent effects of U50488 on contractile of left atria in the presence of propranolol or atropine. Values are expressed as
percentage of control. Vertical lines are SE. ∗ and ∗∗ indicate 𝑃 < 0.05 and 𝑃 < 0.01 as compared with control.

and 1 𝜇mol/L of U50488 were also completely eliminated by
norBNI. In comparison with the decrease in contractile force
induced by U50488 alone, propranolol did not affect the
negative inotropic effect of U50488 on left atrial preparations.
Considering the release of acetylcholine being another
possibility which may contribute to the negative inotropic
effect of U50488, we examined the negative inotropic effect
of U50488 on left atria pretreated with atropine (1 𝜇mol/L).
Our data showed that the negative inotropic effect of U50488
was unaffected by atropine. The average amplitudes in
contractile force were decreased to 70.6 ± 7.0%, 60.4 ± 8.6%,
and 49.0 ± 8.6% (𝑛 = 5) of the control by 0.3, 1, and 3 𝜇mol/L
of U50488, respectively (Figures 5(a) and 5(b)).

3.4. Effect of U50488 on the Spontaneous Beating Rate of
Guinea Pig Right Atria. U50488 could evoke negative chron-
otropic effect on isolated right atria of rat [6, 7]. However, we
did not find any change in the spontaneous beating rate in
guinea pig right atria in our study (Figure 6).

4. Discussion

In this study, we compared the inotropic effects of U50488
and U69593, two selective 𝜅-opioid receptor agonists, in
guinea pig left atria to their effects in right atria and ven-
tricles. We observed that both U50488 and U69593 dose-
dependently decreased the contractile force of guinea pig

atrial muscles, and this effect was exerted only in left atria.
The absence of negative inotropic effect in right atria and
ventricles suggests that 𝜅-opioid receptors in these two
regions may be less or absent in guinea pigs. However,
missing signaling pathway for coupling of 𝜅-opioid receptor
activation to negative inotropism in these two cardiac tissues
may also be another possibility.These speculations remain for
further identification, and radioligand binding studies using
appropriate radioligands may be necessary.

Corresponding to previous observations which showed
the coupling of the 𝜅-opioid receptor to activation of the Gi/o
protein [16], our results showed that the negative inotropic
effect of U50488 on left atrial tissues could be abolished
by norBNI and PTX, which suggests that the action is
mediated through 𝜅-opioid receptors by activation of PTX-
sensitive G protein. At a higher concentration (3𝜇mol/L),
U50488 was found to decrease the contractile force of right
ventricular preparations that could not be eliminated by
norBNI in this study. The negative inotropic effect at the
higher concentration of U50488 may be due to its directly
inhibitory effect instead of the activation of 𝜅-opioid recep-
tors. These observations agree with the study that showed a
direct inhibition of calcium current in guinea pig ventricular
myocytes by U50488 at similar concentration range [24].
The 15.0 ± 4.0% (𝑛 = 6) inhibition of the contractile force
of right ventricular strips by 3𝜇M U50488 in our study is
comparable to the 18% inhibition of calcium current in guinea
pig ventricular cell by Utz et al. [24].
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Figure 6: Effect of U50488 on spontaneously beating rate of right
atria in guinea pig. Values are presented as percentages of control
(𝑛 = 6).

Previously, U50488 had been shown to exert negative
inotropic effects in both atrial and ventricular preparations by
the activation of 𝜅 receptors in rats [7]. The different results
in this study may be due to the difference in experimental
conditions or animal model. In addition, Niroomand et al.
[26] have shown that functional 𝜅-opioid receptors may not
present in canine cardiac sarcolemma because the 𝜅-receptor
agonist, U50488, did not inhibit adenylate cyclase activities.
These observations strongly suggest that the distribution of
𝜅-opioid receptors in cardiac myocardium may be species-
specific. Therefore, functional study of the 𝜅-opioid receptor
on human cardiac preparation is necessary.

In general, agents and interventions that increase K+
conductance (Gk) shorten action potential duration (APD)
and tend to have negative inotropic effects, whereas agents
that decreaseK+ current lengthenAPDandmayhave positive
inotropic effects [27]. Therefore, the shortening of the action
potential duration is a possiblemechanism responsible for the
negative inotropic effect of U50488. In our unpublished data,
we found that U50488 could shorten the duration of action
potential and decrease the contractile force in guinea pig left
atrial preparations.This effect could also be eliminated by the
selective 𝜅-opioid receptor antagonist, norBNI (1 𝜇mol/L).
Because the delayed rectifier and inward rectifier potassium
channels play a key role during repolarization of action
potential in guinea pig [28–30], the shortening of action
potential may be related to these channels being affected
by U50488. However, further voltage clamp studies will be
needed to characterize the effect of U50488 on the delayed
rectifier or inward rectifier potassium current.

To our knowledge this report demonstrates for the first
time that the opioid receptor agonist elicits a negative

inotropic response in left atria without having a correspond-
ing effect in right atria and ventricles. Whether the different
effects of U50488 exist in human tissues remains to be stud-
ied. Several studies have shown that postischemic contractile
dysfunction or “stunning of myocardium” occurred espe-
cially during ischemia-reperfusion [31–33]. During a period
of stunning, left ventricular ejection fraction may be signif-
icantly impaired. Myocardial stunning may delay recovery
from cardiogenic shock or left ventricular failure. Therefore,
it is important to avoid stunning of ventricular tissue during
ischemia-reperfusion. While there is an increase in 𝜅-opioid
peptide release in myocardial ischemia-reperfusion [34], the
absence of significant negative inotropic properties of 𝜅-
opioid receptor agonist in the right ventricle may be ben-
eficial to cardiac performance during ischemia-reperfusion.
In addition, decrease in contractile force in the left atrium
may slightly alleviate the loading of the left ventricle and be
beneficial to the failing left ventricular myocardium.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by a research grant from the
National Science Council and Fu Jen Catholic University of
Taiwan.

References

[1] P. Sobanski, M. Krajnik, M. Shaqura, E. Bloch-Boguslawska,
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Purpose. To compare the 2-year effect of multiple doses of lutein/zeaxanthin on serum, macular pigmentation, and visual per-
formance on patients with early age-related macular degeneration (AMD). Methods. In this randomized, double-blinded, and
placebo-controlled trial, 112 earlyAMDpatients randomly received either 10mg lutein, 20mg lutein, a combination of lutein (10mg)
and zeaxanthin (10mg), or placebo daily for 2 years. Serum concentration of lutein/zeaxanthin, macular pigment optical density
(MPOD), visual functions including best-spectacle corrected visual acuity (BCVA), contrast sensitivity (CS), flash recovery time
(FRT), and vision-related quality of life (VFQ25) was quantified. Results. Serum lutein concentration and MPOD significantly
increased in all the active treatment groups. Supplementation with 20mg lutein was the most effective in increasingMPOD and CS
at 3 cycles/degree for the first 48weeks.However, they both significantly increased to the samepeak value following supplementation
with either 10mg or 20mg lutein during the intervention. No statistical changes of BCVA or FRT were observed during the trial.
Conclusions. Long-term lutein supplementation could increase serum lutein concentration, MPOD, and visual sensitivities of early
AMD patients. 10mg lutein daily might be an advisable long-term dosage for early AMD treatment.

1. Introduction

Age-related macular degeneration (AMD) is the leading
cause of irreversible vision loss among people aged over
50, especially in developed countries [1]. With the average
population age increasing, the number of AMD patients is
estimated to triple to 60–75 million worldwide in the next
30–40 years [2]. Since late AMD not only jeopardizes a
patient’s visual function and quality of life, but also brings a
tremendous socioeconomic burden, most treatment strate-
gies are focused on addressing late AMD [3, 4]. However,
the treatment of AMD at an earlier stage might slow the
progression before irreversible visual impairment occurs,
which would be more effective in enhancing or maintaining
visual performances [1, 5]. Unfortunately, no clinically proven
therapies for earlyAMDexist at present, and few studies focus
on early AMD [6, 7].

Substantial evidence suggested that lutein and its isomer
zeaxanthin, also known asmacular pigment (MP),might pre-
vent the progression of AMD resulting from photooxidative
damage [2, 8]. Ameta-analysis showed that the dietary intake
of lutein and zeaxanthin could lead to a 4% reduction in the
risk of developing early AMD, as opposed to a 26% reduction
for late AMD, indicating that lutein/zeaxanthin might be
more effective in reducing the risk of progression from early
AMD to late AMD [9].

Some intervention studies have shown putative func-
tional benefits of lutein/zeaxanthin supplementation by
increasing MPOD and visual functions; however, the evi-
dence is limited and inconclusive [10–14]. Given the com-
mon recommendation to use long-term supplementation of
lutein/zeaxanthin to treat AMD patients and the contro-
versy around which dosage (20–40mg/d versus 6–12mg/d)
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is more effective [10, 15], it is surprising that only a few
studies have specifically compared the long-term effects of
different lutein/zeaxanthin dosages on early AMD without
any interference from other nutrients. Moreover, although
the amounts of zeaxanthin and lutein in the central 3mm
of macula are approximately the same, few researchers have
studied the effect of using a supplementationwhere lutein and
zeaxanthin are combined in equal doses [10, 11, 16]. Besides,
few studies have observed the effects of lutein/zeaxanthin
supplementation from multidimensions, including serum
and macular concentrations, visual functions, and subjective
evaluations.

Therefore, we conducted this 2-year randomized, place-
bo-controlled, double-blinded dose-ranging trial to deter-
mine the effects of lutein/zeaxanthin on serumconcentration,
MPOD, and visual performances in early AMD patients and
to use the results to discuss the daily lutein/zeaxanthin dosage
currently used for long-term treatment.

2. Methods

2.1. Subjects. Subjects with AMD aged over 50 years were
recruited in Beijing, China. Inclusion criteria included a
clinical diagnosis of early AMD (defined as the presence of
soft drusen, presence of retinal pigmentary abnormalities
with no signs of late AMD, or both) according to the Age-
Related Eye Disease Study System [17], clear ocular media,
and agreement to adhere to the study regimen. Those who
had other ocular disorders or unstable systemic or chronic
illness or consumed dietary supplements containing antiox-
idants or carotenoids within the previous 6 months were
excluded. This study was performed in accordance with the
principles of the Declaration of Helsinki andwas approved by
the Medical Ethics Committee of Peking University. Written
consent was obtained from all subjects.

2.2. Study Design. All subjects were screened for eligibility
based on the protocol criteria. Diagnosis of early AMD
was confirmed by 2 ophthalmologists using funduscope and
fundus photographs. After enrollment, subject information
on characteristics and demographics was collected using
questionnaires and examinations. Serum total cholesterol
(TC), triglyceride (TG), high density lipoprotein-cholesterol
(HDL-C), low density lipoprotein-cholesterol (LDL-C), and
glucose were measured within 2 days of collection by Beijing
Laweekse Health Laboratory using an autoanalyzer.

In this 2-year randomized, double-blinded, placebo-
controlled trial, all subjects were randomly assigned to take
either 10mg lutein, 20mg lutein, lutein (10mg) + zeax-
anthin (10mg), or a placebo daily. All the supplements
were packaged identically with the same labels. Serum
lutein/zeaxanthin concentrations, MPOD, and visual per-
formance indices including best-spectacle corrected visual
acuity (BCVA), contrast sensitivity (CS), and flash recovery
time (FRT) were quantified at baseline, 24 weeks, 48 weeks,
and 2 years. All clinical examinations were performed by
the qualified ophthalmic technicians in Peking University
Eye Center, Peking University Third Hospital. Vision-related
quality of life (VFQ-25) was measured at baseline, 48 weeks,

and 2 years. Diet stability was assessed using a validated 120-
item food frequency questionnaire conducted at baseline, 48
weeks, and 2 years. All subjects, examiners, and study staff
were masked to treatment assignment.

Subjects were required to maintain their normal dietary
and living habits and were asked to visit our office monthly
to collect capsules of the following month and to return the
remaining capsules from the month together with the daily
checklist. They were encouraged to report any adverse effects
immediately and were asked specifically about adverse events
such as carotenoderma during visits.

2.3. Serum Lutein/Zeaxanthin. Serum concentrations of
lutein and zeaxanthin were extracted and analyzed using a
modified high-performance liquid chromatograph (HPLC)
method, which is discussed in detail elsewhere [18]. The
analysis was performed on a Hewlett-Packard/Agilent Tech-
nology Model 1100 HPLC System with a C30 column (5 𝜇m,
4.6 × 250mm, Develosil, Japan) under the temperature of
25∘C, detected at 450 nm. All procedures including the blood
sample collections were performed under dim light.

2.4. MPOD. MPOD was determined using a confocal scan-
ning laser ophthalmoscope (Heidelberg Retina Angiograph
II, Heidelberg Engineering Inc., Heidelberg, Germany) and
has been detailed elsewhere [19]. Argon laser light (488 nm)
was used to excite autofluorescence (AF) after using infrared
light, and a series of AF images were obtained for the
excitation wavelengths quickly before recovery. All images
were centered on the fovea and aligned to one average image
according to their anatomic details. MPOD was quantified
from this average image by comparing foveal and parafoveal
AF. This measurement technique has been used in multiple
clinical studies, and its accuracy and reliability were reported
with a coefficient of variation of less than 5% [19–21].

2.5. Visual Performance. After diopter correction, BCVA
was measured according to the Early Treatment Diabetic
Retinopathy Study (ETDRS) protocol, and the results were
converted to the logarithm of the minimum angle of reso-
lution (logMAR) [22]. CS was measured with CSV-1000 test
system (Vector-Vision, Dayton, OH) at 4 spatial frequencies
(3, 6, 12, and 18 cycles/degree) with a grade scale from 1 (high
contrast) to 8 (low contrast). The contrast level of the last
correct response was defined as the CS of each frequency and
is reported as log CS.

FRT was recorded using a macular adaptometer (MDD-
2; Avenue Optical Flash LLC, Lighthouse Point, FL), which
included a xenon arc, and flash filtered for infrared, ultra-
violet, visible short wavelengths and was delivered through
an aperture in a hand-held tube. Technicians pressed a push
button to activate the flash and the timer and pressed it again
to stop the timerwhen the first stimuli of vision recoverywere
reported by the subject. The time was recorded as FRT [23].

VFQ-25 was our primary patient-reported outcome to
evaluate qualitative changes in visual function and health-
related quality of life. Scores were calculated with a 0 to
100 scale where higher scores indicate better functioning
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[24]. The Chinese version of VFQ-25 used in this study has
proven reliability and validity as a measure of vision-related
functioning outcomes [25].

2.6. Sample Size and Statistical Analyses. Sample size estima-
tions indicated that 26 patients per group were needed to be
able to distinguish a 30% difference for MPOD change in
treatment groups (5% significance level, power 80%), and a
total of 112 patients were enrolled assuming a dropout rate
of 10%. As for randomization, the sequence was computer
generated in a 1 : 1 : 1 : 1 ratio within permuted blocks of size
8.

Baseline comparisons among groups were assessed using
ANOVA or the chi-square analysis. Skewed data was log-
arithmically transformed for analysis. Differences between
baseline and follow-up measurements within a group were
assessed using paired 𝑡-tests, while between-group differ-
ences at each time point were tested using analysis of covari-
ance. Changes between groups over time were assessed using
repeated-measures ANOVA including a time × treatment
interaction. The linear correlation between 2 variables was
assessed using the Pearson test. Statistical analyses were
conducted using SPSS 11.0 for Windows software (SPSS, Inc.,
Chicago, Illinois, USA). A 2-tailed 𝑃 value of less than 0.05
was considered significant.

3. Results

3.1. Baseline Findings. Of the 334 screened participants, 112
subjects met all the criteria and were subsequently enrolled
and randomized. Four subjects (3.6%) were excluded from
the analysis due to their failure to attend scheduled exam-
inations. Subject characteristics were well balanced across
groups at baseline (Table 1). Of all subjects, 7 subjects (6.5%)
were smokers and 7 (6.5%) were former smokers, with
no differences among groups. Dietary intakes of lutein,
zeaxanthin, beta-carotene, and other antioxidants were not
significantly different among the groups or during the inter-
vention (for all, 𝑃 > 0.05). No adverse events related to the
study were observed or reported. During the intervention,
approximately 97% (105/108) of the subjects took at least 93%
(missing 2 days) of their supplements every month.

3.2. Serum Lutein/Zeaxanthin Concentration and MPOD.
Serum and macular concentrations of lutein/zeaxanthin in
all the active treatment groups progressively increased (all
𝑃 < 0.05), and the increases were all negatively correlated
with their baseline values (all 𝑃 < 0.001), whereas no
such increases were seen in the placebo arm. Those who
received 20mg lutein showed a greater increase (6.75-fold)
in serum lutein, compared to those who received 10mg
(4.30-fold) or lutein + zeaxanthin (5.57-fold) (Figure 1(a)).
Serum zeaxanthin concentration significantly increased only
in lutein + zeaxanthin group (3.87-fold, 𝑃 < 0.001). The time
× treatment interaction was significant for both serum lutein
and zeaxanthin concentrations (both 𝑃 < 0.001).

Likewise, the effect of 20mg lutein on increasing MPOD
was more effective at the first 24 weeks (increased by
25.4%, 𝑃 < 0.01) and at 48 weeks (increased by 34.6%,

𝑃 < 0.01). However, by year 2, the 10mg lutein group
reached the same MPOD level (0.442D.U.) as the 20mg
lutein group (0.441D.U.) (Figure 1(b)). Repeated-measures
analyses showed a significant time × treatment interaction of
MPOD (𝑃 = 0.046). MPOD significantly increased during
the supplementation (𝑃 < 0.001), whereas no statistical
treatment effect was shown (𝑃 = 0.072).

3.3. Visual Performance. Changes of CS among groups are
shown in Table 2. By year 2, increments of CS at 3 and
6 cycles/degree from baseline were observed in all the active
treatment groups, whereas a significant increase of CS at
18 cycles/degree was only seen in the lutein + zeaxanthin
group. During the first 48 weeks, the increases of CS at 3
and 6 cycles/degree were higher and more significant (𝑃 <
0.01) after receiving 20mg lutein. However, at 2 years, CS
at 3 cycles/degree in the 10mg lutein group significantly
increased (+16.1%, 𝑃 < 0.05) to a similar peak value
to the 20mg lutein group. Table 3 showed that the effect
of lutein/zeaxanthin supplementation on BCVA was not
significant; however, significant differences of FRT compared
to the placebo group were seen after receiving 10mg lutein
and 20mg lutein at 2 years (𝑃 < 0.05). Repeated-measures
analyses of the above variables did not reveal any differential
treatment effects, except a significant time effect observed for
CS at 3 cycles/degree (𝑃 < 0.05).

The VFQ25 scores did not show any significant change
over the first 48 weeks; however, they slightly increased
at 2 years, especially in the lutein + zeaxanthin group
(increased by 7.9%, 𝑃 < 0.01). Using a repeated-measures
analysis of variance, the score increased significantly during
the supplementation (𝑃 < 0.001), whereas no significant
treatment effect was observed. The changes in VFQ25 scores
from baseline to 2 years were correlated negatively with
baseline scores in all active treatment groups (correlation
coefficients from 𝑟 = −0.40 to 𝑟 = −0.60, all 𝑃 < 0.05).
Correlation analysis showed that baseline VFQ25 score was
positively correlated with baseline BCVA (𝑟 = 0.24, 𝑃 < 0.05)
and CS at 4 spatial frequencies (correlation coefficients from
𝑟 = 0.21 to 𝑟 = 0.30, 𝑃 < 0.05 for all).

4. Discussion

This trial demonstrated that 2 years of lutein/zeaxanthin sup-
plementation increased serum lutein/zeaxanthin concentra-
tions, MPOD, and visual performances in patients with early
AMD, without leading to any detectable adverse effect. More
interestingly, we found that though body lutein/zeaxanthin
concentrations and visual performances increased the most
after receiving 20mg lutein within the first 48 weeks, the
increases ofMPODand visual functions (BCVAandCS)were
similar between the 10mg lutein and the 20mg lutein groups
at 2 years. Additionally, our results indicate that a combined
equal dose of lutein and zeaxanthinmight bemore effective in
improving CS at 18 cycles/degree and patient-reported visual
performance (VFQ25 scores).

Consistent with previous studies, lutein/zeaxanthin sup-
plementation increased their serum concentrations dose-
dependently [26]. Higher lutein or zeaxanthin dosage led
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Table 1: Baseline characteristics of subjects with early age-related macular degenerationa,b.

Placebo (𝑛 = 28) 10mg lutein (𝑛 = 26) 20mg lutein
(𝑛 = 27)

10mg lutein + 10mg
zeaxanthin (𝑛 = 27)

Age (y) 69.0 ± 7.5 69.7 ± 8.3 69.3 ± 6.9 68.5 ± 6.9
Sex, male [𝑛 (%)] 11 (39.3) 9 (34.6) 14 (51.9) 12 (44.4)
Education (y) 12.2 ± 2.8 10.8 ± 2.7 12.2 ± 2.9 10.5 ± 4.1
BMI (kg/m2) 24.8 ± 3.0 24.1 ± 3.4 25.1 ± 3.3 24.6 ± 3.6
Serum lipids (mmol/L)

Total cholesterol 5.022 ± 1.756 4.984 ± 1.068 5.091 ± 0.883 5.247 ± 0.952
Triglyceride 1.571 ± 1.575 1.538 ± 0.684 1.491 ± 0.821 1.777 ± 0.791
HDL cholesterol 1.388 ± 0.438 1.386 ± 0.319 1.408 ± 0.258 1.481 ± 0.291
LDL cholesterol 3.091 ± 0.606 3.190 ± 0.746 3.203 ± 0.605 3.338 ± 0.605

Early cataracts [𝑛 (%)]c 6 (21.4) 6 (23.0) 5 (18.5) 8 (29.6)
MPOD (D.U.) 0.315 ± 0.144 0.307 ± 0.142 0.315 ± 0.122 0.320 ± 0.118
Serum concentration
(𝜇mol/L)

Lutein 0.337 ± 0.397 0.319 ± 0.250 0.308 ± 0.231 0.251 ± 0.260
Zeaxanthin 0.066 ± 0.075 0.048 ± 0.050 0.050 ± 0.042 0.046 ± 0.055

aD.U.: density unit; MPOD: macular pigment optical density. There were no significant differences among groups in any of the baseline study characteristics
noted.
bFor continuous variables, all values are mean ± SDs. For categorical variables, all values are 𝑛 values, percentages of the total in parentheses. Comparisons
among groups were derived from analysis of variance for continuous variables or the chi-square test for categorical variables.
cCataracts diagnosed and graded according to the Lens Opacities Classification System III.
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Figure 1: Changes in serum lutein concentration (a) and macular pigment optical density (b) at baseline, 24 weeks, 48 weeks, and 2 years
in patients with early age-related macular degeneration, treated with 10mg/d lutein, 20mg/d lutein, lutein (10mg/d) + zeaxanthin (10mg/d),
or placebo. Values are expressed as group mean ± SEMs. Significant increase was observed in all non-placebo groups compared to that of
baseline or placebo group (all 𝑃 < 0.05, paired 𝑡-test). Significant time and treatment effects were observed in serum lutein concentration,
𝑃 < 0.001 (repeated-measures ANOVA), whereas only significant time effect was seen in MPOD, 𝑃 < 0.001 (repeated-measures ANOVA).

to higher serum concentration, which is consistent with the
straightforward kinetics of their transport in human blood
[18]. However, althoughMPOD in the 20mg lutein groupwas
higher than that in other groups at 48 weeks, MPOD in the
10mg lutein group steadily increased to a similar level to the
20mg lutein group at 2 years.This indicated that the incorpo-
ration of lutein/zeaxanthin into the retinal tissue is not driven

simply by diffusion [26] but is influenced by unique transport
proteins in serum and binding proteins in human retina
[27, 28]. The saturability of macular xanthophylls-binding
protein may be responsible for the same MPOD level in the
10mg and 20mg lutein groups at 2 years [29]. This macular
saturation of xanthophyll was also seen in the macula of
rhesus monkeys [30]. Weigert’s study also indirectly supports
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Table 2: Changes of contrast sensitivity among different groups during the interventiona.

Placebo
(𝑛 = 28)

10mg lutein
(𝑛 = 26)

20mg lutein
(𝑛 = 27)

10mg lutein + 10mg
zeaxanthin (𝑛 = 27)

Contrast sensitivity, log
3 cycles/degree

Baseline 1.22 ± 0.37 1.26 ± 0.36 1.24 ± 0.39 1.25 ± 0.32
24 weeks 1.22 ± 0.34 1.32 ± 0.39 1.34 ± 0.29 1.34 ± 0.34
48 weeks 1.13 ± 0.36 1.45 ± 0.37† 1.47 ± 0.39∗∗† 1.40 ± 0.31∗

2 years 1.25 ± 0.32 1.47 ± 0.34∗ 1.32 ± 0.25† 1.39 ± 0.39∗

6 cycles/degree
Baseline 1.40 ± 0.39 1.41 ± 0.34 1.40 ± 0.39 1.45 ± 0.38
24 weeks 1.34 ± 0.34 1.47 ± 0.35 1.52 ± 0.37 1.51 ± 0.383
48 weeks 1.30 ± 0.31 1.57 ± 0.37 1.62 ± 0.36∗∗∗ 1.52 ± 0.38
2 years 1.25 ± 0.30 1.50 ± 0.33 1.54 ± 0.36† 1.50 ± 0.36

12 cycles/degree
Baseline 0.97 ± 0.37 1.02 ± 0.33 1.00 ± 0.34 1.06 ± 0.36
24 weeks 1.02 ± 0.36 1.06 ± 0.42 1.06 ± 0.38 1.09 ± 0.35
48 weeks 0.91 ± 0.32 1.07 ± 0.35 1.12 ± 0.38 1.16 ± 0.40
2 years 0.87 ± 0.33 1.10 ± 0.35 1.05 ± 0.36 1.09 ± 0.35

18 cycles/degree
Baseline 0.50 ± 0.35 0.57 ± 0.39 0.49 ± 0.35 0.53 ± 0.37
24 weeks 0.52 ± 0.36 0.60 ± 0.42 0.57 ± 0.38 0.63 ± 0.35
48 weeks 0.39 ± 0.28 0.62 ± 0.34 0.63 ± 0.38 0.68 ± 0.42
2 years 0.40 ± 0.34 0.59 ± 0.45 0.65 ± 0.39 0.74 ± 0.33∗†

All values are mean ± SDs. Mean values were significantly different from baseline within the same group: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001. Mean
values were significantly different from those of the placebo control group: †𝑃 < 0.05.
aRepeated-measures analyses of the above variables did not reveal any differential treatment effects, and the only significant time effect was observed at 3
cycles/degree (𝑃 < 0.05).

Table 3: Changes of visual performance among different groups during the interventiona.

Placebo
(𝑛 = 28)

10mg lutein
(𝑛 = 26)

20mg lutein
(𝑛 = 27)

10mg lutein + 10mg
zeaxanthin (𝑛 = 27)

Best-corrected visual
acuity, logMAR

Baseline 0.34 ± 0.19 0.31 ± 0.21 0.31 ± 0.21 0.32 ± 0.25
24 weeks 0.33 ± 0.25 0.32 ± 0.21 0.27 ± 0.17 0.28 ± 0.30
48 weeks 0.34 ± 0.22 0.28 ± 0.22 0.26 ± 0.20 0.27 ± 0.35
2 years 0.30 ± 0.25 0.26 ± 0.15 0.28 ± 0.16 0.27 ± 0.24

Photorecovery time, sec
Baseline 18.57 ± 16.78 16.68 ± 14.22 15.86 ± 11.17 17.38 ± 12.00
24 weeks 19.02 ± 10.59 18.90 ± 17.71 14.13 ± 8.11 16.41 ± 14.69
48 weeks 19.70 ± 12.16 15.50 ± 11.27 14.61 ± 13.43 17.80 ± 16.48
2 years 24.41 ± 14.40 15.00 ± 8.40† 15.36 ± 12.75† 15.67 ± 11.04

VFQ25 score
Baseline 76.04 ± 18.09 75.46 ± 14.60 75.58 ± 15.35 74.26 ± 14.46
48 weeks 74.97 ± 17.10 75.02 ± 13.01 72.56 ± 14.46 76.32 ± 11.20
2 years 77.31 ± 17.05 79.61 ± 13.52 76.65 ± 16.32 80.13 ± 11.73∗∗

logMAR: logarithm of minimum angle of resolution; VFQ25: Visual Function Questionnaire 25.
All values are mean ± SDs.
Mean values were significantly different from baseline within the same group: ∗∗𝑃 < 0.01.
Mean values were significantly different from those of the placebo control group: †𝑃 < 0.05.
aRepeated-measures analyses of the above variables did not reveal any differential treatment or time effects.
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our notion, showing that MPOD higher than 0.5D.U. was
unlikely to increase during lutein supplementation [31]. Our
study indicated that though higher lutein supplementation
could rapidly increase its serum and macular concentration,
a lower lutein dosage (10mg/d) could reach and maintain an
efficient MP level in the long term [11, 32].

In this study, a tendency of increase inBCVAandFRTwas
observed in all the active treatment groups (𝑃 > 0.01) [14,
33]. The latest Age-Related Eye Disease Study 2 (AREDS2)
also showed nonsignificant increase of BCVA after 5 years
of intervention using AREDS formulation (antioxidant vita-
minsC andE, beta carotene, and zinc) adding lutein (10mg) +
zeaxanthin (2mg) and suggested that the inadequate dose
and/or duration of treatment might be attributable to the
lack of efficacy [34]. The insensitivity of BCVA and FRT tests
might also be one explanation for the nonsignificant change.
Significant morphologic changes usually do not adversely
impact visual functions at an early stage, therefore leaving
little room for measurable improvement [1, 5].

However, CS is a more sensitive visual indicator com-
pared to BCVA and FRT, which could provide additional
information at the very beginning of visual dysfunction.
Significant increases of CS were indeed detected at different
spatial frequencies at 48 weeks and 2 years in all the active
treatment groups, which is in line with other studies [13,
35]. This might be due to the preferential absorption of
MP on blue light (short-wave light that produces a veiling
luminance), which would attenuate the adverse impact of
chromatic aberration and improve visual function [36, 37].
We found that the increase patterns of CS at 3 cycles/degree
after receiving 10mg lutein and 20mg lutein were in accor-
dance with those of MPOD. However, unlike the significant
increase of MPOD from baseline to 24 weeks, no statistical
changes of CS were observed before 48 weeks. Our results
indicated that MPOD might be the foundation for the
improvements in visual functions; CS could only improve
after MPOD had reached and maintained a relatively high
level. This hypothesis is also supported by the positive
correlation between changes in MPOD and improvements in
visual functions as mentioned in other studies [38, 39].

We noticed that the change of MPOD and visual func-
tions from baseline was smaller in this study compared
to similar studies [13, 14]. One possible reason is that the
baselines in our study were higher since the morphologic
and functional macular impairments in early AMD did not
seriously affect visual functions, and thismay have left limited
space for improvement. This in turn supports the notion
that early intervention might be more effective and essen-
tial in enhancing or maintaining visual function. Though
AREDS2 concluded that addition of lutein + zeaxanthin
supplementation could not further reduce risk of progression
to advanced AMD, we believe their results may not illustrate
the actual effect of xanthophyll on AMD, since the supple-
mental lutein/zeaxanthin they used was combined with other
antioxidants [34].

It should be noted that no significant improvement of
VFQ25 score was observed until the second year, and the
only significant change was seen in the lutein + zeaxanthin
group. Similarly, in Richer’s study, the VFQ25 score increased

by only 2% after 12 months of lutein and/or zeaxanthin
supplementation [10]. This is possibly because improved
visual functions are the foundation for better vision-related
quality of life and thus VFQ25 score could only increase after
visual functions reached a certain level. Our notion was also
supported by the positive correlation between VFQ25 scores
and visual functions (BCVA and CS) detected in our study.
Likewise, Revicki’s study showed that mean VFQ25 scores
correlated significantly with BCVA in eyes of AMD patients
(𝑃 < 0.0001) [24].

There are some noteworthy limitations in this study. First,
the high selective criteria for subjects may affect generaliza-
tion. Second, since the progression of AMD from early stage
to late stage is much longer than our intervention period,
our study could not use late AMD as the ultimate outcome
and, therefore, is not powered adequately to find a reduction
in late AMD incidence. Larger-scale and longer-term studies
should be undertaken to focus on the effects of lutein and/or
zeaxanthin on early AMD, and more sensitive measurements
should be used.

In conclusion, our study has shown that lutein/zeaxanthin
supplementation could increase their serum concentrations,
MPOD, and reverse visual impairment in subjects with
early AMD. Most interestingly, our findings suggest that
supplementation with either 10mg or 20mg lutein could be
equally effective after 2 years. Thus, it might be advisable for
early AMDpatients to take a lower dosage (10mg/d) for long-
term treatment.
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Curcumin, belonging to a class of natural phenol compounds, has been extensively studied due to its antioxidative, anticancer,
anti-inflammatory, and antineurodegenerative effects. Recently, it has been shown to exert dual activities after irradiation,
radioprotection, and radiosensitization. Here, we investigated the protective effect of curcumin against radiation damage using D.
melanogaster. Pretreatment with curcumin (100𝜇M) recovered the shortened lifespan caused by irradiation and increased eclosion
rate. Flies subjected to high-dose irradiation showed a mutant phenotype of outstretched wings, whereas curcumin pretreatment
reduced incidence of the mutant phenotype. Protein carbonylation and formation of 𝛾H2Ax foci both increased following high-
dose irradiation most likely due to generation of reactive oxygen species. Curcumin pretreatment reduced the amount of protein
carbonylation as well as formation of 𝛾H2Ax foci. Therefore, we suggest that curcumin acts as an oxidative stress reducer as well as
an effective protective agent against radiation damage.

1. Introduction

Out of several hundred aging theories, the most popular
aging theory is oxidative stress theory of aging. It claims
that aging is caused by oxidative damage to macromolecules.
Oxidative stress is the result of an imbalance between gen-
eration of reactive oxygen species by essential life systems
and detoxification of reactive radicals by defensemechanisms
within organisms [1]. Disruption of the normal redox state of
cells induces cytotoxic effects through production of reactive
intermediates, which inflict damage to all cellular compo-
nents, including proteins, lipids, and DNA [2]. Reactive
oxygen species such as superoxide (O

2

∙−), hydroxyl (OH∙),
peroxyl (RO

2

∙), and hydroperoxyl (HO
2

∙) are generated by
natural respiration in animals and environmental stresses
such as radiation, chemicals, and heat [3, 4].

Although the biological effects of low-dose radiation less
than 100mSv have not been fully established, exposure to
high-dose radiation caused by unexpected accidents related

to artificial sources has many deleterious consequences
in humans, including organ malfunction, malignant can-
cer development, genetic mutagenesis, and developmental
abnormalities [5–7]. Moreover, ionizing radiation has long
been used as a standard medical treatment to kill cancer
cells and shrink tumors [8]. Cancer radiotherapy destroys
chromosomes by making it impossible for them to prolifer-
ate. Normal cells are also damaged by this therapy, which
is the main drawback of this medical procedure. Several
antioxidative natural extracts have been combined together
in order to reduce radiation injury and protect normal
cells [9]. For example, melatonin has been shown to imbue
significant radiation protection against chromosomal aberra-
tions and micronuclei formation when administered to mice
prior to radiation exposure [10]. Further, several flavonoid
compounds such as quercetin, myricetin, and orientin have
been reported as potent antioxidants with radioprotective
ability [11]. Resveratrol, a polyphenolic plant product, was
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also shown to attenuate radiation damage in C. elegans by
scavenging ROS [12].

Curcumin derived from turmeric is a representative plant
phenolic compound possessing therapeutic properties [13,
14]. It is known to eliminate oxygen free radicals, inhibit
lipid peroxidation, and protect cellular macromolecules such
as DNA from oxidative stress [15, 16]. Curcumin has been
shown to reduce chromosomal aberrations in models of
humanbreast cancer, probably due to its antioxidative activity
[17]. Fruit flies fed a curcumin diet have shown an extended
lifespan, improved health, and modulated expression of
aging-associated genes [18, 19].

Due to its antioxidative activity, curcumin has been pro-
posed as a radiation protector. Pretreatment with curcumin
has been shown to protect lymphocytes against 𝛾-radiation-
induced cellular damage [15]. Curcumin also was found
to protect against cutaneous radiation-induced damage in
mice [20]. However, several previous studies showed that
curcumin has no protective effect against the clastogenicity of
𝛾-radiation [21–23]. Therefore, it remains unclear whether or
not curcumin indeed acts as a radiation protector. Moreover,
most studies on the radioprotective effects of curcumin have
been performed at the cellular level [24–26]. Studies using
model animals would more strongly support the conclusion
that curcumin protects against radiation damage. Therefore,
we evaluated the protective effect of curcumin against ioniz-
ing radiation usingD. melanogaster and found that curcumin
may be effective as a radiation protector.

2. Materials and Methods

2.1. Fly Husbandry. We performed all experiments using
wild-type Canton-S flies. Larvae of the Canton-S strain were
grown on standard cornmeal-sugar-yeast (CSY) medium
(5.2 g of cornmeal, 11 g of sucrose, 11 g of yeast [MP Biomed-
icals, Solon, OH], 1.1mL of 20% tegosept, and 0.79 g of agar
per 100mL of water) supplemented with several grains of live
yeast. The rearing room was maintained at 25∘C with 45%
humidity on a 12 h : 12 h light-dark cycle.

2.2. Curcumin Pretreatment. Stock solution of curcumin
(5mM) was prepared dissolving curcumin (218580100, Acros
Organics) in 99% ethanol and was supplemented to sucrose-
yeast (SY) food at a concentration of 100 𝜇M. Same amount
of ethanol was supplemented to food without curcumin. Col-
lected eggs were reared in the SY food containing curcumin
before irradiation at the 3rd instar larvae stage.

2.3. 𝛾-Irradiation Exposure. Eggs were collected from young
female flies over 12–14 h and reared on SYmedium. 3rd instar
larvae were irradiated in a 𝛾-irradiation machine (137Cs, IBL
437N; CIS Bio International, Gifsur-Yvette, France) at a dose
rate of 0.8Gy/min. Following irradiation, nonirradiated and
irradiated flies were maintained contemporaneously in the
same incubator at 25∘C.

2.4. Pupation and Eclosion Rates. Irradiated larvae were
checked daily to determine pupation and eclosion rates.

Pupation rate was calculated based on the total number of
pupae divided by the number of larvae, whereas eclosion
frequency was calculated based on the total number of
eclosed flies divided by the number of larvae.

2.5. Lifespan. When irradiated larvae were eclosed, adult flies
were collected over 48 h and randomly assigned to 500mL
demography cages to achieve a final density of 100 females
and 100 males per cage. SY diets were prepared with 10 g of
sucrose, 10 g of yeast, 1.1mL of 20% tegosept (w/v in ethanol),
and 0.79 g of agar per 100mL of water. The vials containing
SY diets were changed every 2 days, and all mortalities were
recorded. Three replicates were established for each dose
level.

2.6. Detection of Protein Oxidation (Protein Carbonylation).
Protein carbonylation was measured using an OxyBlot
protein oxidation detection kit according to the manufac-
turer’s instructions (Millipore). Briefly, radiation-exposed
larvae under each condition were homogenized in lysis
buffer (50mM Tris-HCL pH 7.4, 150mMNaCl with protease
inhibitor cocktail). For the positive control, protein sample
was prepared from larvae fed 20mM paraquat for 16 h.
Protein samples were then treated with 2,4-dinitrophenylhy-
drazine (DNPH). Reaction of DNPH with carbonylated
proteins allows the formation of 2-4-dinitrophenylhydrazone
(DNP), which can be detected with anti-DNP antibody.
Samples were subjected to 10% SDS-PAGE and transferred
onto a PVDF membrane (Roche). DNP groups were then
immunodetected with rabbit anti-DNP antibody, followed
by secondary anti-HRP antibody and ECL revelation. To
normalize protein loading, the transferred SDS-PAGE gel
was stained with Coomassie blue.

2.7. 𝛾H2Ax Foci Staining. To detect double-strand breaks,
irradiated larvae were dissected in cold PBS and fixed
for 20min at room temperature in PBS containing 4%
paraformaldehyde. After washing and blocking with PBS
containing 0.1%Triton and 2%BSA,wing imaginal discs were
incubated with antiphosphorylated H2Ax (𝛾H2Ax, Upstate
Biotechnology). For visualization, samples were mounted in
VECTASHIELD Mounting Media (Vector Lab), and fluo-
rescence images were acquired using a FluoView confocal
microscope (Olympus).

2.8. Statistical Analyses. All demographic data were pre-
sented as the mean ± SEM and analyzed with a one-
way analysis of variance (ANOVA) on ranked data using
standard survival models in the JMP statistical package and
Prism software (GraphPad, La Jolla, CA). Asterisk indicates
significant difference from the control (∗∗𝑃 < 0.001 and ∗𝑃 <
0.05).The tests used and sample sizes for each experiment are
indicated.

3. Results

3.1. Effect of Curcumin Pretreatment on Drosophila Lifespan
after Radiation Exposure. Previous studies have reported
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Figure 1: Curcumin pretreatment recovers shortened fly lifespan by ionizing radiation. Several doses of ionizing radiation were administered
at the 3rd larval stage, and the lifespans of adultmales (a) and females (b) weremeasured. Larvae were fed 100 𝜇Mcurcumin from egg hatching
before 10Gy of irradiation at the 3rd larval stage, and the lifespans of adult males (c) and females (d) were measured (∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

that ionizing radiation reduces the lifespan of Drosophila to
various degrees depending on the irradiation dosage and
strain genetic background [27, 28]. Here, we first subjected
larvae of fruit flies to irradiation at several doses and then
recorded lifespans of adults in order to determine the optimal
dose to analyze the effects of curcumin (Figures 1(a) and 1(b)).
The effect of curcumin pretreatment was evaluated in flies
irradiated at 10Gy, which showed amean lifespan of approxi-
mately 30 days in bothmales and females (Table 1).We reared
Canton-S flies after egg hatching with fly medium containing
100 𝜇M curcumin, and ionizing radiation was administered
at the 3rd instar larva stage. 100 𝜇M curcumin was chosen
as the most effective dose based on preliminary experiment.
Flies pretreated with curcumin showed significant extension
of their mean lifespan—5.5% for males (𝑃 < 0.01) and 26.5%

for females (𝑃 < 0.01) (Table 1, Figures 1(c), 1(d)). These data
indicate that curcumin pretreatment extended the lifespan of
irradiated flies by mitigating the harmful effects of ionizing
radiation.

3.2. Effect of Curcumin Pretreatment on Drosophila Devel-
opment after Radiation Exposure. All insects, including
Drosophila, undergo marked morphological changes during
their development to adult stage known as metamorphosis,
which is an excellent parameter to detect physiological effects
following environmental fluctuation. Here, we measured
pupation and eclosion rates of flies pretreated with curcumin
after irradiation. The pupation rate of curcumin-pretreated
flies was not significantly different after irradiation (𝑃 >
0.07) (Figure 2(a)). However, the eclosion rate of flies was
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Figure 2: Curcumin pretreatment increases the eclosion rate of fruit flies. Pupation rate (a) and eclosion rate (b) of irradiated flies were
recorded as described in the materials and methods section. Pretreatment with curcumin improved the eclosion rate in some treatments
(∗𝑃 < 0.05).

Table 1: Mean longevity recovery by pretreatment of curcumin.

Treatment Flies
numbers

Mean
longevity SD 𝑃 value

Male
Control 270 44.6889 0.82040 —
IRa 259 33.2819 0.96298 <0.0001∗

IR + curcuminb 279 35.1183 0.89536 <0.0001∗∗

Female
Control 262 31.1908 0.84744 —
IRa 253 27.0119 0.93228 0.0151∗

IR + curcuminb 286 34.1748 0.95931 <0.0001∗∗
aRadiation at 10Gy was irradiated at 3rd instar larval stage.
bFlies were cultivated in the medium containing 100𝜇M of curcumin until
irradiation.
∗Compared with control, ∗∗compared with IR group.

reduced as the radiation dose increased. The eclosion rate
of control flies was 83%, whereas that of flies irradiated at
20Gy was reduced to 58%. Curcumin pretreatment distinctly
augmented the eclosion rate in irradiated flies with statistical
significance (𝑃 < 0.05) (Figure 2(b)). Curcumin pretreat-
ment without irradiation also increased the eclosion rate (𝑃 <
0.05).

3.3. Effect of Curcumin Pretreatment on Drosophila Phenotype
after Radiation Exposure. High-dose irradiation has been
shown to induce chromosomal mutations and malformation
of external organs [29–31]. Here, we analyzed the specific
phonotype caused by irradiation to determine whether or not
curcumin reduces themutagenic effects of ionizing radiation.
Irradiation with 20Gy at the 3rd instar larval stage resulted
in outstretched wings on bodies of adult flies (Figure 3(a)),
and the frequency of the mutant phenotype increased as

the radiation dose increased (Figure 3(b)). Specifically, no
mutant phenotype was observed at 0Gy of irradiation,
whereas about 60% of flies showed the mutant phenotype at
20Gy of irradiation. Although curcumin pretreatment did
not significantly reduce the frequency of mutation, lower
frequency of the mutant phenotype was a tendency in all
curcumin-pretreated groups (Figure 3(b)).

3.4. Effect of Curcumin Pretreatment on ROS Generation after
Radiation Exposure. The phenotypic data acquired in this
study indicate that curcumin reduced the various stresses
caused by ionizing radiation. Since it is well known that radi-
ation induces oxidative stress and curcumin is an excellent
antioxidant, we examinedwhether or not curcumindetoxifies
radiation-induced oxidative damage. Protein carbonylation is
known to be a key biomarker of oxidative stress generated
by carbonyl (CO) groups (aldehydes and ketones), which
are produced on protein side chains, especially in proline,
arginine, lysine, and threonine, following their oxidation [32].
Here, we extracted protein lysates from flies and performed
protein carbonylation assay as described in Section 2. Protein
carbonylation increased upon irradiation, whereas curcumin
pretreatment obviously reversed this in irradiated flies.
Paraquat, known to be a chemical inducing cellular protein
carbonylation, was used as a positive control (Figure 4).

3.5. Effect of Curcumin Pretreatment on DNA Damage after
Radiation Exposure. Reduced oxidative stress by curcumin
could diminish the damage inflicted by ionizing radiation.
DNAdouble-strand breaks caused by radiation-inducedROS
impair normal cellular survival. In mammal, phosphorylated
H2Ax (𝛾H2Ax) foci, an indicator of DNA double-strand
breaks, are found in the nucleosomes near radiolytic damaged
region [33]. Since antibody to mammalian 𝛾H2Ax can
recognize Drosophila 𝛾H2Av based on sequence homology
[34], we monitored the radiation-mediated DNA damage



BioMed Research International 5

(a)

0

20

40

60

80

O
bs

er
ve

d 
fre

qu
en

cy
 (%

)

Radiation dose
0Gy 5Gy 10Gy 20Gy

Control
100𝜇M curcumin

(b)

Figure 3: Irradiation increases incidence of flies with outstretched wings. Some irradiated flies emerged with outstretched wings (a). The
incidence of flies with outstretched wings increased as the radiation dose increased. Curcumin pretreatment tended to reduce incidence, but
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Figure 4: Curcumin pretreatment reduces radiation-induced pro-
tein carbonylation. Both paraquat (positive control) and irradia-
tion increased protein carbonylation, whereas curcumin pretreat-
ment decreased protein carbonylation. A gel image stained with
Coomassie blue was used as an internal control of protein loading
amount in SDS-PAGE.

with 𝛾H2Ax foci in larval wing disc. Here, ionizing radiation
induced DNA breaks in a dose-dependent manner, whereas
curcumin pretreatment significantly reduced formation of
𝛾H2Ax foci in the larval wing disc of Drosophila (Figure 5).
These data indicate that curcumin reduced radiation induced
the genome instability in Drosophila by increasing resistance
to oxidative stress.

4. Discussion

In this paper, we presented data showing that curcumin
reversed the shortened lifespan of irradiated flies as well as

increased the eclosion rate. Curcumin also attenuated oxida-
tive stress and DNA alterations caused by ionizing radiation.
Interestingly, irradiation caused a larger reduction in lifespan
in males than in females, whereas curcumin pretreatment
was more effective in females than in males (Figure 1). This
sexually dimorphic difference may be due to differential
hormonal regulation of male and female fecundity [35–37].
It may also be due to gender differences in susceptibility to
oxidative stress betweenmales and females. Some parameters
of free radical processes are different between male and
femaleDrosophila. For example, a previous study showed dif-
ferences in oxygen consumption of extracted mitochondria
and mitochondrial DNA copy number between male and
female Drosophila [37].

To our knowledge, this is the first report showing that
high-dose irradiation of larvae results in an abnormal out-
stretched wing phenotype (Figure 3). Generally, Drosophila
adults are quite resistant to irradiation. Even 500Gy of
radiation has been shown to have little effect on adult survival
following irradiation at the adult stage (unpublished data),
whichmay be due to the cuticular exoskeleton of flies. Unlike
adults, Drosophila larvae are susceptible to irradiation due
to their soft cuticular structure. As mentioned above, in
this study, lifespans were greatly reduced and incidence of
the outstretched wing phenotype increased as the radiation
dose increased. Actually, half of the flies emerged with
the outstretched wing phenotype when 20Gy of radiation
was administered to 3rd instar larvae. It remains unknown
which signaling pathway is involved in the formation of the
outstretched wing phenotype, but we suspect the JAK/STAT
signaling pathway since it participates in the formation of the
imaginal wing disc [38, 39]. Further investigation is necessary
to determine themolecularmechanisms of outstretchedwing
formation after irradiation.

Eclosion rates of nonirradiated or irradiated flies were
improved by curcumin pretreatment (Figure 2). As an expla-
nation, curcumin has the potential to remove ROS generated



6 BioMed Research International

C
on

tro
l

0Gy 5Gy 10Gy 20Gy

1
0
0
𝜇

M
 cu

rc
um

in

(a)

0

20

40

60

80

100

120

140

160

N
um

be
r o

f p
os

iti
ve

 ce
lls

Radiation dose
0Gy 5Gy 10Gy 20Gy

Control
100𝜇M curcumin

∗

∗

∗

(b)

Figure 5: Curcumin reduces formation of radiation-induced 𝛾H2Ax foci. Phosphorylated H2Ax was used as amarker of DNA double-strand
breaks. Foci on wing discs were detected by immunostaining with specific antibodies for 𝛾H2Ax (a).The incidence wasmeasured by counting
spots (b) and analyzed statistically (∗𝑃 < 0.05).

during development and/or radiation exposure. A previous
report of delayed aging upon curcumin treatment supports
our observations since aging is tightly coupled with ROS gen-
eration [18]. Both 20mM paraquat and irradiation increased
protein carbonylation, which itself was reduced by curcumin
treatment (Figure 4). Similarly, pretreatment with curcumin
to irradiated lymphocytes reduced lipid peroxidation and
increased antioxidative properties, thereby preventing injury
to lymphocytes [15]. Overall, curcumin provided Drosophila
with augmented resistance to overcome radiation-induced
oxidative stresses.

Collectively, these effects of curcumin may be due to
its scavenging activity and distinct structural characteristics.
First, curcumin has a hydrophobic structure that allows it to
easily pass through the plasmamembrane into the cytoplasm,
where it can scavenge ROS more easily than hydrophobic
molecules [40]. Second, curcumin has electron-donating
groups such as phenolic hydroxyl groups and a 𝛽-diketone
structure responsible for removing free radicals from cells

[15]. Increased resistance to oxidative stress by curcumin
could be attributed to its transcriptional regulation; namely,
curcumin can activate transcriptional factors and increase the
expression of genes involved in oxidative defense [41, 42].

However, some scientists have remarked that curcumin
could be a “double-edged sword,” similar to other herbal
antioxidants in tumorigenesis [43, 44]. The carcinogenic
or prooxidant effects of curcumin have been shown to be
mediated by mechanisms such as iron depletion, inhibition
of cytochrome p450, and interference with the p53 tumor
suppressor pathway [40, 45, 46]. Moreover, other lines of
evidence raise concerns about the safety of curcumin for
cancer treatment. Specifically, curcumin shows diverse clin-
ical effects depending on its concentration [47]. To develop
curcumin into a preventive or therapeutic drug, the optimal
dose that elicits only desirable effects should be determined.

The development of radioprotectors is an area of great
significance due to its wide applications in planned radio-
therapy as well as unexpected radiation exposure. Although
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some conflicting behaviors of curcumin on radioprotective
function were reported, there are number of studies showing
that curcumin offers protection to normal cells from radia-
tion [15, 20, 48]. Our present data usingDrosophila prove that
curcumin improved radioresistance by relieving oxidative
stress, thereby consolidating the radioprotective effects of
curcumin.

5. Conclusions

In this paper, we have presented data showing that that
curcumin relieves the oxidative stress and DNA damage
caused by high-dose radiation in Drosophila. Curcumin
pretreatment extends lifespan and decreases the frequency
of mutagenic phenotype caused by ionizing radiation. Given
antiaging benefits of curcumin from antioxidative properties,
it will be of interest to determine whether curcumin can be
used as a radioprotective agent in mammalian models.
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Temozolomide (TMZ) is the first line drug in the care of high grade gliomas.The combined treatment of TMZ plus radiotherapy is
more effective in the care of brain gliomas then radiotherapy alone. Aim of this report is a survival comparison, on a long time (>10
years) span, of glioma patients treated with radiotherapy alone and with radiotherapy + TMZ.Materials andMethods. In this report
we retrospectively reviewed the outcomeof 128 consecutive ptswith diagnosis of high grade gliomas referred to our institutions from
April 1994 to November 2001.The first 64 pts were treated with RT alone and the other 64 with a combination of RT and adjuvant or
concomitant TMZ. Results. Grade 3 (G3) haematological toxicity was recorded in 6 (9%) of 64 pts treated with RT and TMZ. NoG4
haematological toxicity was observed. Age, histology, and administration of TMZ were statistically significant prognostic factors
associated with 2 years overall survival (OS). PFS was for GBM 9months, for AA 11. Conclusions. The combination of RT and TMZ
improves long term survival in glioma patients. Our results confirm the superiority of the combination on a long time basis.

1. Introduction

Despite advances in the last years in the treatment of
neoplastic diseases, the prognosis of patients (pts) with high
grade gliomas is still dismal.

The survival of glioma patients treated with surgical
resection alone is approximately 6 months [1]. The com-
bination of surgery and postoperative radiation therapy
(RT) increases the survival up to 9-10 months in pts with
glioblastomamultiforme (GBM) and 36months in anaplastic
astrocytoma (AA) [2].

In order to get further improvements in the last decades
many studies have tested multimodality treatment schedules
incorporating chemotherapy (CT) with nitrosourea based
regimens, with questionable survival advantages [1–6].

A meta-analysis published in 2002 [7] including many
different chemotherapeutic regimes has pointed out that the
association of chemotherapy is, in general, more effective
than RT alone in prolonging survival and in delaying recur-
rences in glioma patients. Particularly this meta-analysis
showed a mild but significant benefit with the addition of
CT, with a 15% relative reduction in the risk of death and an
increase in 2-year survival from 9% to 13% in individuals with
GBM and from 31% to 37% in pts with AA. These evidences
encouraged research with new chemotherapeutic agents.

Temozolomide (TMZ) (Temodal, Temodar; Schering-
Plough, Kenilworth, NJ) is one of second-generation imida-
zotetrazinone prodrugs that spontaneously converts into the
active metabolite without the need for enzymatic demethyla-
tion in the liver [8]. Nowadays TMZ is the first choice drug in

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 620643, 7 pages
http://dx.doi.org/10.1155/2015/620643

http://dx.doi.org/10.1155/2015/620643


2 BioMed Research International

Table 1: Group A and group B: patients’ characteristics.

Group A Group B
Patients’ number 31 33
Age

Range 41–78 years 26–74 years
Median 62 years 57 years

Sex
Male 17 pts 18 pts
Female 14 pts 15 pts

Karnofsky Index
Range 60–90 60–90
Medium 70 70

Surgery
Stereotactic biopsy 3 pts 9 pts
Subtotal resection 18 pts 12 pts
Total resection 10 pts 12 pts

Histology
Anaplastic astrocytoma 11 pts 10 pts
Glioblastoma multiforme 20 pts 23 pts

RT total dose
Median 64Gy 63Gy
Range 45Gy–66Gy 45Gy–64Gy
<50Gy 2 pts 1 pts
≥50Gy <60Gy 5 pts 2 pts
≥60Gy 24 pts 30 pts

the chemotherapy of gliomas and is largely used after surgery
and together or after RT.

Accordingly, 64 consecutive pts, with diagnosis of high
grade glioma, with irradiation and adjuvant TMZ (group A,
𝑛 = 31 pts) or adjuvant/concomitant (group B, 𝑛 = 33 pts)
[9] were treated at the Departments of Radiotherapy of Bari
University and “Casa Sollievo della Sofferenza” Hospital in
San Giovanni Rotondo. The survival data of these subjects
(groups A + B) were compared with a group of 64 other
patients with similar clinical characteristics treated in the
same institutions only with radiotherapy from April 1994 to
December 1996 (group C).

This study is aimed at comparing the outcome of the
31 pts treated with RT and adjuvant TMZ (group A) from
January 1997 to June 1999 versus the 33 pts treated with RT
and concomitant TMZ (groupB) from July 1999 toNovember
2001 and at comparing, on a long term basis, the subjects that
received both RT and TMZ with the historical group (group
C) that was treated with radiotherapy alone. The survival
data have been evaluated also according to the histology of
the neoplasm: glioblastomamultiforme (GBM, in 43 patients
of groups A + B and in 50 pts of group C) and anaplastic
astrocytoma (AA, in 21 pts of groups A + B and in 14 pts of
group C).

2. Patients and Methods

2.1. Inclusion Criteria. Our retrospective analysis included
pts aged>18 years with pathologically proven diagnosis of AA

Table 2: Groups A + B and group C: patients’ characteristics.

Groups A + B Group C
Patients’ number 64 64
Age
Range 26–78 years 29–74 years
Median 59 years 60 years

Sex
Male 35 pts 39 pts
Female 29 pts 25 pts

Karnofsky Index
Range 60–90 60–90
Medium 70 70

Surgery
Stereotactic biopsy 12 pts 11 pts
Subtotal resection 30 pts 35 pts
Total resection 22 pts 18 pts

Histology
Anaplastic astrocytoma 21 pts 14 pts
Glioblastoma multiforme 43 pts 50 pts

RT total dose
Median 61Gy 59Gy
Range 45Gy–66Gy 35Gy–66Gy
<50Gy 3 pts 3 pts
≥50Gy <60Gy 7 pts 6 pts
≥60Gy 54 pts 55 pts

orGBM.All histologic specimenswere classified according to
World Health Organisation (WHO) criteria, after surgery or
stereotactic biopsy. Other inclusion criteria were a Karnofsky
Index (KI) of 60–100, normal haematological, renal, and
hepatic functions, absence of previous (with the exception
of nonmelanoma skin cancer and carcinoma in situ of the
cervix) or concurrent neoplasm, and absence of any other
remarkable disease.

2.2. Patients’ Characteristics. The study refers to 64 con-
secutive pts referred to our Departments of Radiotherapy
that started brain neoplasm treatment from January 1997 to
November 2001.

Out of 64 pts, 29 were females and 35 males, with age
ranging from 26 to 78 years, with a median of 59 years. In 12
pts, with inoperable diseases, only a stereotactic biopsy was
performed and in 52 pts a surgical resection was performed
(30 subtotal and 22 total) (Tables 1 and 2).

The histology of the neoplasm was glioblastoma multi-
forme (GBM, in 43 patients of groups A + B) and anaplastic
astrocytoma (AA, in 21 pts of groups A + B). The control
group histology (group C) included 50 pts with GBM and 14
pts with AA.

2.3. Treatment. The 64 pts of groups A + B were treated with
RT and oral TMZ. Median total dose of RT delivered was
63.5 Gy (range 45Gy–66Gy), with conventional fractiona-
tion, according to ICRU recommendations (Table 1). Ten pts
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were treated with a total dose less than 60Gy because of their
low (60 to 75) KI or disease progression during the treatment.

Irradiation volumewas determined on preoperative com-
puted tomography (CT) and magnetic resonance (MR) of
the brain and planning target volume (PTV) included the
neoplasm, the surrounding oedema, and a margin of 2 cm
in all directions [10]. All pts were immobilised with a cus-
tomised thermoplastic mask. Three-dimensional treatment
planning was obtained on the basis of CT performed with pt
immobilised in therapy position.

The first 31 pts from January 1997 to June 1999 (group A)
were treated with RT and adjuvant TMZ (200mg/m2/d × 5
days, every 28 days for 6 cycles) and the other 33 from July
1999 to November 2001 (group B) with RT and concomitant
TMZ (75mg/m2/d× 7 d/wk for 6weeks) followed by adjuvant
TMZ (200mg/m2/d × 5 days, every 28 days for 5-6 cycles).

During the concomitant and adjuvant radiochemother-
apeutic regimens, prophylactic antiemetic therapy (Ondan-
setron 8mg/die or Granisetron 2mg/die) was routinely pre-
scribed. Anticonvulsant and corticosteroids were used only
as required.

The results obtained in the 31 pts of group A have been
compared with those of the 33 of group B. Finally we have
compared the results obtained in these 64 pts (group A +
group B) with those of a historical group of 64 consecutive
pts (group C), with similar clinical characteristics, treated
with RT alone at the same institutions from April 1994 to
December 1996 (Table 2).

2.4. Statistical Analysis. Survival was calculated actuari-
ally using the Kaplan Meier method, and significance was
assessed using the log-rank test. Multivariate analysis by the
Cox Regression Model was performed for identifying the
independent prognostic variables governing the clinical end
points.

The length of survival was considered from the end of
radiation treatment until the last follow-up or the death.

3. Results

3.1. Survival. At the time of this analysis, May 2014, 3 pts
(9.6%) in group A with AA and 5 pts (15.1%) in group B with
AA are still alive, and 56 pts are dead (28 pts in group A and
28 pts in group B). The median follow-up in group A pts has
been 18months (range 6–89) and in groupB 16months (range
3–70).

On the basis of KaplanMeiers estimates, the 1- and 2-year
overall survival rates (OS) were, respectively, 74% and 29%
in group A pts and 73% and 30% in group B (𝑃 = 0.8 not
statistically significant) (Figure 1).

On the contrary, a statistically significant better 2-year OS
was observed in pts with age≤55 years (𝑃 = 0.04) and/or with
diagnosis of AA (𝑃 < 0.0001) and/orwith total dose delivered
≥60Gy (𝑃 = 0.001) (Table 4).

The multivariate analysis, using stratified Cox regression,
disclosed a significant better 2-year OS associated with age
≤55 years (𝑃 = 0.04), diagnosis of AA (𝑃 = 0.0003), and type
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Figure 1: Overall survival of our series.
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Figure 2: Overall survival anaplastic astrocytoma versus anaplastic
oligodendroglioma.

of surgery (𝑃 = 0.05). Timing of TMZ administration (group
A versus group B) was not statistically significant (Table 5).

Comparing the results of the 64 pts of groupsA+B versus
the 64 pts of group C, the median follow-up in groups A
+ B pts has been 17.5 months (range 3–89) and in group C
pts 14 months (range 4–62). On the basis of Kaplan Meier
estimates, the median OS was 15 months: 14 months in
subjects not treated with TMZ (group C) and 17.5 months in
the patients (groups A + B) that received TMZ (𝑃 = 0.0001)
(Figure 2). Age, AA histology, and administration of TMZ
were statistically significant prognostic factors for 2-year OS
in the univariate analysis using Kaplan Meier method and
compared with log-rank test: age ≤ 55 years 𝑃 = 0.007; AA
histology 𝑃 < 0.0001; administration of TMZ 𝑃 = 0.0001
(Table 6).

PFS was for GBM 9 months and for AA 11.
The salvage therapies employed in local recurrence are

fotemustine, antiangiogenic drugs, and temozolomide.

3.2. Toxicity. We analysed complications of the 64 pts treated
with RT and TMZ according to the WHO-RTOG scale.
Grade 3 (G3) haematological toxicity was scored in 6 pts
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Table 3: G3 haematological toxicity in group A and group B
patients.

Group A Group B
Patients’ number 31 33
Haematological toxicity 6.4% 12.1%
Thrombocytopenia 0% 3%
Neutropenia 3.2% 6%
Thrombocytopenia-neutropenia 3.2% 3%

Table 4: Univariate analysis group A and group B patients.

Prognostic factors Pts’ number 2-year OS 𝑃

Age
≤55 years 26 38.4% 0.04
>55 years 38 23.7%

Sex
Male 35 28.6% n.s.
Female 29 31%

Histology
Anaplastic astrocytoma 21 52.4%

<0.0001
Glioblastoma
Multiforme 43 16.3%

Surgery
Stereotactic biopsy 12 25%

n.s.Subtotal resection 30 23.3%
Total resection 22 36.6%

Timing TMZ
Adjuvant 31 29% n.s.
Concomitant/adjuvant 33 30%

RT total dose
≥60Gy 54 33.3% 0.001
<60Gy 10 10%

(9% of pts): 2 belonging to group A and 4 to group B (𝑃 = 0.6
not statistically significant) (Table 3).

In group A pts, during adjuvant chemotherapy, only
one patient developed G3 neutropenia-thrombocytopenia
and a further subject showed G3 neutropenia alone. No
pts of group A experienced thrombocytopenia alone. In the
subjects treated with concomitant TMZ and RT (group B) we
observed G3 neutropenia in 2 cases, G3 thrombocytopenia
in 1, and neutropenia and thrombocytopenia in a further 𝑟
patient (Table 3).

No G4 haematological toxicity was observed.
The other acute side effects (G1-G2 nausea, vomiting, and

fatigue), reported in 10 pts, of groupsA+Bweremild or easily
controlled with medications.

4. Discussion

Malignant gliomas are among the most uncontrollable,
devastating, and fatal cancers. The benefit of RT alone, in
inoperable pts, or in combination with surgery, has been

Table 5: Multivariate analysis group A and group B patients.

Prognostic factors 𝑃

Age
≤55 years–>55 years 0.04

Sex
Male—female n.s.

Histology
AA—GBM 0.0003

Surgery
Stereotactic Biopsy—subtotal resection—total resection 0.05

Timing TMZ
Adjuvant—concomitant/adjuvant n.s.

RT total dose
<60Gy–≥60Gy 0.0001

Table 6: Univariate analysis groups A + B and group C patients.

Prognostic factors Pts’ number 2-year OS 𝑃

Age
≤55 years 47 29% 0.007
>55 years 81 15%

Sex
Male 74 17.5% n.s.
Female 54 22%

Histology
Anaplastic astrocytoma 36 40%

<0.0001
Glioblastoma
multiforme 92 11.8%

Surgery
Stereotactic biopsy 23 25%

n.s.Subtotal resection 65 14%
Total resection 40 26%

Treatment schedule
RT + TMZ 64 29.6% 0.0001
RT alone 64 9.3%

RT total dose
≥60Gy 109 22% 0.003
<60Gy 19 10.5%

demonstrated in phase III trials at the end of seventies [11–
14]. In order to improve the outcome, various combinations
of surgery, RT, and chemotherapy have been tried in several
studies, unfortunately with inconclusive results [1–6]. A
meta-analysis [7] has pointed out significant improvement in
survival adding nitrosourea based regimens.

TMZ is nowadays the first line chemotherapeutic drug in
GBM therapy. Our study confirms its usefulness and the lack
of heavy side effects.

Experimental studies demonstrated in vitro synergistic
effect, in inhibiting glioblastoma cell lines growth, by using
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TMZ and fractionated RT [15]. On the basis of these sugges-
tions, phase I and II clinical trials investigated the efficacy of
this association, with promising results [16–24].

According to these encouraging experiences in 1997 we
started to treat pts affected by high grade gliomas with a
combination of TMZandRT.The results of our study confirm
the literature data regarding tolerability and usefulness of this
schedule.

The main toxicity in our experience has been haema-
tological, with G3 neutropenia, thrombocytopenia, or both
observed in 9% of cases and above all in concomi-
tant/adjuvant TMZ administration, without statistical signif-
icance. Similar incidence of haematological toxicity has been
reported in Stupp phase II trial [22] and in other preliminary
experiences [16, 25]. In our series we observed neither G4
haematological side effects nor infections of Pneumocystis
carinii [17, 22]. Moreover nonhaematological toxicities were
mild and easily controlled by medical therapies.

The median survival obtained in our pts is similar to
that reported in other publications [26–30]. Two-year OS
in groups A + B pts was 29.6% but 9.3% in group C
(𝑃 = 0.0001), suggesting a significant improvement of
prognosis by combined treatment. Similar results, using RT
and TMZ, have been shown in other phase II trials with 2-
year survival ranging from 29% to 38% [26–30]. Moreover
in the multicentric randomized EORTC-NCIC 26981 trial 2-
year survival was 26% in the 287 pts of RT + TMZ arm versus
8% in the 286 pts of RT alone arm (𝑃 < 0.0001) [24, 31].

In our pts no statistically significant difference in OS
between adjuvant and concomitant/adjuvant TMZ adminis-
tration was observed. Anyway preclinical studies and larger
clinical trials have suggested additive or perhaps synergistic
activity combining TMZ and RT [22].

In agreement with literature [22, 32, 33], our data confirm
that age and histology represent important prognostic factors
in this disease. In fact both univariate and multivariate
analyses showed that pts with age ≤55 years and diagnosis of
anaplastic astrocytoma have a significantly better survival.

Improvement of prognosis, obtained using RT and TMZ
in malignant gliomas in several phase II series and above all
in the phase III EORTC-NCIC 26981 trial on GBM, suggests
that actually this treatment can be used routinely in clinical
practice [24].

Despite these interesting results the prognosis of malig-
nant gliomas remains poor. Concerning this, great advances
could come from research into genetic features of brain
tumours, with the aim of characterising molecular profiles
of neoplasm [34]. These developments will identify novel
drug targets and therapeutic strategies, in order to individuate
subgroups of pts receiving tailored treatments, on the basis of
the genetic findings of their cancers [34]. According to these
remarks, some recent reports show the preliminary results of
combining TMZ with other drugs active against biological
targets, particularly antiangiogenic drugs like thalidomide
[35] and rofecoxib [36] and other proposed “old” drugs like
metformin and arsenic trioxide [37].

In order to increase the efficacy of TMZ, Brock et al.
[35] have employed in 67 pts with glioblastoma an association
of TMZ, thalidomide, and RT. They observed an acceptable

tolerance and a favourable survival outcome when compared
with a historical group of pts treated with RT alone or RT and
nitrosourea adjuvant chemotherapy.

Similar findings were reported by Baumann et al. [36] in
a recent publication, whereas in a preliminary study TMZ
was tested in pts with GBM in combination with the COX-
2 inhibitor rofecoxib, another antiangiogenic agent, in order
to evaluate the safety and activity of this association [38].

Moreover several phase I and II trials are exploring
possible therapeutic approaches with schedules containing
TMZ and new drugs [23, 39, 40].

Some authors believe that the additions of TMZ do not
change the pattern of progression of GBM after radiotherapy
(GUNJUR A. J. M. I. and RADIATION ONCOLOGY 2012).

On the contrary, the majority, considering that patients
aged 75 or older represent half of all patientswithGBM, retain
that older cohort (>65 years) should not be excluded from
treatments as was shown inNOA-8 phase III study; data from
randomized and nonrandomized studies show encouraging
results.

Finally, elderly patients will soon represent the vast
majority of patients with GBM and they deserve to be treated
at the best way possible; future studies should include the
older patients with stratification of comorbidities and PS.

For what concerns anaplastic astrocytomas, the treatment
of anaplastic glioma varies depending on histopathology
of the tumor, molecular markers, and individual patient
characteristics. As opposed to the standard treatment of
glioblastoma, based on Stupp trial, there is no accepted
standard treatment for AG. AA is most often treated with
radiotherapy, with or without concomitant TMZ and with or
without adjuvant temozolomide. Temozolomide has largely
replaced PCV (procarbazine, CCNU, and vincristine) as the
chemotherapeutic agent for AO and AOA, largely due to
greater tolerability and less potential for toxicity. However,
whether temozolomide has similar efficacy to PCV has not
been fully evaluated. Patients, who have progressed after RT
alone,may be treatedwith TMZor PCV.A valid option, at the
recurrence, is stereotactic radiosurgery and we employ this
modality in many patients.

In conclusion there is, today, an improvement in sur-
gical techniques, such as fluorescence guided resection and
neuroendoscopic approaches; new discoveries will be made
in basic and translation research, with block of cancer
proliferation (e.g., TMZ, BEVACIZUMAB, IHDAC, anti-P53
inhibitors, inhibition of cancer stem cells, more advanced and
precise radiation techniques, inhibitors of EGFR, TKI, NF-
KB, inhibitors of mTOR, Pi 3k/AKT, and proteasome) and
new delivery of drugs in nanoparticles and liposomes and the
introduction in clinical practice of antipsychotic drugs (like
haloperidol of II and III generation). All that will, probably,
improve survival and quality of life in such a devastating
disease.

5. Conclusions

Continuous daily TMZ and concomitant RT followed by
adjuvant TMZ are safe and can prolong survival in pts with
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high grade gliomas. Our report confirms the beneficial role of
the association RT + TMZ on long (>10 y) follow-up. It must
be stressed that this association resulted in life-saving on a 13-
year time span in 3 out the 21 patients (14.1%) with anaplastic
astrocytoma.

There is today a large interest in new treatments in
gliomas like improvement in surgical techniques such as fluo-
rescence guided resection and neuroendoscopic approaches.
New discoveries are made in basic and translation research,
and old and new drugs have been proposed as promis-
ing agents in brain tumors care [41–50]. More advanced
and precise radiation techniques, inhibitors of EGFR, TKI,
NF-KB, inhibitors of mTOR, Pi 3k/AKT, proteasome, and
new delivery of drugs in nanoparticles, liposomes, and the
introduction in clinical practice of antipsychotic drugs (like
haloperidol of II and III generation) could be beneficial.
All these improvements and developments will, probably,
improve survival and quality of life in such a devastating
disease.
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Aging, a natural physiological process, is characterized by a progressive loss of physiological integrity. Loss of cellular homeostasis
in the aging process results from different sources, including changes in genes, cell imbalance, and dysregulation of the host-
defense systems. Innate immunity dysfunctions during aging are connected with several human pathologies, including metabolic
disorders and cardiovascular diseases. Recent studies have clearly indicated that the decline in autophagic capacity that accompanies
aging results in the accumulation of dysfunctional mitochondria, reactive oxygen species (ROS) production, and further process
dysfunction of the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome activation in the macrophages,
which produce the proinflammatory cytokines. These factors impair cellular housekeeping and expose cells to higher risk in
many age-related diseases, such as atherosclerosis and type 2 diabetes. In this review, we investigated the relationship between
dysregulation of the inflammasome activation and perturbed autophagy with aging as well as the possible molecular mechanisms.
We also summarized the natural compounds from food intake, which have potential to reduce the inflammasome activation and
enhance autophagy and can further improve the age-related diseases discussed in this paper.

1. Introduction

Aging is a natural physiological process that affects a person
with a progressive loss of physiological integrity over the
passage of time. According to theWorld Health Organization
(WHO), the proportion of theworld’s population over the age
of 60will rise to 22%by 2050 [1]. However, although everyone
grows older as time passes, the degree of change of physiolog-
ical function in different individuals may differ. Aging factors
may have a variety of different sources, including changes in
genes, cell imbalance, and organ senescence. Table 1 summa-
rizes the cellular and molecular mechanisms related to the
change process of aging. Several of the pathologies associated
with aging, such as atherosclerosis and inflammation, involve

uncontrolled cellular overgrowth or hyperactivity [2]. The
immune system declines in reliability and efficiency with
age, resulting in higher risk in the elderly for compromised
pathology as a consequence of chronic inflammation such
as atherosclerosis, Alzheimer’s disease, and an increased
susceptibility to infectious disease. Given the complexity of
the issue, we attempted to elucidate and categorize the cel-
lular and molecular mechanisms between the inflammasome
activation and autophagy that occur with aging. In addition,
several studies have indicated that food intake can reduce
inflammation activation or increase autophagy to achieve
health and longevity. We also discussed the usefulness of
natural foods for promoting anti-inflammasome activity.
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Table 1: The impact of aging on lifespans.

The molecular hallmarks of age Age-related changes Reference
Genomic instability

Nuclear DNA Chromosomal aneuploidies and copy number variations [71–73]

Mitochondrial DNA Replication errors cause polyclonal expansion of mtDNA
mutations [74]

Telomere exhaustion Shortened telomeres exhibit decreased lifespans [75, 76]
Epigenetic alterations

Histone modifications Deficiency in SIRT6 exhibits accelerated aging [77]
DNA methylation Polycomb target genes become hypermethylated with age [78]
Chromatin remodeling HP1𝛼 effects longevity in flies [79]
Transcriptional alterations Micro-RNA mir-71 is required for the lifespan extension [80]

Loss of proteostasis

Chaperone-mediated protein folding and stability
HSPs decline on longevity
Accumulation and aggregation of abnormal proteins occur in aged
organism

[81, 82]

Delay or dysfunction of autophagy mTOR signaling in the regulation of mammalian lifespan [83]

The ubiquitin-proteasome system Enhancement of proteasome activity extends replicative lifespan in
yeast [84]

Deregulated nutrient sensing
The insulin- and IGF-1-signaling pathway Levels decline and dysfunction of GH/IGF-1 signaling pathway [39, 85]
mTOR and AMPK Inhibition of mTOR/DR pathway extends lifespan [86, 87]

Mitochondrial dysfunction
ROS Amphibious effects of ROS on aging [88–91]
Mitochondrial Integrity and Biogenesis Reduced efficiency of telomerase activation with aging [92]

Cellular senescence
The INK4a/ARF Locus Ink4a/ARF expression increases aging [93, 94]

Stem cell attrition
Hematopoiesis declines with age resulting in a diminished
production of adaptive immune cells
Reduced in cell-cycle activity of hematopoietic stem cells (HSCs)
on aged mice

[7, 95]

Inflammation Activation of the NLRP3 inflammasome leading to increased
production of IL-1𝛽, TNF, and interferons [36, 96]

SIRT6: sirtuin-6; HP1𝛼: heterochromatin protein 1𝛼; HSPs: heat shock proteins; mTOR: mammalian target of rapamycin; IGF-1: insulin/insulin growth factor
1; DR: dietary restriction; ROS: reactive oxygen species; AMPK: AMP-activated protein kinase; HSCs: hematopoietic stem cells; NLRP3: nucleotide-binding
domain, leucine rich family (NLR), pyrin containing 3; IL-1𝛽: interleukin-1𝛽; TNF: tumor necrosis factor.

2. The Innate Immune System and Aging

The immune system, which protects an organism from
disease, comprises two branches: innate and acquired immu-
nity, including phagocyte lineages, such as macrophages,
monocytes, dendritic cells (DCs), neutrophils and natural
killer (NK) cells in an innate part, and B and T lymphocytes
in an acquired part. Table 2 summarizes the process of aging-
related changes in the immune system.

Innate immunity is the first line of host defense
against microbe infection through diverse germline-encoded
pattern-recognition receptors (PRRs) in phagocytes, such as
Toll-like receptors (TLRs) and nucleotide-binding oligomer-
ization domain- (NOD-) like receptors (NLRs), which recog-
nize pathogen-associated molecular patterns (PAMPs) from
pathogens or danger-associatedmolecular patterns (DAMPs)
from damaged tissue in the body [3, 4].

Macrophages, one of the phagocytic cell lineages pre-
sented inmost tissues, contribute to the innate immunity and
are responsible for numerous inflammatory, immunological,
and metabolic processes [5]. Macrophages play an important
role in the recognition of danger signaling and the initiation
of inflammatory responses, including clearance of pathogens
via direct phagocytosis of invading pathogens or indirect
release of cytokines and chemokines, which can activate
and recruit other inflammatory cells to damaged sites. They
also activate acquired immunity through the procession of
antigens and presentation of peptides to T lymphocytes [5].
Aging-related changes to the macrophages contribute to the
aging process via a functional shift toward a proinflammatory
phenotype, which constitutively produces more interleukin-
(IL-) 6, IL-1beta (IL-1𝛽), and tumor necrosis factor (TNF)
and reduced phagocytic function [6, 7]. Elevated plasma con-
centrations of IL-6, IL-1𝛽, and TNF have been described in
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Table 2: Alterations in the immune system associated with aging.

Immune system Age-related changes References
Innate immunity

Monocytes or macrophages Reduced levels of MHC class II complexes, reduced phagocytic capacity, and
enhanced oxidative stress [97, 98]

Neutrophils Reduction in phagocytosis ability, impaired free radical production, and decreased
rescue from apoptosis [99]

Dendritic cells Reduced antigen presentation and impaired phagocytic capability to clean apoptotic
cells [100]

Natural killer cells Increased number of NK cells, reduced cytotoxicity, and impaired proliferation
ability in response to IL-2 stimulation [98]

Acquired immunity

T cells
Reductions in T-cell thymopoiesis, accumulated highly differentiated memory T
cells, loss of CD28 antigen and CD69 antigen for T cell activation and signal
transduction, and reduced CD8+ cell proliferation in response to antigen
stimulation

[101, 102]

B cells
Reductions in B-cell lymphopoiesis, increased memory B cells and fewer naive B
cells, impaired antibody response to vaccination, and increased production of
low-affinity antibodies due to decreased isotype switching

[98]

MHC II: major histocompatibility complex class II.

elderly populations and are postulated as predictive markers
of functional disability, frailty, andmortality.Themacrophage
populations of the elderly appear to have reduced levels of
major histocompatibility complex (MHC) class II, which
contribute to poor CD4+ T lymphocyte responses [8]. Fur-
thermore, it has been found that the phagocytic function
of macrophages in aging individuals declines. Aging also
results in reduced secretion levels of chemokines, such as
macrophage inflammatory protein- (MIP-) 1alpha (MIP-
1𝛼), MIP-1𝛽, MIP-2, and eotaxin [9]. A significant decrease
in macrophage precursors and macrophages in the bone
marrow of elderly individuals has been described previously
[10]. These results suggest that an age-related decline in
macrophage function may reduce both innate and adaptive
immunities.

Neutrophils are short-lived immune cells that play an
important role in the antimicrobial host defense that protects
the individual from both bacterial and fungal infections
[11]. Phagocytosis, chemotaxis, and ROS production of neu-
trophils could be changed with aging [12]. Studies measuring
phagocytosis of bacteria by the neutrophils have found a
significant reduction in phagocytic ability in the elderly
population [13, 14]. Larbi et al. [15] demonstrated that the
age-related decline in neutrophil functions can be partially
explained by the reduced Fc-gamma receptor expression.
It has been shown that Fc-gamma receptor-mediated free
radical generation and phagocytosis are altered with aging,
which is clearly the result of changes in p42/p44 mitogen-
activated protein kinase (MAPK) signaling pathways.

DCs play a critical role in linking the innate and the
adaptive immune system. DCs are the most potent antigen-
presenting cells that can prime naive CD4+ T cells via antigen
presentation. After Toll-like receptors (TLRs) stimulation
such as TLR7 and TLR9, for example, the plasmacytoid
dendritic cells (pDCs) produce type I interferon to defend
against viral infections and activate NK cells to amplify

the host response and help to clear the virus [16–18]. Myeloid
dendritic cells (mDCs) are professional antigen-presenting
cells to T lymphocytes. They express TLRs and C-type lectin
receptors (CLRs) for the detection of viruses. They also
produce cytokines, such as IL-12, to induce cytotoxic T-cell
responses, which clear virus-infected cells [19]. Epidermal
Langerhans cells (LCs), originally described as epidermal
DCs, maintain immune homeostasis in the skin by activating
skin-resident regulatory T cells.These contain langerin, large
granules capable of phagocytosis [20]. LCs are impaired
in their phagocytic ability to induce ovalbumin- (OVA-)
specific CD4+ and CD8+ T-cell proliferation in aged mice
[20]. Besides presenting the antigens, they also provide the
costimulatory signals for optimal activation of NK cells
and produce the cytokine IL-17, which is known to recruit
neutrophils [21].

3. Inflammasome and Aging

In mammals, the inflammasome is a group of cytosolic
receptors that recognize not only intracellular PAMPs, but
also host-derived signal DAMPs. They control the pro-
duction of proinflammatory cytokines, such as proinflam-
matory cytokines IL-1𝛽 and IL-18. The inflammasome is
a multiprotein complex that contains at least two distinct
classes of the NLR family or the pyrin domain (PYD) and
HIN domain-containing (PYHIN) family. The inflamma-
some mediates the activation of caspase-1, leading to pro-
IL-1𝛽 and pro-IL-18 processing [22]. In addition to the
production of IL-1𝛽 and IL-18, the inflammasome/caspase-1
complexes may target different effector molecules to regulate
diverse physiological functions, such as pyroptosis and tissue
repair [23]. During inflammasome activation, NLRP3 can
oligomerize through the central nucleotide-binding domain
and then recruit an adaptor protein apoptosis-associated
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speck-like protein containing CARD (ASC) with PYD and an
amino-terminal caspase-recruitment-and-activation domain
(CARD domain). NLRP3 would interact with the PYD
domain of ASC through its own PYD domains, whereas the
CARD domain of ASC recruits procaspase-1. Assembly of
the inflammasome initiates self-cleavage of caspase-1 and the
formation of the active heterotetrameric caspase-1. Active
caspase-1 further proteolytically processes pro-IL-1𝛽 and pro-
IL-18 to their mature forms [24]. At least six inflammasome
complexes of the NLR family, including NACHT, LRR and
PYD domains-containing protein (NLRP)1, NLRP3, CARD
domain containing (NLRC)4, NLRP6, NLRP12, and PYHIN
family, absent in melanoma 2 (AIM2), have been character-
ized [4].

Among the numerous inflammasome complexes, the
NLRP3 inflammasome has been extensively studied and
shown to be activated by a large variety of activators that do
not share any structural similarities [3]. The NLRP3 inflam-
masome is proposed to be activated through a secondary
mediator, including potassium efflux, reactive oxygen species
(ROS), or lysosomal proteases [4]. The NLRP3 inflamma-
some requires two signals for its activation in macrophages.
Stimulation with lipopolysaccharides (LPS) leads to TLR4
signaling-pathway activation in a nuclear factor kappa-light-
chain-enhancer of activated B cells- (NF-𝜅B-) dependent
manner. This results in the synthesis of precursor forms of
proinflammatory cytokines, including pro-IL-1𝛽 and NLRP3
proteins [25]. Further stimulation of cells with ATP activates
the P

2
X7 receptor, causing K+ efflux through membrane

pores, which results in the NLRP3 inflammasome assembly.
Another proposed mechanism suggests the activation of
NLRP3 by cathepsin B released from ruptured lysosomes
following the phagocytosis of monosodium urate and alum.
It is demonstrated by using cathepsin B inhibitors and
lysosome inhibitors in vitro [26, 27]. ROS was proposed
to be an upstream activator of the NLRP3 inflammasome,
originating from the mitochondria (mROS). In contrast,
mROS generation from a series of electron transport through
the mitochondrial oxidative phosphorylation complex was
essential for inflammasome activation. A finding by Zhou
et al. [28] reveals that mitochondrial dysfunction activates
mROS production. Treatment with NLRP3 activators results
in the recruitment of NLRP3 to the mitochondria-associated
ER membrane (MAM) where NLRP3 recruited ASC for
inflammasome activation. Nakahira et al. [29] also demon-
strated that LPS together with ATP causes loss of mito-
chondrial membrane potential and mROS generation due to
the release of mitochondrial DNA (mtDNA). Furthermore,
cytosolic mtDNA levels correlate with NLRP3-dependent
IL-1𝛽 production. Interestingly, the findings by Zhou et al.
[28] correlated with those by Nakahira et al. [29], which
also suggested a role for autophagy in attenuating IL-1𝛽
production where caspase-1 activation is limited and where
the NLRP3 relocates toMAMs through the clearance of dam-
aged mROS production. Other critical effectors of NLRP3
activation have been reported in recent years. Thioredoxin-
(TRX-) interacting protein (TXNIP) upon oxidative stress
has been shown to dissociate from TRX and bind to NLRP3
to promote the NLRP3 activation and to be linked to

the regulation of lipid and glucose metabolism [28]. Micro-
RNA-223 and ubiquitination of the NLRP3 are reported
as negative regulators of the NLRP3 [30–32]. The NLRP3
inflammasome has been demonstrated to play a critical
role in microbial pathogen infection [3, 33]. Nevertheless,
dysregulation of the NLRP3 inflammasome activation has
been associated with a variety of human diseases, including
autoinflammatory diseases, Crohn’s disease, type 2 diabetes,
atherosclerosis, and cancers [22, 34].

A prominent age-dependent alteration is a slowly pro-
gressing proinflammatory phenotype, contributing to a long-
term stimulation of the immune system. This can result in a
low-grade proinflammatory status referred to as inflammag-
ing, which accompanies the aging process in mammals [35,
36]. Several studies focused on the pattern of transcriptional
factors on aging tissues found that overactivation of the I
kappa B kinase- (IKK-) NF-𝜅B pathway is one of the signa-
tures of aging, revealing the inflammatory pathways in aging
[37, 38]. More evidence shows that systemic inflammation
links to inflammaging, including the accumulation of proin-
flammatory cytokines in metabolic organs, the overexpres-
sion of the NF-𝜅B transcription factor in damaged tissue, or
a defective autophagy-signaling pathway in phagocytes [36].
Dysregulation of the inflammatory cytokines response, such
as IL-1𝛽, TNF, and interferon, elicits pathological changes of
type 2 diabetes and atherosclerosis, correlated with aging in
the human population [22, 34, 39, 40].

4. Autophagy and Aging

Autophagy is considered an evolutionarily conserved cellular
catabolic process, which facilitates the recycling of dam-
aged proteins and organelles [41]. Three distinct types of
autophagy coexist in most cells, including macroautophagy
(usually referred to as autophagy), microautophagy, and
chaperon-mediated autophagy (CMA). The three types of
autophagy are well established and carry cytosolic pro-
teins into the lysosomes for degradation. During autophagy,
dysfunctional protein or organelles are sequestered into a
double-membrane vesicle known as the autophagosome.
The origin of the autophagosome, called the phagophore
or isolation membrane, may be derived from the plasma
membrane, Golgi, mitochondria, and endoplasmic reticulum
(ER). Classical autophagy initiation is induced by nutrient
deprivation followed by the inhibition of the mammalian
target of rapamycin (mTOR), which recruits the UNC-51-
like kinase (ULK) complex from the cytosol to the isolation
membrane. This leads to the nucleation of the isolation
membrane through the assembly of ATG14, Beclin 1, vac-
uolar protein sorting (VPS)15, class III phosphatidylinositol-
3-OH kinase (PI(3)K), and VPS34 complexes. Additional
proteins, such as Ambra 1, double FYVE-containing protein
(DFCP)1, ATG9, and WD-repeat domain phosphoinositide-
interacting (WIPI) protein, also regulate the nucleation step
of autophagosome formation [41]. The next step is the
elongation of the isolation membrane, which requires two
ubiquitin-like protein conjugation systems. The first is the
conjugation of ATG12-ATG5, which is covalently linked by
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Figure 1: The schematic diagrams represent an overview of the signaling pathways between autophagy and inflammaging. In young
individuals (left), autophagy may contribute to maintain the innate physiological lifespan through distinct mechanisms in clearing
intracellular mitochondrial ROS (mROS) and NLRP3 inflammasome resulting in decreased inflammaging (black dashed lines), whereas
dysfunction of autophagy homeostasis during aging results in increased inflammaging (red lines). However, autophagy protects against
the NLRP3 inflammasome-dependent aging process. Aging is only one of the consequences that regulate the depicted signal transduction
pathways.

ATG7 (E1-like) and ATG10 (E2-like) enzymes, and serves as
a dimer complex that associates with ATG16L1. This multiple
protein complex is crucial in autophagosome formation.
The second is the conjugation of phosphatidylethanolamine-
(PE-) microtubule-associated protein 1 light chain 3 (LC3),
which is covalently linked by ATG7 (E1-like) and ATG3 (E2-
like) enzymes. The ATG5-ATG12–ATG16 complex serves as
the E3-like enzyme to generate PE-LC3 (LC3-II), which is
incorporated into both the inner and outer membranes of
the autophagosome. Autophagy is originally considered to
be a nonselective bulk degradation process. Several lines of
evidence suggest that selective autophagy occurs through the
recognition of autophagy substrates, such as degradation of
intracellular bacteria and viruses (xenophagy), regulation of
the turnover of mitochondria (mitophagy), the clearance of
polyubiquitinated protein aggregates (aggrephagy), and reg-
ulation of lipid metabolism (lipophagy). Increasing evidence
has revealed that autophagy plays an important role in regu-
lating immune responses and inflammation [41].The engage-
ment of TLR4 by LPS recruits the Toll-receptor-associated
activator of interferon (TRIF) and themyeloid differentiation
factor 88 (MyD88) adaptor. This leads to enhanced TRAF6
E3 ligase activity, which results in the K63-linked ubiquiti-
nation of Beclin 1 and the oligomerization of Beclin 1. This
promotes the activation of PI(3)K and helps the formation of
autophagosomes [42, 43]. Another study [44] reported that
heat shock protein 90 (HSP90) plays an important role in
mediating TLR4-induced autophagy. HSP90mediates TLR4-
induced autophagy through interaction with Beclin 1 and
protects Beclin 1 from proteasome-mediated degradation.
In addition, HSP90 and the kinase-specific cochaperone
Cdc37 interact with ULK1 and promote its stability and
activation.This in turn plays an important role in autophagy-
mediatedmitochondrial clearance [45]. Both TLRs andNLRs

can induce autophagy through the activation of Beclin 1.
NLRP4, on the other hand, displays an ability to inhibit
autophagy [46]. Several studies have reported that autophagy
and/or autophagy-related proteins play an important role in
regulating mitochondria integrity, ROS generation, and the
subsequent NLRP3 activation. Macrophages treated with 3-
methyladenine (3MA), a chemical inhibitor of autophagy, or
macrophages with the deletion of several autophagic compo-
nents, including ATG16L1, ATG7, Beclin 1, and LC3, impair
mitochondrial homeostasis and further inducemore caspase-
1 activation and IL-1𝛽 secretion in response to solely LPS or
LPS+NLRP3 agonists [29, 47]. These data strongly suggest
that autophagy negatively regulates the NLRP3 inflamma-
some activity. Autophagy is also a critical regulator of the
organelles’ homeostasis, particularly for aggregated protein
and mitochondria in cells [41]. Damaged mitochondria that
have lost their membrane potential and are more likely to
release toxic apoptotic mediators and ROS serve as signaling
to recruit selective autophagy (mitophagy) [29]. The aging
process causes the deficient maintenance of proteostasis (see
Table 1), resulting in the accumulation of damaged cellular
components in old cells; for example, lipofuscin would
destroy lysosome function, thus failing to clear the dys-
functional mitochondria [48]. In particular, dysfunction of
mitochondrial homeostasis can increase mROS production
and stimulate the NLRP3 inflammasome activation. Thus,
autophagy declines with aging, enhancing the inflammaging
process (Figure 1). Several regulatory mechanisms indicate
that the age-related deficiency of autophagy can enhance
the appearance of the inflammation phenotype in cells. It
is well known that several redox-sensitive protein kinases,
phosphatases, and proinflammatory cytokines can stimulate
IKK-NF-𝜅B signaling andROSproduction, and the increased
levels of ROS can feedback-activate NF-𝜅B signaling. All of
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Table 3: Classification of compounds from food sources associated with anti-NLRP3 inflammasome.

Category Compounds Molecular mechanism Resources References

Stilbenoids Resveratrol
Inhibited NLRP3
activation
Induced autophagy

Impaired caspase-1 and IL-1𝛽
expression
Reduced the acetylation of
cytoplasmic proteins

Veratrum album [57, 58]

Flavonoids

Flavonols Quercetin Suppressed renal
NLRP3 activation

Impaired caspase-1 and IL-1𝛽
expression Quercetum [64, 65]

Flavones Luteoloside
Inhibited NLRP3
activation

Reduced ROS accumulation
Impaired NLRP3, caspase-1, and
IL-1𝛽 expression

Honeysuckle [61]

Flavan-3-ols
Catechins

Inhibited NLRP3
activation
Enhanced autophagy

Impaired caspase-1 and IL-1𝛽
expression
Enhanced Beclin 1 expression

Green tea [37, 38]

EGCG
Inhibited NLRP3
activation
Enhanced autophagy

Reduced ROS accumulation,
NF-𝜅B activation, and NLRP3
expression
Impaired caspase-1 and IL-1𝛽
expression

Green tea [103–105]

Other phenolic
compounds

Creosol Impaired NLRP3
activation

Reduced iNOS expression and
NO levels
Decreased ROS production
Impaired IL-1𝛽 expression

Bamboo vinegar
(BV) [59]

Propolis extracts Inhibited NLRP3
activation Reduced the IL-1𝛽 secretion Brazilian

propolis [60]

iNOS: inducible nitric oxide synthase; ROS: reactive oxygen species; IL: interleukin; MAPK: mitogen-activated protein kinase; EGCG: epigallocatechin-3-
gallate; NF-𝜅B: nuclear factor kappa-light-chain-enhancer of activated B cells.

them can produce prime activation of the inflammasome.
Moreover, declines in autophagy can result in the loss of
control activity of the NF-𝜅B complex, which is degraded via
selective autophagy [49, 50]. The loss of clearance function
of autophagy with aging generates a comfortable situation for
stimulating NF-𝜅B signaling directly or indirectly, resulting
in inflammasome-dependence in an age-related proinflam-
matory phenotype manner.

5. The Impact of Natural Compounds
on Inflammaging

Aging in humans is associated with a high incidence of
some chronic diseases and inflammaging-associated diseases,
such as type 2 diabetes, atherosclerosis, and Alzheimer’s
disease. There is a need to develop a preventive strategy
for prolonging the period of healthy life and preventing
the pathogenesis of these inflammaging-associated diseases.
Interestingly, inflammaging-associated diseases are highly
related to NLRP3 activation or a decline in autophagy, which
increases metabolic and oxidative stress and elevates a low-
grade inflammation, which increases the levels of damage.

Food intake including vegetables, fruits, tea, and wine
can reduce the development of age-related diseases [51,
52]. Emerging studies suggest that some phytochemical
compounds have potential as inflammation inhibitors to
impair NLRP3 activation or enhance autophagy. Four
main categories of phytochemical compounds may improve

inflammaging-related diseases through impaired NLRP3
activation or enhanced autophagy (Table 3).

Resveratrol is a stilbenoid compound that exists in many
plant-derived foods such as grapes and red wine [53].
Several discoveries provide evidence demonstrating that a
significant amount of resveratrol in the diet has beneficial
effects on various chronic diseases and aging. It has been
found that resveratrol can protect against type 2 diabetes,
heart disease, and Alzheimer’s disease [54–56]. In humans,
there is still no solid evidence that resveratrol intake can
extend lifespan. However, it has been found that resveratrol
can protect against NLRP3 inflammasome activation and
enhance autophagy [57, 58], which may be able to suppress
oxidative stress and inflammation and point to a promising
antiaging process.

Other phenolic compounds are described as being linked
to anti-inflammatory activity. These compounds include
creosol in bamboo vinegar [59] and propolis extracts in
Brazilian propolis [60]. They are demonstrated potentially to
inhibit NLRP3 activation through the reduction of MAPK
and NF-𝜅B activation, decrease ROS production, and impair
IL-1𝛽 expression. All of them are suggested to improve the
aging process [52].

Luteoloside and quercetin, naturally occurring flavonoids
in food, exhibit health-beneficial properties and an antiaging
effect for humans [52]. Luteoloside, isolated from the medic-
inal plant Gentiana macrophylla, has been demonstrated to
show an anticancer effect against hepatocellular carcinoma
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(HCC) cells through its effect of inhibiting the NLRP3
inflammasome through inhibiting proliferation, invasion,
andmetastasis ofHCCcells in amouse lungmetastasismodel
[61]. Quercetin isolated from herbal foods has been reported
previously to exhibit potential for anti-inflammation and
antihyperlipidemia [62, 63]. Recent studies [64, 65] have
demonstrated that quercetin could impair NLRP3 inflamma-
some activation to improve renal inflammation.

Catechins and epigallocatechin-3-gallate (EGCG) are
abundant in teas derived from the tea plant Camellia sinensis.
These products show the effect of ameliorating a variety
of human diseases such as cancers, atherosclerotic lesions,
and Alzheimer’s disease [66–70]. Recent studies [37, 38]
have shown that they also attenuate the Helicobacter pylori-
triggered caspase-1 signaling pathway, oxidative stress, and
apoptosis in the gastric mucosa of the Helicobacter pylori-
infected mouse model.

6. Conclusion

A healthy lifestyle to avoid premature aging is achievable
through maintaining a happy, relaxed mood, engaging in
regular sports and exercise, not smoking or drinking, and
following a nutrient-rich, low-calorie diet. Studies have
shown that people who do not have a healthy lifestyle
and do not adhere to a nutritious diet are at high risk of
age-related diseases such as type 2 diabetes, cancer, and
cardiovascular disease. In this review, we summarize the
relationship between inflammaging and autophagy.There are
indications that autophagic capacity is dysfunctional in age-
related diseases. Autophagy declines with aging, triggering
NLRP3 activation, and enhancing the inflammaging process.
Decreased NLRP3 activation and increased autophagy can
extend the lifespan. In this respect, the effective function
of autophagic uptake in the clearance of dysfunctional
mitochondria reduced oxidative stress and impaired NLRP3
activation is critical to maintaining cell homeostasis. Grow-
ing evidence shows that some foods containing natural
compounds, such as resveratrol, catechins, EGCG, propolis
extracts, creosol, and luteoloside, are categorized as antiaging
molecules [52].There is suggestion that dietary intake of these
compounds may promote health and extend the lifespan via
multiple mechanisms, including the reduction of oxidative
stress, induction of autophagy, and suppression of NLRP3
activation. This can lead to a healthier and longer lifespan.
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[71] C. López-Ot́ın, M. A. Blasco, L. Partridge, M. Serrano, and G.
Kroemer, “The hallmarks of aging,”Cell, vol. 153, no. 6, pp. 1194–
1217, 2013.

[72] L. A. Forsberg, C. Rasi, H. R. Razzaghian et al., “Age-related
somatic structural changes in the nuclear genome of human
blood cells,” The American Journal of Human Genetics, vol. 90,
no. 2, pp. 217–228, 2012.

[73] F. Faggioli, T. Wang, J. Vijg, and C. Montagna, “Chromosome-
specific accumulation of aneuploidy in the aging mouse brain,”
Human Molecular Genetics, vol. 21, no. 24, pp. 5246–5253, 2012.

[74] B. A. I. Payne, I. J. Wilson, C. A. Hateley et al., “Mitochondrial
aging is accelerated by anti-retroviral therapy through the clonal
expansion ofmtDNAmutations,”Nature Genetics, vol. 43, no. 8,
pp. 806–810, 2011.

[75] M. Jaskelioff, F. L. Muller, J. H. Paik et al., “Telomerase
reactivation reverses tissue degeneration in aged telomerase-
deficient mice,” Nature, vol. 469, no. 7328, pp. 102–107, 2011.

[76] J. J. Boonekamp, M. J. P. Simons, L. Hemerik, and S. Verhulst,
“Telomere length behaves as biomarker of somatic redundancy
rather than biological age,”Aging Cell, vol. 12, no. 2, pp. 330–332,
2013.

[77] R. Mostoslavsky, K. F. Chua, D. B. Lombard et al., “Genomic
instability and aging-like phenotype in the absence of mam-
malian SIRT6,” Cell, vol. 124, no. 2, pp. 315–329, 2006.

[78] S. Maegawa, G. Hinkal, H. S. Kim et al., “Widespread and
tissue specific age-related DNA methylation changes in mice,”
Genome Research, vol. 20, no. 3, pp. 332–340, 2010.

[79] K. Larson, S.-J. Yan, A. Tsurumi et al., “Heterochromatin
formation promotes longevity and represses ribosomal RNA
synthesis,” PLoS Genetics, vol. 8, no. 1, Article ID e1002473, 2012.

[80] K. Boulias and H. R. Horvitz, “The C. elegans MicroRNA mir-
71 acts in neurons to promote germline-mediated longevity
through regulation of DAF-16/FOXO,” Cell Metabolism, vol. 15,
no. 4, pp. 439–450, 2012.

[81] G. A.Walker andG. J. Lithgow, “Lifespan extension inC. elegans
by amolecular chaperone dependent upon insulin-like signals,”
Aging Cell, vol. 2, no. 2, pp. 131–139, 2003.

[82] H. Koga, S. Kaushik, and A. M. Cuervo, “Protein homeostasis
and aging: the importance of exquisite quality control,” Ageing
Research Reviews, vol. 10, no. 2, pp. 205–215, 2011.



10 BioMed Research International

[83] D. E. Harrison, R. Strong, Z. D. Sharp et al., “Rapamycin fed
late in life extends lifespan in genetically heterogeneous mice,”
Nature, vol. 460, no. 7253, pp. 392–395, 2009.

[84] U. Kruegel, B. Robison, T. Dange et al., “Elevated proteasome
capacity extends replicative lifespan in saccharomyces cere-
visiae,” PLoS Genetics, vol. 7, no. 9, Article ID e1002253, 2011.

[85] B. Schumacher, I. van der Pluijm, M. J. Moorhouse et al.,
“Delayed and accelerated aging share common longevity assur-
ance mechanisms,” PLoS Genetics, vol. 4, no. 8, Article ID
e1000161, 2008.

[86] S. C. Johnson, P. S. Rabinovitch, and M. Kaeberlein, “MTOR is
a key modulator of ageing and age-related disease,” Nature, vol.
493, no. 7432, pp. 338–345, 2013.

[87] W. Mair, I. Morantte, A. P. C. Rodrigues et al., “Lifespan
extension induced by AMPK and calcineurin is mediated by
CRTC-1 and CREB,” Nature, vol. 470, no. 7334, pp. 404–408,
2011.

[88] D. Harman, “The free radical theory of aging: effect of age on
serum copper levels,” Journal of Gerontology, vol. 20, pp. 151–153,
1965.

[89] S. Hekimi, J. Lapointe, and Y.Wen, “Taking a “good” look at free
radicals in the aging process,” Trends in Cell Biology, vol. 21, no.
10, pp. 569–576, 2011.

[90] H. van Remmen, Y. Ikeno, M. Hamilton et al., “Life-long
reduction inMnSOD activity results in increased DNA damage
and higher incidence of cancer but does not accelerate aging,”
Physiological Genomics, vol. 16, no. 1, pp. 29–37, 2003.

[91] M. Ristow and S. Schmeisser, “Extending life span by increasing
oxidative stress,” Free Radical Biology and Medicine, vol. 51, no.
2, pp. 327–336, 2011.

[92] E. Sahin and R. A. DePinho, “Axis of ageing: telomeres, p53 and
mitochondria,”Nature Reviews—Molecular Cell Biology, vol. 13,
no. 6, pp. 397–404, 2012.

[93] J. Krishnamurthy, C. Torrice, M. R. Ramsey et al., “Ink4a/Arf
expression is a biomarker of aging,” Journal of Clinical Investi-
gation, vol. 114, no. 9, pp. 1299–1307, 2004.

[94] S. Ressler, J. Bartkova, H. Niederegger et al., “p16INK4A is a
robust in vivo biomarker of cellular aging in human skin,”Aging
Cell, vol. 5, no. 5, pp. 379–389, 2006.

[95] D. J. Rossi, D. Bryder, J. Seita, A. Nussenzweig, J. Hoeijmakers,
and I. L. Weissman, “Deficiencies in DNA damage repair limit
the function of haematopoietic stem cells with age,”Nature, vol.
447, no. 7145, pp. 725–729, 2007.

[96] D. R. Green, L. Galluzzi, and G. Kroemer, “Mitochondria
and the autophagy-inflammation-cell death axis in organismal
aging,” Science, vol. 333, no. 6046, pp. 1109–1112, 2011.

[97] J. Plowden,M. Renshaw-Hoelscher, C. Engleman, J. Katz, and S.
Sambhara, “Innate immunity in aging: impact on macrophage
function,” Aging Cell, vol. 3, no. 4, pp. 161–167, 2004.

[98] D.Weiskopf, B.Weinberger, and B. Grubeck-Loebenstein, “The
aging of the immune system,” Transplant International, vol. 22,
no. 11, pp. 1041–1050, 2009.

[99] T. Fulop, A. le Page, C. Fortin et al., “Cellular signaling in the
aging immune system,”Current Opinion in Immunology, vol. 29,
pp. 105–111, 2014.

[100] A. Agrawal, S. Agrawal, and S. Gupta, “Dendritic cells in human
aging,” Experimental Gerontology, vol. 42, no. 5, pp. 421–426,
2007.

[101] J. A. Serra, B. Fernandez-Gutierrez, C. Hernandez-Garcia et al.,
“Early T cell activation in elderly humans,” Age and Ageing, vol.
25, no. 6, pp. 470–478, 1996.

[102] D. Baylis, D. B. Bartlett, H. P. Patel, and H. C. Roberts, “Under-
standing how we age: insights into inflammaging,” Longevity
and Healthspan, vol. 2, no. 1, article 8, 2013.

[103] L. Z. Ellis, W. Liu, Y. Luo et al., “Green tea polyphenol
epigallocatechin-3-gallate suppresses melanoma growth by
inhibiting inflammasome and IL-1𝛽 secretion,” Biochemical and
Biophysical Research Communications, vol. 414, no. 3, pp. 551–
556, 2011.

[104] P.-Y. Tsai, S.-M. Ka, J.-M. Chang et al., “Epigallocatechin-
3-gallate prevents lupus nephritis development in mice via
enhancing the Nrf2 antioxidant pathway and inhibiting NLRP3
inflammasome activation,” Free Radical Biology and Medicine,
vol. 51, no. 3, pp. 744–754, 2011.

[105] W. Li, S. Zhu, J. Li et al., “EGCG stimulates autophagy and
reduces cytoplasmic HMGB1 levels in endotoxin-stimulated
macrophages,” Biochemical Pharmacology, vol. 81, no. 9, pp.
1152–1163, 2011.



Research Article
GHK and DNA: Resetting the Human Genome to Health

Loren Pickart, Jessica Michelle Vasquez-Soltero, and Anna Margolina

Skin Biology, Research & Development Department, 4122 Factoria Boulevard SE, Suite No. 200, Bellevue, WA 98006, USA

Correspondence should be addressed to Loren Pickart; lorenpickart@skinbiology.com

Received 8 July 2014; Accepted 27 August 2014; Published 11 September 2014

Academic Editor: Chi-Feng Hung

Copyright © 2014 Loren Pickart et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

During human aging there is an increase in the activity of inflammatory, cancer promoting, and tissue destructive genes plus a
decrease in the activity of regenerative and reparative genes. The human blood tripeptide GHK possesses many positive effects
but declines with age. It improves wound healing and tissue regeneration (skin, hair follicles, stomach and intestinal linings,
and boney tissue), increases collagen and glycosaminoglycans, stimulates synthesis of decorin, increases angiogenesis, and nerve
outgrowth, possesses antioxidant and anti-inflammatory effects, and increases cellular stemness and the secretion of trophic factors
by mesenchymal stem cells. Recently, GHK has been found to reset genes of diseased cells from patients with cancer or COPD to a
more healthy state. Cancer cells reset their programmed cell death system while COPD patients’ cells shut down tissue destructive
genes and stimulate repair and remodeling activities. In this paper, we discuss GHK’s effect on genes that suppress fibrinogen
synthesis, the insulin/insulin-like system, and cancer growth plus activation of genes that increase the ubiquitin-proteasome system,
DNA repair, antioxidant systems, and healing by the TGF beta superfamily. A variety ofmethods and dosages to effectively useGHK
to reset genes to a healthier state are also discussed.

1. Introduction

According to the Administration on Aging (http://www.aoa
.gov/), there were 39 million people aged 65 and older in
2009 which constituted 12% of the American population.
By 2030 it is expected that 19% of the population will be
over 65. With life expectancy continuing to increase, we
may expect that this trend is here to stay. Unfortunately,
with advanced age comes not only wisdom but also many
age-related pathological conditions that account for the high
rates of hospitalization, increased cost of health care and
decreased quality of life. Today, more than ever, there is an
urgent need to find safe, easy-to-administer, cost-effective
methods, which could not only delay the onset of the age
related diseases, but also restore health.

It now becomes increasingly clear that the primary cause
of human aging and its attendant diseases is changes in the
activity of the human genome. During aging there is an
increase in the activity of inflammatory, cancer promoting,
and tissue destructive genes plus a decrease in the activity of
regenerative and reparative genes [1].

The most exciting discovery of the past decades is that
these changes in gene activity can be reversed, often by quite

simple and natural molecules [2]. Recent discoveries on the
actions of the human tripeptide GHK (glycyl-L-histidyl-L-
lysine) to reset gene expression of human cells to a more
healthy state may open a door to the therapeutic resetting
of genes in the elderly. This can be useful as a preventative
measure and a complimentary treatment for conditions
typically associated with aging such as cancer, Alzheimer’s,
chronic obstructive lung disease (COPD), nephropathy, and
retinopathy.

GHK was discovered during studies comparing the
effect of human plasma from young persons (age 20–25) to
plasma from older persons (age 50–70) on the functioning
of incubated slices of human hepatic tissue. The younger
plasma more effectively induced a profile associated with
youth by suppressing fibrinogen synthesis. The active factor
was found to be GHK. Since then numerous studies over
the course of four decades demonstrated that this simple
molecule improves wound healing and tissue regeneration
(skin, hair follicles, bones, stomach, intestinal linings, and
liver), increases collagen and glycosaminoglycans, stimulates
synthesis of decorin, increases angiogenesis, and nerve out-
growth; possesses antioxidant and anti-inflammatory effects,
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and increases cellular stemness and the secretion of trophic
factors by mesenchymal stem cells [3–6].

GHK’s actions on gene expression were determined by
the Broad Institute and, using their data, we determined
that GHK increased or decreased gene expression (UP or
DOWNmore than 50%) in 32.1% of the human genes [7]. In
a recent gene study, the Broad Institute’s Connectivity Map
was used to find potential therapeutic agents for aggressive,
metastatic colon cancer [8]. The gene analysis computer
program selected GHK from 1,309 bioactive molecules as
the best choice to reset the diseased gene patterns to a
healthier pattern. When three lines of human cancer cells
(SH-SY5Y neuroblastoma cells, U937 histolytic cells, breast
cancer cells) were incubated in culture with 1 to 10 nanomolar
GHK, the programmed cell death system (apoptosis) was
reactivated and cell growth inhibited [9]. When cells derived
from the damaged areas of the lungs of COPD patients were
incubated with 10 nanomolar GHK, the tripeptide recapit-
ulated TGF beta induced genes expression patterns which
led to the organization of the actin cytoskeleton and elevated
the expression of integrin. This restored proper collagen
contraction and remodeling by lung fibroblasts [10]. These
results, combined with GHK’s broad spectrum of positive
actions onmany systems thatmaintain humanhealth, suggest
that therapies usingGHKmight provide health benefits to the
elderly.

In this paper, we discuss the following actions of GHK on
genes important in healthy aging.

(1) The Suppression of Fibrinogen Synthesis. Fibrinogen is an
excellent predictor of mortality especially in patients with
cardiovascular complications [11, 12]. GHK was isolated as
a plasma factor that suppressed fibrinogen synthesis in liver
tissue and in mice.

(2) Activation of the Ubiquitin/Proteasome System (UPS).The
UPS removes damaged proteins. Higher activities of the UPS
appear to retard aging effects [13, 14].

(3) Activation of DNARepair Genes. DNAdamage is promptly
repaired in young and healthy cells, however, as we age, DNA
damage starts accumulating. Resetting activity of DNA repair
genes can diminish deleterious effects of aging.

(4) Antioxidant Genes. Free radicals and toxic end products
of lipid peroxidation are linked to atherosclerosis, cancer,
cataracts, diabetes, nephropathy, Alzheimer’s disease and
other severe pathological conditions of aging.

(5) Suppression of Insulin and Insulin-Like Genes.The insulin
family has been proposed as a negative controller of longevity;
higher levels of insulin and insulin-like proteins reduce the
lifespan [15].

(6) Tissue Repair by TGF Superfamily. General tissue repair
by the TGF superfamily as exemplified by COPD (chronic
obstructive pulmonary disease).

(7) Cancer ControllingGenes. Caspase, growth regulatory, and
DNA repair genes are important in cancer suppression.

Table 1: GHK and fibrinogen.

Gene title Percent change in
gene expression

Fibrinogen alpha chain, FGA 121
Fibrinogen beta chain, FGB −475

In addition to discussing GHK actions in this paper, we
suggest administrative methods and dosages that should be
effective in humans.

2. Methods and Results

2.1. Gene ExpressionAnalysis. Theconnectivitymapwas used
to acquire our gene expression data (retrievedMarch 5, 2013)
[16]. Within the Connectivity Map repository there are three
GHK gene signatures. Each signature was produced using
the GeneChip HT Human Genome U133A Array. GHK was
tested on 2 of the 5 cell lines used by the Connectivity Map.
Two of the profiles were created using the PC3 cell line while
the third used the MCF7 cell line. Our studies utilized all
three gene expression profiles.

This genomic data was then analyzed using GenePat-
tern [17]. The CEL files were processed with MAS5 and
background correction. Files were then uploaded to the
ComparativeMarkerSelectionViewermodule in order to view
fold changes for each probe set.

Since many probe sets map to the same gene we con-
verted the fold changes in m-RNA production produced by
GenePattern to percentages and then averaged all probe sets
representing the same gene. It was determined that the 22,277
probe sets in the Broad data represent 13,424 genes.This ratio
(1.66) was used to calculate the overall number of genes that
are affected by GHK at various cutoff points (rather than
probe sets). The number of genes stimulated or suppressed
by GHK with a change greater than or equal to 50% is 31.2%.

2.2. Fibrinogen Suppression. Fibrinogen consists of three
polypeptide chains; alpha, beta, and gamma. GHK strongly
suppresses the gene for the beta chain of fibrinogen. A lack of
adequate FGB will effectively stop fibrinogen syntheses since
equal amounts of all three polypeptide chains are needed to
produce fibrinogen. See Table 1.

GHK also suppresses the production of the inflammatory
cytokine interleukin-6 (IL-6) which is a main positive reg-
ulator of fibrinogen synthesis, through its interaction with
fibrinogen genes [18]. In cell culture systems,GHK suppresses
IL-6 secretion in skin fibroblasts and IL-6 gene expression in
SZ95 sebocytes [19, 20].

In summary, the effects of GHK on the FGB gene plus
its effects on IL-6 production imply a suppression of overall
fibrinogen production.

2.3. Ubiquitin/Proteasome System. GHK stimulated gene
expression in 41 UPS genes while suppressing only 1 UPS
gene. See Table 2.
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Table 2: Ubiquitin/proteasome system and GHK.

Up Gene title Percent change in
gene expression

1 Ubiquitin specific peptidase 29, USP29 1056
2 Ubiquitin protein ligase E3 component n-recognin 2, UBR2 455
3 Gamma-aminobutyric acid (GABA) B receptor, 1 /// ubiquitin D, GABBR1 /// UBD 310
4 Ubiquitin specific peptidase 34, USP34 195
5 Parkinson protein 2, E3 ubiquitin protein ligase (parkin), PARK2 169
6 Ubiquitin-conjugating enzyme E2I (UBC9 homolog, yeast), UBE2I 150
7 Ubiquitin protein ligase E3 component n-recognin 4, UBR4 146
8 Ubiquitin protein ligase E3B, UBE3B 116
9 Ubiquitin specific peptidase 2, USP2 104
10 Ubiquitin-like modifier activating enzyme 6, UBA6 104
11 Ubiquitination factor E4B (UFD2 homolog, yeast), UBE4B 97
12 Ubiquitin-conjugating enzyme E2M (UBC12 homolog, yeast), UBE2M 92
13 Ubiquitin-like modifier activating enzyme 7, UBA7 88
14 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 1, HECW1 81
15 Proteasome (prosome, macropain) 26S subunit, ATPase, 3, PSMC3 81
16 Ubiquitin-conjugating enzyme E2D 1 (UBC4/5 homolog, yeast), UBE2D1 79
17 Proteasome (prosome, macropain) subunit, beta type, 2, PSMB2 79
18 Ubiquitin protein ligase E3 component n-recognin 5, UBR5 77
19 Ubiquitin specific peptidase 21, USP21 76
20 OTU domain, ubiquitin aldehyde binding 2, OTUB2 76
21 Proteasome (prosome, macropain) inhibitor subunit 1 (PI31), PSMF1 75
22 Ubiquitin-conjugating enzyme E2H (UBC8 homolog, yeast), UBE2H 73
23 Ubiquitin-conjugating enzyme E2N (UBC13 homolog, yeast), UBE2N 72
24 Ubiquitin carboxyl-terminal hydrolase L5, UCHL5 71
25 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 13, PSMD13 70
26 Ubiquitin associated protein 1, UBAP1 70
27 Ubiquitin-conjugating enzyme E2B (RAD6 homolog), UBE2B 69

28 TMEM189-UBE2V1 readthrough /// ubiquitin-conjugating enzyme E2 variant 1,
TMEM189-UBE2V1 /// UBE2V1 67

29 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 1, PSMD1 64
30 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 3, PSMD3 64

31 Ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (drosophila),
ARIH1 61

32 BRCA1 associated protein-1 (ubiquitin carboxy-terminal hydrolase), BAP1 60
33 Ubiquitin interaction motif containing 1, UIMC1 60
34 Ubiquitin associated protein 2-like, UBAP2L 57
35 Ubiquitin protein ligase E3 component n-recognin 7 (putative), UBR7 56
36 Ubiquitin-conjugating enzyme E2G 1 (UBC7 homolog, yeast), UBE2G1 54
37 Itchy E3 ubiquitin protein ligase homolog (mouse), ITCH 54
38 Ubiquitin-conjugating enzyme E2D 4 (putative), UBE2D4 51
39 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 10, PSMD10 50
40 WW domain containing E3 ubiquitin protein ligase 1, WWP1 50
41 Ubiquitin-like 3, UBL3 50

Down Gene title Percent change in
gene expression

1 Ubiquitin associated and SH3 domain containing A, UBASH3A −89
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Table 3: GHK and DNA repair.

Percent change in gene
expression Genes up Genes down

50%–100% 41 4
100%–150% 2 1
150%–200% 1 0
200%–250% 2 0
250%–300% 1 0

Table 4: The most affected DNA repair genes.

Up Gene title Percent change in
gene expression

1 Poly (ADP-ribose) polymerase
family, member 3, PARP3 253

2 Polymerase (DNA directed), mu,
POLM 225

3 MRE11 meiotic recombination 11
homolog A MRE11A 212

4 RAD50 homolog (S. cerevisiae),
RAD50 175

5 Eyes absent homolog 3
(Drosophila), EYA3 128

6 Retinoic acid receptor, alpha,
RARA 123

Down Gene title Percent change in
gene expression

1 Cholinergic receptor, nicotinic,
alpha 4, CHRNA4 −105

2.4. DNA Repair Genes. GHK was primarily stimulatory for
DNA repair genes (47 UP, 5 DOWN). See Tables 3 and 4.

2.5. Antioxidant Genes. Among the 13,424 available genes
in the Broad Institute data, we were able to identify 14
antioxidant genes in which GHK stimulates as well as two
prooxidant genes that GHK suppresses. GHK increases the
expression of the oxidative/inflammatory gene NF-𝜅B2 103%
but also increases the expression of two inhibitors of NF-𝜅B,
TLE1 by 762% and IL18BP by 295%, thus possibly inhibiting
the activity of the NF-𝜅B protein. See Table 5.

2.6. Insulin and Insulin-Like System. GHK stimulates 3 genes
in this system and suppresses 6 genes. See Table 6.

3. Discussion

Even though numerous and diverse beneficial effects of GHK
have been known for decades, it was not clear how one
simple molecule could accomplish so much. The use of gene
expression data greatly extends our understanding of GHK’s
effects and its potential treatments of some of the diseases
and biochemical changes associatedwith aging. As a potential
therapeutic agent GHK has a clear advantage over many
other active chemicals that may also show promising results
in gene profiling experiments, its gene modulating effects

correspond to findings from in vivo experiments.WhenGHK
is administered internally to an animal, it induces actions
throughout the body.

The treatment of rats, mice, and pigs with GHK was
shown to effectively activate systemic healing throughout
the animal. For example, if GHK is injected into the thigh
muscles of rats, it induces accelerated healing in implanted
Hunt-Schilling wound chambers. If the GHK is injected into
the thigh muscles of mice, it accelerates the healing of an
experimental full thickness surgical defect wound model on
its back. If injected into thigh muscles of pigs, it induces
accelerates healing of full thickness surgical defect wounds
on its back [37]. If GHK is injected intraperitoneally into rats,
it heals tubular bone fractures [38]. Wound healing requires
activation of gene expression for numerous pathways and
wound healing data confirms that GHK is able to activate
gene expression in animals [39–45].

There is still not enough information to translate gene
profiling data into biological effects. However, based on the
documented activity of GHK in vivo, we can predict the
following beneficial actions from our gene profiling data.

3.1. Fibrinogen. Fibrinogen, the protein which is used to
make blood clots, is also a strong predictor of mortality
in cardiovascular patients. After vascular incidents, such
as myocardial infarction, fibrinogen concentrations increase
sharply. The free, unclotted fibrinogen protein increases the
“stickiness” of red blood cells which stack together forming
rouleaux. This increases the time of the “solid” blood state
which decreases blood flow through the microcirculation
where blood flows like a thixotropic fluid, switching between
a solid phase and a liquid phase, somewhat like toothpaste. As
a solid, it stops oxygen and nutrient flow to the tissues. This,
in itself, can cause tissue damage.

The gene data on GHK’s suppression of FGB (the fibrino-
gen beta chain) combined with its actions on lowering IL-6
secretion on fibroblasts and sebocytes appears to be sufficient
to explain its lowering effect on fibrinogen.

3.2. Ubiquitin Proteasome System. The ubiquitin proteasome
system (UPS) functions in the removal of damaged or
misfolded proteins. Aging is a natural process that is charac-
terized by a progressive accumulation of unfolded,misfolded,
or aggregated proteins. In particular, the proteasome is
responsible for the removal of normal as well as damaged
or misfolded proteins. Recent work has demonstrated that
proteasome activation by either genetic means or use of
compounds retards aging [13, 14].

In our screening of UPS genes with a percent change of at
least ±50%, GHK increased gene expression in 41UPS genes
while suppressing 1UPS gene. Thus, it should have a positive
effect on this system [13, 14, 46].

3.3. DNA Repair. It is estimated that normal metabolic
activities and environmental factors such as UV light and
radiation can cause DNA damage, resulting in somewhere
between 1000 and as many as 1 million individual molecular
lesions per cell per day. Lack of sufficient DNA repair is
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Table 5: GHK effects on antioxidant genes.

Up Genes Percent change in
gene expression Comments

1 TLE1 762 Inhibits the oxidative/inflammatory gene NF-𝜅B [21].

2 SPRR2C 721

This proline-rich, antioxidant protein protects outer skin cells from
oxidative damage from ROS. When the ROS level is low, the protein
remains in the outer cell membrane but when the ROS level is high, the
protein clusters around the cell’s DNA to protect it [22, 23].

3 ITGB4 609 Upregulation of ITGB4 promotes wound repair ability and antioxidative
ability [24].

4 APOM 403 Binds oxidized phospholipids and increases the antioxidant effect of HDL
[25].

5 PON3 319
Absence of PON3 (paraoxonase 3) in mice resulted in increased rates of
early fetal and neonatal death. Knockdown of PON3 in human cells
reduced cell proliferation and total antioxidant capacity [26].

6 IL18BP 295

The protein encoded by this gene is an inhibitor of the proinflammatory
cytokine IL18. IL18BP abolished IL18 induction of interferon-gamma
(IFNgamma), IL8, and activation of NF-𝜅B in vitro. Blocks neutrophil
oxidase activity [27].

7 HEPH 217
Inhibits the conversion of Fe(2+) to Fe(3+). HEPH increases iron efflux,
lowers cellular iron levels, suppresses reactive oxygen species production,
and restores mitochondrial transmembrane potential [28].

8 FABP1 186 Reduces intracellular ROS level. Plays a significant role in reduction of
oxidative stress [29, 30].

9 PON1 149 PON1 (paraoxonase 1) is a potent antioxidant and a major
anti-atherosclerotic component of high-density lipoprotein [31].

10 MT3 142

Metallothioneins (MTs) display in vitro oxyradical scavenging capacity,
suggesting that they may specifically neutralize hydroxyl radicals.
Metallothioneins and metallothionein-like proteins isolated from mouse
brain act as neuroprotective agents by scavenging superoxide radicals
[32, 33].

11 PTGS2 120 Produces cyclooxygenase-II (COX-II) which has antioxidant activities [34].

12 NF-𝜅B2 103
NF-𝜅B, an oxidative/inflammatory protein, is involved in cellular responses
to stimuli such as stress, cytokines, free radicals, ultraviolet irradiation,
oxidized LDL, and bacterial or viral antigens [21].

13 NFE2L2 56
Nuclear respiratory factor 2 helps activate antioxidant responsive element
regulated genes which contribute to the regulation of the cellular
antioxidant defense systems [35].

14 PTGS1 50 Produces cyclooxygenase-I (COX-I) which has antioxidant activity [34].

Down Genes Percent change in
gene expression Comments

1 IL17A −1018

This strongly suppressed cytokine can stimulate the expression of IL6 and
cyclooxygenase-2 (PTGS2/COX-2), as well as enhancing the production of
nitric oxide (NO). High levels of this cytokine are associated with several
chronic inflammatory diseases including rheumatoid arthritis, psoriasis,
and multiple sclerosis (NCBI GENE entry).

2 TNF −115 GHK suppresses this prooxidant TNF gene which inhibits the antioxidant
IL18 [36].

considered a cause of cell senescence, programmed cell death,
and unregulated cell division, which can lead to the formation
of a tumor that is cancerous [47–50].

GHK was stimulatory for DNA repair genes (47 stim-
ulated, 5 suppressed) suggesting an increased DNA repair
activity.

3.4. Antioxidant Defense. Free radicals and toxic end prod-
ucts of lipid peroxidation are linked to atherosclerosis,
cancer, cataracts, diabetes, nephropathy, Alzheimer’s disease,
and other severe pathological conditions of aging. Reactive
oxygen species (ROS) and reactive carbonyl species (RCS)
are produced in cells in small quantities under physiological
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Table 6: GHK and insulin/insulin-like genes.

Up Gene title Percent change in
gene expression

1 Insulin-like 6, INSL6 188

2
Insulin-like growth factor 2
mRNA binding protein 3,
IGF2BP3

136

3 Insulin-like growth factor
binding protein 3, IGFBP3 82

Down Gene title Percent change in
gene expression

1 Insulin-like growth factor 1
(somatomedin C), IGF1 −522

2 Insulin receptor-related receptor,
INSRR −437

3 Insulin, INS −289

4 Insulin-like 3 (Leydig cell),
INSL3 −188

5 Insulin-like growth factor
binding protein 7, IGFBP7 −110

6 Insulin-like 5, INSL5 −101

conditions and play an important role in cell signaling and
immune defense. A robust antioxidant network maintains
balance between free radical production and scavenging,
ensuring that the overall damage from free radicals is low.
However, in the course of aging and in pathological condi-
tions such as inflammation, the balance may shift toward free
radical accumulation that can lead to oxidative stress and
eventually to cell death [51].

GHK increases gene expression of 14 antioxidant genes
and suppresses the expression of 2 prooxidant genes. It
increases the expression of the oxidative/inflammatory gene
NF-𝜅B2 103% but also increases the expression of two
inhibitors of NF-𝜅B, TLE1 by 762% and IL18BP by 295%; thus,
it possibly inhibits the activity of the NF-𝜅B protein.

GHK also possesses antioxidant activities in cell culture
and in vivo.

In dermal wound healing in rats, GHK, attached to biotin
to bind it to collagen pads covering wounds, produced a
higher production of protein antioxidants in the wound tis-
sue. Superoxide dismutase was increased 80% while catalase
was increased 56% [52, 53]. GHK reduced gastric mucosal
damage by 75% against lipid peroxidation by oxygen-derived
free radicals induced by acute intragastric administration of
ethanol [54].

Interleukin 1 beta can induce serious oxidative damage
to cultured cells [55, 56]. GHK markedly reduced oxidative
damage by interleukin 1-beta to cultured insulin secreting
pancreatic cells [57].

In another study, GHK entirely blocked the extent of in
vitroCu(2+)-dependent oxidation of low density lipoproteins
(LDL). Treatment of LDL with 5 microM Cu(2+) for 18
hours in phosphate buffered saline (PBS) resulted in extensive
oxidation as determined by the content of thiobarbituric acid
reactive substances. Oxidation was entirely blocked by GHK.

In comparison, copper, zinc-superoxide dismutase provided
only 20% protection [58].

Acrolein, a well-known carbonyl toxin, is produced
by lipid peroxidation of polyunsaturated fatty acids. GHK
directly blocks the formation of 4-hydroxynonenal and
acrolein toxins created by carbonyl radicals that cause fatty
acid decomposition [59, 60]. GHK also blocks lethal ultra-
violet radiation damage to cultured skin keratinocytes by
binding and inactivating reactive carbonyl species such as 4-
hydroxynoneal, acrolein, malondialdehye, and glyoxal [61].

Iron has a direct role in the initiation of lipid peroxida-
tion. An Fe(2+)/Fe(3+) complex can serve as an initiator of
lipid oxidation. The major storage site for iron in serum and
tissue is ferritin and the superoxide anion can promote the
mobilization of iron from ferritin which can catalyze lipid
peroxidation. GHK : Cu(2+) produced an 87% inhibition of
iron release from ferritin by apparently blocking iron’s exit
channels from the protein [62].

3.5. Insulin and Insulin-Like Pathways. The insulin/IGF-1-
like receptor pathway is a contributor to the biological
aging process in many organisms. The gene expression data
suggests that GHK suppresses this system as 6 of 9 of the
affected insulin/IGF-1 genes are suppressed.

Insulin/IGF-1-like signaling is conserved from worms
to humans. In vitro experiments show that mutations that
reduce insulin/IGF-1 signaling have been shown to decelerate
the degenerative aging process and extend lifespan in many
organisms, including mice and possibly humans. Reduced
IGF-1 signaling is also thought to contribute to the “antiaging”
effects of calorie restriction [63].

3.6. COPD. COPD (chronic obstructive lung disease) is a
leading cause of death in the world. It is a deadly and painful
disease of the lungs that causes difficulty in breathing. In
people with COPD, the tissues necessary to support the
physical shape and function of the lungs are destroyed.
COPD is most often caused by tobacco smoking and long-
term exposure to air pollution but is also a component of
normal aging. As the lungs get older, the elastic properties
decrease, and the tensions that develop can result in areas of
emphysema.

The most explored of GHK’s actions is the repair of
damaged tissues (skin, hair follicles, stomach and intestinal
linings, and boney tissue) either by the use of copper-peptide
containing creams or by induction of systemic healing.
Campbell et al. found that GHK’s resetting of gene expression
of fibroblasts from COPD patients fits into this category of
tissue repair via the TGF beta superfamily. Campbell et al.
found that GHK directly increases TGF beta and other family
members which activate the repair process [10].

Treatment of human fibroblasts with GHK recapitulated
TGF beta-induced gene expression patterns, led to the orga-
nization of the actin cytoskeleton and elevated the expression
of integrin beta1. Furthermore, addition of GHK or TGF beta
restored collagen I contraction and remodeling by fibroblasts
derived from COPD lungs compared to fibroblasts from
former smokers without COPD.
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On another note, persons with severe COPD use air
inhalation systems that pump misty, water-filled air in and
out of the lungs. Often steroids are added to the solution to
suppress the lung inflammation, while this provides short-
term help, it also inhibits lung repair. In theory, GHK could
be infused into the blood stream of patients to repair the lung
tissue, added to a misting solution or used in combination
of a carrier like DMSO along with GHK (use a 1 : 1 molar
ratio of GHK to DMSO). DMSO and GHK or GHK : Cu(2+)
has always worked well together on wound healing. DMSO
has been used in the past as a treatment for COPD, so there
should be few safety issues.

Also, it may be possible to inducemore extensive rebuild-
ing of lung tissue. The mixture of GHK, transferrin, and
somatostatin was sufficient to promote branching in the
absence of serum in organ culture, all of which could be
added to the misting solution [64].

3.7. Cancer. In 2010, Hong et al. identified 54 genes asso-
ciated with aggressive, metastatic, human colon cancer [8].
The Broad Institute’s Connectivity Map was used to find
compounds that reverse the differential expressions of these
genes. The results indicated that two wound healing and skin
remodeling molecules, GHK at 1 micromolar and securinine
at 18 micromolar, could significantly reverse the differential
expression of these genes and suggested that they may have a
therapeutic effect on the metastasis-prone patients.

Normal healthy cells have checkpoint systems to self-
destruct if they are synthesizing DNA incorrectly through
programmed cell death or the apoptosis system. Matalka et
al. demonstrated that GHK, at 1 to 10 nanomolar, reactivated
the apoptosis system, as measured by caspases 3 and 7, and
inhibited the growth of human SH-SY5Y neuroblastoma
cells, human U937 histiocytic lymphoma cells, and human
breast cancer cells [9]. In contrast, the GHK accelerated the
growth of healthy human NIH-3T3 fibroblasts.

Our analysis ofGHK’s actions found that it increased gene
expression in 6 of the 12 human caspase genes that activate
apoptosis. In 31 other genes, GHK altered the pattern of gene
expression in a manner that would be expected to inhibit
cancer growth. InDNA repair genes there was an increase (47
UP, 5 DOWN) [7]. These results support the idea that GHK
may help slow or suppress cancer growth.

Linus Pauling’s group once used a copper tripeptide, Gly-
Gly-His : Cu(2+) and ascorbic acid as a cancer treatment
method. In a recent paper, we used their basic method
but with GHK : Cu(2+) and ascorbic acid, which strongly
suppressed sarcoma 180 in mice without any evident distress
to the animals [7]. GHK altered gene expression in 84 genes
(caspases, cytokines, and DNA repair genes) in a manner
that would be expected to suppress cell growth. On skin,
GHK seems to act most strongly in the late stage of healing,
called remodeling, where cellular migration into the wound
area is stopped and cellular debris is removed.The anticancer
actions of small copper peptides may be a side effect of this
system.

The use of GHK : Cu(2+) and ascorbic acid should be
investigated in more detail. The mice treated in this manner

appeared to remain very healthy and active, in contrast to the
toxicities of current cancer chemotherapy.

3.8. GHKas a Clinical Treatment. GHK, abundantly available
at low cost in bulk quantities, is a potential treatment for
a variety of disease conditions associated with aging. The
molecule is very safe and no issues have ever arisen during
its use as a skin cosmetic or in human wound healing studies.

GHK has a very high affinity for Cu(2+) (pK of associ-
ation = 16.4) and can easily obtain copper from the blood’s
albumin bound Cu(2+) (pK of association = 16.2) [3]. Most
of our key experiments used a 1 : 1 mixture of copper-free
GHK and GHK :Cu(2+). In wound healing experiments,
the addition of copper strongly enhanced healing. However,
others often obtain effective results without added copper.

Cells within tissues are under the influence of many
other regulatory molecules. Thus, GHK would be expected
to influence the cells’ gene expression to be more similar to
that of a person of age 20–25, an age when the afflictions
of aging are very rare. Based on our studies, in which GHK
was injected intraperitoneally once daily to induce systemic
wound healing throughout the body, we estimate about 100–
200mgs of GHKwill produce therapeutic actions in humans.
But even this may overestimate the necessary effective dosage
of the molecule. Most cultured cells respond maximally to
GHK at 1 nanoM. GHK has a half-life of about 0.5 to 1 hour in
plasma and two subsequent tissue repair studies in rats found
that injecting GHK intraperitoneally 10 times daily lowered
the necessary dosage by approximately 100-fold in contrast
to our earlier studies [38, 65].

The most likely effective dosage of GHK was given to rats
for healing bone fractures. This mixture of small molecules
included Gly-His-Lys (0.5 𝜇g/kg), dalargin (1.2𝜇g/kg) (an
opioid-like synthetic drug), and the biological peptide thy-
mogen (0.5 𝜇g/kg) (L-glutamyl-L-tryptophan) to heal bones.
The total peptide dosage is about 2.2 𝜇g/kg or, if scaled for the
human body, about 140 𝜇g per injection with 10 treatments
per day [38, 65].

The use of portable continuous infusion pumps for a
treatment might maintain an effective level in the plasma and
extracellular fluid with the need for much less GHK. Possibly
the peptide could be administered with a transdermal patch
[66]. Another approach could be to use peptide-loaded
liposomes as an oral delivery system for uptake into the
intestinal wall without significant breakdown [67, 68].

4. Conclusion

Most current theories and therapies to treat disease tend
to target only one biochemical reaction or pathway. But
for human aging, our data suggests that we must think of
simultaneously resetting hundreds to thousands of genes to
protect at-risk tissues and organs. GHKmay be a step towards
this gene resetting goal.
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“New anti-RNS and -RCS products for cosmetic treatment,”
International Journal of Cosmetic Science, vol. 27, no. 5, pp. 271–
278, 2005.

[62] D. M. Miller, D. DeSilva, L. Pickart, and S. D. Aust, “Effects of
glycyl-histidyl-lysyl chelated Cu(II) on ferritin dependent lipid
peroxidation,” Advances in Experimental Medicine and Biology,
vol. 264, pp. 79–84, 1990.

[63] C. J. Kenyon, “The genetics of ageing,”Nature, vol. 464, pp. 504–
512, 2010.

[64] S. R. Hilfer, S. L. Schneck, and J. W. Brown, “The effect of
culture conditions on cytodifferentiation of fetal mouse lung
respiratory passageways,” Experimental Lung Research, vol. 10,
no. 2, pp. 115–136, 1986.

[65] M. Y. Smakhtin, A. I. Konoplya, L. A. Severyanova, A. A.
Kurtseva, and V. Y. Cherdakov, “Reparative activity of different
functional group peptides in hepatopathyes,” Experimental
Biology and Medicine, vol. 3, pp. 11–17, 2006.

[66] J. J. Hostynek, F. Dreher, and H. I. Maibach, “Human skin
penetration of a copper tripeptide in vitro as a function of skin
layer,” Inflammation Research, vol. 60, no. 1, pp. 79–86, 2011.

[67] P. Li, H. M. Nielsen, and A. Müllertz, “Oral delivery of peptides
and proteins using lipid-based drug delivery systems,” Expert
Opinion on Drug Delivery, vol. 9, no. 10, pp. 1289–1304, 2012.

[68] J. Swaminathan and C. Ehrhardt, “Liposomal delivery of pro-
teins and peptides,” Expert Opinion on Drug Delivery, vol. 9, no.
12, pp. 1489–1503, 2012.



Review Article
Superoxide Dismutase 1 Loss Disturbs Intracellular Redox
Signaling, Resulting in Global Age-Related Pathological Changes

Kenji Watanabe,1,2 Shuichi Shibuya,1 Yusuke Ozawa,1 Hidetoshi Nojiri,3 Naotaka Izuo,1

Koutaro Yokote,2 and Takahiko Shimizu1

1 Department of Advanced Aging Medicine, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan
2Department of Clinical Cell Biology and Medicine, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan
3Department of Orthopaedics, Juntendo University Graduate School of Medicine, Bunkyo-ku, Tokyo 113-0033, Japan

Correspondence should be addressed to Takahiko Shimizu; shimizut@chiba-u.jp

Received 23 April 2014; Revised 29 July 2014; Accepted 6 August 2014; Published 8 September 2014

Academic Editor: Chi-Feng Hung

Copyright © 2014 Kenji Watanabe et al.This is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aging is characterized by increased oxidative stress, chronic inflammation, and organ dysfunction, which occur in a progressive
and irreversiblemanner. Superoxide dismutase (SOD) serves as amajor antioxidant and neutralizes superoxide radicals throughout
the body. In vivo studies have demonstrated that copper/zinc superoxide dismutase-deficient (Sod1−/−) mice show various aging-
like pathologies, accompanied by augmentation of oxidative damage in organs. We found that antioxidant treatment significantly
attenuated the age-related tissue changes and oxidative damage-associated p53 upregulation in Sod1−/− mice. This review will
focus on various age-related pathologies caused by the loss of Sod1 and will discuss the molecular mechanisms underlying the
pathogenesis in Sod1−/− mice.

1. Introduction

Aging is associated with several functional and structural
deficits in organs, which are linked to biochemical changes,
including oxidative modifications, protein aggregation, and
altered gene expression [1]. Reactive oxygen species (ROS)
are mainly generated from the electron transport chain in
mitochondria and nonspecifically oxidize cellular molecules
such as proteins, nucleic acids, and lipids, thus resulting
in the accumulation of oxidative damage in organisms
[2].

The redox balance is physiologically regulated through
the production and degradation of ROS in antioxidant
systems to protect cells from oxidative damage. Superoxide
dismutase (SOD) enzymes play a major role in the antiox-
idant system by catalyzing the conversion of superoxide
radicals (O

2

∙−) to hydrogen peroxide (H
2
O
2
) and O

2
[3]. In

mammals, there are three SOD isoforms: CuZn-SOD (Sod1),
which exists in the cytoplasm; Mn-SOD (Sod2), which is
distributed in the mitochondrial matrix; and extracellular
SOD (Sod3), which is localized in extracellular fluids, such
as lymph, synovial fluid, and plasma.

Mice lacking Sod2 showed dilated cardiomyopathy,
steatosis, and metabolic acidosis, which resulted in neonatal
lethality [4]. Therefore, heterozygous (Sod2+/−) knockout
or tissue-specific knockout mice are used to analyze the
physiological role of Sod2 in various tissues and organs
[5, 6]. Carlsson et al. generated Sod3-null mutant mice [7].
Although Sod3−/−mice exhibited a shorter survival time than
wild-type controls under hyperoxic conditions, themice grew
with no apparent abnormalities until late in life. In contrast,
Reaume et al. first described the characterization of global
Sod1-deficient (Sod1−/−) mice. These mice exhibited marked
vulnerability to motor neuron loss after axonal injury [8].
Subsequently, Sod1−/− mice showed a significantly shortened
mean lifespan by approximately 30% and a high incidence
of liver tumors by 20 months of age compared with those of
Sod1+/+ mice [9]. In vitro studies also revealed that Sod1−/−
fibroblasts showed a significantly decreased growth rate and
higher sensitivity to O

2
stress than Sod1+/+ cells [10]. In the

following paragraphs, we will introduce the various organ
and tissue changes associated with the cellular phenotypes in
Sod1−/− mice.

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 140165, 10 pages
http://dx.doi.org/10.1155/2014/140165

http://dx.doi.org/10.1155/2014/140165


2 BioMed Research International

Table 1: The age-related pathologies in Sod1−/− mice.

Brain Acceleration of Alzheimer’s disease [11, 12]
Eye Macular degeneration [13, 14]

Cataract [15]
Dry eye [16, 17]

Ear Cochlear hair cell loss [18]
Hearing loss [19]

Blood Hemolytic anemia [20]
Bone Osteopenia [21, 22]
Skin Skin atrophy [23, 24]
Muscle Skeletal muscle atrophy [25]
Pancreas Glucose intolerance [26, 27]
Liver Hepatocellular carcinoma [9]

Fatty deposits [28]
Ovary Infertility [29, 30]

Luteal degeneration [31]

2. Sod1−/− Mice Exhibit Age-Related
Pathological Changes in Various
Organs and Tissues

We and other groups have demonstrated that Sod1−/− mice
show various aging-like tissue changes, such as acceleration
of Alzheimer’s disease (AD) [11, 12], macular degeneration
[13, 14], cataracts [15], dry eye [16, 17], cochlear hair cell loss
[18], hearing loss [19], hemolytic anemia [20], osteopenia
[21, 22], skin atrophy [23, 24], skeletal muscle atrophy [25],
glucose intolerance [26, 27], hepatic carcinoma [9], fatty liver
[28], infertility [29, 30], and luteal degeneration [31] (Table 1).
Furthermore, the biochemical analyses revealed that Sod1 loss
in organs led to the accumulation of oxidative molecules
such as carbonylated proteins, lipid peroxidants, oxidized
nucleic acids, and advanced glycation end products (AGEs),
which resulted in broadly impaired cellular signaling, gene
expression, energy metabolism, cytoskeletal morphology,
and cell death in the tissues.

3. Effects on the Individual Organs and Tissues

3.1. Effects on the Brain. Brain function declines in patients
with neurodegenerative diseases, as well as during normal
aging [32]. Ansari and Scheff reported a strong correlation
between oxidative damage levels (total SOD, glutathione,
catalase, thiobarbituric acid reactive substances, protein car-
bonyl, 3-nitrotyrosine, 4-hydroxynonenal, and acrolein) and
the variable dementia status of subjects [33]. In addition,
we have previously reported a specific reduction of SOD1
protein level, but not SOD2 and SOD3, in neocortex of
AD brains [11]. We also reported that a mouse model for
AD lacking Sod1 showed exacerbation of memory loss and
behavioral abnormalities associated with accelerated plaque
formation and amyloid accumulation [11, 12]. Furthermore,
a biochemical analysis also revealed high levels of intracel-
lular N𝜀-(carboxymethyl) lysine (CML) and 8-hydroxy-2-
deoxyguanosine (8-OHdG) in the mouse brain. In addition,

Sod1 deficiency induced neuronal inflammation, as demon-
strated by astrocyte and microglial activation in a mouse
model for AD. These findings strongly suggested that SOD1
expression plays a pivotal role in maintaining cellular redox
balance and brain function during aging.

3.2. Effects on the Eyes. Several eye diseases, such as age-
related macular degeneration, cataracts, dry eye, phacoemul-
sification, and presbyopia, are closely related to the aging
process [32, 34]. Sod1 deficiency induced the development of
drusen-like deposits in the retina, choroidal neovasculariza-
tion, and retinal pigment epitheliumdysfunction, thus result-
ing in age-related retinal degenerative disorders, including
age-related macular degeneration [13, 14]. An immunohisto-
chemical analysis also revealed that CML-positive deposits
were abundantly detected in the retinas of aged Sod1−/− mice
[13]. Moreover, the Sod1−/− mouse lens showed twice the
level of O

2

∙− generation compared with that of control mice
and had accelerated cataractogenesis following ultraviolet
irradiation [15]. Furthermore, Dogru and colleagues reported
that Sod1−/− mice also exhibited typical dry eye associated
with lacrimal gland and meibomian gland changes, and
this occurred in an age-dependent manner [16, 17]. The
Sod1−/− lacrimal and meibomian glands showed increased
4-hydroxy-2-nonenal and 8-OHdG staining, apoptotic cells,
and inflammatory infiltrates at 50 weeks of age compared
to Sod1+/+ mice. In addition, electron microscopy observa-
tions detected ultrastructural alterations in themitochondria,
including swelling, disorientation, shortening, disorganized
cristae, marked fragmentation, shrinkage of the nuclei, and
cytoplasmic vacuole formation, as well as the loss of nuclear
membranes in Sod1−/− mice.

3.3. Changes in the Ears. The cochlear structure in the ear is
progressively degenerated during aging, leading to hearing
loss [35, 36]. McFadden et al. reported that Sod1 defi-
ciency morphologically induced a reduction of the inner
and outer hair cells during aging [18]. In addition, Sod1
ablation impacted the noise-induced permanent threshold
shifts, leading to hearing loss [18, 19]. On the other hand,
systemic overexpression of human Sod1 protected against
age-related and noise-induced hearing loss in C57BL/6 mice
[37].

3.4. Changes in the Blood. During aging, the levels of oxi-
dative stress markers, including 8-isoprostane and 2-
thiobarbituric acid reactive substances (TBARS), are
gradually increased in the plasma and erythrocytes of
Sod1−/− mice [20]. Furthermore, Iuchi et al. reported that
an intracellular ROS indicator, CM-H

2
DCFDA (DCF), in

erythrocytes was spontaneously elevated in Sod1−/− mice.
Sod1−/− mice also showed hemolytic anemia associated
with splenomegaly. In fact, the erythrocyte lifespan from
Sod1−/− mice was decreased by 60% compared to that of
Sod1+/+ erythrocytes [20]. We independently measured the
serum levels of various markers of inflammation in Sod1−/−
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Table 2: The serum biomarker levels in Sod1−/− mice.

Markers Concentrations Sod1+/+ Sod1−/− 𝑃 value
IL-10 ng/mL 425 ± 54 451 ± 60 0.495
IL-11 pg/mL 39 ± 14.4 33 ± 13.2 0.627
IL-12p70 ng/mL ND ND —
IL-17 pg/mL ND ND —
IL-18 ng/mL 10 ± 1.1 12 ± 1.21 0.105
IL-1alpha pg/mL 83 ± 63 134 ± 89.4 0.467
IL-1beta ng/mL 12 ± 1.1 13 ± 1.6 0.268
IL-2 pg/mL ND ND —
IL-3 pg/mL ND ND —
IL-4 pg/mL 20.2 ± 0.0 20.2 ± 0.0 1
IL-5 ng/mL 0.23 ± 0.066 0.19 ± 0.055 0.406
IL-6 pg/mL 4.4 ± 1.7 18 ± 14.3 0.102
IL-7 ng/mL 0.02 ± 0.016 0.05 ± 0.025 0.296
IP-10 pg/mL 99 ± 17.1 150 ± 60.3 0.109
M-CSF pg/mL 6.9 ± 0.50 6.0 ± 0.25 0.010∗

MCP-1 pg/mL 100 ± 34.2 124 ± 60.0 0.457
MCP-3 pg/mL 235 ± 50.9 235 ± 69.3 0.996
MCP-5 pg/mL 18 ± 1.7 24 ± 7.0 0.094
MIP-1alpha ng/mL 1.6 ± 0.21 1.7 ± 0.09 0.307
MIP-1beta pg/mL 55 ± 16.5 80 ± 17.5 0.005∗

MIP-1gamma pg/mL 26 ± 3.6 34 ± 3.7 0.013∗

MIP-2 pg/mL 18 ± 2.1 20 ± 5.2 0.371
MIP-3beta ng/mL 1.8 ± 0.37 1.7 ± 0.14 0.349
MDC pg/mL 547 ± 234 626 ± 42 0.481
RANTES pg/mL 0.26 ± 0.130 0.45 ± 0.049 0.014∗

TNF-alpha ng/mL 0.066 ± 0.004 0.077 ± 0.010 0.041∗

TPO ng/mL 75 ± 9.4 86.5 ± 5.6 0.049∗

ND indicates “not detected”. ∗indicates a significant difference.

mice. A multiplex analysis revealed an altered pattern
of inflammation markers, such as macrophage colony
stimulating factor (M-CSF), macrophage inflammatory
protein-1 beta (MIP-1 beta), macrophage inflammatory
protein-1 gamma (MIP-1 gamma), regulated on activation,
normal T cell expressed and secreted (RANTES), tumor
necrosis factor-alpha (TNF-alpha), and thrombopoietin
(TPO) in the Sod1−/− mouse sera (Table 2).

3.5. Effects on Bone. Aging stress generally causes bone loss
and fragility [38]. We previously clarified that the loss of Sod1
caused bone loss without leading to developmental skeletal
abnormalities in both male and female mice [21]. The three-
dimensional computed tomography analyses revealed that
there was marked bone loss in both cortical and cancellous
bones of Sod1−/− mice, which was associated with decreased
bone formation and resorption, indicating the presence
of low-turnover osteopenia (Figure 1). Sod1 deficiency also
enhanced the intracellular ROS production and the forma-
tion of pentosidine, one of the AGEs, in osteoblasts and
bone [21]. Furthermore, Wang et al. also reported that young
Sod1−/− mice showed bone fragility in the femora at the
growth stage [39].

Recently, we found that mechanical unloading-induced
bone loss associated with intracellular ROS generation in
bone-forming cells and bone marrow cells [22]. Interestingly,
we also detected specific Sod1 upregulation at both the RNA
and protein levels in bone during mechanical unloading
[22]. Notably, Sod1 deficiency significantly exacerbated the
bone loss during mechanical unloading. In addition, Sod1−/−
mice clearly displayed four-layered structural abnormalities
and fragmented tidemarks in the enthesis, indicating tendon
enthesis degeneration [40]. These findings suggested that
Sod1 plays a protective role in regulating bone and tendon
enthesis homeostasis, as well as the redox balance during
unloading and aging in mice.

3.6. Changes in the Skin. Aged skin is characterized by wrin-
kles, sagging, dryness, and collagen degradation [41, 42]. We
have previously reported that Sod1 deletion caused typical
age-related skin thinning [23]. In hematoxylin and eosin
stained sections, the epidermis and dermis of the Sod1−/−
back skin showed remarkable thinning (Figure 2(a)). In
addition, the skin weight and hydroxyproline content, which
is a unique amino acid present in collagen and elastin, in the
Sod1−/− mice were compared with those of Sod1+/+ mice [24].



4 BioMed Research International

+ VCSod1
−/−

Sod1
−/−

Sod1
+/+

Figure 1:The bone loss in Sod1−/− mice.The treatment with 1% vitamin C in drinking water started from 4 weeks of age and continued for 12
weeks. Axial (upper panels) and coronal (lower panels) sections of 𝜇CT images of the distal ends of the femora of Sod1+/+ and Sod1−/− females
at 16 weeks of age.

An in vitro analysis using primary dermal fibroblasts from
Sod1−/− neonates revealed severe cellular phenotypes,
such as apoptosis and growth arrest, under normal
conditions (Figure 2(b)). Furthermore, Sod1−/− fibroblasts
showed excessive intracellular DCF-positive fluorescence
(Figure 2(c)). Interestingly, Sod1−/− fibroblasts also had
a significant enhancement of mitochondrial O

2

∙− and
impairment of the mitochondrial membrane potential [43].

3.7. Effects on Muscle. Aging contributes to the structural
and functional changes in skeletal muscle in a wide range
of mammals [44]. Sod1−/− mice showed significant decreases
in the whole hindlimb muscle mass compared with age-
matched Sod1+/+mice, and this occurred in an age-dependent
manner [25]. A biochemical analysis also revealed a sig-
nificant increase in oxidative damage, such as the forma-
tion of F2-isoprostanes, protein carbonyls, and 8-OHdG,
in Sod1−/− skeletal muscle [25]. Sod1 loss also induced
aberrant mitochondria with abnormal shapes and led to
lower ATP production in muscle. Mitochondria isolated
from Sod1−/− muscle revealed significant increases in O

2

∙−

and H
2
O
2
production and no compensatory upregulation

of other antioxidant enzymes [45]. Recently, Zhang et al.
reported that skeletal muscle-specific Sod1−/− mice failed to
show muscle loss and ROS production [46]. Interestingly,
a neuron-specific Sod1 transgene in Sod1−/− mice prevented
muscle loss [47]. The muscle from Sod1−/− mice with a
brain-specific Sod1 transgene did not show any differences
in the muscle morphology, function, lipid peroxidation, or
protein nitration compared with those of Sod1+/+ muscle,
suggesting that Sod1 insufficiency in neuronal cells could lead
to a dysregulation of the muscle mass and function in a
nonautonomous manner.

3.8. Effects on the Pancreas. Aging stress also impairs insulin
secretion and sensitivity in the pancreas [48]. Wang et al.
reported that Sod1−/− islets exhibited a decreased 𝛽-cell
mass, impaired glucose-stimulated insulin secretion, and a
decreased ATP content, accompanied by elevated intracellu-
lar ROS levels [26]. In addition, Sod1 ablation also downreg-
ulated the duodenal homeobox-1 (Pdx1) expression and fork-
head box protein A2 (Foxa2) pathway in an O

2

∙−-dependent
fashion by affecting these targets at the epigenetic, mRNA,
and protein levels in the islets [26]. Furthermore, Muscogiuri
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Figure 2: The skin and cellular phenotypes of Sod1−/− mice. (a) The hematoxylin and eosin staining of the back skin of Sod1−/− and Sod1+/+

mice. Sod1−/− mice (5 months of age) were transdermally treated with 1% L-ascorbyl 2-phosphate 6-palmitate trisodium salt (APPS) for 4
weeks. (b) Dermal fibroblasts were dissected from Sod1−/− neonates at 5 days of age. The cells were cultured with or without 10𝜇MAPPS for
48 h under 20%O

2
. (c)The intracellular ROS levels in Sod1−/− fibroblasts treated with 10 𝜇MAPPS were measured by examining the presence

of CM-H
2
DCFDA.The scale bars represent 100𝜇m.

et al. also showed that Sod1 loss significantly impaired the
glucose tolerance and led to a reduced 𝛽-cell mass, as well as
insulin secretion in a hyperglycemic clamp test [27]. Interest-
ingly, Sod1 ablation failed to alter the peripheral and hepatic
insulin sensitivity. These results proved that the absence of
Sod1 impaired 𝛽-cell function and glucose tolerance, but not
insulin sensitivity, thus resulting in diabetes-like phenotypes.

3.9. Changes in the Liver. Aging of the liver is associated
with an increased incidence of tumorigenesis [49]. The liver
weight to body weight ratio in Sod1−/− mice was significantly
higher than that of Sod1+/+ mice [9]. Sod1−/− mice also
showed increased oxidative damage such asmalondialdehyde
(MDA), F2-isoprostane, and 8-OHdG accumulation in their

livers [9]. In addition, the Sod1−/− livers showed an approx-
imately 30% increase in hepatocarcinogenesis at 20 months
of age compared to wild-type mice [9]. We also observed
that Sod1−/− mice showed significantly accelerated hepatic
lipid accumulation and peroxidation and impaired low-
density lipoprotein secretion due to apoB degradation that
occurred via a posttranslational mechanism [28]. Further-
more, Wang et al. reported that Sod1 loss enhanced glycolysis
and lipogenic signaling but decreased gluconeogenesis in
the liver [50]. Recently, Kondo et al. described that the
loss of senescence marker protein-30 (SMP30), which is a
key enzyme required for L-ascorbic acid biosynthesis [51],
accelerated the hepatic steatosis in Sod1−/− mice [52]. Both
Sod1 and Smp30 deficiency led to a remarkable elevation of
the triglyceride and cellular O

2

∙− levels in the liver compared
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to those of Sod1−/− or Smp30−/− mice. These findings indi-
cated that elevated oxidative stress and/or L-ascorbic acid
depletion altered the glucose and lipid metabolism in the
liver, suggesting that normal SOD1 expression is essential to
maintain the hepatic glucose and lipid homeostasis.

In pharmacological studies, acetaminophen (APAP)
injection induces glutathione depletion, the formation of
reactive nitrogen species, and plasmaALT elevation, resulting
in lethal hepatotoxicity in the case of an overdose [53].
Interestingly, Sod1 deficiency attenuated the APAP-induced
hepatotoxicity and lethality owing to its reduction of hep-
atic APAP-cysteine adducts, protein nitration, and CYP2E1
activity, which acts as an APAP-metabolizing enzyme, in
the liver [53, 54]. These data indicated that the increases in
intracellular O

2

∙− caused by Sod1 deletion inhibited CYP2E1
activity, thus resulting in protection against APAP-induced
hepatotoxicity.

3.10. Effects on the Ovaries. Ovarian aging is characterized
by a decline in the follicle numbers and sex steroid hormone
secretion, which are associated with a gradual decline in fer-
tility [55]. Although Sod1−/− female mice had normal estrous
cycles and numbers of ovulated ova, their reproductive per-
formance was inferior to that of female Sod1+/+ and Sod1+/−
mice [29, 30]. A hormonal analysis revealed that Sod1−/−
females showed normal plasma levels of follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and estradiol at
proestrus [31]. On the other hand, the plasma progesterone
level was specifically repressed in Sod1−/− females compared
to that in Sod1+/+ females during pregnancy. Although Sod1
loss in the ovaries and oocytes upregulated the intracellular
ROS production, Sod1−/− oocytes could be normally fertilized
and developed to the two-cell stage in vitro [31, 56]. How-
ever, Sod1−/− embryos failed to divide to the four-cell stage
under conventional culture conditions (20% O

2
) [56]. When

Sod1−/− embryos were cultured under hypoxic conditions (1%
O
2
), they developed to themorula stage but could not develop

into blastocysts [56], indicating that O
2
stress inhibited the

development of Sod1−/− embryos at the two-cell stage.

4. Intervention Strategies Using Antioxidants

Vitamin C (VC) is a soluble vitamin and the best charac-
terized antioxidant [57]. In order to evaluate the protec-
tive effects of this antioxidant in Sod1−/− mice, we treated
them with VC to try to rescue the organ phenotypes.
Oral administration of VC suppressed the bone loss of
Sod1−/− mice, indicating that O

2

∙−-induced bone loss could
be improved by antioxidant treatment (Figure 1) [21]. In
addition, VC treatment also normalized the bone strength
and composition of collagen cross-links, without aberrant
bone modeling [21]. We further applied a VC derivative, L-
ascorbyl 2-phosphate 6-palmitate trisodium salt (APPS), on
the Sod1−/− mouse skin. APPS is conjugated to a phosphate
group and a long hydrophobic chain to promote stability and
membrane permeability. The transdermal administration of
the APPS reversed the skin atrophy and lipid peroxidation

in Sod1−/− mice (Figure 2(a)). In vitro experiments revealed
that APPS treatment completely improved the cell viability
and suppressed the intracellular ROS production in Sod1−/−
fibroblasts (Figures 2(b) and 2(c)). Furthermore, Iuchi et al.
reported that oral N-acetyl cysteine (NAC) treatment attenu-
ated the hemolytic anemia and inflammatory response, with
ROS suppression, in the erythrocytes for Sod1−/− mice [20].
Additionally, we found that NAC treatment also improved
the cell viability and decreased the intracellular ROS level in
Sod1−/− fibroblasts [43].

The oxidative stress induced by Sod1 deficiency is closely
related to the progression of AD.Therefore, we hypothesized
that antioxidant treatment would be able to alleviate the
progression of AD. In this context, we treated mice with
AD-like pathologies with VC. Confirming our hypothesis,
chronic VC treatment restored the behavioral abnormalities,
apparently by attenuating the oxidative stress in AD model
mice [58]. VC also significantly suppressed the soluble A𝛽
accumulation in the brain, but not the plaque formation in
the ADmodel mice [58]. Recently, we found that VC admin-
istration significantly prevented unloading-induced bone loss
in wild-type mice [22]. These data strongly indicated that
antioxidant intervention has remarkable protective effects
against ROS-mediated tissue damage in mice.

5. Molecular Mechanisms Underlying
the Organ and Tissue Pathologies
in Sod1−/− Mice

To analyze the molecular mechanisms underlying the tissue
damage induced by Sod1 deficiency, we have investigated the
phenotypes using double-knockout Sod1 and liver-specific
Sod2 mice. As described above, the Sod1−/− mice showed
acceleration of hepatic lipid accumulation, accompanied by
increased oxidative damage. In contrast, liver-specific Sod2
knockout mice did not show any obvious morphological
abnormalities or spontaneous oxidative damage in the liver
[59]. The double-knockout mice had an indistinguishable
hepatic phenotype, including lipid peroxidation, lipid accu-
mulation, and TG secretion, from that of Sod1−/− mice,
indicating that the loss of Sod2 failed to exacerbate the hepatic
changes in Sod1−/−mice [28], demonstrating that the different
enzymes do not have overlapping functions. Sentman et al.
reported that combined Sod1 and Sod3 deficiency showed no
additive effect on the lifespan and body weight in mice [60].
Likewise, Fujita et al. reported that Sod1 and Sod3 double
mutant mice showed the same phenotypes, such as O

2

∙−

and NO production and the TBARS level, in the kidneys
compared with those of wild-type mice [61]. Moreover,
glutathione peroxidase-1 (GPX1) loss also had no impact on
the Sod1−/− phenotypes in the liver and pancreas [26, 62].
However, Sod1 loss significantly decreased the GPX1 activity,
but not the Gpx1 level in the liver. The Lei group reported
that Sod1 loss increased the conversion of selenocysteine to
dehydroalanine residues in the active site of hepatic GPX1,
thus leading to proportional decreases in the activity of the
enzyme as a whole [63]. Additionally, many reports have
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demonstrated that Sod1−/− mice showed no compensatory
upregulation of antioxidant enzymes including Sod2 and
Sod3 [43, 46, 60, 61].These reports suggested that Sod2, Sod3,
and/or Gpx1 deficiency failed to further modify the organ
pathologies in Sod1−/− mice.

Accumulating evidence suggests that both ataxia-
telangiectasia mutated (ATM) and p53 play a central role
in the DNA damage response induced by oxidative damage
in organs and tissues [64]. In this context, Erker et al.
investigated the organ phenotypes in mice lacking both Sod1
and Atm to elucidate DNA damage response in the organs.
The loss of Atm and Sod1 did not show any interaction with
regard to the overall cellular metabolism and survival in
mice [65], indicating that Sod1 regulates organ metabolism
and lifespan in an Atm-independent manner.

Interestingly, we found that Sod1−/− skin displayed obvi-
ous p53 activation [43]. Additionally, treatment with a VC
derivative remarkably suppressed the p53 expression and
oxidative damage in the skin of Sod1−/− mice, suggesting
that the antioxidant activity of VC normalized the skin
pathologies, at least in part, by suppressing O

2

∙−-mediated
p53 activation in vivo [43]. Furthermore, the Sod1 loss
induced the phosphorylation of H2AX at Ser139 (𝛾H2AX),
a DNA damage marker, and upregulated p21, a target gene
of p53, in fibroblasts [43]. Of note, the Sod1−/− fibroblasts
exhibited a loss of mitochondrial membrane potential and
enhanced mitochondria ROS generation. Likewise, Muller
et al. reported that Sod1−/− skeletal muscle showed significant
alterations in mitochondrial function, including increased
mitochondrial ROS generation and reduced ATP production
[66]. Han et al. also revealed significantly higher levels
of p53 and phospho-p53 in nuclei isolated from Sod1−/−
livers [67]. Moreover, Wang et al. showed that Sod1 ablation
led to increased p53 and phospho-p53 levels in islets [26].
In humans, decreased Sod1 expression and enhanced p53
expression were observed in AD-affected brain tissues [11,
68], osteoarthritic tissues [69, 70], bones in older individuals
[71, 72], and tissues in infertility patients [73, 74]. Taken
together, these data suggest that cytoplasmic SOD1 loss
induced the DNA damage response, which was associated
with p53 upregulation, resulting in age-related pathologies.

6. Conclusion and Perspective

In the present review, we introduced various organ and
tissue phenotypes of Sod1−/− mice. Using Sod1−/− mice, we
and other groups have demonstrated that Sod1 deficiency
enhances the intracellular O

2

∙− production and oxidative
damage, resulting in global, age-related pathological changes,
including changes in the brain, eyes, ears, blood, bones, skin,
muscles, pancreas, liver, and ovaries during aging. Antiox-
idant treatment prevented or improved the pathological
changes in Sod1−/− organs and tissues. Interestingly, Sod1 does
not appear to interact with other major antioxidant enzymes,
such as Sod2, Sod3, and Gpx1, in terms of the organ and
tissues pathologies, as demonstrated using double-knockout
mice. These lines of evidence strongly indicated that Sod1

plays a central role in maintaining the cellular redox balance
and organ function in vivo. We also suggest that p53 plays
a fundamental role in Sod1−/−-related pathologies. Further
analyses will be needed to clarify the contribution of p53 to
the molecular signaling and age-related pathological changes
induced by Sod1 deficiency, including those using double
mutant mice with Sod1−/− and p53−/−.
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The purpose of this study was to investigate if PPAR𝛾 plays a role in the melanogenesis. B16/F10 cells were divided into five groups:
control, melanin stimulating hormone (𝛼-MSH), 𝛼-MSH+retinol, 𝛼-MSH+GW9662 (PPAR𝛾 antagonist), and GW9662. Cells in
the control group were cultured in the Dulbecco’s modified Eagle’s medium (DMEM) for 48 hrs. To initiate the melanogenesis,
cells in all 𝛼-MSH groups were cultured in medium containing 𝛼-MSH (10 nM) for 48 hrs. Cells were treated simultaneously with
retinol (5 𝜇M) in the 𝛼-MSH+retinol group. Instead of retinol, GW9662 (10 𝜇M) was cocultured in the 𝛼-MSH+GW9662 group.
Cells in the final group were cultured in the DMEMwith GW9662. All the analyses were carried out 48 hours after treatments.The
𝛼-MSHwas able to increase cell number, melanin production, and the activity of tyrosinase, the limiting enzyme inmelanogenesis.
These 𝛼-MSH-induced changes were prevented either by retinol or by GW9662. Further analyses of the activities of antioxidant
enzymes including glutathione, catalase, and the superoxide dismutase (SOD) showed that 𝛼-MSH treatment raised the activity of
SOD which was dependent on PPAR𝛾 level. According to our results, the 𝛼-MSH-induced melanogenesis was PPAR𝛾 dependent,
which also modulated the expression of SOD.

1. Introduction

Melanocytes distribute inmany organs in humanbeings, such
as nervous system, heart, iris, and epidermis [1–3]. They all
originate fromneural crest cells during embryonic period [4].
One of the functions in melanocytes is synthesis of melanin,
indicating melanogenesis. The major rate-limited steps in
the melanogenesis are catalyzed by tyrosinase (monophe-
nol, dihydroxy-L-phenylalanine: oxygen oxidoreductase: EC
1.14.18.1) [5]. The gene encoding tyrosinase maps at chromo-
some 11q14-q21 in humans and chromosome 7 in mice [6].

The tyrosinase controls the initial two distinct reactions of
the melanin formation process, namely, the hydroxylation
of L-tyrosine to L-3,4-dihydroxyphenylalanine (DOPA) and
the subsequent oxidation of DOPA to dopaquinone [7].
Two main types of melanin, eumelanin and pheomelanin,
are identified in human beings physically [8]. The amounts,
ratios, and types of melanin determine the skin color, and
they also play the major photoprotective roles against the
harmful effects by ultraviolet (UV) radiation of sunlight,
including UVA and UVB [9]. Animal studies demonstrate
that these melanin prevent skin from edema [10], erythema,
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hyperpigmentation, and inflammation [9] caused by UV
exposure.

Several factors secreted from keratinocytes, fibroblasts,
and even melanocytes are able to modulate the melano-
genesis. For example, proinflammatory factors, IL-1𝛼/𝛽, and
hormones, ACTH as well as 𝛼-melanocyte stimulating hor-
mone (𝛼-MSH), induce melanogenesis. Instead, endothelin
1, nitric oxide, and nerve growth factor inhibit this process
[11]. The most important function of endogenous melanin
is absorbing the high energy to prevent penetration of
UV radiation, meanwhile scavenging the reactive oxygen
species (ROS) burst by UV radiation [12–14]. Subsequently,
the bursting accumulation of ROS causes inflammation
in epidermis immediately, and also trigger the formation
of melanin [8]. Therefore, lots of antioxidants are used
to prevent the inflammation by UV exposure [9, 15, 16].
They limit the accumulation and production of ROS in
epidermis.

Peroxisome proliferators-activated receptors (PPARs)
were discovered in mouse liver by Issemann and Green
in 1990 [17]. They are nuclear hormone receptors and are
divided into three subtypes, namely, PPAR𝛼, PPAR𝛽/𝛿,
and PPAR𝛾. PPAR𝛾 expressed in a variety of cell types,
including adipocytes, macrophages, vascular smooth muscle
cells, and endothelial cells [12–14]. Previous studies focus
on the relationships among PPARs, lipid metabolism, and
homeostasis [18, 19]. Recent studies showed that PPAR𝛾
activation was able to regulate inflammatory responses,
cellular proliferation, differentiation, and apoptosis [20]. The
highly selective agonist for PPAR𝛾, rosiglitazone (BRL49653),
belongs to structure of thiazolidinediones (TZD) and is
wildly used as hypoglycemia medicine in clinic [20]. Recent
study proved that the production of ROS in macrophages
was significantly inhibited by TZD administration, indicating
the anti-inflammation by activation of PPAR𝛾 [21]. Sup-
porting results were also observed by Jiang et al. [22] that
the levels of inflammatory mediators were attenuated by
TZD treatment. In our previous study, activation of PPAR𝛾
reduced the severity of inflammation and the amount of
ROS in pulmonary circulation [23]. Accordingly, it arose the
possibility that the expression of PPAR𝛾 played an important
role in the melanogenesis, which responded to kinds of
inflammatory conditions.Therefore, the purpose of this study
was to investigate whether PPAR𝛾 play a key role in the
melanogenesis. According to results in the present study,
we proved that the melanogenesis was through the PPAR𝛾-
dependent pathway, which was in turn compensation to the
expression of antioxidant enzymes.

2. Materials and Methods

2.1. Materials. The B16/F10 cell line was purchased from the
Culture Collection and Research Center (Hsinchu, Taiwan);
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovin
serum (FBS), phosphate buffer saline (PBS), trypsin-EDTA
(TEG), albumin, Bio-Rad protein assays, melanin, L-DOPA,
lysis buffer, 𝛼-MSH, retinol, and GW9662 were purchased
from Sigma company (USA); the catalase assay kit, glu-
tathione assay kit, nuclear extraction kit, PPAR𝛾 transcription

factor assay kit, and the superoxide dismutase assay kit were
purchased from the Cayman Company (USA).

2.2. Cell Culture. TheB16/F10 cells, 4 × 105 cells, were seeded
at 100mm diameter of culture dishes containing 7mL of
DMEM with 10% FBS. Cells were then cultured at 37∘C in a
humid atmosphere containing 5% CO

2
. When cells reached

80% confluence, they were changed to the fresh medium
and treated with agents as designed for forty-eight hours.
There were five groups in this study: control, 𝛼-MSH, 𝛼-
MSH+retinol, 𝛼-MSH+GW9662, and GW9662. Cells in the
control group were cultured in the 7mL of DMEM. For
stimulating the melanin synthesis, the 𝛼-MSH was added to
the culture medium as the final concentration as 10 nM. In
the third group, cells grew in the DMEM containing 10 nM of
𝛼-MSH and 5 𝜇M of retinol. Cells in the 𝛼-MSH+GW9662
group accepted the treatments of 𝛼-MSH and GW9662
(10 𝜇M). In the last group, cells were treated only with the
GW9662 as the final concentration of 10 𝜇M. All the cells
grew for 48 hours in the incubator (ULTIMA, REVCO)
of the environment at 37∘C, a humid atmosphere with 5%
CO
2
. The cell counts, levels of melanin, the activities of

tyrosinase, glutathione, catalase, and superoxide dismutase
were further detected in five groups. The PPAR𝛾 levels
in nucleus were measured in the control, 𝛼-MSH, and 𝛼-
MSH+retinol groups.

Cell morphology was observed under microscopy after
treatments. Then the cells were resuspended by TEG for five
minutes. After dying with trypan blue, the number of cells
in the dish was counted under the microscopy (LeicaDMIL
Leica, Leica) in 40x field.

2.3. The Tyrosinase Activity Assays. The tyrosinase activ-
ity was determined by the methods of Buscà et al. [24]
with minor modification. The B16/F10 cells were deattached
by 0.25% trypsin-EDTA (ethylenediaminetetraacetic acid).
After washing with PBS and centrifugation at 600 g, 4∘C,
for 4 minutes, the cell pellets were resuspended in 500 𝜇L of
lysis buffer (containing 0.5% Triton X-100 (w/v), 0.1M PMSF
(phenyl methyl sulfonyl fluoride) in PBS) for 30 minutes in
ice bath. The lysate was centrifuged (10,000×g, 20 minutes,
4∘C) in an Eppendorf Biofuge. Finally, the supernatant was
collected to analyze the tyrosinase activity and melanin
level. The total protein concentration in each sample was
determined by Bio-Rad protein assay kit. Ten microliter
of each sample was transferred into the 96-well plate. The
albumin was used to establish the standard curve. Ten
minutes after adding the protein assay solution, the optical
absorbance at 620 nm was measured by the spectrometer (V-
630 Bio, Biotek). For analyzing the tyrosinase activity, 30 𝜇L
of sample was mixed with 170𝜇L of L-DOPA in the final
concentration of 0.85 g/𝜇L, and then the mixture was further
incubated at 37∘C for 60 minutes. PBS (30 𝜇L) was added
to the blank instead of the sample. The optical absorbance
at 450 nm was read using the spectrophotometer (Power
Wave XS, Biotek). The absorbance difference between the
sample and blank (ΔA450) was used to express the amount
of product, dopaquinone. The unit of tyrosinase activity was



BioMed Research International 3

defined as the relative amount of dopaquinone catalyzed by
tyrosinase within one hour in solution containing 1 gram of
total proteins. Considering the total protein differences in
each sample, therefore, the unit of tyrosinase activity was
determined as ΔA450/(g × hr). Each sample was detected in
triplicate repeat.

2.4. Determination of Melanin Content. Melanin content was
determined by the method of Buscà et al. [24] with a few
modifications.The cell pellets were dissolved in 0.5mL of 1N
NaOH at 100∘C for 30min, then determined cell counts, and
transferred 30 𝜇L to the well of 96-well plate. The 170𝜇L of
L-DOPA (0.001 g/mL) was mixed to each well to incubate
together for 5min.Themelanin content was measured by the
optical absorbance at 450 nm and compared with a standard
curve generated by melanin with known concentrations in
1NNaOH (Sigma Chemical Co., St. Louis, MO).The amount
of melanin was further normalized by cell counts obtained
previously and expressed as g melanin/cell. Each sample was
measured in duplicate.

2.5. Measurement of PPAR𝛾 Level. The measurement of
PPAR𝛾 was carried out following extraction of nuclear pro-
teins.The nuclear extraction kit and the PPAR𝛾 transcription
factor assay kit were used in this measurement. Cells in 10 cm
diameter of culture dish were suspended by 1mL of TEG.
Centrifuging to collect the cell pallet, 500𝜇L of hypotonic
buffer (0.5% Triton X-100 (w/v), 0.1M PMSF (phenyl methyl
sulfonyl fluoride) in PBS) was added for 15 minutes in ice
bath. Then, the Nonidet P-40 (10%, 50 𝜇L) was added to
the mixture. The cell pallet was collected by centrifuging
(14,000×g, 30 sec, 4∘C). It was further mixed with 50𝜇L
of extraction buffer. Samples were prepared as repeated six
times of shaker for 30 seconds and ice bath for 10 minutes.
The supernatant containing nuclear extraction was collected
by centrifuging (14,000×g, 10min, 4∘C). The sample, 10 𝜇L,
was transferred to the 96-well plate. The transcription factor
binding assay buffer 90 𝜇L and the competitor ds DNA 80 𝜇L
were further mixed well within the sample. The 100 𝜇L of
competitor ds DNA was used as the blank. After incubating
for 24 hours then washing out five times, the primary
antibody to PPAR𝛾 100 𝜇Lwas added then incubated in room
temperature for one hour. After washing out for five times,
the mouse antigoat HRP conjugate, 100 𝜇L, was added to
incubate for one hour in room temperature. After washing
out again, the developing solution of 100𝜇L was added to
incubate for 30 minutes then the stop solution was followed
to each well.The optical absorbance at 450 nmwas read using
the spectrophotometer (Biotek). The absorbance difference
between the sample and blank was normalized to the cell
counts. Each sample was detected in duplicate repeat.

2.6. The Glutathione Activity Assay. The total glutathione
was measured by the commercial assay kit from Cayman
Chemical (USA). After removing the culture medium, cells
in 10 cm diameter dish were resuspended by 1mL of TEG.
Fresh medium (0.5mL) was added and mixed well, then the
cells were transferred to a new eppendorf to be centrifuged
by 3000×g for 10min at 4∘C. Cold buffer (1mL) was further

added to the pallet containing MES and 1mM EDTA, pH
6∼7, to homogenize cells.The suspension was separated from
the test sample by centrifuging in 10000 g for 15min at 4∘C.
The sample was added the equal volume of m-phosphoric
acid containing solution to remove extra proteins. After 5
minutes of incubation in room temperature, the suspension
was removed by centrifuging at 3000 g for 3min at 4∘C. Each
sample was mixed with 50 𝜇L of 4M of TEAM. The 50𝜇L
of the mixture was then transferred to the well of 96-well
plate. The mixture (containing MES buffer, cofactor mixture,
enzyme mixture, DTNB, and Q water) was then added for
150 𝜇L to each well. This 96-well plate was then incubated
in dark and shook on an orbital shaker. The absorbance was
measured at 410 nm when the sample had been incubated
for 25min. The amount of GSH was calculated with the
absorbance fitted to the formula established by standards.
Each sample and standard was tested in duplicate.

2.7. The Superoxide Dismutase (SOD) Activity Assay. The
SOD activity was determined based on the production of
O
2

− anions by the xanthine/xanthine oxidase system using
a commercial assay kit (Cayman Chemical, USA). After
removing the medium by suction, cells were washed with
2mL of PBS and then 1.5mL of fresh medium was added
with TEG to culture dish. Cells were collected by centrifuging
after discarding medium; the cells were rinsed with 2mL of
PBS, pH 7.4; the aforementioned process was repeated again.
Cells were collected as pellet by centrifuging and further
homogenized with 1mL of cold HEPES buffer, pH 7.2, con-
taining 1mM EDTA, 210mM mannitol, and 70mM sucrose.
The homogenizing tissue was centrifuged at 1,500 g for 5min
at 4∘C. The supernatant was removed into a new eppendorf
as sample. Each well in the 96-well plate containing 200 𝜇L
of the diluted Radical Detector was added 10 𝜇L of sample
or standard. The 96-well plate was then incubated for 20
minutes at room temperature when 20 𝜇L of diluted xanthine
oxidase had been added. The absorbance was detected at
450 nm using a plate reader finally. The values of standards’
absorbance were used to establish the standard curve and
formula between absorbance and amounts of product by
SOD catalyzing. The values of each sample were fitted to the
formula to obtain the amount of product by SOD catalyzing.
Finally, the SODactivitywas expressed inU/mL. Each sample
and standard was tested in triplicate.

2.8. The Catalase Activity Assay. The catalase activity assay
was measured by the kit purchased from the Cayman Chem-
icals. After suction to remove the medium, 2mL of fresh PBS
was added to wash cells and then discarded again. To suspend
cells, the 1.5mL of fresh medium with TEG was then added
to culture dish. The cells were then collected by centrifuging.
After discarded supernatant, cells were then rinsed with
1.5mL of PBS, pH 7.4, twice and then collected as pellet
by centrifuging. To homogenize cells, the pellet was treated
with 1mL of cold HEPES buffer, pH 7.2. The homogenized
cells were then collected as the suspension by centrifuging
at 10,000 g for 15min at 4∘C for assay sample. Series concen-
trations of formaldehyde were prepared well previous as the
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(a) Control (b) 𝛼-MSH (c) 𝛼-MSH+retinol

(d) 𝛼-MSH+GW9662 (e) GW9662

Figure 1: Images of the 5 groups of melanocytes; fixed magnification power of ×40. (a) Control; (b) melanin stimulating hormone (𝛼-MSH);
(c) 𝛼-MSH+retinol; (d) 𝛼-MSH+GW9662; and (e) GW9662.

standards. Each well was added 100𝜇L of diluted assay buffer,
30 𝜇L of methanol, and 20𝜇L of standards or samples. The
components as positive control were 100𝜇L of assay buffer,
30 𝜇L ofmethanol, and 20𝜇L of CAT.Thehydrogen peroxide,
20𝜇L, was further added to each well to initiate the reaction.
The plate was kept in dark to incubate on a shaker for 20min
at room temperature. Potassium hydroxide, 20𝜇L, was used
to terminate the reaction. Catalase Purpald (30 𝜇L) was then
added as the chromogen and incubated for 10min at room
temperature. The Catalase Potassium Periodate (10 𝜇L) was
then added to each well and incubated together for 5min at
room temperature on a shaker. The absorbance was detected
at 540 nm. The linear relationship between the absorbance
and concentration was established by standards to calculate
the catalase activity of each sample. The catalase activity was
expressed in nmol/min/mL. Each sample and standard was
tested in duplicate.

2.9. Statistical Analysis. Data were presented asmeans±SEM.
Evaluations of parameters were carried out by one-way anal-
ysis of variance. Subsequently, significant differences between
any two groups were established using the Newman-Keuls
multiple group comparisons. Differences were regarded as
significant if 𝑃 < 0.05.

3. Results

The morphology (Figure 1) and cell counts (Figure 2) of
B16/F10 cells after treatment in each group are shown. The

morphology of cells with variant treatments did not show the
obvious transformation (Figure 1). However, adding 𝛼-MSH
significantly induced the cell growth when compared with
the control group (Figure 2). The 𝛼-MSH-induced increase
in cell counts was attenuated by treatment either with retinol
or PPAR𝛾 antagonist, GW9662 (Figure 2).

The results of melanin levels in groups are shown in
Figure 3. The level in control group was measured as 0.017 ±
0.0002 g/mL. Treatment with 𝛼-MSH for two days signifi-
cantly induced an increase in melanin level, indicating the
melanogenesis. This high level caused by 𝛼-MSH reached
over 2 times of the control level. That 𝛼-MSH-induced
melanin synthesis was prevented completely by retinol.
Adding GW9662 significantly attenuated the increase by 𝛼-
MSH but still higher than that in the control group.

Further analyzing the activities of tyrosinase, the key
enzyme in melanogenesis in five groups is summarized in
Figure 4. The results showed similar trends of melanin levels
in groups. The treatment of 𝛼-MSH for two days elevated
significantly the activity of tyrosinase over two times of
control group. However, the 𝛼-MSH-induced increase in
tyrosinase activity was prevented by retinol or by GW9662
(Figure 4).

The GSH contents in all groups are shown in Figure 5.
The amount of GSH was obviously decreased by 𝛼-MSH
treatment. Exogenous antioxidant, retinol, restored the GSH
partially but did not reach statistical significance. Adding
GW9662 to block the PPAR𝛾 did not affect the decrease of
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Figure 2: Cell counts in 5 groups. ∗Significant differences (𝑃 < 0.05)
compared with the control group. #Significant differences (𝑃 < 0.05)
compared with the 𝛼-MSH group.
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Figure 3: The melanin levels in five groups. Bars represent 1 SE.
Significant differences compared with the control group: ∗𝑃 < 0.05
and ∗∗𝑃 < 0.01. +Significant differences (𝑃 < 0.05) compared with
the 𝛼-MSH group.

GSH contents by𝛼-MSH.However, therewas no influence on
the level of GSH by only GW9662 treatment when compared
to the control group.

Figure 6 summarized the results of catalase activities in
each group. The catalase activity was attenuated over 50%
of control group by 𝛼-MSH. It restored significantly by
coculture with retinol or GW9662 but is still lower than
that in control group. Treatment of GW9662 only resulted in
obvious decrease in catalase activity when compared with the
control group.

Detecting the activities of SOD in each group was
summarized in Figure 7. It was induced increase by 𝛼-MSH
stimulation. The 𝛼-MSH-induced increase was prevented by
retinol or GW9662. There was no difference between the
control group and the group of GW9662 only.

The levels of PPAR𝛾 in each group are shown in Figure 8.
There was a significant increase in the PPAR𝛾 level caused by
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the control group. +Significant differences (𝑃 < 0.05) comparedwith
the 𝛼-MSH group.

adding 𝛼-MSH. Treatment of retinol prevented the increase
in PPAR𝛾 expression.

4. Discussion

Melanogenesis was demonstrated to protect against the reac-
tive oxygen species (ROS) in many documents. We hypothe-
sized that melanogenesis was via activation of PPAR𝛾, which
elevated the tyrosinase activity. In addition, pretreatment of
antioxidant retinol was able to prevent these effects. The
melanogenesis was well known mediated by tyrosinase, the
rate-limiting enzyme in the process of melanin synthesis.
Tyrosinase converts the L-tyrosine to dopaquinone for the
synthesis of both pheomelanin and eumelanin. Many stimuli
to induce melanogenesis processing such as 𝛼-MSH [25, 26]
and UV radiation exposure [12] were via elevating the oxida-
tive stress. Indexes of melanogenesis, such as melanin con-
tents, tyrosinase activity, and expression, were all augmented
by 𝛼-MSH [25] and UV radiation exposure [26]. However,
pretreatment of retinol significantly reduced above index
of melanogenesis in a dose-dependent manner [25]. It was
demonstrated that the effects aboutmelanogenesis by𝛼-MSH
were via activating melanocortin 1 receptor (MC1R) followed
by activation of the CREB/MITF pathway [11].The protection
of melanogenesis against ROS was identified in another kind
of cells, primary transformed retinal pigment epithelium cell
(RPEC) [27]. When MC1R was blocked either by antagonist
or by si RNA, the melanogenesis-related protection was
abolished. Furthermore, the melanogenesis-related survival
effects on RPECs diminished by Akt inhibitor treatment.
Therefore, the functions of melanogenesis were identified as
Akt related pathway [27]. Not only melanogenesis but also
proliferation was induced by 𝛼-MSH [25]. The proliferation
index, cell numbers of B16 cell line, was elevated obviously
by 𝛼-MSH treatment [25]. The cell growth induced by 𝛼-
MSH (10 nM) was prevented 53% by retinol treatment at
20𝜇M [25]. In the present study, the increases in cell counts,
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Figure 8: The PPAR𝛾 levels in the control, 𝛼-MSH, and 𝛼-
MSH+retinol groups. Bars represent 1 SE. ∗Significant differences
(𝑃 < 0.05) compared with the control group.

melanin level, and tyrosinase activity were measured by 𝛼-
MSH treatment (Figures 2, 3 and 4), supported by the above
documents [25, 27]. In addition, both the proliferation and
the melanogenesis were reversed by pretreatment of antiox-
idant retinol (Figures 1, 2, and 3), which was also consistent
with the results by Sato et al. [25]. Furthermore, pretreatment
PPAR𝛾 antagonist, GW9662, prevented the 𝛼-MSH-induced
increases in melanin level (Figure 3) and tyrosinase activity
(Figure 4). We further detected the marked augment in
PPAR𝛾 level by 𝛼-MSH treatment when it was compared
with that in control group (Figure 8). Thus, we demonstrated
that the melanogenesis in B16F10 cells was dependent on the
activation of PPAR𝛾. It is confirmed to our hypothesis that the
melanogenesis was via activation of PPAR𝛾 and pretreatment
of retinol abolished the process.

We hypothesized that the anti-inflammatory effects of
melanogenesis depended on the activation of PPAR𝛾 to
trigger the activity of tyrosinase. The anti-inflammation
of melanogenesis was observed in mouse models [9, 28].
UVB exposure (150mJ/cm2) led to ICR-Foxn/nu mice dor-
sal skin erythema, desquamation, and transdermal water
loss. Immunostaining results showed an increase in the
activation of cyclooxygenase-2 (COX-2) but decreased in
catalase activity [9]. Both the COX-2 and the PPAR𝛾 were
found in melanoma by immunohistological staining [29]
and activation of PPAR𝛾 by rosiglitazone attenuated COX-2
expression [30].TheROS not only directly damaged proteins,
lipids, and DNA, meanwhile, the increase in intracellular
ROS, especially hydroperoxide, also acted as mediators to
trigger the MAPK pathway (ERK, p38 and JNK) after
UVB exposure [15, 16]. Recently finding reported by Peng
et al. [26] demonstrated that the ROS is able to induce
increases in tyrosinase and melanin expression by JNK and
ERK signaling pathway [26]. Therefore, pretreatment of soy
isoflavone, having potent antioxidant activity, significantly
protected ICR-Foxn/nu mice from harms by UVB exposure
[9]. Another piece of evidence was shown by Luger et al. [28].
When the UV-light exposure was carried out on mice, the
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release of 𝛼-MSH from keratinocytes was induced to alter the
functions of antigen presenting cells and vascular endothelial
cells [28]. In addition, administering 𝛼-MSH to induce
melanogenesis either by intravenous or by topical application
to mice inhibited the induction of hypersensitivity reaction,
indicating the anti-inflammation [28]. They concluded that
the anti-inflammatory effects of melanogenesis were related
to the capacity to alter the functions of antigen presenting
cells and vascular endothelial cells [28]. Activation of PPAR𝛾
leading to anti-inflammation was well known to date. A piece
of evidence which also supported our hypothesis was that
the inflammation and immune responses caused by UV-
light were augmented by inactivation of PPAR𝛾 [31]. Acute
UVB irradiation, similar to that used by Luger et al. [28],
was carried out on epidermal PPAR𝛾 knockout mice, Pparg
(Pparg-/-(epi)), which was a species of the SKH-1 hairless
albino mice [31]. The augments of UVB-induced Caspase 3/7
activity, apoptosis, and inflammation were extremely more
obvious than those in wild type littermates [31]. Consistently,
increases in apoptosis and inflammation were performed
after blocking the PPAR𝛾 activity by GW9662 treatment
[31]. Above research supported our hypothesis that the anti-
inflammatory effects of melanogenesis depended on the
activation of PPAR𝛾 to trigger the activity of tyrosinase.
In our study, both the melanin level and the tyrosinase
activity were elevated by 𝛼-MSH treatment when compared
to those in the control group. However, these increases were
attenuated by treatment of GW9662, the antagonist of PPAR𝛾
(Figures 3 and 4). Furthermore, we detected the high level of
PPAR𝛾 in the𝛼-MSHgroup.Therefore, we demonstrated that
the 𝛼-MSH caused an increase in PPAR𝛾 level, elevating the
tyrosinase activity, which followed triggering melanogenesis.

In addition to reducing COX-2 activity and increasing
tyrosinase activity, we hypothesized the 𝛼-MSH-induced
PPAR𝛾 increase contributed to the activities of antioxidant(s).
Schmilovitz-Weiss reported that PPAR𝛾 induced an increase
in SOD level [32]. The ultraviolet (UV) light exposure [28]
or oxidative stress [27] was known to induce the 𝛼-MSH
secretion, which had capacity to trigger melanogenesis and
proliferation in B16/F10 cells. Cheng et al. [27] recently
reported that the 𝛼-MSH protected RPEC from hydrogen
peroxide- (H

2
O
2−
) induced apoptosis, via melanocortin 1

receptor (MC1R) and the Akt dependent pathway [27]. On
the other hand, the relationship between antioxidants and
PPAR𝛾 was performed in in vivo study [32]. The animal
model of nonalcoholic fatty liver disease was established by
fed rats with fructose-enriched diet for 5 weeks [32]. The
gene expression and protein level of both SOD and PPAR𝛾
were obviously lower than rats with standard rat chow diet
[32]. Daily administration of rosiglitazone (10mg/kg) during
the last 2 weeks of the fructose-enriched diet significantly
reversed the changes by fructose-enriched diet, including
SOD gene expression and both SOD and PPAR𝛾 protein
levels [32]. Their results indicated that the activation of
PPAR𝛾 led to the synthesis of SOD [32]. Interestingly, the
responses of SOD, catalase, and GSH to stimulus seemed
conflicting in documents. Observations were reported by
Shindo et al. [33] that antioxidants, including catalase, GSH,
and SOD, in the epidermis and dermis of hairless mice

diminished immediately after UV light exposure [9, 33].
However, the activities of antioxidants changed with the
patterns of UV irradiation, and the recovery capacities of
antioxidants altered during the acute and chronic phases
[34]. When the authors irradiated human skin fibroblasts
with a single exposure to UV irradiation (1, 6 or 12 J/cm2)
and then examined the activities of antioxidant enzymes
over the following days, the catalase activity was attenu-
ated immediately, then restored on the fifth day after UV
exposure, indicating adaptive antioxidant response. SOD
activity decreased significantly on the third day and then was
restored to normal level on the fifth day after UV exposure
[34]. Another supporting observation was documented by
Poswig et al. in 1999 [35]. The SOD was induced by UVA
irradiation and the adaptive antioxidant response was present
when repetitive UV exposure [35]. Single exposure of human
dermal fibroblasts to UVA irradiation resulted in a dose- and
time-dependent increase in specific SOD mRNA levels [35].
When cells are exposed to UVA of 300 kJ per m2 for 9 to 12
hours, the activity and the amount of SOD reached almost
180% and 200% of control, respectively [35]. Repetitive UVA
exposure, especially, on the first three days at a dose rate of
200 kJ per m2 resulted in a 5-fold induction of SOD mRNA
levels, which contributed to eliciting SOD activity [35]. In
our study, the treatment of 𝛼-MSH for two days continuously
significantly caused increases in the PPAR𝛾 level (Figure 8)
and the activity of SOD (Figure 7). The 𝛼-MSH-induced
increase in the activity of SOD was prevented by GW9662
administration (Figure 7).However, the conflicting responses
to the 𝛼-MSH treatment were performed in antioxidants,
catalase, and GSH in the present study. The activities of
both catalase and GSH decrease after 𝛼-MSH treatment
though the changes did not reach the statistical significance
(Figure 5). We attributed the differences among our study
and others to different experiment model including study
subjects, stimulus, and especially the analysis timing. In
addition to PPAR𝛾, the other member of PPAR family also
expressed the capacity of anti-inflammation. UVB exposure
(150mJ/cm2) to hairlessmice 2 (HRM2) every other day for 17
days caused increases in levels of proinflammatorymediators,
such as NF-kB, iNOS, and COX-2, whereas activation of
PPAR𝛼 by pretreatmentwith fenofibrate downregulated these
effects of UVB exposure [30]. That indicated the potential
anti-inflammation of PPAR𝛼.

In conclusion, the results presented here supported the
hypothesis that melanogenesis was via activating PPAR𝛾,
which also modulated the balance among antioxidants.
This is the first study to perform the relationship among
antioxidants, melanogenesis, and PPAR𝛾. It is necessary to
carry out more studies, such as clinical studies, to under-
stand the details in unknown mechanism. That would offer
more helpful information in the treatment and usage in
clinic.
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[24] R. Buscà, C. Bertolotto, J. P. Ortonne, andR. Ballotti, “Inhibition
of the phosphatidylinositol 3-kinase/p70(S6)-kinase pathway
induces B16melanoma cell differentiation,” Journal of Biological
Chemistry, vol. 271, no. 50, pp. 31824–31830, 1996.

[25] K. Sato, M. Morita, C. Ichikawa, H. Takahashi, and M.
Toriyama, “Depigmentingmechanisms of all-trans retinoic acid
and retinol on B16 melanoma cells,” Bioscience, Biotechnology
and Biochemistry, vol. 72, no. 10, pp. 2589–2597, 2008.

[26] H. Y. Peng, C. C. Lin, H. Y. Wang, Y. Shih, and S. T. Chou,
“The melanogenesis alteration effects of Achillea millefolium L.
essential oil and linalyl acetate: involvement of oxidative stress
and the JNK and ERK signaling pathways in melanoma cells,”
PLoS ONE, vol. 9, no. 4, Article ID e95186, 2014.

[27] L. B. Cheng, L. Cheng, H. E. Bi et al., “Alpha-melanocyte
stimulating hormone protects retinal pigment epithelium cells
from oxidative stress through activation of melanocortin 1
receptor Akt-mTOR signaling,” Biochemical and Biophysical
Research Communications, vol. 443, no. 2, pp. 447–452, 2014.

[28] T. A. Luger, T. Schwarz, H. Kalden, T. Scholzen, A. Schwarz, and
T. Brzoska, “Role of epidermal cell-derived 𝛼-melanocyte stim-
ulating hormone in ultraviolet light mediated local immuno-
suppression,” Annals of the New York Academy of Sciences, vol.
885, pp. 209–216, 1999.

[29] C. Lee, J. A. Ramirez, J. Guitart, and L. K. Diaz, “Expression of
cyclooxygenase-2 and peroxisome proliferator-activated recep-
tor gamma during malignant melanoma progression,” Journal
of Cutaneous Pathology, vol. 35, no. 11, pp. 989–994, 2008.

[30] M. H. Park, J. Y. Park, H. J. Lee et al., “The novel PPAR 𝛼/𝛾 dual
agonist MHY 966 modulates UVB-induced skin inflammation
by inhibiting NF-𝜅B activity,,” PloS ONE, vol. 8, no. 10, Article
ID e76820, 2013.

[31] R. P. Sahu, S. C. Dasilva, B. Rashid et al., “Mice lacking
epidermal PPAR𝛾 exhibit a marked augmentation in photocar-
cinogenesis associated with increased UVB-induced apoptosis,
inflammation and barrier dysfunction,” International Journal of
Cancer, vol. 131, no. 7, pp. E1055–E1066, 2012.



BioMed Research International 9

[32] H. Schmilovitz-Weiss, E. Hochhauser, M. Cohen et al., “Rosigli-
tazone and bezafibrate modulate gene expression in a rat model
of non-alcoholic fatty liver disease—a historical prospective,”
Lipids in Health and Disease, vol. 12, article 41, 2013.

[33] Y. Shindo, E. Witt, and L. Packer, “Antioxidant defense mecha-
nisms in murine epidermis and dermis and their responses to
ultraviolet light,” Journal of Investigative Dermatology, vol. 100,
no. 3, pp. 260–265, 1993.

[34] Y. Shindo and T. Hashimoto, “Time course of changes in
antioxidant enzymes in human skin fibroblasts after UVA
irradiation,” Journal of Dermatological Science, vol. 14, no. 3, pp.
225–232, 1997.

[35] A. Poswig, J. Wenk, P. Brenneisen et al., “Adaptive antioxidant
response of manganese-superoxide dismutase following repeti-
tive UVA irradiation,”The Journal of Investigative Dermatology,
vol. 112, no. 1, pp. 13–18, 1999.



Research Article
Amelioration of LPS-Induced Inflammation Response in
Microglia by AMPK Activation

Chin-Chen Chen,1 Jiun-Tsai Lin,2 Yi-Fang Cheng,2 Cheng-Yi Kuo,2 Chun-Fang Huang,2

Shao-Hsuan Kao,3 Yao-Jen Liang,1,4 Ching-Yi Cheng,5 and Han-Min Chen1,2,4

1 Institute of Applied Science and Engineering, Catholic Fu-Jen University, New Taipei City 24205, Taiwan
2 Energenesis Biomedical Co., Ltd., New Taipei City 24205, Taiwan
3 Institute of Biochemistry and Biotechnology, Chung Shan Medical University, Taichung City 40201, Taiwan
4Department of Life Science, Catholic Fu-Jen University, New Taipei City 24205, Taiwan
5 Research Center for Industry of Human Ecology, Graduate Institute of Health Industry Technology, Department of Cosmetic Science,
Chang Gung University of Science and Technology, Taoyuan 33303, Taiwan

Correspondence should be addressed to Han-Min Chen; steven@energenesis-biomedical.com

Received 31 March 2014; Revised 22 May 2014; Accepted 30 May 2014; Published 17 June 2014

Academic Editor: Nicole Clarke

Copyright © 2014 Chin-Chen Chen et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Adenosine 5-monophosphate-activated protein kinase (AMPK) is a key regulator of cellular energy homeostasis via modulating
metabolism of glucose, lipid, and protein. In addition to energymodulation, AMPKhas been demonstrated to associate with several
important cellular events including inflammation. The results showed that ENERGI-F704 identified from bamboo shoot extract
was nontoxic in concentrations up to 80𝜇Mand dose-dependently induced phosphorylation of AMPK (Thr-172) in microglia BV2
cells. Our findings also showed that the treatment of BV2 with ENERGI-F704 ameliorated the LPS-induced elevation of IL-6 and
TNF-𝛼 production. In addition, ENERGI-F704 reduced increased production of nitric oxide (NO) and prostaglandin E2 (PGE2)
via downregulating the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2), respectively.Moreover,
ENERGI-F704 decreased activated nuclear translocation and protein level of NF-𝜅B. Inhibition of AMPK with compound C
restored decreased NF-𝜅B translocation by ENERGI-F704. In conclusion, ENERGI-F704 exerts inhibitory activity on LPS-induced
inflammation through manipulating AMPK signaling and exhibits a potential therapeutic agent for neuroinflammatory disease.

1. Introduction

Homeostasis of proinflammatory and anti-inflammatory
response in brain is shifted towards a proinflammatory state
with age, so neuroinflammation has been implicated as an
important etiological factor in several aging-related neurode-
generative diseases, such as Alzheimer’s disease and Parkin-
son’s disease [1–3]. Due to the involvement of inflammation
in pathogenesis, many studies were devoted to the therapy of
neurodegenerative diseases using anti-inflammatory strate-
gies [4]. Microglia are myeloid-lineage cells residing in the
central nervous system. As a neuron protector, microglia are
sensitive to microenvironment and readily become activated
in response to immunological stimuli, toxin, or injury [5].
Upon activation, however, microglia secrete a variety of

proinflammatory cytokines or other cytotoxic factors, which
are believed to exacerbate neurodegeneration. It has been
reported that lipopolysaccharides (LPS) and/or interferon-𝛾
enhanced the production of NO in microglia via inducible
nitric oxide synthase (iNOS) and caused neuron death within
48 hours [6]. In addition, the increased proinflammatory
cytokines such as TNF-𝛼, IL-1𝛽, and IL-6 in either cell culture
or animal models induce neuron degeneration [7–12].

NF-𝜅B, a transcriptional factor, regulates several proin-
flammatory cytokines and inflammation-related protein
expression such as TNF-𝛼, IL-1𝛽, IL-6, COX-2, and iNOS
[13]. Upon stimulation, activated I𝜅B kinase (IKK) phos-
phorylates I𝜅B, which results in the dissociation of NF-𝜅B-
I𝜅B complex and thereby translocation of active NF-𝜅B into
nucleus. Activation of NF-𝜅B has been found in several
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neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease [14–16] and has
also been considered as an important target for therapy of
neurodegenerative diseases.

AMP-activated kinase (AMPK) is a key regulator of
energy homeostasis and metabolic stress [17]. Conditions
of glucose deprivation, ischemia, or oxidative stress acti-
vate AMPK through upstream kinases such as liver kinase
B1 (LKB1) and Ca2+/calmodulin dependent kinase kinase
𝛽 (CaMKK𝛽) by phosphorylation on conserved Thr-172
residue of 𝛼 subunit [18, 19]. Upon activation, AMPK
directly phosphorylated downstream targets such as acetyl-
CoA carboxylase to inhibit anabolic pathways such as fatty
acid/cholesterol synthesis, protein synthesis, and gluconeo-
genesis [20] and increase cellular ATP level. In particular,
recent studies reveal that AMPK might also be involved
in modulating inflammatory response [21–24]. It has been
demonstrated that an AMPK activator, 5-aminoimidazole-
4-carboxamide ribose (AICAR), suppressed LPS-induced
proinflammatory secretion and attenuated nuclear factor-𝜅B
(NF-𝜅B) activation in glial cells [25].

In the present study, we investigated the anti-inflam-
matory effects of ENERGI-F704, a purine compound identi-
fied from bamboo (Phyllostachys edulis) shoot extract [26],
in microglia BV2 cells stimulated by LPS. We examined
the effects of ENERGI-F704 on AMPK activation. We also
assessed its anti-inflammation functions by monitoring the
secretion of proinflammatory cytokines, the production of
NO and PGE2, and the expression of corresponding enzymes
in various conditions. It was found that ENERGI-F704 might
attenuate LPS-induced inflammation and the nuclear
translocation of NF-𝜅B via AMPK activation in BV2 cells.

2. Materials and Methods

2.1. Reagents. All reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) except where otherwise speci-
fied. Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Invitrogen (Carls-
bad, CA, USA). ENERGI-F704 was a proprietary compound
generously provided by Energenesis Biomedical Co., Ltd.
(New Taipei, Taiwan).

2.2. Cell Culture. The murine microglial cell line (BV2) was
given by Professor Kao (Chung Shan Medical University,
Taichung, Taiwan) and routinely maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 4mM L-glutamine, 2mM sodium
pyruvate, and 100 𝜇g/mL penicillin-streptomycin (Invitrogen
GibcoBRL, Carlsbad, CA, USA). Cells were incubated at 37∘C
under 5% CO

2
and 95% relative humidity. The cells used in

this experiment were between passages 3 and 8.

2.3. In Vitro Cytotoxicity Assay. The cytotoxicity of ENERGI-
F704 in BV2 cells was analyzed by XTT assay. In Brief, BV2
cells were seeded into 96-well microplates in a density of
1 × 104 cells/well. After incubation overnight, cells were
treated with various concentration of ENERGI-F704 (0, 5,
10, 20, 40, or 80 𝜇M) for 24 h. After the end of treatment,

125 𝜇L of XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide) reagent was added to the
final concentration of 1mg/mL. Then, the plates were incu-
bated at 37∘C for further 4 h in the dark. The absorbance
was measured at 490 nm with a reference wavelength set at
690 nmusing VersaMax ELISAmicroplate reader (Molecular
device, Sunnyvale, CA, USA). Data was presented as relative
absorbance values to untreated cell.

2.4. Western Blot Assays. Cells were collected, washed twice
with ice-cold PBS (PH 7.4), and lysed in cell lysis buffer
containing 10mM Tris-HCl pH 7.5, 150mM NaCl, 1mM
EDTA, 0.5% Triton-X 100, 1x protease inhibitor cocktail
(Roche, Basel, Switzerland), and 1x PhosSTOP phosphatase
inhibitor cocktail (Roche) at 4∘C for 30min. Cell lysate was
centrifuged at 15,000 g, 4∘C for 1min, and the supernatant
was stored at −70∘C until further analysis. 30mg of pro-
tein samples was subjected to 10% SDS-PAGE and subse-
quently transferred onto Immobilon polyvinylidene difluo-
ride (PVDF) membranes (Millipore, Bedford, MA, USA).
After blocking with 5% BSA in PBS, the membranes were
incubated with primary antibodies, including anti-phos-
pho-AMPK (Thr172) antibody (1 : 2000, number 2535, Cell
Signaling Technology, Danvers, MA, USA), anti-AMPK𝛼1
antibody (1 : 2000, number 2603, Cell Signaling Technology),
anti-iNOS antibody (1 : 2000, number 2977, Cell Signaling
Technology), anti-COX-2 antibody (1 : 2000, number 12282,
Cell SignalingTechnology), anti-p65 antibody (1 : 2000, num-
ber 8242, Cell Signaling Technology), or anti-actin antibody
(1 : 5000, NB600-501, Novus Biologicals, Littleton, CO, USA)
at 4∘C overnight. Resulting membranes were washed and
incubated with corresponding secondary antibodies coupled
with horseradish peroxidase in 1 : 20000 dilution at room
temperature for 1 h. Chemiluminescence of the immunore-
active bands was developed by LumiFlash Prime Chemilu-
minescent Substrate, HRP (Visual Protein, Taipei, TW), and
detected by Kodak XAR-5 film (Rochester, NY, USA). The
images were scanned and quantified using ImageJ software
(http://imagej.nih.gov/ij/).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). Produc-
tion of proinflammatory cytokine and PGE2 was analyzed
using ELISA assay. The supernatant of cell culture was
harvested and assessed. The cytokines IL6 and TNF-𝛼 were
evaluated using Mouse DuoSet ELISA kits (R&D Systems,
Minneapolis, MN, USA) and the extracellular PGE2 was
assessed using Prostaglandin E2 parameter assay kit (R&D
Systems). All the manipulations were performed following
the manufacturer’s protocol.

2.6. Nitric Oxide Determination. Production of nitric oxide
was measured using the Griess assay. In brief, 100𝜇L of
supernatant sample was mixed with equal volume of Griess
reagent containing 1% sulfanilamide, 0.1% N-(1-naphthyl)-
ethylenediamine dihydrochloride, and 5% H

3
PO
4
. After

5min incubation, the absorbance was measured at 550 nm
with a reference wavelength set at 630 nm using VersaMax
ELISA microplate reader. A standard curve made from
a series of standard nitrite concentrations (0, 6.25, 12.5,
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Figure 1: Cytotoxicity of ENERGI-F704. BV2 cells induced either without (a) or with (b) LPS were treated with indicated concentrations of
ENERGI-F704 for 24 h. The cell viability of each condition was analyzed using XTT assay. The relative cytotoxicity is calculated as relative
absorbance values to untreated cell. Data are statistically analyzed by one-wayANOVAand presented as themean± SEMof three independent
experiments.

50, 66.7, 100, and 200 𝜇M) was used for sample calibra-
tion.

2.7. NAD Assay. NAD level was determined by NADH
cycling enzymatic reaction usingNAD/NADHquantification
colorimetric kit (Biovision, Milpitas, CA, USA) according to
the manufacturer’s instructions. In brief, 2 × 105 cells were
harvested and extractedwith 400 𝜇LNAD/NADHExtraction
Buffer by two freeze/thaw cycles (20min on dry-ice, then
10min at RT), followed by vortex and centrifugation at
14000 rpm for 5min.The supernatants were examined for the
total level of NAD plus NADH by mixing with NAD Cycling
Mix for conversion of NAD to NADH and measured for the
free NADH by heat decomposing of NAD at 60∘C for 30min.
The colorimetric assay of NADH was developed by adding
NADH developer and it was incubated at RT for 1 h. The
absorbance was measured at 450 nm using VersaMax ELISA
microplate reader (Molecular device, Sunnyvale, CA, USA).
Data was presented as relative absorbance values to untreated
cell. A standard curve made from a series of standard NADH
amounts (0, 20, 40, 60, 80, and 100 pmol) was used for sample
calibration. The NAD level was calculated as NAD = total of
NAD + NADH − NADH. The data were normalized with
total cell lysate protein (NAD/mg protein) and presented as
relative concentration to untreated cell.

2.8. Immunocytochemistry. Cells were cultured on glass cov-
erslips in the DMEM based medium. The cultures were
treated with LPS incorporating with ENERGI-F704 or com-
pound C in indicated concentrations for 1 h at 37∘C. The
cells were fixed with 4% paraformaldehyde and subsequently
incubated with anti-p65 antibody (1 : 200, number 8242, cell
Signaling Technology) at 4∘C overnight followed by the
incubation with Alex Fluor 488-labeled secondary antibody
(1 : 1000, Abcam, Cambridge, UK) for 1 h at room temper-
ature. The nuclei of cells were counterstained with DAPI.
Coverslips weremounted with ibidi mountingmedium (ibidi

GmbH, Martinsried, Germany) and the immunofluores-
cence was imaged by OLYMUS 1X71 inverted microscope.
The resulting images were quantified using ImageJ soft-
ware.

2.9. Statistical Analysis. All results were presented as means
± SEM of three independent experiments. Statistical analysis
was performed by one-way ANOVA or two-way ANOVA
using SPSS software (Armonk, NY, USA).

3. Results

3.1. ENERGI-F704 Activates AMPK in BV2 Cells. We exam-
ined the cytotoxicity of ENERGI-F704 inmicroglial BV2 cells
using XTT assay. As shown in Figure 1, ENERGI-F704 at
concentrations up to 80𝜇M exerted no toxic effect on the
BV2 cells treated with or without LPS. We next determined
the AMPK activating property of ENERGI-F704 in BV2
cells using Western blot analysis. According to Figure 2, a
significant increase in the phosphorylation of AMPK was
observed in the presence of ENERGI-F704 in a dose-depend-
ent manner.

3.2. ENERGI-F704 Reduces Proinflammatory Cytokines Pro-
duction in LPS-Induced BV2 Cells. AMPK has been reported
for its role in suppressing inflammatory responses.Therefore,
we next evaluated whether ENERGI-F704 suppresses the
production of proinflammatory cytokines such as TNF-𝛼 and
IL-6 in LPS-treated BV2 cells. LPS-treated BV2 cells were
treated with either ENERGI-F704 or the pharmacological
AMPK activator, 5-aminoimidazole-4-carboxamide 1-𝛽-D-
ribofuranoside (AICAR), for 24 h. The changes in levels
of TNF-𝛼 and IL-6 were determined using ELISA assay.
The exposure of BV-2 cells to LPS resulted in a significant
secretion of IL-6 and TNF-𝛼 after 24 h incubation (Figures
3(a) and 3(b)). The elevations in TNF-𝛼 and IL-6 production
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Figure 3: ENERGI-F704 reduced LPS-induced IL-6 and TNF-𝛼 secretion in BV2 cells. BV2 cells were incubated with 200 ng/mL LPS in the
presence of ENERGI-F704 or AICAR for 24 h.The levels of IL-6 (a) and TNF-𝛼 (b) in culture medium of each condition were accessed using
ELISA analysis. Data are presented as themean ± SEM of three independent experiments (one-way ANOVA; ∗,𝑃 < 0.05; specific comparison
to LPS-treated control).

were reduced significantly in the presence of ENERGI-F704.
A similar inhibitory phenomenon was observed in the cells
treated with AICAR.

3.3. ENERGI-F704 Suppresses NO Production and iNOS
Expression in LPS-Induced BV2 Cells. Nitric oxide (NO)
acts as signaling molecule in inflammation. The excessive
production of NO in response to LPS stimulation might
lead to activation of apoptotic signaling in brain tissue [27].
To evaluate the effects of ENERGI-F704 on NO production
induced by LPS, BV2 cells stimulated with LPS were treated

with ENERGI-F704 or AICAR for 24 h, and concentration of
NO was analyzed. As shown in Figure 4(a), treatment with
ENERGI-F704 at concentrations of 40 and 80𝜇M signifi-
cantly inhibited NO production of LPS-treated BV-2 cells,
whereas AICAR inhibited NO production as well. To explore
themechanismunderlying inhibitory effect of ENERGI-F704
on LPS-induced NO production, expression of iNOS in each
experimental group was assessed using Western blotting.
The elevated expressions of iNOS in LPS-induced BV2 cells
were significantly reduced by treatment with ENERGI-F704
or AICAR (Figure 4(b)), whereas use of AMPK inhibitor,
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Figure 4: ENERGI-F704 decreases LPS-induced NO, iNOS, COX-2, and PGE2 production in BV2 cells. BV2 cells were stimulated with
200 ng/mL LPS and subsequently treated with either ENERGI-F704 or AICAR for 24 h. (a) Levels of NO in the culture of BV2 cell were
determined. (b) After treatments, cell lysates were used to determine the level of iNOS and COX-2 using Western blotting. (c) LPS-treated
BV2 cells were treated with ENERGI-F704 in cotreatment with or without compound C for 24 h. Cell lysates were used to determine the level
of iNOS and COX-2 using Western blotting. (d) LPS-induced BV2 cells were treated with ENERGI-F704 in cotreatment with or without
compound C for 48 h, and the level of PGE2 in the culture medium was determined. Data are presented as the mean ± SEM of three
independent experiments (two-way ANOVA; ∗, ∗∗, and ∗∗∗, 𝑃 < 0.05, 𝑃 < 0.01, and 𝑃 < 0.01; specific comparison to LPS-treated control).
Representative images of three independent experiments are shown.
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compound C, led to negatively compensated expression of
iNOS (Figure 4(c)).

3.4. ENERGI-F704 Inhibited LPS-Induced Cyclooxygenase 2
Expression and PGE2 Production. We further evaluated the
effect of ENERGI-F704 on COX-2 expression in BV2 cells
challenged with LPS using Western blot assay. As shown
in Figure 4(b), the expression of COX-2 was upregulated
upon LPS stimulation. The upregulated expression of COX-
2 was ameliorated by ENERGI-F704 or AICAR (Figure
4(b)), whereas the treatment with compound C remarkably
reversed the suppression (Figure 4(c)). As expected, when
measuring the product of COX-2, as shown in Figure 4(d),
the concentration of extracellular PGE2 in LPS-induced BV2
cells was diminished by ENERGI-F704, which can be offset
in the presence of compound C.

3.5. ENERGI-F704 Attenuates LPS-Induced Nuclear Translo-
cation and Production of NF-𝜅B. NF-𝜅B is known for its
critical role in inflammation through regulating transcription
of proinflammatory cytokines such as IL-1𝛽, IL-6, TNF-𝛼,
and iNOS. To examine the effects of ENERGI-F704 on NF-
𝜅B activation, LPS-stimulated BV2 cells were treated with
ENERGI-F704 for 1 h and examined for nuclear translocation
of NF-𝜅B. As shown in Figure 5, NF-𝜅B stained green
retained in cytosol and translocated into nuclei in response
to LPS stimulation. The treatment of LPS-induced BV2 cells
with ENERGI-F704 attenuated the translocation of NF-𝜅B
to nuclei. The inhibitory effect of ENERGI-F704 on NF-𝜅B
translocation was reversed in the presence of compound C.
Furthermore, our data revealed that the expression level of
P65 was reduced significantly in a dose-dependent manner
(Figure 5(c)).

Activation of AMPK leads to the deacetylation activity
of SIRT1 mediated by the increase of NAD+ and acetylation
of P65 is required for the stability of NF-𝜅B [28–30]. We
next determined the effect of ENERGI-F704 on the NAD+
level. As shown in Figure 6, the treatment with ENERGI-
F704 dose-dependently increased the level ofNAD+. Interest-
ingly, increased level of NAD+ in response to ENERGI-F704
treatment was largely reversed in the presence of compound
C.

4. Discussion

Accumulating evidence shows that AMPK is a repressor of
inflammation. However, there are limited studies addressed
on the effect of AMPK activators on LPS-induced microglia.
In the present study, ENERGI-F704, a proprietary com-
pound identified from bamboo shoots extract, exerts AMPK
activation activity in human microglial cell model BV2.
ENERGI-F704 suppressed LPS-induced IL-6 and TNF-𝛼
secretion. Moreover, ENERGI-F704 decreased LPS-induced
iNOS and COX-2 expression as well as the production of
NO and PGE2 in BV2 cells. In the testing condition, our
data suggest ENERGI-F704 with anti-inflammatory activity
without apparent cytotoxicity. In fact, our previous study has
reported that ENERGI-F704 can trigger the phosphorylation
of AMPK in human umbilical vein endothelial cells [26]. All

the results indicate that ENERGI-F704 acts as an AMPK acti-
vator to ameliorate that the NF-𝜅B-involved inflammation
response is reliable and not cell type restricted.

Some AMPK activators such as AICAR and metformin
have also been demonstrated for their potential to modulate
inflammation via NF-𝜅B [25, 31, 32]. Our results had showed
ENERGI-F704 as a feasible mean to attenuate LPS-induced
inflammatory responses in BV2 and other cell lines. As the
anti-inflammatory effects of ENERGI-F704 were diminished
in the presence ofAMPK inhibitor, compoundC, it again sug-
gests that the amelioration of LPS-induced inflammation in
microglia BV2 cells by ENERGI-F704 is mediated by AMPK
activation. In addition, the activation of AMPK can activate
SIRT1 activity via increasing intracellular NAD+ levels [28].
It has been demonstrated that SIRT1 could deacetylate p65
subunit of NF-𝜅B complex at lysine 310 and consequently
enhance the set-mediated methylation of lysines 314 and 315
[29, 30]. Moreover, the methylation of lysines 314 and 315
resulted in degradation of p65 through triggering ubiquitin-
proteasome system. In the present study, we did observe an
increase in the level of NAD and a reduction in the level of
p65 subunit under the treatment of ENERGI-F704 (Figure
4(d)). Therefore, it is possible that destabilization of p65
protein might be another way of ENERGI-F704 to modulate
NF-𝜅B activity. Indeed, the LPS-induced expression of p65
downstream targets, iNOS and COX-2, can be suppressed in
the presence of ENERGI-F704 (Figures 4(b) and 4(c)).

Numerous studies showed that manipulation of NF-
𝜅B signaling provides beneficial effects in treating neuron
injury. It has been examined that suppression of NF-𝜅B
activity by using IKK inhibitors, AS602868 and BAY 11-
7082, exerts long-lasting protection of primary neurons
and oligodendrocytes under N-methyl-D-aspartate induced
excitotoxicity [33, 34]. In a mouse model of focal cerebral
ischemia, transgenic expression of NF-𝜅B suppressor or
pharmacological inhibitor of IKK reduced the infarct size
[35]. Besides neuron injury, activation of NF-𝜅B has been
found in several aging-related neurodegenerative diseases
including Alzheimer’s disease and Parkinson’s disease, which
was considered as a pivotal target for therapy of neurodegen-
erative diseases [14, 15]. In addition, recent studies further
revealed that the neuron immune crosstalk of NF-𝜅B, IKK,
and microglia in hypothalamus is important in systemic
ageing progression, so immune inhibition can be a potential
strategy for lifespan extension [36]. Considering AMPK acti-
vation effectively manipulating the NF-𝜅B signaling, AMPK
activators, including ENERGI-F704, are potential therapeutic
agents for neurodegenerative diseases. Further studies are
awaited to elucidate the underlying mechanism of ENERGI-
F704 on AMPK.

5. Conclusions

In conclusion, ENERGI-F704 suppressed inflammatory res-
ponses and induced AMPK activation in LPS-treated BV-2
cells. Anti-inflammatory effect of ENERGI-F704 was attri-
buted to modulating the nuclear translocation and stability
of NF-𝜅B. The anti-inflammatory effects of ENERGI-F704
were diminished in the presence of AMPK inhibitor. It



BioMed Research International 7

CO
N

LP
S

LP
S/

EN
ER

G
I

LP
S/

EN
ER

G
I/C

C

P65/DAPIDAPIP65

(a)

+− +−

− −− +

ENERGI-F704
LPS +++−

Compound C

∗

∗

∗

N
uc

le
ar

/c
yt

op
la

sm
ic

 ra
tio

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

(b)

8040ENERGI-F704 (𝜇M)
LPS ++++−

− −

𝛽-Actin

∗

∗∗

P65

20

8040ENERGI-F704 (𝜇M)
LPS ++++−

− − 20

0.4

0.6

0.8

1.0

1.2

1.4

0.2

0.0

P6
5

/a
ct

in

(c)

Figure 5: ENERGI-F704 attenuates LPS-induced nuclear translocation and production of NF-𝜅B in BV2 cells. BV2 cells were stimulated with
200 ng/mL LPS and subsequently treated with ENERGI-F704 incorporating with or without compound C for 1 h. (a) After treatments, cells
were fixed for immunocytochemical staining. NF-𝜅B and nuclei were visualized using Alexa Fluor 488 (green) and DAPI (blue), respectively.
(b) Ratio of nuclear: cytoplasmic immunofluorescence of NF-𝜅B was assessed by microscopy image and quantified using ImageJ software.
Ratio < 1 indicates brighter cytoplasmic staining for NF-𝜅B, whereas ratios > 1 indicate brighter nuclear staining for NF-𝜅B. (c) BV2 cells
were incubated with 200 ng/mL LPS in the presence of ENERGI-F704 for 24 h. After treatments, cell lysates were used to determine the levels
of NF-𝜅B using Western blotting. Data are presented as the mean ± SEM of three independent experiments (one-way ANOVA; ∗ and ∗∗,
𝑃 < 0.05 and 𝑃 < 0.01; specific comparison to LPS-treated control). Representative images of three independent experiments are shown.
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Figure 6: ENERGI-F704 increases the level of NAD in BV2 cells.
BV2 cells were incubated with 200 ng/mL LPS in the presence of
ENERGI-F704 or compound C for 24 h. Cell lysates collected from
each condition were used to determine the level of NAD using
NAD/NADPHcolorimetric analysis. Data are presented as themean
± SEM of three independent experiments (one-way ANOVA; ∗, 𝑃 <
0.05).

is suggested that ENERGI-F704 has a potential to act as
anti-inflammatory agent for treating neuroinflammatory dis-
eases through AMPK activation. Further studies are nec-
essary to elucidate the actual mechanism underlying anti-
inflammatory activity of ENERGI-F704.
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