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The photoprotective activity of nutraceuticals
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bstract Nutrition plays an i
A mportant role in the treatment of many diseases, and the right choice of
nutrients can help to prevent disorders and improve the quality of life. Epidemiologic studies suggest that
there is a close relationship between ultraviolet exposure (high level of reactive oxygen species) and the
intake of specific dietary factors (eg antioxidants), and the diminished risk of developing cancer, coronary
heart disease, or cataracts. Free radicals and reactive oxygen species are synthesized endogenously (eg, in
energy metabolism and the antimicrobial defense system of the body) or produced as reactions
to exogenous exposure (eg, cigarette smoke, imbalanced diet, exhaustive exercise, environmental
pollutants, and food contaminants). Human dietary intervention studies based on the use of antioxidant
compounds show how they can protect from endogenous and exogenous environmental assaults, and
neutralize sun-induced effects on the skin. The future challenge will be to combine the strategic use of
cosmeceuticals and nutraceuticals in preventing the damaging effects of ultraviolet radiation and
environmental pollutants on the many biologic processes involving skin aging and cancer.
© 2009 Elsevier Inc. All rights reserved.
Introduction

Nutrition plays an important role in the treatment of many
diseases, and the right choice of nutrients can help to prevent
disorders and improve the quality of life. Epidemiologic
studies suggest that there is a close relationship between
ultraviolet (UV) exposure and the intake of specific dietary
factors (eg, antioxidants), and the diminished risk of
developing cancer, coronary heart disease, or cataracts.1

Thus, investigators endeavor to find or develop systemic
photoprotectants capable of overcoming the limitations
associated with the topical application of photoprotective
agents. Within this context, carotenoids and flavonoids are
among the compounds that have drawn attention to the
formulation of nutraceuticals, along with some vitamins and
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melatonin. All of these natural compounds are present in a
large variety of vegetables, fruits, and beverages, and may be
considered important sources of antioxidants.2 Flavonols,
flavones, anthocyanins, catechins, and proanthocyanidins are
the most common classes of flavonoids, whereas dietary
carotenoids include carotene , cryptoxanthin, lutein, zeax-
anthin, and lycopene.3,4

Carotenoids and flavonoids are secondary metabolites
synthesized by plants, mostly after various stresses. These
include mechanical, chemical, UV radiation, environmental,
and microbiologic stresses. Most of these have been reported
to induce the generation of reactive oxygen species (ROS)
in plants.

ROS seem to induce a cascade of reactions leading to
the production of carotenoids and a series of polyphenolic
compounds that protect plants from cell injury and chlorophyll
synthesis.5,6 It is common knowledge that chlorophyll is the
primary source of energy generation in plants. To understand
the protective activity of these antioxidant compounds with
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Fig. 1 Antioxidants protecting the cells.
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respect to indispensable chlorophyll, it is helpful to consider
what happened to the orange trees that were imported to Sicily
during the Arab period (827 D.C.). Having to grow in a hostile
environment in the vicinity of a volcano, the Etna, the orange
flesh of the fruits became red as a result of the self-production
of more protective anthocyanins!
The defense system of reactive oxygen species

ROS are lethal to cell life. In all animal tissues there are
specialized systems devoted to repairing damage and
preventing the negative effects of ROS (Figure 1).

The fundamental systems are a few enzymes and several
compounds with lower molecular weight.

Among the enzymatic systems, superoxide dismutase is
crucial insofar as it works as the major protective system,
together with glutathione reductase and glutathione
peroxidase.7,8
However, other substances that have a lower molecular
weight than enzymes, such as flavonoids (specified else-
where), vitamins E and C, lipoic acid, carotenoids, and
melatonin, are also important.9-15

Exposure to solar radiation determines high levels of
ROS. Therefore, to help skin defend itself from UV damage,
it is possible to intervene topically by using sunscreen
products or taking supplements capable of contrasting the
formation and activity of ROS.

Complex substances with a high molecular weight that,
although capable of neutralizing the negative effects of ROS,
would have to be absorbed unmodified to be effective cannot
be taken orally or applied topically.

For instance, an enzyme with a high molecular weight,
such as superoxide dismutase, cannot be carried by a cream
(because it does not penetrate and should be denatured by
skin enzymes) or taken orally (it should be denatured by
gastric enzymes).

Active compounds with a low molecular weight, such as
vitamins E and C, lipoic acid, carotenoids, and melatonin, if



Fig. 2 Beauty as one of the greatest aspirations of human beings:
Paolina Bonaparte by Canova-Galleria Borghese, Roma, Italy.
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adequately protected by suitable carriers, are not substan-
tially modified by skin or gastrointestinal enzymatic systems
and therefore maintain all of their antioxidant properties.

ROS that are efficiently scavenged by carotenoids and
flavonoids are 1O2, and peroxyl radical and physical
quenching is the main system for deactivating 1O2.16 This
occurs by energy transfer from the excited oxygen species to
the carotenoid/flavonoid, yielding a triplet excited molecule.
Thus, the energy of the excited molecule is dissipated
through vibrational interactions with the cell environment to
recover the ground state molecule. The carotenoid/flavonoid
remains intact in this process and might undergo further
deactivation cycles. For example, the quenching of singlet
oxygen by beta-carotene and other biologic carotenoids
occurs with rate constants approaching diffusion control.
Fig. 3 Melan
However, mixtures of carotenoids or flavonoids seem
capable of inhibiting the oxidative process more effectively
than single components when they are used at the same
molar level. Such a synergistic antioxidant effect is surely
most pronounced when either lycopene or lutein is present in
the mixture.17,18
Modern aesthetic canon of beauty

Today, more than in the past, physical beauty for the
modern human being is a condition that cannot be dis-
regarded, and the pursuit of good looks has become a mass
phenomenon. Although over the ages, beauty has always
been the greatest aspiration of human beings, today people
make every possible effort to attain an ideal condition of
beauty (Figure 2).

To be beautiful means complying with the demands of the
contemporary aesthetic canons, according to which one must
be tall, slim, and physically attractive, with white teeth, shiny
hair, and a good skin complexion, which is indicative of
perfect physical shape. As a consequence, people feel the
need to be tan even during the winter, provided that they can
afford to take a winter holiday: in just 6 days people want to
get perfectly tanned to show off their physical health!
Sun and skin

For these reasons we are faced with a twofold situation: 1)
People try to get as tan as possible at different times of the
ogenesis.



Fig. 4 The most common oxygen and nitric radicals.
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day and under different temperature conditions. 2) In their
effort to get tan as quickly as possible by means of a UV
lamp, people have discovered that, at home, they can switch
off the telephone and ignore the doorbell and obtain in
1 week the same results as people who go on vacation, while
saving time and money.

One aspect of this new lifestyle is the concern of medical
doctors, who in recent years, with numerous information
campaigns, have been warning that the sun can be a
dangerous friend: It has been proven to be the main cause of
premature aging and skin tumors. No animal is being as
deprived of natural defenses as humans, who unwisely
behave like the crocodiles of the Nile, which have a
remarkably thick pigmented keratinic layer. Modern humans
expose themselves to the sun not for health reasons but for
ethical-social whims, but they do not have the natural
defenses to combat the negative effects of solar radiation.
The much desired suntan (based on the production of
melanin) is the defense reaction of our skin against the
negative consequences of sun exposure.
Fig. 5 DNA alteration caused by UV.
Melanin and free radicals

Melanin is not only a photoprotective substance but
also an antioxidant compound.19-21 Because metabolic
reactions lead to the various melanin pigments (eu,
pheomelanins, and tricochromas) (Figure 3), one can observe
that on the way to these reactive steps, particular chemical
species (ROS) or free radicals are produced. They are
generated by the activity of UV rays on the biologic
molecules of skin cells. These particular chemical species,
which differ from ions, molecules, and common chemical
radicals, such as –CH3 radical (which keeps its identity
intact), are constituted by elements or molecules that by
means of incoming energy (UV rays) alter their atomic
structure and produce unpaired electrons.

These electrons allow the newborn radical to react quickly
and violently with any element or compound that alters its
molecular structure and consequently its functionality.

In the human organism, free radicals are common and
produced in all of the inner organs independently of the sun’s
activity. Oxygen radicals (O ˙, OH ˙, and H ˙) and nitrogen
radicals (NO ˙) form spontaneously during the oxidative
reactions that commonly occur in all our cells (Figure 4).
Melanin could be an “acceptor” and a pool of free radicals
and not just an umbrella shielding the cell nucleus from UV
radiation.21,22
Benefits and damage of solar radiation

Solar radiation, including visible light, interacts with
human cells inducing positive effects (eg, the synthesis of
vitamin D) and negative effects, such as altering or
preventing the correct functioning of numerous enzymatic
cell systems.

UVA and UVB radiations are the most dangerous because
they can damage molecular cell structures resulting in
deoxyribonucleic acid (DNA) modifications (Figure 5).
Incidentally, in skin cells (epidermal and dermal), repairing
systems remedy such damage.

An example is represented by the DNA-repair enzyme.
This enzyme cuts the damaged portions of nucleic acid and
reconstructs the portion of DNA deleted with a functional
DNA replacement. In a genetically predetermined syndrome,
such as xeroderma pigmentosum, this enzyme does not exist
and sunlight exposure, by means of UVA, causes significant
DNA alterations. Thus, even in children affected by this
disease, the onset of numerous and often lethal skin tumors
can be observed after exposure to sunlight (Figure 6).

However, the most common form of protection is
represented by suntan-induced melanin production. UV



Fig. 6 Xeroderma pigmentosum.
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radiations are also responsible to a large extent for photo-
toxic and photoallergic phenomena that lead to the formation
of free radicals.23,24

The appearance of skin spots that develop, for instance,
after the unguarded application on the skin of a perfumed
substance followed by exposure to the sun, is caused by two
mechanisms:

• Phototoxicity: The perfumed substance reacts with
UV radiation leading to the formation of some
toxic compounds.

• Photoallergy: Photoallergy is characterized by the
formation of a free radical that interacts with keratinic
cells and forms an antenna that induces the actual
allergic reaction.25-27

Both reactions produce “cell damage” and the subsequent
appearance of inflammation. The phototoxic and photo-
allergic substances lead to cutaneous hyperpigmentation.
The intake of carotenoids is useful to prevent the formation
of free radicals and the consequent phototoxic and photo-
allergic reactions.

Photoprotection in skin aging

The intensity and duration of exposure to visible light
plays an important role in psychologic well-being and
circadian rhythm regulation in humans. We must not forget
that although exposure to the sun has many beneficial effects,
excessive UV radiation causes premature aging and is the
main environmental carcinogen in skin cancer.

One should consider that exposure of the skin to sunlight
played an important role in the evolution of mammals and
remains the basis of our way of living. It was proven that
beta-endorphin is responsible for the feeling of well-being
during sun exposure.28 UV radiation also has a direct effect
on biomolecules, for instance, by cross-linking pyrimidines
in DNA and generating free radicals, and acts indirectly
through the production of inflammatory mediators and
biologic responses triggered by DNA damages. Thus, current
photoprotection strategies are geared not only toward the
use of sunscreens to absorb UV radiation but also toward
enriching cosmetic formulations with antioxidant and
immune-protective compounds to prevent immune damage
by blocking the activity of free radicals.29 Both carotenoids
and flavonoids seem to be effective in preventing UV-
induced DNA damage in human skin when taken orally or
applied topically.30
Carotenoids

Carotenoids, like beta-carotene, have another unique
characteristic. These natural compounds that accumulate in
the hypodermic tissue gives the skin a golden-bronze color
and improve an individual’s normal skin complexion by
favoring tan intensity and duration. Oxycarotenoids, such as
lutein, accumulate at the macula lutea level protecting the
eyes from damage that commonly leads to cataract or
macular degeneration. At present there is no danger of
accumulation of carotenoids in other organs unless huge
doses are taken.

Beta-carotene is a ROS acceptor and precursor of vitamin
A. The human body, for reasons of plasmatic equilibrium,
converts a small portion of carotene into vitamin A, which
prevents hypervitaminosis from occurring.31

Beta-carotene combines the skin-coloring ability with the
activity of the anti-free radicals,32 helping to maintain the
physiologic and right dose of vitamin A; lutein accumulates
primarily in the macula lutea of the eye, where it acts against
free radicals and seems particularly effective in delaying
age-related cataracts, which are dramatically accelerated by
sunlight and photosensitizing medication. This is because
endogenous carotenoids, such as lutein, have been found to
effectively prevent or delay macular degeneration and
cataract in humans33,34 while providing multiple benefits to
the skin.35

Therefore, carotenoids are among the most efficient
scavengers of singlet oxygen, by either physical or chemical
quenching. They also scavenge peroxyl radicals and in this
process react chemically with the radicals, directly destroying
the conjugated double bonds and acting synergistically with
tocopherols. Thus, oral supplementation with carotenoids
and, to a lesser extent, tocopherol (vitamin E) and ascorbate
provides sun protection against UV-induced erythema.
Flavonoid and carotenoid activity

A multitude of studies have suggested that flavonoids and
carotenoids exert a wide range of activities, including
interaction with enzymes involved in cell division and
proliferation, platelet aggregation, and detoxification.36

However, attention has been devoted mostly to the
antioxidant activity of these compounds caused by their
ability to reduce free radical generation.37,38

In addition, flavonoids, for their lower one-electron redox
potential, are able to reduce the highly oxidizing ROS,
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whereas carotenoids have the primary ability to quench
singlet oxygen.

However, beta-carotene and canthaxanthin inhibit free
radical and singlet oxygen-induced lipid peroxidation in
liposomes and the biologic system; they are photoprotective
agents and are thought to quench photochemical reactions in
the epidermis involving singlet oxygen and oxygen radicals
generated by UVB exposure.39 As previously reported, ROS
have the ability to induce an alteration of the genetic material
by oxidizing specific DNA bases or indirectly by oxidizing
proteins or lipids, which are important for maintaining the
integrity and homeostasis of the individual cell. The
functional damage produced can trigger events such as
mutagenesis, carcinogenesis, and aging, events that carote-
noids and flavonoids might counteract! Endogenous anti-
oxidant defenses, such as catalase and superoxide dismutase,
and metal binding proteins, are inadequate when it comes to
preventing oxidative damage altogether. These diet-derived
antioxidants are important in preserving health.
Flavonoid and carotenoid absorption

The uptake of carotenoids from the diet is influenced by
several factors, such as dietary fat, presence of fiber, or food
processing.40 They are absorbed via the lymphatic pathway,
requiring the formation of micelles from fat and bile acids.
The intestinal uptake of these compounds is improved by the
additional consumption of oil, margarine, or butter. It has
been proven that flavonoids are metabolized by the liver’s
enzymes, resulting in more polar conjugates to be excreted
through urine or returned to the duodenum via the
gallbladder. However, most ingested flavonoids are not
absorbed and are largely degraded by the intestinal microflora
and transformed into glucuronides and sulfates. On the basis
of the available data, one might say that dietary flavonoids
display their first antioxidant defense in the digestive tract by
limiting ROS formation and scavenging them. Once absorbed
mostly as phenolic acids, flavonoids continue to exert an
antioxidant effect, although other systemic activities based on
mechanisms different from redox are possible.

It was proven that a small portion of the dietary flavonoids
ingested is absorbed in the aglycone or glycoside form,
whereas the rest is degraded into a different phenolic acid.
Both the absorbed flavonoids and their metabolites may
display an in vivo antioxidant activity, which seems to be
exerted through a cascade involving the physiologic
antioxidants to different extents.
Vitamins

Vitamins E and C act like beta-carotene in neutralizing the
effects of ROS and play an antioxidant role with a general
trophic activity. Vitamin C, as an enzymatic cofactor, is
necessary for producing collagen fibers and plays a
fundamental role in regenerating vitamin E from the
tocopheryl radical.41

Vitamin A and retinoids are also known to reduce aspects
of chronic photodamage and exhibit a range of potential
anticarcinogenetic mechanisms, including enhancement of
differentiation, gene and oncogene regulation by nuclear
binding, and enhanced immune response.

For all of these reasons, vitamins A, E, and C together
with lipoic acid and melatonin seem to be useful in
rebalancing free radical-mediated pathologic processes and
in preventing premature skin aging.

The trophic and rehydrating activities of these vitamins
work effectively not only on the epidermis but also on the
whole skin structure. Vitamin E protects against oxidation
and the alterations of dermis cells and fibrous structures.42

Vitamin A, which is known to protect and stimulate the
epithelium, improves the cell turnover of the epidermis and
its appendages (nails and hair) and sustains vascular
endothelium, helping to keep the vascular tissue, which is
often altered in aging, in good condition.43

Vitamin C has a wide spectrum of activities and sustains
skin parenchyma.44
Alpha-lipoic acid

On the other hand, alpha-lipoic acid, which is present in
the inner part of the cell mitochondria, contributes strongly to
the oxidative phosphorylation processes necessary for
producing cellular energy.

Alpha-lipoic acid is a powerful antioxidant that directly
scavenges a large array of ROS protecting human keratino-
cytes against UV-induced oxidative damage. It is capable of
interacting with both water and lipid-soluble antioxidants
and indirectly bolstering the antioxidant defense network
together with vitamins C and E.

Alpha-lipoic acid’s activity makes it useful for increasing
the modulating effect of carotenoids against skin dyschro-
mias and could be an effective antioxidant protecting the skin
against oxidative damage. It also acts on the metabolism of
adipocytes by facilitating their elimination and improving
skin cell turnover.15,45
Melatonin

Melatonin, because it is hydrophilic or lipophilic, is
strongly antioxidant and prevents the formation of free
radicals at the level of the cell membrane and nucleus or
mitochondria.13,46 Melatonin protects proteins present in the
cell cytoplasm against oxidation.

Carotenoids, especially if correctly dosed and synergized
in their activity by the right dose of vitamins C and E, and
by the complementary activity played by lipoic acid and



Fig. 7 Localization of macula lutea.
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melatonin, are used as food supplements in the daily diet to
keep the skin healthy and tonic, although not photo-exposed,
according to numerous studies.47-56

Moreover, carotenoid food supplements well calibrated in
their dosage and combined in the right proportion with the
above-mentioned vitamins are useful in the treatment of
dermatoses with a dystrophic base (psoriasis, atrophy from
prolonged use of steroids) and skin dyschromias (vitiligo and
skin hyperpigmentations) (A. Garcovich, personal commu-
nication, 2006).
Discussion

Although data regarding the biologic activity of nutra-
ceuticals are intriguing, the complexity of these agents and
Fig. 8 A, Nervous cells protected by melatonin, β-carotene, and vitami
unprotected, treated in the same way. The tree-shaped endings are practi
multiplicity of pathways they affect shed light on their true
role as photoprotectants and in the prevention of skin cancer.

However, prevention and daily care for the purpose of
combating the negative effects of sunlight make it possible to
avoid significant damage to the skin and reduce phenomena
such as solar elastoses, actinic keratoses, hyperpigmenta-
tions, and skin tumors (spinous and basocellular epithelio-
mas), which are strictly connected to sun exposure.

Studies on laboratory animals have shown that UVB
radiation contributes to the growth of highly antigenic
nonmelanoma skin cancer, inducing the formation of tumor-
specific compressor T cells.57,58

Thus, skin aging, especially in the photo-exposed regions,
is fought in two ways: externally, with the aid of topical
sunscreens, and internally, through the administration of
supplements such as carotenoids, melatonin, and antioxidant
vitamins that attenuate the formation and action of
n E pretreated with hydrogen peroxide (oxidative stress). B, The cell
cally gone in (B) compared with (A).
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ROS, which are the main cause of cell damage induced by
UV radiations.

Among carotenoids, beta-carotene in particular acts as
an acceptor of free radicals and, accumulating deep into
the dermis, helps mask the hypochromic skin areas
(vitiligo).48-56 Moreover, by modulating melanin production,
beta-caroteneis also is useful in reducing so-called age spots
when used in combination with vitamin C and irradiation by
UVB-narrow rays.

Lutein, by accumulating in the macula lutea (Figure 7),
protects the eyes from the damage caused by light, thus
acting as a fast aid substance (A. Garcovich, personal
communication, 2006).28,33,34

Melatonin protects nerve cells from the damage caused by
ROS, which is eliminated during night sleep and acts as a
long-acting anti-aging compound (Figure 8).59-61
Conclusions

Solar radiation can be both beneficial and harmful to
biologic systems, depending on the dose and wavelength of
the radiation received and the molecular target in the tissue.
The data from human and laboratory animals tell us that
protection of immune response is important in preventing
skin aging and cancer. However, there remains a need to
explore new potential strategies to combat the increasing
skin cancer trends and to protect the skin from other pollution
and adverse UV effects, including photosensitivity disorders
and photoaging.

Human dietary intervention studies based on the use of
antioxidant compounds show how they can protect from
environmental assaults and neutralize sun-induced effects on
the skin.

The future challenge will be to combine the strategic use
of cosmeceuticals and nutraceuticals in preventing the
damaging effects of UV radiation on the many biologic
processes involving skin aging and cancer.
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