b-Carotene and other carotenoids in protection from sunlight1–3
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INTRODUCTION

Protection against skin damage from sunlight by nutritional
means has recently been examined by various groups (1–5).
Likewise, there has been work on the topical application of
phytochemicals to the skin (6, 7). The focus of this review is on
the nutritional aspect of phytochemicals in humans—that is, the
provision of carotenoid micronutrients by dietary means to the
skin and their role in protection.
The capability of long-chain polyene structures to physically
quench electronically excited molecules has attracted longstanding interest in chemistry. Likewise, carotenoids, the major
class of polyene compounds in biology, which occur as important
plant pigments, have been studied extensively. Because carotenoids are ingested by humans as part of the normal diet, interest
has extended to nutrition and medicine.
Carotenoids are ingested with food components, notably fruit
and vegetables, but also from animal sources. The transport of

carotenoids from the gut occurs on uptake with chylomicrons into
the lymph, followed by circulating in lipoprotein particles in the
blood. The distribution into various tissues is nonuniform, with
large interorgan differences. Some tissue concentrations of lycopene and b-carotene are presented in Table 1 (with data from
reference 8; our own data are shown in more detail in reference
9). A typical HPLC chromatogram of the carotenoid pattern of
a human plasma sample is shown in Figure 1.
The biological properties of carotenoids are manifold; some
are related to their function as provitamin A and others are related
to the properties mentioned above, namely the quenching of
electronically excited states (eg, under conditions of excess light
exposure in the photosynthetic reaction center of plants) (10).
The latter properties are particularly important for humans in
light-exposed tissues such as the skin and eyes. Indeed, before the
development of skin care products in recent centuries, humans
depended entirely on biological protection of skin from sunlight,
which derived from endogenously provided compounds. A major
class of compounds consists of carotenoids in this context (see
Table 1).

CHEMICAL BASIS

On exposure to UV light, suitable sensitizer compounds are
electronically excited to the triplet state, which can undergo
several subsequent reactions. In the presence of ground-state
molecular oxygen, the excitation energy can be transferred to
generate singlet molecular oxygen. This electronically excited
oxygen species can undergo chemical reactions—eg, with DNA,
proteins, and lipids—and thus contribute to oxidative stress.
There is no known enzyme that is tailored directly to inactivate
singlet molecular oxygen, but rather this task is fulfilled by
small-molecule compounds, so-called singlet oxygen quenchers.
Carotenoids are prominent in this function, which is called
physical quenching. The excitation energy is transferred to the
carotenoid, which, in turn, dissipates the excitation energy to the
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ABSTRACT
Protection against skin damage from sunlight by nutritional means
has been examined. Likewise, there has been work on the topical
application of phytochemicals to the skin. This review focuses on
the nutritional aspect of phytochemicals in humans—ie, the provision of carotenoid micronutrients by dietary means to the skin
and their role in protection. Human intervention studies have documented protective effects for b-carotene or for lycopene provided
either by a carotenoid-rich diet or by supplementation. In exposed
tissues, light induces primary and secondary photooxidative processes. Scavenging of reactive oxygen species is considered to be
a mechanism of action underlying the protective activity of carotenoids. However, food comprises a complex mixture of numerous
constituents, so that other components may also contribute to the
observed activity. Molecules with suitable structures absorb UV
light and prevent direct damage of cellular targets. Phytoene and
phytofluene are precursor molecules of higher unsaturated carotenoids and occur in various fruit and vegetables. Their absorption
spectra cover the UVB and UVA range, respectively, thus potentially contributing to photoprotective effects of carotenoid-rich
food. Because of the physiologic turnover time of skin, several
weeks are required for protective effects to appear. Photoprotection
through individual dietary components such as b-carotene or lycopene in terms of sun protection factor is considerably lower than
that achieved by using topical sunscreens. However, an optimal
supply of antioxidant micronutrients in the skin increases basal
dermal defense against UV irradiation, supports longer-term protection, and contributes to maintenance of skin health and
appearance.
Am J Clin Nutr 2012;96(suppl):1179S–84S.
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TABLE 1
Lycopene and b-carotene tissue concentrations in humans1

Tissue

1

Kaplan
et al
(48)

Nierenberg
and
Nann (49)

Schmitz
et al
(50)

1.28
0.15
1.90
4.34
0.25
0.20
—
—
—
—

2.45
0.39
21.60
21.36
0.28
1.30
—
—
—
—

—
—
—
—
—
—
0.22
0.31
0.78
0.42

5.72
0.62
—
—
—
—
0.57
—
—
—

3.02
0.55
5.60
2.68
0.45
0.38
—
—
—
—

1.82
0.31
9.39
4.36
0.97
0.38
—
—
—
—

—
—
—
—
—
—
0.12
0.17
0.71
0.27

4.41
0.55
—
—
—
—
0.35
—
—
—

Adapted from reference 8.

HUMAN UV LIGHT EXPOSURE

solvent as heat and returns to the initial ground state. Thus,
a catalytic cycle is generated, so that the carotenoid can undergo
another round of singlet oxygen quenching. This is a quasienzymatic function in the sense that the catalyst comes out of
the reaction unchanged. Because of the presence of carotenoids
in the diet, there may not have been an evolutionary pressure to
form an enzyme specialized for this task. The second-order reaction rate constants of carotenoids are very high, near diffusion

The exposure to solar UV radiation has been estimated to be
w10% for outdoor-working adults and w3% for indoor-working
adults of the total available annual UV radiation (on a horizontal
plane) (24). The UV doses that people are exposed to increase
with increasing altitude and with decreasing latitude. Most indoor-working Europeans adults receive 10,000–20,000 J/m2 per
year, Americans receive 20,000–30,000 J/m2 per year, and
Australians receive 20,000–50,000 J/m2 per year, excluding

FIGURE 1. Typical carotenoid pattern of a human serum sample analyzed by means of HPLC according to the method described by Stahl et al (58).
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Lycopene (nmol/g
wet weight)
Liver
Kidney
Adrenal
Testis
Ovary
Adipose
Lung
Colon
Breast
Skin
b-Carotene (nmol/g
wet weight)
Liver
Kidney
Adrenal
Testis
Ovary
Adipose
Lung
Colon
Breast
Skin

Stahl
et al
(9)

control, with lycopene being the most efficient singlet molecular
oxygen quencher (11).
Carotenoids can also undergo chemical reactions with singlet
molecular oxygen and other reactive oxygen species (eg, peroxyl
radicals). In these reactions, there are initial chemical adducts,
which further lead to breakdown of the polyene structure and
eventually the loss of the carotenoid to yield breakdown products
(12). A general principle of photoprotection is the direct absorption of UV light using suitable compounds. Most carotenoids
exhibit absorbance maxima at wavelengths in the visible range.
However, phytoene and phytofluene, which contain only 3 and 5
conjugated double bonds, respectively, absorb at wavelengths
covering the UVB and UVA range. Blue-light filtering by carotenoids is important for ocular protection and involves lutein
and zeaxanthin (13, 14).
It should be made clear that, in addition to direct chemical interference with reactive oxygen species or light absorption, carotenoids can interfere with UV light–induced gene expression by
multiple pathways (15). For example, carotenoids activate the antioxidant response element transcription system (16) and have antiproliferative properties (17, 18) as well as antiimmunosuppressive
actions (19, 20). Furthermore, carotenoids upregulate gap junctional cell-cell communication by connexin gene expression,
independent of provitamin A or antioxidant properties (21,
22). This means that not only do carotenoids have a molecular
role in prevention but they also have a role in interception and
repair (23).

CAROTENOIDS IN SUN PROTECTION

during vacation, which can increase the dose by $30% (24). In
view of the potential detrimental health effects such as sunburn,
ocular damage, photoaging, immune suppression, DNA damage,
and skin cancer, it is important to consider protective strategies.
Major factors that influence the UV dose other than avoidance
(staying indoors) are shade from trees and shade or protection
from buildings, awnings, umbrellas, and other direct personal
sources (eg, clothing, hats, sunscreens). Controlled exposure
of human volunteers to sunlight for 12 d (total UV dose of
w10,000 mJ/cm2) led to significant decreases in skin and
plasma b-carotene concentrations (25).
SYSTEMIC PHOTOPROTECTION

TABLE 2
Micronutrient concentrations in human skin1
Micronutrient and skin layer (reference)

Skin concentration
nmol/g wet wt

a-Tocopherol
Epidermis (51)
Epidermis and dermis (52)
Dermis (53)
Epidermis (53)
Stratum corneum (54)
Carotenoids
Epidermis and dermis (55)
b-Carotene
a-Carotene
Lycopene
Phytoene
Phytofluene
Epidermis and dermis (52)
b-Carotene
a-Carotene
Lycopene
Lutein

24.8
25.4
16.2
31.0
33.0

6
6
6
6
6

9.6
0.2
1.1
3.8
4.0

0.05
0.02
0.13
0.12
0.03

6
6
6
6
6

0.04
0.01
0.10
0.04
0.02

0.11
0.01
0.22
0.03

6
6
6
6

0.01
0.01
0.01
0.01

1
Values are means 6 SD. Data from cited references were converted to
nmol/g wet wt.

phytochemical compounds such as tocopherols, tocotrienols,
ascorbate, polyphenols (flavonoids), selenium compounds, PUFAs, and others have been found to contribute (see references 1
and 5).
HUMAN INTERVENTION STUDIES

Dietary intervention
Intervention studies on the UV-protective effects of b-carotene
are presented in Table 3. Most of these studies provided evidence that an elevated intake of carotenoids ameliorates UVinduced erythema (sunburn). Protection against UV-induced
erythema was observed after dietary intervention, as opposed to
supplementation with isolated compounds (see below). Tomato
paste contains high amounts of the tomato-specific carotenoid
lycopene and was selected as a natural dietary source providing
carotenoids to protect against UV-induced erythema in humans
(28) (Table 3). Ingestion of tomato paste (40 g/d, equivalent to
16 mg lycopene/d) over a period of 10 wk led to elevated serum
concentrations of lycopene from w0.4 mmol/L at baseline to
0.7 mmol/L after 10 wk of intervention; total carotenoids in skin
also increased. No significant protection was found at week 4,
but after 10 wk of treatment erythema formation was significantly lower in the group consuming the tomato paste than in
control subjects. Erythema was induced with a solar light simulator at 1.25 minimal erythemal dose (MED), and reddening of
the skin was evaluated before and 24 h after irradiation by
a chromameter. Erythema intensity was significantly lower after
treatment. This study (28) showed that UV-induced erythema
can be ameliorated by dietary intervention.
In an intervention study with tomato extract and a drink
containing solubilized tomato extract, photoprotective effects
were compared with synthetic lycopene at a dose of 10 mg/d for
#12 wk (29). The protective effect against erythema formation
(D a-value) was more pronounced in the extract and drink
groups than with synthetic lycopene. In the 2 former groups,
phytoene and phytofluene may have contributed to the protection, because both compounds exhibit absorption maxima in
the UV range, providing additional protection by direct absorption of damaging light. In the study groups in which tomatobased products were used, serum phytoene and phytofluene
concentrations increased during intervention. Increases in phytofluene were more pronounced than in phytoene, and they exceeded lycopene concentrations at the end of the study (29).
Both of these carotenoids are biosynthetic precursors of lycopene and b-carotene and are also present in carotenoid supplements that contain fruit or vegetable oleoresins.
In an intervention study in 20 healthy women conducted to
examine whether tomato paste rich in lycopene protects against
cutaneous photodamage (30), it was found that there was protection against acute and potentially longer-term aspects of
photodamage. Biopsy samples were taken from unexposed and
UV radiation–exposed (3 3 MED 24 h earlier) buttock skin preand postsupplementation and analyzed immunohistochemically
for procollagen, fibrillin-1, and matrix metalloproteinase (MMP)
1 and by quantitative polymerase chain reaction for mitochondrial DNA 3895-bp deletion (30). At presupplementation, UV
radiation induced an increase in MMP-1 and a decrease in fibrillin-1. At postsupplementation, MMP-1 was lower in the
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UV radiation impinging on the skin or eyes can be protected
against by biological compounds in tissues, which are provided
from nutritional sources via the bloodstream. Concentration of
carotenoids and a-tocopherol in human skin are shown in Table
2 and indicate that there are considerable differences in the
patterns in different skin layers. Furthermore, there are large
differences in different areas of the skin: high concentrations of
carotenoids are found in the skin of the forehead, palm of the
hand, and in dorsal skin. Lower concentrations occur in skin of
the arm and the back of the hand (26).
The concept of endogenous photoprotection entails interaction
of the protective compound at the site of impinging oxidative
challenge—that is, the active compound must be present in
sufficient amounts at the target site. Thus, structural features are
important and influence pharmacokinetic variables such as absorption, distribution, and metabolism as well as transport of
reaction products from the target site. Recently, carotenoid bioaccessibility in human skin was evaluated by using noninvasive
resonance Raman spectroscopy on the palm and forehead skin
(27). Clearly, carotenoids are not the only compounds that
provide protection of skin against damage from sunlight. Other
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TABLE 3
Dietary intervention and supplementation studies on carotenoids that investigated UV protection with endpoints related to sunburn1
Dietary intervention or supplementation study (reference)

Duration

Result

wk
Dietary intervention studies
40 g Tomato paste equivalent to 16 mg lycopene/d (28)
Tomato extract (Lyc-o-Mato; LycoRed Ltd) vs lycopene,
10 mg/d (29)
55 g Tomato paste equivalent to 16 mg lycopene/d (30)

1

12

4

Erythema less pronounced.
Erythema less pronounced. Phytoene,
phytofluene contribute?
Erythema less pronounced, matrix
metalloproteinase 1 lowered,
mtDNA 3895-bp deletion lowered.
No protection.

10
3
12
12
24
12

MED increased.
No protection.
Erythema less pronounced.
Erythema less pronounced.
MED increased.
Erythema less pronounced.

12

Erythema less pronounced.

7

MED increased.

MED, minimal erythemal dose; mtDNA, mitochondrial DNA.

tomato paste group compared with the control group, as was the
3965-bp deletion in mitochondrial DNA after UV radiation (30).
Although erythemal D(30) was significantly higher after tomato
paste, the MED was not altered.
Dietary supplementation
One of the first studies on the effects of b-carotene on the
development of solar erythema was initiated by Mathews-Roth
(31). Healthy volunteers received a supplement providing 180
mg b-carotene/d over a period of 10 wk. Threshold MED was
significantly higher in the group supplemented with b-carotene.
However, no significant difference in the degree of erythema
between the supplemented group and the control group was
found. In a placebo-controlled study, pretreatment with 30 mg
b-carotene/dd for 10 wk diminished the intensity of erythema
induced by sunlight (59). A modest protection against UVA- as
well as UVB-induced erythema was also observed in a study in
which increasing doses of b-carotene (30–90 mg/d) were applied for 24 wk; MED at the end of the study was 1.5-fold higher
than MED before treatment (32).
The efficacy of b-carotene in systemic photoprotection depends on the duration of treatment before exposure and on the
dose (Table 3). In studies that documented protection against
UV-induced erythema, supplementation with carotenoids lasted
for $7 wk, and the dose was a total of $12 mg carotenoids/
d (31–34). In studies that reported no protective effects, the
treatment period was only 3–4 wk (35). No significant change in
light sensitivity was found when a mixture of antioxidants
containing w5 mg b-carotene/d and some additional lycopene
was ingested (36). However, a decrease in UV-dependent expression of MMP-1 and MMP-9 was measured.

Concerns about the safety of b-carotene when applied at high
doses raised a discussion on suitable dose amounts for photoprotection. In 2 long-term intervention trials in individuals at
high risk of cancer, an increased incidence of lung cancer of
w20% was found in the groups who received b-carotene supplements. In these studies, b-carotene was applied for several
years at doses of 20 and 30 mg/d alone or in combination with
a-tocopherol or retinol (37). Although the potential mechanisms
underlying adverse effects of carotenoids have not yet been fully
elucidated, it was recently observed that eccentric cleavage
products of b-carotene can interfere with the retinoic acid receptor–mediated signaling pathway (38); these products likely
are formed at higher doses, and they can modulate cancer risk.
To lower the dose of b-carotene, it was investigated whether
the compound can be partially substituted by other carotenoids
for sun protection (33). The photoprotective effect of b-carotene
(24 mg/d) was compared with that of a carotenoid mixture
consisting of b-carotene, lutein, and lycopene (8 mg/d for each).
Supplementation was performed for 12 wk, and carotenoid
concentrations in serum and skin, as well as erythema intensity
after irradiation with a solar light simulator, were determined at
baseline and after 6 and 12 wk of treatment. The intensity of
erythema 24 h after irradiation was diminished to a similar extent in both groups receiving carotenoids. Hence, supplementation for 12 wk with 24 mg of a carotenoid mixture supplying 8
mg each of b-carotene, lutein, and lycopene ameliorates UVinduced erythema in humans (33).
By using an antioxidant mixture that provided 6 mg b-carotene
and 6 mg lycopene/d (with an additional 10 mg RRR-a-tocopherol and 75 mg selenium), protection against UV-induced
skin damage was achieved in humans (39). Intervention for
a period of 7 wk resulted in the elevation of the actinic erythema
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Supplementation studies
b-Carotene plus canthaxanthin (35)
60 mg/d
90 mg/d
b-Carotene
180 mg/d (31)
90 mg/d (56)
30 mg/d (57)
24 mg/d (34)
30–90 mg/d (32)
24 mg/d (33)
Mixed carotenoids
b-Carotene, lycopene, lutein (8 mg each);
24 mg/d (33)
Lycopene 6 mg, b-carotene 6 mg, tocopherol
10 mg, Se 75 mg/d (39)

10
12

CAROTENOIDS IN SUN PROTECTION

BEYOND PHOTOPROTECTION

Micronutrients are of additional benefit for skin, influencing
moisture and texture as well as elasticity and structure. For
example, ascorbate is essential as a cofactor in collagen biosynthesis.
Claims on cosmetic effects of micronutrients have been made,
and an array of natural compounds is used in topically applied
cosmetic products. However, the field of cosmeceuticals is only in
its developing stages, although providing endogenous nutrients
for optimum skin health and care is an interesting new idea. Such
a concept, unfortunately, lacks suitable data from nutrition research to provide a mechanistic base. Appropriate biokinetic,
biochemical, and histologic data are required before such an
approach can be considered sound. Because the wider public is
concerned, caution is recommended at this stage. This also applies to the efforts to develop food items enriched with micronutrients (functional food).
DIETARY COMPARED WITH TOPICAL PROTECTION?

It is important to note that the nutritional aspect focused on in
this review is complementary to topical photoprotection, and
these 2 concepts of prevention should certainly not be considered
mutually exclusive. One major aspect with regard to dietary photoprotection is the time frame: as noted in all studies so far carried
out, there is a time of w7–10 wk until protection against erythema
formation becomes significant (Table 3). Skin turnover and skin
biochemistry, therefore, require this timeframe, whereas protection
by topical sunscreen is practically instantaneous.
Whereas the profile of micronutrients in blood or plasma can
be assessed readily (46), noninvasive monitoring of skin depends
on specialized equipment, such as reflectance spectrophotometry

or Raman spectroscopy. Because there are responders and nonresponders to carotenoid supplementation, monitoring in the
target organ becomes important. Likewise, the success of 5-aDay campaigns, which provide fruit and vegetables, needs to
be monitored (47).
The authors’ responsibilities were as follows—WS and HS: contributed
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threshold and diminished UV-induced erythema. In addition,
pigmentation was increased, lipid peroxidation diminished, and
the numbers of apoptotic keratinocytes (“sunburn cells”) were
found to be lower.
The issue of optimum dose remains elusive. Among the many
factors that determine the content at the target site, which include biokinetics, metabolism, transport, and elimination, the
optimum concentration at the target site itself is of interest. In
a model system that used skin fibroblasts and standardized UV
exposure, we found that there is an optimum dose for carotenoids in protecting against lipid peroxidation (40). b-Carotene,
lycopene, and lutein each exhibited protection at lower concentrations when incorporated into the membranes. With increasing
concentrations of carotenoids, even prooxidative effects were
detected (40). Studies in individuals to identify optimum skin
concentrations of carotenoids for protection are missing. Recent
developments in noninvasive assessment of carotenoid concentrations in skin and macular tissues are promising (41–44).
A recent study on vitamins and photoaging posed the question,
“Do scientific data support their use?” (45). With regard to carotenoids, the conclusion was as follows: “Although the evidence available at this time is not strong enough to offer
definitive support for the use of dietary carotenoids for photoprotection in healthy patients, it is sufficient to propose that
a role for carotenoids as adjuvant photoprotective agents should
not yet be discounted” (45).
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