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Abstract
Skin, the largest, most exposed organ of the body, provides a protective interface between humans
and the environment. One of its primary roles is protection against exposure to sunlight, a major
source of skin damage where the UV radiation (UVR) component functions as a complete
carcinogen. Melanin pigmentation and the evolution of dark skin is an adaptive protective
mechanism against high levels of UVR exposure. Recently, the hypothesis that skin pigmentation
balances folate preservation and Vitamin D production has emerged. Both micronutrients are
essential for reproductive success. Photodegradation of bioactive folates suggests a mechanism for
the increased tendency of populations of low melanin pigmentation residing in areas of high UV
exposure to develop skin cancers. Folate is proposed as a cancer prevention target for its role in
providing precursors for DNA repair and replication, as well as its ability to promote genomic
integrity through the generation of methyl groups needed for control of gene expression. The
cancer prevention potential of folate has been demonstrated by large-scale epidemiological and
nutritional studies indicating that decreased folate status increases the risk of developing certain
cancers. While folate deficiency has been extensively documented by analysis of human plasma,
folate status within skin has not been widely investigated. Nevertheless, inefficient delivery of
micronutrients to skin and photolysis of folate argue that documented folate deficiencies will be
present if not exacerbated in skin. Our studies indicate a critical role for folate in skin and the
potential to protect sun exposed skin by effective topical delivery as a strategy for cancer
prevention.
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10.1 Human Skin and UV Radiation
The skin provides a direct interface for the human body with the environment and plays
many roles in protection against physical, chemical, and microbial insults. The average
human skin area exceeds m2 and is generally less than 2 mm thick (Goldsmith 1991). Skin
protects against most solar UV radiation (UVR), regulates body temperature through surface
blood flow control and sweating, allows detection of the ambient and physical environments
through feel and touch, and participates in social communication through the display of
information such as age, health, and ancestry (Jablonski 2004). Human skin is a complex
laminar structure comprised of many different cell types organized into the outer epidermal
layer and an inner dermal layer. The epidermis provides the barrier properties of the skin
and is composed of keratinocytes (structure), melanocytes (pigmentation), Langerhans cells
(immune system), and Merkel cells (sense of touch). Keratinocytes are the primary cell type
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in the epidermis and originate in the stratum basale layer from the continual division of stem
cells. They migrate outward through the epidermis while undergoing differentiation until
they reach the stratum corneum where they form a layer of dead, flattened, highly
keratinized cells called squamous cells. The epidermis is avascular and contributes to the
elasticity and toughness of the skin. At the stratum corneum, keratinocytes are continuously
shed and replaced (Goldsmith 1991) generating significant metabolic demands for energy
and nutrient consumption. The dermis is a dense fibroelastic connective tissue composed of
collagen fibers, elastic fibers, and an interfibrillar gel which comprises most of the skin
thickness. Fibroblasts are the primary cell type in the dermis and are collagen-rich. Collagen
is a major skin component and accounts for the tensile strength of the skin. Interwoven with
the collagen is a network of elastic fibers. The dermis appears to be of equal thickness in
people with dark or light pigmentation (Taylor 2002).

10.2 UVR, DNA Damage, and Skin Cancer
Skin damage, particularly that derived from sunlight, constitutes a major public health
problem. Non-melanoma skin cancers (NMSC) are the most frequent malignancies in the
United States with more than 1,000,000 cases diagnosed annually (Karagas et al. 1999).
Melanoma skin cancer is the most rapidly increasing type of cancer. Additionally, actinic
keratosis (AK), skin lesions that can progress to NMSC are far more prevalent than skin
cancers. DNA damage and cellular responses to DNA damage play a central role in skin
damage (Ames 2001). Sunlight is the major source of skin damage as it leads to DNA
damage directly via formation of pyrimidine dimers and other photoproducts (Ullrich 2002)
and indirectly via generation of reactive oxygen species (ROS) and reactive carbonyl species
(RCS) by photooxidation and photosensitization reactions (Wondrak et al. 2002a, b)
(Wondrak et al. 2003). UVR is a complete carcinogen. UVB (280–320 nm) which penetrates
into the epidermis, is responsible for most of the direct DNA damage and is the most 10
Folate in Skin Cancer Prevention 183 effective at initiation of squamous cell carcinoma
(SCC). UVA (320–400 nm) which penetrates into the dermis, induces ROS and causes SCC
(Pentland et al. 1999; Agar et al. 2004).

Chronic DNA damage results in progressive losses of genomic integrity and end stage skin
damage in the form of skin cancer involving altered growth properties of keratinocytes such
as unresponsiveness to terminal differentiation signals leading to epidermal hyperplasia and
progressively to actinic keratosis (Jeffes and Tang 2000; Lober et al. 2000). Cell populations
present in actinic keratosis lesions progress to transformed cell populations that represent
epidermal carcinoma in situ (Guenthner et al., 1999; Hurwitz and Monger 1995; Kobayashi
et al., 2000). Subsequent cellular changes occur including induction of matrix proteases that
facilitate disruption of the integrity of the epidermal barrier leading to invasion of the
dermis, the point at which the damage process is diagnosed as SCC. A second major
consequence of DNA damage in skin is the suppression of immune responses that would
normally detect and remove damaged cells. The consequences of sunlight-induced DNA
damage are depicted in Fig. 10.1. While mechanisms of immune suppression extend beyond
DNA damage, DNA damage is a major factor. The consequences of genotoxic stress include
altered migration, antigen presentation by Langerhans cells, and stimulation of cytokine
release by keratinocytes that likely alters cytokine signaling required for normal immune
surveillance including generation of T suppressor cells. Given the complexity of damage
pathways and the down stream effects, opportunities to modulate the consequences of
genotoxic stress include preventing DNA damage, enhancing DNA repair, and strengthening
the integrity of the epidermal barrier to prevent migration of transformed cells from the
epidermis (depicted in Fig. 10.1). A compelling body of evidence now indicates that several
key micronutrients are candidates for skin damage prevention. This chapter will focus on the
role of folate in skin health.
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10.3 Folate Metabolism
In 1931, it was demonstrated by Lucy Wills that yeast extract was effective in treating
tropical macrocytic anemia observed during late pregnancy (Wills 1978). This observation
led to the isolation and structural determination of the B vitamin folate, named after the
Latin word – folium (leaf). The terms folate and B9 vitamins refer to a large family of
chemically similar compounds, the most widely known of which is folic acid. Folic acid or
pteroylmonoglutamate (PteGlu), is a synthetic folate analog utilized preferentially due to its
enhanced chemical stability and rapid conversion to the bioactive forms upon uptake.
Natural folates vary in the one-carbon substituent at the N10 and N5 positions as well as in
the number of glutamic acid residues conjugated via gamma glutamyl bonds to form the
polyglutamate tail. Natural folates also vary in the oxidation state of the pteridine ring, with
the reduced, unsubstituted dihydrofolate (DHF, H2PteGlun) and tetrahydrofolate (THF,
H4PteGlun) forms being particularly prone to biological inactivation due to cleavage of the
C-9 and N-10 bond (Blakley 1969). The structure of folic acid and its reduced, native forms
are illustrated in Fig. 10.2.

Humans do not synthesize folate, and thus are dependant upon a variety of dietary sources.
The overall folate nutritional status of the population is believed to have been positively
influenced since the implementation of the United States federal government’s requirement
to fortify cereal-grain products in 1998 (Dietrich et al. 2005); however, this effect may be
waning due to current low carbohydrate diet fads. Natural folates are a mixture of reduced
folate polyglutamates which vary in the number of glutamic acid residues. The main folate
found in foods is 5methyltetrahydrofolate (5-methyl-H4PteGlun, 5MTHF) and the
monoglutamyl form is the primary form of folate which enters the circulating plasma (Thien
et al. 1977; Herbert et al. 1962).

The transport and metabolism of the synthetic folic acid and it’s active folate metabolites
have been extensively characterized. Figure 10.3 depicts an overview of folate metabolism
which along with the role of folate in disease processes is expertly reviewed in (Lucock
2000).

In the cell, folates serve to carry and transfer one-carbon units of various oxidation levels
during biosynthetic reactions that occur within the cell. Of particular importance is the role
that folates play in purine and pyrimidine nucleotide biosynthesis to supply precursors for
DNA repair and synthesis. Also of importance is the role that 5MTHF plays in the
homocysteine (Hcy) remethylation cycle and de novo methionine biosynthesis. De novo
synthesized methionine can then be activated by ATP and the enzyme methionine
adenosyltransferase to yield the methyl donor Sadenosylmethionine (SAM). SAM serves as
the methyl donor for the majority of methyltransferases that modify DNA, RNA, histones
and other proteins, contributing to replicational, transcriptional and translational fidelity,
mismatch repair, chromatin remodeling, epigenetic modifications and imprinting, which are
all topics of great interest and importance in cancer research and aging.

10.4 UVR at the Earth’s Surface and Photodegradation of Folates
UVR levels reaching the Earth’s surface are affected by numerous factors such as latitude,
altitude, season, moisture content, cloud cover, and the depth of the ozone column
(Madronich et al. 1998). The shortest UV wavelengths (UV-C, 100–280 nm) are essentially
completely blocked or absorbed by atmospheric oxygen (O2) and ozone (O3). Wavelengths
in the UV-B range (280–320 nm) are partially absorbed by O3 and thus reach the Earth’s
surface while UV-A wavelengths (320–400 nm) are only weakly absorbed by O3 and are
most easily transmitted through the atmosphere. At latitudes further away from the Equator,
the angle of solar elevation decreases and the thickness of the atmosphere and ozone layer

Williams et al. Page 3

Subcell Biochem. Author manuscript; available in PMC 2013 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



through which sunlight must pass before reaching the Earth’s surface increases which results
in attenuation of UVR levels. It is now well established that folic acid is photosensitive.
Folic acid has absorption peaks at 280 and 350 nm with shoulders at 300 and 370 nm. The
absorption peak at 350 nm indicates that folic acid absorbs UVA radiation which is very
prevalent at the Earth’s surface. Folic acid solutions exposed to biologically relevant levels
of UVA radiation demonstrated that UVR exposure results in the cleavage of folic acid to
form p-aminiobenzoyl-L-glutamic acid and 6-forml pterin (Off et al. 2005). Bioactive folate
derivatives are also UV labile. The most common bioactive folate, 5MTHF, has an
absorption maximum at 290 nm. Exposure of 5MTHF to UVB at 312 nm results in
oxidation to 5-methyldihydrofolate (5MDHF), which upon continued irradiation is further
broken down to a pterin residue and paminobenzoylglutamate (Lucock et al. 2003). While
the breakdown of 5MTHF results in irreversible loss of vitamin activity by cleavage of the
C9-N10 bond, even oxidation to 5MDHF may decrease vitamin activity. UVB does not
penetrate deeply into the skin as depicted in Fig. 10.4, and therefore, does not reach the
blood stream. Thus, direct photodegradation of folates may not be the mechanism of
biological significance. However, the oxidation of 5MTHF to 5MDHF is stimulated by
exposure to light in the presence of photosensitizers (Steindal et al. 2006). This implicates
ROS in folate degradation. ROS are produced in human tissues by UVA radiation (Fig.
10.4) and possibly radiation of even longer wavelengths which would penetrate the skin and
blood vessels to a much greater extent than UVB. ROS production by longer wavelength
radiation is enhanced in the presence of photosensitizers, and numerous endogenous
photosensitizers are present in both the skin and blood.

10.5 Variations in Human Skin Pigmentation
It has been long recognized that skin colors among indigenous populations show a direct
relationship to the intensity of the local UV spectrum. Recently, Jablonski and Chaplin have
dramatically advanced the study of the proposed relationships by correlation and regression
analyses of quantitative skin color measurements obtained by skin reflectance
spectrophotometry with newly available remotely sensed data on levels of UVR, total solar
radiation, temperature, humidity, precipitation, and other environmental variables at the
Earth’s surface (Jablonski 2004). The strongest association to skin color was found to be
latitude, which corresponds to an effect of UVR intensity. A strong correlation was found
between latitude and annual average minimal erythemal dose of UVR (UVMED), and thus
between annual average UVMED and skin reflectance using UVMED data from the Earth’s
surface (Jablonski and Chaplin 2000). A subsequent study of the influence of minimum,
maximum, and seasonal levels of UVR showed that skin reflectance was correlated with
autumn levels of UVMED, and that skin reflectance could be almost fully modeled as a
linear effect of this variable alone (Jablonski 2004). Dark pigmentation was found to be
primarily a function of UVMED (Jablonski and Chaplin 2000), with regression analysis
demonstrating that autumn UVMED levels have the strongest effect. Interestingly, their data
indicated that skin color is more strongly correlated with UVA, which is consistently higher
throughout the year at all latitudes, than with UVB (Jablonski 2004).

10.6 The Evolution of Skin Pigmentation and the Micronutrient Hypothesis
The evolution of human skin color has invited many possible explanations. Enhanced
resistance to sunburn is clearly a major hypothesis. Devastating consequences for albinos in
topical regions of intense UV light exposure including early fatalities from both SCC and
acute injury from solar exposure leading to denudation and resultant infections directly
support this reasoning (Cohn 1998). The benefits of lightly pigmented skin have been
related to the synthesis of vitamin D. It is estimated that most humans utilize sunlight
exposure to obtain nearly 100% of their vitamin D which is optimally stimulated by
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exposure to UVB photons with wavelengths of 295,300 nm (Holick 2003; Holick et al.
1981). The current hypothesis states that light skin pigmentation is necessary in regions of
low UVR in order to permit vitamin D biosynthesis (Loomis 1967) and is an adaptation to
resist cold injury (Post et al. 1975). Clearly, melanin pigmentation is an adaptation to some
attribute of the physical environment. The genetic characteristic of skin pigmentation is
believed to be governed by at least three to five loci which would require continued positive
selection for its maintenance. This points to a sustained evolutionary pressure which acts to
favor retention of pigmentation characteristics (Cohn 1998). Adaptive explanations for a
given phenotypic trait require demonstration that the trait increases the real or probable
reproductive success of the organism. Adaptive explanations such as resistance to skin
cancer or protection from cold injuries attributed to different levels of melanin pigmentation
in human skin have suffered from an inability to demonstrate probable or real differences in
survivorship and reproduction of different skin color phenotypes (Jablonski 2004). The
original hypothesis that dark skin pigmentation arose to protect against skin cancer induced
by UV exposure does not account for selective reproductive pressure as fatal repercussions
of skin cancers tend to develop after reproductive age. In this reasoning, the adaptive
response of skin pigmentation toward the adequate protection or production of
micronutrients which play key roles in the success of the reproductive process has gained
much credibility. The evolution of dark skin to protect against folate photo-degradation
serves a direct reproductive influence as folate is now known to be essential for fetal
development and fertility. The attenuation of skin pigment levels to allow for adequate
vitamin D production also serves a direct reproductive influence in fetal bone development
and maternal bone health. This model in which skin pigmentation balances availability of
essential micronutrients is of much interest as shifting world populations result in many
people residing in areas of UV exposure that are significantly different from those to which
their skin tone has been adapted.

10.7 Melanin and UV Penetrance
Melanocytes in the epidermis produce the skin’s primary pigment, melanin. In mammals
there are two types of melanin pigments, eumelanin which is black-brown and pheomelanin
which is yellow-reddish (Thody et al. 1991). Melanins are produced in highly organized
elliptic membrane bound cytoplasmic organelles of melanocytes called melanosomes.
Melanocytes project their dendrites into the neighboring keratinocytes where they then
transfer mature melanosomes. Once transferred to the keratinocytes, melanosomes aggregate
and are surrounded by a membrane in a melanosome complex (Szabo et al. 1969). The
variation in skin color among various races is determined mainly by the number, melanin
content, and distribution of melanosomes within the keratinocytes (Jimbow et al. 1976).
Natural selection has produced a gradient of skin pigmentations in response to two opposing
factors. The first factor results in a cline of photoprotection that grades from darkly
pigmented skin at the Equator to lightly pigmented skin near the Poles. The second factor
results in a cline of vitamin D photosynthesis that grades from lightly pigmented near the
Poles to darkly pigmented at the Equator. In the middle of the two clines we find peoples
with enhanced abilities to develop facultative pigmentation according to seasonal UVR
levels (Jablonski 2004). The concentration, depth, and distribution of skin melanin is
strongly affected by UVR exposure. The tanning response observed in peoples able to
develop facultative pigmentation results from distribution of melanosomes throughout the
epidermis from the basal layer.Melanin has a broad absorption spectrum stretching from the
UV to the near infrared regions. Recently it has been noted that not only the quantity of
melanin present but also the depth and distribution of the melanosomes impact the amount
of UVR penetrating to the living cells of the epidermis (Nielsen et al. 2006). Within
keratinocytes, melanin granules accumulate above the nuclei and act as a sunscreen
absorbing harmful UVR before it can reach the nucleus and damage the DNA.
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Melanin serves to protect at least in part from mutations that might be caused by UVR
exposure (Ohnishi and Mori 1998). In addition to DNA protection, it has also been shown
that darkly pigmented skin generates a larger reflectance of wavelengths below 300 nm than
lightly pigmented skin due to scattering of light by the spheroid shaped melanosomes
(Nielsen et al. 2004). Scattering and absorption of light in this range shows that melanin and
melanosomes play an important role as natural sunscreens in moderating UVR related health
effects.

10.8 Folate Deficiency
Naturally occurring folates are water soluble, labile compounds that rapidly lose activity in
foods over periods of days or weeks, consequently it is estimated that half or even three-
quarters of initial folate activity may be lost between harvest and consumption (John Scott
2000). In view of the dietary behavior of many individuals, inadequate folate intake is likely
and supplementation of folates is strongly recommended. This usually involves consumption
of synthetic folic acid, which is more chemically stable and bioavailable than the natural
folates.

10.9 Folate Deficiencies in Skin
Folate deficiency has been extensively documented in human plasma. However, folate status
within skin has not been widely investigated. Delivery to the skin via the blood circulation
of nutrients taken orally is inherently inefficient since this delivery is distal to other organs,
particularly the liver, which removes many agents by first pass metabolism. In addition, the
epidermal layer of the skin is non-vascular. The inefficiency of delivery of nutrients to skin
argues that documented folate deficiencies will extend to skin. Folate is sensitive to
photolysis by exposure to UVR. Exposure to sunlight and UVR in particular is expected to
lower folate levels in at least the superficial layers of the skin. Photolysis of folate stores in
the skin may be extensive enough to result in systemic depletion of folate. Indeed it has been
reported that fair skinned patients undergoing photochemotherapy for dermatological
conditions have low serum folate concentrations, suggesting that folate depletion may occur
in vivo (Branda and Eaton 1978). However, in another experiment where volunteers were
exposed to UVA radiation in a solarium, no connection between UVA exposure and plasma
folate status was found (Gambichler et al. 2001). This study has since been criticized for use
of non-specific bioassays for folate quantification, which serves to exemplify the point that
much research is left to be done (Lucock et al. 2003).

10.10 Folate Deficiencies and Human Disease
Folate deficiencies and genetic folate metabolism alterations have been linked to a wide
range of conditions including megaloblastic anemia (Lucock 2000), mood alterations
(Godfrey et al. 1990), Alzheimer’s disease (Clarke et al. 1998), and numerous athero/
thrombogenic phenomena (Brattstrom and Wilcken 2000). Folate deficiencies have also
been shown to play a role in Downs syndrome (Hobbs et al. 2000), neural tube defects
(MRC vitamin study research group 1991), pregnancy complications (Rajkovic et al. 1997),
and male infertility (Wong et al. 2002), which positions folate as a limiting factor in the
evolution of the human species. Finally folate deficiencies have been linked to an array of
cancers including those of the colon (Slattery et al. 1999), breast (Zhang et al. 1999),
pancreas (Stolzenberg- Solomon et al. 2001), stomach (Fang et al. 1997), cervix
(Butterworth 1993), bronchus (Kamei et al. 1993), and blood (Skibola et al. 1999).

Williams et al. Page 6

Subcell Biochem. Author manuscript; available in PMC 2013 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10.11 Cancer Prevention by Enhancing Genomic Integrity and Repair
The major putative relationship between cancer and folate status relates to the role of folate
in providing precursors for DNA repair and synthesis. Folate may also promote genomic
integrity through its role in the generation of methyl groups needed for regulation of gene
expression via CpG methylation patterns. The cancer protection potential of folates has been
demonstrated by large-scale epidemiological and nutritional studies indicating that
decreased folate status increases the risk of developing certain cancers. Consistent with a
role in DNA repair, chromosome breaks and centrosome abnormalities have been observed
in patients deficient in folate (Heath 1966; Chen et al. 1989). In vitro, DNA strand breakage
and uracil misincorporation increased in a time and concentration dependent manner after
human lymphocytes were cultured with decreasing amounts of folate (Duthie and Hawdon
1998). Moreover, folate deficiency impaired DNA excision repair in specific tissues excised
from animal models (Choi et al. 1998). These data indicate that folic acid deficiency affects
the stability of cellular DNA at the chromosomal and molecular levels (Choi and Mason
2000). Folate supplementation, particularity localized to areas of elevated demand, is thus
proposed as a strategy to enhance genomic integrity and prevent the development of cancer.

10.12 Cancer Prevention by Enhancing the Epidermal Barrier
A terminally differentiated epidermal barrier with high integrity is crucial to cancer
prevention. Several points need to be considered with regard to micronutrients in epidermal
barrier development. First, there is a growing body of evidence indicating that a significant
percentage of the American population is deficient in a number of micronutrients and the
constant turnover of the epidermis makes this tissue particularly vulnerable to micronutrient
depletion. Micronutrient deficiencies observed in plasma are observed also in skin (Peng et
al. 1993). Second, the constant renewal of the epidermal compartment places an important
nutrient requirement on the organism. Thus, the nutritional status of micronutrients such as
folic acid whose bioactive forms play important roles in the generation of components
necessary for optimal cell growth and protein expression regulation are important to the
integrity of the epidermal barrier. Third, the non-vascular nature of epidermal compartment
makes micronutrient delivery to this compartment inherently inefficient. The above
considerations lead to the hypothesis that optimal micronutrient status will strengthen
integrity of the epidermal barrier which in turn can lead to a decrease in skin cancer. Studies
have shown that cell populations with altered growth properties within actinic keratosis
lesions can be recognized by immune surveillance and removed. Alternatively, cell
populations within such lesions can progress to cell populations (carcinoma in situ) that
secrete proteases and other factors that allow escape from the epidermis. Thus, the degree of
integrity of the epidermal barrier can be a deciding factor between the ultimate fates of
removal or escape of abnormal cell populations from the epidermal compartment.

10.13 Generation of Folate-Restricted Skin Cell Culture Model
HaCaT keratinocytes have been used to create a cell culture model of folate deficiency. The
HaCaT cell line derives from normal human abdominal skin and exhibits a differentiation
profile comparable with normal human keratinocytes despite an altered and unlimited
growth potential. HaCaT cells exhibit UV-B type-specific mutations on the p53 tumor
suppressor gene (Stampfer et al. 1993), representative of an early stage precancerous skin
cell. To analyze the role of folate in skin cells during exposure to UV photodamage or
photooxidative stress, we have developed a cell culture method in which folate
concentrations in the culture medium are controlled by restricting folate and dialyzing the
fetal bovine serum. This significantly reduces growth rates of HaCaT keratinocytes, as
shown in Fig. 10.5. Because these cells cannot synthesize folates de novo, folate levels are
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rapidly depleted during cell division. We have found that through folate restriction the
population doubling times of cells in culture are increased in a direct relationship to folate
depletion over a critical range of concentrations (Fig. 10.5). Normal growth rates were
reestablished upon folate supplementation. Interestingly, under conditions of complete folate
deprivation, HaCaT cells survive without dividing for an extended period of time stalled in
the S phase of the cell cycle.

10.14 Topical Micronutrient Delivery for Skin Damage Prevention
Described here is evidence that folate is a candidate for skin damage prevention involving
several different mechanisms. However, a major challenge for the development of
micronutrient prevention strategies for skin damage is delivery of micronutrients to skin.
Folic acid is a good candidate for topical micronutrient delivery based on the roles for the
bioactive forms of this nutrient in maintenance of genomic integrity via enhancement of
DNA synthesis, DNA repair, and maintenance of epigenetic regulation. Our studies have
demonstrated that a topical micronutrient delivery strategy to limit skin damage is feasible.
Since folate is hydrophilic, developing a lipophilic form would enhance delivery through the
stratum corneum, which is very lipophilic. Pro-folate compounds designed for targeted
delivery were synthesized. Once delivered to the epidermis, the abundant esterases present
there rapidly cleave the pro-folates to the parent compound. We designed the delivery
properties to provide a slow, continuous supply of folate to skin cells to allow increased
uptake by the cells. This strategy takes into consideration two distinct barriers that influence
the delivery of a micronutrient to skin, lipophilicity of the stratum corneum and skin
metabolic activity. The formulation strategy controls the rate of partitioning of the pro-folate
into the stratum corneum by optimizing lipophilicity. Figure 10.6 shows a multiple
compartment model that served as the framework for the development of this delivery
strategy.

The pro-folate must effectively partition from the topical formulation into the stratum
corneum. The highly lipophilic nature of the stratum corneum dictates that the profolate be
sufficiently lipophilic to effectively partition into the stratum corneum from the delivery
vehicle, e.g. a skin cream of lotion (arrow #1 in Fig. 10.6). The pro-folatet must partition
from the stratum corneum into the epidermis at an optimal rate to achieve effective delivery
to the cellular components of skin. (#2 in Fig. 10.6). Studies of drug structure-penetration
relationships have provided useful information concerning this criterion (Tsai et al. 1992;
Weber et al. 1994). A correlation between skin permeability and the physicochemical
properties of the drug, such as octanol/water partition coefficient (Poct/w) have proven to be
of great value in predicting drug transport across skin. A linear correlation between skin
permeability of many compounds and their log (Poct/w) has been established (Anderson et
al. 1998; Roberts et al. 1978). These findings allow a correlation between prodrug
lipophilicity and drug delivery.

10.15 Summary
The discussion presented above suggests that a great deal is yet to be learned regarding
folate metabolism in skin. Using the in vitro model described along with experiments in
human reconstructed skin models and animal models, addressing this dearth of information
should be possible. Furthermore, the strategy to optimize folate status by directed pro-folate
topical delivery mechanisms in sun exposed skin may provide an opportunity to prevent skin
cancer development and progression.
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Fig. 10.1.
Sunlight-induced DNA damage pathways and opportunities for micronutrient modulation
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Fig. 10.2.
The chemical structure of folic acid and its various derivatives
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Fig. 10.3.
Overview of folate metabolism
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Fig. 10.4.
Effects of UV radiation on lightly pigmented skin
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Fig. 10.5.
HaCaT keratinocytes were depleted of folate for 14 days. Cell growth was measured after
folate repletion at varying concentrations.
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Fig. 10.6.
Tropical micronutriment delivery: a multiple compartment model
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