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Abstract
The evolution of human skin pigmentation must address both the initial evolution of intense epi-

dermal pigmentation in hominins, and its subsequent dilution in modern humans. While many

authorities believe that epidermal pigmentation evolved to protect against either ultraviolet B

(UV-B) irradiation-induced mutagenesis or folic acid photolysis, we hypothesize that pigmentation

augmented the epidermal barriers by shifting the UV-B dose–response curve from toxic to benefi-

cial. Whereas erythemogenic UV-B doses produce apoptosis and cell death, suberythemogenic

doses benefit permeability and antimicrobial function. Heavily melanized melanocytes acidify the

outer epidermis and emit paracrine signals that augment barrier competence. Modern humans,

residing in the cooler, wetter climes of south-central Europe and Asia, initially retained substantial

pigmentation. While their outdoor lifestyles still permitted sufficient cutaneous vitamin D3 (VD3)

synthesis, their marginal nutritional status, coupled with cold-induced caloric needs, selected for

moderate pigment reductions that diverted limited nutritional resources towards more urgent pri-

orities (5metabolic conservation). The further pigment-dilution that evolved as humans reached

north-central Europe (i.e., northern France, Germany), likely facilitated cutaneous VD3 synthesis,

while also supporting ongoing, nutritional requirements. But at still higher European latitudes

where little UV-B breaches the atmosphere (i.e., present-day UK, Scandinavia, Baltic States), pig-

ment dilution alone could not suffice. There, other nonpigment-related mutations evolved to

facilitate VD3 production; for example, in the epidermal protein, filaggrin, resulting in reduced lev-

els of its distal metabolite, trans-urocanic acid, a potent UV-B chromophore. Thus, changes in

human pigmentation reflect a complex interplay between latitude, climate, diet, lifestyle, and shift-

ing metabolic priorities.
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barrier function, filaggrin, melanocytes, metabolic conservation, pH, pigmentation, urocanic acid,
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SYNOPSIS

Consideration of the evolution of human skin pigmentation must

address two distinct questions; namely (1) what drove the initial evolu-

tion of widespread and intense epidermal pigmentation in early homi-

nins; and (2) what led to the much later, progressive dilution of

pigmentation in northern-dwelling modern humans? Presently, most

authorities hold that epidermal pigmentation evolved in ancestral

humans to protect against either ultraviolet B irradiation (UV-B)-

induced mutagenesis or to prevent photolysis of circulating folic acid.

Because epidermal pigmentation confers important functional advan-

tages for human skin, we provide new evidence here in support of our

previously articulated hypothesis that dark pigmentation evolved in the

xeric, UV-B-saturated (toxic) environment of sub-Saharan Africa not

only to augment the epidermal permeability barrier; that is, to optimize

water conservation, but also to enhance cutaneous antimicrobial

defense. Central to this hypothesis, the evolution of deep epidermal

pigmentation in ancestral hominins would have shifted the dose–
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response curve to UV-B from toxic to beneficial for epidermal func-

tions. Whereas erythemogenic UV-B; that is, doses that induce sunburn,

compromises epidermal permeability and antimicrobial functions by

producing apoptosis and cell death, suberythemogenic UV-B; that is,

doses below the sunburn threshold, instead benefit both the perme-

ability barrier and antimicrobial defense. Our recent work has shown

that it is not only the greater capacity of heavily melanized melano-

cytes to acidify the outer epidermis that accounts for the superior

function of darkly pigmented epidermis, but melanocytes in darkly pig-

mented skin generate still-unidentified, paracrine signals that stimulate

epidermal differentiation, lipid synthesis, and secretion, thereby further

augmenting epidermal function.

Recent genetic studies show that modern humans, who first suc-

cessfully migrated from Africa into Europe <45,000 years ago (kya),

retained substantial pigmentation until the advent of the agricultural

era (<9 kya). Yet, habitation of the cooler, wetter climes of central/

southern Europe and Asia required increased caloric expenditures that

would have further challenged the already marginal nutritional status

of these hunter-gatherers. The modest pigment reduction in this popu-

lation allowed the diversion of precious protein resources from melanin

synthesis towards more urgent metabolic requirements. Thus, dietary

insecurity, coupled with the increased energy requirements of habita-

tion in a colder climate, likely exerted evolutionary pressure to extin-

guish the substantial metabolic expenditures required for pigment

production. Regardless of the depth of skin pigmentation, the outdoor

lifestyle of hunter-gatherers and subsequent early agriculturists at

these intermediate latitudes would have allowed sufficient cutaneous

vitamin D3 (VD3) synthesis during summer months to provide for year-

round VD3 requirements. Yet, VD3 may have provided an impetus for

the further pigment dilution that occurred as humans reached north-

central Europe (i.e., present-day northern France and Germany) behind

retreating glaciers, a latitude where annual UV-B doses might not oth-

erwise suffice, even with outdoor lifestyles. But at latitudes still further

to the north (i.e., present-day Scandinavia, United Kingdom, and Baltic

states), little UV-B penetrates the atmosphere, even during summer

months, favoring further extreme pigment dilution, as well as other,

nonpigment-related, loss-of-function mutations that facilitated addi-

tional intracutaneous VD3 production. One such mutation, that is prev-

alent in these populations, occurred in the epidermal structural protein,

filaggrin. Loss of filaggrin results in decreased generation of its proteo-

lytic, deiminated product, trans-urocanic acid, the most potent UV-B

chromophore in skin. Hence, we propose that it was the universal

imperative for metabolic conservation that was the initial “driver” of

pigment loss as modern humans migrated northward out of Africa;

later, metabolic conservation, coupled with VD3 requirements, favored

the evolution of the very pale skin pigmentation of Europeans residing

in the far North.

1 | EVOLUTION OF PIGMENTATION IN ANCESTRAL
HUMANS—AN UPDATE

Darkly melanized skin is recognized as one of the key evolutionary

adaptations of ancestral hominins arising in their sub-Saharan African

cradle. Because melanin protects against the harmful effects of ultra-

violet irradiation (Kollias, Sayre, Zeise, & Chedekel, 1991; Pathak &

Fitzpatrick, 1974; Yamaguchi, Brenner, & Hearing, 2007), the develop-

ment of deep epidermal pigmentation in newly hairless hominins

almost certainly represented an adaptive response to UV-B irradiation

(Jablonski & Chaplin, 2013). Although all theorists agree that intense

melanization of skin arose in response to the extreme insolation of

their habitat, they differ in their assessment of the principal evolution-

ary benefit that accrued. Presently, three hypotheses have their advo-

cates: (1) protection from UV-induced skin mutagenesis; (2) protection

from UV-induced folic acid deficiency; and (3) water conservation

through pigmentation-induced enhancement of the cutaneous perme-

ability barrier, a hypothesis that we recently advanced (Elias, Menon,

Wetzel, & Williams, 2009, 2010). Note: because of its widespread

usage and clinical utility, in this review we retain the widely accepted

Fitzpatrick classification of human skin pigmentation (Table 1) (Fitzpa-

trick, 1988), rather than the reflectance spectrophotometric assays that

are widely deployed by anthropologists.

1.1 | Mutagenesis hypothesis

UV irradiation is carcinogenic and pigmentation protects against UV-

induced skin cancers [rev in (Lin & Fisher, 2007; Miyamura et al., 2007;

Yamaguchi et al., 2007)] (Table 2). The observation that darkly pig-

mented individuals are at much lower risk for the development of skin

cancers provides the principal support for the hypothesis that epider-

mal pigmentation evolved to protect against the development of skin

cancers. Nonetheless, the present authors, as well as many evolution-

ary biologists have concerns about the skin cancer (genotoxic) hypoth-

esis, primarily because the peak incidence of the most common,

TABLE 1 Degrees of epidermal pigmentation, according to Fitzpatrick scalea

Skin pigment type Phenotypic characteristics UV-B sensitivity

I Pale white skin; blue eyes; freckles; redhead ! blonde hair Always burns; never tans

II White skin; blue/green/hazel eyes; blonde to light brown hair Commonly burns; minimal tanning

III Lightly pigmented skin; any eye color, including brown; brown hair Occasionally burns; uniform tanning

IV Moderately brown skin, eyes and hair Sometimes burns, easily tans

V Dark brown skin, eyes and hair Very rarely burns, always tans

VI Very dark brown (darkest) skin, eyes and hair Never burns

aFrom “The validity and practicality of sun-reactive skin types I-VI,” by T. B. Fitzpatrick, 1988, Archives of Dermatology, 124, p. 869.
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potentially lethal skin cancer, squamous cell carcinoma, occurs above

the age of 70 (Franceschi, Levi, Randimbison, & La Vecchia, 1996;

Ridky, 2007), well past both the reproductive years (Blum, 1961; God-

ing, 2007; Robins, 1991) and life expectancy of ancestral hominins

(Kennedy, 2003; Sievert, 2015; Trinkaus, 1995). Pertinently, fair-

skinned humans residing near the Equator in Queensland, Australia

exhibit much earlier onsets of skin cancer (Olsen, Thompson, Green,

Neale, & Whiteman, 2015), without evidence of a reduction in repro-

ductive success. While the deadliest of skin cancers, melanoma, can

occur during childhood and reproductive years, its overall incidence

(<2% of all skin cancers) (Jemal, Devesa, Hartge, & Tucker, 2001; Le

et al., 2016) is likely too uncommon to have exerted an evolutionary

influence. While modeling studies may still be needed to determine the

threshold prevalence rate of melanoma that could begin to impact nat-

ural selection, it is fundamentally illogical to posit that pigmentation

arose to prevent the development of melanoma—without the evolution

of interfollicular melanocytes, melanoma would not occur.

Some workers continue to promote the genotoxic hypothesis,

based upon the “grandmother effect;” i.e., the concept that long-term

survival due to a reduced incidence of skin cancer could have provided

an invaluable repository of knowledgeable, female elders, as well as a

pool of physically-able kindred, who could assist with child care (Dia-

mond, 2005; Hawkes & Coxworth, 2013; Osborne & Hames, 2014).

Yet, the timetable of menopause occurs at least one decade prior to

the peak incidence of squamous cell carcinomas; hence, one would

have to propose that pigmentation evolved in service to a “great-

grandmother effect,” despite a lack of evidence of longevity in this era.

Often cited in favor of this hypothesis are observations of the utility of

the elderly in some current hunter-gatherer cultures, such as the Haz-

das of Northern Tanzania (Finkel, 2009; Villar, Celdran, & Triado,

2012). Yet, the utility of elders is not a cultural absolute, even in recent

hunter-gatherer cultures. For example, when no longer able to hunt or

reproduce, “elderly” Inuits, who resided in resource-limited northern

habitats, became expendable; i.e., they no longer were venerated, and

senicide was widely practiced by quite literally nudging the elderly to

the periphery of igloos, until they succumbed to hypothermia

(Malaurie, 1982; Nansen, 1894).

In support of the UV-skin cancer hypothesis, a recent review notes

the high mortality rates from skin cancer in African albinos in their third

and fourth decades (Greaves, 2014), in line with earlier observations

(Yakubu & Mabogunje, 1993), but strongly refuted in a follow-up com-

mentary (Jablonski & Chaplin, 2014). Yet, it may not be appropriate to

extrapolate backwards from contemporary albinos to newly-hairless

Homo erectus residing in sub-Saharan Africa, 1 to 2 million years ago

(mya), in light of the following considerations: First, it can be assumed

that the peak reproductive age of these H. erectus occurred substan-

tially earlier than occurs in modern humans (�age 19) (Sievert, 2015).

Though modern females in their 30s and 40s remain capable of repro-

duction, their peak periods of fecundity have long passed. Second, it

likely is not appropriate to equate modern African albino skin to the

lightly pigmented skin of newly-hairless H. erectus, because the skin of

the latter would have displayed some interfollicular and follicular mela-

nocytes (Montagna, 1972; Perkins, 1975). Third, a full repository of

melanocytes, which are incapable of generating melanin pigment, is

present in albino epidermis. These melanin-deficient melanocytes,

rather than lessen pigmentation, may be responsible for the increased

risk of epidermal cancer in albinos, because skin cancers are very

uncommon in vitiligo skin (Teulings et al., 2013), an acquired condition

in which melanocytes are completely absent. Thus, the amelanotic

melanocytes in albino skin (and likely also the effete melanocytes of

lightly pigmented skin) may generate potentially toxic substances (e.g.,

melanin precursors) that could promote skin cancer in conjunction with

UVB exposure. Fourth and finally, albinos in Africa today are socially-

ostracized (Lund, 2005). Hence, it is entirely feasible that psychosocial

TABLE 2 Basis for epidermal pigmentation in hominins: Current hypotheses

Hypotheses Evidence for Evidence against

Genotoxic (to prevent UV-B-induced
skin cancers)

1. Melanin is a moderately effective UV-B filter 1. Potentially fatal NMSC occurs long after peak
reproductive age

2. Melanin forms protective supranuclear cups 2. Short life expectancy of H. erectus

3. Early onset of fatal NMSC in African albinos

4. Value of “aged grandmothers”

Nutrient Photolysis (folic acid
degradation)

1. Folate deficiency correlates with latitude 1. Low overall incidence of serious congenital
anomalies in folate-deficient populations

2. Congenital anomalies with folic acid deficiency 2. Little UV-B reaches dermal blood vessels

3. UV-B>UV-A degrades folic acid in vitro 3. Ample folate available from dietary sources

4. No in vivo evidence for UV-induced folic
acid deficiency

Barrier hypothesis 1. Superior permeability1 antimicrobial barriers in
darkly pigmented individuals

1. Retention of dark pigmentation in humans
who re-entered tropical forests

2. Climatic stress on permeability barrier 2. Little or no difference in basal barrier function
between pigmentation types

3. Eccrine sweating ! " water loss ! need for
highly competent barrier

NMSC, nonmelanoma skin cancer.
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abnormalities could dampen host innate and adaptive immunity, and/or

even compromise normal, sun-avoiding behavior (Wright, Norval, &

Hertle, 2015). Together, these considerations suggest that albinism

among contemporary Africans is an imperfect model for understanding

the evolution of pigmentation. Nonetheless, it certainly is true that epi-

dermal pigmentation protects against the mutagenic effects of UV light

on nucleic acids (Miyamura et al., 2007; Yamaguchi et al., 2007; Young

& Sheehan, 2001), a function that is illustrated eloquently by the distri-

bution of melanin granules as supranuclear caps that shield the nuclear

DNA of epidermal keratinocytes from penetrating UV rays (Gibbs et al.,

2000; Kobayashi et al., 1993).

The protective benefits of epidermal pigmentation against UV-B-

induced cytotoxicity (i.e., “sunburn”) was likely more critical than mela-

nin’s antineoplastic effects. Acute UVB-induced damage to epidermal

DNA induces premature cell death (apoptosis) (Slominski, Tobin, Shiba-

hara, & Wortsman, 2004; Young & Sheehan, 2001). Accordingly, it is

widely believed that the evolution of pigmentation could have pro-

tected hominins from the debilitating effects of sunburn, thereby

assisting early humans’ departure from equatorial forests to open,

solar-saturated savannas (Robins, 1991). But it is more likely that pro-

tection against epidermal cytotoxicity acted in concert with the posi-

tive benefits of melanin/melanocytes in enhancing the permeability

barrier that selected for wide-spread epidermal pigmentation (see

below).

1.2 | Folic acid hypothesis

Because the essential nutrient, folic acid, and its metabolites are sus-

ceptible to photodegradation in vitro, it has been proposed that epider-

mal pigmentation evolved to protect against UV-induced folic acid

deficiency (Branda & Eaton, 1978; Chaplin, 2004; Jablonski, 1999;

Jablonski & Chaplin, 2000, 2013) (Table 2). The fact that administration

of folic acid supplements to pregnant women reduces the incidence of

spinal tube defects in contemporary populations has provided the pri-

mary impetus for the folic acid hypothesis (Chaplin & Jablonski, 2009;

Northrup & Volcik, 2000; Scholl & Johnson, 2000; Stover, 2014). Yet,

it seems unlikely that folic acid deficiency (even if it could be induced

in humans by solar irradiation) provided a reproductive cost sufficient

to drive the evolution of skin pigmentation. The overall frequency of

neural tube defects, attributable to folic acid deficiency, most of which

are insufficiently severe to compromise reproductive success, is low

(1:2,000–5,000 births) (Northrup & Volcik, 2000).

Folic acid absorbs UV light most strongly in the UVB range, with a

lesser peak in the UVA spectrum (Mitchell, 1944; Williams & Jacobson,

2010). However, unlike UVA, which penetrates deeply into the dermis,

where the cutaneous vasculature resides, very little UV-B can reach

the circulating pool of folate (Honigsmann, 2002; Parrish, Jaenicke, &

Anderson, 1982). To circumvent this concern, proponents of the folic

acid hypothesis propose that hematologic UVA chromophores, such as

uroporphyrins (Moan, Nielsen, & Juzeniene, 2012) and oxyhemoglobin

(Chaplin, 2004; Jablonski & Chaplin, 2013), could augment UVA-

induced photolysis of folic acid. But it should also be noted that albu-

men, which is by far the most abundant protein in plasma, protects folic

acid from photodegradation (Vorobey, Steindal, Off, Vorobey, & Moan,

2006).

In further support of the folic acid hypothesis, several population

studies have described an inverse relationship between circulating

folate levels and ambient UV exposure (Jablonski, 1999; Lapunzina,

1996). Yet, little or no depletion of circulating folic acid occurs when

humans receive frequent, high, therapeutic doses of either UV-B or

UV-A irradiation (Cicarma et al., 2010; Fukuwatari, Fujita, & Shibata,

2009; Gambichler, Bader, Sauermann, Altmeyer, & Hoffmann, 2001;

Juzeniene, Stokke, Thune, & Moan, 2010). The preponderance of clini-

cal studies instead shows that such frequently-administered, supra-

physiologic doses of UV irradiation, when deployed to treat various

inflammatory dermatoses, do not substantially reduce circulating folate

levels. Moreover, we know of no evidence that congenital anomalies,

whether associated with folic acid deficiency or not, occur more fre-

quently in either avid sunbathers or tanning bed habitu�es. Furthermore,

it is difficult to separate the potential impact of a deficiency of this sin-

gle nutrient from that of other essential nutrients in contemporary mal-

nourished populations, since folic acid deficiency is uncommon in

isolation from other nutritional deficiencies (review in Stover, 2014).

Finally, because folic acid is a widely available nutrient, found in vege-

tables, fruits and animal sources, particularly liver (Stover, 2014), it

seems likely that dietary sources of folic acid could compensate for

most, if not all putative, UV-induced losses of folic acid. Together,

these observations cast serious doubt upon the notion of solar-induced

folic acid deficiency.

Nonetheless, it remains possible that folic acid deficiency could

exert broader effects on reproductive success (Scholl & Johnson,

2000). For example, experimental induction of folic acid deficiency in

rats induces oligospermia, although folic acid supplements affect nei-

ther sperm counts nor motility in humans (Landau, Singer, Klein, &

Segenreich, 1978; Raigani et al., 2014). In summary, although folic acid

deficiency might exert significant effects on cell division, thereby

impairing reproductive fitness, the absence of direct evidence that

excessive UV exposure in vivo induces folic acid deficiency renders this

hypothesis moot.

1.3 | Skin barrier hypothesis

1.3.1 | Introduction

Hominin evolution took place in the arena of sub-Saharan Africa, a

region bathed in toxic doses of UVB, and during an era of extreme arid-

ity further impacted by a series of mega-droughts (Blome Cohen,

Tryon, Brooks, & Russell, 2012; Bobe, Behrensmeyer, & Chapman,

2002; Cerling et al., 2011; DeMenocal, 2004; Lahr & Foley, 1998).

Intense UV-B, coupled with extreme heat and aridity, can place enor-

mous stress on the skin’s capacity to prevent the outward escape of

body fluids; i.e., its epidermal permeability barrier (Figure 1) (Table 2).

In fact, the primary overarching function of the skin, without which life

in a terrestrial environment would not be possible, is to restrict exces-

sive transcutaneous water loss (Elias & Choi, 2005; Elias Feingold, &

Fluhr, 2003; Feingold, 2009; Feingold & Elias, 2013). That provision of

a physical barrier against the excessive escape of internal fluids is the

4 | ELIAS AND WILLIAMS



skin’s paramount function is evidenced by the immediate, devastating

consequences of an acute loss of this critical function following exten-

sive thermal burns: untreated individuals die within hours from circula-

tory shock due to the unrestricted, transcutaneous fluid losses.

Accordingly, the skin barrier hypothesis holds that epidermal pigmenta-

tion evolved to enhance the skin’s permeability barrier (Elias et al.,

2009, 2010; Elias & Williams, 2013). The barrier to water loss resides

in the outermost layer of the epidermis, the stratum corneum, and is

mediated by the extracellular deposition of lipid-enriched, hydrophobic

membranes that surround protein-laden corneocytes. In this manner, a

redundant system of water-repellent lipids seals the fluid-rich interior

from exposure to the desiccating atmosphere.

For any given level of barrier competence, net rates of transcuta-

neous water loss reflect the partial vapor pressure of water at the stra-

tum corneum-environmental interface. Because net rates of

evaporation are dependent upon both ambient temperature and

humidity, heat and low external humidity accelerate water loss, placing

further stress on the permeability barrier. Prior or concurrent evolu-

tionary changes in the skin of H. erectus, including the loss of their

ancestral, pigmented pelage, would have not only removed an effective

UV filter, but also resulted in a loss of the humidified microenvironment

that normally resides beneath a cover of fur. Thus, loss of body hair

would have further stressed the permeability barrier in this UV-B-

saturated, desiccating milieu.

Perhaps the most critical, barrier-driven driver of pigmentation

would have been another, prior or co-evolutionary adaptation, i.e., the

wide-spread dispersion of eccrine glands across the skin surface. By

greatly facilitating thermoregulation, eccrine sweating doubtless repre-

sented a critical adaption to the high temperatures of open savannas

(Jablonski, 2006). Most authorities agree that body hair was lost to

both prevent overheating and increase the efficiency of sweating. Yet,

while eccrine sweating provides an effective means of heat dissipation

that allows sustained physical exertion during the heat of day, the

water lost in service to thermoregulation (eccrine sweating can release

up to 15 l of water/d) would have further imperiled internal fluid

homeostasis. Hence, eccrine sweating would have imposed further

selective pressure to evolve an ever-more competent permeability

barrier.

To allow for episodic, massive expenditures of body water through

sweating, the skin needed to drastically reduce its rates of constitutive

water loss across the skin, thereby compensating for high rates of fac-

ultative loss of water from eccrine sweating. Without the co-evolution

of an ever-more competent epidermal permeability barrier, hairlessness

and eccrine sweating would have comprised a “recipe for disaster” in

open savannas, effectively tethering hairless, pale-skinned hominins to

the immediate vicinity of water sources (Elias & Williams, 2013).

Hence, we proposed that under the adverse circumstances that pre-

vailed in sub-Saharan Africa at this stage of hominin evolution, “perfec-

tion” of the permeability barrier, aided in part by epidermal

pigmentation, would have provided an important evolutionary advant-

age (Elias et al., 2009, 2010). Seen in this context, the three major evo-

lutionary adaptions of human skin—loss of body hair, eccrine sweating,

and development of widespread pigmentation, whether they evolved

sequentially or in concert, can now be viewed as inextricably linked to

each other through permeability barrier requirements; and, therefore, to

the existential imperative for water conservation.

1.3.2 | Summary of prior studies

To understand how melanization of the epidermis contributes to bar-

rier function, it is critical to consider the differences in melanin content

and distribution between darkly and lightly pigmented skin (Boissy,

2003; Pathak, 1995). Melanin granules in darkly pigmented skin are

both larger and more numerous, and persist well into the outermost

layers of the epidermis (Figure 2). In contrast, the smaller and less

densely melanized granules of lightly pigmented skin are largely

digested before reaching the outer epidermis. There, all cellular organ-

elles suddenly disappear, as epidermal cells transition from the outer-

most, nucleated cell layers into the cornified cell compartment.

In light of the critical importance of permeability barrier compe-

tence for survival, it does not seem inappropriate to propose that cer-

tain components of the skin, including its pigmentary system, though

appearing at first glance to be servicing other functions, could also play

an additional, important role in optimizing permeability barrier function.

Indeed, both pigmented human and murine epidermis display not only

a more competent permeability barrier (Gunathilake et al., 2009; Man

et al., 2014; Reed, Ghadially, & Elias, 1995), but also enhanced antimi-

crobial defense (Gasque & Jaffar-Bandjee, 2015; Mackintosh, 2001;

Man et al., 2014; Rodriguez-Martin et al., 2011), as well as superior

mechanical strength (Gunathilake et al., 2009; Reed et al., 1995) in

comparison to lightly pigmented skin (Figure 3). In support of our prior

hypothesis that epidermal pigmentation likely evolved to support these

critical functions (Elias et al., 2009, 2010), we review below new infor-

mation about how epidermal pigmentation optimizes cutaneous

functions.

1.3.3 | Skin barrier hypothesis—An update

Erythemogenic doses of UV-B; i.e., those doses that induce toxic sun-

burn responses, are well-known to both damage the epidermal perme-

ability barrier in a dose-dependent fashion (Haratake et al., 1997;

Holleran et al., 1997), and to suppress adaptive immunity (Schwarz,

FIGURE 1 Cross-talk between keratinocytes and melanocytes—
potential influence of stress to the barrier in stimulating the evolu-
tion of epidermal pigmentation (modified from “Evidence that
stress to the epidermal barrier influenced the development of pig-

mentation in humans,” by P. M. Elias et al., 2009, Pigment Cell &
Melanoma Research, 22, p. 420)
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2008). In contrast, recent studies have shown that sub-erythemogenic

doses of UV-B; i.e., doses below the threshold for sunburn, instead: (1)

augment permeability barrier homeostasis (Hong et al., 2008); (2)

enhance epidermal innate immunity (i.e., antimicrobial peptide produc-

tion) (Hong et al., 2008); (3) protect against subsequent UV-B-induced

toxicity (Narbutt et al., 2007); and (4) downregulate VD3 receptor

FIGURE 3 Enhanced function of darkly pigmented humans is independent of race, geographic location or occupation: barrier recovery, epider-
mal fricitional resistance, and forearm surface pH were assessed in a cohort of subjects of diverse racial backgrounds with type I-II and IV-V skin
(cf. Table 1) living in the same geographic location (San Francisco, CA) and at the same time of year. Frictional resistance reflects the number of
D-squame tape strippings required to increase transepidermal water loss (TEWL) rates threefold. TEWL was assessed both immediately and 3 h
barrier disruption and percentage recovery at 3 h was calculated (Modified from “pH-regulated mechanisms account for pigment-type differences
in epidermal barrier function,” by R. Gunathilake et al., 2009, Journal of Investigative Dermatology, 129, p. 1719)

FIGURE 2 Persistence and rapid extrusion of pigment granules after barrier disruption. (A) Under basal conditions, large pigment (Skh2)
hairless mice up into the stratum granulosum (SG) and stratum corneum (SC), where they gradually disintegrate within the corneocyte cyto-
sol (A and B). Even under basal conditions, some granules appear to be extruded into the extracellular spaces (B, open arrows). (A, insert)
Pigment granules appear enclosed within membrane-bound organelles (likely phagolysosomes) in the outer nucleated cell layers. (C and D)
By 20 min after acute barrier disruption by tape stripping (SKH2/J-TS), the preformed pool of pigment granules is extruded into the SG-SC
interface, and also within the SC extracellular spaces (open arrows). Mag bars, A–C1 insert: 0.25 lm, D: 0.5 lm (Modified from “Basis for
enhanced barrier function of pigmented skin,” by M.Q. Man et al., 2014, Journal of Investigative Dermatology, 134, p. 2399)
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protein expression, reducing the likelihood of VD3 toxicity (Hong et al.,

2008; Lesiak et al., 2011; Narbutt et al., 2007). Indeed, permeability

barrier homeostasis and epidermal antimicrobial defense (innate immu-

nity) are not disparate functions, but interdependent and co-regulated

processes that fall under the broad umbrella of cutaneous protection

(Aberg et al., 2008; Elias 2007; Elias & Wakefield, 2014; Rodriguez-

Martin et al., 2011). Because the threshold dose of UV-B that can elicit

a toxic, sunburn response is dependent upon the degree of epidermal

pigmentation, the most important advantage of deep epidermal melaniza-

tion in newly hairless hominins would have been to shift the dose–response

curve of an equivalent dose of UV-B from the deleterious (toxic) to the

beneficial. Thus, the evolution of widespread epidermal pigmentation

not only prevented intense equatorial sun exposure from compromis-

ing these critical functions, it also turned a potential “negative” into a

“positive” (Elias & Williams, 2013)!

A key concept in understanding how pigmentation influences per-

meability barrier homeostasis relates to pH. In contrast to the neutral

pH of other tissues, human stratum corneum displays a highly acidic

surface pH (4.5–5.5). Acidification of the outer epidermis is required

not only for antimicrobial defense, but also for optimal permeability

barrier function and normal skin turnover (desquamation) (Elias, 2015;

Hachem et al., 2005, 2010; Hatano et al., 2013). Central to the skin

barrier hypothesis is our prior observation that the stratum corneum of

darkly pigmented human skin is substantially more acidic than that of

lightly pigmented skin (1/2 unit lower surface pH), amounting to an

approximately fivefold increase in proton concentrations (Gunathilake

et al., 2009) (Figure 3). The critical role of an acidic pH is demonstrated

by the fact that experimental acidification of the stratum corneum of

lightly pigmented human subjects “resets” permeability barrier compe-

tence and stratum corneum mechanical integrity to levels encountered

in darkly pigmented individuals (Gunathilake et al., 2009; Hachem

et al., 2010).

The impact of pigmentation on pH can be attributed in part to the

donation of acidic melanosomes to keratinocytes in darkly pigmented

skin (Gunathilake et al., 2009). Moreover, once engulfed by keratino-

cytes, these single, dark melanin granules become sequestered within

phagolysomes, organelles with a highly acidic content (Canton, Khezri,

Glogauer, & Grinstein, 2014; Nyberg, Johansson, Rundquist, & Camner,

1989), followed by their persistence well into the stratum corneum

(Figure. 3). There, keratinocytes eventually release some of their gran-

ule contents into extracellular domains, further acidifying the outer epi-

dermis (Man et al., 2014). In contrast, the smaller “crumbly” melanin

granules from lightly pigmented melanocytes, which are also trans-

ferred and engulfed within phagolysomes, decompose well before

keratinocytes reach the stratum corneum (Boissy, 2003). The physio-

logic importance of this cellular mechanism is evidenced by the amplifi-

cation of melanin granule extrusion in parallel with enhanced stratum

corneum acidification immediately after the permeability barrier of

darkly pigmented skin is either acutely perturbed or challenged by

exogenous alkalization (Man et al., 2014) (Figure 2).

But melanin granule-mediated proton donation alone does not

completely account for the enhanced function of darkly pigmented

skin. Still uncharacterized, melanocyte-derived, paracrine factors stimu-

late both epidermal differentiation (i.e., the maturation of epidermal

cells to form corneocytes), as well as the production of lipids destined

for the extracellular membranes that mediate the permeability barrier

(Man et al., 2014), processes that likely further enhance function in

darkly pigmented skin by mechanisms unrelated to melanin granule

persistence alone (Figure 1). Therefore, the melanocytes that reside in

darkly pigmented epidermis profoundly enhance epidermal function by

both pH- and non-pH-related, paracrine mechanisms.

1.3.4 | Arguments raised against the skin barrier hypothesis

There is considerable disagreement in the literature concerning differ-

ences in barrier function in fair-skinned Caucasians versus African-

Americans [see reviews by (Rawlings, 2006; Wesley & Maibach,

2003)]. Measurement of the rates of water evaporation from the skin

surface under nonsweating conditions, called transepidermal water loss

(TEWL), represents the standard assessment of permeability barrier

competence (Fluhr, Feingold, & Elias, 2006). Some previous studies

have shown increased rates of basal TEWL in African-Americans

among various modern human populations. Yet, these studies were

based upon ethnic/racial groupings, rather than upon assessment of

the depth of skin pigmentation. As noted above, not only is there con-

siderable overlap in the intensity of melanin pigmentation among these

“racial” groups (Wilson, Berardesca, & Maibach, 1988), recent popula-

tion genetic data demonstrate substantial intermixing of modern popu-

lations, leading many anthropologists to conclude that racial definitions

are no longer biologically valid (Schwartz, 2001; Sussman, 2014; Wil-

son et al., 2001). Finally, even in those studies that reported slightly

increased rates of basal TEWL in African-American populations—the

observed differences were not sufficiently robust to be of functional

relevance (i.e., 1.1- to 1.3-fold increase) (Kompaore, Marty, Dupont,

1993; Wilson et al., 1988).

Our studies, which were based upon differences in skin pigment

type, using the widely used Fitzpatrick identification (Fitzpatrick, 1988)

(Table 1) rather than upon race, demonstrated comparable basal rates

of TEWL in lightly and darkly pigmented skin (Gunathilake et al., 2009;

Reed et al., 1995). But basal TEWL is no more reliable an indicator of

true functional capacity than is an electrocardiogram (EKG) obtained at

rest. A much more sensitive method to assess barrier competence is to

examine the kinetics of barrier repair following acute external perturba-

tions (Elias & Feingold, 2006b; Feingold, 2009). Just as a treadmill

examination can unmask abnormalities in cardiac function that are not

apparent in EKGs taken at rest, so too, the kinetics of repair following

acute perturbations of the skin barrier comprise a much more accurate

indicator of the skin’s functional competence (Elias & Feingold, 2006a).

Using this approach, the kinetics of barrier recovery markedly acceler-

ate in darkly pigmented skin in comparison to paler skin, indicating the

superior overall functional capacity of the permeability barrier in pig-

mented skin (Gunathilake et al., 2009; Reed et al., 1995) (Figure 3).

While it is true that some body sites; e.g., lips and palms/soles,

remain lightly pigmented in darkly pigmented individuals, these areas

support other specialized functions of these skin sites. The lips, a

mucosal epithelium, are adapted to optimize hydration/lubrication
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rather than permeability barrier capacity, which in any case, becomes a

lesser priority in such fully-hydrated microenvironments (Elias Menon,

Grayson, Brown, & Rehfeld, 1987). Similarly, the palms and soles, which

must resist mechanical injury, augment their frictional resistance

through other, nonpigment-based mechanisms. Finally, while the per-

meability barrier of the palms and soles, like the lips, is less competent

than elsewhere on the skin surface (Lampe et al., 1983), these sites

comprise a relatively minor portion of the body surface (<2%). Hence,

their reduced barrier capacity is irrelevant to the global requirement of

the organism for a competent permeability barrier.

Because alterations in permeability barrier requirements are not

known to upregulate melanin synthesis; and further, because relocation

to an arid environment does not result in immediate tanning (the imme-

diate tanning response represents the dispersion of preformed melanin,

while true tanning entails increased melanin synthesis), it has been sug-

gested that the evolution of pigmentation is unrelated to barrier func-

tion (Jablonski & Chaplin, 2013). Yet, this apparent anomaly likely

reflects differences in biological responses to acute or episodic environ-

mental threats versus evolutionary adaptations in response to sustained

environmental stressors that operate over more prolonged periods.

Indeed, the epidermis continually fine-tunes its permeability barrier

competence in response to acute modulations in the external environ-

ment, including reductions in external humidity (Denda et al., 1998).

Under such conditions, we have shown that the epidermis enhances its

permeability barrier competence by upregulating the epidermal produc-

tion, secretion and post-secretory processing of barrier lipids within

minutes-to-hours after exposure to such acute, environmental stres-

sors, resulting in rapid barrier optimization [review in (Feingold, 2009;

Feingold & Elias, 2013)]. In contrast, an acute repair strategy that relies

upon increased melanin production would necessarily be very slow,

and accomplished only over several days-to-weeks, rather than

minutes-to-hours. To impact the barrier, melanin first needs to be syn-

thesized in melanocytes residing in the basal epidermal cell layer, and

subsequently transferred to keratinocytes, which then would need to

complete their vertical, outward transit towards the stratum corneum

before they could impact permeability barrier homeostasis through pH-

related mechanisms. It requires �2 weeks for a newly formed epider-

mal cell to reach the cornified cell compartment, and another �2 weeks

for these cells to be shed from the skin surface (Simonart, Heenen, &

Lejeune, 2010). Thus, while enhanced epidermal melanization likely

does not comprise a viable strategy to mitigate against acute stress to

the barrier, it nonetheless could have evolved to provide the long-term

benefits of enhanced barrier competence.

Finally, the evolution of human skin pigmentation should be

viewed within the broader context of functional adaptations of existing

structures to new purposes. Melanocytes clearly have physiologic roles

that are not limited to their ability to prevent UV-induced toxicity.

Melanocytes and melanin are present in numerous, primitive eukaryotic

organisms, where they impact a host of functions unrelated to protec-

tion from UV light (Blois, 1968; Jacquin, Lenouvel, Haussy, Ducatez, &

Gasparini, 2011; Plonka et al., 2009). For example, while the role of pig-

ment in the central nervous system remains unknown, melanocytes

secrete potent neuroendrocrine mediators, independent of melanin

production (Takeda, Takahashi, & Shibahara, 2007). Given this pleiot-

ropy, it seems not unreasonable to propose a role for melanocytes in

skin, beyond a role in pigment production to absorb ultraviolet light.

2 | PIGMENT DILUTION IN MODERN HUMANS

Currently, there are three extant explanations for pigment dilution in

modern humans (Table 3). Most widely held is the hypothesis that pig-

ment lightening occurred in modern humans to support intracutaneous

synthesis of vitamin D3 (VD3), necessitated by geographic reductions in

UVB (Branda & Eaton, 1978; Loomis, 1967; Murray, 1934; Norton

TABLE 3 Basis for latitude-dependent pigment lightening: Viable hypotheses

Hypotheses Evidence for Evidence against

Vitamin D 1. Pigment impedes access of UV-B to epidermal layers
where VD3 is synthesized

1. Poor correlation of extent of pigmentation
with latitude

2. Partial loss of pigmentation at northern
latitudes

2. Agriculturalists led outdoor lives; had
domesticated livestock; and continued to hunt
and fish

3. Insufficient dietary VD3 in cereal-based diets 3. Paucity of evidence of rickets in pre-Industrial
Age fossils

4. Equivalent increase in serum VD3 in dark
versus light skin after comparable UV-B doses

5. #Osteoporosis in persons with darkly
pigmented skin

Metabolic Conservation 1. Reduced demand for optimal barrier with clothing
and "ambient humidity

1. Distinction between metabolic conservation
and “relaxation” not always clear

2. Melanin is a large protein polymer, leading to
nutrient drain in darkly pigmented persons

3. Natural selection for mutations that
#pigmentation at northern latitudes

4. Increased energy requirements to support high
basal metabolic rates at northern latitudes
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et al., 2006; Reichrath, 2007; Relethford, 1997). While vitamin D (VD3)

can be obtained from both dietary sources and de novo synthesis in

the skin, cutaneous VD3 generation remains the most important source

of this nutrient at all but the most Northern latitudes, even when abun-

dant sources of dietary VD3 are available (Chen et al., 2007; Vieth,

2003; Webb & Holick, 1988). Moreover, VD3 sufficiency could have

influenced natural selection, because its active metabolite, 1,25-dihy-

droxyvitamin D3 (calcitriol), is required not only for bone and mineral

metabolism (Bikle, 2010; Holick, 2011), but also for cognitive develop-

ment, and for the regulation of innate immune responses that protect

against viral and mycoplasma infections (Bartley, 2010; Bryson, Nash,

& Norval, 2014; Holick, 2008; Yuen & Jablonski, 2010).

Chaplin and Jablonski (2009) invoked Hill’s criteria to support an

indisputable link between latitude-dependent reductions in pigmenta-

tion and enhanced cutaneous VD3 production. Hill proposed that cor-

relative evidence, if sufficient, can establish a firm causal link, in the

absence of an alternative hypothesis (Hill, 1965). However, there are

several, significant problems with the VD3 hypothesis, which we will

review in the next section [see also (Elias & Williams, 2013; Neer,

1975; Robins, 1991)]. Moreover, there are currently at least two alter-

nate explanations for pigment dilution in modern humans that should

be considered as well (Table 3).

2.1 | Arguments against the VD3 hypothesis

At the heart of the VD3-pigment hypothesis is the supposition that

melanin in darkly pigmented skin interferes with epidermal vitamin D3

(VD3) production, by reducing the amount of incident UV-B irradiation

that can reach those loci in the nucleated layers of the epidermis where

vitamin D is synthesized (Kollias et al., 1991; Miyamura et al., 2007;

Pathak, 1995; Pathak & Fitzpatrick, 1974). Despite the fact that mela-

nin is a modestly effective UV-B chromophore (with an SPF between 1

and 2), several studies have demonstrated a robust capacity for even

deeply melanized skin to generate VD3 (Bogh, Schmedes, Philipsen,

Thieden, & Wulf, 2010; Brazerol, McPhee, Mimouni, Specker, & Tsang,

1988; Holick, MacLaughlin, & Doppelt, 1981; Lo, Paris, & Holick, 1986;

Rockell, Skeaff, Williams, & Green, 2008; Sallander, Wester, Bengtsson,

& Wiegleb Edstrom, 2013; Young, 2010). Moreover, with the excep-

tion of northernmost latitudes, summertime sun exposures can suffice

for VD3 requirements year round in all skin types (Bogh, Schmedes,

Philipsen, Thieden, & Wulf, 2011). Hence, the central thesis that epi-

dermal melanin substantially interferes with VD3 synthesis is debata-

ble. Moreover, the retention of substantial pigmentation in recent

Mesolithic humans (Olalde et al., 2014) did not result in vitamin D defi-

ciency among hunter-gatherer and early agricultural populations living

in regions with annual sunlight comparable to south-central Europe

and Asia. Indeed, there is a paucity of fossil evidence of rickets in either

Neanderthals (Mayr & Campbell, 1971) or among Eurasians prior to the

Industrial Revolution (Cook, 2015; Holt, 2015; Robins, 1991). Accord-

ingly, a critical (re)examination of the Loomis diagram demonstrates

that moderate skin pigmentation (i.e., Fitzpatrick Skin Types III and IV)

persisted over a broad range of Eurasian latitudes. Lighter skin types

(Fitzpatrick I and II) become prevalent (Figure 4) only in those Euro-

peans who migrated northward much more recently behind retreating

glaciers (<11 kya) (Allentoft et al., 2015).

The recent revelation that epidermal pigmentation remained quite

dark in central European Mesolithic humans (Beleza et al., 2013; Olalde

et al., 2014; Wilde et al., 2014), led to a modification of the VD3

hypothesis, based upon the putative dietary inadequacies of cereal-

based diets in later, agrarian societies (Khan & Khan, 2010). (The cereal

diet modification of the vitamin D hypothesis asserts that early agricul-

turalists were at risk for a VD3 deficiency due to a paucity of this vita-

min in cereal crops). According to this view, a shift in diet from the

animal-based diet of hunter-gatherers (animal) to agricultural sources

risked VD3 deficiency in these more Northern climes, in turn driving

the relatively recent evolution of pigment dilution. It also has been

FIGURE 4 The Loomis diagram (1967) of the latitude-dependent distribution of human skin pigmentation revisited. Pigment dilution does
not strictly correlate with latitude: e.g., moderately pigmented skin persists at all northern latitudes, except northern Europe
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suggested that modern humans made a “tragic mistake” in shifting

from a hunter-gatherer to an agricultural diet for political reasons (Dia-

mond, 1987).

But were these agriculturalists really at risk for VD3 deficiency?

First, it should be noted that the advent of agriculture likely was not

a matter of choice (or of climate change, as suggested by some Euro-

pean paleoanthropologists), but rather a result of the inexorable pro-

pensity of modern humans to extirpate megafauna from their

immediate environments (Blois, Williams, Fitzpatrick, Jackson, & Fer-

rier, 2013; Kolbert, 2014). Moreover, as agriculturalists expanded

from Mesopotamia into south-central Europe around 9 kya, they

brought with them domesticated animals, which doubtlessly pro-

vided some dietary VD3 [e.g., egg yolks and calf livers store substan-

tial vitamin D (Little & Blumler, 2015)]. More importantly, they still

toiled predominantly outdoors, where they would have received

substantial UV-B exposure during much of the year; hence, they

were not at risk for VD3 deficiency, despite having retained dark

skin pigmentation.

The complexity of human VD3 metabolism, which is still in an

early stage of discovery, also resists any simplistic notion that the

progressive lightening of human skin was driven solely by VD3

requirements. For example, several polymorphisms have been

described both in VD3 transport proteins (Ahn et al., 2010; Hoch-

berg & Templeton, 2010; Powe et al., 2013; Ramagopalan et al.,

2010; Wang et al., 2010), and in distal pathways of VD3 metabolism

that equalize the net bioavailability of 1,25-dihydroxyvitamin D3 in

darkly- and lightly pigmented populations in Americans (Berg et al.,

2015; Powe et al., 2013; Rockell et al., 2008; Wang et al., 2010).

Hence, dark skin pigmentation provides little or no impediment to

net systemic VD3 status (Holick, 2013; Holick et al., 1981; Webb &

Holick, 1988). These studies clarify two heretofore puzzling, and

apparently paradoxical observations: first, that despite lower circu-

lating levels of the pro-hormone (25-OH-VD3), darkly pigmented

individuals display lower overall rates of osteoporosis; and second,

that darkly pigmented humans appear to be at increased, rather than

decreased risk for vitamin D toxicity (Aloia, 2008). Therefore, it

seems safe to conclude that the reported, increased incidence of

VD3 deficiency among some contemporary, northern-dwelling,

darkly pigmented populations, such as West Indians living in the

United Kingdom, can be attributed to cultural (life-style) choices,

rather than biological factors [e.g., (Bogh, 2012; van Schoor & Lips,

2011)]. Thus, assessments of vitamin D status in contemporary pop-

ulations are confounded by differences not only in bioavailability,

but also in cultural practices, such as sun-searching behavior and

tanning salon visitations.

Extensive pigment dilution began relatively recently in north-

central Europe (from Type III/IV to II), with further lightening (to Type

I) in those Europeans who migrated to points even further to the North

behind retreating glaciers (Allentoft et al., 2015) (Figure 4). With such

further reductions in pigmentation, sufficient VD3 is produced at lati-

tudes that correspond to northern France and Germany (comparable to

New England) during summer months, sufficient to sustain VD3

TABLE 4 Metabolic conservation: “Drivers” of natural selection

7-DHCR57-dehydrocholesterol reductase; BMR5basal metabolic rate; MC1R5melanocortin 1 receptor.
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requirements year-round (Chen et al., 2007; Holick, 2011; Webb &

Holick, 1988). Hence, assuming that epidermal pigmentation interferes

to some extent with cutaneous vitamin D synthesis, additional pigment

dilution could have evolved in north-central Europeans to favor addi-

tional VD3 production.

Yet, the retention of intermediate pigmentation among most Eura-

sians residing at high latitudes implies that a further dilution of pigmen-

tation was not an imperative for vitamin D homeostasis. Their

intermediate pigmentation likely reflects a retention of substantial pig-

mentation for purposes of insulation (Moran, 1981). Moreover, it is

widely accepted that the dark pigmentation of many coastal residents

of the far North did not place them at risk for VD3 deficiency, because

their marine seafood-containing diet was enriched in antirachitic fats.

Yet, a comparable degree of dark pigmentation also persisted in north-

ern Asian and Amerindians living away from the coast, where they

would have had less direct access to marine sources of the vitamin.

How they avoided VD3 deficiency is uncertain, but any one or more of

the following strategies could have been operative: First, they could

have traded with their resource-replete coastal neighbors for marine

food, such as salt cod (Moran, 1981). In addition, as herders of tundra

fauna, they doubtlessly also availed themselves of some VD3-

containing foods, such as liver, eggs and red meat (Sweet, 2002). And,

though they resided at some distance from the coast, they likely also

availed themselves of oily fresh water species, such as eels, as well as

salmon as they navigated far inland to spawn. Finally, we should leave

open the strong possibility that analyses of the genomes of these sub-

coastal residents will soon reveal polymorphisms that enhance the net

bioavailability of 1,25(OH)2 VD3, analogous to those recently identified

in African-Americans. In summary, vitamin D requirements could have

provided the initial impetus behind the further reductions in pigmenta-

tion that occurred as southern Europeans began to migrate towards

northern latitudes. Yet, even if pigmentation interferes to some extent

with VD3 synthesis, its effects would have been modest, and overrid-

den by an outdoor lifestyle at all but the most northern of European

latitudes.

2.2 | Metabolic conservation as a potential “driver” of
pigment lightening

We recently advanced an alternate hypothesis to explain both the ini-

tial, moderate pigment reductions that occurred in central and southern

Europeans and Asians, and more draconian pigment dilution that

occurred in northern Europeans (Figure 4); i.e., the universal, biological

imperative for metabolic conservation [initially proposed in (Elias & Wil-

liams, 2013)] (Table 4). As we employ the term, “metabolic conserva-

tion” is not to be confused or equated with “relaxation,” a well-

accepted concept among evolutionary biologists that envisions a grad-

ual, passive accumulation of mutations due to a decrease or loss of ear-

lier biological requirements. In the context of this review, metabolic

conservation proposes instead that natural selection for reduced pigment

production was an imperative that diverted precious resources towards

more urgent priorities. Accordingly, one such potent biological stressor

would have been the marginal nutritional status of most northern

migrants, favoring selection for reduced-function mutations in genes of

the pigment pathway (Elias & Williams, 2013). Accordingly, an increas-

ingly tenuous supply of protein among early modern Europeans, who

had largely depleted their environment of megafauna by �20 kya (Lit-

tle and Blumler, 2015), could have threatened late Paleolithic hunter-

gatherers with protein deficiency (Formicola & Giannecchini, 1999; Mil-

ton, 2000). Indeed, several population studies have demonstrated rela-

tively recent selection for such polymorphisms (Rees & Harding, 2012),

most notably affecting alleles encoding the melanocortin 1 receptor

(Harding et al., 2000; Makova & Norton, 2005), as well as SLC24A5

and SLC45A2 (Anno, Abe, & Yamamoto, 2008; Basu Mallick et al.,

2013; Canfield et al., 2013; Norton et al., 2007; Rana et al., 1999).

Together, these mutations account for the modest reductions in pig-

mentation that occurred not only in Europeans, but also in Asians

(Parra, 2007), although the specific mutations differed in these geo-

graphically diverse populations.

Substantial metabolic savings accompanied reduced pigmentation

(Table 5), because multiple, energy-dependent steps are required both

TABLE 5 Cutaneous signs of metabolic conservation after episodic (E) versus sustained (S) protein deficiency

Features (E/S) Affected structure Characteristics Basis Comments

Telogen effluvium (E) Hair Sudden, wide-spread shed-
ding of scalp hair

Appearance 4-6 weeks after
severe illness

Occurrence reflects re-
establishment of normal
synchronized hair growth

Hypopigmented bands (E) Hair Transverse band of hypopig-
mented scalp hair (e.g., Figure
5)

Appears weeks after precipi-
tous decline in serum
proteins

Reappearance of pigmented
hairs after treatment/ reso-
lution of acute illness

Beau’s lines (E) Nail Transverse, depressed
grooves in nail plate

Often, but not always a sign
of malnutrition

Reflects impaired cell divi-
sion in nail matrix

Generalized hypopigmen-
tion in neonatal and child-
ren’s skin (S)

Epidermis Pale in comparison to adults (?) Diversion of protein !
rapid growth

Moderate; noticeable
clinically

Generalized hypopigmen-
tion adult female skin (S)

Epidermis Pale in comparison to males (?) Diversion of protein !
childbirth and/or lactation

Mild; subclinical

Generalized hypopigmenta-
tion (kwashiorkor) (E & S)

Epidermis & Hair Pale skin; reddish hue in
darkly pigmented persons

Severe protein malnutrition Loss of pigment could
reflect conservation of pro-
tein for more urgent
priorities
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to synthesize melanin and to transfer myriads of melanosomes from

melanocytes into keratinocytes [rev. in (Lin & Fisher, 2007; Slominski

et al., 2001, 2004)]. In addition to the substantial energetic and material

costs of melanin production, these large protein polymers are continu-

ally shed during the desquamation of darkly pigmented stratum cor-

neum, constituting a further substantial drain of protein resources. In

contrast, the smaller melanin granules of lightly pigmented (Type I/II)

skin are degraded long before cornification, allowing their constituent

amino acids to be recycled by autophagy (Murase et al., 2013). Thus,

lighter shades of skin pigmentation reflect a reduction not only in the

extent of pigment synthesis, but also in the distribution and fate of

melanin (Boissy, 2003). Finally, it should be noted that pigment reduc-

tion could provide a further advantage in that the metabolic precursors

of eumelanin can be cytotoxic (Graham, Tiffany, & Vogel, 1978).

Reduced cutaneous pigment production in service to metabolic con-

servation is observed commonly in both developmental and clinical set-

tings (Table 5). Dilution of epidermal and hair pigmentation is a well-

recognized sign of chronic malnutrition in children (kwashiorkor)

(Latham, 1991). This pathological hypopigmentation reflects a diminished

pool of amino acid substrates for melanogenesis. However, whether it

also reflects active shunting of amino acids towards more critical pro-

teins required for the growing child is unknown. The phenotype of pro-

tein malnutrition and of the generalized edema due to hypoalbuminemia

(albumin is the most abundant protein of plasma) in the growing child; i.

e., kwashiorkor, is distinct from that of more general nutrient starvation;

i.e., marasmus, which is characterized by emaciation, but not hypopig-

mentation. Thus, insecurity of dietary protein sources for the most vul-

nerable segment of the population, children and pregnant women could

have exerted evolutionary pressure towards pigmentary dilution.

The link between protein deficiency and hypopigmentaion is not

limited to the clinical setting of dietary protein insufficiency, as seen in

children with kwashiorkor. Supporting Information Figure 1 illustrates a

band of hypopigmented hair that appeared in a young child a few weeks

after a severe episode of nephrotic syndrome that was accompanied by

massive losses of urinary protein. Note that pigmentation of her hair

reappeared after corticosteroid therapy succeeded in normalizing renal

function, thereby allowing a resumption of robust pigment production.

Hypopigmentation in service of metabolic conservation is also not

limited to pathological situations (Table 5). It is widely recognized that

infants normally have significantly lighter pigmentation at birth than

they exhibit subsequently as older children and adults (Maibach, 1982;

Solomon & Esterly, 1970). The phenomenon of neonatal hypopigmen-

tation is entirely compatible with a superseding imperative to divert

precious protein resources in support of the extraordinarily rapid rates

of growth that occur during late gestation and the first year of life.

Neonatal protein conservation through hypopigmentation should also

be seen within the context of the capacity of the growing fetus and

infant to acquire the nutrition that it requires, both prenatally [where

growth is limited by the maternal metabolic rate (Dunsworth, Warr-

ener, Deacon, Ellison, & Pontzer, 2012)] and in the immediate post

period (where it is constrained by the infant’s capacity to ingest milk).

In the absence of other pathological signs of protein deficiency, such as

hypoalbuminemia, it seems likely that the hypopigmentation of neo-

nates reflects a down-regulation of melanin production, with active

shunting of precious resources towards other priorities.

It also seems likely that the more subtle, but nonetheless well-

documented differences in pigmentation between genders (rev. in

Aoki, 2002) represents an adaptation that counterbalances the high

protein drain of child-bearing and lactation in females. In support of

this notion, pigmentation becomes comparable in children after the

neonatal period, but then lightens preferentially as females reach late

adolescence (Aoki, 2002; Frost, 2007). Thus, both the lighter pigmenta-

tion of adult females, along with their lesser muscle mass and body

size, may have a common basis; i.e., diversion of precious resources

towards lactation as they reached a reproductive age.

As modern hairless humans moved further northward, by necessity

they adopted various forms of clothing for warmth. Yet, as they moved

further northwards, cold tolerance must have been challenging during

much of the year. Accordingly, several recent studies have demon-

strated that contemporary inhabitants of northern latitudes exhibit

substantially higher basal metabolic rates (BMRs), particularly during

winter months (Froehle, 2008; Leonard et al., 2002; Leonard, Snod-

grass, & Sorensen, 2005; Moran, 1981). Thus, the increased metabolic

demands of life in colder climes could have provided an impetus that

favored metabolic conservation through selection for pigment-diluting

polymorphisms. The elevated BMRs in northerners in turn selected for

recessive mutations in mitochondrial DNA that uncouple oxidative

phosphorylation (Mishmar et al., 2003; Ruiz-Pesini, Mishmar, Brandon,

Procaccio, & Wallace, 2004), facilitating increased calorigenesis. How-

ever, whether other examples of changes in modern humans, such as

the recent, gradual reduction in human tooth size (Brace, Rosenberg, &

Hunt, 1987), simply reflect “relaxation” or represent another example

of metabolic conservation, perhaps in service to the same nutritional or

energy requirements, is not yet known.

At the same time that nutritional insecurities and a cold climate

could have favored selection for protein and calorie-sparing mutations,

a reduced requirement for an optimally competent permeability barrier

also came into play. Not only would these cooler and more humid cli-

mates have relaxed the barrier requirements of these northern

migrants, but the adoption of clothing would also have created a moist

FIGURE 5 Downstream consequences of filaggrin deficiency: how
inherited reductions in filaggrin favor intracutaneous vitamin D3
(VD3) production. Trans-uracanic acid (trans-UCA) is the most
potent endogenous UV-B filter in lightly pigmented skin. Casp
145Caspase 14

12 | ELIAS AND WILLIAMS



microenvironment just above their skin surface that would have further

reduced the need for a highly competent barrier. Hence, reduced pro-

duction of a less urgently needed, metabolically expensive, and poten-

tially toxic protein; i.e., melanin, would have been biologically

appropriate. Finally, it should be noted that a similar hypothesis of

energy conversation has been proposed recently to account for the rel-

ative immaturity (i.e., altriciality) of human newborns (Dunsworth et al.,

2012). Thus, the dilution of human pigmentation does not differ from

other examples of metabolic conservation that occurred during evolu-

tion—as structures became either functionally obsolete or less neces-

sary, their reduced production by natural selection allowed diversion of

precious resources towards more urgent requirements.

2.2.1 | Why further pigment dilution in Europeans of the

far north?

For the reasons cited above, we are convinced that vitamin D insuffi-

ciency did not drive the intermediate pigmentation that evolved among

southern Europeans and Asians. However, the extreme pigment light-

ening (Types I and II skin phenotypes) that evolved among more north-

ern Europeans could have been driven in part by the need to allow

additional UV-B to enter the epidermis for purposes of further VD3

production. In these more extreme, northern climes the quantity of

UV-B penetrating the atmosphere is limited to an extent that, in the

absence of sufficient dietary sources, hypovitaminosis D could become

a potential threat, even in the face of an outdoor lifestyle with ample

summertime sun exposure. Likewise, the lighter pigmentation that

characterizes females vs. males in northern Europe has been proposed

to have facilitated increased VD3 requirements n females (Jablonski &

Chaplin, 2000). But it seems more likely that preferential pigment light-

ening in these females could reflect a selective need for metabolic con-

servation in females versus males. Nonetheless, it also seems likely that

there would have been a selective advantage to dilute pigmentation

(from Type III/IV to Type II) to enhance cutaneous VD3 production as

modern humans advanced northward from south-central to north-

central Europe (present day northern France and Germany) (Figure 4).

Assuming a paucity of other sources of VD3 in the predominantly

cereal-based diets among these early agriculturalists, a further loss of

pigment would have allowed additional cutaneous VD3 generation dur-

ing summer months. Nonetheless, it has been repeatedly noted that

rickets, the most extreme musculoskeletal manifestation of vitamin D

deficiency, was essentially unknown until the modern Industrial Revo-

lution (Robins, 2009). In summary, it seems safe to assume that at

these latitudes, both metabolic conservation and VD3 requirements

could have provided the evolutionary impetus behind the pigment dilu-

tion that led to both Type II and the pheomelanin-dominant phenotype

of Type I skin (c.f., Table 1).

2.3 | Recent, nonpigment-based mutations that likely

sustain cutaneous VD3 status in Northern Europeans

Among those extremely fair-skinned Europeans who settled still further

to the North (i.e., present-day United Kingdom, Scandinavia, and north-

ern Baltic states), even a type I pigment phenotype could not suffi-

ciently augment cutaneous VD3 production, because little UV-B

penetrates the atmosphere at these high latitudes, even during summer

months [rev. in (Holick et al., 1981)]. Moreover, many migrants to the

northern Europe, particularly those who resided away from the coast,

preferentially consumed a non-seafood-based diet of tundra fauna,

such as reindeer, rather than a VD3-enriched diet of marine seafood

(Moran, 1981; Shnirelman, 1999). Because pigment dilution and dietary

supplementation probably did not suffice to generate sufficient VD3 in

these locales, there would have been a compelling need for additional,

non-pigment-based evolutionary adaptations that favored enhanced

cutaneous vitamin D3 production. One pertinent example is the recent

appearance in northerners of loss-of-function mutations in the gene

that encodes 7-dehydrocholesterol reductase (7-DHCR) among north-

ern Europeans (Ahn et al., 2010; Witsch-Baumgartner et al., 2008).

Because this enzyme converts 7-dehydrocholesterol, the immediate

precursor of pre-vitamin D3, into cholesterol, reduced function poly-

morphisms in 7-DHCR would inevitably increase the intra-epidermal

pool of 7-dehydrocholesterol that is available for photoconversion to

pre-vitamin D3 (Kuan, Martineau, Griffiths, Hypponen, & Walton,

2013; Witsch-Baumgartner et al., 2008).

Alternatively or additionally, we proposed that Filaggrin mutations

could have evolved recently (and likely are continuing to evolve) in

Europeans of the far North to support additional cutaneous VD3 pro-

duction (Elias & Williams, 2013; Thyssen, Bikle, & Elias, 2014). More-

over, even in Japanese, the prevalence of Filaggrin mutations is

significantly higher in the northernmost island, Hokkaido, than in more

southern islands of the Japanese archipelago [cited in (Thyssen, Zirwas,

& Elias, 2015)]. To briefly review the underlying biologic concept: mela-

nin is not the only UV-B chromophore in skin. Indeed, well over 50%

of incident UV-B is filtered out in the stratum corneum, independent of

pigmentation (Thomson, 1955), where trans-urocanic acid is the major

interceptor of incident UV-B irradiation in fair-skinned humans (Brook-

man, Chacon, & Sinclair, 2002; Kripke, 1984). Trans-urocanic acid is

derived from the sequential, humidity-dependent proteolysis of the

epidermal protein, filaggrin, into one of its constituent amino acids, his-

tidine, followed by the further deimination of histidine into trans-uro-

canic acid within the stratum corneum (Figure 5) (Scott, 1981; Scott,

Harding, & Barrett, 1982). Hence, mutations that lead to reductions in

filaggrin production would inevitably reduce the trans-urocanic acid

content of the stratum corneum, allowing additional UV-B to penetrate

(Thyssen et al., 2014). Indeed, such Filaggrin mutations predominate

precisely in those pale-skinned humans of Europe’s far North (Irvine,

McLean, & Leung, 2011), who would have benefitted directly from

additional assistance with cutaneous VD3 production (Elias & Williams,

2013; Thyssen et al., 2014). In contrast, the prevalence of Filaggrin

mutations is low among genotyped central/southern Europeans, Asians

and Africans (Sinclair et al., 2009; Thawer-Esmail et al., 2014; Thyssen

et al., 2014; Winge et al., 2011). This strategy appears to have been

effective, because the prevalence of Filaggrin mutations correlates sig-

nificantly with circulating 25-hydroxyvitamin D3 levels (25-OH-D3)

(Thyssen et al., 2014). Higher blood levels of the pro-hormone 25-OH-

D3 are found in northern Europeans than in either southern Europeans

ELIAS AND WILLIAMS | 13



or Africans (van Schoor & Lips, 2011); and most pertinently, specifically

in those northern Europeans who harbor Filaggrin mutations (Thyssen

et al., 2015). Taken together, it seems likely that other, non-pigment-

based strategies have evolved recently that allowed humans to inhabit

extreme northern latitudes successfully without succumbing to wide-

spread VD3 deficiency.

3 | SUMMARY

Most current hypotheses that attempt to explain the development of

deep epidermal pigmentation in hominins are problematic. Nonmela-

noma skin cancers occur well past peak reproductive years and minimal

UV-B penetrates to deeper skin layers, where folic acid circulates. Gen-

erating an optimal permeability barrier became an urgent requirement

for newly hairless hominins that lost additional water as they became

hairless and employed sweat to thermoregulate in open savannas. By

shifting the dose–response curve for UV-B from the toxic to the bene-

ficial, epidermal pigmentation provided hominins with a superior per-

meability barrier, with additional benefits of enhanced antimicrobial

defense and a more cohesive (less injury-prone) stratum corneum.

Though widely espoused, the view that latitude-dependent pigment

dilution evolved to facilitate cutaneous vitamin D3 (VD3) synthesis is

also problematic for several reasons, including the fact that UV-B-

irradiated, darkly and lightly pigmented skins generate comparable cir-

culating VD3 levels due in part to mutations that increase VD3 bioa-

vailability. Moreover, extracutaneous dietary sources of VD3

supplemented year-round VD3 requirements; in the late Paleolithic,

even in early agriculturalists. Finally, rickets has not been found in pre-

Industrial Age human fossils. Initial pigment dilution instead likely

served the purpose of metabolic conservation—the imperative to redi-

rect scarce protein towards more urgent requirements; e.g., to support

nutritionally marginal diets, and/or to enhance calorigenesis in the cold

climates of the North. Though vitamin D requirements could have

“driven” the further pigment lightening of populations inhabiting north-

central European latitudes, inhabitants of the far North evolved addi-

tional, nonpigmented related mutations, including loss-of-function

Filaggrin mutations leading to reduced trans-urocanic acid, the major

UV-B absorber in stratum corneum, which allowed more efficient cuta-

neous VD3 production.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the National

Institute of Arthritis, Musculoskeletal and Skin Diseases of the

National Institutes of Health under Award Number AR057752,

administered by the Northern California Institute for Research and

Education, with additional resources provided by a Veterans Affairs

Medical Center Merit Review, San Francisco, CA. This content is

solely the responsibility of the authors and does not necessarily rep-

resent the official views of either the National Institutes of Health

or the Department of Veterans Affairs. Ms. Joan Wakefield provided

invaluable editorial assistance.

REFERENCES

Aberg, K. M., Man, M. Q., Gallo, R. L., Ganz, T., Crumrine, D., Brown, B.

E., . . . Feingold, K. R. (2008). Co-regulation and interdependence of

the mammalian epidermal permeability and antimicrobial barriers.

Journal of Investigative Dermatology, 128, 917–925.

Ahn, J., Yu, K., Stolzenberg-Solomon, R., Simon, K. C., McCullough, M. L.,

Gallicchio, L., . . . Jacobs, K. B. (2010). Genome-wide association

study of circulating vitamin D levels. Human Molecular Genetics, 19,

2739–2745.

Allentoft, M. E., Sikora, M., Sjogren, K. G., Rasmussen, S., Rasmussen, M.,

Stenderup, J., . . . Vinner, L. (2015). Population genomics of Bronze

Age Eurasia. Nature, 522, 167–172.

Aloia, J. F. (2008). African Americans, 25-hydroxyvitamin D, and osteo-

porosis: A paradox. The American Journal of Clinical Nutrition, 88,

545S–550S.

Anno, S., Abe, T., & Yamamoto, T. (2008). Interactions between SNP

alleles at multiple loci contribute to skin color differences between

caucasoid and mongoloid subjects. International Journal of Biological

Sciences, 4, 81–86.

Aoki, K. (2002). Sexual selection as a cause of human skin colour variation:

Darwin’s hypothesis revisited. Annals of Human Biology, 29, 589–608.

Bartley, J. (2010). Vitamin D, innate immunity and upper respiratory tract

infection. The Journal of Laryngology and Otology, 124, 465–469.

Basu Mallick, C., Iliescu, F. M., Mols, M., Hill, S., Tamang, R., Chaubey, G.,
. . . Crivellaro, F. (2013). The light skin allele of SLC24A5 in South Asians
and Europeans shares identity by descent. PLoS Genetics, 9, e1003912.

Beleza, S., Santos, A. M., McEvoy, B., Alves, I., Martinho, C., Cameron, E.,

. . . Rocha, J. (2013). The timing of pigmentation lightening in Euro-

peans. Molecular Biology and Evolution, 30, 24–35.

Berg, A. H., Powe, C. E., Evans, M. K., Wenger, J., Ortiz, G., Zonderman,
A. B., . . . Karumanchi, S. A. (2015). 24,25-Dihydroxyvitamin d3 and
vitamin D status of community-dwelling black and white Americans.
Clinical Chemistry, 61, 877–884.

Bikle, D. D. (2010). Vitamin D and the skin. Journal of Bone and Mineral

Metabolism, 28, 117–130.

Blois, J. L., Williams, J. W., Fitzpatrick, M. C., Jackson, S. T., & Ferrier, S.

(2013). Space can substitute for time in predicting climate-change

effects on biodiversity. Proceedings of the National Academy of Scien-

ces United States of America, 110, 9374–9379.

Blois, M. S. (1968). Vitamin D, sunlight, and natural selection. Science,

159, 652.

Blome, M. W., Cohen, A. S., Tryon, C. A., Brooks, A. S., & Russell, J.

(2012). The environmental context for the origins of modern human

diversity: A synthesis of regional variability in African climate

150,000-30,000 years ago. Journal of Human Evolution, 62, 563–592.

Blum, H. F. (1961). Does the melanin pigment of human skin have adapt-

ive value? An essay in human ecology and the evolution of race. The

Quaterly Review of Biology, 36, 50–63.

Bobe, R., Behrensmeyer, A. K., & Chapman, R. E. (2002). Faunal change,

environmental variability and late Pliocene hominin evolution. Journal

of Human Evolution, 42, 475–497.

Bogh, M. K. (2012). Vitamin D production after UVB: Aspects of UV-

related and personal factors. Scandinavian Journal of Clinical and Labo-

ratory Investigation Supplementum, 243, 24–31.

Bogh, M. K., Schmedes, A. V., Philipsen, P. A., Thieden, E., & Wulf, H. C.

(2010). Vitamin D production after UVB exposure depends on base-

line vitamin D and total cholesterol but not on skin pigmentation.

Journal of Investigative Dermatology, 130, 546–553.

Bogh, M. K., Schmedes, A. V., Philipsen, P. A., Thieden, E., & Wulf, H. C.

(2011). Interdependence between body surface area and ultraviolet B

14 | ELIAS AND WILLIAMS



dose in vitamin D production: A randomized controlled trial. British

Journal of Dermatology, 164, 163–169.

Boissy, R. E. (2003). Melanosome transfer to and translocation in the

keratinocyte. Experimental Dermatology, 12(Suppl 2), 5–12.

Brace, C., Rosenberg, K., & Hunt, K. (1987). Gradual change in human

tooth size in the late pleistocene and post-pleistocene. Evolution, 41,

705–720.

Branda, R. F., & Eaton, J. W. (1978). Skin color and nutrient photolysis:

An evolutionary hypothesis. Science, 201, 625–626.

Brazerol, W. F., McPhee, A. J., Mimouni, F., Specker, B. L., & Tsang, R. C.

(1988). Serial ultraviolet B exposure and serum 25 hydroxyvitamin D

response in young adult American blacks and whites: No racial differ-

ences. Journal of the American College of Nutrition, 7, 111–118.

Brookman, J., Chacon, J. N., & Sinclair, R. S. (2002). Some photophysical

studies of cis- and trans-urocanic acid. Photochemical and Photobio-

logical Sciences, 1, 327–332.

Bryson, K. J., Nash, A. A., & Norval, M. (2014). Does vitamin D protect

against respiratory viral infections? Epidemiology and Infection, 142,

1789–1801.

Canfield, V. A., Berg, A., Peckins, S., Wentzel, S. M., Ang, K. C., Oppen-

heimer, S., & Cheng, K. C. (2013). Molecular phylogeography of a

human autosomal skin color locus under natural selection. G3

(Bethesda), 3, 2059–2067.

Canton, J., Khezri, R., Glogauer, M., & Grinstein, S. (2014). Contrasting

phagosome pH regulation and maturation in human M1 and M2

macrophages. Molecular Biology of the Cell, 25, 3330–3341.

Cerling, T. E., Wynn, J. G., Andanje, S. A., Bird, M. I., Korir, D. K., Levin,

N. E., . . . Remien, C. H. (2011). Woody cover and hominin environ-

ments in the past 6 million years. Nature, 476, 51–56.

Chaplin, G. (2004). Geographic distribution of environmental factors

influencing human skin coloration. American Journal of Physical

Anthropology, 125, 292–302.

Chaplin, G., & Jablonski, N. G. (2009). Vitamin D and the evolution of

human depigmentation. American Journal of Physical Anthropology,

139, 451–461.

Chen, T. C., Chimeh, F., Lu, Z., Mathieu, J., Person, K. S., Zhang, A., . . .

Holick, M. F. (2007). Factors that influence the cutaneous synthesis

and dietary sources of vitamin D. Archives of Biochemistry and Biophy-

sics, 460, 213–217.

Cicarma, E., Mork, C., Porojnicu, A. C., Juzeniene, A., Tam, T. T., Dahlback,

A., & Moan, J. (2010). Influence of narrowband UVB phototherapy on

vitamin D and folate status. Experimental Dermatology, 19, e67–e72.

Cook, D. C. (2015). Paleopathology. In M. Muehlenbein (Ed.), Basics in

human evolution (pp. 427–437). Amsterdam, The Netherlands: Elsevier.

DeMenocal, P. B. (2004). African climate change and faunal evolution

during the Pliocene-Pleistocene. Earth & Planetary Science Letters,

220, 3–24.

Denda, M., Sato, J., Masuda, Y., Tsuchiya, T., Koyama, J., Kuramoto, M.,

. . . Feingold, K. R. (1998). Exposure to a dry environment enhances

epidermal permeability barrier function. Journal of Investigative Der-

matology, 111, 858–863.

Diamond, J. (1987). The worst mistake in the history of the human race.

Discover, 64–67.

Diamond, J. (2005). Evolutionary biology: Geography and skin colour.

Nature, 435, 283–284.

Dunsworth, H. M., Warrener, A. G., Deacon, T., Ellison, P. T., & Pontzer,

H. (2012). Metabolic hypothesis for human altriciality. Proceedings of

the National Academy of Sciences United States of America, 109,

15212–15216.

Elias, P. M. (2007). The skin barrier as an innate immune element. Semi-

nars in Immunopathology, 29, 3–14.

Elias, P. M. (2015). Stratum corneum acidification: How and why? Experi-

mental Dermatology, 24, 179–180.

Elias, P. M. & Choi, E. H. (2005). Interactions among stratum corneum

defensive functions. Experimental Dermatology, 14, 719–726.

Elias, P. M. & Feingold, K. (2006a). Stratum corneum barrier function:

Definitions and broad concepts. In P. Elias & K. Feingold (Eds.), Skin

barrier (pp. 1–4). New York: Taylor & Francis.

Elias, P. M. & Feingold, K. R. (2006b). Permeability barrier homeostasis.

In P. M. Elias & K. R. Feingold (Eds.), Skin barrier (pp. 337–362). New

York: Taylor & Francis.

Elias, P. M., Feingold, K. R., & Fluhr, J. W. (2003). Skin as an organ of pro-

tection. Fitzpatrick’s Dermatology in General Medicine, 6, 107–118.

Elias, P. M., Menon, G., Wetzel, B. K., & Williams, J. J. (2009). Evidence

that stress to the epidermal barrier influenced the development of pig-

mentation in humans. Pigment Cell & Melanoma Research, 22, 420–434.

Elias, P. M., Menon, G., Wetzel, B. K., & Williams, J. J. (2010). Barrier

requirements as the evolutionary “driver” of epidermal pigmentation

in humans. American Journal of Human Biology, 22, 526–537.

Elias, P. M., Menon, G. K., Grayson, S., Brown, B. E., & Rehfeld, S. J.

(1987). Avian sebokeratocytes and marine mammal lipokeratinocytes:

Structural, lipid biochemical, and functional considerations. American

Journal of Anatomy, 180, 161–177.

Elias, P. M., & Wakefield, J. S. (2014). Mechanisms of abnormal lamellar

body secretion and the dysfunctional skin barrier in patients with

atopic dermatitis. Journal of Allergy and Clinical Immunology, 134,

781–791.

Elias, P. M., & Williams, M. L. (2013). Re-appraisal of current theories for

the development and loss of epidermal pigmentation in hominins and

modern humans. Journal of Human Evolution, 64, 687–692.

Feingold, K. R. (2009). The outer frontier: The importance of lipid metab-

olism in the skin. The Journal of Lipid Research, 50(Suppl), S417–S422.

Feingold, K. R., & Elias, P. M. (2013). Role of lipids in the formation and

maintenance of the cutaneous permeability barrier. Biochimica et Bio-

physica Acta, 1841, 280–294.

Finkel, M. (2009). The Hadza—National Geographic Magazine, 216, 94–119.

Fitzpatrick, T. B. (1988). The validity and practicality of sun-reactive skin

types I through VI. Archives of Dermatology, 124, 869–871.

Fluhr, J. W., Feingold, K. R., & Elias, P. M. (2006). Transepidermal water loss

reflects permeability barrier status: Validation in human and rodent in

vivo and ex vivo models. Experimental Dermatology, 15, 483–492.

Formicola, V. & Giannecchini, M. (1999). Evolutionary trends of stature

in upper Paleolithic and Mesolithic Europe. Journal of Human Evolu-

tion, 36, 319–333.

Franceschi, S., Levi, F., Randimbison, L., & La Vecchia, C. (1996). Site distri-

bution of different types of skin cancer: New aetiological clues. Inter-

national Journal of Cancer Journal International Du cancer, 67, 24–28.

Froehle, A. W. (2008). Climate variables as predictors of basal metabolic

rate: New equations. American Journal of Human Biology, 20, 510–529.

Frost, P. (2007). Human skin-color sexual dimorphism: A test of the sex-

ual selection hypothesis. American Journal of Physical Anthropology,

133, 779–780; author reply 780-771.

Fukuwatari, T., Fujita, M., & Shibata, K. (2009). Effects of UVA irradiation

on the concentration of folate in human blood. Bioscience, Biotechnol-

ogy, and biochemistry, 73, 322–327.

Gambichler, T., Bader, A., Sauermann, K., Altmeyer, P., & Hoffmann, K.

(2001). Serum folate levels after UVA exposure: A two-group parallel

randomised controlled trial. BMC Dermatology, 1, 8.

ELIAS AND WILLIAMS | 15



Gasque, P., & Jaffar-Bandjee, M. C. (2015). The immunology and inflam-

matory responses of human melanocytes in infectious diseases. The

Journal of Infection, 71, 413–421.

Gibbs, S., Murli, S., De Boer, G., Mulder, A., Mommaas, A. M., & Ponec,

M. (2000). Melanosome capping of keratinocytes in pigmented

reconstructed epidermis–effect of ultraviolet radiation and 3-

isobutyl-1-methyl-xanthine on melanogenesis. Pigment Cell Research,

13, 458–466.

Goding, C. R. (2007). Melanocytes: The new Black. The International Jour-

nal of Biochemistry & Cell Biology, 39, 275–279.

Graham, D. G., Tiffany, S. M., & Vogel, F. S. (1978). The toxicity of mela-

nin precursors. Journal of Investigative Dermatology, 70, 113–116.

Greaves, M. (2014). Was skin cancer a selective force for black pigmen-

tation in early hominin evolution? Proceedings of the Biological Scien-

ces/The Royal Society, 281, 20132955.

Gunathilake, R., Schurer, N. Y., Shoo, B. A., Celli, A., Hachem, J. P.,

Crumrine, D., . . . Elias, P. M. (2009). pH-regulated mechanisms

account for pigment-type differences in epidermal barrier function.

Journal of Investigative Dermatology, 129, 1719–1729.

Hachem, J. P., Man, M. Q., Crumrine, D., Uchida, Y., Brown, B. E., Rogiers,

V., . . . Elias, P. M. (2005). Sustained serine proteases activity by pro-

longed increase in pH leads to degradation of lipid processing enzymes

and profound alterations of barrier function and stratum corneum

integrity. Journal of Investigative Dermatology, 125, 510–520.

Hachem, J. P., Roelandt, T., Schurer, N., Pu, X., Fluhr, J., Giddelo, C., . . .

Feingold, K. R. (2010). Acute acidification of stratum corneum mem-

brane domains using polyhydroxyl acids improves lipid processing

and inhibits degradation of corneodesmosomes. Journal of Investiga-

tive Dermatology, 130, 500–510.

Haratake, A., Uchida, Y., Schmuth, M., Tanno, O., Yasuda, R., Epstein, J.

H., . . . Holleran, W. M. (1997). UVB-induced alterations in permeabil-

ity barrier function: Roles for epidermal hyperproliferation and

thymocyte-mediated response. Journal of Investigative Dermatology,

108, 769–775.

Harding, R. M., Healy, E., Ray, A. J., Ellis, N. S., Flanagan, N., Todd, C., . . .

Birch-Machin, M. A. (2000). Evidence for variable selective pressures

at MC1R. The Americal Journal of Human Genetics, 66, 1351–1361.

Hatano, Y., Adachi, Y., Elias, P. M., Crumrine, D., Sakai, T., Kurahashi, R.,

. . . Fujiwara, S. (2013). The Th2 cytokine, interleukin-4, abrogates the

cohesion of normal stratum corneum in mice: Implications for patho-

genesis of atopic dermatitis. Experimental Dermatology, 22, 30–35.

Hawkes, K., & Coxworth, J. E. (2013). Grandmothers and the evolution

of human longevity: A review of findings and future directions. Evolu-

tionary Anthropology, 22, 294–302.

Hill, A. B. (1965). The environment and disease: Association or causa-

tion? Proceedings of the Royal Society of Medicine, 58, 295–300.

Hochberg, Z., & Templeton, A. R. (2010). Evolutionary perspective in skin

color, vitamin D and its receptor. Hormones (Athens), 9, 307–311.

Holick, M. F. (2008). Vitamin D and sunlight: Strategies for cancer pre-

vention and other health benefits. Clinical Journal of the American

Society of Nephrology, 3, 1548–1554.

Holick, M. F. (2011). Vitamin D: Evolutionary, physiological and health

perspectives. Current Drug targets, 12, 4–18.

Holick, M. F. (2013). Bioavailability of vitamin D and its metabolites in black

and white adults. New England Journal of Medicine, 369, 2047–2048.

Holick, M. F., MacLaughlin, J. A., & Doppelt, S. H. (1981). Regulation of

cutaneous previtamin D3 photosynthesis in man: Skin pigment is not

an essential regulator. Science, 211, 590–593.

Holleran, W. M., Uchida, Y., Halkier-Sorensen, L., Haratake, A., Hara, M.,

Epstein, J. H., & Elias, P. M. (1997). Structural and biochemical basis

for the UVB-induced alterations in epidermal barrier function. Photo-

dermatology, Photoimmunology & Photomedicine, 13, 117–128.

Holt, B. M. (2015). Anatomically modern Homo sapiens. In M. Muehlen-

bein (Ed.), Basics in human evolution (p 177–192). Amsterdam, The

Netherlands: Elsevier.

Hong, S. P., Kim, M. J., Jung, M. Y., Jeon, H., Goo, J., Ahn, S. K., . . . Choi, E.

H. (2008). Biopositive effects of low-dose UVB on epidermis: Coordi-

nate upregulation of antimicrobial peptides and permeability barrier

reinforcement. Journal of Investigative Dermatology, 128, 2880–2887.

Honigsmann, H. (2002). Erythema and pigmentation. Photodermatology,

Photoimmunology & Photomedicine, 18, 75–81.

Irvine, A. D., McLean, W. H., & Leung, D. Y. (2011). Filaggrin mutations

associated with skin and allergic diseases. New England Journal of

Medicine, 365, 1315–1327.

Jablonski, N. G. (1999). A possible link between neural tube defects and

ultraviolet light exposure. Medical Hypotheses, 52, 581–582.

Jablonski, N. G. (2006). Skin: A natural history (pp. 281). CA: University

of California Press.

Jablonski, N. G., & Chaplin, G. (2000). The evolution of human skin colo-

ration. Journal of Human Evolution, 39, 57–106.

Jablonski, N. G., & Chaplin, G. (2013). Epidermal pigmentation in the

human lineage is an adaptation to ultraviolet radiation. Journal of

Human Evolution, 65, 671–675.

Jablonski, N. G., & Chaplin, G. (2014). Skin cancer was not a potent

selective force in the evolution of protective pigmentation in early

hominins. Proceedings of the Biological Sciences/The Royal Society,

281, 20140517.

Jacquin, L., Lenouvel, P., Haussy, C., Ducatez, S., & Gasparini, J. (2011).

Melanin-based coloration is related to parasite intensity and cellular

immune response in an urban free living bird: The feral pigeon

Columba livia. Journal of Avian Biology, 42, 11–15.

Jemal, A., Devesa, S. S., Hartge, P., & Tucker, M. A. (2001). Recent trends

in cutaneous melanoma incidence among whites in the United States.

Journal of the National Cancer Institute, 93, 678–683.

Juzeniene, A., Stokke, K. T., Thune, P., & Moan, J. (2010). Pilot study of

folate status in healthy volunteers and in patients with psoriasis

before and after UV exposure. Journal of Photochemistry and Photobi-

ology B, Biology, 101, 111–116.

Kennedy, G. E. (2003). Palaeolithic grandmothers? Life history theory and

early homo. Journal of the Royal Anthropological Institute, 9, 549–572.

Khan, R., & Khan, B. S. (2010). Diet, disease and pigment variation in

humans. Medicine Hypotheses, 75, 363–367.

Kobayashi, N., Muramatsu, T., Yamashina, Y., Shirai, T., Ohnishi, T., &

Mori, T. (1993). Melanin reduces ultraviolet-induced DNA damage

formation and killing rate in cultured human melanoma cells. Journal

of Investigative Dermatology, 101, 685–689.

Kolbert, E. (2014). The sixth extinction: An unnatural history (pp. 336).

New York, NY: Henry Holt & Co.

Kollias, N., Sayre, R. M., Zeise, L., & Chedekel, M. R. (1991). Photopro-

tection by melanin. Journal of Photochemistry and Photobiology B, Biol-

ogy, 9, 135–160.

Kompaore, F., Marty, J. P., & Dupont, C. (1993). In vivo evaluation of the

stratum corneum barrier function in blacks, Caucasians and Asians

with two noninvasive methods. Skin Pharmacology: The Official Journal

of the Skin Pharmacology Society, 6, 200–207.

Kripke, M. L. (1984). Skin cancer, photoimmunology, and urocanic acid.

Photodermatology, 1, 161–163.

Kuan, V., Martineau, A. R., Griffiths, C. J., Hypponen, E., & Walton, R.

(2013). DHCR7 mutations linked to higher vitamin D status allowed

16 | ELIAS AND WILLIAMS



early human migration to northern latitudes. BMC Evolutionary Biol-

ogy, 13, 144.

Lahr, M. M., & Foley, R. A. (1998). Towards a theory of modern human

origins: Geography, demography, and diversity in recent human evo-
lution. American Journal of Physical Anthropology, Suppl 27, 137–176.

Lampe, M. A., Burlingame, A. L., Whitney, J., Williams, M. L., Brown, B.

E., Roitman, E., & Elias, P. M. (1983). Human stratum corneum lipids:

Characterization and regional variations. The Journal of Lipid Research,

24, 120–130.

Landau, B., Singer, R., Klein, T., & Segenreich, E. (1978). Folic acid levels

in blood and seminal plasma of normo- and oligospermic patients

prior and following folic acid treatment. Experientia, 34, 1301–1302.

Lapunzina, P. (1996). Ultraviolet light-related neural tube defects? Ameri-

can Journal of Medical Genetics, 67, 106.

Latham, M. C. (1991). The dermatosis of kwashiorkor in young children.

Seminars in Dermatology, 10, 270–272.

Le, Q., Norris, D., McClean, C. A., McGuiness, M., Meani, R., Kelly, J. W.,
& Pan, Y. (2016). Single institution experience of paediatric mela-
noma in Victoria, Australia. The Australasian Journal of Dermatology.

doi:10.1111/ajd12436 [Epub ahead of print].

Leonard, W. R., Snodgrass, J. J., & Sorensen, M. V. (2005). Metabolic

adaptation in indigenous siberian populations. Annual Review of

Anthropology, 34, 451–471.

Leonard, W. R., Sorensen, M. V., Galloway, V. A., Spencer, G. J., Mosher,

M. J., Osipova, L., & Spitsyn, V. A. (2002). Climatic influences on

basal metabolic rates among circumpolar populations. American Jour-

nal of Human Biology, 14, 609–620.

Lesiak, A., Narbutt, J., Wodz, K., Pawliczak, R., Rogowski-Tylman, M.,

Sysa-Jedrzejowska, A., & Young, A. R. (2011). Repeated suberythemal

UVB preexposure protects against high-dose UVB-induced expres-

sion of vitamin D receptor protein in human Skin. Journal of Investiga-

tive Dermatology, 131, 2332–2335.

Lin, J. Y. & Fisher, D. E. (2007). Melanocyte biology and skin pigmenta-

tion. Nature, 445, 843–850.

Little, A. L. & Blumler, M. A. (2015). Hunter-gatherers. In M. Muehlen-

bein (Ed.) Basics in human evolution (pp. 323–335). Amsterdam, The

Netherlands: Elsevier.

Lo, C. W., Paris, P. W., & Holick, M. F. (1986). Indian and Pakistani immi-

grants have the same capacity as Caucasians to produce vitamin D in

response to ultraviolet irradiation. The American Journal of Clinical

nutrition, 44, 683–685.

Loomis, W. F. (1967). Skin-pigment regulation of vitamin-D biosynthesis

in man. Science, 157, 501–506.

Lund, P. M. (2005). Oculocutaneous albinism in southern Africa: Popula-

tion structure, health and genetic care. Annals of Human Biology, 32,

168–173.

Mackintosh, J. A. (2001). The antimicrobial properties of melanocytes,

melanosomes and melanin and the evolution of black skin. Journal of

Theoretical Biology, 211, 101–113.

Maibach, H. (1982). Neonatal skin, structure and function (pp. 296). New

York, NY: CPC Press.

Makova, K., & Norton, H. (2005). Worldwide polymorphism at the MC1R

locus and normal pigmentation variation in humans. Peptides, 26,

1901–1908.

Malaurie, J. (1982). The last kings of Thule: With the polar eskimos as they

face their destiny (pp. 489). Boston, MA: Dutton.

Man, M. Q., Lin, T. K., Santiago, J. L., Celli, A., Zhong, L., Huang, Z.
M., . . . Silva, K. A. (2014). Basis for enhanced barrier function of
pigmented skin. Journal of Investigative Dermatology, 134, 2399–
2407.

Mayr, E., & Campbell, B. (1971). Was Virchow right about Neandertal?

Nature, 229, 253–254.

Milton, K. (2000). Hunter-gatherer diets-a different perspective. The

American Journal of Clinical Nutrition, 71, 665–667.

Mishmar, D., Ruiz-Pesini, E., Golik, P., Macaulay, V., Clark, A. G., Hos-

seini, S., . . . Brown, M. D. (2003). Natural selection shaped regional

mtDNA variation in humans. Proceedings of the National Academy of

Sciences United States of America, 100, 171–176.

Mitchell, H. (1944). Folic acid. IV. Absorption spectra. Journal of the

American Chemical Society, 66, 274–278.

Miyamura, Y., Coelho, S. G., Wolber, R., Miller, S. A., Wakamatsu, K.,
Zmudzka, B. Z., . . . Choi, W. (2007). Regulation of human skin pig-
mentation and responses to ultraviolet radiation. Pigment Cell
Research, 20, 2–13.

Moan, J., Nielsen, K. P., & Juzeniene, A. (2012). Immediate pigment dark-

ening: Its evolutionary roles may include protection against folate

Photosensitization. The FASEB Journal, 26, 971–975.

Montagna, W. (1972). The skin of nonhuman primates. American Zoolo-

gist, 12, 109–124.

Moran, E. (1981). Human adaptation to arctic zones. Annual Review of

Anthropology, 10, 1–25.

Murase, D., Hachiya, A., Takano, K., Hicks, R., Visscher, M. O., Kitahara,
T., . . . Yoshimori, T. (2013). Autophagy has a significant role in deter-
mining skin color by regulating melanosome degradation in keratino-
cytes. Journal of Investigative Dermatology, 133, 2416–2424.

Murray, F. (1934). Pigmentation, sunlight, and nutritional disease. Ameri-

can Anthropology, 36, 438–445.

Nansen, F. (1894). Eskimo life. London: Longmans, Green & Co.

Narbutt, J., Lesiak, A., Sysa-Jedrzejowska, A., Wozniacka, A., Cierniew-

ska-Cieslak, A., Boncela, J., . . . Skibinska, M. (2007). Repeated low-

dose ultraviolet (UV) B exposures of humans induce limited photo-

protection against the immune effects of erythemal UVB radiation.

British Journal of Dermatology, 156, 539–547.

Neer, R. M. (1975). The evolutionary significance of vitamin D, skin pig-

ment, and ultraviolet light. American Journal of Physical Anthropology,

43, 409–416.

Northrup, H., & Volcik, K. A. (2000). Spina bifida and other neural tube

defects. Current Problems in Pediatrics, 30, 313–332.

Norton, H. L., Friedlaender, J. S., Merriwether, D. A., Koki, G., Mgone, C.

S., & Shriver, M. D. (2006). Skin and hair pigmentation variation in

Island Melanesia. American Journal of Physical Anthropology, 130,

254–268.

Norton, H. L., Kittles, R. A., Parra, E., McKeigue, P., Mao, X., Cheng, K.,

. . . Shriver, M. D. (2007). Genetic evidence for the convergent evolu-

tion of light skin in Europeans and East Asians. Molecular Biology and

Evolution, 24, 710–722.

Nyberg, K., Johansson, U., Rundquist, I., & Camner, P. (1989). Estimation

of pH in individual alveolar macrophage phagolysosomes. Experimen-

tal Lung Research, 15, 499–510.

Olalde, I., Allentoft, M. E., Sanchez-Quinto, F., Santpere, G., Chiang, C. W.,

Degiorgio, M., . . . Quilez, J. (2014). Derived immune and ancestral pig-

mentation alleles in a 7,000-year-old Mesolithic European. Nature,

507, 225–228.

Olsen, C. M., Thompson, B. S., Green, A. C., Neale, R. E., & Whiteman,

D. C. (2015). Sun protection and skin examination practices in a set-

ting of high ambient solar radiation: A population-based cohort study.

JAMA Dermatology, 151, 982–990.

Osborne, D. L. & Hames, R. (2014). A life history perspective on skin

cancer and the evolution of skin pigmentation. American Journal of

Physical Anthropology, 153, 1–8.

ELIAS AND WILLIAMS | 17

info:doi/10.1111/ajd12436


Parra, E. J. (2007). Human pigmentation variation: Evolution, genetic

basis, and implications for public health. American Journal of Physical

Anthropology, Suppl 45, 85–105.

Parrish, J. A., Jaenicke, K. F., & Anderson, R. R. (1982). Erythema and
melanogenesis action spectra of normal human skin. Photochemisty
and Photobiology 36, 187–191.

Pathak, M. (1995). Functions of melanin and protection by melanin. In L.
Zeise, M. Chedekel & T Fitzpatrick (Eds.), Melanin: Its role in human
photoprotection (pp. 125–134). Washington, DC: Valdenmar.

Pathak, M. A., & Fitzpatrick, T. B. (1974). The role of natural photopro-

tective agents in human skin. In M. A. Pathak (Ed.), Sunlight and man

(pp. 725–750). Tokyo: University of Tokyo Press.

Perkins, E. M. (1975). Phylogenetic significance of the skin of New

World monkeys (order primates, infraorder Platyrrhini). American

Journal of Physical Anthropology, 42, 395–423.

Plonka, P. M., Passeron, T., Brenner, M., Tobin, D. J., Shibahara, S.,

Thomas, A., . . . Peters, E. (2009). What are melanocytes really doing

all day long. . .? Experimental Dermatology, 18, 799–819.

Powe, C. E., Evans, M. K., Wenger, J., Zonderman, A. B., Berg, A. H.,

Nalls, M., . . . Karumanchi, S. A. (2013). Vitamin D-binding protein and

vitamin D status of black Americans and white Americans. New Eng-

land Journal of Medicine, 369, 1991–2000.

Raigani, M., Yaghmaei, B., Amirjannti, N., Lakpour, N., Akhondi, M. M., Zer-

aati, H., . . . Sadeghi, M. R. (2014). The micronutrient supplements, zinc

sulphate and folic acid, did not ameliorate sperm functional parameters

in oligoasthenoteratozoospermic men. Andrologia, 46, 956–962.

Ramagopalan, S. V., Heger, A., Berlanga, A. J., Maugeri, N. J., Lincoln, M.

R., Burrell, A., . . . Orton, S. M. (2010). A ChIP-seq defined genome-

wide map of vitamin D receptor binding: Associations with disease

and evolution. Genome Research, 20, 1352–1360.

Rana, B. K., Hewett-Emmett, D., Jin, L., Chang, B. H., Sambuughin, N.,

Lin, M., . . . Ramsay, M. (1999). High polymorphism at the human

melanocortin 1 receptor locus. Genetics, 151, 1547–1557.

Rawlings, A. V. (2006). Ethnic skin types: Are there differences in skin struc-

ture and function? International Journal of Cosmetic Science, 28, 79–93.

Reed, J. T., Ghadially, R., & Elias, P. M. (1995). Skin type, but neither

race nor gender, influence epidermal permeability barrier function.

Archives of Dermatology, 131, 1134–1138.

Rees, J. L. & Harding, R. M. (2012). Understanding the evolution of

human pigmentation: Recent contributions from population genetics.

Journal of Investigative Dermatology, 132, 846–853.

Reichrath, J. (2007). Vitamin D and the skin: An ancient friend, revisited.

Experimental Dermatology, 16, 618–625.

Relethford, J. H. (1997). Hemispheric difference in human skin color.

American Journal of Physical Anthropology, 104, 449–457.

Ridky, T. W. (2007). Nonmelanoma skin cancer. Journal of the American

Academy of Dermatology, 57, 484–501.

Robins, A. (1991). Biological perspectives on human pigmentation. Cam-

bridge: Cambridge University Press.

Robins, A. (2009). The evolution of light skin color: Role of vitamin D

disputed. American Journal of Physical Anthropology, 139, 447–450.

Rockell, J. E., Skeaff, C. M., Williams, S. M., & Green, T. J. (2008). Associa-

tion between quantitative measures of skin color and plasma 25-

hydroxyvitamin D. Osteoporosis International: A Journal Established as

Result of Cooperation between the European Foundation for Osteoporosis

and the National Osteoporosis Foundation of the USA, 19, 1639–1642.

Rodriguez-Martin, M., Martin-Ezquerra, G., Man, M. Q., Hupe, M., Youm,
J. K., Mackenzie, D. S., . . . Radek, K. A. (2011). Expression of epider-
mal CAMP changes in parallel with permeability barrier status. Jour-

nal of Investigative Dermatology, 131, 2263–2270.

Ruiz-Pesini, E., Mishmar, D., Brandon, M., Procaccio, V., & Wallace, D. C.

(2004). Effects of purifying and adaptive selection on regional varia-

tion in human mtDNA. Science, 303, 223–226.

Sallander, E., Wester, U., Bengtsson, E., & Wiegleb Edstrom, D. (2013).

Vitamin D levels after UVB radiation: Effects by UVA additions in a

randomized controlled trial. Photodermatology, Photoimmunology &

Photomedicine, 29, 323–329.

Scholl, T. O., & Johnson, W. G. (2000). Folic acid: Influence on the out-

come of pregnancy. The American Journal of Clinical Nutrition, 71,

1295S–1303S.

Schwartz, R. S. (2001). Racial profiling in medical research. New England

Journal of Medicine, 344, 1392–1393.

Schwarz, T. (2008). 25 Years of UV-induced immunosuppression mediated

by T cells-from disregarded T suppressor cells to highly respected reg-
ulatory T cells. Photochemistry and Photobiology, 84, 10–18.

Scott, I. R. (1981). Factors controlling the expressed activity of histidine

ammonia-lyase in the epidermis and the resulting accumulation of

urocanic acid. Biochemical Journal, 194, 829–838.

Scott, I. R., Harding, C. R., & Barrett, J. G. (1982). Histidine-rich protein

of the keratohyalin granules. Source of the free amino acids, urocanic

acid and pyrrolidone carboxylic acid in the stratum corneum. Biochi-

mica et Biophysica Acta, 719, 110–117.

Shnirelman, V. A. (1999). Introduction: North eurasia. In R. B. Lee & R.

Daly (Eds.), The cambridge encyclopedia of hunters and gatherers

(pp. 119–125). Cambridge: Cambridge University Press.

Sievert, L. (2015). Human senescence. In M. Muehlenbein (Ed.), Basics in

human evolution (pp. 309–320). Amsterdam, The Netherlands:

Elsevier.

Simonart, T., Heenen, M., & Lejeune, O. (2010). Epidermal kinetic altera-

tions required to generate the psoriatic phenotype: A reappraisal. Cell

Proliferation, 43, 321–325.

Sinclair, C., O’toole, E. A., Paige, D., El Bashir, H., Robinson, J., Dobson,

R., . . . Booy, R. (2009). Filaggrin mutations are associated with ich-

thyosis vulgaris in the Bangladeshi population. British Journal of Der-

matology, 160, 1113–1115.

Slominski, A., Tobin, D. J., Shibahara, S., & Wortsman, J. (2004). Melanin

pigmentation in mammalian skin and its hormonal regulation. Physio-

logical Reviews, 84, 1155–1228.

Slominski, A., Wortsman, J., Pisarchik, A., Zbytek, B., Linton, E. A., Mazur-

kiewicz, J. E., & Wei, E. T. (2001). Cutaneous expression of

corticotropin-releasing hormone (CRH), urocortin, and CRH receptors.

The FASEB Journal, 15, 1678–1693.

Solomon, L. M. & Esterly, N. B. (1970). Neonatal dermatology. I. The

newborn skin. Journal of Pediatrics, 77, 888–894.

Stover, P. J. (2014). Folic acid. In A. C. Ross, B. Caballero, R. J. Cousins,

K. L. Tucker, & T. R. Ziegler (EdS.), Modern nutrition in health and

disease (11th ed.) (pp. 358–368). Baltimore, MD: Lippincott Williams

& Wilkins.

Sussman, R. W. (2014). The myth of race: The troubling persistence of

an unscientific idea (pp. 384). Cambridge, MA: Harvard University

Press.

Sweet, F. (2002). The paleo-etiology of human skin tone. In F. Sweet

(Ed.), Essays on the US color line. Backintyme. Available at: http://

essays.backintyme.com/item/date/2002/12

Takeda, K., Takahashi, N. H., & Shibahara, S. (2007). Neuroendocrine

functions of melanocytes: Beyond the skin-deep melanin maker. The

Tohoku Journal of Experimental Medicine, 211, 201–221.

Teulings, H. E., Overkamp, M., Ceylan, E., Nieuweboer-Krobotova, L.,

Bos, J. D., Nijsten, T., . . . van der Veen, J. P. (2013). Decreased risk

of melanoma and nonmelanoma skin cancer in patients with vitiligo:

18 | ELIAS AND WILLIAMS

http://essays.backintyme.com/item/date/2002/12
http://essays.backintyme.com/item/date/2002/12


A survey among 1307 patients and their partners. British Journal of

Dermatology, 168, 162–171.

Thawer-Esmail, F., Jakasa, I., Todd, G., Wen, Y., Brown, S. J., Kroboth, K., . . .

Irvine, A. D. (2014). South African amaXhosa patients with atopic der-

matitis have decreased levels of filaggrin breakdown products but no

loss-of-function mutations in filaggrin. Journal of Allergy and Clinical

Immunology, 133, 280–282 e282.

Thomson, M. L. (1955). Relative efficiency of pigment and horny layer

thickness in protecting the skin of Europeans and Africans against

solar ultraviolet radiation. Journal of Physiology, 127, 236–246.

Thyssen, J. P., Bikle, D. D., & Elias, P. M. (2014). Evidence that loss-of-

function filaggrin gene mutations evolved in northern europeans to

favor intracutaneous vitamin D3 production. Evolutionary Biology, 41,

388–396.

Thyssen, J. P., Zirwas, M. J., & Elias, P. M. (2015). Potential role of

reduced environmental UV exposure as a driver of the current epi-

demic of atopic dermatitis. Journal of Allergy and Clinical Immunology,

136, 1163–1169.

Trinkaus, E. (1995). Neanderthal mortality patterns. Journal of Archaeolog-

ical Science, 22, 121–142.

van Schoor, N. M., & Lips, P. (2011). Worldwide vitamin D status. Best

Practice & Research Clinical Endocrinology & Metabolism, 25, 671–680.

Vieth, R. (2003). Effects of vitamin D on bone and natural selection of

skin color: How much vitamin D nutrition are we talking about? In S.

C. Agarwal & S. D. Stout (Eds.), Bone loss and osteoporosis: An

anthropological perspective (pp. 135–150). New York: Kluwer Aca-

demic/Plenum Publishers.

Villar, F., Celdran, M., & Triado, C. (2012). Grandmothers offering regular

auxiliary care for their grandchildren: An expression of generativity in

later life? Journal of Women & Aging, 24, 292–312.

Vorobey, P., Steindal, A. E., Off, M. K., Vorobey, A., & Moan, J. (2006).

Influence of human serum albumin on photodegradation of folic acid

in solution. Photochemistry and Photobiology, 82, 817–822.

Wang, T. J., Zhang, F., Richards, J. B., Kestenbaum, B., van Meurs, J. B.,

Berry, D., . . . Koller, D. L. (2010). Common genetic determinants of

vitamin D insufficiency: A genome-wide association study. Lancet,

376, 180–188.

Webb, A. R. & Holick, M. F. (1988). The role of sunlight in the cutaneous

production of vitamin D3. Annual Review of Nutrition, 8, 375–399.

Wesley, N. O. & Maibach, H. I. (2003). Racial (ethnic) differences in skin

properties: The objective data. American Journal of Clinical Dermatol-

ogy, 4, 843–860.

Wilde, S., Timpson, A., Kirsanow, K., Kaiser, E., Kayser, M., Unterlander,

M., . . . Thomas, M. G. (2014). Direct evidence for positive selection

of skin, hair, and eye pigmentation in Europeans during the last

5,000 y. Proceedings of the National Academy of Sciences United States

of America.

Williams, J. D. & Jacobson, M. K. (2010). Photobiological implications of

folate depletion and repletion in cultured human keratinocytes. Jour-

nal of Photochemistry and Photobiology B, Biology, 99, 49–61.

Wilson, D., Berardesca, E., & Maibach, H. I. (1988). In vitro transepider-

mal water loss: Differences between black and white human skin.

British Journal of Dermatology, 119, 647–652.

Wilson, J. F., Weale, M. E., Smith, A. C., Gratrix, F., Fletcher, B., Thomas,

M. G., . . . Goldstein, D. B. (2001). Population genetic structure of

variable drug response. Nature Genetics, 29,. 265–269.

Winge, M. C., Bilcha, K. D., Lieden, A., Shibeshi, D., Sandilands, A.,

Wahlgren, C. F., . . . Bradley, M. (2011). Novel filaggrin mutation

but no other loss-of-function variants found in Ethiopian patients

with atopic dermatitis. British Journal of Dermatology, 165, 1074–
1080.

Witsch-Baumgartner, M., Schwentner, I., Gruber, M., Benlian, P., Bertran-

petit, J., Bieth, E., . . . Gasparini, G. (2008). Age and origin of major

Smith-Lemli-Opitz syndrome (SLOS) mutations in European popula-

tions. Journal of Medical Genetics, 45, 200–209.

Wright, C. Y., Norval, M., & Hertle, R. W. (2015). Oculocutaneous albi-

nism in sub-Saharan Africa: Adverse sun-associated health effects

and photoprotection. Photochemistry and Photobiology, 91, 27–32.

Yakubu, A. & Mabogunje, O. A. (1993). Skin cancer in African albinos.

Acta Oncologica, 32, 621–622.

Yamaguchi, Y., Brenner, M., & Hearing, V. J. (2007). The regulation of

skin pigmentation. Journal of Biological Chemistry, 282, 27557–27561.

Young, A. R. (2010). Some light on the photobiology of vitamin D. Jour-

nal of Investigative Dermatology, 130, 346–348.

Young, A. R., & Sheehan, J. M. (2001). UV-induced pigmentation in

human skin. In Giacomoni P (Edr.), Sun protection in man (pp. 357–
375). Amsterdam, The Netherlands: Elsevier Science.

Yuen, A. W., & Jablonski, N. G. (2010). Vitamin D: In the evolution of

human skin colour. Medical Hypotheses, 74, 39–44.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

ELIAS AND WILLIAMS | 19




