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Modern lifestyle limits our exposure to sunlight, which photosynthesizes vitamin D in

the skin, and the incidence of nutritional rickets has been resurging. Vitamin D is one

of the first hormones; it is photosynthesized in all organism from the phytoplankton to

mammals. A selective sweep of the promoter of the vitamin D receptor (VDR) happened

as soon as Homo sapiens migrated out of Africa; it co-adapted with skin color genes to

provide adaptation to latitudes and the levels of exposure to ultraviolet (UV)B radiation

along the route out of Africa. Exposure to UVB radiation balances the need for vitamin

D photosynthesis and degradation of folic acid by UVB radiation. Skin color follows a

latitude distribution: the darkest populations dwell in the tropical belt; and the fair-skinned

populations inhabit the northern countries. Due to their greater need for calcium during

their reproductive life, the skin color of women is lighter- than that of men. Vitamin D

is essential for mineral homeostasis and has a wide variety of non-skeletal functions,

of which the most important for natural selection is a regulatory function in the innate

immune system. In the human fossil record, vitamin D deficiency coincided with bone

tuberculosis. About 6,000 years ago, a diet which included cow’s milk provided Neolithic

humans with twice as much calcium and was more alkaline than that of its Paleolithic

predecessors. Adiposity is negatively associated with the vitamin D status and obese

individuals require 2–3 times more vitamin D than non-obese individuals to normalize

circulating 25OHD levels. In an era of an obesity epidemic, we need more research

to determine whether adiposity should be considered when determining the dietary

requirements for vitamin D and calcium and the optimal serum 25OHD levels.
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PROLOG

Rickets and osteomalacia have always been present in European populations and people from the
Middle East, as evidenced from paleopathological specimens of juvenile rachitic bones and teeth
with dentin defects which have been found in various archeological sites. These specimens reveal a
high prevalence of mineralization disruption in our human ancestors who lived in the subtropical
and temperate climatic zones from over 100,000 years ago to the present era (1). Although one can
only speculate on the exact cause of rickets or osteomalacia in these specimens, vitaminD deficiency
may have been the cause.

In 2008, Kappelman et al. reported the notable circumstances which surrounds the discovery
of the first fossil hominin calvaria from Turkey (2). This specimen, attributed to Homo erectus,
preserves unusual findings on the endocranial surface of the frontal bone that is consistent with
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a diagnosis of Leptomeningitis tuberculosa (TB). This preserved
pathology in a human fossil is the most ancient example of this
disease. Kappelman et al. posited that TB was exacerbated in
this dark-skinned individual who lived in the northern latitudes
by a vitamin D deficiency because of lower levels of ultraviolet
radiation (UVR). The presumption of these paleoanthropologists
implies the existence of an association between vitamin D
deficiency and TB. This presumption also implies that climate
was an adaptive challenge to our ancestors during their migration
into the temperate regions of Europe and Asia.

At the start of the industrial revolution, rickets, “the English
disease,” was estimated to be present in n 50–80% of children
in industrialized northern Europe (3), and TB was common
(4). In England, the 1840s were known as the hungry forties
because many children were literally starving on the streets of
London. This description is reinforced by the portrayal of Tiny
Tim in Charles Dickens’ novel “A Christmas Tale” which was
published in 1843. Dickens describes Tiny Tim as having a short
stature, asymmetric crippling, and curious intermittent weakness
that would lead to his death, if untreated (4), and this description
strongly suggests that Tiny Tim suffered from a combination of
TB and rickets.

In 1849, Williams reported the results of administering fish
liver oil (vitamin D) to 234 patients with TB (5). He noted
that even in a few days... the appetite, flesh and strength were
gradually improved“ and concluded that ”the pure fresh oil from
the liver of the cod is more beneficial in the treatment of pulmonary
consumption than any agent, medicinal, dietetic, or regiminal, that
has yet been employed“. Tiny Tim did not die prematurely despite
fish liver oil not being included in his diet.

In contemporary humans, vitamin D deficiency is highly
prevalent globally and vitamin D insufficiency affects many
people in many countries. Rickets has become an endemic
disease of modern civilization and is most prevalent in
children with a dark complexion (6). Modern day vitamin D
deficiency/insufficiency is probably due to a mismatch between
our genes and our present environment, and an insufficient
exposure to sunlight. The reduction in sun exposure is caused
by spending many hours indoors at school and in leisure
activities; cultural reasons related to clothing; and public health
recommendations to avoid sun exposure so as to prevent skin
cancers and skin damage (7).

EVOLUTIONARY PERSPECTIVE

Most plants and animals that are exposed to sunlight have the
capacity to make vitamin D, the sunshine hormone. Vitamin D
is an ancient hormone: it is photosynthesized in many life forms
which range from the early life forms the phytoplankton of 750
million years ago (m.y.a) to present-day mammals (8, 9). Holick
et al. (10) reported that Emiliania huxlei, a unicellular eukaryotic
phytoplankton which exists unchanged for over 750million years
in the Sargasso Sea (a region of the North Atlantic Ocean),
can convert 7-dehydrocholesterol to ergosterol. Moreover, this
microorganism can suppress the production of ergosterol and
induce the generation of provitamin D2 when exposed to UVR.

Although it is understandable why terrestrial animals with
a calcified skeleton and lay eggs with a calcified shell need
provitamin D for calcium and bone metabolism, the needs and
functions of vitamin D in either phytoplankton or zooplankton
remain unknown. Holick et al. suggested that provitamin D
evolved to protect UVR-sensitive macromolecules from solar UV
damage or in regulating membrane permeability to cations, such
as calcium (10).

Fish have the utmost natural content of vitamin D (11)
because they consume plankton which is rich in vitamin D and
is the basis for the entire marine food web. Microalgae contain
both vitamin D3 and provitamin D3, 7-dehydrocholesterol, and
vitamin D2 is produced in fungi and yeasts when provitamin D2
is exposed to UVB radiation (12). Vitamin D3 and its provitamin,
have also been identified in the leaves of several species which
mostly belong to the Solanaceae family of trees, shrubs, and herbs
including leaves but not fruit of potato, tomato, eggplant, and
peppers) (13). Humans routinely consume the fruit and roots
but not the leaves of these plants (14). UVB irradiation of several
plants has been shown to induce the production of flavonols that
promote growth (shoot length and fresh weight), and possibly
also promote nodulation in the roots of pea plants (15). The plant
leaves, roots, and oils which are commonly consumed by humans
are being investigated as potential vitamin D sources.

Vitamin D3, which is synthesized in the skin, requires
sequential hydroxylations in the liver and kidney to be converted
to its biologically active form, 1α,25-dihydroxyvitamin D3
(1,25D3), which binds a unique vitamin D receptor (VDR).
1,25D3 and the VDR are important for calcium absorption,
and skeletal development and mineralization, but also for the
regulation of proliferation of many cell types (16–18).

Although the VDR, which belongs to the superfamily of
nuclear hormones receptors, is well-conserved from Xenopus
to mammals (19), there has been extensive evolution of the
VDR in vertebrates (20). Using a genomic approach, it has
been suggested that VDR might be the original nuclear receptor
(21). When compared in detail across a series of contemporary
vertebrate species, ligand selectivity of vitamin D derivatives for
the VDRs are reported to be similar (21). VDR polymorphisms
are associated with bone size (22) and the risk and incidence
of fractures (23). The widespread abundance of the VDR may
be related to a host of recent reports which claim that vitamin
D functions as a regulator in many biological processes, which
include cell differentiation and proliferation, immunity, muscle
strength, and blood pressure control (24).

VITAMIN D AND THE EVOLUTION OF SKIN
COLOR IN H. SAPIENS

Evolutionary pressures due to variation in climate play an
important role in determining phenotypic diversity among and
within species. In 1833, Gloger published what has become
known as “Gloger’s rule” on the coloration of birds (25): Within
a species of endotherms, the heavily pigmented forms tend to
be found in equatorial areas of the globe because of the selective
pressures of heat, humidity, and UVR.
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The original hominines, who inhabited current-day tropical
Africa, required minimal substrate and storage of vitamin D
in this sun-rich environment because provitamin D is easily
photo-isomerized to biologically active isomers under exposure
to high UVB radiation. When these hominines began to migrate
to regions which were either north or south of the equator, dark
or black pigmentation of the skin became a liability because
of shorter lengths of daylight and an increase in the number
of sunless days. Inbreeding within white-skinned groups, which
continually heightened fair skin, made the development of this
new human trait possible. Evolutionary analyses indicate that
dark skin was the ancestral trait for modern humans, consistent
with the evolution of the homo lineage in Africa in regions of high
UV intensity (26). Hominid migration and the change of latitude
heavily impacted the evolution of skin color genes and the VDR.
Originated byMurray in 1934 (27), and then modified by Loomis
in 1967 (28), the ’vitamin D hypothesis’ was refined by Jablonski
and Chaplin (26, 29) and more recently by Tiosano et al. (30).
This hypothesis is based on the observation that the skin color
of the world’s indigenous peoples trails a latitude distribution:
the populations with the darkest skin color inhabit the equatorial
and tropical belts; the most fair-skinned populations inhabit the
northern countries; and those with intermediate pigmentation of
their skin inhabit the middle latitudes (26, 29–31).

Exposures to sunlight and UVB radiation have to balance
the need for vitamin D photosynthesis, and additional vitamin
D-independent effects of UV radiation on immune function
[reviewed in (32)] on one hand, and degradation of folic acid by
UVR on the other hand. This balance is maintained bymelanism,
which determines skin color. Based on reflectancemeasurements,
a comprehensive compilation of skin colors of indigenous
peoples is now available, and this compilation reveals a strong
correlation between skin color and the geographical latitude of
the habitat (26). Variation in human skin pigmentation is due
to the quantity of melanin, the size of melanin particles, and
the distribution of eumelanin (dark melanin) and phaeomelanin
(red/yellow melanin) that are generated by the melanocyte.
Dark melanin absorbs and scatters the UVB radiation which
catalyzes vitamin D3 synthesis. In general, a high amount of dark
melanin in the skin slows cutaneous synthesis of vitamin D3.
Dark-skinned individuals require a six-time longer exposure to
sunlight than fair-skin individuals to achieve the same vitamin D
serum levels.

The skin pigmentation of the chimpanzee, which lives in the
dark forest, is paler than that of equatorial and Middle Eastern
humans. When hominines left the forest for the sun-exposed
savannah, they lost their fur, acquired a sweating mechanism,
and their skin became pigmented to protect them from the
higher levels of UVR. When H. sapiens migrated out of Africa,
they received significantly less UVB radiation, and their skin
depigmented to a degree that permitted UVB-induced synthesis
of provitamin D3. Since the skin color of humans correlates with
the geographical latitude and the levels of UVR of their habitat
(26, 30, 33–35), this correlation is a compromise on the need
for vitamin D and the detrimental effect of UVR on folic acid
generation (36). Evolution has used the polygenic trait of skin
pigmentation as a tool for such balance.

The result of a genome-wide association study of natural hair
and skin color in more than 10,000 men and women of European
ancestry from the United States and Australia identified several
genes that are decidedly associated with skin color, which include
TYR, TYRP1, OCA2, SLC45A2, SLC24A5, KITLG, and MC1R
(37–40). In a recent study of 751 subjects with diverse skin
colors from a broad range of latitudes, we investigated possible
multilocus correlation variation of skin color genes with the VDR
(30). We discovered two multilocus networks which involved the
VDR promoter and skin color genes and show strong latitudinal
clines, even thoughmany of their single gene components do not.
Considered one by one, the VDR components of these networks
show diverse patterns: no cline, a weak declining latitudinal cline
outside of Africa, and a strong in-vs.-out of Africa frequency
pattern (30). These results suggested that (1) a selective sweep
which favored the VDR promoter haplotype happened as soon
as H. sapiens migrated out of Africa; (2) the VDR promoter
haplotype co-adapted with single nucleotide polymorphisms in
the skin color genes; (3) the main skin color gene that correlates
strongly with latitude is the melanoma-associated SLC45A2 gene;
and (4) the cluster of the VDR promoter with the skin color
genes provides a fine-scale adaptation to northern latitudes and
decreasing UVB along the route out of Africa.

The strongest determinant of skin color is the cell-surface
melanocortin type-1 receptor (MC1R), a G-protein-coupled
receptor which is involved in the synthesis of melanin in the
melanocyte. Several variant MC1R alleles are associated with the
typical Nordic red hair, fair-skinn trait (40, 41). The results of a
systematic functional analysis of nine common MC1R variants
by in vitro expression studies discovered receptors with normal
to reduced expression and cyclic AMP coupling (42). Beaumont
et al. performed a systematic functional analysis of nine common
MC1R variants and correlated these results with the power of
the genetic association of each variant allele with pigmentation
phenotypes. They found parallels between biological function
of several MC1R gene variants and their effect on human
pigmentation (42). The common ancestral form of the human
MC1R gene dates back to 850 k.y.a., and spread out of Africa
during the Acheulean expansion which occurred 800 k.y.a. (43).
The MC1R gene displays a significant molecular signature of
selection within sub-Saharan African populations of purifying
selection to maintain its protein structure (40). The selective
sweep for gene variants’ frequency in a population that define
lighter skin in northern latitudes is among the strongest signals
of recent selection in humans, with point estimates of selection of
2–10% per generation (44). This rapid pace supports a significant
evolutionary advantage of lighter skin as migration advanced to
northern latitudes. Although evolution of skin color is partially
explained by positive selection of light skin color by mate choice
(44), the main disadvantage is attributed to the vitamin D
deficiency in dark-skinned humans who live in areas with low
levels of UVR.

Another notable feature of human skin color is that the skin
color of women, tends to be lighter than that of men (45).
This is probably directed by evolutional selection, as the need
for calcium is much higher in women due to their periods
of pregnancy and lactation, and a fair skin enables women to
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augment vitamin D generation for a given dose of UVB radiation.
Other evolutionary biologists argue that the skin color of women
is a result of sexual selection: men prefer women with a light skin
color (46).

EVOLUTIONARY SELECTION PRESSURE
OF VITAMIN D DEFICIENCY IN H. SAPIENS

Both calcemic and non-calcemic actions of vitamin D have been
proposed as explanations for the strong negative evolutionary
selection pressures against individuals with vitamin D deficiency.
Significant deficiency in vitamin D can lead to dysregulation
of calcium absorption and bone metabolism. Severe deficiency
can lead to life-threatening hypocalcemia, which in turn may
lead to cardiac arrhythmia. Childhood rickets leads to severe
skeletal deformities which confer a significant disability with
consequent reproductive and survival compromise. In adults,
vitamin D deficiency-induced osteomalacia increases the risk
of fracture, especially when associated with muscle weakness,
another consequence of vitamin D deficiency (47). The results
of several studies of contemporary women and newborns in
developing countries have identified vitamin D deficiency as a
risk factor for adverse pregnancy outcomes, both maternal (pre-
eclampsia, infection, and cesarean section delivery) and neonatal
(small size for gestational age, low birth weight, and stunting)
(48). The excess rate of cesarean sections in women with
vitamin D insufficiency may possibly be attributed to pelvic inlet
deformities caused by osteomalacia or muscle weakness (49).

The observation that the vitamin D-metabolizing enzymes
and the VDR are expressed in cells other than those of the bone,
intestine, kidney, and parathyroid gland led to the recognition
of the non-calcemic actions of vitamin D. Work done at the
turn of the 21st century revealed that vitamin D has a wide
variety of non-calcemic functions (8, 10), of which the most
important is probably its regulatory function in the innate
immune system (50, 51). Accordingly, it is tempting to speculate
that this regulatory function has made vitamin D such an
extraordinary highlight of human evolution (52). The results of
previous investigations revealed that (a) monocytes which were
incubated with vitamin D (a) induced anti-tuberculosis activity,
and (b) monocytes which were incubated with interferon-gamma
developed 25-hydroxyvitamin D3-1-hydroxylase activity (53,
54). The innate antimicrobial defense system uses activation of
Toll-like receptors (TLR) to generate 25OHD3-1α-hydroxylase
for converting an inactive metabolite into active 1,25D3, which
in turn triggers the generation of cathelicidin, which kills
Mycobacterium tuberculosis (51). It has also been reported that
dark-skinned African Americans have lower circulating levels of
25OHD3, they display smaller induction of cathelicidin mRNA,
and are more susceptible to M. tuberculosis than Caucasian
Americans (55). In a study of patients with hereditary vitamin
D–resistant rickets (HVDRR), who have a defective VDR,
Tiosano et al. reported that cathelicidin expression was lower in
monocytes which were collected from individuals with HVDRR
than in control monocytes (56). Tiosano et al. also reported that
25OHD3 increased significantly the expression of cathelicidin

and VDR in the control monocytes but only slightly in HVDRR
monocytes and suppressed TLR2 only in the control monocytes.
In another study, Yuk et al. reported that vitamin D3 also induces
autophagy in human monocytes/macrophages via cathelicidin
(57), and the cytocidal action of neutrophils from patients with
HVDRR on Candida albicans is defective (58). To assess the
clinical relevance of these in vitro investigations, 192 healthy
adult TB contacts were randomized to obtain a single oral dose
of 2.5mg vitamin D or placebo and followed for 6 weeks in a
double-blind controlled trial (59). The viability ofM. tuberculosis
in the two groups was measured using a reporter-gene tagged
TB specific antigen, and the investigators found that blood of
those individuals who had received vitamin D supplementation
reduced the viability ofM. tuberculosis.

The results of several randomized controlled trials found the
prevalence of respiratory infections is lowered by vitamin D
supplements in children and adults with vitamin D deficiency
(60). In a cohort of newborns of HIV-positive mothers in
Tanzania, the authors reported that a low vitamin D intake was
associated with a risk of mother-to-child HIV transmission and a
high risk of 2-year infant mortality (61).

Clear evidence of evolutionary selection by low vitamin
D availability through modulation of immune activity can
be demonstrated in the enrichment of VDR binding in
lymphoblastoid cell lines from European and Asian populations,
but not from an African Yoruba population (62).

DIETARY CALCIUM CONSIDERATIONS

The transition from a lifestyle of hunting and gathering to one
of animal and plant domestication 12-8 k.y.a. occurred in parallel
or during to the transition from the Pleistocene to the Holocene
after the last glacial period (Figure 1). The ecological changes
associated with this geological transition led to the agrarian
revolution of dairy animal and plant domestication and the
transition from the Paleolithic to the Neolithic periods. Although
post-weaning lactose intolerance occurs in most mammals, at
some point in history human populations in northern Europe
adapted to permit the consumption of milk beyond childhood
and in adulthood by selecting for persistence of intestinal lactase
activity beyond infancy (63). About 6,000 years ago, a diet which
included cow’s milk provided Neolithic humans with twice as
much calcium than that of their Paleolithic predecessors (64)
(Table 1). In Western countries, milk is a major food source for
calcium, generally providing 36–70% of the dietary calcium (65).

The results of calcium balance studies have suggested that
man can adapt to relatively minute calcium intake by increasing
calcium absorption and decreasing urinary excretion when
vitamin D is supplied (66). Using evolutionary logic, this
finding suggests that modern people, like primates and hominine
ancestors, are capable of adjusting to changing dietary calcium.
On the other hand, cereals and legumes, which became major
energy sources in agrarian society, are rich in the anti-nutrients,
phytate and oxalate, which diminish calcium absorption (67).

The bottleneck of calcium requirements, and apparently a
leading evolutionary trigger, is the calcium requirement for

Frontiers in Endocrinology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 306

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Hochberg and Hochberg Evolution of Rickets and Vitamin D

FIGURE 1 | Timeline of geological epochs, archeological periods in human prehistory and history, and the effects of sunshine and dietary calcium. The migration of

man out of Africa to northern and southern latitudes 60–130 k.y.a was associated with depigmentation. Transition from the geological Pleistocene epoch to the

Holocene epoch coincided with the “agrarian revolution” 10–12,000 years ago and from the archeological Paleolithic period (hunter gatherer tool makers) to the

Neolithic farmers. The agrarian revolution happened at different times in different parts of the world, and wherever it happened, it was associated with an increase in

dietary calcium and crowding of people in cities. The industrial revolution, which began in Europe in the second half of the 18 century, was associated with rickets –

“the English disease” due to industrial air pollution. The transition to the nuclear age, also called the digital age, define also the transition to the Anthropocene epoch,

which is associated with further diminution of UVR exposure in humans.

TABLE 1 | A comparison of minerals in a Paleolithic diet based on lean meat, fish,

fruits, vegetables, root vegetables, eggs and nuts; and a diabetes diet designed in

accordance with dietary guidelines (64).

Paleolithic diet Diabetes diet P

Phosphorus (mg) 1233 ± 247 1437 ± 208 0.02

Potassium (mg) 3669 ± 982 3181 ± 908 0.0497

Calcium (mg) 356 ± 102 698 ± 220 0.00002

Magnesium (mg) 307 ± 84 311 ± 68 0.9

skeletal growth in all vertebrate offspring and even more so,
in nursing mothers. The calcium that is required for milk
production is generated by a dramatic increase in the rates of
bone resorption and a decrease in renal calcium excretion (68).

Whatever the physiological consideration, Thacher et al.
reported the results of a randomized, double-blind, controlled
trial study of 123 Nigerian children with rickets (69). They
found that that the intake of calcium in these children was
low and that the response to treatment with calcium alone
or in combination with vitamin D was better than that to
treatment with vitamin D alone. Calcium-deficient rickets shows
its presenting signs in toddlers, as compared to vitamin D
deficiency which becomes evident in infancy. We have also
reported that calcium deficiency is present in severely rachitic
toddlers from Egypt (70). Thacher et al. published a systematic
review of articles that were published in the last 20 years on
the prevalence of nutritional rickets in various geographical
regions (71). They found that calcium deficiency is the major
cause of rickets in Africa and some parts of tropical Asia, and
the prevalence of rickets is increasing in other parts of the
world (71).

THE ROLE OF CULTURE AND
TECHNOLOGY

Humans have been able to successfully inhabit almost all of the
earth’s natural environments. Similar to all other organisms, we
are still motivated by primordial instincts, among them the drive
to propagate our DNA to the limits of possibility (72). DNA is
clearly important for the inheritance of traits, but any process
or activity which contributes to parent-offspring resemblance
within populations has potential evolutionary relevance. These
processes and activities, which include culture, technology,
customs, traditions, religion, and governance among others, are
bequeathed to future generations and impact strongly on human
traits and behavior. In addition to biological evolution, we are
already relying on culture and technology to retain reproductive
fitness. For humans, a culture-determined way of life can be (and
has been) reinvented, modified, and changed in accordance with
the prevailing climatic and environmental changes. For example,
domestication of dairy animals liberated humans 6,000 years ago
from the constant search for food, including a source of calcium,
and this knowledge was passed down to their descendants. Other
examples are the scientific revolution 300 years ago, the industrial
revolution at the turn to the 19th century, and the current
digital revolution; these revolutions changed our environment
and lifestyle at an unprecedented pace as compared to the slow
pace of DNA-dependent evolution (72).

Focusing on vitamin D and rickets, we should also include
culture and technology in the evolutionary perspective of rickets
and vitamin D (73). Culture and technology have significant
impacts on habitability of northern and southern latitudes,
housing, clothing, work practices, diet, and environmental
conditions. The lifestyle of the digital age limits our exposure
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to sunlight, and as a result, there is a resurgence of vitamin D
deficiency rickets.

Before the industrial and agrarian revolutions, the technology
of clothing and shelter dwelling enabled us to migrate mostly
northward 60 k.y.a out of the tropics into regions of low levels
of UVR. Whereas, biological adaptation through changes in
gene frequency in a population or species and modification
of population homozygosity takes hundreds of thousand years,
cultural adaptation is rapid and depends on the charisma and
authority of a few individuals. The more recently a group
migrated into an area, the more extensive its cultural, but not
biological, adaptation to the area will be (45).

Although the Sudanese and Saudis live at similar latitudes,
Jablonski and Chaplin noted that the Sudanese have a dark
skin color and the Saudis have a light skin color (45). The
Sudanese have been dwelling at average latitude 13N ever since
H. sapiens migrated throughout Africa and their skin color is
well adjusted for high-intensity UVB radiation. Dwellers of the
Arabian Peninsula have lived at similar latitude only since they
arrived there from Europe 2,000 years ago. This time frame
does not allow for biological adaptation, and they had utilized
mostly cultural means to adapt to the same intensity of UVR.
Specifically, they wear long protective clothes, they carry their
shade with them in the form of tents, and they protected
their lighter-skinned women using customary veils and house
confinement. Traditional diets in indigenous people in northern
latitudes included fatty fish and the blubber from seals and whales
which also were sources of vitamin D. Hence, the circulating
vitamin D levels in these people are high (74). Change in eating
habits and reduced consumption of these traditional foods in
populations living in the Arctic regions has been accompanied
by a high prevalence of vitamin D deficiency in the last few
decades (75, 76).

CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

Sun exposure and skin photosynthesis are the major sources
of vitamin D for both children and adults. Sensible sunshine
exposure needs to consider all the above-mentioned benefits, but
also the damaging effect of UVR on sunburn, DNA stability,
folic acid levels, and skin cancer risk. In individuals with a dark
complexion, the risk is small and benefits are great.

In the absence of the sun’s UVR, it is difficult to obtain
an adequate amount of vitamin D from nutritional sources
without supplementation. The current pandemic of rickets can
be attributed to our modern lifestyle in which outdoor activities
are greatly reduced (6). This reduction reduces our exposure to
the sun’s UVB, which is required for the generation of vitamin D
in the skin. It is unlikely that an individual who spends his/her
entire time indoors would be exposed to the amount of UVR
that is required to generate a sufficient amount of vitamin D
as a result of human evolution. For contemporary individuals,
vitamin D is an essential micronutrient and is no longer the
sunshine vitamin because we now need to consume it in our diet.
This is easy to prove: we use the plasma 25OHD concentration

as a marker of supply, and we use the plasma concentration of
parathyroid hormone and serum (77) and urinary phosphorus
(78) as markers of function.

An Endocrine Society Clinical Practice Guideline
recommends measuring vitamin D in individuals at risk
for vitamin D deficiency and that infants and children aged 0–1
year need at least 400 IU/d of vitamin D and children 1 year and
older require at least 600 IU/d to maximize bone health (79).
These recommendations are in agreement with those from the
European Society for Pediatric Endocrinology (80). Whether
these doses of vitamin D are enough to provide these individuals
with all the non-skeletal health benefits to maximize bone health
and immune function is not known at this time (81). While
the average serum 25OHD levels in contemporary adult hunter
gatherers in East Africa are 46 ng/dL (115 nmol/l) (82), the
guidelines recommend a blood level of 25OHD above 30 ng/ml
(75 nmol/l), which may require at least 1,000 IU/day of vitamin
D (79). We know of no disadvantage to increasing the vitamin D
intake in children. Cases of vitamin D intoxication in individuals
supplemented with megadoses of oral vitamin D are rare and
usually asymptomatic.

Previous discussions on vitamin D deficiency were usually
limited to mineral homeostasis and rachitic bone disease.
Evidence is now plentiful that vitamin D has a multiplicity
of non-calcemic functions, of which the most important in
terms of natural selection is probably the regulation of innate
immunity and the prevention of TB and possibly additional
serious infections. Future studies need to include the effects
on the innate immune system when assessing the outcomes of
vitaminD supplementation andwhen treating nutritional rickets.

Dark pigmented individuals have a higher prevalence of
vitamin D deficiency and secondary hyperparathyroidism.
Although they have a higher average bone mineral density,
are less prone to osteoporotic fractures (83–85) and may be
more resistant to the bone-resorbing effect of PTH (86–88),
there is no evidence that the optimal vitamin D levels needed
for non-skeletal vitamin D functions are affected by skin
pigmentation. Many of the benefits of vitamin D sufficiency
where demonstrated in dark pigmented individuals and there
is no data to support different vitamin D sufficiency cutoff for
different populations. Due to their lower skin synthesis of vitamin
D, dark skinned individuals in temperate zones most likely need
higher doses of vitamin D supplementation all year round.

In some studies, body mass index and adiposity have been
negatively correlated with the change in vitamin D status
following vitamin D supplementation (89, 90). Obese children
and adults require 2–3 times more vitamin D than non-obese
children and adults to normalize circulating 25OHD levels.
However, we do not know whether non-obese and obese children
and adults require similar 25OHD levels for calcium balance
and maintaining the integrity of other vitamin D-dependent
functions. In an era of an obesity epidemic, we need more
research to determine whether adiposity should be taken into
account when determining the dietary requirements for vitamin
D and calcium and the optimal serum 25OHD levels.

Finally, in an era of data technology, we need (a) to
accumulate and analyse data to determine which individuals
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will get nutritional rickets, (b) to design effective preventive
measures that can feasibly reach entire communities, and (c)
apply preventive measures which may differ between various
affected regions in darkly pigmented individuals living in
temperate climates.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

REFERENCES

1. Brickley MB, D’Ortenzio L, Kahlon B, Schattmann A, Ribot I, Raguin E,
et al. Ancient vitamin D deficiency: long-term trends. Curr Anthropol. (2017)
58:420–7. doi: 10.1086/691683

2. Kappelman J, Alçiçek MC, Kazanci N, Schultz M, Özkul M, Sen S. First Homo
erectus from Turkey and implications for migrations into temperate Eurasia.
Am J Phys Anthropol. (2008) 135:110–16. doi: 10.1002/ajpa.20739

3. Harrison H. Rickets In: Nichols B, Ballabriga A, Kretchmer N, editors.History
of Pediatrics: 1850-1950. New York, NY: Raven Press (1991). pp. 159–170.

4. Lewis DW.What was wrong with Tiny Tim?Am J Dis Child. (1992) 146:1403–
7. doi: 10.1001/archpedi.1992.02160240013002

5. Williams CJB. Cod-liver oil in phthisis. London J. Med. (1849)
1:1. doi: 10.1136/bmj.s2-1.1.1

6. Holick MF. The vitamin D deficiency pandemic: a forgotten
hormone important for health. Publ Health Rev. (2010)
32:267. doi: 10.1007/BF03391602

7. Glanz K, Saraiya M, Wechsler H. Guidelines for school programs to prevent
skin cancer.MMWR Recomm Rep. (2002) 51:1–18.

8. Holick MF. Vitamin D: evolutionary, physiological and health perspectives.
Curr Drug Targ. (2011) 12:4–18. doi: 10.2174/138945011793591635

9. Hochberg Z. Introduction, Vitamin D and Rickets. Basel: Karger Publishers
(2003) pp. 1–13. doi: 10.1159/000072763

10. Holick MF. Vitamin D: a millenium perspective. J. Cell. Biochem. (2003)
88:296–307. doi: 10.1002/jcb.10338

11. Schmid A, Walther B. Natural vitamin D content in animal products. Adv
Nutr. (2013) 4:453–62. doi: 10.3945/an.113.003780

12. Jäpelt RB, Jakobsen J. Vitamin D in plants: a review of occurrence, analysis,
and biosynthesis. Front Plant Sci. (2013) 4:136. doi: 10.3389/fpls.2013.00136

13. Prema T, Raghuramulu N. Vitamin D3 and its metabolites in the tomato plant.
Phytochemistry. (1996) 42:617-20. doi: 10.1016/0031-9422(95)00883-7

14. Buchala A, Schmid A. Vitamin D and its analogues as a new class
of plant growth substances affecting rhizogenesis. Nature. (1979)
280:230. doi: 10.1038/280230a0

15. Shiozaki N, Hattori I, Gojo R, Tezuka T. Activation of growth and
nodulation in a symbiotic system between pea plants and leguminous
bacteria by near-UV radiation. J Photochem Photobiol. Biol. (1999) 50:33–
7. doi: 10.1016/S1011-1344(99)00065-2

16. Nagler A, Merchav S, Fabian I, Tatarsky I, Weisman Y, Hochberg Z. Myeloid
progenitors from the bone marrow of patients with vitamin D resistant
rickets (type II) fail to respond to 1, 25 (OH) 2D3. Br J Haematol. (1987)
67:267–71. doi: 10.1111/j.1365-2141.1987.tb02346.x

17. Schwartz Z, Schlader D, Ramirez V, Kennedy M, Boyan B. Effects of vitamin
D metabolites on collagen production and cell proliferation of growth zone
and resting zone cartilage cells in vitro. J Bone Miner Res. (1989) 4:199–
207. doi: 10.1002/jbmr.5650040211

18. Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metabol. (2009)
94:26–34. doi: 10.1210/jc.2008-1454

19. Krasowski MD, Yasuda K, Hagey LR, Schuetz EG. Evolutionary selection
across the nuclear hormone receptor superfamily with a focus on the NR1I
subfamily (vitamin D, pregnane X, and constitutive androstane receptors).
Nucl Recept. (2005) 3:2. doi: 10.1186/1478-1336-3-2

20. Ekins S, Reschly EJ, Hagey LR, Krasowski MD. Evolution of pharmacologic
specificity in the pregnane X receptor. BMC Evol Biol. (2008)
8:103. doi: 10.1186/1471-2148-8-103

21. Reschly EJ, Bainy AC, Mattos JJ, Hagey LR, Bahary N, Mada SR, et al.
Functional evolution of the vitamin D and pregnane X receptors. BMC Evol

Biol. (2007) 7:222. doi: 10.1186/1471-2148-7-222

22. Fang Y, van Meurs JB, Rivadeneira F, van Schoor NM, van Leeuwen
JP, Lips P, et al. Vitamin D receptor gene haplotype is associated with
body height and bone size. J Clin Endocrinol Metabol. (2007) 92:1491–
501. doi: 10.1210/jc.2006-1134

23. Uitterlinden AG, Ralston SH, Brandi ML, Carey AH, Grinberg D, Langdahl
BL, et al. The association between common vitaminD receptor gene variations
and osteoporosis: a participant-level meta-analysis. Ann Int Med. (2006)
145:255–64. doi: 10.7326/0003-4819-145-4-200608150-00005

24. Hochberg Z. Vitamin D and Rickets, Basel: Karger
(2003). doi: 10.1159/isbn.978-3-318-00975-0

25. Gloger CWL. Das Abändern der Vögel Durch Einfluss des Klima’s. (1833), ed
A. Schulz. doi: 10.5962/bhl.title.50395

26. Jablonski NG, Chaplin G. The evolution of human skin coloration. J Hum
Evol. (2000) 39:57–106. doi: 10.1006/jhev.2000.0403

27. Murray F. Pigmentation, sunlight and nutritional disease.AmAnthrop. (1934)
36:438–45. doi: 10.1525/aa.1934.36.3.02a00100

28. Loomis WF. Skin-pigment regulation of vitamin-D biosynthesis in man.
Science. (1967) 157:501–6. doi: 10.1126/science.157.3788.501

29. Jablonski NG, Chaplin G. Colloquium paper: human skin pigmentation as
an adaptation to UV radiation. Proc Natl Acad Sci USA. (2010) 107 (Suppl
2):8962–8. doi: 10.1073/pnas.0914628107

30. Tiosano D, Audi L, Climer S, Zhang W, Templeton AR, Fernández-Cancio
M, et al. Latitudinal clines of the human vitamin D receptor and skin color
genes. G3: Genes, Genomes, Genetics. (2016) 6:1251–66. doi: 10.1534/g3.
115.026773

31. Hochberg ZE, Templeton AR. Evolutionary perspective in
skin color, vitamin D and its receptor. Hormones. (2010)
9:307–311. doi: 10.14310/horm.2002.1281

32. Hart PH, Gorman S, Finlay-Jones JJ. Modulation of the immune system byUV
radiation: more than just the effects of vitamin D? Nat Rev Immunol. (2011)
11:584. doi: 10.1038/nri3045

33. Relethford JH. Hemispheric difference in human skin color. Am

J Phys Anthropol. (1997) 104:449–57. doi: 10.1002/(SICI)1096-
8644(199712)104:4<449::AID-AJPA2>3.0.CO;2-N

34. Chaplin G. Geographic distribution of environmental factors
influencing human skin coloration. Am J Phys Anthropol. (2004)
125:292–302. doi: 10.1002/ajpa.10263

35. Roberts DF, Kahlon DP. Environmental correlations of skin colour. Ann Hum
Biol. (1976) 3:11–22. doi: 10.1080/03014467600001101

36. Holick MF. Evolution and function of vitamin D. Recent Results Cancer Res.
(2003) 164:3–28. doi: 10.1007/978-3-642-55580-0_1

37. Barsh GS. The genetics of pigmentation: from fancy genes to complex traits.
Trends Genet. (1996) 12:299–305. doi: 10.1016/0168-9525(96)10031-7

38. Fitch KR, McGowan KA, van Raamsdonk CD, Fuchs H, Lee D, Puech
A, et al. Genetics of dark skin in mice. Genes Dev. (2003) 17:214–
28. doi: 10.1101/gad.1023703

39. Han J, Kraft P, Nan H, Guo Q, Chen C, Qureshi A, et al. A
genome-wide association study identifies novel alleles associated
with hair color and skin pigmentation. PLoS Genet. (2008)
4:e1000074. doi: 10.1371/journal.pgen.1000074

40. Makova K, Norton H. Worldwide polymorphism at the MC1R locus
and normal pigmentation variation in humans. Peptides. (2005) 26:1901–
8. doi: 10.1016/j.peptides.2004.12.032

41. Rana BK, Hewett-Emmett D, Jin L, Chang BH, Sambuughin N, Lin M, et al.
High polymorphism at the human melanocortin 1 receptor locus. Genetics.
(1999) 151:1547–57.

42. Beaumont KA, Shekar SL, Newton RA, James MR, Stow JL, Duffy
DL, et al. Receptor function, dominant negative activity and phenotype

Frontiers in Endocrinology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 306

https://doi.org/10.1086/691683
https://doi.org/10.1002/ajpa.20739
https://doi.org/10.1001/archpedi.1992.02160240013002
https://doi.org/10.1136/bmj.s2-1.1.1
https://doi.org/10.1007/BF03391602
https://doi.org/10.2174/138945011793591635
https://doi.org/10.1159/000072763
https://doi.org/10.1002/jcb.10338
https://doi.org/10.3945/an.113.003780
https://doi.org/10.3389/fpls.2013.00136
https://doi.org/10.1016/0031-9422(95)00883-7
https://doi.org/10.1038/280230a0
https://doi.org/10.1016/S1011-1344(99)00065-2
https://doi.org/10.1111/j.1365-2141.1987.tb02346.x
https://doi.org/10.1002/jbmr.5650040211
https://doi.org/10.1210/jc.2008-1454
https://doi.org/10.1186/1478-1336-3-2
https://doi.org/10.1186/1471-2148-8-103
https://doi.org/10.1186/1471-2148-7-222
https://doi.org/10.1210/jc.2006-1134
https://doi.org/10.7326/0003-4819-145-4-200608150-00005
https://doi.org/10.1159/isbn.978-3-318-00975-0
https://doi.org/10.5962/bhl.title.50395
https://doi.org/10.1006/jhev.2000.0403
https://doi.org/10.1525/aa.1934.36.3.02a00100
https://doi.org/10.1126/science.157.3788.501
https://doi.org/10.1073/pnas.0914628107
https://doi.org/10.1534/g3.115.026773
https://doi.org/10.14310/horm.2002.1281
https://doi.org/10.1038/nri3045
https://doi.org/ 10.1002/(SICI)1096-8644(199712)104:4<449::AID-AJPA2>3.0.CO;2-N
https://doi.org/10.1002/ajpa.10263
https://doi.org/10.1080/03014467600001101
https://doi.org/10.1007/978-3-642-55580-0_1
https://doi.org/10.1016/0168-9525(96)10031-7
https://doi.org/10.1101/gad.1023703
https://doi.org/10.1371/journal.pgen.1000074
https://doi.org/10.1016/j.peptides.2004.12.032
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Hochberg and Hochberg Evolution of Rickets and Vitamin D

correlations for MC1R variant alleles. Hum Mol Genet. (2007) 16:2249–
60. doi: 10.1093/hmg/ddm177

43. Templeton A. Out of Africa again and again. Nature. (2002) 416:45-
51. doi: 10.1038/416045a

44. Wilde S, Timpson A, Kirsanow K, Kaiser E, Kayser M, Unterländer
M, et al. Direct evidence for positive selection of skin, hair, and eye
pigmentation in Europeans during the last 5,000 y. Proc Nat Acad Sci. (2014)
111:201316513. doi: 10.1073/pnas.1316513111

45. Jablonski NG, Chaplin G. Skin deep. Sci. Am. (2002) 287:74–
81. doi: 10.1038/scientificamerican1002-74

46. Van den Berghe PL, Frost P. Skin color preference, sexual dimorphism and
sexual selection: A case of gene culture co-evolution? Ethnic Rac Studies.
(1986) 9:87–113. doi: 10.1080/01419870.1986.9993516

47. Hamilton B. Vitamin D and human skeletal muscle. Scan J Med Sci Sports.
(2010) 20:182–90. doi: 10.1111/j.1600-0838.2009.01016.x

48. P. van der Pligt, Willcox J, Szymlek-Gay EA, Murray E, Worsley A, Daly RM.
Associations of maternal vitamin D deficiency with pregnancy and neonatal
complications in developing countries: a systematic review. Nutrients. (2018)
10:640. doi: 10.3390/nu10050640

49. Maxwell JP. Further studies in adult rickets (osteomalacia) and foetal rickets.
Proc R Soc Med. (1935) 28:265–300.

50. Tsoukas CD, Provvedini DM, Manolagas SC. 1, 25-dihydroxyvitamin
D3: a novel immunoregulatory hormone. Science. (1984) 224:1438–
40. doi: 10.1126/science.6427926

51. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, Ochoa MT, et al.
Toll-like receptor triggering of a vitamin D-mediated human antimicrobial
response. Science. (2006) 311:1770–3. doi: 10.1126/science.1123933

52. Gunville CF, Mourani PM, Ginde AA. The role of vitamin D in prevention
and treatment of infection. Inflamm Allergy-Drug Targets. (2013) 12:239-
245. doi: 10.2174/18715281113129990046

53. Rook GA, Steele J, Fraher L, Barker S, Karmali R, O’riordan J. et al.
VitaminD3, gamma interferon, and control of proliferation ofMycobacterium

tuberculosis by human monocytes. Immunology. (1986) 57:159.
54. Crowle AJ, Ross EJ, May MH. Inhibition by 1, 25 (OH) 2-vitamin D3 of the

multiplication of virulent tubercle bacilli in cultured human macrophages.
Infect Immun. (1987) 55:2945–50. doi: 10.1016/0041-3879(88)90036-0

55. Stead WW, Senner JW, Reddick WT, Lofgren JP. Racial differences in
susceptibility to infection by Mycobacterium tuberculosis. N Engl J Med.

(1990) 322:422-427. doi: 10.1056/NEJM199002153220702
56. Tiosano D, Wildbaum G, Gepstein V, Verbitsky O, Weisman Y, Karin N, et al.

The Role of vitamin D receptor in innate and adaptive immunity: a study
in hereditary vitamin D–resistant rickets patients. J Clin Endocrinol Metabol.

(2013) 98:1685–93. doi: 10.1210/jc.2012-3858
57. Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, Kim KK, et al. Vitamin D3

induces autophagy in human monocytes/macrophages via cathelicidin. Cell
Host Microbe. (2009) 6:231–43. doi: 10.1016/j.chom.2009.08.004

58. Etzioni A, Hochberg Z, Pollak S, Meshulam T, Zakut V, Tzehoval
E, et al. Defective leukocyte fungicidal activity in end-organ
resistance to 1, 25-dihydroxyvitamin D. Pediatr Res. (1989)
25:276. doi: 10.1203/00006450-198903000-00012

59. Martineau AR,Wilkinson RJ, Wilkinson KA, Newton SM, Kampmann B, Hall
BM, et al. A single dose of vitamin D enhances immunity to mycobacteria.Am
J Respir Crit CareMed. (2007) 176:208–213. doi: 10.1164/rccm.200701-007OC

60. Bergman P, Lindh ÅU, Björkhem-Bergman L, Lindh JD. Vitamin
D and respiratory tract infections: a systematic review and meta-
analysis of randomized controlled trials. PLoS ONE. (2013)
8:e65835. doi: 10.1371/journal.pone.0065835

61. Mehta S, Hunter DJ, Mugusi FM, Spiegelman D, Manji KP, Giovannucci EL,
et al. Perinatal outcomes, including mother-to-child transmission of HIV,
and child mortality and their association with maternal vitamin D status in
Tanzania. J Infect Dis. (2009) 200:1022–30. doi: 10.1086/605699

62. Ramagopalan SV, Heger A, Berlanga AJ, Maugeri NJ, Lincoln MR, Burrell
A, et al. A ChIP-seq defined genome-wide map of vitamin D receptor
binding: associations with disease and evolution.Genome Res. (2010) 20:1352–
60. doi: 10.1101/gr.107920.110

63. Fuller K. Lactose, rickets, and the coevolution of genes and culture.Hum Ecol.

(2000) 28:471–7. doi: 10.1023/A:1007013716659

64. Jönsson T, Granfeldt Y, Ahrén B, Branell UC, Pålsson G, Hansson A, et al.
Beneficial effects of a Paleolithic diet on cardiovascular risk factors in type
2 diabetes: a randomized cross-over pilot study. Cardiovasc Diabetol. (2009)
8:35. doi: 10.1186/1475-2840-8-35

65. FeskanichD,WillettWC, Colditz GA. Calcium, vitaminD,milk consumption,
and hip fractures: a prospective study among postmenopausal women. Am J

Clin Nutr. (2003) 77:504–11. doi: 10.1093/ajcn/77.2.504
66. Gallagher J, Riggs BL, Eisman J, Hamstra A, Arnaud SB, Deluca HF. Intestinal

calcium absorption and serum vitamin D metabolites in normal subjects and
osteoporotic patients: effect of age and dietary calcium. J Clin Invest. (1979)
64:729–36. doi: 10.1172/JCI109516

67. Schlemmer U, Frølich W, Prieto RM, Grases F. Phytate in foods and
significance for humans: food sources, intake, processing, bioavailability,
protective role and analysis. Mol Nutr Food Res. (2009) 53:S330–
375. doi: 10.1002/mnfr.200900099

68. Wysolmerski JJ. The evolutionary origins of maternal calcium and bone
metabolism during lactation. J Mammary Gland Biol Neopl. (2002) 7:267–76.
doi: 10.1023/A:1022800716196

69. Thacher TD, Fischer PR, Pettifor JM, Lawson JO, Isichei CO,
Reading JC, et al. A comparison of calcium, vitamin D, or both
for nutritional rickets in Nigerian children. N Engl J Med. (1999)
341:563–8. doi: 10.1056/NEJM199908193410803

70. Baroncelli GI, Bereket A, El Kholy M, Aud L, Cesur Y, Ozkan B, et al. Rickets
in the middle east: role of environment and genetic predisposition. J Clin
Endocrinol Metabol. (2008) 93:1743–50. doi: 10.1210/jc.2007-1413

71. Thacher TD, Fischer PR, Strand MA, Pettifor JM. Nutritional rickets around
the world: causes and future directions. Ann Trop Paediatr. (2006) 26:1–
16. doi: 10.1179/146532806X90556

72. Currier RL. Unbound: How Eight Technologies Made Us Human and Brought

Our World to the Brink. Skyhorse Publishing Inc (2017).
73. Brickley MB, Moffat T, Watamaniuk L, Biocultural perspectives of

vitamin D deficiency in the past. J Anthropol Archaeol. (2014) 36:48–
59. doi: 10.1016/j.jaa.2014.08.002

74. Lips P, van Schoor N. Worldwide vitamin D status,

Vitamin D, 3rd Edn. Amsterdam: Elsevier (2011), pp. 947-
963. doi: 10.1016/B978-0-12-381978-9.10052-6

75. O’Brien DM, Thummel KE, Bulkow LR, Wang Z, Corbin B, Klejka J, et al.
Declines in traditional marine food intake and vitamin D levels from the
1960s to present in young Alaska Native women. Publ Health Nutr. (2017)
20:1738–45. doi: 10.1017/S1368980016001853

76. Nielsen NO, Jørgensen ME, Friis H, Melbye M, Soborg B, Jeppesen C, et al.
Decrease in vitamin D status in the Greenlandic adult population from
1987–2010. PLoS ONE. (2014) 9:e112949. doi: 10.1371/journal.pone.0112949

77. Tiosano D, Hochberg ZE. Hypophosphatemia: the common
denominator of all rickets. J Bone Mineral Metabol. (2009)
27:392–401. doi: 10.1007/s00774-009-0079-1

78. Hochberg Z, Hardoff D. Quantitative assessment of nutritional
rickets by urinary phosphorus excretion. Acta Pædiatr. (1981)
70:579–80. doi: 10.1111/j.1651-2227.1981.tb05745.x

79. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,
Heaney RP, et al. Evaluation, treatment, and prevention of vitamin D
deficiency: an Endocrine Society clinical practice guideline. J Clin Endocrinol

Metabol. (2011) 96:1911–30. doi: 10.1210/jc.2011-0385
80. Hochberg ZE, Bereket A, Davenport M, Delemarre-Van De Waal HA, De

Schepper J, LevineMA, et al. Consensus development for the supplementation
of vitamin D in childhood and adolescence. Horm Res Paediatr. (2002)
58:39–51. doi: 10.1159/000063214

81. Vieth R. Why the optimal requirement for Vitamin D3 is probably
much higher than what is officially recommended for adults. J

Steroid Biochem Mol Biol. (2004) 89:575–9. doi: 10.1016/j.jsbmb.2004.
03.038

82. Luxwolda MF, Kuipers RS, Kema IP, Dijck-Brouwer DJ, Muskiet FA.
Traditionally living populations in East Africa have a mean serum 25-
hydroxyvitamin D concentration of 115 nmol/l. Br J Nutr. (2012) 108:1557–
61. doi: 10.1017/S0007114511007161

83. Åkeson PK, Åkesson KE, Lind T, Hernell O, Silfverdal SA, Öhlund I. Vitamin
D intervention and bone: a randomized clinical trial in fair-and dark-skinned

Frontiers in Endocrinology | www.frontiersin.org 8 May 2019 | Volume 10 | Article 306

https://doi.org/10.1093/hmg/ddm177
https://doi.org/10.1038/416045a
https://doi.org/10.1073/pnas.1316513111
https://doi.org/10.1038/scientificamerican1002-74
https://doi.org/10.1080/01419870.1986.9993516
https://doi.org/10.1111/j.1600-0838.2009.01016.x
https://doi.org/10.3390/nu10050640
https://doi.org/10.1126/science.6427926
https://doi.org/10.1126/science.1123933
https://doi.org/10.2174/18715281113129990046
https://doi.org/10.1016/0041-3879(88)90036-0
https://doi.org/10.1056/NEJM199002153220702
https://doi.org/10.1210/jc.2012-3858
https://doi.org/10.1016/j.chom.2009.08.004
https://doi.org/10.1203/00006450-198903000-00012
https://doi.org/10.1164/rccm.200701-007OC
https://doi.org/10.1371/journal.pone.0065835
https://doi.org/10.1086/605699
https://doi.org/10.1101/gr.107920.110
https://doi.org/10.1023/A:1007013716659
https://doi.org/10.1186/1475-2840-8-35
https://doi.org/10.1093/ajcn/77.2.504
https://doi.org/10.1172/JCI109516
https://doi.org/10.1002/mnfr.200900099
https://doi.org/10.1023/A:1022800716196
https://doi.org/10.1056/NEJM199908193410803
https://doi.org/10.1210/jc.2007-1413
https://doi.org/10.1179/146532806X90556
https://doi.org/10.1016/j.jaa.2014.08.002
https://doi.org/10.1016/B978-0-12-381978-9.10052-6
https://doi.org/10.1017/S1368980016001853
https://doi.org/10.1371/journal.pone.0112949
https://doi.org/10.1007/s00774-009-0079-1
https://doi.org/10.1111/j.1651-2227.1981.tb05745.x
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1159/000063214
https://doi.org/10.1016/j.jsbmb.2004.03.038
https://doi.org/10.1017/S0007114511007161
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Hochberg and Hochberg Evolution of Rickets and Vitamin D

children at northern latitudes. J Pediatr Gastroenterol Nutr. (2018) 67:388–
394. doi: 10.1097/MPG.0000000000002031

84. Zengin A, Pye S, CookM, Adams J, Wu F, O’Neill T, et al. Ethnic differences in
bone geometry between White, Black and South Asian men in the UK. Bone.
(2016) 91:180–5. doi: 10.1016/j.bone.2016.07.018

85. Nelson D, Barondess D, Hendrix S, Beck T. Cross-sectional geometry,
bone strength, and bone mass in the proximal femur in black and
white postmenopausal women. J Bone Mineral Res. (2000) 15:1992–
7. doi: 10.1359/jbmr.2000.15.10.1992

86. Valyi-Nagy K, Folberg R, Valyi-Nagy T, Maniotis AJ. Role of tumor
invasiveness, the extracellular matrix, and chromatin sequestration
in the susceptibility of uveal melanoma to herpes simplex virus
type 1. Exp Eye Res. (2007) 84:991–1000. doi: 10.1016/j.exer.2007.
01.023

87. Cauley JA, Lui LY, Ensrud KE, Zmuda JM, Stone KL, Hochberg MC, et al.
Bone mineral density and the risk of incident nonspinal fractures in black
and white women. J AmMed Assoc. (2005) 293:2102–8. doi: 10.1001/jama.293.
17.2102

88. Cosman F, Nieves J, Dempster D, Lindsay R. Vitamin D economy in blacks. J
Bone Miner Res. (2007) 22:V34–8. doi: 10.1359/jbmr.07s220

89. Compston JE, Vedi S, Ledger JE, Webb A, Gazet JC, Pilkington T. Vitamin D
status and bone histomorphometry in gross obesity. Am J Clin Nutr. (1981)
34:2359–63. doi: 10.1093/ajcn/34.11.2359

90. Vanlint S. Vitamin D and obesity. Nutrients. (2013) 5:949–
56. doi: 10.3390/nu5030949

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Hochberg and Hochberg. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 306

https://doi.org/10.1097/MPG.0000000000002031
https://doi.org/10.1016/j.bone.2016.07.018
https://doi.org/10.1359/jbmr.2000.15.10.1992
https://doi.org/10.1016/j.exer.2007.01.023
https://doi.org/10.1001/jama.293.17.2102
https://doi.org/10.1359/jbmr.07s220
https://doi.org/10.1093/ajcn/34.11.2359
https://doi.org/10.3390/nu5030949~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Hochberg and Hochberg Evolution of Rickets and Vitamin D

GLOSSARY

Pleistocene: A geological epoch, which lasted from about
2,600,000 to 11,000 y.a., between the Pliocene and Holocene
epochs. It covers most of the last glacier period.

Holocene: A geological epoch, which started after the last
glacial period, 11,000 y.a. and ended recently with advent of
the Anthropocene.

Anthropocene: A recently proposed geological epoch
from the commencing of significant human impact on the
Earth’s geology and ecosystems, including anthropogenic
climate change.

Paleolithic: Early Stone Age. An archeological period in
human prehistory renowned by the earliest development of stone
tools some 3.3 million y.a. to the end of the Pleistocene.

Neolithic: Late stone age. An archeological period in human
history designated from the domestication of plants and animals
10-12 k.y.a.

Frontiers in Endocrinology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 306

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Evolutionary Perspective in Rickets and Vitamin D
	PROLOG
	Evolutionary Perspective
	Vitamin D and the evolution of skin color in H. sapiens
	Evolutionary Selection Pressure of Vitamin D Deficiency in H. Sapiens
	Dietary Calcium Considerations
	The Role of Culture and Technology
	Concluding Remarks and Future Perspectives
	Author Contributions
	References
	GLOSSARY


