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Dysfunction of the Vitamin D Endocrine System as Common
Cause for Multiple Malignant and other Chronic Diseases
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Abstract. Extensive research on the CYP27Bl-encoded
25-(OH)D-1a-hydroxylase has contributed much to our
understanding about how locally produced 1,25-(OH),D;
exerts tissue-specific control of cellular growth, differentiation
and function. Because many types of epithelial, mesenchymal
and immune cells express the 25-(OH)D- 1a-hydroxylase, many
organ functions are necessarily affected by changes in the
activity of the enzyme. It is hypothesized that this is likely to
occur under conditions of hypovitaminosis D, i.e., at serum
25-(OH)D levels below 30 nM, because extra-renal 25-(OH)
D- 1a-hydroxylase activity is critically limited by the availability
of its substrate. This can provide an explanation, on a
molecular and cellular basis, for the many observations that
significant associations exist between a compromised vitamin
D status and the pathogenesis of frequent chronic diseases. In
addition to skeletal disorders, vitamin D insufficiency is a risk
factor for malignancies, particularly of the colon, breast and
prostate gland, as well as for chronic inflammatory and
autoimmune diseases (insulin-dependent diabetes mellitus,
inflammatory bowel disease, multiple sclerosis, etc.).

1,25-Dihydroxyvitamin D3 (1,25-(OH),D3), the hormonally
active metabolite of vitamin D3, is a key regulator of cellular
proliferation, differentiation and function in many biological
systems. 1,25-(OH),Dj is synthesized mainly in the kidney
from its immediate precursor, 25-hydroxyvitamin D;
(25-OH)D3, which itself is produced in the liver from
vitamin D5. Importantly, 1,25-OH),D5 is also synthesized at
a number of extra-renal sites by cell types that express the
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CYP27BI-encoded enzyme, 25-(OH)D-la-hydroxylase.
CYP27B1 activity has been localized, for example, in
macrophages and dendritic cells (1, 2), colonocytes (3-5),
osteoblasts (6), synovial cells (7), keratinocytes (8), hair
follicles, adrenal medulla, pancreatic islets (9), and vascular
endothelial cells (10). There is evidence, from both
observational studies and clinical trials, that hypovitaminosis
D, ie., a condition of inadequate vitamin D supply, is
associated with, notwithstanding skeletal disorders, multiple
types of common chronic diseases, such as various cancers,
chronic inflammatory and autoimmune diseases, as well as
metabolic disorders (for review, (11, 12)). It was the aim of
the present review to provide a better understanding of the
way in which hypovitaminosis D causes dysfunction of the
vitamin D endocrine system, particularly in extra-renal
tissues and cells (as exemplified in Figure 1), and thereby
increases the risk for chronic diseases of different etiology.

Vitamin D Status

Hypovitaminosis D denotes a compromised vitamin D status
as a result of insufficient cutaneous synthesis or low dietary
intake of vitamin D. The serum level of the liver metabolite,
25(OH)D, is considered to be a reliable indicator of the
vitamin D status of a given individual. Circulating 25-(OH)D
concentrations range between 25-125 nM in the winter
months, and between 50-300 nM in summer time. Whereas
there seems to be agreement that outright vitamin D
deficiency, causing rickets or osteomalacia, is defined by
25-(OH)D concentrations below 10 nM, the cut-off point
between vitamin D insufficiency, i.e., sub-optimal vitamin D
supply, and vitamin D sufficiency is believed to be in the
25-80 nM range (13-15). Based on the results of studies by
Chapuy et al. (16) and Ooms et al. (17), a 25(OH)D value of 30
nM as cut-off point for diagnosis of hypovitaminosis D was
adopted for our present considerations.

It is important to note that hypovitaminosis D is not only
frequently observed in housebound or hospitalized elderly
people (16, 18-20), but is also a common phenomenon in the
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Figure 1. Hypovitaminosis D and cell type-specific changes in proliferation and differentiation (CYP27B1, 25-hydroxyvitamin D-1a-hydroxylase; CaR,

calcium-sensing receptor; ECF, extracellular fluid) (for details, see. (12)).

free living younger population. For example, our large multi-
center study on the calcium, vitamin D and bone status of a
healthy adult Austrian population (21, 22) showed that 26%
of all study participants had 25-(OH)D levels below 30 nM
and thus presented with hypovitaminosis D.

Vitamin D insufficiency: differential effects on renal and extra-
renal 1,25-(OH),Dj; synthesis. Under normal circumstances,
renal CYP27B1 activity and production of 1,25-(OH),D; is
tightly regulated by serum Ca** and parathyroid hormone
(PTH), as well as by feed-back inhibition from 1,25-(OH),D5,
as illustrated in Figure 2 (for details, see (23)). Therefore,
the circulating 1,25-(OH),D5 concentration is constant over
a wide range of 25-(OH)D serum levels. However, this is
not valid for extra-renal synthesis of 1,25-(OH),D3, since,
for example, CYP27B1 expression in intestinal epithelial
cells (3) is considered to be insensitive to PTH and
extracellular Cat*
cells, is subject to modulation primarily by pro-inflammatory
cytokines, such as interferon-y (IFN-v) (1, 10, 24). At extra-
renal sites, the ambient 25-(OH)D; level becomes
absolutely rate-limiting for intracellular synthesis of
1,25-(OH),D5 (25). Therefore, hypovitaminosis D could

or, as in macrophages or endothelial
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create a situation in which locally produced 1,25-(OH),D;
falls below a level that is critical for the maintenance of
autocrine/paracrine regulation of cellular growth and
function at sites of extrarenal CYP27B1 activity (cf. (26)).

Vitamin D Insufficiency and Pathogenesis of
Chronic Diseases

Colorectal cancer

a) Epidemiological studies: A large body of evidence has
accumulated over the years that an increased risk of
colorectal cancer is associated with vitamin D insufficiency,
i.e. low circulating 25-(OH)D (27-31), whereas no correlation
was found between tumor incidence and serum 1,25-(OH),D;
(32). As early as 1980, Garland et al. (27) had proposed that
vitamin D may be a protective factor against colorectal
cancer. They based this hypothesis on the observation that
colon cancer mortality in the USA was highest in regions
where the population was least exposed to solar radiation.
Serum levels of 25-(OH)Dj; are a direct reflection of sunlight
exposure, of the use of sun blocks and of skin pigmentation
since, under normal circumstances, little vitamin D is
obtained from nutritional sources (28) and, therefore, the
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Figure 2. Differential regulation of renal and extra-renal 25-hydroxyvitamin
D-1a-hydroxylase (CYP27B1) activity.

preventive effect of vitamin D consumption on colorectal
cancer is modest (for review, (33)). Consequently, the impact
of low sunshine exposure on vitamin D and on colorectal
cancer incidence becomes that much greater. For example,
in an ecological study of cancer mortality rates in the U.S.
with respect to exposure to solar radiation, Grant (34) found
a highly significant (p<0.001) inverse correlation between
DNA-weighted UV-B radiation (280-315 nm) and the
incidence of colorectal cancer. This association persisted
even after additional ecological risk factors (smoking, dietary
factors, urban residence, poverty efc.) were included in the
analysis (35). Premature mortality due to insufficient UV-B
exposure among white Americans was estimated at 12% of
the total number of deaths from colon cancer (34).

b) The vitamin D endocrine system of the gut and control of
cell growth. The gut apparently harbors a local vitamin D
endocrine system. This is made up from epithelial and
immune cells of the gut mucosa, which are not only targets
for vitamin D receptor (VDR)-mediated 1,25-(OH),D5
action, but also constitute a site of extra-renal vitamin D
metabolism, because they express the 25-(OH)-D-la-
hydroxylase (CYP27B1) and the 25-(OH)-D-24-hydroxylase
(CYP24) (see eg, (36)), the enzymes responsible for
synthesis as well as degradation of 1,25-(OH),D;. Our
hypothesis is that the intestinal endocrine vitamin D system
plays a critical role in maintaining the normal growth of
epithelial cells (37). The obvious significant association
between hypovitaminosis D and incidence of human colon
cancer can be explained on a molecular and cellular basis by
results of studies from our laboratory. First, it was observed
that 1,25-(OH),D; functioned as a growth regulatory factor
for human colon carcinoma cells (38-41); in post-confluent
Caco-2 cell cultures, an ambient concentration of 10711 M

1,25-(OH),D5; was necessary to maintain the rate of cell
division at the control level. An increase to 108 M brought
about a 50% inhibition of cell proliferation, whereas
reduction to 10712 M stimulated the rate of cell division by
up to 100% (38). Second, ours was the first group to show
that normal and neoplastic human colonocytes expressed
CYP27B1 and were thus able to convert 25-(OH)Dj; into
1,25-(OH),D5 (3, 4, 42). For these reasons, we put forward
the notion that in hypovitaminosis D, i.e., at low circulating
25-(OH)D3, the rate of 1,25-(OH),D5 production in the
large intestinal mucosa be insufficient to achieve the tissue
concentration necessary to maintain cellular homeostasis of
the gut mucosa and, consequently, could facilitate neoplastic
cell growth.

Other malignancies: Considering the importance of extra-
renal production of 1,25-(OH),D3 for control of cell
proliferation, it would be expected that vitamin D
insufficiency would also increase the risk of neoplastic
transformation in the many cell types expressing CYP27B1
(43-45). In fact, studies by Grant (34, 35, 46) as well as by
Freedman et al. (47) on cancer mortality rates in the US and
Europe, using latitude or DNA-weighted solar UV-B
exposure as surrogate end-points for photoproduction of
vitamin Dy in the skin, found a highly significant association
with the incidence of breast, esophagus, stomach, pancreas,
bladder, ovary, uterus, prostate and non-melanoma skin
cancer as well as non-Hodgkin lymphoma.

Osteoporosis. Osteoporosis is defined as a skeletal disorder
characterized by compromised bone strength predisposing
a person to an increased risk of fracture (48). Underlying
the accelerated bone loss, which is a hallmark of the disease,
frequently is a low rate of bone formation. As shown by
Owen et al. (49), 1,25-(OH),D5 coordinates the sequence of
osteoblast differentiation by specific VDR-mediated effects
on the temporal gene expression and synthesis of several
osteoblast proteins and is, therefore, indispensable for
mineralized matrix maturation and bone formation. It is
conceivable therefore, that low 25-(OH)D levels in vitamin
D insufficiency, by limiting CYP27B1 activity in osteoblasts
(6), have negative effects on bone formation and,
consequently, increase the risk of osteoporosis. This notion
is supported by observations in elderly people, who are at
high risk for osteoporotic bone fractures and who typically
present with low circulating 25-(OH)D, but normal
1,25(OH),D;. Correction of vitamin D insufficiency by daily
vitamin D3 supplements was associated with a significant
risk reduction for non-vertebral fractures (50).

Autoimmune diseases. Recent epidemiological studies indicate

that a compromised vitamin D status in humans increases the
risk of Th-1 cytokine-mediated autoimmune diseases, such as
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Figure 3. 1,25-Dihydroxyvitamin D3 (1,25-(OH),D3) and differentiation of immune cells (for details, see. (64, 66, 67)).

inflammatory bowel disease, rheumatoid arthritis, systemic
lupus erythematodes, multiple sclerosis as well as type I
diabetes mellitus (51-58). In animal models of these diseases,
administration of 1,25-(OH),D5 has been shown to prevent
the development, or at least to ameliorate the symptoms of a
chronic inflammatory autoimmune reaction (59-63). The
preventive effect of 1,25(OH),D3 on chronic inflammatory
and autoimmune diseases can be explained by findings that
in vitro the steroid inhibits the release of pro-inflammatory
cytokines, such as IL-2 and IFN-y, from Th-1 lymphocyte (for
review, (64); cf. Figure 3). It has to be taken into
consideration that in lymphoid tissue, antigen-presenting
cells, i.e., macrophages and dendritic cells, are endowed with
CYP27B1 activity (1, 2), so that they can use ambient
25-(OH)D; for conversion into the active vitamin D
metabolite. This implies that vitamin D insufficiency, i.e., low
25-(OH)D3, is not only associated with impaired macrophage
activation and function (65), but also that the local
concentration of 1,25-(OH),D; in lymphoid tissue can be too
low to effectively suppress a Th-1-type immune response.
Extensive evaluation of direct effects of 1,25-(OH),D3 on
human CD4* and CD8* T lymphocytes in our laboratory
(66, 67) revealed that 1,25-(OH),D5 had little effect on the
constitutive expressions of Thl and of Th-2 cytokines.
Importantly, however, the steroid significantly inhibited
IL-12-induced production of IFN-y and IL-2 and, when
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Th-2 differentiation was induced by IL-4, significantly
expanded the percentages of IL-4T and IL-137 cells. It must
be emphasized that the predominant effect of 1,25-(OH),D5
on T lymphocytes is the induction of separate CD4* and
CDS8™" subpopulations with almost exclusive expression of
IL-6 (Figure 3). This is an important facet of the immune
modulating action of 1,25-(OH),D;, because IL-6 may act
in parallel with the steroid in modulation of T helper
effector cell functions resulting in predominance of Th-2
over Th-1 responses. Consequently, vitamin D must be
considered a useful agent for prevention and therapy of
Th-1-mediated autoimmune diseases.

Inflammatory bowel disease. Although Crohn’s disease and
ulcerative colitis are two clinically distinct forms of
inflammatory bowel disease (IBD), they have some basic
pathogenetic features in common, such as an aberrant local
immune reaction, i.e., an excessive Th/Tcl response to
luminal, mainly bacterial antigens in genetically predisposed
individuals (68, 69). In addition, evidence is accumulating
linking the pathogenesis of IBD to a number of
environmental factors (69), including
insufficiency (52, 53). Strong support for the assumption
that a compromised vitamin D status plays a role in the
pathogenesis of IBD also comes from studies with an animal
model of Th-1 mediated colitis (59, 62).

vitamin D
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It should be assumed that, as a consequence of
hypovitaminosis D, local production of 1,25-(OH),D; by
mucosal epithelial cells as well as by macrophages and
dendritic cells (1, 2) in the vitamin D endocrine system of the
gut falls below a level that is critical for the suppression of
enhanced Thl cell reactions that arise from challenge with
luminal antigens. By the same token, vitamin D insufficiency
could aid in further propagating the aberrant immune
response, which causes the kind of inflammatory lesions that
are typically associated with chronic enterocolitis (68). In
addition, attenuation of the antiproliferative action of
1,25-(OH),D; is associated with site-specific hyper-
proliferation in the colon (37) and can be seen as a
predisposing condition for colitis-associated cancer (70).

Multiple sclerosis. Multiple sclerosis is an autoimmune
disease in which overreaction of the Th-1 lymphocyte system
to an, as yet unidentified, antigenic stimulus leads to an
immune attack on the central nervous system. An
association between hypovitaminosis D due to low sunlight
exposure and incidence of multiple sclerosis was first
recognized by Goldberg (71, 72) 30 years ago. Since then,
this notion has been supported by data from additional
epidemiological as well as experimental animal studies (for
review, (57, 58)). From studies on experimental
autoimmune encephalomyelitis, which is an animal model
of the human disease, it became clear that inefficient
suppression by 1,25-(OH),D5 of Th-1 lymphocyte function
was a major pathogenetic factor of the disease (60, 73).

Diabetes mellitus type 1. There is substantial evidence from
studies with non-obese diabetic mice, that vitamin D deficiency
in early life accelerates the appearance of the symptoms of
autoimmune diabetes mellitus (74) and that, conversely,
1,25-(OH),D5 can prevent the development of the disease (cf.
e.g., (75, 76)). Recently, Hypponen et al. (54) reported the
results of a large birth-cohort study highlighting the importance
of vitamin D supplementation for the prevention of diabetes
mellitus type I in children. Their data clearly showed that
regular vitamin D intake as compared to no supplementation
during the first year of life was associated with 88% risk
reduction of type I diabetes mellitus in later life. Even children
who received vitamin D irregularly had a 84% lower risk than
those with no supplementation. It must be emphasized that this
study is, to date, the first report that showed the efficacy of
vitamin D substitution or supplementation in the prevention
of an autoimmune disease in humans.

Vitamin D and Calcium Interactions
Hypovitaminosis D is frequently associated with intestinal

calcium malabsorption and, consequently, with a reduction of
extracellular fluid calcium concentrations (Figure 1). Many

cell types are endowed with a plasma membrane-bound
extracellular calcium-sensing receptor (CaR) (77, 78), which
transduces even small variations in extracellular calcium into
cell-specific intracellular signaling pathways. Frequently,
signaling from the CaR causes changes in cellular
proliferation or differentiation in the same direction as does
the VDR-mediated action of 1,25-(OH),D; (Figure 1).
Therefore, vitamin D and calcium insufficiency contribute to
the development of chronic diseases though by different
mechanisms. The calcium and vitamin D status appear mainly
to act together, such as in the pathogenesis of osteoporosis,
colorectal and breast cancer and probably also of autoimmune
diabetes type I and multiple sclerosis (for review, (12)). With
respect to osteoporosis, it is commonly accepted that
combined vitamin D and calcium supplementation is the basis
of any therapeutic measures (50, 79). Grau et al. (80), in their
study on the effect of vitamin D and calcium supplementation
on recurrence of colorectal adenomas, found that calcium
supplementation was effective only in patients with normal
25-(OH)D values. Conversely, high 25-(OH)D levels were
associated with a reduced risk of adenoma recurrence only
among subjects receiving calcium supplements. Synergistic
actions of calcium and vitamin D are probably the reason why
high intake of low-fat dairy products is associated with a
reduced risk of breast cancer in pre-menopausal women (81).
Finally, results from studies in animal models of human
autoimmune diseases indicated that calcium supplementation
was necessary to optimize the therapeutic effect of vitamin D
(73, 82). Therefore, correction of both a nutritional calcium
deficit and a compromised vitamin D status is required to
prevent the development of some of the most frequent
chronic diseases. The fact that almost one quarter of the adult
population is both vitamin D and calcium insufficient (12)
poses a special challenge for preventive medicine and public
health policies alike.
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