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Riccardo Cecchinato, Marco Brayda-Bruno and Alessandra Colombini

Vitamin D’s Effect on the Proliferation and Inflammation of Human Intervertebral Disc Cells in 
Relation to the Functional Vitamin D Receptor Gene FokI Polymorphism
Reprinted from: Int. J. Mol. Sci. 2018, 19, 2002, doi:10.3390/ijms19072002 . . . . . . . . . . . . . . 16
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Received: 28 December 2018; Accepted: 29 December 2018; Published: 3 January 2019

Abstract: Vitamin D is currently one of the hottest topics in research and clinics, as well as in everyday
life. Over the past decades, scientists gathered overwhelming evidence indicating that the observed
global vitamin D deficiency not only has a negative impact on human skeletal system, but also
facilitates development and progression of multiple disease of civilization, including cardiovascular
diseases, diabetes, autoimmune disease, and cancer. This Special Issue, entitled “Vitamin D and
Human Health”, summarizes recent advances in our understanding of pleiotropic activity of vitamin
D in the form of eight comprehensive reviews. Furthermore, eight research papers provide new
insight into vitamin D research and highlight new directions.

Keywords: vitamin D; analogs of vitamin D; vitamin D deficiency; supplementation; vitamin D
activity and metabolism; extra-skeletal effects of vitamin D; therapy and prevention

1. Introduction

The active form of vitamin D (1,25(OH)2D3, calcitriol) regulates calcium–phosphate homeostasis
through the interaction with vitamin D receptor (VDR). It also has a huge impact on the proper
functioning of musculoskeletal, immune, nervous, and cardiovascular systems. It is well known that
despite huge progress, the technical revolution caused substantial changes in the environment and
a human life. An introduction of diets based on highly processed food, an indoor lifestyle, and sun
avoidance greatly contributed to the development of the global vitamin D deficiency. A low level of
vitamin D is strongly correlated with a decreased calcium level, which in turn leads to inadequate
mineralization of bones with subsequent development of rickets in children or osteoporosis in adults.
It results not only in bone deformation, but also in high susceptibility of falls and bone fractures.
Thus, proper vitamin D supplementation according to recent standards is essential for maintenance
of the body homeostasis [1–4]. In spite of tremendous efforts and accumulating data concerning
the impact of vitamin D on human life, there is still the need for extensive studies on molecular
mechanisms activated by vitamin D, which would underline potential benefits of this pleiotropic
hormone. On the other hand, clinical significance of vitamin D needs to verified through a series
of large, randomized, controlled long-term trials based on comparison of serum levels of 25(OH)D3
rather than doses of supplementations.

2. Vitamin D and Health

Vitamin D deficiency is inseparably connected to demineralization of bones, which results in an
increased susceptibility to fractures. Atteritano and coworkers presented a case study showing the
relation between low vitamin D levels and susceptibility to bone fragility fractures in HIV-positive
patients [5]. De Luca et al. showed that the presence of specific alleles of FokI single nucleotide
polymorphism (SNP) in the vitamin D receptor (VDR) gene affects cell proliferation and inflammatory
response. The study was contacted on intervertebral disc cells derived from patients with discopathy
or spondylolisthesis. Interestingly, it seems that the Ff variant of FokI genotype of the VDR gene
is more responsive to the anti-inflammatory effects of vitamin D and could be used as a diagnostic
factor in discopathies [6]. Furthermore, the effects of the VDR SNPs were also investigated in acute
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pancreatitis (AP). It was found that a particular SNP (allele T in Taq1) is almost three times more
frequent in AP patents in comparison with alcohol-abuse controls [7]. Thus, it seems that alteration in
vitamin D signaling through the presence of unique SNPs in the VDR gene may be associated with
predisposition to certain pathologies.

The involvement of vitamin D in the regulation of the functions of the cardiovascular system
and its pleasurable impact on hypertension is currently under debate and intensive investigation.
Legarts et al. [8]. summarized our current knowledge concerning the role of vitamin D in regulation
of blood pressure and development of hypertension. It has to be underlined that multiple animal
studies involving VDR-null mutants have shown that vitamin D has a direct impact on regulation of
the renin–angiotensin–aldosterone axis and VDR mutations, or a low level of vitamin D results in an
increase in the blood pressure. However, human trials or retrospective studies have not found a clear
association between vitamin D level or its supplementation with hypertension. It could have been the
problem with suboptimal study design and hopefully ongoing large scale, randomized studies will
validate potential benefits of vitamin D in the treatment of hypertension.

Vitamin D deficiency is often association with several neurological diseases, as the vitamin D
receptor is expressed in several brain structures including the hippocampus, hypothalamus, substantia
nigra, and thalamus. Most importantly, vitamin D regulates the expression of neurotrophins, including
neural growth factor (NGF) and neurotransmitters (acetylcholine, dopamine, and gamma-aminobutyric
acid). In the current issue of IJMS, Morretti and coworkers [9] summarized our current knowledge
concerning the role of vitamin D in the prevention and treatment of neurological disorders, focusing
on multiple sclerosis, stroke, and Alzheimer’s and Parkinson’s diseases.

3. Vitamin D and Immune Response

It is well established that vitamin D inhibits proliferation and induces differentiation of the cells
of different linages and is essential for regeneration of the epithelial barrier, as well as maturation
of immune cells. For example, lymphocytes, neutrophils, monocytes, and dendritic cells not only
express VDR and are direct targets for 1,25(OH)2D3, but also activate circulating 25(OH)D3 through
hydroxylation by CYP27B1 [10]. The immunomodulatory effects of 1,25(OH)2D3 include switching
between cell-mediated response (Th1) and humoral immunity (Th2). Vitamin D activates macrophages
and production of antimicrobial peptides by epithelial and immune cells, which could be essential in
the eradication of bacterial or viral infections. It is not surprising that an occurrence of the sessional
infections, such as influenza, is often linked to vitamin D deficiency. Keeping in mind the various
effects of vitamin D on immune response, Gruber-Bzura [11] discussed the potential role of vitamin
D in influenza prevention and treatment. It has to be underlined that an impact of vitamin D on the
immune system is usually cell type, tissue, or organ dependent. For instance, it was recently suggested
that vitamin D could be useful in the prevention and treatment of autoimmune diseases such as
multiple sclerosis, type 1 diabetes mellitus, rheumatoid arthritis, or systemic lupus erythematous
(SLR). The consequence of vitamin D deficiency in the lupus development and progression was
reviewed by Mak [12]. Strikingly, exposure to UV light is a major contributor to SLR flare up, thus the
sun avoidance behavior only aggravates vitamin D deficiency in patients with lupus. On the other hand,
a few recent clinical studies suggested not only a correlation of vitamin D deficiency with the severity
of lupus, but also that proper supplementation may inhibit the production of autoantibodies, decrease
the Th1/Th17 and memory B cells fractions, and reduce fatigue [12]. Furthermore, an increased activity
of the immune system, including production of specific antibodies, is also the most important cause
of graft-versus-host disease in recipients of allogeneic hematopoietic stem cell transplantation. Thus,
the modulatory role of vitamin D may decrease adverse effects of graft-versus-host disease [10].

4. Vitamin D and Cancer

It is well established that the low level of vitamin D is associated with an increased risk of
any type of cancer and a decrease survival rate, mainly because of an increased severity of the
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symptoms and metastatic potential of malignancies [13]. Very promising clinical studies analyzed
by Medrano [10] suggested that vitamin D supplementation is significantly associated with an
increase in overall survival and lower risk of relapse of myeloid, but not lymphoid malignancies
in transplant recipients. The possible link between vitamin D and an immune regulation of the
tumor microenvironment was also discussed by Liu et al. [13]. It is well established that vitamin D
modulates an immune response through the inactivation with the NFκB pathway. In the tumor stroma,
secretion of cytokines and prostaglandins is essential for the propagation of cancer cells, but vitamin
D, through the downregulation of NFκB and cyclooxygenase 2 (COX-2), can attenuate their secretion.
On the other hand, Pawlik and coworkers [14] observed that vitamin D and its analogs (PRI-2191
and PRI-2205) modulate the prevalence of a certain fraction of lymphocytes (an increase number of
T helper lymphocytes (Th2), regulatory T (Treg), granulocytes, and B lymphocytes), but reduce the
fraction of TCD4+, TCD4+CD25+, and TCD8+ cells in the 4T1 mouse mammary gland cancer model.
It was accompanied by the modulation of the level of pro-tumorogenic cytokines in the serum. It seems
that the modulatory effects of vitamin D in a cancer treatment may also include the adverse effects,
which should be considered.

Cancer metastasis is the most important problem in the treatment of any type of cancer.
For instance, in melanoma, metastasis dramatically decreases the survival rate of patients [15].
Many studies have shown recently that vitamin D and its analogs can be used in adjuvant radio-therapy
(see recent review [16]). In the current issue of IJMS, Podgórska et al. [17] documented that treatment
with either 1,25(OH)2D3 or 25(OH)D3 sensitized human (SKMEL-188) and Bomirski’s hamster
melanoma cells to low doses of proton beam radiation. Interestingly, vitamin D is also considered
in the treatment of benign tumors such as uterine fibroids, derived from smooth muscle cells of the
uterus. As reviewed by Ciebiera and coworkers [18], a few clinical studies have shown that low serum
levels of 25(OH)D3 or the presence of specific SNPs of the genes related to vitamin D metabolism
or activity correlate with the occurrence of uterine fibroids. Thus, keeping in mind antiproliferative
and antifibrotic properties of vitamin D, authors suggested its potential beneficial effects not only in
prevention, but also in the treatment of uterine fibroids [18].

5. Vitamin D Analogs

For many years, both supplementation and clinical uses of vitamin D were limited because
of the potential occurrence of hypercalcemia. Thus, many laboratories around the world have
investigated vitamin D analogs, which do not affect calcium level, but still possess antiproliferative and
immunomodulatory properties of the active form of vitamin D. Hundreds of synthetic analogs have
been investigated so far, with some pleasurable effects. Interestingly, resent studies have shown that not
only does 1,25(OH)2D3 possesses biological activity, but also its precursor, 25(OH)D3, could effectively
inhibit proliferation of melanoma cells [19] or be used as a radio-sensitizing agent in the melanoma
treatment [17]. It is also well established that the cholesterol side-chain cleavage enzyme P450scc
(CYP11A1) could catalase the synthesis of several vitamin D hydroxyderivatives. Those compounds
were shown to be the potent inhibitors of a cell proliferation with immunomodulatory properties
(see recent review [15]). Slominski and coworkers [20] have demonstrated that one of the products of
CYP450ssc enzymatic activity, 20,23(OH)2D3, and the active form of vitamin D (1,25(OH)2D3) share
similar, but also activate unique genomic targets. This observation could at least partially explain the
decreased impact of 20,23(OH)2D3 on the serum level of calcium in comparison with calcitriol. In the
current issue of IJMS, Wasiewicz et al. [19] compared the antiproliferative activity of 1,25(OH)2D3,
synthetic calcipotriol, and a short side-chain vitamin D analog 21-hydoxypregnacalciferol (21(OH)pD)
on three melanoma cell lines. Interestingly, it was shown that the antiproliferative activity of 21(OH)pD
was not fullly dependent on the expression of VDR. This particular observation could be of great
importance because in melanoma (like in many other cancers), a decreased level of VDR correlates with
disease progression [15]. Finally, diverse effects of two vitamin D analogs, (24R)-1,24-dihydroxyvitamin
D3 (PRI-2191) and 5,6-trans isomer of calcipotriol (PRI-2205), on the tumor microenvironment and

3



Int. J. Mol. Sci. 2019, 20, 145

metastasis of 4T1 mouse mammary gland cancer were studied by Prof. Wietrzyk’s group ([14] and see
discussion above).

6. New Cellular Targets for Vitamin D and Its Analogs

It is well established that the active form of vitamin D (1,25(OH)2D3) binding to the VDR–RXR
complex and its subsequent translocation to the nucleus activates the classic genomic pathway.
However, the existence of a fast nongenomic vitamin D response with the involvement of
cell membrane bond VDR and/or protein disulfide isomerase PDIA3 was also postulated [2].
The modulation of immune response by nongenomic pathway was also discussed by Medrano [10].
Interestingly, a recent study from Prof Slominski’s group [20] suggested that an aryl hydrocarbon
receptor (AhR) is a new unique target for 20,23(OH)2D3. This unexpected observation has opened
new therapeutic options for this unique vitamin D analog.

Recently, mitochondria have been recognized as a potential target for the action of vitamin D. Ricca
and colleagues [21] showed that VDR plays a crucial role in the regulation of mitochondrial respiration
and protects cells from an excessive production of reactive oxygen species (ROS) and subsequent
cell damage. This is in line with our recent observation that vitamin D and its analogs modulate
mitochondrial membrane potential; production of reactive oxygen species (ROS); and expression
of ROS-associated genes, including catalase and superoxide dismutases (SOD1 and SOD2) [22].
On the other hand, Abu el Maaty and coworkers have recently investigated the potential targeting of
thioredoxin-interacting protein (TXNIP) by vitamin D [23]. TXNIP is known to play a pivotal role in
the regulation of glucose and redox homeostasis and its expression was shown to be modulated by
vitamin D. However, the current study [23] postulated more complex interactions between vitamin D
and TXNIP. The effects of vitamin D on TXNIP expression were shown to be cancer cell line specific
and glucose dependent. Furthermore, there are also indications that vitamin D affects TXNIP protein
stability during prolongated incubation.

Finally, our recent studies showed that VDR is not fully required for antiproliferative activities
of short side chained analogs of vitamin D such as 21-hydroxypregnacaliferol (21(OH) pD [19,24].
However, the potential intracellular pathways activated by these vitamin D analogs still remain to
be discovered.

7. Conclusions

This Special Issue gives insight into the evolving field of vitamin D regarding its mechanisms of
action, deficiency, supplementation, health benefits, and clinical applications.

There is ongoing debate as to whether vitamin D should be treated only as a supplement,
eventually used in prophylactics, or if it could be also considered in the therapy of multiple disorders.
Having in mind pleiotropic, modulatory effects of vitamin D, the serum level of 25-OH D3 should be
always considered as an important diagnostic factor, especially in the case of vitamin D deficiency.
Multiple clinical trials also showed positive effects of vitamin D supplementation on overall human
health, and suggested its possible use in the treatment of several diseases, including cancer. However,
further large studies are still required in order to validate the potential benefits and safety of vitamin
D in clinics. On the other hand, low calcemic analogs are a very promising alternative for calcitriol,
and new pathways activated by vitamin D and its analogs broadened our knowledge concerning the
role of vitamin D in human health and disease.

Conflicts of Interest: The authors declare no conflict of interest.
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Jetten, A.M.; Crossman, D.K. Differential and Overlapping Effects of 20,23(OH)2D3 and 1,25(OH)2D3 on
Gene Expression in Human Epidermal Keratinocytes: Identification of AhR as an Alternative Receptor for
20,23(OH)2D3. Int. J. Mol. Sci. 2018, 19, 3072. [CrossRef]

5



Int. J. Mol. Sci. 2019, 20, 145

21. Ricca, C.; Aillon, A.; Bergandi, L.; Alotto, D.; Castagnoli, C.; Silvagno, F. Vitamin D Receptor Is Necessary for
Mitochondrial Function and Cell Health. Int. J. Mol. Sci. 2018, 19, 1672. [CrossRef] [PubMed]
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Abstract: HIV-infected patients show high risk of fracture. The aims of our study were to
determine the prevalence of vertebral fractures (VFs) and their associations with vitamin D in
HIV patients. 100 patients with HIV infection and 100 healthy age- and sex-matched controls were
studied. Bone mineral density was measured by quantitative ultrasound at the non-dominant
heel. Serum osteocalcin and C-terminal telopeptide of collagen type 1 served as bone turnover
markers. Bone ultrasound measurements were significantly lower in patients compared with controls
(Stiffness Index (SI): 80.58 ± 19.95% vs. 93.80 ± 7.10%, respectively, p < 0.001). VFs were found in
16 patients and in 2 controls. HIV patients with vertebral fractures showed lower stiffness index (SI)
(70.75 ± 10.63 vs. 83.36 ± 16.19, respectively, p = 0.045) and lower vitamin D levels (16.20 ± 5.62 vs.
28.14 ± 11.94, respectively, p < 0.02). The majority of VFs (87.5%) were observed in HIV-infected
patients with vitamin D insufficiency, and regression analysis showed that vitamin D insufficiency
was significantly associated with vertebral fractures (OR 9.15; 95% CI 0.18–0.52, p < 0.04). VFs and are
a frequent occurrence in HIV-infected patients and may be associated with vitamin D insufficiency.

Keywords: bone ultrasound; HIV; osteoporosis; vertebral fractures; vitamin D

1. Introduction

Low bone mineral density (BMD) is a common finding in HIV-infected patients [1,2], and a
higher prevalence of osteopenia and osteoporosis up to 70% and 30%, respectively, was reported [3,4].
A systematic review concluded that the probability of osteopenia and osteoporosis could be over
6-fold and almost 4-fold higher in HIV-infected than in the non-infected population, respectively [5],
and low BMD is associated with increased risk of bone fragility fractures. HIV-infected patients have
been reported to show a higher rate of fragility fractures with an almost 9-fold increased risk of hip
fracture and 3-fold increased risk of overall fractures [6–8]. Multiple factors appear to be involved
in the pathogenesis of bone loss in HIV-infected patients, including HIV viral protein, antiretroviral
therapy (ART) side effects, inflammatory cytokines, and bone turnover in addition to traditional risk
factors [9–15]. As is known, vitamin D plays a prominent role in bone and mineral metabolism, and it
has been suggested to be involved in the pathogenesis of decreased bone mass and fractures in the
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general population [16]; thus, it is plausible that vitamin D may exert a role in bone loss and fragility
fractures also in HIV-infected patients. The aims of our study were to determine the prevalence of
vertebral fractures and to assess the role of bone ultrasound parameters, bone turnover markers, and
vitamin D in relation to vertebral fractures in HIV-infected patients.

2. Results

Demographic and clinical features of participants are shown in Table 1. As expected in light of
the matching design of the study, chronological age (p = 0.73) and sex (p = 1.00) and family history
of osteoporosis and fracture (p = 0.79) were comparable in HIV-infected patients and controls. Other
relevant factors associated with BMD were also non-significantly different in the two groups (Table 1).
The ultrasound parameter at calcaneus, SI was significantly lower in HIV-infected patients in comparison
with control (SI: 80.58 ± 19.95% vs. 93.80 ± 7.10%, p < 0.001) (Figure 1a). Serum levels of calcium and
phosphorus, urinary calcium and phosphorus (Figure 2a–d), and bone turnover markers (Figure 3c,d) did
not differ significantly between the study groups. The level of PTH was higher, albeit not significantly,
in patients compared with control subjects (Figure 3a). 25-Hydroxivitamin D3 (25(OH)D3) level was
significant lower (20.29 ± 4.05 ng/mL vs. 35.77 ± 6.50 ng/mL, p < 0.001) in HIV-infected patients
compared with controls (Figure 3b). Lateral spine X-ray documented single or multiple VFs in 16 patients
(16%) and 2 controls, with a significantly different prevalence in the two groups (p < 0.05). Ten patients had
a single Grade-1 fracture, 5 patients had two Grade-3 fractures, and 1 patient had multiple fractures (two
Grade-1 and three Grade-3). In HIV-infected patients, the comparison between subjects without vertebral
fractures (No-VFs) and subjects with VFs showed that this latter group reported a poorer measurement of
SI (83.36 ± 16.19 vs. 70.75 ± 10.63; p = 0.045) (Table 2) and a lower 25(OH)D3 (28.14 ± 11.94 vs. 16.2 ± 5.62;
p < 0.02) (Table 2). No statistically significant differences were found in age, BMI, smoking habits, and
viro-immunological markers between fractured and non-fractured patients.

VFs were significantly associated with the insufficiency of 25(OH)D3, and these associations were
significant after adjusting for age, renal function, and systemic hypertension. No other significant
associations were found between 25(OH)D3 serum levels and the other clinical parameters assessed in
HIV-infected patients.

Table 1. Anthropometric data and risk factors for fractures in two groups; results are expressed as
number, means ± S.D., and percentage.

Characteristics HIV (n = 100) Controls (n = 100) p

Age (years) 45.36 ± 12.02 44.85 ± 9.30 0.73
Body Mass Index (kg/m2) 25.01 ± 4.23 24.80 ± 4.65 0.73

Sex (F/M) 84/16 84/16 1.00
Duration of disease (years) 16.29 ± 6.48 0 N/A
Current tobacco use, n (%) 22 (22) 20 (20) 0.88
Alcohol intake (mL/week) 450 ± 100 450 ± 80 1.00
Calcium intake (mg/day) 510 ± 117.88 520 ± 122.53 0.55
Food energy (Kcal/day) 1350 ± 200 1360 ± 150 0.23

Low physical activity 70 68 0.66
Supplementation with calcium, n 0 0 N/A

Supplementation with vitamin D, n 0 0 N/A
Current steroid use, n (%) 0 0 N/A

Antiretroviral therapy exposure
Naive, n (%) 6 (6) 0 N/A

Experienced, n (%) 94 (94) 0 N/A
Sunlight exposure >5 h/week, n (%) 26 (26) 26 (26) 0.52

Family history of osteoporosis
and/or fractures, n (%) 12 (12) 14 (14) 0.79

Fall history, n (%) 15 (15) 17 (17) 0.87

N/A: not applicable.
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Table 2. Bone ultrasound parameter, laboratory data, and vertebral fractures in HIV infection and
control group; results are expressed as number, means ± S.D. and percentage.

Parameter HIV (n = 100) Control Group (n = 100)

Vertebral fractures (VFs), n (%) 16 (16) * 2 (2)
Stiffness index (SI) (%) 80.58 ± 19.95 § 92.18 ± 8.06

T-Score (D.S.) −1.70 ± 0.50 § -0.70 ± 0.30
Z-Score (D.S.) −1.20 ± 0.40 § -0.10 ± 0.30

Osteocalcin (pg/mL) 21.31 ± 4.95 20.33 ± 4.35
C-terminal telopeptide (ng/mL) 0.53 ± 0.28 0.48 ± 0.35

Parathyroid hormone level (pg/dL) 43.72 ± 25.40 37.64 ± 23.60
25-hydroxivitamin D3 (ng/mL) 20.29 ± 4.05 § 35.77 ± 6.50

Calcium (mg/dL) 9.02 ± 0.47 9.12 ± 0.46
Phophate (mg/dL) 3.11 ± 0.57 3.14 ± 0.43

Urinary calcium (mg/24 h) 210.29 ± 84.05 213.93 ± 140.35
Urinary phophate (mg/24 h) 1010.29 ± 260.05 1063.53 ± 461.50

Vitamin A (g/dL) 62.65 ± 13.89 62.33 ± 13.22
Creatinine (mg/dL) 0.88 ± 0.07 0.89 ± 0.09

* p < 0.05; § p < 0.001.

Figure 1. Bone Ultrasound parameters and related T and Z-score in HIV infected (HIV) and control
group (Ctrl). * p < 0.001. Data are expressed as means and SD. (a) The baseline differences of stuffness
index between HIV group (HIV) and control group (Ctrl) at 0, was statistically significant; (b) The
baseline differences of T-score between HIV group and control group (Ctrl) at 0, was statistically
significant; (c) The baseline differences of Z-score between HIV group and control group (Ctrl) at 0,
was statistically significant.
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Figure 2. Serum and 24 hours urinary escretion of Calcium and Phosphorus in two groups. Data
are expressed as means and SD. (a) The baseline differences of Serum Calcium between HIV group
(HIV) and control group (Ctrl) was not statistically significant (p = 0.13); (b) The baseline differences of
serum Phosphrous between HIV group (HIV) and control group (Ctrl) was not statistically significant
(p = 0.67); (c) The baseline differences of urinary Calcium between HIV group (HIV) and control group
(Ctrl) was not statistically significant (p = 0.82); (d) The baseline differences of urinary Phosphrous
between HIV group (HIV) and control group (Ctrl) was not statistically significant (p = 0.31).

Figure 3. Serum parathyroid hormone (PTH), 25(OH)D3 and bone turnover markers in two groups.
* p < 0.001. Data are expressed as means and SD. (a) The baseline differences of serum parathyroid
hormone between HIV group (HIV) and control group (Ctrl) was not statistically significant (p = 0.08);
(b) The baseline differences of Serum 25-OH-D3 between HIV group (HIV) and control group (Ctrl) was
not statistically significant (p = 0.0001); (c) The baseline differences of osteocalcin between HIV group
(HIV) and control group (Ctrl) was not statistically significant (p = 0.13); (d) The baseline differences of
CTx between HIV group (HIV) and control group (Ctrl) was not statistically significant (p = 0.26).
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3. Discussion

Our data show that HIV-infected patients exhibited lower BMD as assessed by bone quantitative
ultrasound at the heel. SI measurements and the related T- and Z-score values were significantly lower
in the HIV-infected patients compared with the control group, the latter being matched with patients
not only for sex and age but also for other known major risk factors for osteoporosis and fractures.

The X-ray of the thoracic and lumbar spine showed single or multiple VFs, according to the
Genant semiquantitative classification of VFs, in 16 HIV-infected patients with a prevalence of 16%
and in only two subjects from the control group. These data are consistent with the current literature
and highlight the high risk of fracture in this cohort [17–19]. Age, chronic renal insufficiency, and
steroid use were previously associated with increased risk of fractures in HIV-infected patients [20,21].
However, since there are no significant differences between our HIV-infected patients and the controls,
when considering these variables, it is reasonable to rule out that a low BMD and VFs are related to
these factors.

Another important determinant of bone loss and fragility fractures in HIV-infected patients is
represented by ART, in fact several studies, but not all, have proved the association between ART
exposure and osteoporosis and/or fractures [22–24].

In our study, 94% of HIV-infected patients were treated with ART, so it was not possible to analyze
the impact of the therapy, per se, on BMD and fractures. Interestingly, the HIV-infected patients
with VFs reported a lower value of SI in comparison with HIV-infected patients without VFs; this
result is consistent with previous data on the role of quantitative ultrasound in the detection of bone
fragility. Quantitative ultrasound is able to reflect different physical properties of bone (e.g., the density,
elasticity, and microarchitecture) and provide information on fracture risk [25–30].

Our data may indicate that bone ultrasound at the non-dominant heel may be used as a reliable
tool to test bone health in HIV-infected patients.

Great attention has been given to the field of vitamin D in HIV-infected patients over the
last few years, and epidemiological data suggest that HIV-infected patients, also from different
geographical locations, including Europe, American, and Australia have a high prevalence of vitamin
D insufficiency [31–33]. In our cohort, the prevalence of insufficiency of vitamin D3 in HIV-infected
patients was 50%, significantly higher compared to the control group (20%). Diet and exposure
to the sun are the main factors that regulate vitamin D3 levels and its activity in each subject [34].
The average self-reported sun exposure was the same in both groups, so sun exposure is not likely to
be the cause of the low 25(OH)D3 level showed in HIV group than controls. Poor vitamin D status
is a well-established risk factor for bone disease in the general population [35]. In addition, recent
data suggest that vitamin D may exert non-skeletal functions, having a role in cardiovascular and
immune regulation [36–38]. Moreover, in HIV human macrophages exposed to mycobacterium
tuberculosis, vitamin D pretreatment restored critical responses, supporting a potential role for
exogenous vitamin D as a therapeutic adjuvant in M. tuberculosis infection in HIV(+) persons [39].
The extent to which vitamin D deficiency contributes to bone loss and enhance fracture risk in the
HIV-infected patients is largely unknown. Our study demonstrated that vitamin D insufficiency is
associated with prevalent vertebral fractures in HIV-infected patients: 87.5% of HIV-infected patients
presenting VFs had serum with a vitamin D value lower than 30 ng/mL, and vitamin D was predictive
of fractures according to regression analysis. The finding that insufficient 25-hydroxyvitamin D3 levels
(<30 ng/mL) are associated with VFs support the clinical relevance of vitamin D preserving bone
health also in HIV-infected patients, and supports the inclusion of this modifiable risk factor as part of
the screening for bone fragility in HIV-infected patients.

We acknowledge that our study has some limitations, including the small sample size and its
cross-sectional and observational nature, that need to be considered when interpreting the final results.
Another limitation was not to compare the population of HIV with another chronic disease to better
understand the impact and specificity of HIV on bone loss and vertebral fragility fractures.
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4. Materials and Methods

4.1. Subjects

The study was approved by the Local Ethics Committee for Medical Research, Messina University
Hospital “G.Martino” and carried out in accordance with the Helsinki Declaration. All subjects gave
their informed written consent to enter the study. One hundred consecutive patients with diagnosis
of HIV infection referred from July 2012 to February 2015 to the Infection Unit of the University
Hospital of Messina were evaluated. Eligibility criteria required the absence of clinical or laboratory
abnormalities that suggested cardiovascular, hepatic, or renal disorders; coagulopathy, the use of
oral or transdermal estrogen, progestin, androgen, or other steroids; previous or current use of
bone active agents (e.g., biphosphonates), the use of cholesterol-lowering therapy, cardiovascular
medications, or any other therapy that could influence bone metabolism, in particular, systemic or
local corticosteroids. Of the 141 patients evaluated, 100 fulfill the inclusion criteria and were included
in this cross-sectional study. One hundred healthy volunteers matched for sex and age served as the
control group. All participants in both groups were white subjects from South Italy. Clinical data,
including smoking status (current, former, never), physical activity, food energy, calcium intake, and
sun exposure, were obtained by interview, and weight and height were determined during physical
examination. The nutritional variables were determined using 24 h recall. None of the subjects in
either group were on supplementation with calcium and/or vitamin D.

4.2. Bone Ultrasound Parameters and Vertebral Fractures Assessment

All subjects underwent a BMD evaluation by quantitative ultrasound (QUS) at the non-dominant
heel by Achilles Insight, (Lunar, Madison, WI, USA). The Achilles Plus measures the speed
of sound (SOS), broadband ultrasound attenuation (BUA), and a clinical index called stiffness
index. Stiffness index (SI) is calculated automatically by the software according to the following
formula: SI = (0.67 × BUA + 0.28 × SOS) − 420. Standardized procedures were carried out for patient
positioning, data acquisition, and system calibrations. The manufacturer’s phantom was used for
system calibrations. The coefficient of variation for SI was 1.7%.

All participants also underwent a lateral thoracic and lumbar spine X-ray to ascertain the
presence of VFs. All radiographs were assessed by two blinded physicians separately according
to the quantitative methods (quantitative vertebral morphometry, QVM) using a dedicated software
(MorphoXpress). Anterior, middle, and posterior heights of vertebral T4 to L4 were measured.
According to the Genant classification, a vertebral fracture was defined based on reduction in anterior,
middle, and/or posterior height: Grade 1: 20–25% reduction; Grade 2: 25–40% reduction; Grade 3:
>40% reduction [40].

4.3. Biochemical Data

Blood samples were obtained by antecubital venipuncture between 8 a.m. and 11 a.m. after an
overnight fast and a 10 min rest. The first 4–5 mL of blood were not used. Blood was collected in
refrigerated vacutainers containing an anticoagulant mixture provided by Booehringer-Mannheim,
immediately placed on ice, and centrifuged, within a few minutes, at 2000× g for 20 min at 4 ◦C,
and the plasma was frozen at −80 ◦C until assayed. Osteocalcin (BGP) was performed using an
immunoenzymatic assay (Pantec, Turin, Italy). Serum levels of C-telopeptide of type I collagen
(CTx) was assessed using the Elecys 2010 Immunoassay System (Roche, Basel, Switzerland). Serum
calcium, serum phosphorus, and urinary creatinine were measured by automated routine procedures.
Parathyroid hormone (PTH) and 25-hydroxyvitamin D3 were measured using high-performance
liquid chromatography (Bio-Rad Laboratories S.r.l., Segrate, Milan, Italy). Vitamin D deficiency was
defined as plasma levels of 25(OH)D3 <20 ng/mL, insufficiency between 20 and 30 ng/m, and normal
>30 ng/mL. The intra- and inter-assay CV were <10% for both tests. The intra- and inter-assay CV
were <10% for both tests.

12



Int. J. Mol. Sci. 2018, 19, 119

4.4. Statistical Analysis

Statistical analyses were performed using Statistica 8 (Statsoft, Inc., Tulsa, OK, USA). Values
are expressed as mean SD or percentage. Comparisons between groups were performed by with a
Student’s t-test. The percentage of each variable was compared between groups by Fisher’s exact test.
A chi-squared test (χ2) with Yates correction was conducted to assess the individual association between
independent variables and the presence of insufficiency 25(OH)D3. Multivariate logistic regression
analysis was used to adjust for confounders. Values of p <0.05 were considered statistically significant.

5. Conclusions

In conclusion, our data showed a high prevalence of VFs in HIV-infected patients and highlight
the role of insufficiency of vitamin D3 in increasing the risk of VFs.
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Abstract: Vitamin D is known to have immunomodulatory effects, is involved in osteo-cartilaginous
metabolism, and may have a role in human intervertebral disc pathophysiology. Although a link
between vitamin D receptor (VDR) gene variants and disc degeneration-related pathologies has been
observed, its functional contribution to pathologic processes has not been assessed yet. The aim of
this study was to investigate the response of disc cells to vitamin D in terms of the regulation of
proliferation, metabolism, and inflammatory processes, with a particular focus on the FokI VDR
genotype. However, although it was found that vitamin D had a pro-apoptotic effect regardless of
genotype, an up-regulation of IL-1Ra and downregulation of IL-6 was found to be evident only in Ff
cells. Regarding the metabolic effects, in Ff cells, vitamin D promoted an upregulation of the aggrecan
in inflammatory conditions but did not have an effect on the expression of collagen-related markers.
Moreover, cells bearing the Ff genotype were the most responsive to vitamin D in the upregulation of
catabolic markers. In addition, in contrast to the FF genotype, vitamin D downregulated the vitamin
D-dependent signaling pathway in inflamed Ff cells, counteracting the inflammation-mediated
catabolic effects. In conclusion, Ff cells were found to be more responsive to the anti-inflammatory
and catabolic effects of vitamin D, which is likely to be related to matrix remodeling.

Keywords: intervertebral disc; vitamin D; vitamin D receptor polymorphism; proliferation; inflammation

1. Introduction

The involvement of the vitamin D endocrine system in the pathophysiology of the human
intervertebral disc is still a topic of debate which is not fully explored. Few in-vitro studies have
reported that vitamin D regulates proliferation, the expression of matrix genes, production of structural
proteins, cytokines, and growth factors in cells obtained from the two main anatomical components
of the disc, the nucleus pulposus (NP), and the annulus fibrosus (AF), and expressing the vitamin D
receptor (VDR) [1,2].

The need to perform functional studies to analyze the effects of vitamin D on the
fibro-cartilaginous disc and the osteo-cartilaginous endplate (CEP) resides in a number of evidences
describing the association between the four most studied, known genetic VDR variants (FokI, BsmI,
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TaqI and ApaI), and the disc degeneration-related pathologies [3,4], although inconsistent associations
have been reported [5,6].

Recently, a correlation between the aforementioned genetic variants and specific lumbar spine
pathologies, such as herniation, discopathy, and osteochondrosis, has been observed [7–10]. Some
VDR alleles and genotypes predisposed to lumbar spine pathologies have been identified in patients
with a concomitant increase of type II collagen degradation products, which likely derives from the
degradation of the disc’s matrix [11,12]. However, there are still few findings concerning the contribution
of these variants to pathologic processes. The FokI polymorphism is particularly interesting for its
functional role—in fact, it is located in the start codon of the VDR and consists of a C to T transition,
determining the transcription of a shorter, allele C (F allele), or longer allele T (f allele) polypeptide [13].
The shorter polypeptide couples more efficiently with the transcription factor II B than the longer
peptides and leads to a higher transcriptional rate of vitamin D-dependent genes [14,15].

Moreover, given its involvement in osteo-cartilaginous metabolism, vitamin D might have a
crucial role in the degenerative development of the disc and endplate [3].

Finally, the immunomodulatory effects of vitamin D have been also suggested [16], albeit without
any clear explanation as to its possible involvement in the regulation of the inflammatory and catabolic
processes present in the degenerate discs [17,18].

Based on this background, the aim of this study was to investigate the in-vitro regulation of
proliferation, metabolism, and inflammatory processes of disc cells in response to vitamin D treatment,
with a focus on the functional FokI VDR genotype. This study attempts to clarify the functional
meaning of the association of this genetic variant with the predisposition to the development of disc
degeneration-related pathologies.

2. Results

2.1. Anti-Proliferative Effect of Vitamin D Is Related to Induction of Apoptosis

Vitamin D treatment caused a decrease in the number of viable cells (−2.7%, p < 0.01).
The anti-proliferative effect of vitamin D did not affect the cell cycle (Figure 1), but significantly

increased the percentage of apoptotic cells (p < 0.001). The cells bearing the FF genotype showed
a slight, but significant, decrease of the number of living cells (−8%, p < 0.05) (Figure 2A). However,
the rate of apoptosis was significantly increased by the vitamin D treatment in both cell types (+32% and
+66%, both p < 0.001, for FF and Ff, respectively) (Figure 2A,B).

Figure 1. Cont.
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Figure 1. Cell cycle of disc cells in response to vitamin D treatment. (A) Shows the percentage of cells
bearing both the FF and Ff genotype in the different cell cycle phases (pre-G1, G1 and S). Light gray and
dark gray bars represent the cells treated with DMSO and vitamin D, respectively. Data are represented
as mean ± SD, n = 15; (B) Shows two representative cell cycle’s graphs after DMSO and vitamin D
treatment. Red, yellow, blue and green bars represent pre-G1, G1, S and G2-M phases, respectively.

Figure 2. Apoptosis of disc cells in response to vitamin D treatment. Shows percentage of live, necrotic
and apoptotic cells bearing FF (A) and Ff (B) genotypes. Light and dark gray bars represent the
cells treated with DMSO and vitamin D, respectively. * p < 0.05, *** p < 0.001 vs. DMSO treatment.
FF genotype n = 4, Ff genotype n = 11. Data are represented as mean ± SD.

2.2. Effect of IL-1β on Disc Cells Cultured in Absence of Vitamin D

As expected, IL-1β induced a significantly higher release of IL-1Ra (p < 0.05 and p < 0.001 for
FF and Ff, respectively) (Figure 3A). Moreover, in cells bearing both the genotypes, the addition of
1 ng/mL IL-1β to the culture provoked a strong increase of the release of IL-6 up to 200-fold (p < 0.01
and p < 0.001 for FF and Ff, respectively) (Figure 3B).

In an inflamed condition, the expression of ACAN was strongly downregulated in the cells of both
genotypes (p < 0.01 and p < 0.001 for FF and Ff, respectively) (Figure 4A). Similarly, the presence of
IL-1β slightly decreased the expression of COL1A1 with respect to the basal culture condition, although
it was only in cells bearing the Ff genotype, which turned out to be statistically significant (p < 0.05)
(Figure 4B). Conversely, the expression of SOX9 was upregulated by IL-1β in cells bearing both
genotypes, again only in a significant manner in cells bearing the Ff genotype (p < 0.05) (Figure 4C).
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Figure 3. Concentrations of IL1-Ra (A) and IL-6 (B) released from FF and Ff bearing cells, in basal and
inflamed (IL-1β treatment) conditions, in response to vitamin D treatment. Light and dark gray bars
represent the cells treated with DMSO and vitamin D, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
DMSO treatment in basal condition. §§ p < 0.01, §§§ p < 0.001 vs. vitamin D treatment in basal condition.
### p < 0.001 vs. DMSO + IL-1β treatment. FF genotype n = 3, Ff genotype n = 10. Data are represented
as mean ± SD.

Figure 4. Cont.
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Figure 4. Expression of disc phenotype markers ACAN (A), COL1A1 (B) and SOX9 (C) in cells bearing
FF and Ff genotypes, in basal and inflamed (IL-1β treatment) conditions, in response to vitamin D
treatment. Light and dark gray bars represent the cells treated with DMSO and vitamin D, respectively.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. DMSO treatment in basal condition. § p < 0.05, §§§ p < 0.001 vs.
vitamin D treatment in basal condition. # p < 0.05 vs. DMSO + IL-1β treatment. FF genotype n = 3,
Ff genotype n = 7. Data are represented as mean ± SD.

As expected, IL-1β provoked a very marked increase of MMP1, MMP3 and MMP13 expression in
cells bearing both genotypes (all p < 0.01 for FF cells and all p < 0.001 for Ff cells) (Figure 5A–C).

Figure 5. Cont.
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Figure 5. Expression of disc catabolic markers MMP1 (A), MMP3 (B) and MMP13 (C) in cells bearing
FF and Ff genotypes, in basal and inflamed (IL-1β treatment) conditions, in response to vitamin D
treatment. Light and dark gray bars represent the cells treated with DMSO and vitamin D, respectively.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. DMSO treatment in basal condition. § p < 0.05, §§ p < 0.01,
§§§ p < 0.001 vs. vitamin D treatment in basal condition. ### p < 0.01, ### p < 0.001 vs. DMSO + IL-1β
treatment. FF genotype n = 3, Ff genotype n = 7. Data are represented as mean ± SD.

In the presence of IL-1β, the expression of CYP24 was strongly upregulated in both genotypes
(p < 0.05 for FF cells and p < 0.01 for Ff cells) (Figure 6A), whereas inflammation provoked an
upregulation of VDR expression in Ff cells (p < 0.05) (Figure 6B).

Figure 6. Expression of genes related to vitamin D-dependent signaling pathway CYP24 (A) and
VDR (B), in cells bearing FF and Ff genotypes, in basal and inflamed (IL-1β treatment) conditions,
in response to vitamin D treatment. Light and dark gray bars represent the cells treated with DMSO
and vitamin D, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. DMSO treatment in basal condition.
§§ p < 0.01, vs. vitamin D treatment in basal condition. ## p < 0.01, ### p < 0.001 vs. DMSO + IL-1β
treatment. FF genotype n = 3, Ff genotype n = 7. Data are represented as mean ± SD.
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2.3. Vitamin D Supplementation Did Not Influence the Release of IL-1β in Disc Cells

At basal level, no IL-1β was detected in the supernatant either in DMSO or 1,25(OH)2D3-treated
cells. After 48 h of 1000 pg/mL IL-1β administration, an average amount of 350 ± 190 pg/mL was
detected in cells, regardless of genotype or vitamin D treatment. The spontaneous degradation of
IL-1β was also evaluated in culture media in the absence of cells; an average of 148.7 ± 37.4 pg/mL
was found after 48 h of IL-1β administration.

2.4. Vitamin D Upregulated IL-1Ra Release in Basal Condition and Downregulated IL-6 Release in Inflamed
Condition in Cells Bearing the FokI VDR Ff Genotype

The treatment with 1,25(OH)2D3 significantly upregulated the release of IL-1Ra only in cells
bearing the Ff genotype in basal culture condition (p < 0.01) (Figure 3A). It should be noted that
disc cells bearing the Ff genotype showed higher basal IL-1Ra concentrations—about 60 pg/mL—in
comparison to the ones bearing the FF genotype, which had about 40 pg/mL. In inflamed conditions,
1,25(OH)2D3 showed to be able to downregulate the production of IL-6 only in the presence of a VDR
FokI Ff genotype (p < 0.001) (Figure 3B).

2.5. In Inflamed Condition Vitamin D Upregulated the Expression of ACAN in Ff Disc Cells, But Did Not
Have an Effect on SOX9 and COL1A1 Expression

In all conditions, with the exception of the Ff cells treated with 1,25(OH)2D3 in basal medium,
a decrease in ACAN expression was observed. Interestingly, in the presence of IL-1β, vitamin D
counteracted this effect by increasing the ACAN expression in Ff genotype cells, compared to DMSO
in the same inflamed condition (p < 0.05) (Figure 3A).

In both basal and inflamed conditions, vitamin D did not influence the expression of COLA1A1
and SOX9 in cells bearing both the FF and Ff genotypes (Figure 3B,C).

2.6. Vitamin D Was Able to Affect the Expression of MMPs in Cells Bearing the Ff Genotype in Both Basal and
Inflamed Conditions

Vitamin D was able to increase the MMP1, MMP3 and MMP13 expression in basal condition
in cells bearing the Ff genotype. In contrast, 1,25(OH)2D3 in an inflamed condition downregulated
the expression of MMP3 in FF bearing cells (p < 0.01), and of MMP13 in Ff bearing cells (p < 0.001)
(Figure 5A–C).

2.7. Vitamin D Upregulated the Vitamin D-Dependent Signaling Pathway, but This Was Downregulated in
Inflamed Cells Bearing the Ff Genotype

In general, independently from the FokI genotypes, 1,25(OH)2D3 upregulated CYP24 expression,
both in basal and inflamed conditions (FF genotype, p < 0.01, for both basal and inflamed conditions;
Ff genotype, p < 0.001, for both basal and inflamed conditions) (Figure 6A). Interestingly, CYP24
expression levels were downregulated by vitamin D in an inflamed environment in comparison with
its levels in the presence of vitamin D alone, only in Ff bearing cells (p < 0.01).

Vitamin D did not affect VDR expression in either of the conditions, regardless of the cell genotype
(Figure 6B).

3. Discussion

The main finding of this study is that the cells bearing the two different FokI VDR gene variants
show some differences in response to the treatment with vitamin D, where the Ff genotype was the
most responsive.

Regardless of the FokI VDR genotype, vitamin D had an inhibitory effect on the proliferation and
metabolic activity of the disc cells while particularly favoring a pro-apoptotic induction on these kinds
of cells, as already reported in previously published studies [1,2].
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When the pro-inflammatory stimulus IL-1β, a cytokine well-known to induce an inflammatory
and catabolic environment in the intervertebral disc [17,19–21] was added to the culture, the disc cells
showed a similar IL-1β metabolism, regardless of genotype and vitamin D supplementation. Since
a substantial amount of IL-1β is lost in the culture medium in absence of cells at the end of 48 h of
incubation, the higher value detected in the cell culture after IL-1β administration suggests an active
IL-1β cell secretion.

The disc cells bearing the FokI VDR Ff genotype were the most responsive to vitamin D,
and showed an anti-inflammatory attitude by counteracting the upregulation induced by IL-1β
of the pro-inflammatory IL-6, by upregulating the anti-inflammatory IL-1Ra release in basal condition
and also by showing higher basal IL-1Ra concentrations in comparison with cells bearing the FF
genotype, regardless of the vitamin D treatment.

Moreover, in Ff -bearing disc cells, vitamin D supplementation provoked an upregulation of
the expression of ACAN, a marker of disc phenotype expressed in terminally differentiated cells,
counteracting the strong downregulation of this gene observed after IL-1β treatment in absence of
vitamin D. The downregulation of ACAN observed in basal condition after vitamin D treatment in cells
bearing the FF genotype was in accordance with what was previously observed [2], and suggested a
different behavior of the cells in response to the vitamin D treatment for what concerned the aggrecan
production, depending on their genotype. In particular, the Ff bearing cells were, even in this case, most
responsive to vitamin D in terms of preservation of the expression of this crucial marker of phenotype.

Even for what concerned the catabolic response, Ff -bearing cells were the most responsive,
showing an upregulation of the MMP’s expression of vitamin D mediated in basal condition.

On the contrary, in an inflamed environment, 1,25(OH)2D3 slightly downregulated the expression
of MMP3 in FF bearing cells and of MMP13 in Ff bearing cells, thus counteracting the increase of these
MMP’s expression mediated by IL-1β.

Regardless of genotype, the expression of CYP24 was strongly upregulated by both IL-1β and
1,25(OH)2D3 (even more strongly), thus showing that both stimuli influenced the vitamin D signaling
pathway. Only in Ff bearing cells were the levels of this marker slightly downregulated by vitamin
D in an inflamed environment with respect to the basal condition, making it likely to counteract the
inflammation-mediated catabolic effects. A further confirmation of the influence of inflammation on
the vitamin D signaling pathway was shown by the modulation of VDR expression. Only in Ff bearing
cells was a slight increase of the expression of this gene observed in an inflamed condition. As already
published [2], vitamin D did not affect the expression of this receptor.

The main limitation of this study is the absence of data regarding cells bearing the ff genotype,
due to the low frequencies of this genotype in the Italian population (about 13%), as already
published [7]. Moreover, the relevant data obtained at transcriptional level should also be confirmed at
protein level, and further evaluation of subchondral bone cells obtained from vertebral bodies should
be performed in view to confirm the anti-proliferative and catabolic effects of vitamin D observed in
this study, in order to assess the potential effects of vitamin D on bone metabolism in the presence of
specific functional FokI VDR genotypes.

These pieces of evidence suggest that calcitriol, at the pharmacological concentration used
in this study, has a general anti-proliferative and catabolic effect on disc cells. For these reasons,
the use of vitamin D to treat the degenerated disc with homeostatic or regenerative purposes is not
suggestable, particularly for patients bearing FF VDR genotype which showed the highest risk of
developing degenerative disc diseases [7,8,12]. Nevertheless, cells bearing the Ff genotype were
the most responsive to the vitamin D supplementation, showing anti-inflammatory and catabolic
behaviors in response to the treatment with the hormone, likely related to matrix remodeling. Starting
from these pieces of evidence, the systemic or local supplementation of vitamin D could be considered
as a treatment option for a particular subgroup of patients presenting disc degeneration related to
osteochondrosis. In fact, this latest pathological condition involves not only the fibro-cartilaginous
disc, but also the upper and lower bony-cartilaginous endplates, limiting the discs. In particular,
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the subchondral bone of these patients shows typical degenerative features, such as a multilevel
presence of sclerosis and Schmorl’s nodes [22,23]. Predisposing factors for spinal osteochondrosis
are the presence of bone metabolic diseases, including osteomalacia, hyperparathyroidism, Paget’s
disease, infections, neoplasm and osteoporosis, which may weaken the vertebral bodies and allow
Schmorl’s nodes to form [24]. Although the endplates serve as the main route of nutrient supply
into the disc [25], their calcification, due to the presence of chronic lesions, may lead to the loss of
this role and may contribute to disc degeneration in this pathology. Also, the immune system has
been postulated as having a role in the development of osteochondrosis. Discs that herniated into
the vertebral endplate and eventually into the bone marrow could be recognized as foreign material,
leading to an immune reaction with inflammatory cell infiltration, edema, influx of cytokines, and
pain. Moreover, the herniation of the nucleus pulposus into the vertebrae can determine a cross-talk
between a dysregulated immune system and bone metabolism, resulting in an imbalance of bone
remodeling and consequently leading to bone loss [26]. This is a vicious circle where bone loss may
predispose affected vertebrae to herniation of more disc material, exacerbating the condition.

In view of the importance of vitamin D in skeletal homeostasis [27] and of its immunomodulatory
properties [16], and due to the peculiar pathological features of osteochondrosis, a vitamin D
supplementation may be suggested to treat the subchondral sclerosis and the degenerated vertebral
bone of the patients with spinal osteochondrosis bearing the Ff genotype, which showed to be the
most promising subject concerning their responsiveness to the vitamin D treatment.

4. Materials and Methods

4.1. Study Population and Tissue Samples Collected

The study was approved by the ethics committee of the San Raffaele hospital (Protocol GenVDisc
Version 1, 20 November 2015) and specimens were collected with patient-informed consent. Waste
material from the lumbar intervertebral disc of 15 patients with a mean age of 54.6 ± 13.2 and who
were affected by spine disorders was collected during discectomy. Demographic features, disc level,
and patients’ genotypes are listed in Table 1.

Table 1. Demographic features, disc level and genotypes of the recruited patients.

Sex Age Spine Disorder Disc Level FokI VDR Genotype

F 27 Spondylolisthesis L5-S1 FF
F 39 Discopathy L4-L5 FF

F 46 Degenerative
discopathy L5-S1 Ff

F 48 Spondylolisthesis L5-S1 FF

F 48 Degenerative
discopathy L5-S1 Ff

F 50 Discopathy L5-S1 Ff
F 50 Discopathy L5-S1 Ff
M 52 Discopathy L5-S1 Ff
F 55 Discopathy L5-S1 Ff
M 57 Discopathy L5-S1 Ff
F 65 Discopathy L5-S1 Ff

F 66 Degenerative
discopathy L5-S1 FF

F 66 Discopathy L5-S1 Ff
F 74 Discopathy L5-S1 Ff
F 76 Discopathy L5-S1 Ff
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4.2. Isolation and Expansion of Disc Cells

Disc cells were isolated by enzymatic digestion (37 ◦C, 22 h) using type II collagenase (Worthington
Biochemical Co., Lakewood, NJ, USA) at the concentrations of 224 U/mL for NP, 560 U/mL for AF
and 336 U/mL for CEP samples [28]. After digestion, the samples were filtered through a cell strainer
and centrifuged (1000× g, 5 min). The cells were counted and plated at 105 cells/cm2, (37 ◦C, 5% CO2)
in 1 mg/mL of low-glucose Dulbecco’s-modified Eagle medium (LG-DMEM, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Lonza, Basel, Switzerland),
0.29 mg/mL L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 10 mM Hepes, 1 mM sodium
pyruvate (all reagents from Thermo Fisher Scientific). During culture, the medium was replaced twice
a week. At confluence, cells were detached using 0.05% trypsin/0.053 mM EDTA (Thermo Fisher
Scientific) and plated at 5 × 103 cells/cm2 for the following passages. The cells were expanded up to
passage 3 and then used for the experiments.

4.3. Determination of FokI VDR Genotypes

Genomic DNA was extracted from disc cells according to the procedure of the Pure LinkTM

Genomic DNA Mini kit (Invitrogen, Carlsbad, CA, USA) and quantified spectrophotometrically
(NanoDrop, Thermo Fisher Scientific). FokI VDR genotypes were determined by using TaqMan
SNP Genotyping Assay (Thermo Fisher Scientific) for rs2228570 polymorphism and a StepOne Plus
instrument (Thermo Fisher Scientific).

4.4. Calcitriol (1,25(OH)2D3) and IL-1β Treatment Protocols

Monolayer cultured cells were allowed to attach for 24 h in standard culture medium.
For cell cycle and apoptosis analysis, the cells were cultured for 24 h in low serum medium (5% FBS)

to decrease the vitamin D binding protein contained in a serum, which might have interfered with
the experiment. 10−8 M 1,25(OH)2D3, or vehicle (0.1% DMSO) (Sigma-Aldrich, St. Louis, MO, USA),
were then added, and the medium changed at day 3 when the vitamin D treatment was repeated;
the cells were collected after 6 days of treatment for the analysis of the cell cycle and apoptosis.

For the evaluation of the response to inflammation, 10−8 M 1,25(OH)2D3, or vehicle (0.1% DMSO),
was added to 80% confluent cells in 5% FBS in the presence or absence of 1 ng/mL IL-1β
(Sigma-Aldrich). The cells and supernatant were then evaluated after 48 h of treatment [29].

4.5. Cell Cycle Analysis

Cell cycle progression was evaluated by monitoring the DNA content through the Tali® Cell
Cycle Kit (Thermo Fisher Scientific) consisting of an all-in-one solution containing propidium iodide,
RNase A, and Triton X-100 to label cells. After 6 days of 1,25(OH)2D3 or DMSO treatment, the cells
were detached using 0.05% trypsin/0.053 mM EDTA, centrifuged at 500× g for 5 min, washed with
phosphate buffered saline solution (PBS), centrifuged again at the same previous conditions, transferred
to ice and fixed into a single cell suspension with ice-cold 70% ethanol in distilled water. Later on,
the cells were placed at −20 ◦C overnight, then centrifuged at 1000× g for 5 min at 4 ◦C to remove
the ethanol and washed in PBS. After a centrifugation step at 500× g for 10 min at 4 ◦C, the PBS was
removed and cells were resuspended in 200 μL of Tali® Cell Cycle Solution at RT for 30 min in the
dark. The cells were briefly vortexed to gently resuspend them before the cell cycle analysis using the
Tali® Image-Based Cytometer (Thermo Fisher Scientific). Using the instrument software, small cells
(indicating debris) and large cells (indicating aggregates) were gated out of the analysis by setting the
gate on the cell size; the threshold gates for each cell cycle phase were also set.

4.6. Evaluation of Apoptosis

Tali® Apoptosis Assay Kit–Annexin V Alexa Fluor® 488 and Propidium Iodide (Thermo Fisher
Scientific) were used to evaluate the presence of apoptosis after the 1,25(OH)2D3 or DMSO treatment.
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Briefly, the cells were harvested and centrifuged to discard the supernatant. Annexin binding
buffer and Annexin V Alexa Fluor® 488 were added to the cells and the mixture was left at RT in the
dark for 20 min. The cells were centrifuged and resuspended in Annexin binding buffer added to Tali®

Propidium Iodide. Samples were incubated at RT in the dark for 5 min. The stained cells were then
loaded onto the Tali® Image-Based Cytometer. Apoptotic cells showed green fluorescence, necrotic
cells showed red fluorescence, dead cells (apoptosis/secondary necrosis) showed yellow fluorescence,
and live cells showed little to no fluorescence.

4.7. Gene Expression Analysis

Total RNA was isolated from cell lysates using the PureLink® RNA Mini Kit (Thermo Fisher
Scientific) and quantified spectrophotometrically (NanoDrop).

RNA were reverse-transcribed to cDNA employing the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA). Gene expression was evaluated by real-time PCR (StepOne Plus
instrument). cDNA was incubated with a PCR mixture, including the TaqMan® Gene Expression
Master Mix and TaqMan® Gene Expression Assays (Thermo Fisher Scientific).

The expression of phenotype markers such as ACAN, Hs00153936_m1, COL1A1, Hs01076777_m1,
SOX9, Hs00165814_m1, vitamin D-related genes such as CYP24, Hs00167999_m1, VDR, Hs01045840_m1,
matrix metalloproteases MMP1, Hs00899658_m1, MMP3, Hs00968305_m1 and MMP13, Hs00233992_m1
was analyzed after IL-1β treatment.

The previously-validated TBP, Hs00427620_m1 was used as a housekeeping gene [14]. Data was
expressed according to the dCt method.

4.8. Determination of Cytokines

Concentrations of soluble IL-1β, IL-1Ra and IL-6 in cell culture medium after 48 h of treatment with
1,25(OH)2D3 or DMSO in the presence or absence of IL-1β were determined by commercially-available
ELISA according to the manufacturers’ instructions (PeproTech, Rocky Hill, NJ, USA).

The detection ranges were: 23–1500 pg/mL for IL-1β, 24–1500 pg/mL for IL-6 and 23–1500
pg/mL for IL-1Ra.

4.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v5.0 software (GraphPad Software Inc.,
La Jolla, CA, USA). All values are expressed as the mean ± SD. Normal distribution of values were
assayed by the Kolmogorov-Smirnov normality test. Paired comparisons were performed by using
a two-tailed t test. In the case of not normally distributed values, repeated measures were compared
with the Kruskal-Wallis test with the Dunns’ correction. The significance level was set at a p-value
lower than 0.05.
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Abbreviations

VDR Vitamin D receptor
IL-1Ra Interleukin-1 receptor antagonist
IL-6 Interleukin 6
NP Nucleus pulposus
AF Annulus fibrosus
CEP Osteo-cartilaginous endplate
IL-1β Interleukin 1β
ACAN Aggrecan
COL1A1 Collagen Type I Alpha 1 Chain
SOX9 SRY-Box 9
MMP Matrix metalloprotease
CYP24 Cytochrome P450 Family 24 Subfamily A Member 1
DMSO Dimethyl sulfoxide
TBP TATA-binding protein
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Abstract: Vitamin D imbalance is suggested to be associated with the development of pancreatitis.
Single nucleotide polymorphisms (SNPs), Apa-1, Bsm-1, Fok-1, and Taq-1, in the vitamin D receptor
gene (VDR) are known in various diseases, but not yet in pancreatitis. The aim of this study
was to explore possible associations of the four SNPs in the VDR receptor gene in a population
of acute pancreatitis patients and alcohol-abuse controls, and to investigate the association with
acute pancreatitis (AP) susceptibility. The study population (n = 239) included acute pancreatitis
patients (n = 129) and an alcohol-abuse control group (n = 110). All patients met the Diagnostic
and Statistical Manual of Mental Disorders (DSM IV) criteria for alcohol dependence. DNA was
extracted from peripheral leukocytes and analyzed for VDR polymorphisms using a polymerase
chain reaction-restriction fragment length polymorphism (PCR-RFLP) method. Odd ratios (ORs) and
95% confidence intervals (CIs) were calculated using logistic regression analysis. To date, we have
found allele T in Taq-1 (OR = 2.61; 95% CI: 1.68–4.03; p < 0.0001) to be almost three times more
frequent in the AP group compared to the alcohol-abuse control patients. Polymorphism Taq-1
occurring in the vitamin D receptor may have an impact on the development of acute pancreatitis
due to the lack of the protective role of vitamin D.

Keywords: acute pancreatitis; polymorphism; vitamin D receptor; vitamin D; SNP analysis

1. Introduction

Acute pancreatitis (AP) is a multifactorial disease that develops due to pancreatic ischaemia,
pancreatic bile duct obstruction, or activation of pancreatic protease and production of
pro-inflammatory cytokines [1,2]. It has an unpredictable course and the development of prognostic
symptoms can determine patients at high risk of a severe course of this illness who require appropriate
treatment and intensive care [3,4]. AP severity is related to demographic factors (age and obesity),
local complications (pancreatic necrosis and fluid collection), and organ failure, as well as genetic
factors [5]. Nevertheless, gallstones (cholelithiasis) and alcohol abuse are the main risk factors for
acute pancreatitis.
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Since vitamin D receptors have been found in several human brain structures [6–8], its role
has become more important in various psychiatric issues. Low vitamin D levels have been
associated with schizophrenia, depression, pancreatic cancer, and autism [8–10]. Vitamin D levels
are also usually reduced in alcohol-abuse patients [11,12]. Lieber et al. [13] correlated low vitamin
D serum levels in chronic alcoholics with pancreatic insufficiency. According to the research of
Kim et al. [14], concentrations of the inactive form of vitamin D, 25-hydroxyvitamin D (25(OH)D3),
were significantly lower in dogs with AP in comparison to healthy dogs. The active vitamin D
metabolite, 1,25-dihydroxyvitamin D (1,25-dihydroxycholecalciferol or 1,25(OH)2D3), selectively binds
to a specific vitamin D receptor (VDR) [15]. This VDR subsequently regulates transcription of genes
that are involved in calcium metabolism, cellular proliferation and differentiation, aging, and T-cell
mediated immune responses [16–23].

VDR are also expressed on pancreatic β cells [24], and may play an essential role in maintaining
normal insulin levels in accordance to glucose concentrations and to maintain glucose tolerance [25–27].
Because vitamin D acts through VDR, their impairment or reduced functionality, e.g., as a result of
polymorphisms occurring in the VDR gene, may have a crucial impact on the balance in the vitamin D
concentration in the circulation, and the final metabolite activity throughout the body.

According to Valdivielso and Fernandez [19], RFLP (Restriction Fragments Length Polymorphism)
assays were used to identify four important polymorphisms in the VDR gene. Polymorphism detected
in intron 8 by the restriction enzyme, Apa-1 (rs7975232), results in T (variant “A”) changing into G
(variant “a”) [28]. Bsm-1 polymorphism (rs1544410), also located in intron 8, causes a change of A
(variant “b”) into G (variant “B”) [29]. Taq-1 (rs731236) polymorphism (T as variant “T” changed into
C as “t” variant) observed in exon 9 leads to a silent mutation in codon 352 [30]. The missense Fok-1
(rs2228570) transition, located in exon 2, results in VDR protein variants of 427 amino acids (f (T)) and
of 424 amino acids (F (C)). In some cell types, the latter one (F variant) results in a more active form of
the protein [31–34].

The aim of this study was to investigate the genetic association of the four different VDR
polymorphisms (Apa-1, Bsm-1, Fok-1, Taq-1) with susceptibility to the development of acute
pancreatitis compared to a control group of alcohol-abuse patients.

2. Results

The observed genotype frequencies of Apa-1 (rs7975232), Bsm-1 (rs1544410), Fok-1 (rs2228570),
and Taq-1 (rs731236) polymorphisms in the VDR gene were studied in 110 alcohol-abuse controls with
diagnosed alcohol-abuse and 129 patients with acute pancreatitis. The data obtained conformed to
the Hardy-Weinberg equilibrium. In the whole study population, three genotypes at the VDR gene
polymorphic site, Apa-1 (rs7975232), were identified: AA, Aa, and aa, with a number of genotypes of
81, 104, and 54, respectively.

At the Bsm-1 (rs1544410) VDR gene polymorphic site the frequency of the alleles, B and b, were
determined in our study’s alcohol-abuse controls and in those diagnosed with AP. Of the total 239
participants, three genotypes (BB, Bb, bb) were identified: 28 had genotype BB, 124 had Bb, and 87
had bb.

At the VDR gene polymorphic site, Fok-1 (rs2228570); the three FF, Ff, and ff genotypes were
identified. Of the total 239 participants, 90 had genotype FF, 104 had genotype Ff, and 45 had
genotype ff.

At the VDR gene polymorphic site, Taq-1 (rs731236); the three TT, Tt, and tt genotypes were
identified, with a 0.61 T-allele frequency in the entire research population (control and AP groups).
Of the total 239 participants, 83 carried the TT genotype, 127 carried the Tt genotype, and 29 carried
the tt genotype.

These results suggested an association between the presence of the T-allele at position Taq-1 and
the occurrence of AP. The allele T appeared almost three times more often in the AP group (OR = 2.61;
95% CI: 1.68–4.03; p < 0.0001) than in the alcohol-abuse control group. Also, the presence of the TT
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genotype was four times more frequent in the AP group (OR = 4.55; 95% CI: 1.69–12.20; p = 0.003) in
comparison to the control group. Detailed data for the AP and control groups are shown in Tables 1
and 2.

Table 1. Genotype frequencies of Apa-1, Bsm-1, Fok-1, and Taq-1 in VDR gene polymorphisms in the
studied groups and the association with AP.

Genotype
AP

n (%)
Control

n (%)

OR
(95% CI)

AP vs. Control
p-Value

Apa-1 (rs7975232)
AA (TT) 51 (39.5) 30 (27) 1.0
Aa (TG) 51 (39.5) 53 (48) 1.76 (0.98–3.19) 0.06
aa (GG) 27 (21) 27 (25) 1.70 (0.84–3.41) 0.14

AA vs. Aa + aa 1.73 (1.14–2.63) 0.009

Bsm-1 (rs1544410)
BB (GG) 12 (9) 16 (15) 1.0
Bb (GA) 66 (51) 58 (53) 0.66 (0.29–1.51) 0.32
bb (AA) 51 (40) 36 (33) 0.53 (0.22–1.25) 0.15

Bb + bb vs. BB 1.72 (0.97–3.07) 0.06

Fok-1
(rs2228570)FF (CC) 51 (40) 39 (35) 1.0

Ff (CT) 57 (44) 47 (43) 1.07 (0.61–1.90) 0.79
ff (TT) 21 (16) 24 (22) 1.49 (0.73–3.07) 0.27

FF vs. Ff + ff 1.45(0.90–2.34) 0.12

Taq-1 (rs731236)TT
(TT) 56 (43) 27 (25) 1.0

Tt (TC) 64 (50) 63 (57) 2.05 (1.11–3.77) 0.02
tt (CC) 9 (7) 20 (18) 4.55 (1.69–12.20) 0.003

TT vs. Tt + tt 2.61 (1.68–4.03) <0.0001

Genotype frequencies of VDR SNPs were determined in the control group, alcohol group, and patients with AP, and
associations with AP.

Table 2. VDR SNPs frequency of alleles in the control group and patients with AP.

VDR
Polymorphism

Allele
AP

n = 129
Control
n = 110

Study Population
(AP + Control)

n = 239

Apa-1 (rs7975232) A (T) 0.59 0.51 0.56
a (G) 0.41 0.49 0.44

Bsm-1 (rs1544410) B (G) 0.35 0.41 0.38
b (A) 0.65 0.59 0.62

Fok-1 (rs2228570) F (C) 0.62 0.57 0.59
f (T) 0.38 0.43 0.41

Taq-1 (rs731236) T (T) 0.68 0.53 0.61
t (C) 0.32 0.47 0.39

3. Discussion

Combined genetic, metabolic, and environmental factors all contribute to the development and
re-occurrence of acute and chronic pancreatitis [35]. To the best of our knowledge, this is the first
examination and comparison of VDR gene polymorphism in patients diagnosed with acute pancreatitis.
Our study showed higher levels than the accepted reference points for bilirubin, alanine transaminase
(ALT), and aspartate transaminase (AST) in the AP-patients (1.9 mg/dL, 155.7 IU/L, and 155.2 IU/L,
respectively). This may be associated with liver damage resulting from AP-group alcohol abuse,
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as high alcohol consumption/addiction is considered a major cause of AP [4]. AP patients also had
increased amylase activity and significantly higher lipase activity that indicate pancreatic dysfunction.
Their additional significantly increased C-reactive protein (CRP) levels demonstrate that this process
can be enhanced by ongoing inflammation.

The average level of vitamin D in the AP and control groups (44.2 and 47.7 nmol/L, respectively)
was similar, as noted in alcohol-abuse patients [12]. Although vitamin D deficiency in people abusing
alcohol was noted before, the review of Tardelli et al. [36] suggests that data concerning vitamin D levels
in alcohol-use patients are controversial. Ogunsakin et al. [37] found that vitamin D (25(OH)D3), and its
active form, (1,25(OH)2D3), were significantly reduced in alcohol-abuse patients. Also, ethanol-fed
mice showed reduced levels of (1,25(OH)2D3). These conflicting data suggest that, in selected cases,
the analyzed SNPs may be responsible for the observed deficiency of vitamin D responsiveness [38,39].

Our study complements the analysis of AP being a metabolic disorder with genetic factors.
We have focused on VDR polymorphism rather than vitamin D concentration because of its potential
final effect on glucose metabolism. Forouhi et al. [40] suggested that the direct effect of vitamin D on the
secretory function of pancreatic cells is through their VDRs, and this is suggested to be the explanation
for the association between a lower serum vitamin D status and a high risk of hypoglycemia and
insulin resistance. Vitamin D action through its receptors may also be responsible for the regulation of
insulin secretion by the β-cells in a glucose-dependent manner [41]. Abnormalities in these processes,
therefore, lead to glucose metabolism disorders [42,43]. Unexpectedly, we found an increased glucose
concentration to a mean of 127.4 mg/dL in AP-patients compared to the reference values (Table 3).
This may be a result of glucose homeostasis dysfunction, leading to subsequent inflammation, which
is consistent with the clinical parameters established in our AP group where we detected high CRP
levels in the 4.4 mg/dL range (Table 3).

Table 3. Distribution of selected characteristics in acute pancreatitis patients and alcohol-abuse
control group.

Characteristic
Alcohol AP Group p-Value
n = 110 n = 129

Age (years) 44.2 (±8.0) 52.4 (±10.3) 0.09
Body mass (Kg) 71.3 (±8.6) 75.6 (±8.7) 0.73

Amylase activity in serum (IU/L) 114.4 (±61.1) 1647.5 (±636.5) <0.001
Lipase (IU/L) 131.1 (±45.8) 1446.7 (±814.6) <0.001

Bilirubin (mg/dL) 0.9 (±0.7) 1.9 (±0.87) <0.001
Glucose (mg/dL) 85.5 (±12.1) 127.4 (±33.9) <0.001

AST (IU/L) 70.2 (±51.7) 155.2 (±71.6) <0.001
ALT (IU/L) 55.2 (±9.7) 155.7 (±30.2) <0.001

CRP (mg/dL) 0.58 (±1.0) 4.4 (±1.4) <0.001
25-hydroxyvitamin D (nmol/L) 44.2 (±17.1) 46.7 (±18.4) 0.35

Female (%) 17.0 29.0
APACHE II scale n.a. 4.4 (±1.4)

Values are as expressed as mean ± SD; n.a.: not applicable.

Vitamin D was also suggested as an immune modulator because of the existence of VDRs
in activated T lymphocytes, macrophages, and thymus tissue [44,45]. Palomer et al. stated that
inflammatory factors have often been associated with insulin resistance and β-cell failure [46].
Moreover, vitamin D reduces oxidative stress through the induction of an antioxidant activity
by itself [47,48], and, importantly, oxidative damage has been implicated in acute pancreatitis
initiation [49,50]. Because VDR is strongly expressed in pancreatic beta cells [51], its signaling may
be reduced or even activated dependent on the occurrence of specific SNPs in AP similar to what
has been described in the progression of some tumors [52–54]. Reduced vitamin D receptor signaling
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might be a potential mechanism underlying increased foam cell formation, resulting in an accelerated
development of cardiovascular disease in diabetic subjects [55].

Here, we used SNP analysis to identify differences in the frequency of Apa-1, Taq-1, Bsm-1, and
Fok-1 genotypes/alleles in the VDR gene between AP and alcohol-abuse patients. These SNPs are
located near the untranslated region and are possibly linked to a poly-A-microsatellite repeat that
could affect VDR mRNA stability. The frequency of alleles and the distribution of genotypes in AP and
alcohol-abuse controls for Bsm-1 (0.38 for B), Apa-1 (0.56 for A), and Fok-1 (0.59 for F) (Tables 1 and 2)
was comparable with the data in a Caucasian population presented by Uitterlinden et al. [33]. These
authors found polymorphisms of 0.66 of F in Fok-1, 0.42 of B in Bsm-1, and 0.44 of A in Apa-1. In our
study, only the polymorphism in Taq-1 was increased (0.61 in T) in AP (Table 2) compared to the value
of 0.43 for T as described previously [33]. Polymorphisms affecting the vitamin D and VDR axis are
associated with an ongoing degree of inflammation associated with the release of pro-inflammatory
cytokines, possibly resulting from modulation of the inflammasome, alterations of gut permeability,
and microbial translocation, as suggested by Al-Daghri et al. [56].

Our results suggest that allele T in the Taq-1 polymorphic site of the VDR gene is almost three
times more frequent (OR = 2.61 (95% CI: 1.68–4.03, p < 0.0001) in acute pancreatitis patients than in
alcohol-abuse controls. VDR polymorphism may thus play an important role in vitamin D metabolism
independently of the actual vitamin D plasma concentration. Polymorphisms in Bsm-1, Taq-1, Apa-1,
and Fok-1 were associated with renal diseases, cancer, neurolithiasis diabetes, asthma, atopic dermatitis,
and autism [33,34,57–63]. To our best knowledge, there was no research focused on VDR polymorphism
in acute pancreatitis. Only Fok-1 polymorphism was noted in correlation with pancreas allograft [64].

From our results, it can be inferred that, despite a polymorphism in the VDR receptor gene (Taq-1),
both AP and the control groups showed no difference in plasma concentrations of vitamin D (Table 3).
This implies that the interaction between the active metabolite of vitamin D (1,25-dihydroxyvitamin D)
and the receptor is responsible for the final effect. Therefore, polymorphisms in the vitamin D receptor
gene may have an impact on the development of acute pancreatitis due to the lack of a protective role
of vitamin D.

There are several limitations in our study that we will address in subsequent studies. Our results
were obtained in a group of 129 AP patients, and we need to repeat and expand these studies in
larger replication analyses. Moreover, the VDR is part of the nuclear receptor family of transcription
factors. Upon activation by vitamin D, a heterodimer is formed between the VDR and the retinoid-X
receptor, and this complex interacts with vitamin D responsive elements in the DNA, thereby driving
expression or transrepression of selected genes. It would, therefore, be of value to analyze also the
retinoid-X receptor (RXR) gene for the occurrence of SNPs. However, so far, a polymorphism in
the RXR gene was only found in hyperlipidemia and type 2 diabetes [65]. In addition, we could
not extensively compare vitamin D plasma concentrations in controls and AP groups because of
their different lifestyles, including diet, sun exposure, and vitamin D supplementation. However,
our earlier research [34] did show a lack of a significant correlation between serum 25-hydrohyvitamin
D (25(OH)D3) levels and VDR polymorphism, probably reflecting that plasma vitamin D levels reflect
an inactive form of the functional vitamin D3. Therefore, subsequent work will include polymorphisms
in other genes affecting the metabolism of vitamin D3.

The prevalence of acute pancreatitis is still increasing and patients are insufficiently diagnosed,
necessitating the development of new analytical methods. Here, we added new insights into the
putative role of SNPs in VDR in pancreatitis development, and, therefore, this study contributes to
individualized research on the interaction and impact of environmental factors, including nutrition,
in pancreatic secretory disorders.
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4. Materials and Methods

4.1. Ethics and General Study Information

Our study comprised of 239 individuals (57 females and 182 males) assigned to control (C) or
test groups (AP—acute pancreatitis group). Patients were recruited by specialists at the Department
of General Surgery and Oncology of the Warmia and Mazury University Hospital in Olsztyn in
2011–2017. Controls were recruited by specialists at the Department for the treatment of alcohol
dependent patients, including patients with other dysfunctions, and the Department for the treatment
of withdrawal syndromes of the Jozef Babinski Specialist Psychiatric Hospital in Krakow in 2015. Test
patients and controls were of Polish ethnic origin. All patients were treated according to the Patient
Right Protection Act of our institution and international guidelines, and the Local Bioethics Committee
approved our study (No 13/2016, 27 April 2016).

4.2. Controls and AP Group Characteristic

The test group included 129 patients (38 females and 91 males) with diagnosed AP (mean age
ranging from 28 to 76 years; average 52.4). These patients presented for treatment 8–36 h after the
onset of associated pain and vomiting or emetic reflex. Alcohol abuse was the etiological factor in all
AP patients. Exclusions from the study included patients with chronic circulatory system, liver, kidney,
and lung disease. Blood samples were taken from the forearm vein for the panel of biochemical tests
evaluating pancreatic enzymes, and additional tests assessed general health condition and performance
of individual systems and organs.

Laboratory tests were performed upon arrival at the hospital and at 48 h after admission.
A computed tomography (CT) scan was performed on all patients within 48 h after arrival at the
hospital for detection of the development of fluid collections, the extent of inflammation, and necrotic
changes. Acute Physiology and Chronic Health Evaluation (APACHE) II scores were calculated using
data from the first 24 h after admission. Serum CRP levels were measured at admission.

The general health of included patients and the course of their AP disease was assessed by
evaluating 4 to 16 points on the APACHE II scale. Abdominal CT with contrast (intravenous and
per os) evaluated morphological changes in the pancreas and surrounding environment. Patient
evaluation via imaging scales predicting acute pancreatitis severity and the development of pancreatic
complications was performed 3–4 days after the onset of symptoms, then again after 10–12 days
treatment. Microbiological analyses of stool samples of both the control and AP group did not reveal
any significant difference. Possible small remaining fluid reservoirs prior to surgical intervention
and puncture and self-absorption mechanisms were monitored by ultrasound. The control group
comprised of 110 individuals (19 females and 91 males), with a mean age ranging from 23 to 58 years
(average 44.2). All patients met the DSM IV criteria for alcohol dependence. All participants (AP and
Control group) in this study were Caucasians. The characteristics of AP patients and controls and
laboratory parameters established during hospitalization are shown in Table 3.

4.3. Polymorphism of VDR Genes in Control and AP Groups

DNA was isolated from peripheral blood using a GeneJET™ Whole Blood Genomic DNA
Purification Mini Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Bsm-1, Taq-1, Apa-1, and Fok-1 VDR polymorphisms were assessed by polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP). Primers examining the polymorphism
in Fok-1 were as previously described [34,66] with slight modifications [67], while primers for Bsm-1,
Taq-1, and Apa-1 were designed with the Primer3 application (http://bioinfo.ut.ee/primer3-0.4.0/).
The primer specificity was verified with the BLAST algorithm, and primer sequences used for
amplification of Fok-1, Bsm-1, Taq-1, and Apa-1 restriction enzyme polymorphisms are listed in
Table 4.

34



Int. J. Mol. Sci. 2018, 19, 1919

Table 4. Primers for VDR SNPs and polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) conditions.

SNP Primer Sequence Restriction Enzyme PCR/RFLP Products (bp)

Apa-1 TaqF: 5′-ggatcctaaatgcacggaga-3′
TaqR: 5′-aggaaaggggttaggttgga-3′ FastDigest Apa-1

aa: 484, 146
AA: 630
Aa: 630, 484, 146
PCR product: 630

Bsm-1 BsmF: 5′-cggggagtatgaaggacaaa-3′
BsmR: 5′-ccatctctcaggctccaaag-3′ FastDigest Bsm-1

bb: 243, 105
BB: 348
Bb: 348, 243, 105
PCR product: 348

Fok-1 FokR: 5′-atggaaacaccttgcttcttctccctc-3′
FokF: 5′-agctggccctggcactgactctggctct-3′ FastDigest Fok-1

ff: 198, 69
FF: 267
Ff: 267, 198, 69
PCR product: 267

Taq-1 ATaq1F: 5′-ggatcctaaatgcacggaga-3′
ATaq1R: 5′-aggaaaggggttaggttgga-3′ FastDigest Taq-1

tt: 225, 200, 205
TT: 425, 205
Tt: 425, 225, 200, 205
PCR product: 630

PCR amplification was conducted in a thermal cycler according to the following program: Initial
denaturation: 94 ◦C for 3 min, proper denaturation: 94 ◦C for 30 s, attaching the starters at 61 ◦C
for all genes for 30 s, synthesis: 72 ◦C for 30 s, final synthesis: 72 ◦C for 5 min, number of cycles: 40,
cooling: 4 ◦C. The mixture in the volume of 25 μL consisted of DreamTaq™ Green Master Mix (Thermo
Scientific), specific primers, the DNA matrix, and ultrapure water (Sigma-Aldrich, Saint Louis, MO,
USA). The yield and specificity of PCR products were evaluated by electrophoresis in 1.5% agarose
gel (Promega, Fitchburg, MA, USA) and staining with GelGreen Nucleic Acid Gel Stain (Biotium,
Hayward, CA, USA).

Amplified fragments were digested with the appropriate restriction enzyme (Thermo Scientific)
according to the manufacturer’s instructions, and visualized on a 2.5% agarose gel. DNA sequencing
of random chosen samples after amplification was used to confirm proper genotyping.

4.4. Statistical Analysis

The mean values in the control and AP groups were compared using a student’s t-test.
The frequency distribution of common risk factors for AP are presented as the mean ± SD.
The genotype distribution among subjects was analyzed for Hardy-Weinberg equilibrium (HWE)
using the chi-square test, and genotype and SNP allele frequencies were compared in AP patients and
control groups by a Fisher’s test. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated
using logistic regression analysis, and used to compare both allele frequencies in alcohol-abuse
controls and AP patients, and allele frequencies between females and males. The risk of AP
development was estimated via the wild-type genotype vs. the wild/mutant and mutant-type
genotypes. Only all 4-genotyped SNPs probes were used in the calculations. Statistical analysis
was conducted on GraphPad Prism software (v 6.01; San Diego, CA, USA), with ≤0.01 p-value
considered statistically significant.
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Abstract: The aim of this review is to investigate, whether there is a possible link between vitamin D
supplementation and the reduction of blood pressure in hypertensive patients. The renin-angiotensin
-aldosterone system is known for being deeply involved in cardiovascular tonus and blood
pressure regulation. Hence, many of the pharmaceutical antihypertensive drugs inhibit this
system. Interestingly, experimental studies in mice have indicated that vitamin D supplementation
significantly lowers renin synthesis and blood pressure. It is conceivable that similar mechanisms may
be found in the human organism. Regarding this, large-scale cross-sectional studies suggest the serum
25(OH)D-level to be inversely correlated to the prevalence of hypertension. However, randomized
controlled trials (RCTs) have not found a clear association between vitamin D supplementation and
improvements in hypertension. Nevertheless, the missing association of vitamin D and hypertension
in clinical trials can be due to suboptimal study designs. There are hints that restoration of serum
25(OH)D levels during vitamin D therapy is essential to achieve possible beneficial cardiovascular
effects. It is important to perform long-term trials with a short dose interval and a high bioavailability
of supplementation. Taken together, more RCTs are required to further investigate if vitamin D can
be beneficial for the reduction of blood pressure.

Keywords: vitamin D; hypertension; essential hypertension; renin-angiotensin-aldosterone system
(RAAS); cholecalciferol

1. Introduction

According to the World Health Organization (WHO), one in three adults worldwide has raised
blood pressure—a condition that causes around half of all deaths from stroke and heart disease [1].
Adiposity, lack of physical activity and excessive salt intake are some of the best-known environmental
factors associated with hypertension. In recent years, yet another cause has been postulated: vitamin
D deficiency [2–6]. Vitamin D is a key player in calcium homeostasis, in maintaining optimal bone
metabolism and reducing fracture risk [7]. Several studies indicate that vitamin D also seems to play
a protective role against the development of hypertension [5,8]. In this review, we summarize the
existing literature that is concerned with vitamin D and hypertension and investigate if vitamin D
(supplements) could be a beneficial treatment agent for hypertensive individuals.

For the literature search, the online databases PubMed (http://www.ncbi.nlm.nih.gov/pubmed/),
Scopus (http://www.scopus.com/) and clinicaltrials.gov (http://clinicaltrials.gov/) were used up to
January 2018. Search terms such as; “(Cholecalciferol OR vitamin D) and hypertension”; “Essential
hypertension and (cholecalciferol OR ergocalciferol)”; “Vitamin D deficiency and hypertension”, have
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been applied in the online databases. There were no restrictions in language set up. In PubMed, a
search for “Essential hypertension” gave 30986 items, “Vitamin D” 74983 items and “hypertension and
vitamin D” gave 1950 items accessed on 29 January 2018.

2. Arterial Hypertension

2.1. Definition, Causes and Risks

Arterial hypertension belongs to the most prevalent diseases and accounts for about 7.5 million
deaths per year (about 13% of all deaths) worldwide. According to the WHO, hypertension is a
major risk factor for the development of a variety of diseases, including cardiovascular diseases
(CVD), kidney failure, cognitive impairment etc. [1]. It is estimated that approximately 22% (about
1 billion individuals) of the adult population above 25 years of age worldwide suffer from arterial
hypertension [1]. In Europe, hypertension affects about 30–45% of people as reported in 2013 [9]; a
large proportion is still unaware of their condition and left untreated [10].

Hypertension is a condition, in which either the systolic blood pressure (SBP) and/or diastolic
blood pressure (DBP) stays elevated persistently. An exact definition has been difficult to establish.
However, in 2017 the American College of Cardiology has newly defined hypertension in the
Guidelines for the Prevention, Detection, Evaluation, and Management of High Blood Pressure
in Adults [11]. The new classification in given in Table 1.

Table 1. Classification of hypertension.

Classification SBP (mmHg) Header DBP (mmHg)

Normal <120 and <80
Elevated 120–129 and <80

Hypertension, Stage 1 130–139 or 80–89
Hypertension, Stage 2 ≥140 or ≥90

Approximately 95% of all cases of arterial hypertension can be classified as essential hypertension
(EH). This condition is characterized by an imbalance between vascular tonus and cardiac output
without any identifiable cause.

The mean arterial BP (MAP) can be derived analogously from Ohm’s law [12], which states:

MAP = Cardiac Output (CO) × Total Peripheral Resistance (TPR) (1)

An increase in MAP can lead to small artery remodelling, which increases the media-to-lumen
ratio, TPR, causes wall damage and reduces distensibility in large arteries. These alterations finally
lead to vessel wall hypertrophy and further elevate SBP—a vicious circle is created [13].

Age, smoking, high Body Mass Index (BMI), a salty diet and genetic dispositions are some of
the known environmental and hereditary precursors linked to EH. Hence, it is important to eliminate
the triggers, increase level of physical exercise and normalize BMI. The importance of preventing
hypertension is underpinned by the findings of Lewington et al. [14]. They found that a 2 mmHg
lowering of normal SBP could give an approximately 10% reduced risk of stroke mortality [14].

2.2. Management of Hypertension

In addition to lifestyle changes, pharmaceutical treatment may be relevant. Thiazide diuretics
where the first group of effective antihypertensive drugs to be introduced in 1958 [15]. Since then,
many medications have been developed. The treatment goals are to reduce the number of CVD-events
and thereby to improve mortality. Different drug classes are currently available for the treatment
of hypertension: 1. Diuretics (thiazides) [16]. Some of the most extensively used drugs in this class
include bendroflumethiazide, hydrochlorothiazide and indapamide [17]; 2. Calcium channel blockers:
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Dihydropyridines such as amlodipine and nifedipine have specific impact on the vessels and induce a
compensatory activation of baroreceptors [18]; 3. β-adrenoceptor antagonists: Metoprolol and atenolol
with selectivity to β1-adrenoceptors and propranolol with no selectivity are some of the most common
drugs of this class [19]; 4. Blockers of the renin-angiotensin-aldosterone system (RAAS): The group of
angiotensin-converting-enzyme inhibitors (ACEi) includes drugs such as enalapril and captopril [20],
angiotensin II receptor blockers (ARBs) include losartan, azilsartan and valsartan [21], and 5. Direct
renin inhibitors comprise drugs like aliskiren [22].

3. Vitamin D

Vitamin D contains a steroid scaffold and possesses lipophilic properties. About 80–90% is
endogenously synthetized and the remaining 10–20% come from nutritional intake. The metabolic
pathways of vitamin D are shown in Figure 1. The inactive vitamin D is found in two distinct forms
in the organism, cholecalciferol (D3) and ergocalciferol (D2) respectively. These inactive forms must
undergo two hydroxylations to become the active form 1,25(OH)2D3. The endogenous synthesis
of cholecalciferol is catalysed by sun-exposure of the skin with UVB radiation. In this process,
7-dehydrocholesterol is transformed to pre-vitamin D3, which isomerises to cholecalciferol. In the
blood stream these two prohormones (D3 and D2) are bound to vitamin D binding protein (DBP).
A hydroxylase enzyme in the liver, CYP2R1 (known as cytochrome P450 2R1), is responsible for
converting D2 and D3 into 25(OH)D. The final activating step mainly takes place in the in proximal
tubule cells, were 1α-hydroxylase (CYP27B1) converts 25(OH)D into 1,25(OH)2D3 named calcitriol.
The last conversion step is highly regulated by feedback mechanisms [23].

 

Figure 1. Overview of the vitamin D metabolism. 25(OH)D, Calcidiol; 1,25(OH)2D3, Calcitriol; CYP2R1,
cytochrome P450 2R1; DBP, Vitamin D binding protein. Parts of the figure were drawn by using pictures
from Servier Medical Art.

3.1. The Vitamin D Receptor (VDR)

Brumbaugh et al. were the first to find evidence for the presence of a vitamin D receptor (VDR) [24].
This VDR is an intracellular receptor, able to bind 1,25(OH)2D3 and subsequently stimulate VDR to
heterodimerize with retinoid X receptor (RXR) [23]. The VDR-RXR complex may translocate to the
nucleus and bind to the regulatory site in the promoter region of DNA sequence elements. Thus, the
gene expression of specific target genes will be regulated and facilitate synthesis of vitamin D-regulated
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proteins. The well-known biological effects of 1,25(OH)2D3 include absorption of Ca2+ from the small
intestine, bone metabolism and calcium- and phosphorus homeostasis (Figure 1). The global function
of the vitamin D system becomes clear, when we take a look at the VDR distribution in various tissues
and cells of the human body (Figure 2) [25].

 

Figure 2. Tissue distribution of the Vitamin D receptor. Parts of the figure were drawn by using pictures
from Servier Medical Art.

3.2. Vitamin D Status

The lipophilic nature of the vitamin D3 and the high binding affinity of 1,25(OH)2D3 to DBP in
serum make these two substances difficult to use as markers. Thus, 25(OH)D concentration in plasma
is considered the best measurement for vitamin D status [26].

Table 2 shows recommended doses of vitamin D intake and ideal serum 25(OH)D levels. However,
there is an ongoing debate about the optimal levels of vitamin D. Intake reference values for vitamin D
were developed by the Food and Nutrition Board (FNB) at the Institute of Medicine of The National
Academies, USA. The Institute recommends 600 international units (IU) (15 μg) of vitamin D a day for
adults ages 19 to 70. For adults age >70, the recommendation increases to 800 IU (20 μg) a day.

Table 2. Vitamin D recommendations.

Recommendation Children and Adolescents Adults

The optimal concentration of
25(OH)D in plasma

20–60 ng/mL
≈ 50–150 nM

30–80 ng/mL
≈ 75–200 nM

Supplementations: recommended
dose when severe deficiency up to 5000 IU/day = 125 μg/d up to 7000 IU/day ≈ 175 μg/d

Adverse effects of vitamin D supplementation are rare. The initial signs of vitamin D intoxication
are hypercalcemia, hypercalciuria and hyperphosphatemia [27]. In case of an overdose, hypercalcemia
and/or hyperphosphatemia-associated symptoms can occur. Examples are weakness, fatigue,
headache, appetite loss, dry mouth, nausea, vomiting, cardiovascular symptoms and others.
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3.3. Suppression of Renin Production

In 2002, Li et al. designed an in vivo study of renin expression in VDR-null mice [28]. One group
of wildtype mice (n = 9) were compared with a group of VDR-null mice (n = 8). The mice were given
optimal growing conditions. After two months of age, they were put on a special diet for five weeks
to normalize the calcium levels in plasma. Afterwards, the BP was measured under anaesthesia,
renin-expression as well as the angiotensin (ANG) II activity were analysed. Interestingly, these
analyses revealed a significantly higher (>20 mmHg) diastolic BP and SBP in VDR-null mice vs.
wildtype mice. To obtain quantitative values of mRNA renin-expression, the Northern blot method
was used. A significant 3.5-fold higher renin-expression and 2.5-fold higher serum level of ANG II in
VDR-null mice vs. wildtype mice was seen (p < 0.001) [28].

To investigate the direct effects of active vitamin D on renin synthesis, another group of wildtype
mice had five injections of 30 pmol 1,25(OH)2D3 in three following days. It turned out that the
1,25(OH)2D3 treatment gave a 50% reduction in renin-mRNA, when compared to the control group
(n ≥ 3 in each group). Taken together, these findings imply the importance of vitamin D as an effective
suppressor of the renin synthesis.

To elucidate the molecular pathways behind the downregulating effect of vitamin D on
renin-transcription, Yuan et al. prepared an in vitro study [29]. In this study, specific juxtaglomerular
As4.1 tumour cells from mice kidneys were analysed. In As4.1 cells the cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) pathway (shown in Figure 3) is deeply involved in the transcription of
prorenin-mRNA. A GαS-coupled protein activates adenylate cyclase (AC), which converts adenosine
triphosphate (ATP) into cAMP. The elevated level of cAMP activates protein kinase A (PKA). The catalytic
subunit of PKA then translocates to the nucleus, where it phosphorylates the cAMP response
element-binding protein (CREB). Subsequently, CREB binds to its response element (CRE) in the promoter
region of the Ren1C gene. The other co-activators CBP and p300 are recruited to form a CREB-CBP-CRE
complex that promotes the gene transcription of pro-renin-mRNA.

  
(a) (b) 

Figure 3. cAMP-PKA pathway. (a) Signalling in a juxtaglomerular cell in absence of 1,25(OH)2-vitamin
D3; (b) Signalling in presence of 1,25(OH)2-vitamin D3. cAMP: cyclic adenosine monophosphate,
CBP: CREB-binding protein, CRE: cAMP-dependent response element, CREB: cAMP response
element-binding protein, GαS: GS-protein alpha subunit, P: phosphate, PKA: protein kinase A, Pol II:
RNA polymerase II, VDR: vitamin D receptor. The “+” stands for “JG in presence of”.

Remarkably, 1,25(OH)2D3 liganded-VDR can interact directly with CREB to blunt its binding to
CRE. It seems that these actions are carried out without the heterodimerization of liganded-VDR to
RXR. Hence, it is believed that higher plasma levels of vitamin D can suppress the renin formation
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in juxtaglomerular cells [29]. However, another study indicates that decreased levels of renin in
VDR-knockout mice will not cause a fall in BP [30]. Hence, it is important to state that more mechanisms
must be implicated in a potential BP reducing effect of vitamin D.

4. Effects of Vitamin D on the Local Renin-Angiotensin System (RAS)

A local RAS is situated in several tissues, including heart, vessels, kidneys, lung, adrenal
gland and nervous system [31]. The RAS acts in the control of cardiovascular, renal, and adrenal
functions that regulate BP, body fluid and electrolyte status. It is known that the cardiac RAS is
activated in cardiac pressure-overload and hypertensive rat models [32–35], and that the RAS plays
an autocrine-paracrine role in the development of cardiac hypertrophy. VDR-deficient mice develop
hypertension accompanied by an increase in heart weight. This finding reflects, at least in part, effects
from activation of the systemic RAS [31].

Vitamin D is involved in cardiovascular protection, but only few studies examined the impact
of the VDR in atherosclerosis. Macrophages express all components of the RAS, and are therefore
involved in the process of atherosclerosis. It has been shown that macrophages in atherosclerotic
lesions contain ANG II [36]. Another study showed that macrophage VDR signalling, in part by
suppressing the local RAS, inhibits atherosclerosis in mice [37].

The antiatherosclerotic role of the VDR signalling in leukocytes/macrophages, and at least part
of the antiatherosclerotic mechanism is to block the activation of the local RAS in macrophages and
within the atherosclerotic lesion. Therefore, further studies to investigate the benefits of vitamin D and
its analogues in atherosclerosis in both preclinical and clinical studies are desirable.

The intrarenal RAS is a key player for renal damage. Vitamin D deficiency activates the local RAS
in the kidney, and thus it causes renal injury [38]. It is known that vitamin D is a negative RAS regulator
by suppressing renin expression [28]. Moreover, vitamin D deficiency promotes the RAS [28], and a
chronic RAS activation impacts lung function and induces a lung fibrosis [39]. Shi et al. showed in a
recent paper that Vitamin D deficiency can induce profibrotic factors and activate the fibrotic cascade.
These RAS-mediated effects are independent of an increased blood pressure [40]. In addition, there
exists a local RAS in bone, which is involved in bone metabolism [41]. A recent study demonstrated
that 1,25(OH)2D3 influences bone metabolism by downregulating the local bone RAS in a mice model
with glucocorticoid-induced osteoporosis [42]. Vitamin D influences also the local pancreatic islet RAS
and improves the islet beta cell secretory function [43]. A mice animal model with vitamin D receptor
ablation revealed an activation of the islet RAS [43]. The application of calcitriol showed beneficial
effects on the RAS activation under high-glucose conditions. In addition, it revealed a positive calcitriol
effect on elevating the islet beta cell secretory response to glucose [43].

These animal studies show that vitamin D deficiency is a key player in different diseases.
It influences the local RAS in various tissues. Vitamin D deficiency is an important health problem.
Therefore, it is necessary to perform future studies to establish clinical guidelines for vitamin D
supplementation required to achieve adequate vitamin D levels in people who are at risk for
hypertension, atherosclerosis, cardiovascular disease, diabetes, pulmonary fibrosis, osteoporosis
and others.

In particular, vitamin D deficiency might be linked to cardiovascular disease. There is a higher
risk of high blood pressure (hypertension). However, more studies in this field are necessary. It is
still too early to confirm and there is an ongoing discussion, whether a low vitamin D level causes
hypertension or whether vitamin D supplementation will play a role in the treatment of hypertension.
The role of vitamin D supplementation in the management or treatment of these diseases mentioned
above must be studied in the future.

5. Vitamin D and Essential Hypertension

National Health and Nutrition Examination Survey (NHANES) is a survey providing information
about health statistics in a representative sample of the U.S. population [44]. Based on the NHANES III
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data (survey period 1988–1994), Martins et al. examine the association between serum 25(OH)D-level
and the prevalence of hypertension [45]. In this cross-sectional study, all individuals with available
data and above 20 years of age (n = 15,088) are included. The study population is then divided into
quartiles according to their serum 25(OH)-level. The 1st Quartile (25(OH)D < 21 ng/mL) shows a
20.46% prevalence of hypertension, while the 4th Quartile (25(OH)D ≥ 37 ng/mL) has a prevalence
of 15.10%. Comparing the 1st to the 4th Quartile gives an odds ratio (OR) = 1.30 (95%CI: 1.13–1.48),
adjusted for race, sex and age.

Scragg et al. use the same NHANES III data [46]. Here, individuals receiving anti-hypertensive
medication are excluded and data is adjusted for physical activity, BMI, age, sex and race (n = 12,644).
Both studies find a significant inverse correlation between BP and serum 25(OH)D level (p < 0.01).
Ke et al. prepared a systematic review of the available observational studies in the period 2007–2014.
It only includes published studies with healthy adults (n = 90,535) [2]. Comparing odds of hypertension
from the top category to the bottom category of serum 25(OH)D level gives OR = 0.79 (95%CI: 0.73–0.87).
This supports the hypothesis of an inverse relationship between hypertension and vitamin D status.

The strength of these studies is in particular due to the great sample size and it can be considered
representative for the population. The disadvantages include the lack of temporal separation between
data collection of exposure (vitamin D status) and outcome (hypertension). Hence, a causal relation
can be difficult to establish even though a significant association is found. Furthermore, it can be hard
to exclude the possibility of an inverse causality between exposure and outcome.

To meet the challenges of possible inverse causality between serum 25(OH)D level and
hypertension, Kunutskor et al. reviewed all prospective studies in this field up until 2012 [47].
The included studies had to be representative for the population, with at least one year of follow-up
and without prevalent hypertension at baseline (n = 283,537). Participants had serum 25(OH)D
measured at baseline (n = 48,633) or vitamin D status assessed from dietary intake (n = 238,199).
Hypertension during follow-up time was considered the endpoint.

Pooled relative risk (RR) in this review showed RR = 0.88 (95%CI: 0.81–0.97) i.e., a 12% reduction
in risk of incident hypertension for every increase of 10 ng/mL in serum 25(OH)D level [47]. The group
of participants with their vitamin D status based only upon the dietary intake had RR = 1.0 (95%CI:
0.95–1.05). Thus, no association between dietary vitamin D intake and risk of incident hypertension
appeared. It is worth noting that dietary intake is a source of only 5–20% of vitamin D and its
metabolites in plasma [48]. Therefore, it can be difficult to use the dietary intake as marker of vitamin
D status, which can explain the lack of inverse correlation in this group.

To examine whether vitamin D supplementation is beneficial in hypertensive patients, the relevant
studies are listed in Table 3. The included studies must meet the following criteria, to be discussed
in review: participants should be adults (aged ≥18 years) with diagnosed vitamin D deficiency
and/or arterial hypertension at baseline. Identified studies must be published or last updated in the
time period 1 January 2012 until 27 November 2017. The intervention group must be administered
cholecalciferol and participants may not suffer from preeclampsia. To minimize confounding, only
RCT will be assessed.
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In summary, animal studies had demonstrated that vitamin D deficiency is associated with
high blood pressure by mechanisms revealing a direct effect on the renin-angiotensin-aldosterone
axis. An altered vitamin D signalling in different animal models might be involved in cardiovascular
diseases such as hypertension, cardiac hypertrophy, and atherosclerosis. Lower serum vitamin D
was reported to be associated with higher BP levels in cross-sectional studies [46] and was associated
inversely with blood pressure in a large sample representative of the US population [46]. This was
supported by basic research. However, there are controversial results of basic research to randomized
clinical trials.

A systematic review investigated whether vitamin D supplementation or its analogues may
reduce blood pressure [57]. The trial search comprised a period from 1 January 1966, through 31 March
2014. 46 trials with 4541 participants were included in the trial-level meta-analysis [57]. The authors
concluded that vitamin D supplementation is not effective as a drug for decreasing blood pressure and
is not recommended as an antihypertensive drug [57].

It also has to be taken into account that genetic animal models may not completely reflect vitamin
D deficiency of the human organism. Patients with vitamin D deficiency might suffer from chronic
illnesses or have unknown cardiovascular risk factors. There might be dietary differences (diet with
low vitamin D), differences in outdoor activities or sun-exposure. There is evidence suggesting
that vitamin D application has little or no influence on BP, but to answer this point completely
new trials are necessary. One example is the ongoing Vitamin D and Omega-3 Hypertension Trial
(VITAL Hypertension) (NCT01653678) at Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, USA. VITAL is an ongoing research study in 25,874 men and women across the U.S.
The VITAL Hypertension study is being conducted among participants in VITAL and will examine
whether vitamin D or omega-3 fatty acids are related to changes in BP and hypertension.

Another trial which is recruiting is the Vitamin D and Immune Mechanisms of Hypertension
in Type 2 Diabetics (VDIM) trial (NCT03348280). This observational study will evaluate whether
a particular type of circulating white blood cell, monocytes, from type 2 diabetics with high blood
pressure and vitamin D deficiency vs. sufficiency will induce hormones that increase BP.

New international trials can inform about the best vitamin D supplementation dose, and to
definitively evaluate the clinical utility of vitamin D therapy. Future studies should consider a design
with a large sample size, control of medication, dietary salt and glucose intake, to avoid an activation
of the RAAS. Large randomized and long-term trials focusing on patients with severe vitamin D
deficiency and hypertension are needed before vitamin D can be recommended for prevention or
treatment of hypertension.

The question of whether vitamin D deficiency can cause high BP unfortunately cannot be
answered yet.

6. Discussion

The possible beneficial effects of Vitamin D supplementation on BP are the main focus of this
review. As mentioned in the previous sections, epidemiological studies find some proof of an
inverse correlation between serum vitamin D-status and prevalence of EH. However, the overview of
interventional studies in Table 3 does not give a clear picture of vitamin D supplementation in relation
to cardiovascular health. It is of interest whether vitamin D therapy in the intervention group (vitamin
D deficiency at baseline) is able to raise serum 25(OH)D to the optimal levels (30–80 ng/mL) [58].
Common to the three RCTs is that they all show no effects from vitamin D supplementation in 24-h
SBP [52–54]. These three studies share that the intervention groups at time endpoint are still insufficient
in serum 25(OH)D levels. Common to Witham et al. trials is the high-dosage of oral administered
cholecalciferol (100,000 IU) given at least two months apart [53,54]. This does not seem to restore
the 25(OH)D levels, which can possibly explain the lack of effect on BP. In order to obtain positive
effects of vitamin D therapy, there is something that suggests the dose interval to be short (e.g., daily
or weekly administration).
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McGreevy et al. trial participants were given intramuscular injections of 100,000 IU cholecalciferol,
which did not restore serum 25(OH)D levels [52]. One possible explanation could be a diminished
bioavailability. However, the primary outcome ‘arterial stiffness’ was improved after intervention.
This could probably be carried out by an unknown VDR-RXR-protective mechanism in the endothelial
wall, independently of renin secretion and the RAAS. Cipriani et al. conclude high-dosage of p.o.
administered cholecalciferol to be more efficiently in raising serum 25(OH)D levels, when compared
to equivalent intramuscular injections [59]. Hence, future study designs should rather use oral
administration than intramuscular injections in the intervention groups.

The DAYLIGHT trial [50] and Styrian trial [49] have the biggest sample size (n = 534 and n = 200)
among the RCTs for this review. These trials find no significant changes in measured BP outcomes
after a daily administration of vitamin D in the study period.

Larsen et al. found in the overall group no significant BP beneficial effects of vitamin D.
Nevertheless, subgroup analysis revealed significant 24-h BP reductions in a subgroup with vitamin
D-insufficiency at baseline [51]. One might suggest that there could be a certain threshold in serum
25(OH)D to achieve cardiovascular benefits. Interestingly, Mozaffari-Khosravi et al. observed a
remarkably increment in serum 25(OH)D levels and significant MAP reductions at same time [56].
On average, serum levels of 25(OH)D were raised to 51.7 ng/mL in intervention group, which could
give support to the idea of a dose-response relation. Hence, study designs with lack of satisfying
restoration of serum 25(OH)D levels will fail to improve BP.

Chen et al. investigate the administration of vitamin D as ‘add-on’ to a nifedipine treatment [55].
This combined therapy seems to markedly reduce systolic and diastolic BP—but further studies are
needed to elucidate the effects of cholecalciferol and antihypertensive drugs combined.

7. Conclusions and Outlook

Essential hypertension is a condition, in which an imbalance between vasoconstriction and
vasodilation occurs. More factors, both epigenetic and environmental, are related to the development
of EH. Many epidemiological studies find that vitamin D deficiency can be associated to prevalent
hypertension. Furthermore, experimental studies in mice can explain a possible mechanism behind
a CVD-protective effect of vitamin D supplementation. Hence, vitamin D injections were shown
to inhibit the renin synthesis. This was mediated by the liganded-VDR, which could interact with
specific transcription factors to reduce renin transcription. Cholecalciferol can thus be a potentially
cost-effective antihypertensive drug.

However, clinical trials in this area show conflicting results—which in part can be attributed
to suboptimal study designs. Hence, further studies that efficiently restore serum vitamin D status,
are desirable.

Future aspects in this research field include investigating if vitamin D analogues with higher
selectivity to VDR could have BP lowering effects. The potential synergistic effect of cholecalciferol
and antihypertensive drugs also needs to be further investigated.
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ACE Angiotensin-converting enzyme
ACEi Angiotensin-converting enzyme inhibitor
ANG Angiotensin
ARB Angiotensin II receptor blocker
AT1/AT2 Angiotensin receptor type 1 or 2
BMI Body mass index
BP Blood pressure
cAMP cyclic adenosine monophosphate
CBP CREB-binding protein
CO Cardiac output
CRE cAMP response element
CREB cAMP-dependent response element binding protein
CVD Cardiovascular disease
CYP Cytochrome P450
DBP Vitamin D binding protein
EH Essential hypertension
HR Heart rate
IU International units
MAP Mean arterial pressure
mRNA messenger ribonucleic acid
NHANES National Health and Nutrition Examination Survey
OR Odds-ratio
PKA Protein kinase A
RAAS Renin-angiotensin-aldosterone system
RCT Randomized controlled trial
RR Relative risk
RXR Retinoid X receptor
SBP Systolic blood pressure
TPR Total periphery resistance
VDR Vitamin D receptor
WHO World Health Organization
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Abstract: It is widely known that vitamin D receptors have been found in neurons and glial cells, and
their highest expression is in the hippocampus, hypothalamus, thalamus and subcortical grey nuclei,
and substantia nigra. Vitamin D helps the regulation of neurotrophin, neural differentiation, and
maturation, through the control operation of growing factors synthesis (i.e., neural growth factor [NGF]
and glial cell line-derived growth factor (GDNF), the trafficking of the septohippocampal pathway,
and the control of the synthesis process of different neuromodulators (such as acetylcholine [Ach],
dopamine [DA], and gamma-aminobutyric [GABA]). Based on these assumptions, we have written
this review to summarize the potential role of vitamin D in neurological pathologies. This work could
be titanic and the results might have been very fuzzy and even incoherent had we not conjectured
to taper our first intentions and devoted our interests towards three mainstreams, demyelinating
pathologies, vascular syndromes, and neurodegeneration. As a result of the lack of useful therapeutic
options, apart from the disease-modifying strategies, the role of different risk factors should be
investigated in neurology, as their correction may lead to the improvement of the cerebral conditions.
We have explored the relationships between the gene-environmental influence and long-term vitamin
D deficiency, as a risk factor for the development of different types of neurological disorders, along
with the role and the rationale of therapeutic trials with vitamin D implementation.

Keywords: neuro-degeneration; MS; demyelination; vascular disease; stroke; AD; vitamin D-OH 25;
VDR; VDH; calcium

1. Introduction

Low levels of vitamin D, considering serum 25-hydroxyvitamin D (25(OH)D), have been
recognized as a widespread health problem, affecting approximately one billion people worldwide [1].
Latitude, season, cultural norms, religious practices, limited awareness, lack of knowledge, indoor
lifestyles, urban living, skin pigmentation, malnutrition, diet, co-morbidities (like tuberculosis,
malnutrition, chronic inflammatory conditions, etc.), and drugs, may contribute to vitamin D deficiency,
especially in the developing world, even if some genetic predispositions can interfere with it (i.e.,
blacks tend to have lower levels of 25(OH)D compared to whites) [2,3].

Vitamin D is a lipid-soluble vitamin, which can be synthesized and act as a hormone [4]. The active
form of vitamin D, 1,25(OH)2D, known as calcitriol, has chemical similarities to typical hormones,
such as testosterone, estrogen, and cortisol.

Vitamin D yields both genomic and non-genomic actions; the Vitamin D Receptors (VDR) mediates
the former, one of the representative of the steroid hormone superfamily, which are evident in more
than 30 human tissues, therefore regulating 3% of the human genome (approximately 700 genes) [5].
Nuclear VDRs are found in most cells, and support the role for the extra-skeletal benefits of vitamin D.
The VDR are found in almost all human tissues, participating in the classic actions of vitamin D in the
bone, gut, and kidney, but are also involved in immune functions, hormone secretion, and cellular
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proliferation and differentiation [6]. To be biologically active, vitamin D undergoes hydroxylations
in the liver, mediated by the 25-hydroxylase, and in the kidney, mediated by 1α-hydroxylase.
The 1,25(OH)2D is recognized by VDR, in various cells, mainly in the intestine. As vitamin D plays
a significant role in modulating the immune system in the intestine, it is possible that its deficiency
could deteriorate the gut barrier function, favoring the translocation of endotoxins. Vitamin D
deficiency has been associated with intestinal dysbiosis and increased susceptibility to intestinal
diseases; moreover, vitamin D could be contributing to disturbances of the glucose metabolism by
modulating the composition of the gut microbiota. The changed intestinal microbiome has become
epidemic, in parallel with the epidemic of vitamin D deficiency, suggesting that they might be linked.
Proper supplemental doses of vitamin D plus all of the B vitamins appears to return the intestinal
microbiome back to normal after few months [7,8]. Moreover, there are more and more evidence
that links the microbiome to neurologic disorders [9], which can share a common auto-immune
involvement; the potential link between the three actors (VDR, neurological disorders, and vitamin D)
is quite fascinating and many studies should be done to gain knowledge on them.

The non-genomic actions of vitamin D help to cooperate with the classical genomic pathway, to
transactivate VDR, and exert the effects of calcitriol; the signal does not depend on the transcription
phases, but it can operate via cross-talk with different signaling pathways, such as rapid membrane
response binding proteins (see later). The genomic and the non-genomic pathways support the
emerging not calcemic effects of the vitamin D metabolites, trying to define a role in the autoimmune
pathologies, infectious diseases, diabetes mellitus, obesity, and cardio-metabolic disorders [10].

It has also been demonstrated that Vitamin D is involved in different neurological disorders, such
as multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, and stroke [11–14].

The presence of VDR in the hippocampus, hypothalamus, thalamus, cortex, and substantia
nigra [15] prompted many studies on the possible determinant role of vitamin D in different
neurological conditions [16,17]. It has been evidenced that calcitriol is a fundamental actor in the
neuronal differentiation and the neural maturation [18]. Vitamin D normalizes the trafficking of the
septo-hippocampal pathways, mainly via the neural growth factor (NGF); moreover, it is an active
controller of the genetic regulation of the synthesis of acetylcholine (Ach), dopamine (DA), serotonin
(5HT3), and gamma-aminobutyric (GABA) [19–21].

The knock-out model of VDR−/− has an accelerated aging process in all of the organs, as well as
in the brain [22,23], with a significant in-brain decrease of NGF [24] and other neurotransmitters, such
as Ach [25,26]. The congenital deficiency of vitamin D significantly reduces the activity of glutamic
acid decarboxylase (GAD) 65/67 (critical enzymes in GABAergic inter-neurons) and the levels of
glutamate and glutamine in the brain tissue [27].

For these reasons, we reckon that a vitamin D deficiency could contribute to the complex relationship
between genetics and the environment, the two common poles that many neurological pathologies
debate between. It could intervene in the exacerbation of precipitating factors or in demodulating
the repair process; therefore, we consider that this topic should be approached from a neurological
perspective. Therefore, we have started this review. We searched MEDLINE using the following
search terms: “vitamin D central nervous system”, both “vitamin D” and “central nervous system”;
“vitamin D immune system/response”, both “vitamin D” and “immune system” or “immune response”;
“vitamin D multiple sclerosis risk”, both “vitamin D” and “multiple sclerosis risk”; “vitamin D multiple
sclerosis relapse”, both “vitamin D” and “multiple sclerosis relapse”; “vitamin D multiple sclerosis
magnetic resonance imaging”, both “vitamin D” and “multiple sclerosis magnetic resonance imaging”;
“vitamin D multiple sclerosis disability”, both “vitamin D” and “multiple sclerosis disability”; “vitamin D
supplementation/therapy/treatment multiple sclerosis”, both “vitamin D supplementation” or “vitamin
D therapy” or “vitamin D treatment” and “multiple sclerosis”; “vascular dementia”, both “vascular” and
“dementia”; “subcortical vascular dementia”, both “subcortical” and “dementia”; “Alzheimer’s disease”;
“pathogenesis neural-degeneration”; “amyloid”; “cholinergic afferents”; “arteriolosclerosis”; “cerebral
flow regulation”; and “stroke”. The publications that were selected were mostly from the past 20 years,
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but they did not exclude the frequently referenced and highly regarded older publications. The research
has been extended, with the same strings, EMBASE, COCHRANE LIBRARY, and LILACS. All of the
searches were done from 1 January 1993 up to 31 May 2018. We considered papers published in English,
French, German, and Italian. Congress abstracts and isolated case reports (even if the total cases were
under 10) were not considered. Review articles and book chapters are cited to provide additional details.
The authors carefully read all of the selected articles.

2. Vitamin D Deficiency and Multiple Sclerosis: Role in the Susceptibility, Activity, and
Treatment of the Disease

Multiple Sclerosis (MS) is a multifactorial demyelinating pathology affecting the brain and the
spinal cord, firmly relying on an altered immune response. Activated autoreactive T cells invade the
blood–brain barrier and initiate an inflammatory response that leads to myelin destruction and axonal
loss. The etiology of MS, the mechanisms associated with its onset, the unpredictable clinical course,
and the different rates of progression leading to disability over time, remain unresolved questions [28].

Immunological research makes two significant observations to explain the link between vitamin
D and the immune system.

Firstly, most immune cells, of both the innate and the adaptive immune system, express the
VDR [29,30]. Secondly, the immune cells exhibit an active vitamin D metabolism, with the expression
of the rate-limiting enzyme for vitamin D synthesis, 1α-hydroxylase (CYP27B1) [31]. Immune cells are,
therefore, able to synthesize and secrete vitamin D in an autocrine and paracrine condition [32].
The immune cell types, targeted by vitamin D, include monocytes and macrophages, dendritic
cells (DCs), and T and B cells [33]. 1,25(OH)2 vitamin D induces monocytes proliferation and
differentiation into macrophages [34], the potentiate the expression of interleukin-1 (IL-1), and
the antimicrobial peptides (cathelicidin, β-defensin-2, and hepcidin) [35]. Vitamin D inhibits DC
differentiation and maturation, their major histocompatibility complex (class II) expression (MHC),
CD40, CD80, CD86, and IL-12 (while inducing the production of IL-10), leading to reduced T cell
stimulatory capacity [36,37]. Vitamin D decreases the production of nitric oxide (NO), mediating
the downregulation of the inducible nitric oxide synthase (iNOS) expression [38]. Moreover, it
stimulates the development of natural killer T (NKT) cells, and it increases IL-4 and interferon (IFN)-γ
production [39]; vitamin D attenuates the proliferation of CD8+ T cells and reduces their cytotoxic
activity by decreasing the production of IL-2, IL-17, and IFN-γ.

Vitamin D exerts its immunomodulatory effects on T lymphocytes, by inhibiting the production
of pro-inflammatory Th1 cytokines (IL-1, IL-2, IL-6, IL-12, IFN-γ, TNF-α, and TNF-β), and stimulating
the production of anti-inflammatory regulatory Th2 cytokines (IL-4, IL-5, and IL-10) [40,41].

Thus, vitamin D potentiates the innate immune system and regulates the adaptive immune system,
mainly by inducing the split to Th2 and regulatory T cells (Tregs), over the Th1 and Th17 lymphocytes
differentiation [42], via direct and indirect actions on naive CD4+ cells. The general result is an evident
effect of switching capacity, from a pro-inflammatory autoimmune to an anti-inflammatory tolerogenic
immunological response.

In multiple sclerosis (MS) patients, the blood level of 25(OH)D or 1,25(OH)2D has been linked
with the suppressive activity of Tregs [43], and the number of Tregs has been correlated with the serum
levels of 25(OH)D or 1,25(OH)2D. The Tregs are increased in the MS patients that have supplemented
with vitamin D [44,45].

According to many studies, vitamin D may have an impact on the balance between the
inflammatory and anti-inflammatory mechanisms, which might help/regulate the remyelination
process. Vitamin D increases the microglial activation, promoting the clearance of myelin debris, and
consequently activating the remyelination process [46]. In the oligodendrocyte precursor cells (OPC)
cultures, vitamin D up-regulates the transcription of VDR and NGF mRNA, but not of myelin basic
protein (MBP) [47–49]. The remyelination of demyelinated lesions has been observed in the early stages
of MS [50,51], and it has been supported by neuroimaging findings [52,53]. However, remyelination
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might be incomplete [54], and eventually, it might cease [55], because of the OPC inability to
migrate and reach the site of demyelination [56], or for the OPC differentiation inability [57].
In fact, an inflammatory microenvironment prevents OPC maturation and the differentiation into
oligodendrocytes, and subsequently prevents axon remyelination. This is relevant for MS treatment,
as current treatments are only useful for controlling immune mechanisms (i.e., in the early stages of
the disease), but do not affect remyelination. In vitro studies show that when blocking VDR, there is a
reduction of OPC differentiation, with a consequent blockage of myelination and remyelination; on
the other hand, by activating VDR, via vitamin D, there is an increase in the differentiation of OPC and
the consequent remyelination [58]. Likewise, neural stem cells (NSC) express VDR and 1,25(OH)2D,
which seems to promote the NCS proliferation and differentiation into neurons and oligodendrocytes,
and to reduce astrogliosis [59,60].

As vitamin D deficiency has been proposed as a significant risk factor in MS development, most
epidemiologic observational studies have suggested that adequate vitamin D levels may reduce the
risk of MS onset and modify the course of the disease. MS is a disease that is virtually unknown
at the equator, and the prevalence of the disease increases in populations that live farther away
from the equator [61]. The prevalence of MS is higher at higher latitudes, and tends to peak in the
areas with the lowest exposure to ultraviolet (UV) light [62,63]; however, in these areas, diets rich
in vitamin D-containing oily fish may offset this risk to some degree [62–65]. Moreover, the risk
of MS has been found to decrease among people who migrate from higher to lower latitudes [66].
This latitudinal finding has been declining in recent decades, instead of an associated increasing trend
towards avoiding sun exposure by staying indoors for more extended periods of the day, even in
warmer climates [67,68]. In fact, higher levels of sun exposure (past, recent, and cumulative) were
independently associated with higher levels of vitamin D and with a significantly reduced risk of
developing demyelinating events [69]. Sunlight seems to have an immunosuppressive effect and,
therefore, the effects of sunlight on MS risk could be related to the sunlight itself, or to an increase of
vitamin D [70]. The association between the calculated vitamin D intake from diet or supplements, and
the risk of developing MS has been prospectively evaluated in two large cohorts involving more than
187,000 women [71]. Women who had a higher intake of dietary vitamin D (approximately 700 IU/day)
had a 33% lower incidence of MS compared with those with a lower intake. Moreover, the women
who used vitamin D supplements (more than 400 UI/day) had a 41% reduced risk of developing
MS compared with non-users. Higher levels of 25(OH)D (independently, from dietary vitamin D
intake) also seem to predict a lower risk of MS onset. A more recent prospective study confirmed these
findings and reported that the levels of vitamin D over 30 ng/mL were associated with a decreased
MS risk [72]. Adiposity has been associated with lower vitamin D levels [73,74], and a higher body
mass index (BMI) has been associated with higher incidence of MS in adolescent women, but not in
adult women [75].

A crucial question related to a primary prevention trial or from vitamin D supplementation in
MS is the relevant age of exposure, which can range from in utero to adolescence and adulthood [76].
Mirzaei et al. studied a large cohort and analyzed the association between maternal dietary vitamin
D intake and the predicted maternal serum 25(OH)D during pregnancy, and their daughters’ risk
of developing MS [77]. The study showed that the relative risk of MS was significantly lower in the
women whose mothers had high vitamin D intake during pregnancy compared with the women born
to low-intake mothers. A diminished in utero exposure to vitamin D, coupled with the solar cycle and
latitudinal differences, may be an environmental risk factor for the development of MS. Similarly, albeit
not statistically significant, a reduced MS risk was reported among the women reporting an increased
vitamin D intake from supplements in adolescence [78]. These results suggest that MS risk is related
not only to new vitamin D levels, but it might also be related to its levels during childhood or even in
utero. Several studies, including a meta-analysis, demonstrated that spring-born have a significantly
higher lifetime MS risk than autumn-born, which has been attributed, at least in part, to insufficient
in utero vitamin D levels, because of low maternal serum vitamin D levels during winter [79,80].
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In a large population-based case-control study [81], children born with 25(OH)D levels <10 ng/mL
seemed to be at a high risk of developing MS. Likewise, the level of sun exposure in childhood and
adolescence (e.g., by outdoor leisure activities), which may serve as a proxy for vitamin D supply in
early life, has been inversely linked to the risk of MS in adulthood [82,83]. In a recent longitudinal
Canadian study of 302 children with the acute demyelinating syndrome, low vitamin D levels were
significantly associated with MS risk in the subsequent three years [84]. One report showed that
children with higher serum 25(OH)D concentrations at presentation, with an acquired demyelinating
syndrome, had a lower risk of early MS diagnosis [85]. Gender- and sex-related immunological
differences may influence the association between vitamin D and MS. The disproportional increase
in the incidence of MS in women is likely to be caused by sex-specific exposure or susceptibility to
environmental factors [86]. The data supporting an interaction between female sex, possibly mediated
by estrogen, and vitamin D for MS risk is accumulating. A protective effect of sun exposure was only
observed in female monozygotic twins [87], and the association of sun-sensitive skin types with a
disability was only found in untreated female MS patients [88]. In vitro studies of MBP-specific T cell
proliferation have shown sex differences in the metabolism of vitamin D, which were confirmed by
treating male MBP-specific T cells with 17β-estradiol in the assay [89]. In one animal study, vitamin
D resulted in fewer clinical, histopathologic, and immunologic signs of Experimental Autoimmune
Encephalomyelitis (EAE) in female mice compared with ovariectomized females and intact or castrated
males [90]. A synergy between E2 and vitamin D occurred through the VDR-mediated enhancement
of E2 synthesis, as well as through the E2-mediated enhancement of VDR expression due to the
inflammation of central nervous system (CNS). In males, E2 did not enable vitamin D to inhibit
EAE [91], possibly suggesting that vitamin D-mediated protection in EAE is female-specific, and that
MS tends to have a more aggressive course in men than in women.

Several genome-wide association studies (GWAS) and gene-candidate studies have investigated
the influence of the specific genetic polymorphisms of vitamin D metabolites on the 25(OH)D levels,
and their susceptibility to MS; one study found [92] an association between the short variant of the
VDR protein (F allele) and a genetic predisposition to lower 25(OH)D levels, but not to a higher risk of
MS; in a GWAS of 4501 European patients [93], single-nucleotide polymorphisms (SNPs) of the gene
encoding components of the vitamin D binding protein were associated with 25(OH)D concentrations,
or with the genes involved in vitamin D synthesis or activation; moreover, a genetically lowered
25(OH)D level was strongly associated with increased MS risk and progression in two studies [94,95].

The role of vitamin D in MS disease progression has also been assessed: it has been hypothesized
that 25(OH)D levels can predict a later development of MS in acute optic neuritis (ON) [96], but the
result is inconclusive. A discrete quantity of studies demonstrated that vitamin D levels affect clinical
relapses and MS disease activity. In a retrospective study of 110 patients with pediatric-onset MS, the
authors found that each increase of 10 ng/mL in the 25(OH)D level was associated with a 34% decrease
in the relapse risk [97]. Similar findings were seen in a prospective cohort study, whose authors
concluded that raising 25(OH)D by 20 ng/mL could decrease the hazard of relapse by up to 50% [98].
In a prospective longitudinal study, the relapse risk was significantly reduced in those patients with
medium (20–40 ng/mL) and high (>40 ng/mL) serum vitamin D levels, compared with those with low
levels (<20 ng/mL) [99]. Moreover, the same authors found that for each doubling of the serum vitamin
D concentration from a baseline of 10, 20, and 30 ng/mL, MS relapse risk decreased by 27%. In another
study, lower vitamin D levels predicted a conversion from Clinically Isolated Syndrome (CIS) to
clinically definite MS [100,101]. In the study by Embry et al., low serum 25(OH)D levels predicted an
increased likelihood of gadolinium-enhancing lesions (Gd+) in the Magnetic Resonance Imaging (MRI)
scans performed in the subsequent two months period [102]. In the EPIC study [103], a five-year MS
cohort study in which subjects had clinical and MRI evaluations and gave a blood sample annually.
The authors concluded that individuals with CIS/relapsing-remitting multiple sclerosis (RRMS) with
higher vitamin D levels have a lower risk of the subsequent development of new T2 lesions and
Gd+ lesions on a brain MRI, even after accounting for potential confounding factors. Moreover, an
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increment of 10 ng/mL of 25(OH)D was associated with a 15% lower risk of new T2 lesions and a
32% lower risk of Gd+ lesions [103]. In a post hoc analysis, including up to two years of follow-up of
participants treated with interferon beta (IFNB)-1b in the BENEFIT trial [104], Gd+ lesions development
was inversely associated with 25(OH)D levels, those patients whose 25(OH)D levels were >20 ng/mL
had a 39% lower risk of new Gd+ lesions. Unfortunately, across all of the analyses, associations
with lower vitamin D were generally stronger for MRI than for the clinical outcomes. Moreover, the
participants of the Betaferon Efficacy Yielding Outcomes of a New Dose (BEYOND) study (BEYOND
study) [105], treated with IFNB-1b, with higher serum 25(OH)D levels, had lower numbers of new T2
and Gd+ lesions during the first 12 months of follow-up. Moreover, a 20 ng/mL higher serum 25(OH)D
level was associated with a 31% lower rate of new lesions, and the patients with 25(OH)D ≥ 40 ng/mL
showed 47% lower rate of new T2 lesions and new Gd+ lesions, when compared with the patients who
had serum levels of 20–32 ng/mL. Vitamin D and disease-modifying therapies (DMTs) may positively
influence each other and produce an additive, or even synergistic, effect on MS disease activity. In an
observational cohort study, which included 178 patients with MS [106], the patients who were treated
by IFN had significantly higher 25(OH)D levels than those who were not. Interestingly, the IFN
treatment was protective only against relapses among the patients with higher vitamin D levels. The
authors hypothesized that treatment with IFNB might increase the serum vitamin D levels through an
enhanced responsiveness to sun exposure [106]. The same authors did not find similar associations for
glatiramer acetate (GA) therapy and vitamin D. More recently, Laursen et al. [107] found that higher
vitamin D levels in CIS may slow neurodegeneration evaluated by brain volume measures. In fact, they
found that each 10 ng/mL increase in 25(OH)D was significantly associated with a 7.8 mL higher gray
matter volume [108]. Variations in the relapse rate and the number of MRI brain lesions have shown a
seasonal pattern that can be related to a variation in Ultra Violet Radiation (UVR) exposure and vitamin
D status [109,110], with some exceptions [111,112]. Most cross-sectional studies have concluded a
negative correlation between the 25(OH) D level and disability [103,113,114], and, interestingly, even a
direct correlation between the 25(OH) D level and poorer memory performance [115]. However, the
causality is considered uncertain, at the moment.

Given the previous reviewed findings, the assessment of vitamin D supplementation for a
possible disease-modifying course of MS is obviously of crucial interest. Unfortunately, the current
evidence does not offer a definite consensus for supplementation. Kimball et al. [115] performed a
six-month safety study with escalating doses of vitamin D, and they found a significant reduction in
the mean number of Gd+ lesions at the end of the study. In an open-label randomized trial, patients
randomized to a vitamin D supplementation had an annualized relapse rate (ARR) significantly
lower in the treatment, with a prolonged relapse-free time and with a persistent reduction in the
T cell proliferation [44]. In a one year double-blind, randomized placebo-controlled trial with
vitamin D3 as an add-on treatment to IFNB-1b, the MRI T2 lesion burden and the new/enlarging
T2 lesions, tended to increase more in the placebo group than in the vitamin D group, however,
without statistical significance [116]. A preliminary Iranian study assessed the safety and efficacy
of high-dose vitamin D supplementation during pregnancy in women with MS [117]. The women
in the vitamin D group had significantly fewer relapses during pregnancy, a tendency for fewer
relapses up six months after delivery, and a more stable Expanded Disability Status Scale (EDSS) than
those without supplementation [107]. In a longitudinal study [118], in which 170 natalizumab-treated
patients were followed for one year between two winter seasons, patients with insufficient serum
25(OH)D levels at baseline (<20 ng/mL) were advised to take vitamin D supplements, and a significant
inverse relationship with the ARR was found, as, for each nmol/L increase in 25(OH)D, a 0.014
decrease in ARR was observed. The double-blind, multicentre, 48-week study, named SOLAR,
of supplementation of high-dose oral vitamin D has been the most extensive study to date [119].
An insignificant trend toward lower ARR in the treatment group was found in vitamin D groupersus
placebo, and no statistically significant differences in the disease activity were found between the two
groups. Vitamin D3 was associated with a statistically significant reduction in the combined unique
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lesions (secondary endpoint). The effect of the addition of vitamin D3 to IFNB-1a over 96 weeks
was investigated with appropriate cognitive tests [120]. It did not show a significant trend toward a
lower ARR (primary endpoint) among those patients receiving vitamin D treatment, which became
statistically significant when the analysis was restricted to those who completed the study. Among the
completers, there were also significantly fewer new T2 lesions in the vitamin D group. It is unclear
whether the findings of these trials are related to insufficient power or other issues leading to an
inability to detect a treatment effect for all outcomes [120].

Larger randomized controlled trails (RCTs) are currently underway to reveal the role of vitamin
D supplementation as an add-on to IFNB therapy in the treatment of RRMS, and even CIS, patients,
namely, the VITADEM study in Spain, EVIDIMS study in Germany, PrevANZ study in Australia,
D-Lay-MS study in France, and the VIDAMS trial in the United States. One study investigated the
cognitive effects of vitamin D supplementation on patients with MS who were treated with IFNB [121],
and after the follow-up period they scored better on the Brief Visuospatial Memory test (BVMT) for
delayed recall.

In conclusion, numerous studies suggest that vitamin D supplementation may benefit MS patients,
although larger RCTs are needed to establish this supplementation as a standard of care for MS.
Moreover, there is no consensus on the definition of ‘sufficient’ vitamin D levels in MS, and many
physicians question whether people with MS should empirically be supplemented while waiting for
more conclusive results of vitamin D clinical trials. In the view of the Institute of Medicine (IOM),
25(OH) D levels greater than 20 ng/mL (50 nmol/L) are sufficient. The Endocrine Society, considering
skeletal and non-skeletal health, argues for levels of almost 30 ng/mL (75 nmol/L). In the MS field,
numerous studies suggest that serum 25(OH)D levels of approximately 40 ng/mL (100 nmol/L) are
the lower limit for controlling MRI and clinical activity. Some experts favor maintaining 25(OH)D
levels between 30 and 50 ng/mL in MS patients, as immune-modulatory effects have been observed in
these ranges in experimental studies. Longitudinal RCTs are needed to establish the recommended
levels of vitamin D supplementation necessary to reduce the risk of MS onset and MS pathological
activity. According to other authors [122], for individuals with CIS or MS and vitamin D deficiency
(<20 ng/mL), an ‘attack’ supplementation with 50,000 IU/week of vitamin D2 (ergocalciferol) for
eight weeks, and a subsequent evaluation of the serum level, is recommended. The continuation of
this therapy until the serum 25(OH)D is higher than 30 ng/dL may be necessary. A maintenance
supplementation with vitamin D3 (cholecalciferol) at 1000 to 2000 IU/day may be started when
the deficiency has been corrected, and at once in case of vitamin D insufficiency (20–29 ng/mL).
As current evidence also suggests both an obstetric and pediatric benefit from vitamin D against
the risk of developing MS, vitamin D supplementation in children and pregnant women at risk of
developing or being affected by MS should be considered [123]. According to other authors, as a goal,
the general aim is 25(OH)D levels between 40 and 60 ng/mL, and most patients should take a dose
that arises from 2000 to 5000 IU/day vitamin D3 [123]. Many studies have been conducted to show
the potential relationships between genome-wide association studies (GWAS) and gene-candidate
studies, in order to find out the specific genetic polymorphisms of the vitamin D metabolites on the
25(OH)D levels, and their susceptibility to MS and to vitamin D supplementation efficacy in MS [92–95].
Moreover, the Human Leukocyte Antigen (HLA) haplotype might influence epistasis, trans and cis
effects, and parent-of-origin effects, as well as the Epstein Barr Virus (EBV) and vitamin D effects on
the course of MS [124]. Le Mokry et al. (2015) identified SNPs associated with 25(OH)D level from
SUNLIGHT, the largest (n = 33,996) genome-wide association study to date for vitamin D. Four SNPs
were genome-wide significant for 25(OH)D levels, and all four SNPs lay in, or near, genes strongly
implicated in separate mechanisms influencing 25(OH)D. The authors found out that the count of the
25(OH)D-decreasing alleles across these four SNPs was strongly associated with a lower 25(OH)D
level. Other recent perspectives [95] confirmed the research by Ahn et al. [93]; it seems that there
are strong links between the 25(OH)D levels and the genotyping of CYP2R1- and NAD-synthetase
(NADSYN1-SNPs) in MS patients. The analysis revealed lower 25(OH)D concentrations in MS patients
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and an association of rs10766197 CYP2R1 SNP with MS risk. After stratifying the MS patients according
to gender, the authors [95] found that the minor allele A of rs10766197 had a higher frequency in men
in comparison with the women affected by MS. Additionally, the presence of allele A in men was
associated with disease progression, assessed by EDSS and Multiple Sclerosis Severity Score (MSSS)
scores [96]. The results are not univocal at all; a recent study focussed on VDR polymorphisms (Fok-I,
Bsm-I, Taq-I, and Apa-I) that were genotyped by a polymerase chain reaction (PCR), followed by the
restriction fragment length polymorphism (RFLP) analyses in both groups, and the serum 25(OH)
D levels were determined in the MS patients by high-performance liquid chromatography (HPLC).
The distribution of genotype and allele frequencies of the four VDR polymorphisms did not differ
significantly between the MS patients and healthy controls, and were unrelated to the forms and the
course of MS. Low serum levels of 25(OH) D were observed in MS patients, but no association was
observed between the VDR and 25(OH) D levels, except for Fok-I. Moreover, the MS patients with
the FF and Ff genotype had a significantly lower serum level of 25(OH) D [92]. Moreover, further
studies are necessary to develop potential relationships between the genome-wide association studies
(GWAS) and gene-candidate studies for determining the influence of specific genetic polymorphisms
of the vitamin D metabolites on the 25(OH) D levels, and the susceptibility to MS and to vitamin D
supplementation efficacy in MS.

3. Vitamin D Deficiencies and Ischemic Stroke

Stroke is the leading cause of significant long-term disability all over the world, and is an
enormous source of global disease burden. Ischemic stroke recognizes a heterogeneous etiology, caused
by not modifiable risk factors (genetic, age, and sex), and modifiable risk factors, like hypertension,
diabetes mellitus (DM), dyslipidemia, sedentary lifestyle, and smoking [125].

Vitamin D deficiency is found to increase the risk of vascular disease and ischemic stroke in
healthy subjects; the risk is higher for ischemic stroke than for hemorrhagic ones. Moreover, vitamin
D deficiency is associated with other contributing factors for ischemic stroke (i.e., hypertension,
hyperlipidemia, diabetes mellitus, and ischemic heart disease). In a stroke, vitamin D deficiency might
relate with higher disease severity and adverse outcomes, including death; moreover, hypovitaminosis
D is independently associated with larger ischemic infarct volume [126]; finally, vitamin D deficiency
is related to slower recovery after stroke. Moreover, recently, it has been found [125,126] that lower
concentrations of 25(OH) D were associated with a higher risk of incident stroke in models adjusted
for age, race, age and race interaction, and sex. The magnitude and strength of the associations were
unchanged after the adjustment for the season of blood draw; systolic blood pressure; BMI; diabetes;
current cigarette smoking; atrial fibrillation; and use of anti-hypertensive medications, aspirin, and
statins. In their work, no statistically significant differences in the association of lower 25(OH) D with
a higher risk of incident stroke were observed in black subjects when compared with white subjects.
Vitamin D can inhibit the development of thrombosis, which may provide a rational explanation
for the relationship between vitamin D and ischemic stroke. Nevertheless, vitamin D might induce
hemorrhagic stroke through other mechanisms, such as inflammation and endothelium shear stress.
Even less is known regarding the relationship between vitamin D deficiency and other cerebrovascular
diseases, like vessel dissection. Vianello et al. [127] reported that in acute aortic dissection (AAD),
hypovitaminosis D is not associated with changes in bone-related metabolic pathways, but is inversely
related to osteocalcin, which could be an exciting molecule that is able to mediate the effect of an
inadequate 25(OH) D level at vascular level.

Moderate to strong associations between lower serum 25(OH)D concentrations and stroke were
identified in different analytic approaches, even after controlling for traditional demographic and
lifestyle covariates. Such associations were most evident among young females, younger than 50 years.
The mechanisms behind the associations between vitamin D and cerebrovascular and cardiologic
profiles have been widely examined in both animal and human studies. Accumulating evidence has
shown adverse regulatory effects of vitamin D on the renin-angiotensin system. Renin expression
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was significantly increased among the vitamin D receptor knockout mice and suppressed among the
wild-type mice after being injected with 1,25(OH)2D. The treatment of vitamin D in rats may lead to
increased endothelium-dependent vascular relaxation and the inhibition of vascular smooth muscle cell
growth and proliferation. Vitamin D supplementation in human subjects may contribute to improved
insulin sensitivity and beta-cell function, as well as lower levels of inflammatory markers [128–130].

Moreover, vitamin D deficiency has been shown in several pathologies related to higher incidence
of stroke. Shah Sanket et al. reported that a vitamin D deficiency was observed in a significant
number of patients with chronic obstructive pulmonary disease (COPD), and in more than half of the
study subjects there is an increasing frequency across the combined COPD class of cardiovascular
and cerebrovascular disease [130]. Moreover, the stroke patients with enough vitamin D had more
favorable outcomes, including improved muscle strength and bone density. Manouchehri et al. [131]
showed that a vitamin D deficiency had an increased risk of ischemic stroke by nearly seven-fold
compared to the controls. They reported a 13-fold increase in the risk of large vessel stroke, and a
4.37-folded increase for the small vessel stroke was observed. The risk of stroke increases with a
concomitant deficit of vitamin D, vitamin B12, and homocysteine. Serum homocysteine, vitamin B12,
and vitamin D levels are associated with baseline first-ever stroke severity, but also contribute, to
some extent, to its prognosis in the early period after stroke. The early detection and management
of these laboratory parameters may contribute both to primary and to secondary stroke prevention.
Hyperhomocysteinemia increases the likelihood of stroke and is mostly dependent on folic acid
(vitamin B9), vitamin B12, and vitamin B6 serum levels. Vitamin B12 deficiency can be detected in
10–40% of the general population and may contribute to stroke and cognitive decline. The status of
homocysteine, vitamin B12, and vitamin D can go further to assess the importance of these correctable
factors during the functional recovery after stroke.

The patients with a low level of serum vitamin D at the onset of the stroke showed more severe
disability [126]. Qiu et al. [132] also reported a strict association between lower serum levels of 25(OH)
D, and the stroke recurrence and stroke mortality at 24 months. Also, the inverse association between
serum 25(OH) D levels and functional outcome in patients with acute ischemic stroke had been
reported. Mortality in stroke patients is higher for those subjects <75 years old with a low serum
25(OH) D level at stroke onset [133–135]. Few studies have also reported vitamin D deficiency after
a stroke. The mean level of 25(OH) D was lower in the subacute and chronic patients than in the
healthy controls; furthermore, the level of 25(OH)D was lower in the patients with a longer duration
of illness after stroke, for one month. These data suggest that it might be explained by an exhaustion
of vitamin D, stored before stroke onset, and insufficient synthesis after stroke. Finally, the patients
with an independent gait have higher levels of vitamin D than the immobilized patients. Restricted
outdoor activity may have affected the synthesis of vitamin D after the stroke and resulted in a vitamin
D deficiency.

The pathophysiology of stroke is quite complex and still not completely understood.
Cerebral ischemic damage is due to the activation of several inflammatory events, including the
infiltration of circulating immune cells and the activation of microglia, astrocytes, and endothelial
cells [136]. In stroke individuals, the mechanism involved in vessel disease, mediated by a vitamin
D deficit, might consist of a release of atherogenic pro-inflammatory cytokines, which foster
atherosclerotic vascular changes and might induce plaque instability [137,138]. Vitamin D plays
an additional role for the regulation of the inflammation process, through prostaglandin inhibition,
reduction of mitogen-activated protein kinase (MAPK), and by reducing the expression of the nuclear
factor kappa B (NF-κB) pathways [41,139]. Moreover, the down-regulation of pro-inflammatory
cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-12, and interferon (IFN)-γ, and
the up-regulation of anti-inflammatory T regulatory (Treg) and Th2 cells and their cytokines have
been reported [140,141]. Thus, the deficit of vitamin D is responsible for endothelial dysfunction [142]
and is considered an independent risk factor for the occurrence of acute ischemic stroke [143,144].
As previously reported, VDD is strictly associated with higher levels of high sensitivity C-reactive
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protein (hsCRP), remarking the anti-inflammatory activities of vitamin D, including the inhibition
of IL-6 synthesis by monocytes. CRP acts on endothelial cells inducing tissue factor expression,
and promotes smooth muscle and endothelial cell proliferation [145]. Moreover, CRP increases the
plasminogen activator inhibitor–1 expression [146] and induces several inflammatory genes via NF-κB
activation in human endothelial cells [147]. Usually, vitamin D deficiency in stroke patients preceded
stroke, and the prevalence of vitamin D deficiency is more evident in stroke patients than general
medical patients. On the other hand, vitamin D supplementation in post-stroke patients may play a
role in the prevention of recurrent stroke and improves the functional outcome after stroke [147–150].

Zhao-Nan Wei reported that a vitamin D deficiency is associated with a 3.2-fold increased risk of
poor functional outcome events. The adjustment for established cardiovascular risk factors, including
glucose level, age, and National Institute of Health Stroke Scale (NIHSS) score, did not attenuate
this association. For the vitamin D deficiency, the adjusted risk of mortality increased by 290% [151].
A high dose oral vitamin D supplementation produced a short-term improvement in the endothelial
function in stroke patients, with a better management of blood hypertension. Moreover, a possible
cardiovascular protective role of vitamin D has been proposed, in reducing the mortality risk in
patients with renal failure.

A meta-analysis of 50 RCTs of supplemental vitamin D, administered for a median of two years,
involving predominantly senior women who were mainly in institutions and dependent care, showed
that vitamin D decreased mortality [152]. Moreover, vitamin D3 (cholecalciferol) has been shown to
decrease mortality significantly. Gupta et al. [152], in a randomized controlled open-label trial, found
that patients with acute ischaemic stroke that received vitamin D and calcium supplementation, along
with the usual care, compared with those receiving usual care alone, presented a higher probability of
survival, achieving a better outcome at six months compared to the controls [153]. Concerning stroke,
the VITamin D and Omega-3 triaL (VITAL) studied the effect of supplementation on the total cancer and
major cardiovascular events (a composite of myocardial stroke, and death due to cardiovascular events),
thus reporting significant effects only on a reduction of bone fractures [154,155]. Similarly, the benefit of
vitamin D supplementation for stroke-related depressive symptoms is still being debated [156]. If vitamin
D contributes to post-stroke recovery by pathophysiological mechanisms that should still be elucidated
(some could be related to a reduction in the volume of the cerebral infarct and to neuroprotective
properties), vitamin D supplementation could bring the hope of a benefit that is not known yet.

In summary, the precise relationship between vitamin D and stroke is still unclear, a revision
of the data suggests that vitamin D status is associated with ischemic stroke and with the injury
volume. The vitamin D levels should be measured in all stroke patients and should be considered
as an independent stroke risk factor. The supplementation of vitamin D could be considered as a
fundamental part of stroke therapy, but new studies should be done.

4. Vitamin D Deficiency and Neurodegenerative Diseases

Different important studies have implicated amyloid beta accumulation, hyperphosphorylation
of tau, oxidative stress, mitochondrial dysfunction, and inflammation as the major responsible
factors for a neurodegenerative process, which underlies Alzheimer’s disease (AD) [157,158].
Nevertheless, the calcium excitotoxic hypothesis and glutamate currents theories can support and
amplify the Alzheimer’s cascade of events [159]. Moreover, many doubts still merge, especially for
sporadic AD cases pathogenesis. It has been established that the etiology of the sporadic AD might
involve multiple gene-environment relationships, and probably many epigenetic mechanisms [158,160].
The most debated aspects are those concerning the reasons for Abeta accumulation and the tauopathy
consequences in the aging brain being seriously possible, and the relationship between their
accumulation and various environmental risk factors, which the brain gathers throughout its life.
Epigenetic modifications can act as first hits, with a consequence that remains latent for many years,
until a second hit (probably determined by metabolic factors, i.e., altered nutrition, pro-inflammatory
cytokines, and aging by itself) can promote the degenerative progression [161]. As a result of these
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premises, VDR, the major effector of vitamin D, polymorphisms have been studied in AD [162].
It has been demonstrated that there is a link between the altered gene expression of VDR and
1,25MARRS (membrane-associated rapid response steroid-binding); this association endorses the less
active employment of vitamin D inside neurons, and lets them be more prone to degeneration [163].
Brewer et al. [163] and confirmed by Thibault et al. [164] recognized that cultured hippocampal
cells treated with adequate concentrations of VDH (1–100 nM) were protected against excitotoxic
insults, probably because of a modulation of L-type voltage-sensitive calcium channels, whose
increase has been documented in hippocampus aged cells [165], and the aged long-term cultured
hippocampus cells [166]. VDH down-regulates mRNA expression for different subunits of L-type
voltage-sensitive calcium channels. Consequently, VDH has a fundamental role in the homeostasis
of calcium-mediated activities [164], such as neuronal death and apoptosis. The VDR−/− knock-out
model shows a higher sensitivity to neuro-degeneration, with a rapid increase of calcium currents and
neural death [166,167]. Many different VDR polymorphisms have been described as increasing the
susceptibility to AD [168], mainly due to the altered expression of neurotrophins. Genome analyses,
transcriptomics, and proteomics have pointed out the role of VDR polymorphism in late-onset AD
susceptibility [162]. In fact, even in animal models, vitamin D seems to interfere with cognitive
functions, even in other ways, probably through its different polymorphic gene expression of VDR [26].
It seems, for instance, that Bsm I and Taq I altered carriers are more prone to manifest memory and
cognitive dysfunctions, as well as a vitamin D defect; on the contrary, the APA-I haplotype is associated
with an increased risk of fractures, but not memory alterations [169]. Therefore, in line with Buell
and Dawson-Hughes [169], calcium concentrations are not likely to vary in the different haplotypes,
indicating a protective effect on the brain, beyond the calcium homeostasis. Thus, in the Alzheimer
disease culture models, VDH stimulates the amyloid plaques [170,171], supporting the phagocytosis
induced by macrophages of a soluble amyloid beta protein [171,172], and reduces the inflammation
response induced by amyloid deposition [21]. Lipopolysaccharide-induced levels of mRNA encoding
for macrophage colony stimulating factors and tumor necrosis factors in cultured astrocytes are
partially reduced after vitamin D treatment [21]. Additionally, vitamin D has neuroprotective
properties against glutamate toxicity [173]. It inhibits the synthesis of inducible nitric oxide synthase
and regulates the gamma-glutamyl transpeptidase, fundamental in the metabolism of glutathione [174].
Furthermore, vitamin D enhances the protein phosphatase 2A activity, modulating the redox state,
and thus reducing the age-related tau hyperphosphorylation, limiting the cascade of neuronal dying
back and the promotions of collateral inflammatory potentiation [175]. To summarize, it seems that
vitamin D acts in the brain, through the regulation of NGF and neurotransmitters, regulating calcium
homeostasis, promoting anti-inflammatory responses, interfering with amyloid beta metabolism, and
implementing a brain oxidative response. On the contrary, clinical practice does not give univocal
results. A vitamin D deficit has been widely detected in the frail old population [176,177], and calcium
homeostasis is heavily lowered in neurodegenerative pathologies, such as Alzheimer disease [177,178].
In a mild cognitive impairment population, not including Alzheimer disease, a low level of vitamin
D was reported [179]. Nevertheless, the vitamin D implementation in clinical practice does not
give univocal results. A seven-year follow-up study confirmed that a larger intake of vitamin D is
associated with a lower risk of developing AD in normal aging women [180,181]. Some recent works
have evidenced that the combined effect of vitamin D and docosahexaenoic acid can enhance the
neural protection towards the different effects of beta-amyloid deposition [182,183], and a six-month
trial determined that the patient obtains better results, with even limited effects, when the memantine
was prescribed in association with vitamin D, rather than alone, in the AD patients [182]. On the other
hand, two studies showed the opposite results [183,184]. Even though many different studies are
needed to demonstrate a definite role in the real clinical practice of the supplementation of vitamin D,
many questions remain without a proper answer, such as:
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1. When should the implementation begin?
2. Is it a possible preventive therapy for reducing the cascade of events of the AD?
3. Should it be considered as one of the multifactor agents (along with folate, vitamin B12, and

antioxidant substances) that can procrastinate the AD second hit process?

4.1. Vascular Dementia

Emergent evidence from experimental and clinical studies suggests that vitamin D may be a causal
effect for neurodegeneration, concerning vascular dementia, supporting the underlying/concomitant
atherosclerotic pathology [185]. Some studies link the vitamin defect to an increased risk of hypertension,
diabetes, congestive heart failure, myocardial infarction, and stroke [186]. Moreover, some very
recent studies link it to small vessel disease and vascular dementia as well [187,188]. The vitamin
D receptors are hugely expressed by the endothelial cells, and their activation induces the promotion
towards the maturation of immature cells, via Vasoactive Endothelium derived Growth Factor
(VEGF) [189]. The vitamin D receptor gene is up-regulated during inflammation in endothelial
cells [190–192], and the vitamin D analogs protect against advanced glycation products derived
insults [193]. Enriched vitamin D diet models promote an anti-lymphoproliferative effect on the
endothelium and a diminished response to inflammatory cytokines [194,195]. Moreover, as previously
described, vitamin D regulates the expression of 74 genes and 36 proteins, connected with the correct
development of the cytoskeleton and exerting a regulation on post-transcriptional controls for L-type
voltage-sensitive calcium channels [196,197]. All of the effects of vitamin D on the vascular system
link it to vascular dementia in many different ways, such as: epidemiological [198], based on vascular
pressure control [191], based on biological properties of vitamin D, above described [199], or simply
considering vitamin D deficiency as a risk-modifiable factor [170,200,201]. It seems quite interesting
that the three works that link the vitamin D defect to small vessel disease-related dementia [188,189]
stand on two axiomatic biological properties, the anti-oxidative capacity of vitamin D (therefore a loss
of protection against Reactive Oxygene Species (ROS), whenever it lacks), and the control of the smooth
vessel, which is fundamental for auto-regulation in brain circulation. Many studies evidenced an excess
of superoxide by Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH) oxidase in
small vessel disease [202]. This causes an increase of ROS, indirectly evidenced by a hyper-expression
of the Nitrogen Oxide (NOX) 2 and NOX 4 oxidase isoforms [202,203]; ROS induced damage is one of
the triggers for apoptosis. In vitro, vitamin D down-regulates the activity of NF-κB activity [204] and
stimulates the anti-inflammatory cytokines [205]. Additionally, vitamin D-binding proteins are more
evident in proximity to endothelium injury [206], inhibiting the expression of Matrix Metalloproteinase
(MMP-2, MMP-9), and of the endothelium growth factor [207]; they probably diminish the activity of
the platelet-derived growth factor, conversely up-regulating thrombomodulin [208,209]. The second
study, entirely dedicated to small vessel disease and vitamin D [198], lights some shadows in a
fascinating problem; it presents a public association between bone small vessel disease and osteoporosis.
Authors hypothesize a common method of alteration, in the peripheral autonomous nervous system,
which deteriorates the small-bone vessels as well as brain vessels [210]. The first and the third
study on the topic [188,189], starting from two different perspectives have some common points.
Chung et al. [188] demonstrated that vitamin D is inversely associated with lacunes, white matter
hyperintensities, and deep micro-bleeding in the deep white matter, not elsewhere, suggesting a high
impact on small vessel disease. Moretti et al. [198] hypothesized that vitamin D might act on the
altered control of cerebral blood flow (CBF) [211,212] and in the distorted neurovascular coupling
system [213,214], both heavily impaired in small vessel dementia. Intracerebral calcium, intimately
regulated by vitamin D, interferes with the vessel activation. Vessel relaxation is heavily influenced by
ATP-sensitive potassium channels (delayed rectifier and inward rectifier potassium channel), but also
by calcium-activated potassium channels [215,216]. Mediated by cAMP, calcium-activated-potassium
channels seem to be involved in the negative “feedback system to regulate vascular tone” [215].
It seems that in atherosclerosis models, there is a major impairment of calcium-activated potassium
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channels in mainstream vessels [215]. On the other hand, the neurovascular coupling system (smooth
vascular cells, neurons, and astrocytes) seems to be intimately regulated by vitamin D, which is
determinant for the glutamate release. Glutamate passes from the synapse, activating Nicotinamide
Adenine Dinucleotide Phosphate Hydrogen- Receptors (NMDAR) in the neurons and metabotropic
glutamate receptors in the astrocytes [214]. Moreover, by interfering with the calcium influx, vitamin D
indirectly mediates the neural nitric oxide synthase. NO activates phospholipase A2 in the astrocytes,
enabling the prostaglandin cascade, which widens the arteries. The presence of vitamin D increases,
moreover, acetylcholine, and VIP, which potentiates the mechanism. Low levels of vitamin D might,
therefore, interfere with smooth cells control, with NO and neuropeptides synthesis, and with defective
neurovascular coupling, leading to some aspects of small vessel disease. There are very few the studies
concerning vitamin D supplementation in vascular dementia.

4.2. Parkinson Disease (PD)

A significant concentration of vitamin D receptors were found in the hippocampus, in the
prefrontal cortex–brain, and the substantia nigra [217]. There is evidence of low levels of vitamin D and
increased bone turnover markers, such as bone alkaline phosphatase, compared to the controls [218].
All of the non-genomic roles of vitamin D are evident in the PD models [219,220]; there is an active
regulation of calcium inside the neurons and astrocytes; there is a substantial regulation of L-type
voltage-sensitive calcium channels; it has been described an induction and promotion of NGF and
other growth factors, with a down-regulation of MMP and other inflammatory activity, such as
prostaglandins and COX-2 activity; and there is also a reduction of oxidative stress, by interfering
with NO production by lipopolysaccharide-stimulated macrophages [221]. There are many data that
even relate the vitamin-related genomic factors to PD progression. Increased levels of MHC class
II expressions were detected in the monocytes of the cerebrospinal fluid of the PD patients [222],
together with Human Leukocyte Antigen Complex- antigen D related (HLA-DR) positive reactive
microglia, found in the substantia nigra and in nigro-striatal tract of PD patients [223]. Recent evidence
demonstrated that vitamin D suppresses the MHC class II antigens [224] and IFN-gamma induced
HLA-DR antigen expression in human cells [225]. Additionally, Cytochrome P450 (CYP), and in
particular, CYP2D6, which has a polymorphic expression, and which is expressed in neurons and the
gut, has a different expression in PD patients; here, it has been found preponderantly as the CYP2D6*4
allele [226]. CYP2D6 acts as a 25-hydroxylase, which can convert vitamin D3 into 25OHD, being the
key enzyme to determine a deficiency of vitamin D. In the mouse MPTP treated model (inducing
PD phenotype), Singh et al. [225] reported the stable expression of the animal ortholog of CYP2D6,
CYP2D22. Very interestingly, the CYP2D loci are located on chromosome 22, where many genes
related to PD are segregated [227,228]. It seems surprising that the deletion of chromosome 22q11 was
reported to be associated with PD [228], but also with the reduced serum calcium and a reduced level
of vitamin D [228].

Moreover, there are three more links between vitamin D and PD. The first one is the so-called Sp1
transcription factor. The protein encoded by this gene is a zinc finger transcription factor that binds to
the guanine-cytosine (GC)-rich motifs of many promoters. The encoded protein is involved in many
cellular processes, including cell differentiation, cell growth, apoptosis, immune responses, response to
DNA damage, and chromatin remodeling. Post-translational modifications, such as phosphorylation,
acetylation, glycosylation, and proteolytic processing, significantly affect the activity of this protein,
which can be an activator or a repressor. The Sp1 transcriptions factor is a DNA binding protein
that mediates the accurate response to oxidative stress in neurons [229,230], controls the expression
of the dopamine transporter gene, and of the dopamine receptor gene [231,232]. The link between
vitamin D and Sp1 is represented by the fact that many hormones have different binding sites for the
transcription factors for Sp1. In fact, two vitamin D-responsive elements (which act by inducing the
expression of CYP24 genes, previously described, and 25-OHD-24 hydroxylase) are helped by the
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synergic activation of Sp1 [229,233]. As Sp1 controls the expression of the dopamine transporter gene
within the dopaminergic neurons, VDR conditions and promotes Sp1 trigger gene expression.

The second genomic link factor between vitamin D and PD is represented by Heme oxygenase,
a stress protein with anti-oxidant properties. In the healthy brain, its expression is limited to
neuroglia [234], whereas it is overexpressed in PD brains, but not in AD patients [235]. In PD brains,
Heme oxygenase 1 is overexpressed in astrocytes within the substantia nigra and the deteriorated
dopaminergic neurons [236]. Entirely unpredicted, calcitriol seems able to delay the effect of Heme
oxygenase, reducing the glial fibrillary immunoreactivity [237].

Finally, vitamin D seems to interfere with the activity of Poly (ADP-Ribose) Polymerase-1, also
called PARP1. It is a stress protein, which can, however, promote neuronal death. In fact, there is an
overexpression of PARP1 in the substantia nigra of PD patients [238]; increased levels of vitamin D down
regulate the PARP-1 expression, probably mediated by a diminishment of microglial activation [239].
All of these aspects considered in the clinical trials on vitamin D supplementation in Parkinson’s
disease have been carried out. Although some data demonstrated that low levels of vitamin D might
influence the speed of the disease, the supplementation of vitamin D did not modify the disease
outcomes. That conclusion probably lies in a clinical time of supplementation, far from the initial ones
of labs models.

5. Conclusions

Accumulating evidence shows that vitamin D is important for accurate brain functioning.
Moreover, it is important to note that many important neurological diseases are related to low levels of
vitamin D. These expressions are supported by in vivo, in vitro, and in human trials. Unfortunately, at
the moment, the results for its supplementation in neurological disorders, in particular concerning data
on vitamin supplementation and their progression or eventual real clinical benefits are inconclusive.
As such, there is a strong need for randomized clinical trials on neurodegenerative patients and vitamin
D supplementation, to optimize time, efficacy, and appropriate monitoring [240,241].

It should be said that vitamin D supplementation might be safe and inexpensive.
However, physicians may be uncomfortable recommending larger doses of vitamin D, because of its
potential toxicity. The rarity of reports of vitamin D toxicity can be explained, in part, by the kidney’s
ability to limit the production of active calcitriol. Increased calcitriol levels inhibit parathormone (PTH),
causing the calcitriol production in the kidney to decrease. The renal 24-hydroxylase activity further limits
the availability of calcitriol by creating inert metabolites of both calcitriol (1,24,25-trihydroxyvitamin D)
and calcidiol (24,25-dihydroxyvitamin D). The 24-hydroxylase gene is under the transcriptional control of
calcitriol, thereby providing a tight negative feedback.

Concerning vitamin D replacement, several studies have shown that both vitamin D2 and
vitamin D3 are effective in maintaining the serum 25(OH)D levels. Both D2 (ergocalciferol) and
D3 (cholecalciferol) are available as dietary supplements, and both appear to be effective. A single
dose of 50,000 IU of D2 or D3 produces a similar increase in the total 25(OH)D concentration, but the
apparent longer half-life of D3 suggests that less frequent dosing may be needed. To replenish the serum
25(OH)D levels in persons with a vitamin D deficiency, one cost-effective regimen is oral ergocalciferol
at 50,000 IU per week for eight weeks. The optimal time for rechecking the serum levels after being
replenished has not been clearly defined, but the goal is to achieve a minimum level of 30 ng per mL.

Special mention is needed for patients who require tube feeding or parenteral nutrition. In those
cases, ergocalciferol capsules containing D2 in oil, which can clog the feeding tube, should not be used.
Cholecalciferol capsules and tablets contain D3 in powder form and can be used.

New approaches are emerging in vitamin D deficiency. The combined treatment using
bisphosphonates and vitamin D has been suspected to be more effective compared with bisphosphonate or
vitamin D alone in the prevention of atherosclerosis. In a recent study, the combination of bisphosphonates
and vitamin D has been seen to be safe and effective in systemic lupus erythematosus. Bisphosphonates are
expected to inhibit the arterial plaque development and calcification through several mechanisms (mostly
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inducing decreased levels of inflammatory cytokines and matrix metalloproteinases). Bisphosphonates
also decrease a variety of mature vascular cells, which migrate into the vessel walls and injure vascular
endothelial cells. Moreover, treatment with statins in combination with bisphosphonates has been shown
to be more effective in terms of reducing atherosclerotic plaque, compared with either monotherapy in
patients with hypercholesterolemia [242,243].

Reading what the literature has reported, it seems that the supplementation of vitamin D might
reduce the risks and improve the pathological features in different neurological conditions, but, because
of different and unknown reasons, it seems that its supplementation might not be sufficient to change
the outcomes and the disease phenotype. All of this considered, there is a strong need for further
research in this field, even to account for the best quality of vitamin implementation.
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Abstract: Vitamin D is a steroid-like hormone which acts by binding to vitamin D receptor (VDR).
It plays a main role in the calcium homeostasis and metabolism. In addition, vitamin D display
other important effects called “non-classical actions.” Among them, vitamin D regulates immune
cells function and hematopoietic cells differentiation and proliferation. Based on these effects, it is
currently being evaluated for the treatment of hematologic malignancies. In addition, vitamin D
levels have been correlated with patients’ outcome after allogeneic stem cell transplantation, where it
might regulate immune response and, accordingly, might influence the risk of graft-versus-host
disease. Here, we present recent advances regarding its clinical applications both in the treatment of
hematologic malignancies and in the transplant setting.

Keywords: vitamin D; haematopoiesis; leukaemia; myelodysplastic syndrome; allogeneic stem
cell transplantation

1. Vitamin D: Metabolism and Mechanisms of Action

1.1. Production and Metabolism of Vitamin D

Vitamin D (vit D) is a fat-soluble steroid synthesized in several steps which ends with the
formation of vit D3 or calcitriol, the most active form of vit D. It is known for its role in the regulation
of calcium and phosphorus levels as well as bone mineralization. The term vitamin D is imprecise and
groups together different components that are part of this family of steroid hormones. Firstly, pre-D3 is
produced in the skin from 7-dehydrocholesterol after exposure to ultraviolet irradiation. Besides,
this irradiation also produces lumisterol and tachysterol from pre-D3. The synthesis of lumisterol is
a reversible process and can be converted back to pre-D, which binds to Vitamin D-binding protein
(DBP) and is subsequently removed from the skin. Pre-D3 has to be hydroxylated twice to became
fully activated. The first hydroxylation occurs in the liver and, to a lesser extent, in other tissues by
25-hydroxylase (CYP2R1) to produce 25(OH)D. This is the principal circulating form of vit D and
provides a clinically useful marker for vit D status. In the kidney, the enzyme CYP27B1 hydroxylates
25(OH)D, which is then converted into 1,25(OH)D. This process is stimulated by parathyroid hormone
and inhibited by calcium, phosphate and fibroblast growth factor 23 (FGF-23). CYP27B1 can be also
found in other tissues including epithelial cells, immune cells and parathyroid glands. The extrarenal
production of 1,25(OH)D is under a different control, mainly by cytokines such as tumour necrosis
factor α (TNFα) and interferon γ (IFNγ). In the kidney, the catalytic enzyme CYP24A1 is the
responsible for the inactivation of 1,25(OH)D producing 24,25(OH)D [1]. Several oxidative reactions
after 24-hydroxilation and conjugation with glucuronic acid generate some compounds that are
excreted through the bile.
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The balance between 1α-hydroxylase and 24-hydroxylase activities is regulated by calcitriol,
calcium and phosphate serum levels. Parathyroid hormone (PTH) stimulates the synthesis of the
1α-hydroxylase under low serum calcium conditions or low levels of vitamin D, resulting in the
increase of 1,25(OH)D activation. PTH also inhibits 24-hydroxylase and can induce osteoclast and
osteocytes synthesis of the FGF-23, which acts by reducing the expression of renal sodium-phosphate
transporters and regulates vitamin D homeostasis by suppressing renal expression of 1α-hydroxylase
and inducing 24-hydroxylase, thus reducing serum calcitriol levels and subsequently serum calcium
under hyperphosphatemia conditions [2].

After ultra violet (UV) exposure, maximum levels of vit D are achieved. From that moment,
UV irradiation further converts pre-D to lumisterol and tachysterol preventing higher levels to be
reached (Figure 1) [3,4]. Also, the amount of melanin in the epidermis can modify the effectiveness of
the sunlight in producing pre-D3 [5].

Figure 1. Synthesis of vitamin D and the vitamin D metabolic pathway. The vitamin D metabolites
are transported in blood bound primarily to vitamin D binding protein (DBP) (85–88%) and albumin
(12–15%).

1.2. Vitamin D Receptor (VDR)

Vit D operates via binding vitamin D receptor (VDR). Vit D-VDR heterodimerize with
retinoid-X-receptor (RXR) within the cell nucleus where it binds vitamin D responsive elements
(VDRE) to serve as a transcription factor for numerous target genes. VDR/RXR complexes can attract
co-activators or co-repressors to induce or repress gene transcription, depending on the target gene.
Steroid receptor coactivator (SRC) and vitamin D receptor interacting protein (DRIP) complex have
been identified as coactivators [6]. SRC coactivators recruit histone acetyl transferases (HAT) to the gene
promoting transcription. In addition to acetylation, histone methylation also occurs. Recent studies
have shown that methyltransferases may also play a role in VDR-mediated transcription [7]. The DRIP
complex acts as a bridge between VDRE and the initiation complex (TATA box, RNA polymerase
II and other proteins) to facilitate transcription. Co-repressors of VDR function act in the absence
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of ligand or in the presence of antagonists. The most studied corepressors for VDR are the nuclear
receptor corepressor (NCoR) and the silencing mediator for retinoid or thyroid-hormone receptors
(SMRT) [8,9].

1,25(OH)D can also inhibit gene transcription via VDR or inhibiting directly other transcription
factors. VDR can also functions un-liganded to 1,25(OH)D. As an example, it modulates mammalian
hair cycling in keratinocytes by regulating genes such as CASP14, S100A8, SOSTDC1 [10].

The VDR has a very short N-terminal domain when compared to other nuclear hormone receptors.
The human VDR has two potential starting sites. A common polymorphism (FokI) alters the first ATG
start site to ACG when contains the C genotype (formerly F) instead of T (formerly f). Individuals
with C genotype begin translation three codons downstream resulting in a VDR protein three amino
acids shorter (424 instead of 427 aa). It has been demonstrated in transfection experiments that the
short isoform produces a more potent immune response as it resulted in a higher nuclear factor
κB (NF-κB)- and nuclear factor of activated T-cells (NFAT)-driven transcription and a higher IL-12
expression in dendritic cells and monocytes [11]. This polymorphism has also been correlated with
a reduced bone [12]. The DNA binding domain is comprised of two zinc fingers. The proximal
(N-terminal) zinc finger is a specific site to bind to the VDREs whereas the second zinc finger
serves for heterodimerization to the retinoid X receptor (RXR). The second half of the molecule
is the ligand binding domain, where it binds 1,25(OH)D, which also contains regions required for
heterodimerization to RXR. The major activation domain, AF-2, is located at the C-terminal end,
which is critical for the binding to coactivators [6].

2. Effect of Vitamin D on the Immune System

In addition to its effect on calcium metabolism, vit D plays other important physiological roles.
These effects are called “non-classical actions” and were identified 30 years ago, when receptors
for 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) were detected in several cell lines [13–15]. In fact,
VDR is present in most cells types, which explains its wide range of effects [16]. As previously
mentioned, vit D is primarily involved in calcium and phosphate homeostasis. Besides, vit D has
other functions, such as regulation of hormone secretion. More specifically, 1,25(OH)D stimulates
insulin and thyroid-stimulating hormone (TSH) secretion. Pancreatic β cells have CYP27B1, VDR and
calbindin-D. Studies with calbindin-D null mice suggest that it modulates depolarization-stimulated
insulin release [17,18].

Vitamin D is also implicated in the regulation of proliferation and differentiation of cells. As an
example, vit D is involved in normal breast development and in hepatic cell growth. 1,25(OH)D
collaborates in the maturation of type II epithelial pneumocytes by increasing phospholipid production
and surfactant release and stimulates the innate immune response in bronchial epithelial cells [19].
Vit D stimulates calcium uptake by cardiac muscle cell [20], which is necessary to the contractility.
It has been reported that vit D deficiency is associated with increased risk of myocardial infarction
in men [21]. Vit D is also essential for skeletal muscle function. Therefore, vit D deficiency produce
proximal muscle weakness [22].

Within the spectrum of non-classical effects of vitamin D, actions on cells of the immune system
are included [23,24]. In patients with granulomatous diseases such as sarcoidosis, high levels
of 1,25(OH)2D3 and hypercalcemia are observed. An increase in the enzyme 25-hydroxyvitamin
D-1-α-hydroxylase (1α-hydroxylase) is also observed. Unlike normal subjects, in whom the activity
of this enzyme is located in the kidney, in patients with sarcoidosis, activity is also observed in
macrophages [25–28]. The deregulation of 1,25(OH)2D3 is not restricted to sarcoidosis but is a common
feature in many granulomatous diseases [29]. The precise nature of the interaction between vitamin
D and the immune system took many years to identify and there are still many questions about
this interaction.
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2.1. Vitamin D and Innate Immunity

2.1.1. Macrophages, Vitamin D and Cathelicidin

Macrophages and monocytes play a key role in the initiation of non-specific responses to
pathogenic organisms or tissue damage. This role consists in phagocytizing pathogens or cellular
debris and then eliminating or assimilating the material.

For many years it was thought that the most important action of vitamin D on macrophages
was due to its ability to stimulate the differentiation of monocytic precursors to mature
macrophages [23,30–32]. This concept was supported by observations that showed different expression
of the vitamin D receptor (VDR) and α-1 hydroxylase in the different stages of differentiation of
macrophages. Some studies show that human macrophages are able to synthesize 1,25(OH)2D3 upon
exposure to IFNγ [33,34]. The confirmation of this effect on monocytes was obtained by Modlin et al.
who described genes involved in innate immunity regulation which are specifically modulated in
monocytes by Mycobacterium tuberculosis. VDR and the gene coding for 1-α-hydroxylase (CYP27B1)
are induced through the “toll like” 2/1 receptor pathway (TLR 2/1). The interaction of TLR 2/1
with the precursor of vitamin D (25(OH)D3) stimulates the expression of the antibacterial protein
cathelicidin [35]. Regulation of the transcription of cathelicidin by binding VDR to 25(OH)D3 is
possible because its promoter gene contains a functional VDRE. This element is only present in the
most developed primates, which is suggestive that the regulation of vitamin D in this facet of innate
immunity is a recent event of evolutionary development [36,37]. The precise mechanism by which
TLR activation induces the expression of VDR and 1-α-hydroxylase is not clear. The analysis of the
events involved in the transcriptional regulation of CYP27 B1 suggests that the interaction with TLR
involves the JAK/STAT pathway, the MAP kinases and NF-κB and that all of this occurs in synergy
with the induction of CYP27B1 by IFNγ [38]. Other studies propose that the induction of CYP27B1 by
TLR2/1 occurs indirectly through IL-15 and IL17A. The enzyme 24-hydroxylase, whose function is to
inactivate 1,25(OH)2D3, is encoded by a gene (CYP24) that is induced by 25(OH)D3 after activation by
TLR2/1 in monocytes [38,39].

In summary, vitamin D is a potent stimulator of the mechanisms associated with the elimination
of pathogens and the appearance of this system in primates (including early Homo sapiens), exposed
to abundant amounts of sunlight, was an evolutionary advantage. In fact, it is a system that has key
control mechanisms; not only has a catabolic enzyme, 24-hydroxylase, which attenuates the responses
to 1,25(OH)2D3 but also feedback mechanisms. In this regard, 1,25(OH)2D3 is a potent down-regulator
of TLR2 and TLR4 in monocytes, decreasing inflammatory responses. Hence, using CYP24 and TLR
regulatory mechanisms, vitamin D helps to promote innate immune responses by preventing tissue
damage associated with excessive inflammation [40,41].

2.1.2. Dendritic Cells and Antigenic Presentation

Dendritic cells (DC) are responsible for the presentation of antigens, resulting from the elimination
of pathogens and tissue debris, to cells belonging to adaptive immunity.

Myeloid dendritic cells (M-DCs) produce high levels of IL-12, whereas high levels of IFN are
secreted by plasmacytoid dendritic cells (P-DCs) with distinct effects on activation and differentiation
of T-cell [42].

Dendritic cells participate in immune responses producing both immunogenic and tolerogenic
phenotype. Immature DCs, by the expression of inhibitory receptors, induce anergy among CD4+ cells
and elicit generation of IL-10 producing T regs cells [43]. The tolerogenic activity of immature DC
may also be related to the expression of endocytic manose receptors (MR), which can deliver negative
signals to T-cells. MR levels are up-regulated by anti-inflammatory molecules such as corticosteroids,
vit D, Th2 cytokines (IL-4 and IL-3) and are down-regulated by proinflammatory stimuli (IFN-α).
At the same time, Tregs are capable of maintaining the tolerogenic state by inhibiting myeloid DC
maturation, reducing their antigen-presenting function and decreasing IL-12 secretion [44].
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The expression of VDR in purified dendritic cells was reported for the first time in 1987 [45].
Studies carried out subsequently purifying skin dendritic cells (Langerhans cells) showed that
1,25(OH)2D3 could attenuate the effect of antigen presentation [46]. However, the role of vitamin D and
its metabolites was not elucidated until the advent of dendritic cell models derived from monocytes.

In the year 2000, Gauzzi et al. showed that 1,25(OH)2D3 and its synthetic analogues inhibited the
maturation of dendritic cells derived from monocytes, suppressing their ability to present antigens
to T cells, suggesting vitamin D could promote tolerance [47–49]. This concept was evaluated in
pancreatic islet transplant models in which a lower rejection rate was observed in mice treated with
vitamin D [50]. This response seems to be due to a decreased maturation of DC and a concomitant
involvement of suppressor T lymphocytes or regulatory T cells [51].

Overall, vit D induces DCs tolerogenicity due to the capacity to inhibit differentiation, maturation,
costimulatory molecule expression and IL-12 production, leading to decreased allostimulatory capacity
while enhancing IL-10 secretion which favours the induction of regulatory T cells. Vit D not only
inhibits DC differentiation and maturation but also transform differentiated IFN-DC into a more
immature stage [47].

1,25(OH)2D3 preferentially affects myeloid dendritic cells. Although some studies suggest an
apparent insensitivity of plasmacytoid dendritic cells to 1,25(OH)2D3, it is possible that the local
synthesis of vitamin D by these cells could participate in the mechanism of tolerogenicity through the
VDR receptor expressed in T cells [52,53].

2.2. Vitamin D and Adaptive Immunity

2.2.1. Vitamin D and T Lymphocytes

Non-activated T cells express undetectable levels of VDR, while receptor expression increases
upon T cell activation. Overall, vit D could limit the potential tissue damage associated with Th1
immune responses. However, the validity of this generalization was questioned in mouse models in
which vit D was able to inhibit the cytokines associated with both Th1 (INFγ) and Th2 (IL-4) [54–58].
In addition, it is interesting to note that in animal models of inflammatory bowel disease, the treatment
with vit D reduces the expression of IL-17 [59,60]. Hence, it is possible that vit D exerts its effects on
inflammation and autoimmune disease also through the regulation of Th17 cells. Finally, vitamin D
also affect regulatory T cells. In this regard, in 2002, it was shown that 1,25(OH)2D3 in conjunction with
steroids stimulated the production of IL-10 by the CD4+ CD25+ regulatory T cells [51,61]. Other studies
indicate that vitamin D produces a preferential T-regulatory differentiation [62,63]. Accordingly,
vitamin D stimulates the secretion of IL-10 and TLR9 by regulatory T cells, which connects immune
and adaptive responses [64].

In contrast to the wide effect on CD4+ T cells, CD8+ T cells show a poor response
to 1,25(OH)2D3 [65–68]. Despite their significant expression of VDR, 1,25(OH)2D3 does not
have a significant impact on CD8+ lymphocytes, as shown in animal models of autoimmune
encephalomyelitis [69,70].

In addition to its effect on certain T cell populations, recent studies show that vitamin D may
also have an effect on the phenomenon of “homing” or tropism of T cells by specific tissues [71].
Some studies suggest that vitamin D inhibits the migration of T cells to lymph nodes. It might also
have an effect on T cell homing into the skin by upregulating the cytokine receptor (CCR10), whose
ligand CCL27 is expressed by epidermal keratinocytes. This effects on the phenomenon of “homing”
is produced by both 25(OH)D3 and by 1,25(OH)2D3 and several authors suggest that both dendritic
cells and T lymphocytes are the source of 1α hydroxylase activity [72]. By contrast, vitamin D exert a
negative effect on cytokines and their receptors in the gastrointestinal tract [73].
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2.2.2. Vitamin D and B Lymphocytes

In addition to the classical function of B lymphocytes as precursors of plasma cells that produce
antibodies and, therefore, as a cellular subtype in which humoral immunity rests, populations of B
lymphocytes whose main function is the production of IL-10 have been described that could correspond
to regulatory B subpopulations. Some animal models of autoimmune diseases have revealed that the
regulatory B cells produce IL-10 and can suppress inflammatory processes. IL-10 derived from B cells
seems to be important for the generation and maintenance of regulatory T cells. In models in which
the maturation of B cells is blocked, there is a reduced capacity for the induction of tolerance and this
inability is associated with inadequate potential for the generation of FoxP3+ regulatory T cells. These
findings are corroborated by murine models of arthritis in which the deficiency of IL-10 derived from
B cells exacerbates the disease and correlates with low levels of regulatory T cells, which are restored
with the transfer of IL-10 producing B cells [74–81]. Deficits in the function and frequency of regulatory
B cells have been reported in multiple sclerosis and systemic lupus erythematosus [82–85].

Like T cells, active B cells express VDR. As shown in experimental studies, B cells at rest have low
but detectable levels of mRNA for VDR [86,87]. After incubation with anti CD40/IL-21, an increase in
VDR expression is observed. The addition of 1,25(OH)2D3 increases the expression of VDR mRNA.
VDR is functional in activated B cells [85] while the mRNA for CYP24A1 is not detectable in B
cells at rest [88]. Activated B cells are therefore able to metabolize vitamin D and respond to its
active component.

Initial studies indicated that 1,25(OH)2D3 could regulate the production of B cells and the secretion
of immunoglobulins [89]. Studies in which purified B cells are cultivated in the presence of vitamin D
show a decrease in the percentage and absolute number of plasma cells as well as IgA, IgG and IgM
levels, the results being contradictory with IgE [90–95]. The formation of memory B lymphocytes is
also inhibited by 1,25(OH)2D3. Therefore, the effects of vitamin D on B cells could be summarized as
a decrease in the “pool” of memory B cells and inhibition of the generation of plasma cells, with the
consequent decrease in the secretion of antibodies. On naïve B cells, constitutively expressing VDR
and CYP27B1, the response to vitamin D consists in an increase of the expression of VDR, of 25(OH)D3
and of the degrading enzyme of 1,25(OH)2D3 CYP24A1. After activation, the expression of VDR and
CYP27B1 does increase, which also results in an increase of the level of 1,25(OH)2D3 and stimulates the
negative feedback mechanism through the increase of CYP24A1 [85]. The participation of regulatory B
cells in the immune homeostasis exerted by vitamin D seems to be confirmed in murine models of
autoimmune diseases in which a functioning pathway mediated by IL-10 is required to guarantee the
effect of 1,25(OH)2D3 on the disease [96,97].

2.3. Genetic Fingerprint of Vitamin D in the Immune System

Deep genomic analysis has allowed to define a new perspective on vitamin D and its function in
humans. In macrophages, the description of increased levels of VDR and 1α hydroxylase (CYP27B1)
after a pathogenic challenge underscored the importance of the intracrine system of vitamin D as a
mediator of the immune response [34,98]. It is now known that macrophages and dendritic cells are
capable of responding to 25(OH)D3, the largest circulating metabolite of vitamin D, which provides
a link between these cells and vitamin D in humans. The identification of hundreds of target genes
for 1,25(OH)2D3 in immune cells has also provided a new perspective on the role of vitamin D in the
adaptive immune system [33].

The first study based on genome assays focused on vitamin D was published by John White
and colleagues at McGill University in Montreal and used a combination of DNA arrays on genes
regulated by 1,25(OH)2D3 and strategies in silico [26,27,33,99–103]. The deep analysis of the target
sequences that are capable of binding to VDR reveals response elements (VDRE) that are located next
to genes that promote antibacterial proteins such as cathelicidin (CAMP) and β defensin 2 (DEFB4).
Only CAMP seems to be induced transcriptionally in monocytes [104]. The underlying mechanism
for the differential regulation of CAMP and DEFB4 by 1,25(OH)2D3 was determined in subsequent
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studies. The first one described the increased expression in monocytes of DEFB4 after treatment with
1,25(OH)2D3 and IL-1. This required the cooperative occupation of VDRE by NF-κB and, on the other
hand, the binding of VDRE with the DEFB4 promoter gene [104].

The importance of NF-κB and VDR as co-inductors of the transcription of β defensin 2
(DEFB4) was subsequently reinforced in studies focused on the nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) protein [105]. Cells treated with 1,25(OH)2D3 and the NOD
ligand multidrug resistance (MDR), derived from microorganisms, show a potent induction of DEFF4
dependent on NF-κB [36,37]. However, the induction of CAMP is primarily dependent on the binding
of VDR to the VDRE promoter. The VDRE element initially identified as the CAMP promoter appears
to be specific to human and subhuman primates [106]. The acquisition of a VDRE element for the
CAMP gene seems to have occurred due to the introduction of a nuclear element (SINE) that put CAMP
under the control of the VDR receptor. This specific adaptation of primates has been conserved in
humans and in primates of the Old and New World, suggesting that CAMP’s regulatory transcriptional
mechanism for vitamin D confers biological advantages. It is assumed that this mechanism could be
potently activated by the relatively high levels of 25(OH)D3 and 1,25(OH)2D3 that are characteristic of
non-human primates.

Recognition and response to pathogens involves the identification of molecular patterns associated
with pathogen surveillance (PAMPs) through pattern recognition receptors (PRRs), including the
extensive family of “Toll like” receptors (TLR), noncatalytic transmembrane proteins that interact with
specific PAMPs [35]. In genomic studies on models of tuberculous infection, the TLR 2/1 stimulus
induces the expression of CY27B1 and VDR, suggesting that the endocrine system of vitamin D is
involved in the macrophagic response to Mycobacterium tuberculosis. The macrophages treated with
ligand TLR1/2 are reactive to the 1,25(OH)2D3 and 25(OH)D3 forms of vitamin D, confirming the
functional efficacy of the intracrine model.

The stimulation of TLR1/2 by Mycobacterium tuberculosis also produces the induction of the
catabolic enzyme of vitamin D (CYP24A1) and the antibacterial protein CAMP. The expression of
the other antibacterial protein DEFB4 is a result of the cooperative action between the TLR1/2, Il-1,
NOD2 MDP pathway. Antibacterial proteins such as CAMP and DEFB4 play a crucial role in bacterial
intracellular death mediated by vitamin D. Monocytes treated with increasing concentrations of the
CAMP peptide show a dose-dependent reduction of internalization of Mycobacterium tuberculosis and
a similar inhibition in macrophages occurs in presence of 25(OH)D3, this effect being interrupted
by the VDR antagonists [37]. Vitamin D and its analogues are capable of promoting autophagy,
this induction being very important to provoke antibacterial responses through vitamin D in the
tuberculous infection [107].

The intracrine synthesis of 1,25(OH)2D3 seems to regulate the expression of another antibacterial
protein, hepcidin (HAMP) [107,108]. The major function attributed to HAMP seems to be the
suppression of the membrane protein ferroportin, the only intracellular iron exporter. This link
in cells such as enterocytes, hepatocytes and monocytes play a key role in the so-called chronic
process anaemia [107]. Iron restriction from the circulation provides an important host response to
systemic infection, although for pathogens such as Mycobacterium tuberculosis, that evades immune
surveillance at the intracellular level, iron accumulation might favour the growth of intracellular
pathogens. Vitamin D in its forms 25(OH)D3 and 1,25(OH)2D3 suppress the transcription of HAMP in
monocytes and hepatocytes, which leads to the release of the blockade to ferroportin dependent on
HAMP, favouring the transport of iron and decreasing its intracellular concentration [109].

Neutrophils express VDR but, unlike monocytes and macrophages, they do not seem to express
a functional 1α-hydroxylase enzyme and are not subject to an intracrine activation of the vitamin D
system [110].

Dendritic cells, which belong to the same hematopoietic lineage of monocytes and macrophages,
express VDR and CYP27B1 and exhibit an active intracrine system of vitamin D [45,110,111].
As discussed above, dendritic cells use a paracrine system of vitamin D, in which differentiation
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into antigen-presenting cells implies an increase in CYP27 B1 and, paradoxically, a decrease in VDR
expression [112]. Therefore, immature cells express VDR and respond to 1,25(OH)2D3 produced by
mature cells, with low expression of VDR. Such mechanism pursues the maturation of the dendritic
cell and the promotion of T activation and prevents the over-elaboration of the immune response.

In mice, CD8 cells express the activating enzyme of vitamin D, 1-α-hydroxylase [67]. However,
in experimental models of autoimmune diseases mediated by CD8 lymphocytes, vitamin D does not
seem to play any role. CD8αα, a variant of CD8 T cells and vitamin D are tied and play a role in the
suppression of gastrointestinal inflammation [113].

2.4. Vitamin D Levels and Immune Function

Most of the deep genomic analyses that explore the immunomodulatory effects of vitamin D
in vitro have focused on the use of 1,25(OH)2D3 or its synthetic analogues. However, the induction
by pathogens of an intracrine system such as that of monocytes/macrophages suggests that in vivo
regulation is independent of 1,25(OH)2D3. Probably, this system is initially driven by the local
activation of 25(OH)D3, the predominant circulating form of vitamin D.

Epidemiological studies have shown that insufficient levels of vitamin D (serum levels below
30 ng/mL) are associated with an increased risk of tuberculosis [114–117]. Clinical trials with vitamin
D supplements added to conventional antibiotics have shown variable success. When 10,000 IU of
vitamin D were used daily, serum vitamin D levels increased in tuberculous patients but it did not
improve the efficacy of the treatment as compared to patients included in the placebo arm. However,
in a specific subgroup of patients with a single Taq1 nucleotide polymorphism in the VDR gene,
this reduction was demonstrated, suggesting that genetic factors may influence the immune response
to vitamin D supplementation [118].

The link between vitamin D and infection is not restricted to patients with tuberculosis. Among
patients with sepsis, circulating levels of 25(OH)2D3 are correlate with serum concentrations of CAMP
and also correlates with poor prognosis [119,120]. Low levels of 25(OH)D3 are linked to respiratory
infections such as influenza and, in patients with chronic renal failure, are correlated with an increased
rate of infection and mortality [121]. The application of deep genomic analysis to assess the impact
of serum vitamin D status on immune function is limited [122]. In animal models, deep analysis
of immune responses has been attempted [123]. Mice deficient in vitamin D showed a decreased
expression of angiogenin 4, an antibacterial protein that acts by minimizing the invasion of tissues by
enteric bacteria. This leads to higher levels of bacteria in the colon epithelium [124]. This deregulation
is related with tissue inflammation in inflammatory bowel diseases and, accordingly, vitamin D could
protect from this inflammation by inducing the antibacterial protein angiogenin 4 [125].

A recent study of almost 34,000 individuals shows that genetic variations in DBP influence on
the serum concentrations of the DBP protein which, in turn, are linked to the total serum levels of
25(OH)D3 and 1,25(OH)2D3. The genetic variations of the DBP protein could be related to different
affinities of 25(OH)D3 with the DBP protein [126–128]. The antibacterial responses to 25(OH)D3 are
more pronounced with forms of low affinity BPD involving high free levels of 25(OH)D3 [129,130].

3. Vitamin D in Haematopoiesis and Hematopoietic Stem Cells

The physiologically active form of vitamin D, 1,25-dihydroxycholecalciferol or 1,25(OH)2D3
promote monocytic differentiation of HL60, a human promyelocytic leukaemia cell line [131,132].
It is also well recognized that 1,25(OH)2D3 induces normal mononuclear blood cells to differentiate
towards the monocyte-macrophage route of maturation [133]. Studies in vitro shown that vitamin
D suppresses colony formation of normal human granulocyte macrophage progenitors (CFU-GM)
and, by contrast, induces differentiation of colonies into monocyte-macrophages [134]. Experiments
with hematopoietic stem cells and leukemic cell lines treated with the active form of vitamin D
demonstrate an increase in monocyte/macrophage differentiation and an increase in the number of
mature cells that is not evident in mice lacking VDR [135–137]. After its binding to the vitamin D
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analogue, VDR forms a homodimer or binds to the retinoid X receptor (RXR), which proceeds to
interact with VDRE originating a transcription signal on several effector RNAs [56,136]. In addition
to RXR, VDR can also bind to the retinoic acid receptor (RAR) which promotes the differentiation
of mature granulocytes [138]. Experiments with cell cultures suggest that activated RAR and VDR
compete for their binding to RXR and the relative balance between the RAR/RXR and VDR/RXR
dimers influences the relative activity of granulopoiesis or monopoiesis [139]. In animal models,
the lack of VDR and RAR allows the generation of appropriate monocyte and granulocyte colony
forming units, with which it is suspected that the primary effect of vitamin D occurs on cytokine
signalling and on the final stages of differentiation of these two cell types.

The complexity of the interaction between VDR and RXR has been reflected in recent observations
in which it is shown that retinoic acid and vitamin D can potentiate their action mutually, so that VDR
stimulation seems to increase in the presence of RAR-binding. RXR [136].

Studies with VDR knockout (KO) mice showed that the lack of VDR does not affect the normal
haematopoiesis and mice presented normal relative numbers of red and white blood cells. By contrast,
the addition of vitamin D derivatives can influence at later stages of haematopoiesis [56,140].
1,25(OH)2D3 activates certain intracellular signalling pathways, which have been suggested to
intersect at a common nodal point, Raf-1, such as: lipid signalling pathways (protein kinase C
pathway), the phosphatidylinositol-3-kinase (PI3K)-AKT pathway and mitogen activated kinase
(MAPK) pathways (Figure 2) [131,141].

 

Figure 2. 1,25(OH)2D3 acts mediating lipid signalling pathways (protein kinase C pathway),
phosphatidylinositol-3-kinase (PI3K)-AKT pathway and mitogen activated kinase (MAPK) pathways.

Regarding the lipid signalling pathway, vitamin D can increase the activity of sphingomyelinase
and protein kinase C (PKC) [131,141]. The latter can influence on signal transduction through MAPK
pathways. In addition, PKC is an important mediator of hematopoietic cell differentiation [142].

Lipid signalling pathways involve sphingomyelinase, whose activity increases in HL-60 cells
treated with 1,25(OH)2D3, leading to increased ceramide levels and enhancement of vitamin D-induced
differentiation [143,144].

1,25(OH)2D3 can activate PI3K-AKT pathway, involved in the formation of a VDR/PI3K complex
in a signalling pathway that parallels the MAPK pathways, which mediate cell differentiation.
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LY294002, a PI3K inhibitor, inhibits 1,25(OH)2D3-induced monocytic cell marker CD14 and
CD11b expression in THP-1 cells, demonstrating the implication of PI3K pathway in promoting
differentiation [145,146]. Vitamin D has also been proposed to induce differentiation by disassembling
AKT-Raf1 complex, upregulating Raf1 and activating the Raf/MEK/ERK MAPK pathway.

Three different MAPK signalling cascades are implicated in 1,25(OH)2D3-induced cell growth
arrest and differentiation: Raf-1/MEK/ERK MAKP, JNK/MAPK and p38/MAPK pathways [131].

With regards to lymphopoiesis, Yu et al. demonstrated, using a VDR KO mice lacking vitamin
D, that the expression of the vitamin D receptor (VDR) is required for normal thymic development
and function of invariant Natural Killer T (iNKT) cells, which are intrinsically defective and lack
T-bet expression. In vitro studies showed an inhibitory effect of vitamin D on NK cell development,
while promoting myeloid differentiation. However, analysis of CD4 and CD8 T cells and regulatory
T cells numbers in the thymus identified no differences between wild type (WT) and VDR KO
mice [73,147,148].

VDR KO mice present an extramedullary haematopoiesis because of abnormal bone
mineralization [149]. Hematopoietic defects such as anaemia, extramedullary haematopoiesis,
thrombocytopenia, myelofibrosis and myelodysplasia was exhibited by children with vitamin D
deficiency-associated rickets [150]. 1,25(OH)D3 affects embryonic hematopoietic stem and progenitor
cell (HSPC) numbers in vivo and in vitro via VDR-mediated regulation of pro-proliferative responses
independent of Ca2+ flux [150].

1,25(OH)D3 negatively influences hemogenic endothelial formation independent of VDR
activation by antagonizing Hedgehog signalling [151]. Ex vivo treatment with 1,25(OH)D3 increased
the proliferation, survival and multi-lineage colony forming activity of CD34+ human umbilical cord
blood hematopoietic stem cells (HSCs) [150].

4. Clinical Applications

4.1. Use of Vitamin D in the Treatment of Hematologic Malignancies

Due to the aforementioned effects on maturation, vitamin D and its analogues have been
used as treatment in myeloid neoplasms, particularly myelodysplastic syndromes (MDS) and acute
myeloblastic leukaemias (AML). Specific preclinical experiences with HL-60 and other leukemic
lines, such as U-937 and THP-1, have shown differentiation and apoptosis of blasts with vitamin
D, suggesting that these components, such as all-trans retinoic acid (ATRA) in acute promyelocytic
leukaemia (APL), reverse the blockade of the differentiation of myeloblasts [131,136,141].

The anti-leukemic activity of vitamin D was described almost three decades ago as Tanaka
showed that treatment with a vitamin D analogue, improved survival in leukemic mice [32].
Muto demonstrated that calcitriol can inhibit cell cycle and induces differentiation of leukaemia
cells through VDR [152]. Other numerous studies on AML blasts or leukemic cell lines showed
that vitamin D induce cell differentiation and growth inhibition [30,31,141,145,153–155]. The exact
mechanism by which the activation of the vitamin D receptor induces this effect is not completely clear
and investigations have revealed complex cross-signals involving P13 kinase, MAPK pathway and
probably the upregulation of factors such as p53 [131].

Unfortunately, early preclinical trials using supraphysiological doses that induced differentiation
also induced hypercalcemia [136,156]. However, other studies showed that fractionated doses could
achieve the same effect on differentiation, maintaining the level of vitamin D in the physiological
range [137].

There are several studies in which vitamin D therapy has been used as the single agent in
myelodysplastic syndromes (MDS). The first study was carried out in 1985 by Koeffler and colleagues,
reporting 18 patients treated with 1,25(OH)2D3 with a dose greater than 2 mg/day. Although 8 patients
presented minor haematological responses, the response did not persist for more than 12 weeks and
hypercalcemia was a common toxicity [156].
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In a retrospective study conducted by Hermine et al. [157], it was shown that VDR expression
in AML is correlated to prognosis. Accordingly, patients presenting higher VDR expression have an
increased survival. Moreover, patients’ prognosis is correlated to the expression of VDR-targeted genes.
Patients with higher CAMP expression presented an increased event free survival (EFS) compared to
patients with lower levels of CAMP expression.

Other studies with vitamin D analogues failed to demonstrate haematological responses in MDS
although tolerance was adequate [158]. Recently, Motomura et al. randomized a series of 30 patients
to receive 25(OH)D3 versus supportive treatment. Only one of the 15 patients in the vitamin D group
progressed to AML versus seven in the control group [159].

There are several attempts to combine vitamin D with other cytotoxic agents. Siitonen et al.
reported a series of 19 patients with MDSs treated with a combination of 13-cis retinoic acid,
1,25(OH)2D3 (1 mg/day) and valproic acid, used as a histone deacetylase inhibitor [160]. Three patients
had haematological response but intolerance was recorded in eight patients, due to 13-cis retinoic acid
and valproic acid.

In 2008, a study was conducted with 63 patients with MDS with a combination of erythropoietin,
13-cis retinoic acid, 1,25(OH)2D3 and thioguanine in the presence of blasts. An overall erythroid
response of 60% was obtained, reaching 93% in low risk patients [161]. Subsequently, vitamin
D analogues were combined with cytotoxic chemotherapy in a series of 53 patients with MDS in
whom 13-cis retinoic acid (20–40 mg daily) was added to 1,25(OH)2D3 (1–1, 5 mg daily) with or
without thioguanine. The overall response rate was 60% and 50% of patients achieved transfusional
independence [162].

The only study that used vitamin D monotherapy in AML was conducted in the eighties on
5 patients, four of whom presented a transient reduction in the number of blasts and only one
described a brief normalization of the spinal study [163]. In 1992, Slapak et al. reported the use of
continuous infusion of cytarabine for 21 days (20 mg/m2 daily), hydroxyurea (500 mg twice daily)
and 1,25(OH)2D3 (0.5 mg twice a day) [162]. An overall response rate of 79% was obtained with 45%
complete response rate. The toxicity was primarily haematological consisting of neutropenia and
thrombocytopenia, only two patients developed asymptomatic hypercalcemia that did not require
treatment. These results were considered at least not inferior to those achieved with cytarabine as
the sole agent. Ferrero and colleagues carried out another study in 2008 with a similar population
of 30 patients (24 AML, 6 MDS) in which they used subcutaneous cytarabine (8 mg/m2 twice a day),
1,25(OH)2D3 (1 mg daily), 13-cis retinoic acid (20–40 mg daily) and thioguanine (40 mg daily).
The median survival was 7.5 months, being 16 months for the responders. The toxicity was mainly
related to cytopenias [164].

The only study published in the literature comparing combination treatment with vitamin D
analogues (1,25(OH)2D3 1 μg/day) and chemotherapy (cytarabine 15 mg/m2 daily subcutaneously
until the blasts were lower 50%) compared to a control group was performed in Sweden on a total
of 78 patients, 68 with MDS and 15 with AML. Half of the patients also received 13-cis retinoic acid
(1 mg/kg daily). The mean survival was 10.5 months, with no significant difference between both
groups [165].

Interestingly, vitamin D serum levels have also been correlated to response rate to 5-azacytidine
(AZA) among patients with MDS or AML. In this regard, Radujkovic et al. analysed serum levels before
starting AZA in 58 patients. Estimated probability of 2-year overall survival in the low versus high
vitamin D levels group was 14% versus 40% (p < 0.05). In multivariable analysis, adverse cytogenetics
and vitamin D levels were independent predictors of survival [166]. Similarly, Lee et al. reported
a series of 97 patients diagnosed with AML who received intensive chemotherapy; in this study,
a significantly worse outcome was observed among those patients with low vitamin D levels [167].
These data are in contrast to those reported by Pardanani et al. who did not find any relationship
between vitamin D levels and prognosis in a series of 409 patients diagnosed with different myeloid
neoplasms and MDS [168].
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There are also studies evaluating the role of vitamin D in lymphoid malignancies. In this regard,
several preclinical studies have demonstrated activity of the vitamin D analogue EB1089 in the multiple
myeloma cell line H929. This agent promotes apoptosis and induce cell cycle arrest by downregulation
of cyclin-dependent kinases [169–171]. There are preclinical studies that show that vitamin D has an
inhibitory effect on neoplastic lymphoid cells but to date there have been no studies in humans [172].

A retrospective study performed by Kelly J et al. analysed 183 patients who were enrolled in three
SWOG trials and had 25(OH)D serum levels available. There was no association between vitamin D
deficiency and clinical response. After a median follow-up of 5.4 years, vitamin D-deficient patients
had a significantly worse progression free survival (PFS) (hazard ratio (HR), 2.00; p = 0.011) and overall
survival (OS) (HR, 3.57; p = 0.003) as compared with those with higher levels. Multivariable analysis
suggested that lower levels of vitamin D were associated with a higher risk of either progression or
death but neither result was significant. In addition, 240 patients enrolled onto the parent PRIMA
clinical trial were analysed. After a median follow-up of 6.6 years, vitamin D-deficient patients had
significantly lower PFS (HR, 1.66; p = 0.013) but not OS (HR, 1.84; p = 0.14) as compared with those
with higher levels Multivariable analysis confirmed that lower levels of vitamin D were associated
with a higher risk of either progression or death [173].

Similar results have been reported by Tracy SI et al. in a series of 642 patients with follicular
lymphoma. The authors evaluated whether vitamin D insufficiency was associated with adverse
outcomes; with a median follow-up of 59 months, 297 patients (46%) had an event (progression,
treatment failure), 78 had died and 42 (6.5%) had a lymphoma-related death. Vitamin D deficiency
was associated with inferior EFS at 12 months (OR = 2.05; 95% confidence interval (CI) 1.18–3.54),
OS (hazards ratio (HR) = 2.35; 95% CI 1.37–4.02) and lymphoma-specific survival (HR = 2.97; 95% CI
1.52–5.80) for the full cohort [174].

In diffuse large cell lymphoma Hohaus et al. analysed 128 patients. 25(OH)D levels below
20 ng/mL at diagnosis and IPI were independently associated with a worse EFS. Moreover, patients
with normalized 25(OH)D levels following supplementation showed a better EFS as compared to those
patients with persistent insufficient 25(OH)D levels [175].

4.2. Vitamin D as a Modulator of the Immune Response in Allogeneic Transplantation

There is considerable interest in vitamin D analogues for their immunomodulatory effects,
which could be considered an effective approach among patients undergoing allogeneic hematopoietic
stem cell transplantation (HSCT) to prevent graft-versus-host disease (GVHD). The VDR genes are
polymorphic in the human population and this genetic variation in VDR has been investigated in
patients undergoing HSCT. Cho and colleagues conducted an analysis of 147 patients. They analysed
the polymorphisms for VDR and evaluated the association with the prognosis of the patients.
They showed a correlation between the polymorphisms of the anchor site of the restriction enzyme
Taq1 and survival, so that heterozygotes (who have at least one copy of the C allele) had a better overall
and disease-free survival than homozygous TT. The functional significance of this allelic variation is
unknown and no direct association with a higher or lower VDR activity was reported. This study also
found that recipients with two copies for the “A” allele, related to polymorphisms for the Apal anchor
site, had a lower risk of acute GVHD and infections [176]. These polymorphisms have been related to
VDR activity so that homozygosity for the “a” allele translates into greater activity [177].

Middleton and colleagues studied a cohort of 88 patients with myeloid malignancies undergoing
HSCT, correlating VDR polymorphisms of both recipients and donors with prognosis [178].
Like Cho et al., they detected a marked trend towards a decreased risk of acute GVHD in recipients
with AA genotype (low VDR activity). Receptors with aa genotype and high VDR activity showed
a trend toward a higher risk of acute GVHD, although differences were not statistically significant.
However, recipients of donors with low VDR activity (AA) had a higher risk of death.

Bogunia-Kubik et al. published an analysis on 123 patients [177]. They found an association
between the FokI FF genotype, which is associated with increased VDR activity and patient’s prognosis.
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If the donor and the recipient had the FF genotype, the recipients had a higher risk of GVHD. The Apal
genotype, as in other studies, also had an impact on the risk of GVHD. Contrary to the data described
in the study by Middleton et al., the AA donor genotype (low VDR activity) was associated with a
higher risk of GVHD as compared to the genotype that had at least one an allele. At the same time,
aa receptors (high VDR activity) had a higher risk of death and GVHD compared to the genotype with
low VDR activity, which is consistent with other studies.

Thus, the vitamin D receptor and its mediation on immune signalling appear to have an impact
on immune reconstitution after HSCT and the risk of infection and graft versus host disease.

Remarkably, a significant proportion of patients display low levels of vit D before HSCT [179,180].
In this regard, several studies have been reported describing the impact of the vitamin D levels before
HSCT and post-transplant outcomes. More specifically, von Bahr et al. described an association
between low levels of vit D and an increased risk of GVHD and CMV reactivation [180]. Similar
results have been described by Hansson et al., who described an increased risk of death, relapse and
cGVHD among patients with low vit D levels although, strikingly, grades 2 to 4 aGVHD occurred
more frequently among patients with normal levels of Vitamin D [181]. Moreover, a higher risk of
relapse has also been described among patients with low vitamin D levels. In this regard, Radujkovic
et al. analysed a series of 492 patients undergoing HSCT; results were validated in an independent
cohort of 398 patients. 396 (80%) and 348 (87%) patients had vit D deficiency before transplant in
the training and validation cohort, respectively. Vit D deficiency was significantly associated with
inferior overall survival, which was mainly attributed to a higher risk of relapse (HR, 1.96; p = 0.006) in
patients diagnosed with myeloid (HR, 2.55; p = 0.014) but not with lymphoid malignancies (HR, 1.60;
p = 0.147) [166].

With these data in mind we designed a phase I/II prospective trial in which 150 patients were
included in three consecutive cohorts of 50 patients each group: control group (who did not receive
vitamin D); low dose group (1000 UI vitamin D daily) and high dose group (5000 UI vitamin D daily).
No significant differences were observed in terms of acute GVHD, relapse, non-relapse mortality
and overall survival. By contrast, a significantly lower cumulative incidence of both overall and
moderate plus severe chronic GVHD at 1 year was observed in patients receiving low (37.5% and
19.5%, respectively) or high doses of vitamin D (42.4% and 27%, respectively) as compared to the
control group (67.5% and 44.7%, respectively) (p < 0.05). In multivariable analysis, treatment with
vitamin D significantly decreased the risk of both overall (for low dose (HR = 0.31, p = 0.002) and
for high dose of vitamin D (HR = 0.36, p = 0.006)) and moderate plus severe cGVHD (for low dose
(HR = 0.22, p = 0.001) and for high dose vitamin D (HR = 0.33, p = 0.01)). There were no adverse events
attributed to the vitamin D, more specifically, no case of hypercalcemia was observed. With this low
toxicity profile, a prospective randomized trial would be required to confirm the potential efficacy of
vitamin D as immune-modulatory agent after HSCT [182].

5. Conclusions

Our knowledge of vitamin D effects has grown in the past 20 years. The mechanisms of action
and the role of vitamin D receptor in addition to its classic effects on calcium and bone homeostasis is
well stablished. Vitamin D receptor is expressed on immune cells, which are all capable of synthesizing
the active vitamin D metabolite. Moreover, vitamin D has the capability to act in an autocrine manner
and can modulate the innate and adaptive immune responses.

As far as the clinical applications of vitamin D is concerned, several studies have been reported
both in myeloid as well as in lymphoid malignancies suggesting that vitamin D may promote tumour
cells differentiation and might play a role, in combination with other agents, for the treatment of
these disorders, although no prospective randomized study is available to confirm these findings.
In addition, in the transplant setting, the effect of vitamin D on the immune system might also influence
patient’s outcome and, in this regard, different studies have evaluated the relationship between vitamin
D levels pre-HSCT and risk of infections, graft-versus-host disease and relapse after transplantation.
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A phase I/II prospective trial suggests the potential benefit of the use of vitamin D to prevent GvHD.
Prospective randomized trials would be required to confirm these findings.
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Abbreviations

vit D Vitamin D
25(OH)D Calcidiol, 25 hydroxycholecalciferol or 25-hidroxivitamin D
1,25(OH)2D3 1,25-Dihydroxyvitamin D3
DBP Vitamin D-binding protein
CYP2R1 Vitamin D 25-hydroxylase or cytochrome P450 2R1
CYP27B1 1-α-Hydroxylase (1α-hydroxylase)
CYP24A1 Cytochrome P450 family 24 subfamily A member 1
FGF-23 Fibroblast growth factor 23
PTH Parathyroid hormone
TNFα Tumour necrosis factor α
IFNγ Interferon gamma
UV Ultra violet
VDR Vitamin D receptor
RXR Retinoid-X-receptor
VDRE Vitamin D responsive elements
HAT Histone acetyl transferases
NCoR Nuclear receptor corepressor
SMRT
NFAT

Retinoid or thyroid-hormone receptors
Nuclear factor of activated T-cells

TSH Thyroid-stimulating hormone
TRH Thyrotropin-releasing hormone
TLR Toll like receptor
NF-κB Nuclear factor α B
DC Dendritic cells
M-DCs Myeloid dendritic cells
P-DCs Plasmacytoid dendritic cells
MR Manose receptors
CAMP Cathelicidin
DEFB4 β defensin 2
CCR10 C-C chemokine receptor type 10
NOD2 Nucleotide-binding oligomerization domain-containing protein 2
SINE Introduction of a nuclear element
PAMPs Molecular patterns associated with pathogen surveillance
PRRs Pattern recognition receptors
MDR Multidrug resistance
HAMP Hepcidin antimicrobial peptide
CFU-GM Granulocyte macrophage colony forming cell
RAR Retinoic acid receptor
RXR Retinoid X receptor
SRC Steroid receptor coactivator
DRIP Vitamin D receptor interacting protein
PKC Protein kinase C
MAPK Mitogen activated kinase
iNKT Invariant natural killer T cells
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HSPC Hematopoietic stem progenitor cell
HSC Hematopoiectic stem cell
MDS Myelodysplastic syndromes
AML Acute myeloblastic leukaemias
ATRA All-trans retinoic acid
APL Acute promyelocytic leukaemia
EFS Event free survival
AZA 5-Azacytidine
HR Hazard ratio
CI Confidence interval
OS Overall survival
HSCT Hematopoietic stem cell transplantation
CMV Cytomegalovirus
cGVHD Chronic graft-versus-host disease
aGVHD Acute graft-versus-host disease
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Abstract: Vitamin D generates many extraskeletal effects due to the vitamin D receptor (VDR) which
is present in most tissues throughout the body. The possible role of vitamin D in infections is
implied from its impact on the innate and adaptive immune responses. A significant effect is also the
suppression of inflammatory processes. Because vitamin D could be acknowledged as a “seasonal
stimulus”, as defined by R. Edgar Hope-Simpson, it would be crucial to prove it from a potential easy
and cheap prophylaxis or therapy support perspective as far as influenza infections are concerned.
The survey of the literature data generates some controversies and doubts about the possible role
of vitamin D in the prevention of influenza virus. The most important point is to realise that the
broad spectrum of this vitamin’s activity does not exclude such a possibility. According to most of the
authors, more randomized controlled trials with effective, large populations are needed to explore
the preventive effect of vitamin D supplementation on viral influenza infections.

Keywords: vitamin D; influenza; respiratory tract infections

1. Introduction

The popularity of vitamin D as a vitamin with a broad spectrum of activity is still growing.
There are many papers published each year about its properties, including ensuring our bone health.
Now, we know that vitamin D is associated with cancer, diabetes, cardiac, and gastrointestinal
diseases, and, most interestingly, even with events of unknown etiology, such as inflammatory bowel
disease [1]. The phenomenon of its multidirectional activity is possibly due to the presence of the
VDR in most nonskeletal human cells. New perspectives on vitamin D activity and targets are very
important from, of course, the scientific point of view, but, and this is crucial, because of increasing
awareness of the deficiency of this vitamin in different populations across the world and the need for
its supplementation.

Through the VDR, vitamin D can also modulate the innate and acquired immune system. This has
prompted the idea of exploring the impact of vitamin D on the efficacy of our immune system in
fighting off difficult-to-treat viral infections, such as influenza, especially because reaching an optimal
level of this “medicine” is cheap and easy for everybody.

The aim of this paper was to present recent data on the possible role of vitamin D in modulating
the immune response in influenza virus infection and its potential preventive and therapeutic potential
in that disease.

This review is based on an electronic search of articles in the PubMed database, including papers
published mostly in the last eight years up until 2018 in that field. The relevant papers are also
included. All research articles were found with a combination of the following keywords: vitamin D
and influenza, vitamin D and respiratory illnesses, vitamin D and influenza vaccines, and vitamin D
and infections. Published articles included in this meta-analysis were selected on the basis of the
following criteria: they must have been published in English or Polish, concerning the association
between the immune response and vitamin D serum concentration or supplementation, and defining
the type of trial, the number of participants, outcome measure, and including statistical analysis.
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2. The Metabolism, Action, and Guidance Serum Concentration of Vitamin D

2.1. Metabolism

Vitamin D comes from two sources: skin synthesis from the precursor—7-dehydrocholesterol—to
cholecalciferol upon UVB radiation, and from the diet as cholecalciferol (D3) or ergocalciferol (D2).
Metabolic pathways (Figure 1), common for both forms, include: 25-hydroxylation to calcidiol
(25(OH)D), which is carried by the liver enzymes CYP2R1 and CYP27A1 (cytochrome P450-associated
25-hydroxylases), followed by 1α-hydroxylation to the active metabolite 1α,25–dihydroxyvitamin
D3 (calcitriol, 1α,25(OH)2D), catalysed by cytochrome P450-associated 25(OH)D(3)-1α-hydroxylase
(CYP27B1), the enzyme present in the kidney but also in other extrarenal tissues, including immune
cells [2–4]. Due to a developed feedback loop system, the metabolic activation of chole- and
ergocalciferol and catabolic reactions are strictly regulated. The positive regulators of 1α,25(OH)2D
production are parathormone (PTH), secreted by parathyroid glands, and calcium level, and the
negative ones are phosphate level and fibroblast growth factor-23 (FGF-23). All of them affect the
activity of 1α-hydroxylase [5].

Figure 1. Metabolic pathways of vitamin D. Abbreviations: CYP24A1 (cytochrome P450-associated
24-hydroxylase); CYP2R1 and CYP27A1 (cytochrome P450-associated 25-hydroxylases); CYP27B1
(cytochrome P450-associated 25(OH)D3-1α-hydroxylase); PTH (parathormone); FGF-23 (fibroblast
growth factor-23); TNFα (tumour necrosis factor α); IFNγ (interferon γ).

Unlike the renal form, CYP27B1 present in the immune cells is not regulated by PTH, FGF-23,
calcium, or phosphate signaling, but is stimulated by cytokines such as tumour necrosis factor α

(TNF α) and interferon (IFNγ) [4,6]. In turn, CYP27B1 in keratinocytes is upregulated in response
to injury and Toll-like receptor (TLR) activation [4]. Extrarenal expression of that enzyme may
also be promoted by alternate pathogen recognition receptors (PRRs) [7]. Regulation of extrarenal
1α-hydroxylase is strongly dependent on the concentration of the circulating 25(OH)D [5].

Both metabolites, 25(OH)D and 1α,25(OH)D, are transported in the bloodstream by the carrier
vitamin D binding protein (DBP), with higher affinity of 25(OH)D to that transporter [5]. Degradation
of both metabolites is catalysed by CYP24A1, a multicatalytic enzyme that results in 24-hydroxylation
and the formation of 24,25(OH)2D, and 1α,24,25(OH)2D, which are subsequently converted to
calcitroic acid [2,5]. The circulating calcidiol may be also converted by CYP24A1 to the inactive
25(OH)2D-26,23-lactone and 24,25(OH)2D [2].
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Some metabolites, such as 3-epimers, which are formed by epimerization of the C-3 in ring
A of 25(OH)D, 1α,25(OH)2D, and 24,25(OH)2D, have only slightly weaker biological activity than
1α,25(OH)2D. Such epimers were first reported in human keratinocytes in 1994 [8].

2.2. Nongenomic and Genomic Action

Vitamin D affects cellular metabolism by genomic and nongenomic pathways. Mostly, it acts
through binding with VDR, and then, after forming a heterodimer with the retinoid X receptor (RXR)
and translocating to the nucleus, binds to vitamin D responsive elements (VDRE) in DNA and controls
gene transcription.

The nongenomic pathway includes rapid reactions at the cell membranes and has been reported
for thyroid hormone, estrogen, and corticosteroids [5,9–11]. Probably via a membrane-bound receptor
protein (1α,25(OH)2D membrane-associated rapid response steroid-binding protein, also known
as endoplasmic reticulum stress protein 57), vitamin D regulates rapid cellular calcium efflux and
calcium-activated chloride channel activity [11].

Nongenomic responses to the active vitamin D metabolite continue via the messenger systems of
phospholipase C, protein kinase C, and phosphatidylinositol-3’-kinase (PI3K), initiating the opening of
calcium channels and Ras/MAPK signal transduction [7].

Beyond the role in calcium homeostasis and bone metabolism, vitamin D generates many
extraskeletal effects through the VDR, which is present in most tissues throughout the body [11,12].
Affinity to the VDR is much higher for 1α,25(OH)2D (Ka = 10−10 M) than for 25(OH)D
(Ka = 10−8 M) [12]. Activation of that receptor is the basis for the regulation of approximately 3% of the
human genome, affecting immune and neurological functions and playing a role in skin, cardiovascular,
and gastrointestinal diseases, cancer inhibition, or inhibition of autoimmune diseases [5,10].

As was found in recent years, polymorphism in some enzymes and proteins related to vitamin D,
such as DBP, CYP28B1, CYP2R1, CYP24A1, or VDR (especially polymorphs FokI, TaqI, ApaI, and BsmI),
can affect the individual’s response to anti-infectious treatment, such as interferon/ribavirin therapy
in chronic hepatitis C [13,14], susceptibility of the individuals to cancer, tuberculosis, ulcerative colitis,
and Crohn’s disease, or the increased risk of type 1 diabetes, as was noted in European people [15–18].

2.3. Guidance Serum Concentrations

The most valuable indicator of the body’s vitamin D status is the serum levels of 25(OH)D,
because of the relatively high affinity of that metabolite to DBP and its long serum half-life, ca. 25 days.
Measurement of 1α,25(OH)2D to define vitamin D level in the organism is not recommended, as its
serum half-life is only a few hours (ca. 7 h) [9,12]. Guidance serum concentration of 25(OH)D, which
indicates an efficient level of vitamin D in the organism, is 30–80 ng/mL (ca. 75–200 nM/L). A severe
vitamin D deficiency is reflected in serum concentrations below 10 ng/mL [12,19–23].

3. Vitamin D as an Anti-Infective Agent

The clear functions of vitamin D in the immune system are difficult to define because the immune
response is not a static process and depends on the stage of infection.

The VDR, which has also been detected in immunological cells, suggests that vitamin D can
regulate some processes related to immunity. As was shown in vitro, activated human T and B cells
and also the endothelial cells lining the upper and lower respiratory tract can transform inactive
metabolite 25(OH)D into active 1α,25(OH)2D. This compound acts on immune cells in an autocrine,
paracrine, or intracrine way (i.e., throughout the pathways inside the cells) [24–26].

The possible role of vitamin D in infectious diseases is implied by its impact on the innate and
adaptive immune responses (Figure 2):
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Figure 2. The role of vitamin D in the immune response. Abbreviations: PRRs (pathogen
recognition receptors); TLRs (Toll-like receptors); NLRs (nucleotide-binding oligomerization domain
(NOD)-like receptors); IL (interleukin); IFNγ (interferon γ); CYP27B1 (cytochrome P450-associated
25(OH)D(3)-1α-hydroxylase); AMP (antimicrobial peptides); VDR (vitamin D receptor); iNKT
(invariant NK T cells); Ig (immunoglobulin); DC (dendritic cells); Treg cells (regulatory T cells);
HLA-DR (human leukocyte antigens); CD (costimulatory molecules); MHC (major histocompatibility
complex); Th cells (T-helper cells); IFNγ (interferon γ); ROS (reactive oxygen species); NO (nitric oxide).

3.1. Vitamin D and the Innate Response

3.1.1. Pathogen Recognition Receptors—PRRs

The innate immune response can be defined, generally, as nonspecific, although it proves to be
the first line of defense against infective agents and initiates antigen presentation [27,28].

The crucial points for the innate immune response are the Toll-like receptors (TLRs), being a
subgroup of various intracellular innate PRRs which is present in macrophages, polymorphonuclear
cells, monocytes, and epithelial cells. TLRs recognize molecules related to the pathogen; for example,
the lipopolysaccharides of bacteria or viral nucleic acids and proteins. Such activated TLRs release
cytokines which induce reactive oxygen species and antimicrobial peptides (AMPs), cathelicidins, and
defensins [4,6,7,24,25]. Several TLRs affect or are affected by VDR induction. For example, expression
of the coreceptor for TLR4, costimulatory molecule CD-14, is induced by 1α,25(OH)2D in monocytes
and epidermal keratinocytes. In turn, the increased expression of CYP27B1 in macrophages is the
indirect result of AMPs, which stimulates TLR2 [6]. As shown by Greiller and Martineau [7], ligation
of the TLR2/1 heterodimer in macrophages has been demonstrated to upregulate CYP27B1, similarly
to the ligation of TLR8 by CL097 or TLR4 by lipopolysaccharide (LPS).

The exact mechanism of TLR ligation-induced CYP27B1 production is not fully understood,
but it is possible that other TLRs or alternate PRRs may enhance extrarenal activation of that enzyme,
allowing calcitriol to have more extensive effects on the immune response [7]. Upon viral infection,
pathogen-associated molecular patterns (PAMPs) can also be recognized by other PRRs, such as
retinoic-acid-inducible gene-I (RIG-I)-like receptors and nucleotide binding-oligomerisation domain
(NOD)-like receptors (NLRs). In myeloid and epithelial cells, the intracellular receptor NOD2 is
induced by 1α,25(OH)2D via two VDREs in the NOD2 gene. The addition of lysosomal breakdown
products of bacterial peptidoglycan to calcitriol-induced NOD2 enhanced NFκB signalling and AMP
such as beta defensin 2 expression [7,29].
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The inflammatory cytokines TNFα and interleukins (IL) IL-1β, -6, and -12 are produced at an early
stage of the innate immune response. These cytokines, among others, induce synthesis of acute phase
proteins and contribute to the recruitment and activation of cells of the adaptive immune response.
PRR signalling also results in the production of chemokine ligands (CXCLs), such as CXCL8–CXCL10
and IL-15, which generates neutrophils and natural killer cells (NK). These cells have an immune role,
especially in bacterial innate immunity [7].

Upregulation of TLRs can also involve other mechanisms. Neutrophils, unlike macrophages,
express the VDR, but they do not show an active 1α-hydroxylase. Thus, in these types of cells, it is
not possible to induce transformation of 25(OH)D into the active metabolite upon TLR stimulation.
In such cases, the surface proteins, such as the triggering receptor on myeloid cells-1 (TREM-1)
or transforming growth factor β (TGFβ), present on the neutrophils or epithelial keratinocytes,
respectively, may participate in the cell response to circulating 1α,25(OH)2D, including TLR signalling,
via TREM-1, or by stimulation of CYP27B1 expression, via TGFβ [29]. TGFβ can cooperate with
calcitriol to induce 5-lipooxygenase (5-LO), which catalyzes the synthesis of leukotrienes, compounds
which participate, among others, in the phagocytosis of bacteria [29].

One of the features of the antibacterial innate response is the destruction of the pathogens by
autophagy [26]. According to Chun et al. [29], recent data suggest that this process is important for the
antibacterial response induced by vitamin D against Mycobacterium tuberculosis infection.

TLR-released AMPs have a broad spectrum of activity, not only microbial but also antiviral,
and have been shown to inactivate the influenza virus [24]. The antiviral effects of AMPs are the
result of, among other effects, the destruction of envelope proteins done by cathelicidins. Regarding
antibacterial activity, AMPs induce, among other effects, membrane disruption. In humans, the active
antimicrobial cathelicidin 37-residue, the amphipathic, helical peptide LL-37, is cleaved from the human
cathelicidin propeptide (hCAP18). The majority of cathelicidin is stored in neutrophil granules, but also
the other types of immune cells, as monocytes and NK and B lymphocytes can express hCAP18 [4].
Production of cathelicidins in human macrophages in vitro is stimulated by the active metabolite
of vitamin D, 1α,25(OH)2D, via increased expression of the VDR [25]. According to Sundaram and
Coleman [25], VDRE upregulation by TLRs leads to the transcription of cathelicidin, which kills
intracellular Mycobacterium tuberculosis. As was shown by Szymczak and Pawliczak [26], hCAP18
also has activity against viruses and other bacteria. The lung epithelial cells, during viral infection,
are capable of converting calcidiol into the active metabolite calcitriol, leading to increased hCAP18
production. As shown by Beard et al. [4], cathelicidin expression in macrophages and keratinocytes
is induced by CYP27B1, and if there is no 25(OH)D, VDR, or CYP27B1, the ability of these cells to
produce cathelicidins is significantly impaired. Following Szymczak and Pawliczak [26], not only TLR
signaling, but also cytokines such as IL-4 and IFNγ may affect the CYP27B1 expression. The presence
of IFNγ stimulates macrophage CYP27B1. It is also interesting that 1α,25(OH)2D participates in the
negative feedback mechanism that self-inhibits the hyperactivation of TLRs [26].

It is worth noting that the impact of 1α,25(OH)2D on viral pattern recognition receptor-driven
cytokine production varies between pathogens. As shown by Fitch et al. [30], in viral responses,
it failed to modify TLR7/8- or respiratory syncytial virus (RSV)-stimulated innate cytokine production,
even in supraphysiologic concentrations.

3.1.2. Antimicrobial Peptides—AMPs

Vitamin D also regulates the other type of AMPs: defensins. Human beta defensin 2 is
modestly stimulated by 1α,25(OH)2D and its antiviral effects arise from chemoattractive properties for
neutrophils and monocytes [4,25]. However, serum 25(OH)D concentration was not associated with
levels of serum AMPs in patients with community-acquired pneumonia [25].

Genome analysis revealed VDRE within the promoters of cathelicidin and beta defensin 2.
Surprisingly, only cathelicidin appeared to be transcriptionally induced by 1α,25(OH)2D in
monocytes [29]. As shown by the authors, the increased level of beta defensin 2 resulted from
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the decreased expression of 1α,25(OH)2D and interleukin-1 (IL-1) from monocytes, and that AMPs,
for gene induction, require the cooperation of VDRE in the promoter and nuclear factor κB (NFκB) as
the other transcription factor.

3.2. Vitamin D and the Adaptive Response

3.2.1. T Lymphocytes

The basis of the adaptive response is: antigen presentation to B and T cells, and the
antigen-stimulated production of antibodies and a wide spectrum of cytokines, chemokines, enzymes,
and hormones. The initial observation related to the role of vitamin D in the immune system was the
presence of the VDR in the activated lymphocytes [29].

T lymphocytes (T cells) include a few types of cells (called subgroups): CD8+ T cells, expressing
relatively high levels VDR and vitamin D-activating 1α-hydroxylase; CD4+ T cells; NK cells;
and memory cells. Activated CD8+ T cells can be differentiated into cytotoxic lymphocytes (CTLs),
crucial for control against intracellular pathogens and cancer. Activated CD4+ T cells can be
differentiated into T helper cells (Th cells), such as regulatory T cells (Treg) (called suppressor
T cells), γδT cells, and Th17, Th9, Th1, and Th2 cells, which produce different profiles of cytokines.
So, Th1 cells produce IL-2, TNFα, and interferon γ (IFNγ), and Th2 cells produce IL-3, -4, -5, -10, and
-13. CD4+ T-induced cells, via cytokine secretion, provide support to other immune cells, such as
CTLs, and to the serum antibody response, via CD40:CD40 ligand costimulation of antigen-specific
B cells [6,25–27,29,31]. Besides cytokine production, the role of Th cells includes: the support of
immunoglobulin production, macrophage activation, and production of eosinophiles and mastocytes
(Th2) [27]. The Th1-stimulated response is the key for many bacterial and viral infections, but if it is an
uncontrolled process, it leads to autoimmunity [28].

What is the role of vitamin D in that type of immune response? It acts as a modulator of Th cell
proliferation and cytokine production, but also through promoting Treg cells, which are responsible for
anti-infectious action, for suppressing immune responses, and for limiting inflammatory processes [28].
The exact mechanism is not well-known. One of the reports focused on the ability of 25(OH)D
to stimulate Treg cells through induction of the antigen-presenting dendritic cells (DC) expressing
VDR and CYP27B1 [32]. It is interesting to note that, as reported by Jeffrey et al. [32], the form of
vitamin D significant for the generation of Treg cells was non-DBP-bound 25(OH)D. Bruce et al. [28]
mentioned that 1α,25(OH)2D regulates invariant NK T cells (iNKT), which can act as regulatory cells
and participate in the interaction between innate and adaptive immunity. Induction of iNKT has been
shown to be protective, including against autoimmune diseases. In turn, Sigmundsdottir et al. [33]
indicate that 1α,25(OH)2D-stimulated chemokine receptor 10 (CCR10) expression on T cells enables
communication with other immune-competent cells, as it recognizes CCL27 secreted by keratinocytes
throughout the organism. In vitro, 1α,25(OH)2D inhibits the expression of Th1 cytokines and stimulates
Th2 cytokines. As shown previously, the other subgroup of Th cells, i.e., Th17 cells, secrete IL-17,
playing a role in autoimmune processes [6,29]. Inhibition of Th1 cells was also noted in vivo, in mouse
DC [25].

Inverse associations between vitamin D concentrations and disease activity in patients with
inflammatory bowel disease, type 1 diabetes, multiple sclerosis, rheumatoid arthritis, or autoimmune
thyroiditis have been noted [34].

1α,25(OH)2D appeared to limit autoimmune reactions, among other means, by inhibiting Th17 cell
activity [35]. Apart from that, 1α,25(OH)2D can decrease the ability to present antigens by the inhibition
of DC maturation. The result of the decrease is the diminished expression of the human leukocyte
antigen HLA-DR and costimulatory molecules such as CD40, CD80, and CD86. 1α,25(OH)2D induces
the differentiation of Treg cells, which induces IL-10 production. This cytokine is thought to inhibit
IL-12. 1α,25(OH)2D-treated DC expressed less costimulatory MHC (major histocompatibility complex)
II than intact cells [28]. Accordingly, Th1 cell and macrophage production is diminished, although
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the ability to induce Treg cells is maintained [6,25,28]. The induced IL-10 also suppresses Th1 and
Th17 cells and thus production of IFNγ, IL-17, and IL-2, leading to immune tolerance [6]. The above
events make Th2 cells predominant. As a result, the enhanced secretion of IL-4, -5, and -13 further
suppresses Th1 cells. In human monocytes in vitro, 1α,25(OH)2D was shown as the inhibitor of Th1
cell-mediated cytokines and tumour necrosis factor α (TNFα), and in vivo in mice as the suppressor of
the secretion and production of Th17 cells by downregulation of IL-23 and -6 [6,25,28]. As shown by
Bruce et al. [28], treatment of naïve CD4+ Th cells during Th17 cells priming with 1α,25(OH)2D inhibits
IL-17 production. The other mechanism of immunomodulation related to vitamin D is the impact on
DC gene expression, which is independent of the differentiation of these cells [29]. As shown by Chun
et al. [29], DC gene expression can be regulated by two major metabolites of vitamin D: 25(OH)D and
1α,25(OH)2D.

On the basis of animal studies, it was shown that the promotion of Th2 cells may have adverse
effects on allergic diseases such as asthma atopic dermatitis through induction of the inflammatory
processes [6]. The increased production of Th2 cytokines (IL-4, -5, -13), noted in the acute phase of
atopic dermatitis, suppresses cathelicidin and increases susceptibility to infection. In the chronic phase
of the disease, Th1 cells were predominant [6].

By inhibiting IFNγ, 1α,25(OH)2D inhibits the stimulation of reactive oxygen species and nitric
oxide production. These effects, along with the suppression of IL-17 secretion, are responsible for the
reduction of resistance to pathogens such as Toxoplasma and Citrobacter [6,36,37]. Ehrchen et al. [36]
showed that VDR-knockout mice developed an altered Th1 response in Leishmania major infection,
as indicated by the normal production of IFNγ by CD4+ and CD8+ Th cells. In turn, Rajapakse et al. [37]
observed reduced IFNγ and IL-12 levels in Toxoplasma gondii-infected mice, indicating inhibition of
Th1 cell activity. Following 1α,25(OH)2D treatment, reduced counts of CD4+ Th cells and splenocytes
and the marked induction of apoptosis were also noted. Ryz et al. [38] showed the reduction of Th17
cells in Citrobacter rodentium-infected mice treated with 1α,25(OH)2D. According to the impaired Th17
response, a defect in the production of antimicrobial peptide REG3γ was reported.

1α,25(OH)2D impairs the antigen-presenting and T cell-stimulatory capacity of monocytes and
macrophages, with a decrease in MHC II and CD40, -80, and -86. Suppression of IL-12 and IL-23,
which are involved in Th1 differentiation, is due to the 1α,25(OH)2D-mediated NFκB activation [7,28].

It is worth noting that human T cell responses are regulated in the presence of DC and the inactive
metabolite of vitamin D, i.e., 25(OH)D. As described by Jeffery et al. [32], CYP27B1 is induced in
DC upon maturation with LPS or upon T cell contact, which results in the synthesis and release of
1α,25(OH)2D, which, in turn, affects T cell responses.

3.2.2. B Lymphocytes

1α,25(OH)2D inhibits proliferation and acts as a proapoptotic agent in activated human B cells
in vitro. Although it does not act on the production of these cells, it is thought to inhibit their
differentiation [25]. As shown by Fang et al. [39] in mice, the immune protection induced by the
influenza virus primary infection significantly relies on the presence of B lymphocytes.

Some suppressive effects of 1α,25(OH)2D were noted with reference to immunoglobulin
(Ig)-secreting B cells. 1α,25(OH)2D was specifically able to inhibit the development of them after
mitogenic stimulation [40]. The impact on Ig is not the only mechanism of B cell–vitamin D interaction.
Other reports have also shown the regulation of B cells by 1α,25(OH)2D through IL-10 and CCR-10 [41].
As reported by Heine et al. [42], human B cells, upon activation by the receptor CD40 and IL-4 signals,
show increased expression of the gene for the 25(OH)D 1α-hydroxylase CYP1α, followed by the
production of significant amounts of 1α,25(OH)2D. 1α,25(OH)2D enhances IL-10 expression in B cells
by the transcriptional activity of VDR or through modulation of calcium signalling. On the basis
of these studies, it can be suggested that the inactive metabolite of vitamin D, 25(OH)D, can also
modulate the immune response.
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3.3. Anti-Inflammatory Action of Vitamin D

As reported by Penna et al. [43] in studies with use of the VDR agonist elocalcitol, this compound
inhibited IL-17 and proinflammatory cytokine IFNγ secretion in prostate-draining lymph node T cells
from elocalcitol-treated nonobese diabetic mice [43,44]. These results focus on the anti-inflammatory
properties of vitamin D.

As such, this vitamin acts through the promotion of the feedback loop to prevent the overactivity
of antibacterial processes and inflammatory events. Such action includes the downregulation of
TLR2 and TLR4 on monocytes [25,29]. 1α,25(OH)2D has been reported to decrease proinflammatory
chemokine production in human respiratory epithelial cells and downregulate proinflammatory
cytokines such as IL-6, -8, and TNFα in many different cells in vitro [25]. As shown in human
lymphocytes, the anti-inflammatory effect of vitamin D can be carried out in part through NFκB
inhibition. This transcription factor regulates expression of the genes encoding the inflammatory
proteins produced during infection, such as cytokines, chemokines, acute phase proteins, or inducible
effector enzymes [6,25].

Vitamin D-modulated T-cell proliferation is a part of the mechanisms leading to anti-inflammatory
responses via the increased proliferation of the subgroup of T cells, CD8α. These types of T cells,
unlike CD8+ T cells, are not cytotoxic, but may play a role in suppressing gastroinflammation [29].

3.4. Time-Dependence of Immunomodulatory Effects of Vitamin D

The immunomodulatory effect of vitamin D is related to early or late phases of infection.
The correlation between serum 25(OH)D levels and the levels of α1-antichymotrypsin, an acute-phase
protein in patients with tuberculosis, was associated with the illness, but not with the initial,
acute-phase response to infection [45]. Also, the different interactions of 1α,25(OH)2D with different
mechanisms were reported to depend on time in human leukemia cells. Tse et al. [46] reported
the time-dependent biphasic regulation of NFκB in HL-60 cells. After exposure of HL-60 cells to
1α,25(OH)2D, there was an early, ca. 4h suppression and a late, 8–72h-prolonged reactivation of
that transcription factor. Alongside that stimulation, there was an upregulation of inflammatory and
anti-apoptotic genes such as TNFα, IL-1β, and Bcl-xL [46]. Such an effect can indirectly impact the
immune regulation shown by vitamin D because the inflammatory processes are strictly related to the
immune response of the cells to pathogens. According to Sundaram and Coleman [25], the results of the
study in vivo on the immune response to allergens in mice suggested that vitamin D supplementation
(100 ng of 1α,25(OH)2D given as injection) given after the initial period of sensitization prevented high
levels of eosinophils and the local inflammatory response in bronchoalveolar lavage fluid and lung
tissues. Surprisingly, the lack of this effect was reported during supplementation every day during
the study.

4. Vitamin D versus Influenza—Prevention or Therapy?

4.1. Anti-Infective Mechanisms of Vitamin D

The following ascertainment very accurately announces the possible relations between the main
seasonal infection, i.e., influenza and vitamin D status in the body:

““Whoever wishes to investigate medicine properly should proceed thus: in the first place to
consider the seasons of the year . . . ” (Hippocrates, ca. 400 BC) [24].”

Vitamin D could be acknowledged as a “seasonal stimulus”, following R. Edgar Hope-Simpson,
the British practitioner and self-educated epidemiologist. After documentation that influenza A
epidemics in temperate latitudes are most intense in the months following the winter solstice,
he hypothesized that solar radiation produces a “seasonal stimulus” that affects the pathogenesis
of influenza A. He theorized that there is a seasonal steroid hormone system with an impact on the
human immune system whose substrate levels are low during the influenza season, but peak when
influenza is rare [24,47].
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There are a few arguments which support vitamin D as a likely candidate for the abovementioned
“seasonal stimulus”. In summary, most important is the 1α,25(OH)2D-stimulated production of AMPs,
such as defensin and cathelicidin. As mentioned, these endogenous antibiotics act directly, destroying
not only microbial pathogens, but also viruses, including the influenza virus [24,48,49]. The production
of cathelicidin is dose-dependent on the serum level of 1α,25(OH)2D. As shown by Lang and
Samaras [49], 30 ng/mL is necessary for the optimal induction of cathelicidin mRNA, but a higher level
of 40 ng/mL was not more efficient. The next argument which supports the antiviral activity of vitamin
D is the modulation of the inflammatory response as mentioned above. The release of proinflammatory
cytokines by the influenza virus appeared to correlate with the severity of illness [24]. Khare et al. [50]
noted that treatment of human lung A549 epithelial cells with 100 or 30 nM of 1α,25(OH)2D prior
to or post-H1N1 (influenza A virus) exposure significantly decreased the levels of infection-induced
TNFα, IFNβ, and IFN-stimulated gene-15 (ISG15) and downregulated IL-8 and IL-6 RNA levels.
Following Helming et al. [51], 1α,25(OH)2D also potentially diminishes the proinflammatory cytokine
production by the modulation of macrophages, which prevents them from the secretion of too many
cyto- and chemokines. On the basis of the obtained data, the authors suggested that 1α,25(OH)2D
participates in a negative feedback loop in which IFNγ-activated macrophages induce the release of
1α,25(OH)2D. When this metabolite is accumulated at an efficient concentration, VDR expression is
synergistically induced and it translocates into the nucleus. Then, it can suppress the genes making
the proinflammatory proteins, such as CCL5, CXCL16, IFI203, FCGR1, FCGR3, TLR2, IRF2, CXCL10,
and CXCL9. Tight control of IFNγ responses is crucial for the consequences of granulomatous diseases
such as tuberculosis and sarcoidosis [51].

4.2. Human Studies on Influenza Prevention by Vitamin D

A survey of the literature data generates some controversies and doubts about the possible role
of vitamin D for the prevention of influenza infections. However, there are data obtained in vitro
or in vivo which denote the antiviral activity of vitamin D in the case of influenza. Nowadays, the
final conclusion is that its significance as an anti-influenza agent remains unresolved, but it does not
mean that these considerations are senseless. It is most important to realise that the broad spectrum of
vitamin D activity does not exclude such a role.

Some of the following studies do not strictly concern influenza infection, but also the influenza-like
respiratory illnesses of respiratory tract infections (RIs) and pneumonia. However, the time period of
the studies, i.e., October–March, or the winter months, does not exclude influenza infections, most
common in the autumn and winter. According to Cannell et al. [24], if vitamin D is a “seasonal
stimulus”, as has already been mentioned in this paper, then vitamin D deficiency should predispose
patients to respiratory infections.

4.2.1. Beneficial Effects

Moan et al. [52] compared the seasonality of deaths from influenza and pneumonia in Norway
with vitamin D serum levels. The time period of the studies was 1980–2000. The final conclusion of
these studies was that the high numbers of winter influenza and pneumonia deaths in Norway were
related to low vitamin D levels in this season. The data support the hypothesis that vitamin D acts as a
protector against influenza and pneumonia, although it is not clear if it requires any help, or which
mechanism dominates in the battle against viral infections.

Laaksi et al. [53] conducted a placebo-controlled double-blind study (October–March) which
involved 164 volunteering young Finnish men (18–28 years of age) undergoing military training.
The subjects were randomly assigned to the intervention group (n = 80), which received 400 IU of
vitamin D per day, or the placebo group (n = 84). After six months of the study, the supplemented
group showed a mean serum concentration of 25(OH)D (±SD) of 71.6 ± 22.9 nM/L (n = 58) and
the placebo group showed 51.3 ± 15.5 nM/L of 25(OH)D (n = 50) (p < 0.001). The main outcome
considered was the number of days absent from duty due to respiratory infection. The proportion
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of men remaining healthy throughout the six-month study period was greater in the supplemented
group (51.3%) as compared to the placebo group (35.5%) (p = 0.045). The above results provided some
evidence for the preventive effect of vitamin D supplementation against respiratory tract infection,
and according to the Cox regression analysis, the authors noted that the hazard ratio for absence
from duty due to the respiratory tract infection was lower in the supplemented group as compared
to the placebo group. As shown by the authors, randomized controlled trials with higher doses and
larger populations are needed to explore the preventive effect of vitamin D supplementation on acute
respiratory tract infection.

Promising and encouraging results on supplementation with vitamin D to prevent influenza were
presented by Urashima et al. [54], who conducted a randomized, double-blind, placebo-controlled trial
comparing vitamin D3 supplements (1200 IU/day) with placebo in schoolchildren from December
to March. The outcome was the incidence of influenza A diagnosed with presence of the influenza
antigen. As reported, influenza A occurred in 18 out of 167 (10.8%) children in the vitamin group
compared with 31 out of 167 (18.6%) children in the placebo group (relative risk (RR) = 0.58; 95% CI:
0.34, 0.99; p = 0.04). The reduction of influenza incidence was greater in children who, among other
factors, had not been taking other vitamin D supplements. It is interesting to note that in children
with a previous diagnosis of asthma, asthma attacks as a secondary outcome occurred in two children
receiving vitamin D compared with twelve children receiving placebo (RR = 0.17; 95% CI: 0.04, 0.73;
p = 0.06). The above study, conducted up to 2012, was reported by Jorde et al. [55] as one properly
performed randomized clinical trial on influenza prevention.

The positive role of vitamin D in respiratory infections and lung function was confirmed by
Berry et al. [56], who used cross-sectional data from 6789 participants in a nationwide 1958 British
birth cohort. The authors measured 25(OH)D, lung function, forced vital capacity, and respiratory
infections from the age of 45 years. They showed a linear association between vitamin D status and
seasonal infections and lung function. Each 10 nM/L increase in 25(OH)D was associated with a
7% lower risk of infection. Similar results were also obtained in other studies. Aregbesola et al. [57]
investigated the risk of hospitalized pneumonia in an ageing general population in eastern Finland.
On the basis of the study, the authors suggested an inverse effect of the serum 25(OH)D concentration
on the risk of developing pneumonia. Jones et al. [58] examined 46 residual blood samples from adults
and children, some of whom experienced influenza virus infections of the respiratory tract. Assays
were performed for retinol binding protein (RBP), vitamin D, and antibody isotypes. Results showed
that 44 samples exhibited RBP and/or vitamin D insufficiencies or deficiencies. Besides, vitamin D
correlated with blood IgM and IgG3, while RBP correlated with IgG4 and IgA. It is known that vitamins
A and D are critical for healthy immune responses at mucosal surfaces in mice. Especially, IgA is a first
line of defense against mucosal pathogens. So, according to the authors, the results suggested that also
in humans, there is a correlation between vitamin A and D levels and antibody profile. The authors
suggest that vitamins may support the dendritic cell development necessary for antigen presentation;
T-cell activation and homing; B-cell activation, division, and maturation; and/or the stabilization of
differentiated antibody-producing cells. According to Jones et al. [58], these results recognize the need
for further studies on the correction of vitamin supplementation, particularly at the time of respiratory
virus vaccination, to improve vaccine efficacy and for protection against respiratory tract diseases.

Intriguing effects were presented by Mamani et al. [59] and Brance et al. [60] in their studies.
Both studies showed an inverse correlation between the level of 25(OH)D and the severity of CAP
(community-acquired pneumonia), which was defined as the CURB65 score (confusion, uremia,
respiratory rate, low blood pressure, ≥65 years). In addition, according to Brance et al. [60],
higher 25(OH)D concentrations were found to be correlated with lower CCI (Charlson comorbidity
index). Nanri et al. [61], in a nested case-control study in a cohort of workers in four companies
in Japan during the winter season, found lower influenza risk to be associated with vitamin D
sufficiency (≥30 ng/mL), but only among unvaccinated participants. In a subgroup vaccinated earlier
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against influenza, serum 25(OH)D concentration did not correlate significantly with the incidence of
physician-diagnosed influenza.

4.2.2. Studies Showing No Relevant Effects

However, there is still one fly in the ointment. There are in vitro and in vivo data, as well as data
resulting from human studies, which do not prove any significance of vitamin D supplementation in
viral respiratory infections.

Gui et al. [62] showed the negative impact of 1α,25(OH)2D treatment on the innate immune
response generated by the H9N2 infection in mice, especially at the later stage of the disease.
Although it decreased the influenza M gene (encoding the M protein related to inflammatory
response and virus replication), IL-6, and IFNβ in A549 cells prior to and post-infection with H9N2
influenza, the authors found that it did not affect virus replication in vitro and in vivo. Besides,
the effect of 1α,25(OH)2D treatment was dependent on the stage of the illness. As shown in vivo,
1α,25(OH)2D downregulated pulmonary inflammation in mice two days post-infection, but increased
the inflammatory response 4 to 6 days post-infection. Simultaneously, the expression of the antiviral
cytokine IFNβ was significantly higher at two days post-infection and lower on days 4 and 8.
These effects were consistent with the period of maximum body weight loss and the lung damage
in calcitriol-treated mice. The reason for the positive anti-inflammatory activity of 1α,25(OH)2D
noted in A549 cells and the opposite effect reported in mice during the later stage of infection is
not clear. The authors indicate two possible explanations. The first is that the activity of vitamin D
in vivo is complex and has an impact on so many pathways and mechanisms that it can affect one
component of this system, but not the other. Secondly, avian influenza viruses such as H9N2 induce
different mechanisms in mice and in humans. This is in agreement with the conclusion given by Grant
and Giovanucci [48], who discussed, regarding the data showing that suppressing proinflammatory
cytokines by vitamin D did not reduce the risk of death in mice infected with H5N1 viruses, that such
an effect should not be applied to the H1N1 infections in humans because of the differences in immune
response. The anti-inflammatory activity of 1α,25(OH)2D on A549 infected with H1N1 was also
shown by Khare et al. [50]. The authors noted that 1α,25(OH)2D treatment prior to or post-infection
downregulated IL-6 and IL-8 RNA levels and decreased the levels of infection-induced TNFα, IFNβ,
and ISG15. 1α,25(OH)2D did not affect viral clearance, similarly to findings reported by Gui et al. [62],
but reduced autophagy and restored increased apoptosis seen in the H1N1 infection back to its
constitutive level.

In the studies presented by Jorde et al. [55], vitamin D appeared to make influenza infection a
significantly more prolonged disease than in the patients receiving placebo. In the study, 569 subjects
from 10 different clinical trials were included. Of the subjects, 289 were randomized to receive vitamin
D (1111–6800 IU/day) and 280 received placebo. Influenza-like disease was reported in 38 subjects in
the vitamin D group and 42 in the placebo group. In these groups, 25 and 26 subjects, respectively,
showed clinical symptoms of influenza according to the defined criteria. In the vitamin D group, the
duration of the illness was significantly longer than in the placebo group (2–60 days versus 2–18 days;
p = 0.007). One of the weaknesses of this study, as emphasized by the authors, was that the study
was retrospective and relied on self-reported symptoms; thus, there was not a definite diagnosis
of influenza.

Some conflicting results were presented by Urashima et al. [63]. As was given by the authors, a
randomized controlled trial on the effects of vitamin D supplementation on influenza illness during the
2009 H1N1 pandemic revealed that influenza A or B occurred less in the vitamin D group than in the
placebo group only during the first half of the study. During the second month, the vitamin D group’s
results were similar to those of the placebo group. The authors observed similar effects, i.e., preventive
action of vitamin D supplementation only in the initial part of the studies, in the studies conducted
among the students who received 2000 IU of vitamin D per day for two months. As shown by post-hoc
analysis, influenza A occurred significantly less in the vitamin group (2/148, 1.4%) compared with
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the placebo group (8/99, 8.1%), but only in the first month of the study. The initial benefit was lost
during the second month. These results could have been related with longer supplementation with
vitamin D and are indirectly consistent with the results of Urashima et al. [54], who did not note the
impact of vitamin D on influenza A incidence in children who had been taking more than one vitamin
D supplement.

The lack of any correlation between respiratory infections and vitamin D supplementation was
showed by Li-Ng et al. [64], who described a randomized controlled trial for the prevention of
symptomatic upper respiratory tract infections, conducted during the winter. In total, 162 adults
received 2000 IU of vitamin D per day for 12 weeks. There was no difference in the incidence
of infections and in the duration or severity of respiratory tract infection symptoms between the
supplemented and the placebo groups (48 vs. 50 cases, respectively, p = 0.57, and 5.4 ± 4.8 days
vs. 5.3 ± 3.1 days, respectively, p = 0.86). It is worth noting that after 12 weeks, the mean serum
concentration of 25(OH)D in the supplemented group was 88.5 ± 23.2 nM/L and in the placebo group
was 63.0 ± 25.8 nM/L. As a matter of fact, the serum concentration of 25(OH)D in the supplemented
group was not too efficient; the value 88.5 ± 23.2 nM/L is placed near the defined lower limit of the
25(OH)D level reported as the guidance level (75–200 nM/L) [12]. In studies conducted in 2007, the
same authors found a significant reduction in colds and influenza in women taking 800 or 2000 IU/day
of vitamin D. Surprisingly, in the final year of the study, women supplemented with 2000 IU were still
vitamin D-deficient. [65]. According to Aloia and Li-Ng [65], the trial should use enough cholecalciferol
to raise 25(OH)D levels to those achieved by natural skin synthesis in the summer, i.e., ca. 50 ng/mL.
A similar lack of protective effects of vitamin D was found by Lappe et al. [66] in double-blind,
placebo-controlled, population-based, randomized clinical trials. Among healthy postmenopausal
older women with a mean baseline serum 25(OH)D level of 32.8 ng/mL, supplementation with vitamin
D and calcium compared with placebo did not result in a significantly lower risk of all types of cancer
after four years.

4.2.3. Critical Views

Studies on the Role of Vitamin D Supplementation

A systematic review and meta-analysis done by Martineau et al. [67] pointed to the issue which is
most crucial for studies based on vitamin D supplementation. The authors presenting the results of
26 eligible randomized controlled trials showed that vitamin D supplementation significantly reduced
the risk of acute respiratory tract infection (RI), but the protective effects were observed in those
receiving daily or weekly vitamin D without additional bolus, and not in those receiving one or more
bolus doses. The beneficial effects were negatively correlated with baseline 25(OH)D levels < 25 nM/L.
In addition, the authors found that baseline vitamin D status and dosing frequency independently
modified the effect of vitamin D supplementation on the risk of acute RI. On the basis of the results,
the authors suggested that high doses of vitamin D supplemented as bolus firstly can evoke some
adverse effects in circulating vitamin D metabolites. Secondly, the high concentrations after bolus may
dysregulate the activity of the enzymes responsible for the synthesis and degradation of 1α,25(OH)D,
which results in decreased concentrations of it in extrarenal tissues. In turn, the correlation is such:
the stronger the effect, the lower the vitamin D level may be, according to the authors, based on the
principle that people who are most deficient in a micronutrient will be the most likely to respond to its
replacement [67]. This may explain the results obtained by Aloia and Li-Ng in 2007, described above,
that showed that supplementation in women with a vitamin D-deficit was more protective against
colds and influenza than in the case of vitamin D-sufficient women [65].

On the basis of the studies mentioned above, in which supplementation with vitamin D and the
analogous higher serum concentration of this vitamin did not give the expected effect, Grant et al. [68]
proposed a new approach to vitamin D randomized controlled trials to provide true confirmation of the
role of its vitamin dosing being solely to achieve the targets set for achieved 25(OH)D concentrations.
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As shown by the authors, the assumption that the vitamin D dose–response relationship is linear is
not true. The supplemented vitamin D has no direct health effect, because the conversion to 25(OH)D
varies from individual to individual regarding genetic polymorphisms of CYP enzymes, intestinal
absorption, or body mass. Grant et al. [68] proposed a design strategy which targets supplementation
to the chosen baseline status while ensuring achievement of the desired status. This could be done
through checking 25(OH)D concentrations periodically during the trial, as well as the baseline, and
through recruiting nonreplete subjects. With such an approach, randomized controlled trials would
have an increased potential for detecting causality.

Seasonality of Vitamin D Levels and Influenza Rate

As shown by Shaman et al. [69], seasonal variation in the serum concentration of 25(OH)D,
which contributes to immune function, has been hypothesized to be the underlying source of observed
influenza seasonality in temperate regions. So, the authors studied whether 25(OH)D levels could
be used to simulate influenza infection rates. The studies were done in two regions of the United
States. On the basis of best-fitting simulations which could reproduce the observed seasonal cycle
of influenza, the authors concluded that it is unlikely that seasonal variations in vitamin D levels
determine the seasonality of influenza in temperate regions. These results suggest that influenza
transmission may be dependent on different factors. On the basis of a reanalysis of laboratory
experiments, Shaman et al. [70] revealed that absolute humidity strongly modulates the airborne
survival and transmission of the influenza virus. Also, Koep et al. [71] studied the impact of absolute
humidity in the indoor school environment on virus survival. As noticed, classroom humidification
may be a feasible approach to increase indoor absolute humidity to levels that may decrease influenza
virus survival and transmission. In turn, Yang et al. [72] studied other meteorological factors which
influence the dynamics of influenza in tropical Africa. They computed the monthly viral positive
rate for three circulating influenza subtypes: A/H1N1, A/H3N2, and B, among patients presenting
influenza-like illness or severe acute RI in two Ugandan cities. The impact of temperature, relative
and absolute humidity, and precipitation, as well as interactions among the above influenza subtypes
on the epidemic dynamics of each influenza subtype were studied. As observed, the associations
with weather variables differed by influenza subtype. The models showed that precipitation and
temperature were negatively correlated with A/H1N1 activity. A mutually negative association
between A/H3N2 and B activity was identified.

Kroll et al. [73] mentioned the other factor conjugated with the level of 25(OH)D and parathyroid
hormone (PTH) concentrations, which are known to have a reciprocal seasonal relationship
with 25(OH)D. These two compounds vary in sinusoidal pattern throughout the year, even in
ergocalciferol-treated patients. This means that 25(OH)D is higher in the summer and lower in winter,
while PTH shows the reverse pattern. According to the authors, in these observations, held across
three latitudinal regions, both genders and multiple years are applicable for patient care.

Independently of the results of the conducted studies, which support or do not support the
positive role of vitamin D serum levels and supplementation in the prevention against influenza
infections with influenza-related diseases, such as RI and pneumonia, most of the authors agree that
this topic deserves further study. The questions: “What dose of vitamin D ensures more resistance
to influenza infections?” and “Does vitamin D-deficiency mean more susceptibility to influenza
infections?” remain open and require more clinical trials.

A summary of the results obtained in the human studies on the role of vitamin D in the upper
respiratory tract infections and defined influenza can be found in Table 1.
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5. Does Vitamin D Affect the Immunogenicity of Influenza Vaccines?

5.1. Vitamin D as an Adjuvant

According to annual reports, the influenza virus causes 3–5 million severe cases which result in
250,000 to 350,000 deaths worldwide [49]. Vaccination is the most important preventive strategy
against influenza, with the crucial expected outcome being antibody production, although it is
still not sufficiently effective to reduce the morbidity and mortality associated with influenza in
humans [74]. As shown in this paper, vitamin D undoubtedly plays the role of an immunomodulating
agent. Its significance in innate and adaptive immunity prompted scientists to check if there is
any influence of vitamin D on the response of the patients to immunization by vaccination with
live or inactive attenuated influenza virus, especially because some studies on influenza prevention
provide a negative correlation between enhanced post-vaccine immunization and obese patients,
whereas obesity implies vitamin D deficits [75,76]. These observations indirectly point to the possible
role of vitamin D improvement of the immune response to influenza vaccines. Principi et al. [77]
mentioned animal studies in which the results encourage regarding vitamin D as a kind of adjuvant
agent for better influenza vaccine efficacy. The studies showed that the addition of vitamin D or
1α,25(OH)2D to a variety of vaccine preparations could increase induced immunity to the herpes
simplex virus, diphtheria toxoid, tetanus toxoid, hepatitis B surface antigen, poliovirus, or HIVgp160.
Following Sadarangani et al. [75,78], mature adult mice that were immunized subcutaneously
or intramuscularly with inactivated polio vaccine, Haemophilus influenzae type b oligosaccharide
conjugated to diphtheria toxoid vaccine, and hepatitis B surface antigen (HBsAg), coadministered with
1α,25(OH)2D, demonstrated production of antigen-specific mucosal immunity (IgA and IgG antibodies)
as well as enhanced systemic immune response. As demonstrated by Lang and Samaras [49],
vitamin D coadministered with trivalent influenza vaccine (TIV) in mice was shown to enhance
the anti-hemagglutinin antibody response and mucosal immunity.

Even though vitamin D has profound effects on immunity, there are insufficient data to show the
real relationship between vitamin D status and influenza vaccine immunization [45]. Sadarangani
et al. [75,78] suggest that studying the impact of VDR-related polymorphism can provide further
insight into the complex interactions in the context of vaccine-induced immune response.

As mentioned earlier, according to Jones et al. [58], the vitamins which support vaccine efficacy
should be supplemented, particularly at the time of respiratory virus vaccination, to improve antigen
presentation and antibody profile, and this warrants further studies.

5.2. Human Studies on the Impact of Vitamin D on Immunization

5.2.1. Beneficial Effects

The general target groups for influenza vaccination are children and older adults. Following
Principi et al. [77], influenza is common in pediatrics. Children are the main cause of the spread of the
infection, and because of the immaturity of the immune system at ages less than five years, they can
develop severe disease. The other target group, older persons, have impaired immune responses to
influenza vaccination secondary to immunosenescence, inflammaging, and impaired T-cell responses
or loss of dendritic cell function [25,75]. Additionally, this group of the population is more often
exposed to vitamin D deficit because of decreased skin synthesis and decreased renal production of
the active metabolite, 1α,25(OH)2D [75].

Literature data provide evidence both for and against the beneficial effect of vitamin D
supplementation on antibody production, and the possible reasons for the negative results obtained
are broadly discussed.

The most promising results were obtained by Chadha et al. [79] in prostate cancer patients.
Response to the trivalent influenza vaccine, Fluzone, for the period 2006–2007 in 28 of 35 participants
was defined as the increase in antibody titer at three months against all three strains of the virus

121



Int. J. Mol. Sci. 2018, 19, 2419

positively correlated with 25(OH)D level, which was tested as a continuous variable in relation to
serological response (p = 0.0446). The median baseline 25(OH)D level was 44.88 ng/mL (range:
9.16–71.98 ng/mL). This outcome was also evaluated in studies on adults aged above 50 years by
Sundaram et al. [80], but the results obtained by the authors were opposite. Prospective cohort
studies conducted during two influenza seasons (2008–2009) showed that more than 25% of the
1103 participants were vitamin D-deficient (<25 ng/mL), and the deficiency was associated with a
greater frequency of post-vaccine seroprotection for the H1N1 virus, but only in the first year of
the study. It was not related to seroprotection or seroconversion for any other strain in either year.
Therefore, no consistent association was found between vitamin D levels and serological response to
influenza vaccination in older adults.

Sadarangani et al. [75] reported a weak positive correlation between 25(OH)D levels and change in
influenza-specific granzyme B response on day 75 post-vaccination (p = 0.04) in a cohort of 159 healthy
subjects (50–74 years old) vaccinated with one dose of trivalent 2010–2011 influenza vaccine containing
A/California/H1N1-like virus. The range of 25(OH)D defined in the studied group was from 36.6 to
52.2 ng/mL. These results do not exclude the role of vitamin D in improving immunization. Granzyme
B is a serine protease produced by NK cells, dendritic cells, and cytotoxic T cells. It is known to
induce the cytotoxic T-cell-mediated apoptosis of virus-infected host cells and has been evaluated as a
promising marker of immunity response to the influenza vaccine. It is worth noting is that granzyme
B response negatively correlates with increasing age [75]. In the same study, no correlation between
25(OH)D levels and humoral immune response was detected at any time point after vaccination.

5.2.2. Studies Showing No Relevant Effects

No association between vitamin D and post-vaccine serological response was shown in
HIV-infected patients vaccinated with monovalent influenza A (H1N1) by Crum-Cianflone et al. [81].
During a prospective cohort study of 124 participants (64 HIV-infected and 64 uninfected),
seroconversion measured as >4-fold increase in antibody titer was achieved on day 28 post-vaccination
in 56% of the HIV-infected persons versus 74% of those HIV-uninfected, but vitamin D deficiency was
insignificantly different between both groups.

Studies on the immunization of children vaccinated with live attenuated or inactivated influenza
vaccines in dependence of the 25(OH)D serum concentration conducted by Lin et al. [82] also did not
bring an answer to the question: “Can vitamin D act as an adjuvant in influenza vaccines?”. Vitamin D
levels in serum and influenza antibody titers were measured prior to and 21 days post-vaccination with
live attenuated or inactivated influenza vaccine. Surprisingly, low vitamin D levels were associated
with higher antibody titer against live attenuated virus, and this effect was strain-specific (p < 0.05).
Similar results were obtained by Principi et al. [77] four years earlier. On the basis of a prospective,
randomized, single-blind, placebo-controlled study with 116 children, the authors indicated that daily
supplementation with 1000 IU of vitamin D for four months starting from the injection of the first dose
of the trivalent influenza vaccine Fluarix did not significantly modify the antibody response. Similarly,
Lee et al. [74] observed no correlation between 25(OH)D levels and post-vaccination antibody titer
in a retrospective observational study conducted among 437 young healthy members of the military.
Only 224 of them (51.3%) demonstrated an increase in anti-influenza post-vaccination titer, which was
not associated with 25(OH)D levels.

A summary of the results obtained by some authors in vitro or in vivo or in clinical controlled
studies on the impact of vitamin D on the serological response to anti-influenza vaccines can be found
in Table 2.
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5.2.3. Critical Views

The authors have a critical approach to the clinical studies which do not prove a beneficial effect
of vitamin D on the immune system or indicate the lack of any effect of this vitamin on post-vaccine
immunization. The main potential reasons for this outcome which are most often considered are:
too short a time between vaccination and antibody assays, which may be not sufficient to reveal
immunostimulation; or too low a dose of vitamin D, giving too low a concentration level of 25(OH)D to
mediate in immunization processes [49]. For example, Lee et al. [74], in their studies, used the clinical
cutoffs for insufficiency of 20–30 ng/mL and for deficiency of <20 ng/mL, while as demonstrated
by the authors, some experts have shown that a higher level is required (≥40 ng/mL). Some authors
also admit that in their studies, T cells were not included. Therefore, any potential impact of vitamin
D on this part of the immune response has not been explored [74,80]. The next potential reason is
too-small samples being used in the studies or the profiles of the immune system in the patients
with comorbid diseases being different than in the healthy subjects, which can potentially determine
the effect of vitamin D on the response to the influenza antigen, as observed by Chadha et al. [79].
Besides, studies such as the above should be conducted on a group which is representative for other
populations [74]. As Lang and Samaras [49] mentioned, for example, the antibody level present
in the preimmunized serum can mask the potential immunomodulatory effect of vitamin D on the
immune response post-vaccination because of the inverse relationship between antibody levels prior
to and antibody increase post-vaccination. Few studies have included subjects already on vitamin D
supplementation, or they were conducted in selected populations [49,74,75,78].

The work described and done by Surman et al. [83] raised the very important question of the
interaction of different factors resulting in the immune response. The authors reported in mice
immunized with an attenuated influenza virus vaccine that double deficiencies for vitamin A and
D reduced antibody response in the respiratory tract to a greater extent than deficiency for one of
these vitamins. Although supplementation with vitamin A had a greater corrective effect than vitamin
D for the restitution of seroprotection (IgG and IgA responses), the best results were with the two
vitamins combined and administered at the time of the vaccination of the animals. These studies,
although they are animal-based, give some useful information for designing human clinical trials for
the improvement of influenza vaccine efficacy and show that the approach to the significance and
the potential role of supplementation with micronutrients, such as vitamins, to reach this aim should
regard their interaction and synergism of action [74,83].

Lee et al. [74] suggested the real role of vitamin D in immunization against influenza viruses. It is
known that vitamin D supports anti-inflammatory processes through its impact on T cells. Hence,
according to the authors, a measure of increased immunity may not be the mechanism of action by
which vitamin D functions. It is possible that its higher level reduces the severity of the inflammatory
response brought on by infections.

So, the presented results are not too enthusiastic regarding the improvement of influenza vaccine
efficacy by vitamin D. However, in light of its fantastic properties, it is undoubtedly the only vitamin
characterized by such a broad spectrum of activity in the immune system.

6. Summary

The survey of the literature concerning the role of vitamin D in the immune system and
immunization, especially against influenza viruses, does not give an unequivocal and one-word
answer of “yes” or “no” to the questions: “Does vitamin D supplementation enhance the host’s
resistance to influenza?” and “Does vitamin D supplementation play a role in the therapy of viral
infection diseases?”. The authors, as presented, despite the lack of the expected results, do not exclude
the significance of this vitamin for the anti-influenza battle waged in human organisms. Some of
them suggest that the effects of 1α,25(OH)2D on chemokine expression and secretion vary between
pathogens [7]. The results of the presented studies also do not exclude the premises to including
vitamin D as an adjuvant in directing new influenza vaccine design. Following Wiwanitkit [84],
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in spite of the unconfirmed usefulness of vitamin D as an adjuvant for influenza vaccination, giving it
simultaneously still poses some clinical advantages. According to Grant and Giovanucci [48], vitamin
D supplements or fortified foods should be evaluated further as a possibly useful component of a
programme to reduce influenza mortality rates, especially in elderly persons.

The studies clearly show that vitamin D is, undoubtedly, part of the complex factors which
affect the immune response. So, assessing vitamin D status and maintaining optimal serum levels
should be considered in all ageing adults and children, and micronutrients should be regarded as
one of the essential factors which improve our health condition overall and also support our fight
against diseases.
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31. Jasińska, J. The role of receptor CD40-ligand CD40 (cd40/D40L) system in inflammatory processes. Alergia
2015, 4, 39–42.

32. Jeffery, L.E.; Wood, A.M.; Qureshi, O.S.; Hou, T.Z.; Gardner, D.; Briggs, Z.; Kaur, S.; Raza, K.; Sansom, D.M.
Availability of 25-hydroxyvitamin D(3) to APCs controls the balance between regulatory and inflammatory
T cell responses. J. Immunol. 2012, 189, 5155–5164. [CrossRef] [PubMed]

33. Sigmundsdottir, H.; Pan, J.; Debes, G.F.; Alt, C.; Habtezion, A.; Soler, D.; Butcher, E.C. DCs metabolize
sunlight-induced vitamin D3 to ‘program’ T cell attraction to the epidermal chemokine CCL27. Nat. Immunol.
2007, 8, 285–293. [CrossRef] [PubMed]

34. Amital, H.; Shoenfeld, Y. Disease associations of vitamin D in autoimmune disorders-prevention and therapy.
Stand. Med. Pediatr. 2012, 9, 620–622.

35. Tang, J.; Zhou, R.; Luger, D.; Zhu, W.; Silver, P.B.; Grajewski, R.S.; Su, S.B.; Chan, C.C.; Adorini, L.; Caspi, R.R.
Calcitriol suppresses antirenal autoimmunity through inhibitory effects on the Th17 effector response.
J. Immunol. 2009, 182, 4624–4632. [CrossRef] [PubMed]

36. Ehrchen, J.; Helming, L.; Varga, G.; Pasche, B.; Loser, K.; Gunzer, M.; Sunderkötter, C.; Sorg, C.; Roth, J.;
Lengeling, A. Vitamin D receptor signaling contributes to susceptibility to infection with Leishmania major.
FASEB J. 2007, 21, 3208–3218. [CrossRef] [PubMed]

37. Rajapakse, R.; Mousli, M.; Pfaff, A.W.; Uring-Lambert, B.; Marcellin, L.; Bronner, C.; Jeanblanc, M.; Villard, O.;
Letscher-Bru, V.; Klein, J.P.; et al. 1,25-dihydroxyvitamin D3 induces splenocyte apoptosis and enhances
BALB/c mice sensitivity to toxoplasmosis. J. Steroid Biochem. Mol. Biol. 2005, 96, 179–185. [CrossRef]
[PubMed]

38. Ryz, N.R.; Patterson, S.J.; Zhang, Y.; Ma, C.; Huang, T.; Bhinder, G.; Wu, X.; Chan, J.; Glesby, J.; Sham, H.P.;
et al. Active vitamin D (1,25-dihydroxyvitamin D3) increases host susceptibility to Citrobacter rodentium by
suppressing mucosal Th17 responses. Am. J. Ohysiol. Gastrointest. Liver Physiol. 2012, 303, G1299–G1311.
[CrossRef] [PubMed]

127



Int. J. Mol. Sci. 2018, 19, 2419

39. Fang, Y.; Banner, D.; Kelvin, A.A.; Huang, S.S.; Paige, C.J.; Corfe, S.A.; Kane, K.P.; Bleackley, R.C.; Rowe, T.;
Leon, A.J.; et al. Seasonal H1N1 influenza virus infection induces cross-protective pandemic H1N1 virus
immunity through a CD8-independent, B cell dependent mechanism. J. Virol. 2012, 86, 2229–2238. [CrossRef]
[PubMed]

40. Shiozawa, K.; Shiozawa, S.; Shimizu, S.; Fujita, T. 1α,25-dihydroxyvitamin D3 inhibits pokeweed
mitogen-stimulated human B-cell activation: An analysis using serum-free culture conditions. Immunology
1985, 56, 161–167. [PubMed]

41. Shirakawa, A.-K.; Nagakubo, D.; Hieshima, K.; Nakayama, T.; Jin, Z.; Yoshie, O. 1,25-Dihydroxyvitamin D3
Induces CCR10 Expression in Terminally Differentiating Human B Cells. J. Immunol. 2008, 180, 2786–2795.
[CrossRef]

42. Heine, G.; Niesner, U.; Chang, H.D.; Steinmeyer, A.; Zügel, U.; Zuberbier, T.; Radbruch, A.; Worm, M.
1,25-dihydroxyvitamin D3promotes IL-10 production in human B cells. Eur. J. Immunol. 2008, 38, 2210–2218.
[CrossRef]

43. Penna, G.; Amuchastegui, S.; Cossetti, C.; Aquilano, F.; Mariani, R.; Sanvito, F.; Doglioni, C.; Adorini, L.
Treatment of experimental autoimmune prostatitis in nonobese diabetic mice by the vitamin D receptor
agonist elocalcitol. J. Immunol. 2006, 177, 8504–8511. [CrossRef] [PubMed]

44. Langrish, L.L.; Chen, Y.; Blumenschein, W.M.; Mattson, J.; Basham, B.; Sedgwick, J.D.; McClanahan, T.;
Kastelein, R.A.; Cua, D.J. IL-23 drives a pathogenic T cell population that induces autoimmune inflammation.
J. Exp. Med. 2005, 201, 233–240. [CrossRef] [PubMed]

45. Friis, H.; Range, N.; Pedersen, M.L.; Mølgaard, C.; Changalucha, J.; Krarup, H.; Magnussen, P.; Søborg, C.;
Andersen, A.B. Hypovitaminosis D is common among pulmonary tuberculosis patients in Tanzania but is
not explained by the acute phase response. J. Nutr. 2008, 138, 2474–2480. [CrossRef] [PubMed]

46. Tse, A.K.; Wan, C.K.; Shen, X.L.; Zhu, G.Y.; Cheung, H.Y.; Yang, M.; Fong, W.F. 1,25-dihydroxyvitamin
D3 induces biphasic NF-kappaB responses during HL-60 leukemia cells differentiation through protein
induction and PI3K/Akt-dependent phosphorylation/degradation of IκB. Exp. Cell Res. 2007, 313, 1722–1734.
[CrossRef] [PubMed]

47. Hope-Simpson, R. The role of season in the epidemiology of influenza. Epidemiol. Infect. 1981, 86, 35–47.
48. Grant, W.B.; Giovannucci, E. The possible roles of solar ultraviolet-B radiation and vitamin D in reducing

case-fatality rates from the 1918–1919 influenza pandemic in the United States. Dermato-Endocrinol. 2009,
1, 215–219. [CrossRef]

49. Lang, P.O.; Samaras, D. Aging adults and seasonal influenza: Does the vitamin D status (H)arm the body?
J. Aging Res. 2011, 2012. [CrossRef] [PubMed]

50. Khare, D.; Godbole, N.M.; Pawar, S.D.; Mohan, V.; Pandey, G.; Gupta, S.; Kumar, D.; Dhole, T.N.;
Godbole, M.M. Calcitriol [1,25[OH]2D3] pre-and post-treatment suppresses inflammatory response to
influenza A (H1N1) infection in human lung A549 epithelial cells. Eur. J. Nutr. 2013, 52, 1405–1415.
[CrossRef] [PubMed]

51. Helming, L.; Böse, J.; Ehrchen, J.; Schiebe, S.; Frahm, T.; Geffers, R.; Probst-Kepper, M.; Balling, R.;
Lengeling, A. 1α,25-dihydroxyvitamin D3 is a potent suppressor of interferon γ-mediated macrophage
activation. Blood 2005, 106, 4351–4358. [CrossRef] [PubMed]

52. Moan, J.; Dahlback, A.; Ma, L.W.; Juzeniene, A. Influenza, solar radiation and vitamin D. Dermato-Endocrinol.
2009, 1, 307–309. [CrossRef] [PubMed]

53. Laaksi, I.; Ruohola, J.-P.; Mattila, V.; Auvinen, A.; Ylikomi, T.; Pihlajamäki, H. Vitamin D supplementation
for the prevention of acute respiratory tract infection: A randomized, double-blinded trial among young
Finnish men. J. Infect. Dis. 2010, 202, 809–814. [CrossRef] [PubMed]

54. Urashima, M.; Segawa, T.; Okazaki, M.; Kurihara, M.; Wada, Y.; Ida, H. Randomized trial of vitamin D
supplementation to prezent seasonal influenza A in schoolchildren. Am. J. Clin. Nutr. 2010, 91, 1255–1260.
[CrossRef] [PubMed]

55. Jorde, R.; Witham, M.; Janssens, W.; Rolighed, L.; Borchhardt, K.; De Boer, I.H.; Grimnes, G.; Hutchinson, M.S.
Vitamin D supplementation did not prevent influenza-like illness as diagnosed retrospectively by
questionnaires in subjects participating in randomized clinical trials. Scand. J. Infect. Dis. 2012, 44, 126–132.
[CrossRef] [PubMed]

56. Berry, D.J.; Hesketh, K.; Power, C.; Hyppönen, E. Vitamin D status has a linear association with seasonal
infections and lung function in British adults. Br. J. Nutr. 2011, 106, 1433–1440. [CrossRef] [PubMed]

128



Int. J. Mol. Sci. 2018, 19, 2419

57. Aregbesola, A.; Voutilainen, S.; Nurmi, T.; Virtanen, J.K.; Ronkainen, K.; Tuomainen, T.P. Serum 25-hydroxyvitamin
D3 and the risk of pneumonia in an ageing general population. J. Epidemiol. Community Health 2013, 67, 533–536.
[CrossRef] [PubMed]

58. Jones, B.G.; Oshansky, C.M.; Bajracharya, R.; Tang, L.; Sun, Y.; Wong, S.S.; Webby, R.; Thomas, P.G.;
Hurwitz, J.L. Retinol binding protein and vitamin D associations with serum antibody isotypes, serum
influenza virus-specific neutralizing activities and airway cytokine profiles. Clin. Exp. Immunol. 2015,
183, 239–247. [CrossRef] [PubMed]

59. Mamani, M.; Muceli, N.; Ghasemi Basir, H.R.; Vashegbani, M.; Poorolajal, J. Association between serum
concentration of 25-hydroxyvitamin D and community-acquired pneumonia: A case-control study. Int. J.
Gen. Med. 2017, 13, 423–429. [CrossRef] [PubMed]

60. Brance, M.L.; Miljevic, J.N.; Tizziani, R.; Taberna, M.E.; Grossi, G.P.; Toni, P.; Valentini, E.; Trepat, A.;
Zaccardi, J.; Moro, J.; et al. Serum 25-hydroxyvitamin D levels in hospitalized adults with community-
acquired pneumonia. Clin. Respir. J. 2018, 12, 2220–2227. [CrossRef] [PubMed]

61. Nanri, A.; Nakamoto, K.; Sakamoto, N.; Imai, T.; Akter, S.; Nonaka, D.; Mizoue, T. Association of serum
25-hydroxyvitamin D with influenza in case-control study nested in a cohort of Japanese employees.
Clin. Nutr. 2017, 36, 1288–1293. [CrossRef] [PubMed]

62. Gui, B.; Chen, Q.; Hu, C.; Zhu, C.; He, G. Effects of calcitriol (1,25-dihydroxy-vitamin D3) on the inflammatory
response induced by H9N2 influenza virus infection in human lung A549 epithelial cells and in mice. Virol. J.
2017, 14, 10–20. [CrossRef] [PubMed]

63. Urashima, M.; Mezawa, H.; Noya, M.; Camargo, C.A. Jr. Effects of witamin D supplements on influenza
A illness during the 2009 H1N1 pandemic: A randomized controlled trial. Food Funct. 2014, 5, 2365–2370.
[CrossRef] [PubMed]

64. Li-Ng, M.; Aloia, J.F.; Pollack, S.; Cunha, B.A.; Mikhail, M.; Yeh, J.; Berbari, N. A randomized controlled.
trial of vitamin D3 supplementation for the prevention of symptomatic upper respiratory tract infections.
Epidemiol. Infect. 2009, 137, 1396–1404. [CrossRef] [PubMed]

65. Aloia, J.F.; Li-Ng, M. Re: Epidemic influenza and vitamin D. Epidemiol. Infect. 2007, 137. [CrossRef]
66. Lappe, J.; Watson, P.; Travers-Gustafson, D.; Recker, R.; Garland, C.; Gorham, E.; Baggerly, K.; McDonnell, S.L.

Effect of vitamin D and calcium supplementation on cancer incidence in older women: A randomized clinical
trial. JAMA Netw. 2017, 317, 1234–1243. [CrossRef] [PubMed]

67. Martineau, R.; Jolliffe, D.A.; Hooper, R.L.; Greenberg, L.; Aloi, J.F.; Bergman, P.; Dubnov-Raz, G.; Esposito, S.;
Ganmaa, D.; Ginde, A.A.; et al. Vitamin D supplementation to prevent cute respiratory tract infections:
Systematic review and meta-analysis of individual participant data. BMJ 2017, 356. [CrossRef]

68. Grant, W.B.; Boucher, B.J.; Bhattoa, H.P.; Lahore, H. Why vitamin D clinical trials should be based on
25-hydroxyvitamin D concentrations. J. Steroid Biochem. Mol. Biol. 2018, 177, 266–269. [CrossRef] [PubMed]

69. Shaman, J.; Jeon, C.Y.; Giovannucci, E.; Lipsitch, M. Shortcomings of vitamin D-based model simulations of
seasonal influenza. PLoS ONE 2011, 6, e20743. [CrossRef] [PubMed]

70. Shaman, J.; Pitzer, V.E.; Viboud, C.; Grenfell, B.T.; Lipsitch, M. Absolute humidity and the seasonal onset of
influenza in the continental United States. PLoS Biol. 2010, 8, e1000316. [CrossRef]

71. Koep, T.H.; Enders, F.T.; Pierret, C.; Ekker, S.C.; Krageschmidt, D.; Neff, K.L.; Lipsitch, M.; Shaman, J.;
Huskins, W.C. Predictors of indoor absolute humidity and estimated effects on influenza virus survival in
grade schools. BMC Infect. Dis. 2013, 13. [CrossRef] [PubMed]

72. Yang, W.; Cummings, M.J.; Bakamutumaho, B.; Kayiwa, J.; Owor, N.; Namagambo, B.; Byaruhanga, T.;
Lutwama, J.; O’Donnell, M.R.; Shaman, J. Dynamics of influenza in tropical Africa: Temperature, humidity,
and co-circulating (sub)types. Influenza Other Respir. Viruses 2018, 12, 446–456. [CrossRef] [PubMed]

73. Kroll, M.H.; Bi, C.; Garber, C.C.; Kaufman, H.W.; Liu, D.; Caston-Balderrama, A.; Zhang, K.; Clarke, N.;
Xie, M.; Reitz, R.E.; et al. Temporal relationship betwen vitamin D status and parathyroid hormone in the
United States. PLoS ONE 2015. [CrossRef] [PubMed]

74. Lee, R.U.; Won, S.H.; Hansen, C.; Crum-Cianflone, N.F. 25-hydroxyvitamin D, influenza vaccine response
and healthcare encounters among a young adult population. PLoS ONE 2018, 13, e0192479. [CrossRef]

75. Sadarangani, S.P.; Ovsyannikova, I.G.; Goergen, K.; Grill, D.E.; Poland, G.A. Vitamin D, leptin and impact
on immune response to seasonal influenza A/H1N1 vaccine in older persons. Hum. Vaccines Immunother.
2016, 12, 691–698. [CrossRef] [PubMed]

129



Int. J. Mol. Sci. 2018, 19, 2419

76. Galant, K.; Barg, E.; Kazanowska, B. Vitamin D and metabolic, autoimmunologic and neoplasm diseases.
Pediatr. Endocrinol. Diabetes Metab. 2016, 24, 31–37. [CrossRef] [PubMed]

77. Principi, N.; Marchisio, P.; Terranova, L.; Zampiero, A.; Baggi, E.; Daleno, C.; Tirelli, S.; Pelucchi, C.;
Esposito, S. Impact of vitamin D administration on immunogenicity of trivalent inactivated influenza
vaccine in previously unvaccinated children. Hum. Vaccines Immunother. 2013, 9, 969–974. [CrossRef]
[PubMed]

78. Sadarangani, S.P.; Whitaker, J.A.; Poland, G.A. “Let there be light”: The role of vitamin D in the immune
response to vaccines. Expert. Rev. Vaccines 2015, 14, 1427–1440. [CrossRef] [PubMed]

79. Chadha, M.K.; Fakih, M.; Muindi, J.; Tian, L.; Mashtare, T.; Johnson, C.S.; Trump, D. Effect of
25-hydroxyvitamin D status on serological response to influenza vaccine in prostate cancer patients. Prostate
2011, 71, 368–372. [CrossRef] [PubMed]

80. Sundaram, M.E.; Talbot, H.K.; Zhu, Y.; Griffin, M.R.; Spencer, S.; Shay, D.K.; Coleman, L.A. Vitamin D
is not associated with serologic response to influenza vaccine in adults over 50 years old. Vaccine 2013,
31, 2057–2061. [CrossRef] [PubMed]

81. Crum-Cianflone, N.F.; Won, S.; Lee, R.; Lalani, T.; Ganesan, A.; Burgess, T.; Agan, B.K. Vitamin D levels
and influenza vaccine immunogenicity among HIV-infected and HIV-uninfected adults. Vaccine 2016,
34, 5040–5046. [CrossRef] [PubMed]

82. Lin, C.J.; Martin, J.M.; Cole, K.S.; Zimmerman, R.K.; Susick, M.; Moehling, K.K.; Levine, M.Z.; Spencer, S.;
Flannery, B.; Nowalk, M.P. Are children’s vitamin D levels and BMI associated with antibody titers produced
in response to 2014-2015 influenza vaccine? Hum. Vaccines Immunother. 2017, 13, 1661–1665. [CrossRef]
[PubMed]

83. Surman, S.L.; Penkert, R.R.; Jones, B.G.; Sealy, R.E.; Hurwitz, J.L. Vitamin supplementation at the time of
immunization with a cold-adapted influenza virus vaccine corrects poor mucosal antibody responses in
mice deficient for vitamins A and D. Clin. Vaccine Immunol. 2016, 23. [CrossRef] [PubMed]

84. Wiwanitkit, V. Vitamin D and influenza vaccination. Hum. Vaccines Immunother. 2013, 9. [CrossRef] [PubMed]

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

130



 International Journal of 

Molecular Sciences

Review

The Impact of Vitamin D on the
Immunopathophysiology, Disease Activity,
and Extra-Musculoskeletal Manifestations of
Systemic Lupus Erythematosus

Anselm Mak 1,2

1 Department of Medicine, National University of Singapore, Singapore 119228, Singapore;
mdcam@nus.edu.sg

2 Division of Rheumatology, University Medicine Cluster, National University Health System,
Singapore 119228, Singapore

Received: 27 June 2018; Accepted: 8 August 2018; Published: 10 August 2018

Abstract: Over the past two decades it has been increasingly recognized that vitamin D, aside from its
crucial involvement in calcium and phosphate homeostasis and the dynamics of the musculoskeletal
system, exerts its influential impact on the immune system. The mechanistic roles that vitamin D
plays regarding immune activation for combating infection, as well as pathologically and mediating
autoimmune conditions, have been progressively unraveled. In vitro and in vivo models have
demonstrated that the action of vitamin D on various immunocytes is not unidirectional. Rather,
how vitamin D affects immunocyte functions depends on the context of the immune response, in the
way that its suppressive or stimulatory action offers physiologically appropriate and immunologically
advantageous outcomes. In this review, the relationship between various aspects of vitamin D,
starting from its adequacy in circulation to its immunological functions, as well as its autoimmune
conditions, in particular systemic lupus erythematosus (SLE), a prototype autoimmune condition
characterized by immune-complex mediated inflammation, will be discussed. Concurring with
other groups of investigators, our group found that vitamin D deficiency is highly prevalent in
patients with SLE. Furthermore, the circulating vitamin D levels appear to be correlated with
a higher disease activity of SLE as well as extra-musculoskeletal complications of SLE such as
fatigue, cardiovascular risk, and cognitive impairment.

Keywords: lupus; systemic lupus erythematosus; vitamin D; disease damage; disease activity

1. Vitamin D, Its Nature and Impact on Various Body Systems

1.1. The Physiology and Health Impact of Vitamin D

Vitamin D is one of the steroid-based vitamins that chiefly regulates the absorption of calcium
from the intestine, facilitates calcium reabsorption in the kidneys, and mobilizes calcium and
phosphate from bones by activating the osteoclasts [1,2]. Humans obtain vitamin D from two
sources, a small amount from diet, while the majority is synthesized in the epidermal layer of
the skin by converting 7-dehydrocholesterol in the epidermis to cholecalciferol (vitamin D3) via
the action of ultraviolet B between the wavelengths of 280 and 315 nm [3]. By binding to the
vitamin D-binding protein in the bloodstream, cholecalciferol is transported to the liver, where it is
hydroxylated to 25-hydroxycholecalciferol [25-(OH)D3] under the action of hepatic 25α-hydroxylase [4].
Subsequently, in the final processing step, 25-(OH)D3 is converted to 1-25α dihydroxycholecalciferol
(1,25-[OH]2D3) or calcitriol, through the action of 1α-hydroxylase in the renal cortices [4]. Unlike the
1α-hydroxylation in the liver, the 25α-hydroxylation in the kidneys is a tightly regulated process under
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the meticulous control of the parathyroid hormone (PTH) and serum calcium and phosphate levels [5].
Furthermore, as a checking mechanism to prevent the overproduction of 1,25-(OH)2D3, which can
otherwise induce hypercalcaemia and hyperphosphataemia, 1,25-(OH)2D3 is capable of stimulating
the 24α-hydroxylation of 25-(OH)D3, leading to the formation of the physiologically-inactive 24,
25-(OH)2D3 [6]. Being an active form of vitamin D, 1,25-(OH)2D3 initiates the downstream signaling
pathways with its association to the vitamin D receptors (VDR), a group of nuclear receptors that
heterodimerize with the retinoid X receptor (RXR) and bind to target DNA sequences, named the
vitamin D responsive elements (VDRE). The VDRE is situated physically and/or functionally to
the promotor region of the target genes that functions to modulate the cell growth, proliferation,
and apoptosis, amongst other physiological functions [7].

Besides maintaining calcium and phosphate homeostasis, vitamin D has been demonstrated
to diversely impact several body systems, as evidenced by the observation that its deficiency can
lead to general health issues [3,8]. For instance, a low vitamin D level has been shown to be
related to an increased prevalence of hypertension; cardiovascular disease; respiratory infections;
periodontal disease; certain malignancies including breast, colon, and prostate cancers [3,9–11];
and autoimmune conditions such as multiple sclerosis (MS), type 1 diabetes mellitus (DM),
rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) [12–14]. Such observations have led
to the postulation that vitamin D supplementation may be a favorable strategy to combat certain health
issues, apart from those related to the musculoskeletal system and calcium-phosphate homeostasis.
In fact, it is evident that adequate vitamin D levels help reduce the fall risk and the prevalence of
certain types of cancers including breast cancer [15], as well as that of autoimmune conditions, such as
RA and MS, in a dose-dependent fashion [16–18]. Besides the potential reduction in disease prevalence,
adequate vitamin D also exerts an impact on survival. A systematic review and meta-analysis revealed
that an increase in the serum 25-(OH)D3 level from 54 to 110 nmol/L was associated with an estimated
reduction of mortality by 20% in patients with vitamin-D sensitive diseases, including cardiovascular
disease, cancers, respiratory infections, DM, Alzheimer’s disease, falls, and MS [19]. In addition,
an increment of the serum vitamin D level to 105 nmol/L was shown to reduce the incidence of
cardiovascular disease and cancers, including colorectal and breast malignancy, by 15% and 30%,
respectively [3]. Nevertheless, the results of the studies addressing the potential relationship between
the amount of vitamin D intake or the vitamin D levels and the prevalence of various vitamin D-related
disease conditions should be interpreted with caution, because issues such as the difference in study
design; insufficient sample size and statistical power; heterogeneity in meta-analyses; and intangible
confounding factors, including assessment of sun exposure, skin pigmentation, drug interactions,
and alcohol use, may confound accurate interpretation.

1.2. Vitamin D and the Immune Cells

A Brief Outlook

Besides the kidneys, immune cells, including the dendritic cells (DC), macrophages, monocytes,
and lymphocytes (B and T cells), are capable of converting 25-(OH)D3 to 1,25-(OH)2D3 [20–23].
Such a local regulation of the intracellular active vitamin D level theoretically endows the immunocytes
with a higher level of vitamin D-related immune response control in the inflamed sites, and it also
directly demonstrates the important role that vitamin D contributes to the immune system. VDR is
also expressed in immunocytes, and hence, the immune-physiological effects of 1,25-(OH)2D3 in
various immunocytes can be implemented via binding with the VDR, which mediates the gene
transcription via association with the VDRE [7]. Another piece of evidence that suggests a potential
role of vitamin D in the immune system and the mediation of autoimmune diseases is that a few
well-described VDR polymorphisms, namely, ApaI, FokI, BsmI, and TaqI, were demonstrated to be
associated with the risk of the development of autoimmunity [24,25]. Nevertheless, data regarding the
mechanism as to how VDRE affects the downstream functions of immunocytes are limited. With the
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use of the chromatin precipitation technique, followed by deep sequencing datasets of VDR-binding
sites from calcitriol-treated human B cells and monocytes, the transcriptome data identified a small
set of VDR targeted genes that were upregulated [26]. The upregulated calcitriol-responsive
VDR target genes demonstrated significant relationships with leukocyte transendothelial migration,
Fcγ receptor-mediated phagocytosis, and transcriptional regulation by VDR [26], illustrating a pivotal
role of the VDR target genes in immune regulation [26]. In addition, in the FoxP3+ regulatory T cells
(Treg), 1,25-(OH)2D3-associated VDR was shown to target the VDRE, which comprises an intronic
conserved noncoding sequence region of the human FoxP3 gene, leading to the enhancement of
the FoxP3 promotor activity as well as the resultant suppressive activity of Treg, secondary to the
vitamin D treatment [27].

1.3. Action of Vitamin D in Immunocytes of the Innate Immune System

1.3.1. Dendritic Cells

Immunocytes, ranging from the DC to lymphocytes, have been shown to be influenced by
vitamin D because of their expression of VDR [7,23]. During the early differentiation stage, the DC
that was differentiated from monocytes in the presence of 1,25-(OH)2D3 remained in a tolerogenic
state, as characterized by a reduction in interleukin (IL)-12 and an increase in IL-10 production,
leading to the subsequent reduction in allogenic T-cell activation and enhanced Treg differentiation [28].
However, the effect of 1,25-(OH)2D3 on inflammatory DCs, which are differentiated and matured
inflammatory, are much less substantial [28]. While the role of vitamin D in lupus DC has not been
well investigated, being the main driver of interferon (IFN)α production and antigenic presentation,
by plasmacytoid DC and myeloid DC, respectfully, the potential role of vitamin D in lupus DC warrants
further investigation.

1.3.2. Macrophages

Unlike the unidirectional action of 1,25-(OH)2D3 in DC, 1,25-(OH)2D3 has dual effects in the
macrophages, depending on their activation status. Taking bacterial infection as an example, during the
initial phase of infection, 1,25-(OH)2D3 enhances the differentiation of monocytes to macrophages [29].
In tuberculosis infection, where the macrophage IFNγ receptors are stimulated, the resultant activation
of Cyp27Bq potentiates the conversion of 25-(OH)D3 to 1,25-(OH)2D3 by 1α-hydroxylation in the
macrophages [30]. 1,25-(OH)2D3 induces the production of IL-1β that enhances the production
of the antimicrobial cathelicidin, attempting to facilitate the clearance of the pathogens by the
macrophages [31]. At the later phase of infection, where the macrophages are sufficiently or over
activated, 1,25-(OH)2D3 acts to dampen the proinflammatory response by reducing the production
of IL-1β, IL-6, tumor necrosis factor (TNF)α, nuclear factor kappa-B ligand (RANKL), nitric oxide,
and co-oxygenase-2 (COX-2), and increasing the production of IL-10, which is an anti-inflammatory
cytokine [32,33]. While data regarding the action of vitamin D in lupus macrophages are scant,
such dual effects impacted by vitamin D on macrophages would be potentially operative in the
macrophages from patients with SLE, as lupus macrophages have also been documented to possess
dual inflammatory and anti-inflammatory properties [34,35].

1.4. Action of Vitamin D in Immune Cells of Adaptive Immune System

Upon activation, different T cell subsets, including the CD4+, CD8+, and TCRγδ+ T cells,
express VDR [36]. The subsequent T-cell activation, which involves the propagation of T-cell
receptor (TCR) signaling, has been shown to require an activation of VDR via its association with
1,25-(OH)2D3 [37]. Compared with DC and the B cells (which will be discussed in a subsequent
section), the actions of vitamin D on T cells are more complicated, because of the differential actions of
vitamin D in different well-described T cell subsets, including CD4+ (Th1, Th2, Th17, and Treg) and
CD8+ T cells. As a result, the impact of vitamin D on T cell physiology is subset-dependent.

133



Int. J. Mol. Sci. 2018, 19, 2355

1.4.1. CD4+ T cells—The Th1, Th2, Th17, and Treg Subtypes

The pathogenic role of the CD4+ Th1 T cells in mediating the pro-inflammatory response in SLE
has been well described in the literature and extensively reviewed elsewhere [38]. Although insufficient
data have yet been shown regarding how vitamin D affects the lupus CD4+ Th1 cells, the data thus far
have shown that the VDR expression in non-lupus CD4+ T cells is not as substantial as other T cell
subtypes. Nevertheless, during the initial phase of CD4+ T cell differentiation, 1,25-(OH)2D3 treatment
is capable of inhibiting the IFNγ production chiefly via the downregulation of IL-2 production in Th1
cells [39]. However, the role played by vitamin D in inflammatory response and autoimmunity appears
to be more substantial in Th2 and Th17 than in Th1 cells, partly due to the low expression of VDR in
the latter [40,41]. Th2 cells are able to suppress experimental autoimmune encephalitis (EAE), a murine
model of MS that is predominantly Th17 mediated. Upon activation by 1,25-(OH)2D3, the Th2 cells
suppress the Th17-induced inflammatory response in EAE through the transcription factor, GATA3,
and the signal transducer and activator of the transcription protein (STAT)-6 activation, although the
presence of IL-4 is essential [42]. Similar to MS, Th17 also plays a pivotal role in the pathophysiology
of RA. The culture of the peripheral blood mononuclear cells (PBMC), from RA patients with
1,25-(OH)2D3, has been shown to restore IL-4 levels and Th2 polarization [43], potentially leading to
less severe arthritis. Notably, in conditions where IL-4 is abundant, 1,25-(OH)2D3 does not appear to
increase the IL-4 production further, and suppresses other Th subtypes [43]. Collectively, these data
demonstrate the potential of the role of vitamin D in Th2 cells for the suppression of Th17-mediated
autoimmune disease via GATA3 and STAT-6 activation and IL-4 production, at least in the Th17-driven
EAE model.

The Th17 cells are increasingly recognized as playing essential roles in driving a number of autoimmune
conditions, including SLE, RA, and MS [43–45]. In a murine model of retinal autoimmunity, 1,25-(OH)2D3

was shown to inhibit Th17 activity and reduce the expression of IL-17 driven cytokines, namely IL-17 and
IL-22/23, in CD4+ memory and CCR6+ T cells [46]. Besides the inhibition of Th17 activity, 1,25-(OH)2D3

also inhibits Th17 differentiation, as evidenced by the observation that when naïve T cells were given
conditions towards Th17 polarization, the presence of 1,25-(OH)2D3 inhibits the Th17-related cytokines and
intracellular transcription factors, including RORC and CCR6 [47]. In a six-month prospective study of
20 lupus patients with vitamin D deficiency, the adequate supplementation of vitamin D (cholecalciferol)
led to reductions in the frequencies of Th1 and Th17 CD4+ T cells, while the frequency of the Treg cells
increased [48]. The SLE disease activity in these patients remained stable, without the necessity to escalate
the immunosuppressive therapy [48]. While the mechanism as to how the differentiation and activity of
Th17 are affected by 1,25-(OH)2D3 is not completely understood, current data suggest that the regulation of
IL-17A can be mediated by the binding of VDR to the IL-17A promotor region, leading to competition with
nuclear factor of activated T cells (NFAT) binding in the same promotor site, and the subsequent recruitment
of histone deacetylase (HDAC) and RUNX1, which depress the expression of the IL-17A gene [49].

One interesting phenomenon with regard to Th17 cells is their plasticity. Upon stimulation with IL-12
and TNFα, Th17 cells manifest Th1 properties by expressing Tbet and IFNγ, and these non-classic Th17 cells
appear to be more pathogenic than the classic Th17 cells in driving autoimmunity [50]. Indeed, 1,25-(OH)2D3

inhibits the proportion of non-classic Th17 cells that express IFNγ and IL-17 [50]. In our preliminary knockout
mouse study, we were able to demonstrate the plasticity between the Th1 and Th17 cells, and the superior
pathogenic potential of Th17 cells in SLE [51] (which will be discussed in a subsequent section).

Treg cells play a crucial role in dampening the proinflammatory responses in many autoimmune
conditions, including SLE, type I DM, RA, and MS [52,53]. In the EAE model, 1,25-(OH)2D3

induces the expression of FoxP3 in the lymphoid organs, which is IL-10 signaling dependent [54].
The in vitro treatment of Treg with 1,25-(OH)2D3 induces the production of the IL-10 and expressions
of co-inhibitory molecules, including PD1 and CTLA4, which dampen the excessive pro-inflammatory
T cell response [55]. Similar to the action of vitamin D in the promotor regions of the Th17 cells, VDR
binds to three VDRE regions in the non-coding sequence of the FoxP3 promotor that controls FoxP3
expression in the Treg population [56]. Furthermore, 1,25-(OH)2D3 enhances the Treg suppressive
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activity and number by inducing the indoleamine 2,3-dioxygenase (IDO) expression, and yet,
low vitamin D levels in the SLE patients dampen the Treg migratory ability [56]. Summarizing the
current data described, 1,25-(OH)2D3 furnishes the suppressive activity on the CD4+ T cells, particularly
in the Th17 and Th1 subsets that predominantly produce the pro-inflammatory IFNγ and TNFα.
In contrast, 1,25-(OH)2D3 enhances the activity of Th2 and Treg, which chiefly express IL-4 and
IL-10 as well as co-inhibitory molecules, including cytotoxic T-lymphocyte–associated antigen 4
(CTLA-4) and programmed cell death-1 (PD1), which dampen the pro-inflammatory responses.
As such, 1,25-(OH)2D3 likely possesses a strong potential to manipulate the immune system
against autoimmunity.

1.4.2. CD8+ T Cells

The exact pathophysiological function of the CD8+ T cells in SLE has not been fully characterized,
although studies have demonstrated its potential suppressive action in SLE [38]. While limited data
has been shown in lupus CD8+ T cells in relation to vitamin D, the current data have demonstrated that
CD8+ T cells express a higher VDR level than CD4+ T cells in the non-SLE setting [36]. An adoptive
transfer of VDR−/− CD8+ T cells in Rag−/− mice led to severe colitis (predominantly CD8+ T-cell
mediated), with an increase in the IFNγ and IL-17 expression in the intestine, particularly when IL-10 is
absent [57]. Upon 1,25-(OH)2D3 treatment, the number of hyperactivated CD8+ cells were substantially
reduced [57]. As for the clinical studies, 1,25-(OH)2D3 was found to inhibit CD8+ activated IFNγ and
TNFα secretion in the patients with MS. In the patients with psoriasis, which is a CD8+ dominant
T-cell mediated autoimmune condition that manifests as chronic cutaneous and joint inflammation,
topical vitamin D (calcipotriol) is one of the therapeutic options of the condition [58].

1.4.3. B Cells

B cells are pathologically important in SLE as they produce lupus-related autoantibodies and function
as antigen presenting cells (APC) [59]. The role of vitamin D that is played specifically by lupus B cells has
only been very scarcely reported. In a cross-sectional study of 32 patients with SLE, the patients with a high
B cell activation status were shown to have a lower mean 25(OH)-vitamin D levels compared to those with
a low B cell activation [60]. Nevertheless, the involvement of vitamin D in B cells regarding the physiological
control of inflammatory responses is evidenced by the knowledge that the VDR associates with VDRE in
lymphoblastoid B cell lines [61]. Thus far, the data have shown that the action of 1,25-(OH)2D3 appears to be
dual, depending on the stage of differentiation of the B cells. Studies indicated that 1,25-(OH)2D3 decreased
the proliferation of B cells and immunoglobulin (Ig) class switching, and induced apoptosis [62]. Vitamin D
inhibits B cell differentiation by interfering nuclear NF-κB translocation and CD40 co-stimulation [63]. At the
other end of the B-cell development spectrum, 1,25-(OH)2D3 stimulates the development of plasma cells
from terminally differentiated B cells, and enhances the migration of plasma cells towards inflammatory
mucosal surfaces via the induction of CCR10 receptors [64]. While vitamin D has been shown to reduce
the production of lupus-related autoantibodies, such as anti-nuclear antibody (ANA), independent of its
impact on B cell differentiation [65,66], VDR binds to the IL-10 promotor and enhances IL-10 production,
potentially alleviating autoimmunity [67]. The role that vitamin D exerts on B cells as APC is not clear,
although there is one study that demonstrated that CD86 expression was reduced on B cells primed with
1,25-(OH)2D3, reducing the potency of allogenic T cell stimulation and the subsequent T-cell mediated
inflammatory response [68].

2. Hypovitaminosis D and Its Impact on Disease Activity and Major Extra-Skeletal
Manifestations in Patients with Systemic Lupus Erythematosus

2.1. Pathology Related to T Cell Subsets in SLE—A Brief Discussion

SLE is a multi-systemic autoimmune condition characterized by immune-complex induced
inflammation as a result of the association between autoantigens and autoantibodies [59]. Upstream to
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auto-antibody formation, the SLE have been found to be substantially T-cell driven, particularly
the CD4+ subset [38]. The Th1 and Th17 CD4+ T cells are chiefly responsible for driving the
pro-inflammatory response in SLE [38]. Using a CD137 ligand (CD137L) knockout B6.MRL.lpr−/−

spontaneous murine SLE model, our group has recently demonstrated that while the CD4+Tbet+ (Th1)
subset is increased in the B6.MRL.lpr−/− mice, the absence of the co-stimulatory molecule CD137L
increases the severity of SLE via two pathways [50]. Firstly, the absence of a costimulatory function
shifts the plastic Th1 subset into the more pathogenic CD4+RoRγt+ (Th17) T cells. Secondly, the lack of
CD137L signaling leads to a reduced serum level and intracellular IL-10 expression secondary to the
significant reduction of the splenic CD11b+ population [51]. As discussed previously, as 1,25-(OH)2D3

dampens the proinflammatory response of Th17, it is theoretically possible to suppress the SLE disease
with vitamin D treatment. Indeed, at least three clinical studies have demonstrated the beneficial
effects of vitamin D in terms of the reduction in the frequency of, as well as the IL-17 expression of,
the Th17 cells [46,69,70]. Although these studies were probably not powered enough to demonstrate
the clinical improvement of SLE, further experiments with larger sample sizes will be necessary to
explore the potential clinical benefit of vitamin D supplementation in Th17 activity.

2.2. Low Vitamin D Level and SLE Disease Activity

As exposure to the UV light is one of the most potent contributors to SLE flare, clinicians frequently
advise SLE patients to minimize sunlight exposure and use sunscreen. The effect of drugs such as
glucocorticoids, calcineurin inhibitors, and anticonvulsants, as well as compromised 1α-hydroxylation of
25-(OH)D3 due to renal insufficiency, further contribute to low vitamin D in patients with SLE [71–73].

Since four decades ago, the relationship between vitamin D and SLE has been described, with the
first report published in the late 1970s, which described that 7 out of 12 paediatric SLE patients had
low serum 1, 25-(OH)2D3 levels [74]. Thereafter, a number of larger-scale case-control studies confirmed
the relationship between hypovitaminosis D and the prevalence of SLE [75–78], particularly in patients
with lupus nephritis [75]. In our recent age- and gender-matched case-control study of 61 SLE patients
and 61 healthy controls, we found that a deficiency of the total 25(OH)D3 level, as measured by liquid
chromatography-tandem mass spectrometry, was significantly more prevalent in the patient group
(19.7% vs. 3.3%, p = 0.003) [79]. Recently, a meta-analysis of 18 studies consisting of 1083 patients with
SLE and 1273 healthy controls showed that the SLE patients had a significantly lower level of vitamin D
compared with the healthy controls [76]. In addition, vitamin D deficiency was significantly more prevalent
in the SLE patients when compared with the healthy controls, with a relative risk of 2.3 (p = 0.002) [80].

To further to the observation that hypovitaminosis D is more prevalent in SLE patients,
low vitamin D levels also appear to be associated with a high disease activity of SLE [81–85].
In an observational study comprising 142 patients with 25-(OH)D3 level less than 30 ng/mL, the serum
level of 25-(OH)D3 was found to be significantly higher in those patients with low disease activity
(SLE disease activity index [SLEDAI] 1–5), and lower in those with high disease activity [81].
In addition, higher anti-dsDNA levels were found to be associated with low vitamin D levels in
SLE patients [60,83]. Furthermore, the relationship between hypovitaminosis D and the SLE disease
activity does not spare the paediatric population. In a case-control study of 35 paediatic-onset SLE
patients in Taiwan, low serum 25-(OH)D3 levels were significantly associated with active SLE disease
activity compared to patients with inactive lupus [86]. Moreover, patients with active lupus nephritis
had a significantly lower 25-(OH)D3 level compared with those without nephritis [86].

3. Vitamin D and Its Major Extra-Musculoskeletal Impacts

3.1. Cardiovascular Risk and Its Biomarkers

The patients with low vitamin D levels or with a vitamin D deficiency were found to have a high
prevalence of cardiovascular risk factors such as dyslipidaemia [87], hypertension [88], fasting glucose
and insulin resistance [89], metabolic syndrome [90], positive antiphospholipid antibodies [87],
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and a high increased hsCRP level [91]. In a prospective study of 890 patients with SLE in a large
international inception cohort, multiple logistic regression analyses revealed that patients at the high
quantiles of 25-(OH)D were less likely to possess cardiovascular risk factors, including hypertension
and hyperlipidaemia, while a non-significant trend of reduction of the hazard ratio of cardiovascular
events was noted across successively higher quantiles of 25-(OH)D levels [88].

Recently, biophysical markers of cardiovascular disease such as carotid plaques, carotid intima-media
thickness, endothelium-dependent dilation, and arterial stiffness have emerged as potential biomarkers of
cardiovascular disease [92]. A few studies have addressed the potential relationship between hypovitaminosis D
and the unfavorable alterations of these biophysical cardiovascular risk markers. By measuring the total plaque
area (TPA) with the use of carotid ultrasound in a matched case-control study, the 25-(OH)D level was inversely
associated with age-adjusted TPA [93]. In addition, a logistic regression model consisting of ACE inhibitor
non-use, the 25-(OH)D level and LDL-c levels had a diagnostic accuracy of 84% in predicting the accelerated
atherosclerosis [93]. Again, because of the difference in research methodology, the patient characteristics and
the operator-dependent nature of the measurement of biophysical markers, not all of these studies detected
a significant relationship between vitamin D deficiency and the presence cardiovascular risk factor [94].

3.2. Fatigue and Sleep

Fatigue is very prevalent in patients with SLE. Up to 80% of patients with SLE report symptoms
of fatigue during their disease course [95]. Fatigue in SLE patients has been found to be related to low
serum vitamin D levels [95–99]. A cross-sectional study of 90 patients with SLE found that those with
vitamin D deficiency (25-(OH)D3 ≤10 ng/mL) reported higher fatigue scores that those with adequate
vitamin D levels [100]. In an observational study of 60 patients who took vitamin D3, an inverse
relationship between the 25-(OH)3 level and fatigue score was identified [101]. Apart from fatigue,
the vitamin D level was found to be related to sleep quality in the patients with SLE [102]. With the use
of the Pittsburgh Sleep Quality Index, a retrospective study of 60 SLE patients revealed a significant
relationship between a low serum vitamin D level and poor sleep quality [102].

3.3. Cognitive Impairment

While the association between cognitive impairment and low vitamin D has been extensively reported
in the general population, especially amongst the elderly, the relationship between cognition and vitamin D
in SLE has been scarcely reported. In our recent age- and gender-matched case-control study of 122 subjects,
we found that the 25(OH)D3 level was significantly lower in the patients with SLE compared with that of
healthy individuals [79]. Specifically, the deficiency of 25(OH)D3 was associated with a poorer subclinical
cognitive function in terms of the total throughput score with the use of the Automated Neuropsychological
Assessment Matrix, even after adjusting for age, education, duration of SLE, cumulative steroid dose,
SLE disease activity, and SLE-related damaged and anxiety level in patients with SLE [79].

4. Vitamin D Supplementation in SLE

Over the past 10 years or so, a few studies have been designed to study the effect of vitamin D
supplementation in patients with SLE [7,101,103–105]. While some studies demonstrated a reduction
of SLE disease activity with vitamin D supplementation coupled with reduction in autoantibody
levels [106,107], some did not [100,105]. For instance, in a recently published randomized control
trial of vitamin D supplementation (50,000 U weekly for three weeks, then monthly for three months,
versus placebo) in 90 patients with SLE, no change was detected in SLE disease activity between the
two groups, using the SLEDAI [108]. In one of the largest single-arm prospective observational studies
of 1006 patients with SLE with a low 25-(OH)D level (<40 ng/mL) who received vitamin D2 treatment
(50,000 units weekly), a 20-unit increase in serum 25-(OH)D level was shown to be associated with
a mean reduction of 0.22 points in the SLEDAI scale, corresponding to a reduction of 21% in the
odds of active SLE with SLEDAI ≥5 [109]. In the most updated meta-analysis of the three studies,
which involved 233 patients in the vitamin D treatment group and 128 in the placebo group, vitamin D
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supplementation was found to be significantly associated with a reduction in anti-dsDNA positivity
(p = 0.005), without statistically significant heterogeneity amongst the studies [110]. Furthermore,
the vitamin D supplement led to a reduction in fatigue [98,104], decrease in the Th1/Th17 and memory
B cells that would otherwise enhance lupus-related inflammation, and increase in Treg cells that
dampen lupus-related proinflammatory response [48,104]. While the presence of the type 1-IFN
signature has recently been implicated in active SLE, vitamin D supplementation however failed
to demonstrate a significant change in the IFN signature after 12-weeks of treatment [105]. As for
cardiovascular risk, cholecalciferol supplementation in the patients deficient of vitamin D appears to
improve the endothelial function, and calcitriol enhances the endothelial nitric oxide expression in
human endothelial cells [111]. Nevertheless, at the time of writing of this review, there is yet to be
any published study that demonstrates the clinical benefit of vitamin D supplementation in reducing
cardiovascular events and mortality in SLE patients.

5. Conclusions

Besides its important involvement in calcium and phosphate homeostasis and the dynamics of the
musculoskeletal system, vitamin D has an influential impact on the immune system. Current data have shown
that while vitamin D generally suppresses the proinflammatory properties of APC, Th1 and Th17 CD4+ T
cells, and B cells, it enhances the anti-inflammatory characteristics of Treg and Th2 cells in many autoimmune
conditions. While how vitamin D impacts SLE immunocytes needs to be answered by further research,
the potentially relevant effects of vitamin D in individual immunocytes, and their cross-talks in the settling
of lupus has been proposed (Figure 1). The heightened prevalence of extra-musculoskeletal complications,
such as cardiovascular risk, fatigue, sleep disturbance, and cognitive impairment, highlights the potential of
vitamin D supplementation as an adjunct therapeutic option for patients with SLE. Although not all clinical
trials demonstrated clinically significant benefits of vitamin D supplementation in patients with SLE, in terms
of an improvement of SLE disease activity and its associated complications, the theoretical clinical advantage
of an adequate vitamin D level, the positive signals detected in various meta-analyses, and the favorable
tolerability of vitamin D supplementation in nearly all of these clinical trials warrant sufficient vitamin D
intake, supplementation, and monitoring in all patients with SLE in current clinical practice.

Figure 1. Potential mechanisms of how 1,25-(OH)2D3 interacts with the environment and immune
cells in mediating the clinical manifestations of systemic lupus erythematosus (SLE).
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Abstract: In conjunction with the classical functions of regulating intestinal, bone, and kidney calcium
and phosphorus absorption, as well as bone mineralization of vitamin D, the population-based
association between low vitamin D status and increased cancer risk is now generally accepted.
Inflammation is causally related to oncogenesis. It is widely thought that vitamin D plays an important
role in the modulation of the inflammation system by regulating the production of inflammatory
cytokines and immune cells, which are crucial for the pathogenesis of many immune-related diseases.
Mechanistic studies have shown that vitamin D influences inflammatory processes involved in cancer
progression, including cytokines, prostaglandins, MAP kinase phosphatase 5 (MKP5), the nuclear
factor kappa B (NF-κB) pathway, and immune cells. Multiple studies have shown that vitamin D has
the potential to inhibit tumor development by interfering with the inflammation system. The present
review summarizes recent studies of the mechanisms of vitamin D on regulating the inflammation
system, which contributes to its potential for cancer prevention and therapy. This review helps
answer whether inflammation mediates a causal relationship between vitamin D and tumorigenesis.

Keywords: vitamin D; inflammation; tumorigenesis; cytokines; immune cells

1. Introduction

Vitamin D is a fat-soluble steroid derivative, which plays an important role in calcium homeostasis
and bone metabolism through its actions in intestine, bone, kidney, and the parathyroid glands [1–3].
Moreover, preclinical and clinical studies strongly suggest that vitamin D deficiency increases the risk
of developing multiple malignancies. Inflammation is appropriately added as one of the 10 hallmarks
of cancer [4]. Cytokines and immune cells in the inflammatory microenvironment essentially serve
as direct growth and migratory factors for cancer cells [5,6]. Studies have shown that tissues with
chronic inflammation generally exhibit high cancer incidence [7–9]. Vitamin D can modulate the innate
and adaptive immune responses. Studies of tumor cells revealed that vitamin D exerts important
regulatory effects on some of the key molecular pathways involved in inflammation. Studies have
shown the role of vitamin D in the inflammatory microenvironment, but the evidence linking vitamin
D and immune response in the context of cancer is still scarce. In the current review, we aim to provide
an overview of anti-inflammatory actions and vitamin D in tumorigenesis; the results suggest the
beneficial effects of vitamin D supplementation in decreasing the risk and adverse outcomes of cancer,
although the precise effect remains to be elucidated in large clinical trials.
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2. Vitamin D and Epidemiology

Epidemiological data showed that vitamin D deficiency is significantly associated with high
risk of multiple tumors and poor prognosis [10–13]. Garland et al. first determined that low levels
of calcitriol may be associated with high incidence of colorectal cancer [14]. This hypothesis was
subsequently verified in a large number of meta-analyses, including breast, prostate, colon, lung, and
other cancers [15]. The results showed that high serum 25(OH)D levels are negatively correlated with
the incidence or mortality of multiple cancers [16]. A meta-analysis of 17,332 cancer patients indicated
that a 10 nmol/L increase in the blood 25(OH)D level confers a 4% reduction in overall mortality
of cancer patients and high vitamin D levels are significantly associated with tumor prognostic
indicators [17]. In a large case-cohort study within a Japan Public Health Center-based prospective
study, the results showed that higher vitamin D concentrations are associated with lower risk of total
cancer. These findings support the hypothesis that vitamin D has protective effects against cancer [18].

The correlation between vitamin D and the risk of gastrointestinal cancer were mostly reported.
Gorham et al. found that daily intake of vitamin D above 1000 IU reduces the risk of colorectal cancer
by about 50% for people who receive less than 100 IU daily vitamin D intake [19]. Ma et al. found that
high-dose vitamin D intake and high levels of serum 25(OH)D reduce the risk of colorectal cancer by
12% and 33%, respectively [20]. The vitamin D intake of the respondents was estimated by the Health
Professionals Follow-Up Study and the Nurses’ Health Study based on 120,000 men and women,
including 365 confirmed cases of pancreatic cancer, during a 16-year follow-up. The results of the
study showed that respondents who consumed more vitamin D in their diet had a lower incidence of
pancreatic cancer than those with a lower vitamin D intake [21]. Biochemical evidence clearly indicated
that hepatic carcinoma cells are responsive to the inhibitory effect of vitamin D. Severe 25(OH)D
deficiency identifies a poor prognosis in patients with hepatocellular carcinoma [22].

Vitamin D has also been implicated in the development and progression of other cancers [23].
Several studies suggested that decreased serum levels of 25(OH)D are correlated with increased risk of
prostate cancer (PCa) [24]. Studies have shown that, for a 20 ng/mL increase in serum 25(OH)D levels,
the risk of breast cancer is reduced by 26%, suggesting that the risk of breast cancer is significantly
reduced with the increase in serum vitamin D levels [25]. Kim et al. performed a meta-analysis of
vitamin D intake, serum 25(OH)D concentrations, and the incidence and prognosis of breast cancer.
A dose-response analysis of 13 studies showed that every 100 IU/day increase in vitamin D intake
decreases the incidence of breast cancer by 2% [26].

3. Vitamin D and Metabolism

Vitamin D3 (D3) is the main form of vitamin D in the human body, which can be either synthesized
from 7-dehydrocholesterol when skin is exposed to ultraviolet-B (UVB) light or obtained from the
diet (Figure 1). In the liver, vitamin D is metabolized by vitamin D 25-hydroxylase (Cytochrome P450
2R1, CYP2R1) and sterol 27-hydroxylase (Cytochrome P450 27A1, CYP27A1) to 25(OH)D, which is
the major circulating form of vitamin D in serum. 25(OH)D is further metabolized by 25(OH)D
1α-hydroxylase (Cytochrome P450 27R1, CYP27B1) in the mitochondria of the kidney epithelial cells
to 1,25-dihydroxy vitamin D3 (1,25(OH)2D3), also known as calcitriol [27]. In some cancers, such as
parathyroid carcinomas, the expression levels and activity of CYP27B1 in the cancer cells are lower
than in normal cells [28]. Hsu et al. compared CYP27B1 activity in samples from normal prostate
epithelial cells, cancer-derived prostate epithelial cells, PCa cells lines, and samples of benign prostatic
hyperplasia. CYP27B1 expression is significantly reduced in the benign prostatic hyperplasia cells
and is reduced further in the cancer-derived cells and cell lines. Decreased expression of CYP27B1 is
correlated with a decrease in growth inhibition in response to 25(OH)D [29]. In order to maintain the
homeostasis of the organism, especially regarding the levels of calcium and phosphate, the enzyme
1,25 dihydroxyvitamin D3 24 hydroxylase (Cytochrome P450 24R1, CYP24R1) plays a key role in
converting calcitriol to biologically inactive metabolites [30]. Hobaus et al. found that 77 (60%)
out of 127 colorectal tumors show increased CYP24A1 gene copy-number and that more than six
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copies of CYP24A1 are positively correlated with CYP24A1 mRNA expression suggestive of a causal
relationship [31]. Albertson et al. proved that the amplification of the CYP24A1 gene in human breast
tumors and analysis of the datasets from The Cancer Genome Atlas confirms that a subset of human
breast cancers (10–13%) exhibit alterations in the CYP24 gene, with the most frequent changes being
amplifications and up-regulation at the mRNA level [32]. Borkowski et al. found that high CYP24A1
expression is significantly correlated with poor patient outcome in multiple lung cancer cohorts [33].
Better understanding the regulation of vitamin D hydroxylases in tumorigenesis may provide targeting
strategies in the future.

Figure 1. Vitamin metabolism. Vitamin D is synthesized by UVB radiation in the epidermis of
skin or obtained from diet, hydroxylated to form 25(OH)D by CYP2R1 and CYP27A1 in liver,
further metabolized by CYP27B1 in kidney to 1,25(OH)2D3 (calcitriol), and binds to the vitamin
D receptor (VDR) which then heterodimerizes with retinoid X receptor (RXR). The 1,25(OH)2D3-VDR-
RXR complex binds to promoter regions (VDREs) of vitamin D-responsive genes to modulate
gene expression.

Calcitriol attaches to a member of the ligand-activated transcription factor steroid hormone
receptor superfamily, known as the VDR, which displays a typical domain structure of a nuclear
receptor with a highly conserved DNA-binding region and ligand-binding domain. Binding between
the ligand-binding domain and calcitriol (or its analogs) induces heterodimerization of VDR and the
RXR to form the calcitriol-VDR-RXR complex, binding the complex to vitamin D response elements
(VDREs) in multiple regulatory regions, located at promoters and distal sites of target genes, which,
along with the recruitment of co-modulators, plays an important role in regulating cell proliferation and
differentiation [34,35]. The presence of the VDR in tumor cells is a prerequisite for the antineoplastic
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effects of calcitriol. The cell growth evaluated by MTT assay is greatly increased in CYP24-induced
and VDR-diminished cells than non-responding cells by 25(OH)D3 activity (p < 0.01). In addition,
23 cases of low VDR expression have a poorer prognosis than 19 cases of high VDR expression [36].
Lopes et al. investigated the immunohistochemical expression of the VDR in situ in a range of benign
lesions and carcinomas of the mammary gland. The percentage of positive cases for the VDR is higher
in benign lesions than in invasive tumors (93.5% and 56.2%, respectively) [37].

4. Vitamin D and Inflammation

In the context of cancer, the role of the immune system is not straightforward. Interactions
can occur between cancer cells and host immune cells in the tumor microenvironment to create an
immunosuppressive network that promotes tumor growth and protects the tumor from immune
attack [38]. Population-based studies, as well as molecular studies, have demonstrated that
vitamin D is implicated in many immune-related diseases, such as asthma, atherosclerosis, type
2 diabetes, and autoimmune diseases [39,40]. Recent studies indicated that a persistent inflammatory
microenvironment can induce tumor production [41–46]. In the course of the development of the
tumor, some immune cells often change from the “protector” of self-organizations to the “accomplice”
of tumor cells, and nourish the cancer [47]. By mediating complex pathways, the tumor inflammatory
microenvironment induces the expression of a variety of pro-inflammatory cytokines, promotes
angiogenesis and tumor growth, invasion and metastasis, and accelerates the development of
tumors [48–51]. Several mechanisms for how vitamin D affects inflammatory microenvironment
in cancers have been explored, including regulating the interaction between immune and tumor
cells to regulate the levels of cytokines, inhibiting NF-κB signaling pathway, up-regulating MKP5,
and inhibiting the prostaglandins pathway and immune cells (macrophages, DCs, B cells, and T
cells) [52,53] (Figure 2). Non-steroidal anti-inflammatory drugs (NSAIDs) are generally used to relieve
acute pain and treat chronic inflammation, such as arthritis, among which the most commonly used are
aspirin, ibuprofen, and piroxicam. A recent study has confirmed that NSAIDs have a certain degree of
anti-tumor effect, which further confirms the close relationship between inflammation and cancer [54].
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Figure 2. The effects of vitamin D of inflammation in tumorigenesis. These include the following. (1)
Regulate the levels of cytokines including IL-6, IL-8, IL-17A, IL-10 and TGF-β; (2) inhibit NF-κB signaling
pathway; (3) up-regulate the expression of MAP kinase phosphatase 5; (4) inhibit the prostaglandins
pathway via reducing PG receptors (EPs), decreasing COX-2 expression and increasing 15-PGDH
expression; (5) inhibit the immune cells via VDR including macrophages, DCs, B cells and T cells.
Upward arrows indicate activation, downward arrows indicate inhibition.

4.1. Vitamin D and Cytokines

Cytokines produced in the inflammatory microenvironment have been correlated with cancer
pathogenesis. Several cytokines are found to be higher in the blood of colorectal cancer patients than
in healthy controls [55]. By microarray-based methods, Powell et al. found that several cytokine genes
(IL-1β, IL-6, IL-8, and TGF-β1) are over-expressed in PCa patients compared to European American
men [56]. Interestingly, studies revealed that vitamin D exerts critical regulatory effects on some
cytokines’ effects on natural and acquired immunity. Barrat et al. found that vitamin D leads to
enhanced IL-10 gene expression and inhibition of the Th1- and Th2-specific transcription factors [57].
Dauletbaev et al. demonstrated that high concentrations of 25(OH)D3, 1,25(OH)2D3 and the synthetic
analogue paricalcitol moderately down-regulate IL-8 in hyperinflammatory macrophages from cystic
fibrosis patients [58].

IL-6 is a pro-inflammatory cytokine with pro-tumorigenic capacity and is a crucial key effector in
PCa and colorectal cancer progression [59]. For example, IL-6 up-regulates Mcl-1 gene transcription
through p38-MAPK and JAK-STAT pathways, inhibiting tumor necrosis factor-relatedapoptosis
inducing ligand (TRAIL)-induced tumor cells apoptosis [60]. The results showed that IL-6, as the effect
factor of COX-2, can promote angiogenesis and tumor growth [61]. Cathcart et al. demonstrated that
IL-6 down-regulates p53 protein levels and results in a concomitant increase in MMP-14 expression,
leading to enhanced cancer cell invasion and metastasis [62]. Several reports have shown that vitamin
D may influence the regulation of IL-6 synthesis. 25(OH)D pretreatment inhibits both UV- and tumor
necrosis factor alpha (TNF-α)-stimulated IL-6 production in normal cells via p38 MAPK inhibition,
demonstrating its significant anti-inflammatory effects in cancer cells [63].

IL-8 has been found to be an important angiogenic factor. It can promote the initiation, migration,
and invasion of tumors by promoting the proliferation of neoplastic cells and expression of MMP-2
and MMP-9, increasing collagenase activity and inhibiting tumor cell apoptosis [64,65]. In the study by
Singh et al., IL-8 activity was observed to play a crucial role in breast cancer, being regulated by HER-2
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positive cancers through chemokine receptor 1/2 (CXCR1/2) ligands. The IL-8 levels influence breast
cancer stem cell activity by enhancing or down-regulating tumorigenesis [66]. Bao et. al found that
calcitriol affects the stability of IL-8 mRNA through the ATTTA motif in the 3′-flankingregion or other
post-transcriptional regulations, thereby delaying PCa cell-induced human umbilical vein endothelial
cell migration and tube formation [67]. Another study in colon cancer cells showed that calcitriol
reduces the production of IL-8, and the anti-inflammatory effect is associated with depression of IL-8
production due to increased release of the soluble form CD14 (sCD14) depending on ERK1/2 [68].

IL-10 is an important anti-inflammatory cytokine due to its effects in down-regulating Th1
cytokine (IL-2 and IFN-γ) and Th2 cytokine (TNF-α, IL-6, and IL-8) production, and its potential to
promote resolution of inflammation [69,70]. IL-10 normally plays an important role in controlling
the development of chronic inflammatory processes and its absence results in chronic inflammatory
responses (particularly in the gut), which are probably induced by normal enteric antigens [71].
IL-10 could inhibit the production of pro-inflammatory cytokines, which in turn stimulates tumor
growth [72]. In a mouse model of colitis anti-CTLA-4, treatment induces IL-10+ Tregs that express the
cell surface receptor inducible co-stimulator ligand (ICOS) with potent indoleamine 2,3 dioxygenase
(IDO)-dependent anti-inflammatory properties [73]. These observations are particularly interesting
as expression of ICOS is an immunologic marker correlated with clinical responses in PCa patients,
who receive anti-CTLA-4 therapy [74]. It has been observed that the expression of TLR9 by human
adaptive IL-10-Treg populations is regulated by calcitriol [75,76].

TGF-β promotes tumor invasiveness through MMP-2, MMP-9, MT-MMP1 and urokinase-like
plasminogen activator is up-regulated in both pancreatic ductal adenocarcinoma and
hepatocarcinoma [77]. TGF-β1 induces integrin αvβ3 expression and the enhanced expression
of αvβ3 potentiates TGF-β1-induced responses, which enhance epithelial-mesenchymal transition
(EMT) in mammary epithelial cells in lung fibroblasts [78]. Artaza et al. found that vitamin D suppress
TGF-β-mediated fibrosis through modulating multiple pro-fibrotic proteins, for instance, lowering
collagen I and III expression and raising expression levels of MMP-8 in mesenchymal multipotent
cells [79].

4.2. Vitamin D and Prostaglandins

Prostaglandins (PGs) are pro-inflammatory molecules that bind to specific receptors and play
a key role in mediating a series of cellular activities, such as cell proliferation, differentiation, and
apoptosis, and promote tumorigenesis and cancer growth [80–84]. PG-related metabolic enzymes and
EPs in the inflammatory microenvironment suggests that PGs are closely related to the occurrence and
development of these tumors [85].

PGs mediate different signal transduction pathways through the interaction with EPs [86]. More
importantly, the interactions between prostaglandin E2 (PGE2) and EP2 can produce positive feedback
signals to increase TNF-α, IL-6, CXCL1, and COX-2 levels of neutrophils and tumor-associated
fibroblasts [87], thereby promoting tumorigenesis by amplifying inflammation and shaping the
inflammatory microenvironment [88,89]. Bazzani et al. indicated PGE2 induces epidermal growth
factor receptor (EGFR) nuclear translocation and growth through the release of EGFR ligands in
lung adenocarcinoma cells [90]. Moreno et al. further confirmed the mechanisms of suppressing
the biological activity of PGs by vitamin D. Calcitriol decreases the mRNA expression of the PGE2,
inhibits the oncogene COX-2, and induces the expression of the putative tumor suppressor 15-PGDH in
prostate cells, suggesting that calcitriol may play an important role in the chemoprevention of PCa [91].

COX-2 is a key enzyme in the synthesis of PGs. Clinical trials and epidemiological studies
have suggested that COX-2 is involved in tumorigenesis and its inhibition can reduce the risk of
cancer [92–94]. Studies have shown that COX-2 can up-regulate the expression of vascular endothelial
growth factor, such as VEGF-D (lymphangiogenic factor) and VEGFR-3 (VEGF-D receptor), which
promote tumor angiogenesis in inflammatory mammary carcinomas [95]. High expression of COX-2
in lung adenocarcinoma cells has also been found to activate tyrosine kinase receptor activity and
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induce over-expression of the VEGF-C gene, which in turn promotes tumor angiogenesis [96]. COX-2
over-expression in tumor cells also stimulates production of VEGF-A, which causes blood vascular
endothelial cell migration and tube formation [97]. On the other hand, over-expression of COX-2 has a
significant inhibitory effect on the apoptosis of tumor cells. Recent studies have shown that COX-2 can
inhibit the apoptosis of tumor cells by activating the Bcl2 gene pathway. The selective COX-2 inhibitor
NS-398 can significantly inhibit the function of tumor cells to secrete PGE2 and maintain the cells in G1
phase [98,99]. In PCa cells, calcitriol reduces the expression levels of COX-2 [100]. Moreno et al. found
that calcitriol abolishes c-fos induction and growth stimulation by arachidonic acid, which reflects
the effect of calcitriol in decreasing endogenous synthesis of PGs due to COX-2 suppression in PCa
cells [91]. In addition, calcitriol interferes with the COX-2/PGE2 pathway, inhibits the activity levels of
the phosphorylation of ERK and ERα, then downregulates the expression of CYP1B1, consequently
inhibiting the proliferation of breast cancer cells [101].

15-hydroxyprostaglandin dehydrogenase (15-PGDH) is an antagonist of COX-2 and exerts
a strong inhibitory effect on the development of cancer [102,103]. Yan et al. suggested that
the TGF-β-mediated induction of 15-PGDH and crosstalk between the TGF-β and prostaglandin
pathways may represent a significant additional effector of TGF-β-mediated suppression of cancer
in the gastrointestinal tract [104]. Studies have shown that the absence or reduction of 15-PGDH
promotes the development of tumors in breast cancer, medullary thyroid carcinoma, PCa, and bladder
cancer [105–108], thus supporting a tumor-suppressor role for 15-PGDH in cancer. Several studies
highlighted the calcitriol-mediated suppression of the oncogene COX-2, an increase in the expression of
the putative tumor suppressor 15-PGDH in prostate cells, a decrease in the levels of biologically active
PGs, thereby reducing the development of cancer [91]. The up-regulation of the IGFBP-3 gene has been
shown to be crucial in calcitriol-mediated inhibition of LNCaP cell growth. Calcitriol regulation of
androgen-responsive genes, as well as genes involved in androgen catabolism, suggests that there are
interactions between calcitriol and androgen signaling pathways in LNCaP cells [109].

In conclusion, vitamin D inhibits the synthesis and biological actions of pro-inflammatory
PGs by three mechanisms: reducing PG receptors, decreasing COX-2 expression, and increasing
15-PGDH expression.

4.3. Vitamin D and MAP Kinase Phosphatase 5

MKP5 is another novel calcitriol-responsive gene. MKP5 preferentially binds and inhibits
the activation of p38 MAPK, which is a family of serine/threonine-directed kinases classified
as stress-activated kinases. A consequence of p38 activation is an increase in the production of
pro-inflammatory cytokines that sustain and amplify the inflammatory response [110,111]. Calcitriol
up-regulates MKP5 expression, leading to subsequent inhibition of the production of pro-inflammatory
cytokines, such as IL-6, by interfering with the signaling of pleiotropic inflammatory cytokines, such
as TNFα, supporting a role for calcitriol in the prevention and/or early treatment of PCa [63].

4.4. Vitamin D and Nuclear Factor Kappa B Signal Pathway

NF-κB transcription factor is a heterodimer consisting of p50 and p65. It binds to its inhibitory
protein inhibitor of NF-κB (IκB) and exists as an inactive hetero-oligomer in the cytoplasm. NF-κB is
vital for the regulation of genes that control various responses in eukaryotic cells [112]. Studies revealed
that calcitriol inhibits inflammatory responses by modulating the NF-κB signal pathway. Calcitriol
inhibits lipopolysaccharide (LPS)-induced p38 phosphorylation and TNF-α and IL-6 production
through increased binding of the VDR and histone H4 acetylation at the identified VDRS of the murine
and human MKP1 promoters [63,113]. Calcitriol can also increase IκB levels by increasing mRNA
stability and decreasing its phosphorylation, thereby reducing the nuclear translocation of NF-κB [114].
Calcitriol suppresses activation of the p65 subunit of the NF-κB complex in colon cancer cells, thereby
preventing binding of NF-κB to DNA [115,116]. Thus, calcitriol may serve as an effective inhibitor for
cancer via suppression of the NF-κB signal pathway.
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4.5. Vitamin D and Immune Cells

As the VDR is expressed on immune cells (B cells, T cells, and antigen presenting cells, such as
macrophages and DCs), vitamin D could modulate the innate and adaptive immune response [117].
There is increasing epidemiologic evidence linking vitamin D deficiency and autoimmune diseases,
including multiple sclerosis (MS), rheumatoid arthritis (RA), diabetes mellitus (DM), inflammatory
bowel disease, and systemic lupus erythematosus (SLE) [118–120]. At present, the role of vitamin D in
reducing inflammation-dependent carcinogenesis via regulating immune cells is not straight forward,
but it is generally recognized that the interactions occurring between tumor and host immune cells
in the tumor microenvironment could promote tumor growth and protect the tumor from immune
attack. We addressed several mechanisms, through which vitamin D affects different immune cells.

The relationships between B cells and vitamin D have been less intensively studied, but current
research suggests that vitamin D can be used as a modulator of allergic immune responses by affecting
B cells. Chen et al. found that it inhibits the ongoing proliferation of activated B cells and induces their
apoptosis by up-regulating the expression of p27, whereas initial cell division is unimpeded. These
results indicate that calcitriol may play an important role in the maintenance of B cell homeostasis [121].
Vitamin D deficiency impairs rituximab-mediated cellular cytotoxicity and the outcome of patients
with diffuse large B cells lymphoma [122].

A large variety of immune cells express the VDR. Notably, expression of VDR increases on T
cells upon antigenic stimulation. Jeffery et al. observed that stimulation of CD4+ CD25− T cells in the
presence of calcitriol inhibits production of pro-inflammatory cytokines, including IFN-γ, IL-17, and
IL-21, induced high levels of CTLA-4 and FoxP3, but does not substantially affect T cell division [123].
T-cell cytokines also control vitamin D metabolism in macrophages. For example, IFN-γ, a Th1
cytokine, up-regulates the macrophage CYP27B1, leading to enhanced bioconversion of 25(OH)D3

to its active metabolite-calcitriol. In contrast, the Th2 cytokine IL-4 induces catabolism of 25(OH)D3

to the inactive metabolite 24,25(OH)2D3 [124]. Sheikh et al. observed that the stimulation of CD4+

T cells with vitamin D suppresses proliferation capacity; enhanced the expression of PD1, PD-L1,
and CTLA-4 inhibitory markers on CD4+ T cells; and diminished the percentage of pro-inflammatory
cytokines, including IFN-γ, IL-17, and IL-22, except IL-4 in CD4+ T cells [125]. Conditional targeting
experiments showed that VDR function in T cells is necessary. Neither calcitriol nor T-cell-specific
VDR targeting influences CD4+ Foxp3+ T-cell proportions in the periphery or the central nervous
system (CNS) [126]. Palmer et al. suggested that vitamin D deficiency may promote autoimmunity by
favoring the inordinate production of Th17 and Th9 cells at the expense of regulatory IL-10-producing T
cells [127]. Calcitriol suppresses the inflammatory infiltrates and inhibits the expression of P65, RORγt,
and IL-17 in the spleen tissues of model mice [128]. These results suggest a potential mechanism,
through which vitamin D metabolism links the T-cell-mediated immune responses to the adaptive
immune responses.

The innate immune system interacts with vitamin D in several interesting ways. First, the primary
role of macrophages is to engulf and kill bacteria. Toll-like receptors (TLRs) activation of human
macrophages up-regulates expression of the VDR and the vitamin CYP27B1 genes, leading to induction
of the antimicrobial peptide cathelicidin and killing of intracellular Mycobacterium tuberculosis [129].
Chen et al. found a novel regulatory mechanism for vitamin D to control innate immunity: calcitriol
promotes negative feedback regulation of TLR signaling via targeting microRNA-155-SOCS1 in
macrophages [130]. Moreover, calcitriol or its analogs have been shown to initiate the differentiation of
myeloid progenitors into macrophages, and to reduce MCP-1 and IL-6 expression via inhibiting the
activation of NF-κB in macrophages [131]. Helming et al. found that calcitriol can selectively suppress
the key effector functions of IFN-γ-activated macrophages. The deactivation of IFN-γ-stimulated
macrophages is dependent on a functional VDR and calcitriol acts specifically on IFN-γ-activated
macrophages, whereas the steroid has no effects on resting macrophages [132].

Dendritic cells (DCs) are the most potent antigen-presenting cells. DCs modulate T cell
development and they can be not only immunogenic but also tolerogenic, both intrathymically and
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in the periphery [133]. A number of studies demonstrated that calcitriol inhibits the differentiation,
maturation, and immunostimulatory capacity of human DCs. Studies have consistently reported that
in vitro treatment of DCs with VDR agonists leads to down-regulated expression of the costimulatory
molecules CD40, CD80, and CD86, and to decreased IL-12 and enhanced IL-10 production, resulting
in decreased T cells activation [134,135]. Szeles et al. found that monocyte-derived DCs are able
to turn on calcitriol sensitive genes in the early phases of differentiation if the precursor is present.
Their data collectively suggest that exogenously- or endogenously-generated calcitriol autonomously
regulates a large set of its targets not via inhibition of differentiation and maturation, leading to the
previously characterized tolerogenic state [136]. Takeda et al. observed a significant increase in Foxp3
(+) regulatory T cells and a decrease in CD80+CD86+DCs in the mesenteric lymph nodes, spleen, and
atherosclerotic lesions in oral calcitriol-treated mice in association with increased IL-10 and decreased
IL-12 mRNA expression. CD11c+ DCs from the calcitriol group showed reduce proliferative activity of
T lymphocytes, suggesting the suppression of DC maturation [137]. Cytokines secreted by vitamin
D-treated DCs are significantly more potent in driving differentiation of IL-22-producing T cells, as
compared to secreted cytokines of not-vitamin D-treated DCs [138].

5. Conclusions

A large number of epidemiological surveys have shown that vitamin D deficiency is related to
the high incidence of many types of tumors. Experimental data have also confirmed that vitamin D
can inhibit the occurrence and metastasis of tumors through many different processes. Among the
above, factors related to the inflammatory microenvironment are attracting considerable attention.
The treatment of tumor inflammatory microenvironment components as a new target can overcome
the limitations of many current traditional treatment methods. Although multiple molecular pathways
of vitamin D action in cancer cells have been identified, these pathways provide a mechanistic basis for
its potential efficacy via anti-inflammatory actions in cancer. The mechanism of vitamin D in inhibiting
tumors by affecting the tumor microenvironment needs to be further explored and studied. Vitamin
D and its analogues as anti-cancer drug candidates still need additional prospective intervention
experiments to provide direct evidence.
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Abstract: In our previous study, calcitriol and its analogs PRI-2191 and PRI-2205 stimulated 4T1
mouse mammary gland cancer metastasis. Therefore, we aimed to analyze the inflammatory response
in 4T1-bearing mice treated with these compounds. Gene expression analysis of the splenocytes
and regional lymph nodes demonstrated prevalence of the T helper lymphocytes (Th2) response
with an increased activity of regulatory T (Treg) lymphocytes in mice treated with these compounds.
We also observed an increased number of mature granulocytes and B lymphocytes and a decreased
number of TCD4+, TCD4+CD25+, and TCD8+, as well as natural killer (NK) CD335+, cells in the blood
of mice treated with calcitriol and its analogs. Among the splenocytes, we observed a significant
decrease in NK CD335+ cells and an increase in TCD8+ cells. Calcitriol and its analogs decreased the
levels of interleukin (IL)-1β and IL-10 and increased the level of interferon gamma (IFN-γ) in the
plasma. In the tumor tissue, they caused an increase in the level of IL-10. Gene expression analysis of
lung tissue demonstrated an increased level of osteopontin (Spp1) and transforming growth factor β
(TGF-β) mRNA. The expression of Spp1 was also elevated in lymph nodes. Calcitriol and its analogs
caused prevalence of tumor-conducive changes in the immune system of 4T1 tumor-bearing mice,
despite the induction of some tumor-disadvantageous effects.

Keywords: calcitriol; vitamin D analogs; breast cancer; metastasis; immunosuppression; osteopontin;
TGF-β

1. Introduction

Metastasis is a complex and multistage process of primary malignant tumor cells spreading to the
secondary organs. To invade the surrounding stroma and disrupt the vascular endothelium, tumor
cells initially acquire an invasive phenotype. Within the blood stream, the tumor cells must survive and
evade physical damage, as well as evade attacks from the immune system [1,2]. Moreover, malignant
cells interact with various stromal host cells at primary and secondary tumor locations. Prolonged
inflammation is generally accepted as a potentiating factor in the progression of primary tumor and in
metastasis [3–6].

Calcitriol, (1,25-dihydroxyvitamin D3; 1,25(OH)2D3), is a hormonally active vitamin D3 metabolite
and an essential factor in maintaining the normal functioning of the immune system [7]. This is because
of the fact that almost all immune cells express vitamin D receptor (VDR) and calcitriol is able to
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modulate its functions [8]. For example, the Vdr mRNA is expressed in subsets of the T helper
lymphocytes (Th). Although Th1 or naïve T cells express low levels of Vdr, in differentiated Th17 and
Th2 cells, and to a lesser extent in regulatory T (Treg) cells, the expression of Vdr has been found to
be increased [9]. In addition, cells of the immune system with the 1-hydroxylase enzyme encoded
by CYP27B1 can generate calcitriol independently, regardless of the normal CYP27B1 regulation in
kidney via parathormone (PTH) [10,11]. Although many of the studies have focused on analyzing the
effect of vitamin D on the immune system using in vitro and in vivo methods, there are only a few
reports on the effect of vitamin D on the immune system during progression and metastasis of solid
tumors. It is important to investigate the effects of vitamin D on immune response in solid tumors
in the light of the evidence that calcitriol shows an immunosuppressive effect, which is conflicting
with the expected properties of an effective anticancer agent in the case of solid tumors [12]. Therefore,
researchers are proposing the selection of clinical indications in which systemic immunomodulatory
effects of calcitriol could be minimized during treatment with vitamin D and its analogs, for example,
in case of superficial bladder cancer [12]. Intravesicular combined treatment of bladder cancer with
bacillus Calmette–Guerin (BCG) and calcitriol improved the therapeutic efficacy of the anticancer
immunotherapeutic agent, increasing the production of interleukin (IL)-8, thereby enhancing the innate
immune cell recruitment [13]. However, Guo et al., using the model of hepatocellular carcinoma, have
shown that by increasing the cyclin dependent kinase inhibitor p27kip1, calcitriol reduces the secretion of
pro-inflammatory cytokines and consequently inhibits signal transducer and activator of transcription
3 (STAT3) signaling activation, which eventually suppresses tumor development in mice [14]. Recently,
in the model of the 4T1 mouse mammary gland cancer transplanted subcutaneously, Cao et al. have
shown, that vitamin D stimulated the growth of primary tumors and decreased survival time of mice.
The authors correlated this unfavorable effect with decreased Th1 response and increased recruitment
of myeloid-derived suppressor cells [15].

Calcitriol, as well as other VDR agonists, are well-known inducers of apoptosis and cell cycle
arrest and are inhibitors of metastatic invasion of breast cancer cells, as determined by in vitro methods.
Despite the expression of VDR in breast cancer cells, vitamin D deficiency is very common in patients
with breast cancer. Some authors suggest that a “correction of vitamin D deficiency or provision of
supplemental vitamin D in women living with breast cancer would be predicted to delay recurrence
and extend survival” [16–18].

The vitamin D deficiency may promote breast cancer metastasis [19]. Furthermore, the
antimetastatic effect of VDR agonists in immune-deficient mice has been previously observed [18].
These findings motivated us to evaluate the antimetastatic activity of calcitriol and its analogs using
the 4T1 mouse mammary gland cancer model transplanted orthotopically into immunocompetent
mice. Using this model, we performed a series of experiments and reported that calcitriol and
its low-toxic analogs PRI-2191 [20] and PRI-2205 [21] stimulated metastasis in 4T1 tumor-bearing
mice [22]. The increased metastatic potential of 4T1 cells was accompanied with increased perfusion
of blood in tumor tissue. During our previous aforementioned investigations, one of the cytokines,
the transforming growth factor-β (TGF-β), was found to be significantly elevated in the plasma of mice
treated with vitamin D and its analogs [22]. Therefore, in this study, we aimed to analyze the general
inflammatory response of the 4T1 tumor-bearing mice treated with calcitriol, PRI-2191, and PRI-2205 to
evaluate the role of immunosuppression as one of the mechanisms of pro-metastatic action of vitamin
D and its analogs.

2. Results

2.1. Phenotypical Analyses of Cells Harvested from Blood

Phenotype of Peripheral Blood Lymphocytes

After treatment with calcitriol and its analogs, the CD4+ T lymphocytes were found to be increased
on days 14 and 21 (on day 14, p < 0.05 for calcitriol; p = 0.0539 for PRI-2191). However, further treatment
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with study compounds caused a significant decrease in the population of CD4+ cells (Figure 1d).
We further analyzed the subpopulation of the regulatory T cells (Tregs; CD25+). Beginning from day 21,
the percentage of CD25+ cells was found to be decreased in mice treated with calcitriol and its analogs
(p < 0.05 on days 21 and 28 for PRI-2191 and PRI-2205 or only for PRI-2205, respectively) (Figure 1e).

After treatment with the study compounds, we observed a significant decrease in the percentage
of natural killer (NK) cells on day 21 and of T CD8+ cells on day 28 (Figure 1c,f).

On day 14, calcitriol (but not its analogs) significantly decreased the percentage of B cells.
All compounds tended to increase the percentage of CD19+ cells on days 21, 28, and 33 (p < 0.05
on day 28 for both analogs and on day 33 for PRI-2205) (Figure 1b).

The blood morphological analysis is presented in the Supplementary Material (Figures S1 and S2).

Figure 1. The phenotypes of peripheral blood lymphocytes in mice bearing 4T1 mammary gland tumors
and treated with calcitriol, PRI-2191, and PRI-2205. (a) T lymphocytes CD3e+; (b) B lymphocytes CD19+;
(c) natural killer (NK) cells CD335+; (d) TCD4+ lymphocytes; (e) TCD4+CD25+ lymphocytes; (f) TCD8+

lymphocytes; (g) representative dot plots of selected analysis performed on day 28. Data for calcitriol
are shown as an example. The number of samples analyzed were 5–7 per group. Data were analyzed
using the FACS Diva software. Data are presented as mean ± SD. Statistical analysis: Kruskal–Wallis
multiple comparison test. * p < 0.05.
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2.2. Characteristics of Spleen Lymphocytes

2.2.1. Phenotype RT2 Profiler PCR Array (“Mouse T Helper Cell Differentiation”) Analysis of Gene
Expression

Calcitriol and its analogs significantly modified the expression of genes in splenocytes in our
studies. Therefore, we decided to describe only those genes that were upregulated more than 10 times
or that were downregulated more than 5 times (Figure 2a).

Figure 2. The gene expression profile in isolated mononuclear splenocytes from 4T1 tumor-bearing
mice treated with calcitriol and its analogs. (a) Heat maps presenting mean relative quantification (RQ)
values from duplicates. The genes were grouped according to the analysis provided by manufacturer:
cytokines and receptors, transcription factors, T helper lymphocytes (Th1) and Th2 subtype markers,
and epigenetically regulated genes: conventional versus regulatory T cells, inducible and natural
regulatory T cells, Th1, Th2, and Th17 cells. Values outside the scale are marked in black. Detailed data
can be found in the Table S1. Fold-change (RQ) of target cDNA was determined using ΔΔCt analysis
with reference to beta-actin (Actb) and beta-2 microglobulin (B2m) and adjusted to the values obtained
for the vehicle treated control mice for each treatment group; (b) the expression of vitamin D receptor
(Vdr) and osteopontin (Spp1) mRNA levels (day 28). Fold-change (RQ) of target genes was determined
using ΔΔCt analysis compared to beta-2 microglobulin (B2m) and adjusted to the values obtained for
the vehicle treated control mice for each treatment group. Data presentation: mean with standard error
of mean. Number of samples analyzed was 2–3 per group. Statistical analysis: Kruskal–Wallis multiple
comparison test. * p < 0.05.
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On day 21, expression of the following genes was found to be upregulated: genes related to
Th1, such as colony stimulating factor 2 (granulocyte-macrophage) (Csf2) and interleukin 2 (Il2);
and those related to Th2 cells, such as chemokine (C-C motif) ligand 7 (Ccl7), Ccl11, prostaglandin
D2 receptor 2 (Ptgdr2), Il13, Il4, Il5, and Il9. Expression of the genes related to Treg cells was also
found to be upregulated on day 21: homeobox A3 (Hoxa3) and reticuloendotheliosis oncogene, NF-κB
subunit (Rel). On day 21, the following Th17-related genes were also upregulated (but not as much
as the aforementioned genes): interleukin 17a (Il17a), interleukin 17 receptor E (Il17re), interleukin
1 receptor type 1 (Il1r1), Il21, RAR-related orphan receptor alpha (Rora), and RAR-related orphan
receptor gamma (Rorc).

On the 28th day of the experiment, the interferon regulatory factors 4 and 8 (Irf4 and Irf8), both
related to Treg cells, were the most downregulated genes.

The following groups of genes were upregulated on day 21 and were downregulated on day 28,
related to Th1 cells: interleukin 12b (Il12b), interleukin 12 receptor, beta 2 (Il12rb2), tumor necrosis
factor (Tnf ); related to Th2 cells: ankyrin repeat and SOCS box containing 2 (Asb2); and related to
Treg cells: nuclear receptor subfamily 4 group A members 1 and 3 (Nr4a1 and Nr4a3), transforming
growth factor β (TGF-β)-induced factor homeobox 1 (Tgif1) (Figure 2a). On day 21, the expression of
Foxp3 mRNA was found to be upregulated by calcitriol (~3-fold), PRI-2191 (~9-fold), and PRI-2205
(~2-fold), whereas on day 28, calcitriol or its analogs did not change the expression of Foxp3 (Figure 2a).
Table S1 lists all fold change values.

2.2.2. Vdr and Spp1 mRNA Level in Splenocytes

Calcitriol downregulated and PRI-2205 upregulated the expression of Vdr. However, there were
no statistically significant changes (Figure 2b).

2.2.3. Phenotype of Spleen Lymphocytes

From day 14 to 33, PRI-2205 decreased the percentage of T lymphocytes. Calcitriol, and especially
PRI-2191, tended to increase the percentage of these cells (Figure 3a). Among the T lymphocytes,
the percentage of CD4+ cells was found to be decreased on day 21 after treatment (Figure 3d). Calcitriol
and PRI-2205 decreased the percentage of CD4+CD25+ cells significantly on day 33 (Figure 3e).
All tested compounds decreased the percentage of NK CD335+, which was found to be greater
on days 28 and 33 (Figure 3c). A significant increase in CD8+ cells was observed in mice treated with
all compounds, especially on day 28 (Figure 3f).

2.3. Cytokine Analysis in 4T1 Tumor-Bearing Mice Treated with Calcitriol, PRI-2191, and PRI-2205

2.3.1. Cytokine Arrays Analysis of Plasma and Supernatants from Lipopolysaccharide (LPS)- or
Concanavalin A (ConA)-Stimulated Splenocytes

Plasma cytokines or cytokines secreted into the culture medium by stimulated splenocytes were
screened. Spleens were harvested from healthy mice (indicated as D0) and from tumor-bearing mice
on days 7, 21, and 33 after transplantation with cancer cells (D7).

On day 21, almost all cytokines were found to be downregulated in plasma by calcitriol and its
analogs. However, on day 33, some of the cytokines were found to be upregulated, such as eotaxin,
IL-1α, IL-10, IL-13, IL-12p70, IL-23, monocyte chemotactic protein 5 (MCP-5), macrophage-induced
gene (MIG), and macrophage inflammatory protein (MIP)-1α (Figure 4a and Table S2A–E).

Calcitriol and its analogs modulated the levels of cytokines secreted from LPS-stimulated
splenocytes. On day 21, granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage
(GM)-CSF, IL-4, IL-6, and IL-10 were found to be increased by calcitriol and its analogs, whereas on
day 33, their level was found to be decreased as compared with control tumor-bearing mice. However,
IL-2 was found to be decreased on both days 21 and 33 by calcitriol and its analogs (Figure 4b and
Table S3A–E).
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In ConA-stimulated splenocytes (day 21), calcitriol and its analogs stimulated the secretion
of GM-CSF, soluble intercellular adhesion molecule-1 (sICAM-1), IFN-γ, IL-1α and β, IL-3, IL-4,
IL-7, IL-17, IL-27, macrophage (M)-CSF, stromal cell-derived factor 1 (SDF-1), tissue inhibitor of
metalloproteinases (TIMP)-1, tumor necrosis factor (TNFα), and triggering receptor expressed on
myeloid cells (TREM)-1 into the culture media. The secretion of IL-12p70, MIP-1β, and MIP-2 was
downregulated by all study compounds, whereas other cytokines remain unchanged. On day 33,
almost all cytokines were found to be decreased in ConA-stimulated splenocytes in case of mice treated
with calcitriol and its analogs (Figure 4b and Table S4A–E).

Figure 3. Spleen lymphocyte phenotypes in mice bearing 4T1 mammary gland tumors treated with
calcitriol, PRI-2191, and PRI-2205. (a) T lymphocytes CD3e+; (b) B lymphocytes CD19+; (c) NK
cells CD335+; (d) TCD4+ lymphocytes; (e) TCD4+CD25+ lymphocytes; (f) TCD8+ lymphocytes;
(g) representative dot plots of selected analysis performed on day 28. Data for calcitriol are shown
as an example. Number of samples analyzed was six per group with the following exception: D0 = 2
and D7 = 3. Data were analyzed using the FACS Diva software. Data are presented as mean ± SD.
Statistical analysis: Kruskal–Wallis multiple comparison test. * p < 0.05.
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Figure 4. Analysis of cytokine arrays of plasma or supernatants from lipopolysaccharide
(LPS)-/Concanavalin A (ConA)-stimulated splenocytes and expression of selected cytokines in tumor
tissue. (a,e) Plasma; (b–d) supernatants obtained from spleen cells stimulated with LPS and ConA;
(f) tumor tissue lysates. (a,b)—samples analyzed with proteome profiler array. Samples from three
randomly selected mice were pooled in each tested group. Data are presented as fold change as
compared with healthy (D0) mice samples; (c,d) supernatants obtained from spleen cells (harvested on
days 14 and 28) stimulated with (c) LPS and (d) ConA; (e) plasma from mice harvested on days 14 or
21 and 28 or 33; (f) tumors harvested on days 21 and 33, homogenized and lysed. (c–f) samples were
analyzed with ELISA tests. Number of samples analyzed were 2–6 per group. Data are presented as
mean ± SD and individual sample results. Statistical analysis: Kruskal–Wallis multiple comparison
test. * p < 0.05. OPN—osteopontin; IFN-γ—interferon gamma; IL—interleukin; CXCL-1—chemokine
(C–X–C motif) ligand 1; G-CSF—granulocyte-colony stimulating factor; GM—granulocyte-macrophage;
sICAM-1—soluble intercellular adhesion molecule-1; M-CSF—macrophage colony-stimulating factor;
MCP-5—monocyte chemotactic protein 5; MIG—macrophage-induced gene; MIP—macrophage
inflammatory protein; SDF-1—stromal cell-derived factor 1; TIMP-1—stromal cell-derived factor 1;
TNF—tumor necrosis factor; TREM—triggering receptor expressed on myeloid cells.
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2.3.2. Plasma Levels of Selected Cytokines Measured by ELISA Test

The plasma concentration of IL-1β was found to be decreased by calcitriol and its analogs,
especially by PRI-2191 (p < 0.05 on day 28). The plasma concentration of IL-10 in control mice was
found to be elevated from a non-detectable level on day 21 to a detectable level on day 33 in three
out of five mice. All study compounds tended to decrease the level of IL-10 on day 33 (p < 0.05
for PRI-2191-treated mice), whereas both analogs tended to increase its level on day 21 (Figure 4e).
On days 21 and 28, IL-2 and IL-4 were found to be undetectable in almost all mice with the exception
of control animals on day 28 (IL-2) and day 21 (IL-4). Calcitriol and its analogs did not significantly
affect the plasma level of IFN-γ and IL-6 (Figure S3C).

2.3.3. Levels of Selected Cytokines in Supernatants from Stimulated Splenocytes

LPS- or ConA-stimulated splenocytes produced low level of TGF-β (Figure S3). CXCL-1
chemokine secretion was inhibited by calcitriol and its analogs in LPS- and ConA-stimulated
splenocytes (Figure 4c,d). The level of OPN in the supernatants was found to be decreased by calcitriol
and its analogs (both in LPS- and ConA-stimulated splenocytes harvested from mice on day 14).
On day 28, only calcitriol tended to decrease the level of osteopontin (OPN), but both analogs tended to
increase its level (Figure 4c,d). IL-1β secretion was found to be decreased in LPS- and ConA-stimulated
splenocytes collected on day 14 (p < 0.05), whereas in mice with more advanced tumors (day 28),
the secretion of IL-1β did not change in mice treated with calcitriol or PRI-2205 as compared with
control mice, but was found to be increased by PRI-2191 (Figure 4d and Figure S3A). IL-2 and IL-4
were not found to be significantly affected by calcitriol and its analogs (Figure S3A,B). The level of IL-6
from LPS-stimulated splenocytes remained unchanged by PRI-2191 and PRI-2205; however, calcitriol
decreased its level on day 14 (p < 0.05). Calcitriol showed a similar tendency of decreasing the level of
IL-6 on day 14 after ConA stimulation (Figure 4c and Figure S3B). On day 14, the level of IL-10 was
found to be decreased by calcitriol and its analogs (p < 0.05 for PRI-2191 ConA stimulation). On day
28, PRI-2191 significantly increased the secretion of this cytokine in ConA-stimulated splenocytes
(Figure 4d and Figure S3A). In ConA-stimulated splenocytes, IFN-γ secretion diminished in mice
treated with calcitriol and its analog, especially on day 14, but in LPS-stimulated splenocytes, the same
tendency was observed on day 28 (Figure 4c,d).

2.4. Immunological Response in Lymph Nodes during 4T1 Tumor Progression in Mice Treated with Calcitriol,
PRI-2191, and PRI-2205

RT2 Profiler PCR Array (“Mouse T Helper Cell Differentiation”) Analysis of Gene Expression

Calcitriol and its analogs upregulated the expression of some genes in lymph nodes, such as genes
related to Th2 cells by two- to eight-fold: ankyrin repeat and SOCS box containing 2 (Asb2), chemokine
(C-C motif) ligand 7 (Ccl7), CCAAT/enhancer binding protein (C/EBP), beta (Cebpb), Il13, and Il4.
The expression of the following genes related to Treg cells was also elevated: calcium voltage-gated
channel subunit alpha1 F (Cacna1f ), FOS like 1 (Fosl), GATA binding protein 4 (Gata4), urotensin 2
(Uts2), and zinc finger E-box binding homeobox 1 (Zeb1). An approximately two-fold increase in the
expression of Foxp3 was also observed.

On day 14, we identified some of the genes that were downregulated by calcitriol and its analogs.
The following genes related to Th1 cells were downregulated: tumor necrosis factor (Tnf ) and T-box 21
(Tbx21), and those related to Treg cells, such as nuclear receptor subfamily 4 group A member 3 (Nr4a3).
Moreover, a single gene, chemokine (C–C motif) receptor 3 (Ccr3), was found to be downregulated
only on day 28 (related to Th2). On days 14 and 28, a single gene, Il17a, was found to be downregulated
by calcitriol and its analogs (related to Th17). Hoxa10, Csf2, and Il9 were found to be downregulated
on day 14 and upregulated on day 28 (Figure 5a). Table S5 shows all fold change values.
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Figure 5. The gene expression in regional lymph nodes from 4T1 tumor bearing mice treated with
calcitriol and its analogs. (a) Heat maps presenting mean relative quantification (RQ) values from
duplicates. The genes were grouped according to the analysis provided by the manufacturer: cytokines
and receptors, transcription factors, Th1 and Th2 subtype markers, and epigenetically regulated genes:
conventional versus regulatory T cells, inducible and natural regulatory T cells, Th1, Th2, and Th17
cells. Lymph node specimens were collected on the days 21 and 28 (after inoculation with 4T1 cells).
Fold-change (RQ) of target cDNA was determined using ΔΔCt analysis with reference to actin, beta
(Actb), and beta-2 microglobulin (B2m) and adjusted to the values obtained for the vehicle treated
control mice for each treatment group; (b) the expression of vitamin D receptor (Vdr) and osteopontin
(Spp1) mRNA levels (day 28). Data presentation: mean with standard error of mean. Fold-change (RQ)
of target genes was determined using ΔΔCt method compared with beta-2 microglobulin (B2m) and
adjusted to the values obtained for the vehicle treated control mice for each treatment group. Number
of samples analyzed were 4–6 per group. Statistical analysis: Kruskal–Wallis multiple comparison test.
* p < 0.05.
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2.5. Vitamin D Receptor (Vdr) and Osteopontin (Spp1) mRNA Levels in Lymph Nodes

We found a statistically significant increase of Vdr in mice treated with all the study compounds.
PRI-2191 and PRI-2205 significantly increased the level of Spp1 in lymph nodes. Calcitriol showed
a similar tendency, but the increase was not significant (Figure 5b).

2.6. Immune Response of Tumor and Lung Tissue from 4T1 Mammary Gland Tumor-Bearing Mice Treated with
Calcitriol, PRI-2191, and PRI-2205

2.6.1. Level of Selected Cytokines in Tumor Tissue

Calcitriol (day 21) and PRI-2191 (day 33) significantly increased the level of INF-γ (Figure 4f).
All study compounds decreased the level of IL-1β on day 28, but only PRI-2191 decreased its level
significantly (Figure S4a). IL-5 and IL-6 were not found to be affected significantly by the study
compounds (Figure S4b,c). However, on day 21, IL-10 was found to be significantly elevated by
calcitriol and its analogs (Figure 4g).

2.6.2. Gene Expression Profile in Lung Tissue

Calcitriol and its analogs upregulated the expression of the following genes on day 14 and
downregulated their expression on day 28: angiopoietin 1 (Angpt1), vascular endothelial growth
factor receptor 1 (Flt1), transforming growth factor β1 (Tgfb1), connective tissue growth factor
(Ctgf ), vascular endothelial growth factor A (Vegfa), and platelet-derived growth factor α (Pdgfa)
(Figure 6a). Calcitriol and PRI-2191 showed a similar profile in the regulation of gene expression
for most of the analyzed mRNAs. PRI-2205 also showed a similar tendency, but not as clear as the
other two compounds. The expression of some genes differed from the above mentioned pattern.
For example, upregulation of the following mRNA levels was observed on both days of analysis
(day 14 and 28): cystatin F (leukocystatin; Cst7), glucose phosphate isomerase (Gpi), and secreted
phosphoprotein 1 (osteopontin (OPN), Spp1). Moreover, only calcitriol upregulated neurofibromin
2 (merlin; Nf2) and TIMP metallopeptidase inhibitor 2 (Timp2), whereas only PRI-2205 upregulated
methionyl aminopeptidase 2 (Metap2) expression (Figure 6a and Table S6).

We performed a real-time PCR analysis of Spp1 and Tgfb in samples of lung tissue. The expression
of Spp1 and Tgfb was found to be significantly upregulated on day 28 by study compounds (Figure 6b).
On day 14, calcitriol decreased the expression of Spp1, whereas PRI-2205 increased the expression of
Tgfb1 (Figure 6b).

2.6.3. Granulocytes Lung Tissue Infiltration

Granulocytes were found to infiltrate the lung tissue of 4T1-tumor bearing mice. Figure 6c shows
a photograph of a lung tissue with an evident metastatic lesion (higher magnification of the tissue
from control mice: Figure 6e(i)). On the border of the metastatic foci, the nuclei of the cancer cells have
been marked with red arrows and the nuclei of the granulocytes with yellow arrows. Regardless of the
treatment, infiltration of granulocytes was similar in mice in all groups (Figure 6d,e).
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Figure 6. Changes in mRNA expression and granulocyte infiltration in lung from mice treated with
calcitriol and its analogs. (a) Screening of genes correlated with tumor invasion and metastasis using
real-time PCR; (b) real-time PCR analysis of two selected genes; (c–e) lung infiltration by granulocytes:
(c) representative picture of lung tissue with metastatic focus (magnification of 400×, scale bar 50 μm)
infiltrated by granulocytes. On the margin of tumor tissue: red arrows—nuclei of tumor cells, yellow
arrows—nuclei of granulocytes; (d) scoring of granulocytes infiltration in lung tissue; (e) representative
pictures of lung tissue sections (magnification of 200×, scale bar 100 μm): (i) control, (ii) calcitriol,
(iii) PRI-2191, and (iv) PRI-2205. Number of mice evaluated were 3–7 per group. Data presentation:
(a) heat maps presenting mean relative quantification (RQ) values from duplicates. Fold-change (RQ) of
target cDNA was determined by calculating the differences in ΔΔCT values with reference to ribosomal
protein L13A (Rpl13a) and adjusted to the values obtained for the untreated mice (named D0) for
each treatment group; (b,d) mean ± SD. Statistical analysis: Kruskal–Wallis multiple comparison test,
* p < 0.05.

3. Discussion

The hormonally active form of vitamin D3 is known to regulate calcium and phosphorus
homeostasis. However, it might also cause toxicity because of the application of potentially active,
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hyper-physiological doses in cancer treatment, which motivated the researchers to synthesize new
analogs, with a split calcemic and antiproliferative activity [23]. One of such compounds synthesized
is the vitamin D3 metabolite, (24R)-1,24-dihydroxyvitamin D3 (tacalcitol, 1,24(OH)2D3, PRI-2191). It is
well documented that PRI-2191 inhibits cancer cell proliferation by inducing the differentiation of
epidermal mouse and human keratinocytes in the case of psoriasis, and leukemic cells in the case of
acute myeloid leukemia [24,25]. PRI-2191 also binds to the VDR with an affinity greater than or similar
to that of calcitriol, but shows weaker induction of calcemia than that of calcitriol [20,26]. The analogs
of vitamin D with a reversed (5E,7E) geometry of the triene system have been previously reported by
our team [21,27] and by another group [28] to show the enhanced antitumor activity as compared with
the natural (5Z,7E) vitamin D compounds. An example of such analog is the PRI-2205, deprived of
calcemic activity [21]. The mechanism of action of PRI-2191 in cancer cells has been shown to be similar
to calcitriol and is related to the induction of cancer cell differentiation, for example, by increasing the
expression of E-cadherin in colon cancer cells [26,29]. However, the mechanism of action of PRI-2205
seems to be different; it induces apoptosis in leukemic cells [21] and enhances the antitumor and
antimetastatic activity of 5-fluorouracil (5-FU) and capecitabine in colon cancer in vivo via mechanisms
that are not related to the process of cell differentiation [29]. In our previous study, PRI-2205, similar to
calcitriol and PRI-2191, induced metastatic spread of the 4T1 mammary gland cancer transplanted
orthotopically (the number of metastases increased by 58%, 50%, and 54% over control, respectively,
on day 33, Table S7) [22], but the activity of PRI-2205 toward immune response presented herein seems
to be different in some aspects. Therefore, in the subsequent paragraphs, we commonly discuss the
results obtained for calcitriol, PRI-2191, and PRI-2205, only when the direction of their activity is the
same, without analysis of different results for PRI-2205.

According to the literature, calcitriol and its analogs slow down the growth of human [30–32] or
mouse [32,33] breast cancer. Moreover, a vitamin D-deficient diet accelerated tumor growth [19] and
bone metastasis [34] of transplanted mouse MMTV-Wnt1 or human MDA-MB-231 breast cancer cells,
respectively. However, the exogenous 25-hydroxyvitamin D (25(OH)D) delays spontaneous mammary
gland neoplasia [35]. In our previous studies using the model of human and mouse colon cancer,
we observed that PRI-2191, when used with 5-fluorouracil, decreased primary tumor growth and
the number of lymph node metastases [26,29]. Furthermore, we have previously observed decreased
tumor growth in the lung A549 xenograft when PRI-2191 was combined with cytostatic and tyrosine
kinases inhibitors [36,37]. However, the cancer cells used in the aforementioned studies, such as
MDA-MB-231 [34], MCF-7 [32], MMTV-PyMT [35], MMTV-Wnt1 [19], and HT-29 [26], were sensitive
to the direct action of vitamin D and/or immune deficient models were used [26,34,36,37]. Although
4T1 cells express VDR, they are not sensitive to calcitriol in vitro nor in vivo; cell proliferation and
primary tumor growth was not affected upon the treatment [22]. Zhang et al. reported contrasting
results compared with ours using the same experimental model (4T1); they reported a reduction in the
number of lung metastases in 4T1-tumor bearing mice after treatment with calcitriol [38]. On the other
hand, Cao et al., using 4T1 cells transplantated subcutaneously (s.c.), report on stimulation of primary
tumor growth and reduced survival of mice upon vitamin D treatment. It seems that such divergent
observations may be the result of a different scheme of the experiment. For example, Zhang et al.
administered calcitriol intraperitoneally one day prior to the inoculation of cancer cells. In case of
our study or the one conducted by Cao et al., administration of calcitriol was started 7 or 17 days,
respectively, after mice inoculation with the 4T1 cells. However, similar to our results, Zhang et al. also
did not notice any significant influence of calcitriol on in situ tumor growth. In our previous studies,
we have shown that PRI-2205 did not affect the growth of the primary tumor. However, it increased
the number of lung metastases in the 4T1 model, whereas in combination with cyclophosphamide,
it significantly increased its anti-cancer properties [39].

Based on our research and the results of other aforementioned studies, we can conclude that it
is important to study the effect of calcitriol and its analogs, not only in mice bearing cancers that are
sensitive to direct action of these compounds, but also in non-sensitive tumors, where the influence of
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these compounds may play an important role on the entire host organism, including tumor stroma and
the immune system. Interestingly, the modulating role of calcitriol and its analogs may play different
roles at different stages of tumor progression. Thus, we can assume that the use of calcitriol or its
analogs before tumor implantation [38] or after the administration of immunosuppressive cytostatic
cyclophosphamide [39]—therefore, in the body in which the inflammatory process accompanying
the development of 4T1 did not start or was suppressed—will have a different effect than the
results reported here. The results of this study have shown that calcitriol and its analogs stimulated
inflammatory response (increased mRNA level of acute phase proteins in the liver, Figure S5), which
is characteristic during the progression of 4T1 tumor [40]. In addition, 4T1 tumor development is
accompanied by gradually progressing leukocytosis correlated with splenomegalia [40,41]. Calcitriol
and its analogs increased the percentage of lymphocytes and monocytes, whereas they decreased
the percentage of granulocytes (Figure S1). This encouraged us to conduct further analysis with
respect to the immune modulation in 4T1 tumor-bearing mice after the administration of calcitriol and
its analogs.

To evaluate the local and whole body immune response in 4T1 tumor-bearing mice after
administration of calcitriol and its analogs, we performed the selected mRNA profiling of splenocytes
and regional lymph nodes, as well as cytokine arrays of plasma and ex vivo-stimulated splenocytes.
The most upregulated genes by calcitriol and its analogs were the typical ones or those related to
Th2 and Treg cells. It is known that these cells are engaged in tumor-conducive immunosuppressive
response [42]. In particular, in splenocytes and/or lymph nodes, we have observed an increased
expression of mRNA of Th2 signature cytokines [43], such as Il4, Il5, Il9, or Il13. However, in splenocytes
alone, calcitriol increased the level of Tnf, Il12b, and Il12rb2 at an early stage of tumor progression
and decreased their levels during the advanced phase of the experiment. Moreover, calcitriol stably
increased the expression of Il2 in splenocytes. The Treg development from naïve periphery CD4+

T lymphocytes (pTreg) is triggered by the combination of cytokines, namely IL-2 and TGF-β (in
addition to the antigen stimulation), but signaling of both cytokines is important in pTreg, as well
as thymus derived Treg (tTreg), differentiation [44]. In the splenocytes, this activity of calcitriol and
its analogs lead to the upregulation of Rel, an important gene in Treg differentiation. It is one of the
subunits of NF-kB, and it has been shown to be essential in the differentiation and activation of Treg,
as well as during cancer progression [45]. In addition, it has been demonstrated that c-Rel (protein
encoded by Rel) is responsible for the development of tTreg cells, but not for peripherally induced
pTregs [46,47]. Other transcription factors responsible for the development of tTregs are members
of the NR4a family [44]. Interestingly, our results have shown that mRNA levels of both Nr4a1 and
Nr4a3 were increased in spleen during the early stage of tumor progression and were decreased during
advanced stages. These transcription factors are known as strong inducers of Foxp3 [48]. In our studies,
the expression of Foxp3 was found to be elevated (up to 8-fold) in splenocytes from mice treated
with calcitriol and its analogs, but only during the early stage of tumor growth (day 21). On day 28,
the expression level of Foxp3 was found to be similar to control tumor-bearing mice. Interestingly,
transient increase in the levels of Il12b and Il12rb2 in splenocytes from mice treated with calcitriol
and its analogs can contribute to the lack of effect on the Foxp3 expression level during the later stage
of tumor progression. The IL-12, with its receptors, can participate in the conversion of Tregs into
the Th1-like cells, as well as in maintaining Th1/Th2 hybrids. This process is known as the T cells
plasticity [49,50]. However, the metastatic dissemination process in 4T1 tumor-bearing mice started
about 1–2 weeks after the transplantation of tumor cells [41] and immunosuppressive cells can promote
metastasis during all stages of metastatic cascade [51]. As it has been proven, cancer immunoediting
is a dynamic process (consisting of the following phases: elimination, equilibrium, and escape) and
during particular stages of carcinogenesis, the immune system can either destroy or promote tumor
growth [52]. Therefore, different response of the immune cells to calcitriol and its analogs at the
beginning and at the end of the experiment may be a reflection of the influence of growing tumors (not
inhibited by the treatment) altering the inflammatory response.
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Previous studies have revealed that the secretion of IFN-γ and IL-2 by T cells decreases during
exposure to calcitriol, whereas the production of IL-4, IL-5, and IL-10 increases, thereby resulting
in a shift toward Th2 cells’ response [53–55]. Although our gene profiling studies clearly indicated
the shift in the immune response toward tumor promotion, mainly at earlier stages of the tumor
progression, the cytokine profile in plasma have shown the downregulation of almost all cytokines
by calcitriol and its analogs. However, on day 21, the stimulated splenocytes from mice treated with
calcitriol and its analogs produced higher levels of cytokines. On day 33, the production of these
cytokines was found to be decreased compared with control 4T1 tumor-bearing mice. The influence
of calcitriol toward the secretion of cytokines, for example IL-10, may differ in various experimental
conditions. Several studies have shown that the expression of IL-10 is induced by calcitriol in various
immune cells, and in this way, the known immunosuppressive effect of calcitriol is mediated [54,56].
However, the inhibitory effect of calcitriol on the IL-10 production in vitro, as well as in vivo, has also
been reported [57]. This contradictory result might be due to the different cell types studied. Moreover,
we hypothesize that the upregulation of IL-10 is related to the duration of the treatment with calcitriol.
Indeed, the treatment with calcitriol for several days consistently showed an upregulation of IL-10,
whereas there was no regulation or inhibition of IL-10 during shorter incubation times used [58].
In this study, we observed a downregulation of IL-10 secretion by splenocytes during the early stages
of tumor progression (day 14), which subsequently increased. In addition, in tumor tissue, IL-10
was found to be upregulated by calcitriol and its analogs during the early stages of tumor growth.
Moreover, when we calculated the IL-10/IL-12p70 ratio, which can represent the balance between
Th1/Th2 responses [59], it turned out that on day 33, splenocytes from mice treated with calcitriol
or its analogs, and stimulated with LPS, produced 18–21 times higher levels of IL-10 over IL-12p17.
Although the elevated level of IL-10 over IL-12 suggests the predomination of Th2 response during
the treatment, further studies are necessary to exactly determine the type of cells that adopts such
a behavior in response to treatment with calcitriol and its analogs during tumor progression.

The growth of 4T1 cells is accompanied by the elevated secretion of cytokines such as G-CSF
and chemokine (C–X–C motif) ligand 1 (CXCL1, KC) [40,41], but calcitriol and its analogs only
significantly diminished CXCL1 during the early stage of tumor progression, not affecting the secretion
of G-CSF in a significant manner. High amounts of G-CSF, the cytokine that is able to switch the T
cell cytokine secretion profile to Th2 responses, promote the regulatory T cell and modulate cytokine
production [60], and may veil the activity of calcitriol in terms of secretion of various other cytokines.
Moreover, the G-CSF enhances proliferation and mobilization of Ly6G+Ly6C+ granulocytes and
facilitates their homing during metastasis of the target organs even before the onset of cancer cells,
which facilitate metastatic process [61]. Unfortunately, calcitriol and its analogs increased the percent
of Ly6G-6C+SCChigh cells (with a parallel decrease in the percentage of activated CD54+ (I-CAM) and
CD184+ (CXCR4) granulocytes, Figure S6) in the blood, which correlated with an increased metastatic
potential [22]. The Ly6G-6C+SCChigh granulocytes may serve as the primary source of TGF-β [62],
which was found to be increased in plasma of 4T1 tumor-bearing mice administered with calcitriol
and its analogs in our previous study [22]. The increased percentage of mature granulocytes and the
production of cytokines such as TGF-β from these cells consequent to the treatment with calcitriol and
its analogs may be responsible for lung metastatic niche formation and the enhancement of metastasis
of 4T1 cells [61,63].

Another cytokine that was found to be elevated as a result of calcitriol treatment in 4T1 tumor
tissue was OPN [22]. OPN is known to contain vitamin D response element (VDRE) in the promoter
region of Spp1 and calcitriol stimulates various cells to secrete OPN [64–66]. OPN stimulates tumor
growth and promotes metastasis by influencing tumor angiogenesis [67–69]. Unexpectedly, we found
that the stimulated splenocytes from calcitriol- or PRI-2191-treated mice secreted lower levels of OPN
than that from control mice, especially during the early stage of the tumor progression. We did not
find any literature data indicating inhibitory effects of calcitriol on OPN secretion. One of the possible
explanations may be the decreased number of activated T and B cells upon calcitriol treatment, which
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has been described in the literature [70,71], and only activated T and B cells can produce OPN [72].
The elevated level of OPN in tumor tissue, observed in our previous studies upon treatment with
calcitriol and its analogs [22], might also be the result of fibroblast stimulation, which is the major
source of OPN in tumor tissue [73,74]. The almost unchanged plasma level of OPN in treated mice [22]
is the result of applying such opposing effects of treatment. However, further studies should be
performed to explain the effect of calcitriol on the secretion of OPN by T and B lymphocytes and other
cells of the immune system in tumor-bearing organisms.

In the OPN knockout mice (Spp1−/−), the decreased frequency of Treg cells was found to be
related with increased CD4+-activated T cells (CD44+CD69+ and CD62LlowCD69+ cells) in metastatic
niche (lungs), indicating OPN as the cytokine responsible for drawing the immunosuppression in
the microenvironment of the metastatic niche [69]. In addition, TGF-β itself has a significant effect
on CD4+ T-cells. The TGF-β induces the generation of Foxp3 and Treg cells [75]. TGF-β also inhibits
the proliferation and functioning of NK-cells. The NK-cells are modulated in part by CD4+CD25+

regulatory T cells that are known from TGF-β high level production [75]. Our results have shown that
the number of CD4+ T cells, CD4+CD25+ regulatory T cells, CD335+ NK, and CD8+ cells diminished
in blood after treatment with calcitriol and its analogs. However, in the spleen, only NK and CD4+

cells were found to be decreased, whereas CD8+ cells were found to be increased, which was clearly
visible on day 28. Interestingly, in regional lymph nodes, the number of CD8+ cells was found to be
significantly increased by the treatment with calcitriol (from 21–33 day of experiment) (Figure S7F).
Moreover, in regional lymph nodes, the level of Vdr and immunosuppressive Spp1 was found to
be increased significantly after treatment with calcitriol and its analogs. In the tumor tissue, we
also observed changed expressions of cytokines, considered to be involved in antitumor immune
response; IFN-γ enhanced secretion, but decreased IL-1β expression after treatment with calcitriol and
its analogs. However, the IL-10, involved in the tumor-induced immunosuppression, was found to be
increased after treatment with calcitriol and its analogs. These results, taken together with the results
from our previous study, which showed an increased level of OPN and decreased level of TGF-β in
tumor tissue after treatment [22], revealed a lot of contradictory processes induced by calcitriol and its
analogs, giving the negative final result in our experimental model.

In the lung tissue, in correlation with increased Spp1 and Tgfb levels (in this study), we detected
an increased lung metastatic foci formation [22]. Therefore, upregulated level of both Spp1 and Tgfb by
calcitriol and its analogs treatment in lung tissue, as well as Spp1 in lymph nodes, are responsible for
metastatic immunosuppressive niche formation and facilitation of metastasis. However, the cellular
source of an increased OPN and TGF-β level should be analyzed in further studies. We demonstrated
that granulocytes (neutrophils), which are the primary cells infiltrating lung tissue in 4T1 tumor-bearing
mice [41], were found to be in the same number in the lung of 4T1 tumor-bearing mice after treatment
with calcitriol and its analogs as in control mice. However, we observed a diminished percentage of
I-CAM (CD54+) and CXCR4 (CD184+) expressing neutrophils in blood (Figure S6), which suggests
their diminished antitumor potential [76]. Although the 4T1 cells were not sensitive to the treatment
with calcitriol and its analogs in vitro [22], we cannot exclude these cells as the tumor-derived source
of OPN and TGF-β in in vivo studies after indirect stimulation by other cells/cytokines in the body.
A detailed characteristic of lung infiltrating cells is necessary to indicate the cells responsible for the
increased level of pro-metastatic cytokines in this tissue.

4. Materials and Methods

4.1. Plasma, Tissues, and Cells

We harvested the cells, plasma, and tissues from 4T1 tumor-bearing mice with orthotopically
transplanted mammary gland cancer cells (1 × 104 cells per mice) [21]. Because of the ethical reasons,
we decided to collect all of the biological material from the same mice and perform analysis without
repeating animal experiments. All methods used were performed according to European Union (EU)
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Directive 2010/63/EU on the protection of animals used for scientific purposes and was approved
by the First Local Committee for Experiments with the Use of Laboratory Animals, Wroclaw, Poland
(No. of permission: 40/2014, 16/07/2014).

Calcitriol (1,25(OH)2D3) and its analogs, namely PRI-2191 and PRI-2205, were obtained from the
Pharmaceutical Research Institute, Warsaw, Poland. We used six- to eight-week-old female BALB/c
mice weighing 20–25 g (obtained from the Center of Experimental Medicine of the Medical University
of Bialystok, Poland). Mice were subcutaneously (s.c.) treated with 80% propylene glycol (vehicle
control), calcitriol (0.5 μg/kg), PRI-2191 (1.0 μg/kg), and PRI-2205 (10.0 μg/kg) thrice a week from
the day 7 after transplantation of tumor cells. On days 0, 7, 14, 21, 28, and 33 after transplantation,
blood was harvested under anesthesia prior to performing euthanasia of the mice [21]. Subsequently,
the tumor, spleen, regional lymph nodes (axillary and inguinal), lungs, and liver were harvested for
further analyses.

4.2. Flow Cytometry

Blood Cells, Splenocytes, and Lymph Nodes

To obtain the suspension of mononuclear cells and granulocytes, whole blood samples were
centrifuged at 400× g for 30 min at RT using a gradient density Ficoll Paque Premium (GE Healthcare,
Chicago, IL, USA) and the samples were subsequently frozen. The single-cell suspension of spleen and
lymph nodes was prepared by passing through sterile nylon filters on a petri dish and then centrifuged
twice at 192× g for 7 min at 4 ◦C. The cells (1 × 106) suspended in phosphate buffered saline (PBS)
with 2% fetal bovine serum (FBS; GE Healthcare, Chicago, IL, USA) were incubated with CD16/CD32
antibody to block the Fc receptors. After incubation, the splenocytes, mononuclear blood cells,
and lymph nodes were stained with the anti-mouse conjugated antibodies as follows: rat CD8a-BV510,
rat CD4-PE-Cy7, rat CD19-PE, hamster CD3e-APC, rat CD25-BV421, and rat CD335(NKp46)-FITC
(BD Biosciences, Franklin Lakes, NJ, USA). Granulocytes were stained with rat CD45-PerCP-Cy5.5, rat
Ly6G-Ly6C-APC, rat CD184-PE, and hamster CD54-FITC (BD Biosciences, Franklin Lakes, NJ, USA).
Prior to analysis, the cells were washed with PBS containing 2% FBS (centrifuged at 192× g for 7 min at
4 ◦C). For data analysis, a BD LSR Fortessa cytometer with FACSDiva V8.0.1 software (BD Biosciences,
Franklin Lakes, NJ, USA) was used.

4.3. Splenocytes Culture

Splenocytes (2 × 106 cells/mL) were stimulated with lipopolysaccharide (LPS) from Escherichia coli
(0.5 μg/mL) and concanavalin A (ConA) from Canavalia ensiformis (1 μg/mL) (both from Sigma-Aldrich,
Saint Louis, MO, USA) for 48 h. Next, the supernatants were collected for further analyses.

4.4. Cytokine Array

Supernatants obtained from stimulated splenocytes culture were analyzed with proteome profiler
arrays (Proteome Profiler Mouse Cytokine Array Kit, Panel A; R&D Systems, Minneapolis, MN,
USA) according to the enclosed instructions. Pixel densities on X-ray film were collected using
a multifunctional scanning device Samsung SLC460 (Samsung, Suwon, Korea) or Image Station
4000 MM PRO (Carestream Health, Rochester, NY, USA), after which image analysis was performed
(ImageJ 1.48v). For each spot, the final level of optical density was determined as a factor acquired by
subtracting the background optical level and dividing by values obtained from the non-treated mice
(named as day 0).

4.5. Real-Time PCR Array

TRIzol (TRI Reagent; Sigma-Aldrich, Saint Louis, MO, USA) was used for the total RNA extraction
according to the manufacturer’s recommendations. Quantity and purity of RNA were determined
spectrophotometrically at 260 nm using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA,
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USA). The quality of RNA was verified optionally by agarose gel electrophoresis. Expression of mRNA
was quantified by real-time PCR through a ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA) with SYBR green chemistry (Qiagen, Hilden, Germany).

4.5.1. Lymph Nodes and Splenocytes

Synthesis of first-strand cDNA has been done using the compatible RT First Strand Kit (Qiagen,
Hilden, Germany), eventually achieving 0.5 μg of cDNA (six mice pooled per group) for a single
reaction. Mouse T Helper Cell Differentiation RT2 Profiler Array was acquired from Qiagen Company
(Hilden, Germany). A list of genes is shown in Table S8. The conditions for PCR amplification
were as follows: 95 ◦C for 10 min (1 cycle), 95 ◦C for 15 s (40 cycles), and 60 ◦C for 1 min. Relative
quantification (RQ) values of the target genes were defined using ΔΔCt values with reference to beta-2
microglobulin (B2m); glyceraldehyde-3-phosphate dehydrogenase (Gapdh); and heat shock protein
90 alpha, class B member 1 (Hsp90ab1) genes for lymph nodes, and to actin beta (Actb) and B2m for
splenocytes. Data were analyzed using Qiagen online software suitable for the purchased kit (Qiagen,
Hilden, Germany).

4.5.2. Lung Tissue

RNA and cDNA from lung tissue for real-time PCR arrays were prepared according to the method
described in our previous study [22]. Data were analyzed using DataAssist 3.01 software (freeware by
Applied Biosystems, Foster, CA, USA) with reference to ribosomal protein L13A (Rpl13a). The list of
genes is shown in Table S9.

4.6. Real-Time PCR on Lung, Lymph Nodes, and Splenocytes

The isolation of RNA and synthesis of cDNA were performed as described previously [21].
Real-time PCR reaction was performed using specific TaqMan primers coding following genes: Spp1
(Mm00436767_m1) and Tgfb1 (Mm01178820_m1) for lung cDNA, and Spp1 (Mm00436767_m1) and
Vdr (Mm00437297_m1) for cDNA of spleen and lymph nodes (Thermo Fisher Scientific). Briefly, 25 or
40 ng of cDNA (lung or lymph nodes/spleen specimens, respectively) was used for a single reaction.
Each sample was performed in triplicates. Data were analyzed using the comparative ΔΔCt method
by DataAssist 3.01 software in comparison to endogenous controls: ribosomal protein L13A (Rpl13a,
Mm01612987_g1) for lung, and beta-2 microglobulin (B2m, Mm00437762_m1) for lymph nodes and
spleen samples.

4.7. ELISA

Quantitative determination of IFN-γ, TGF-β, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17A, KC, OPN,
and G-CSF cytokines using ELISA was performed according to the kit manufacturer’s instructions
(R&D Systems, Minneapolis, MN, USA; eBioscience, Vienna, Austria, respectively). The expression of
proteins was analyzed in plasma, tumor tissue, lung homogenates, and the spleen culture supernatants.
Tumor and lung tissue specimens were stored at −80 ◦C. Preparation of tissue samples for ELISA and
the method of protein determination have been described previously [22].

4.8. Histopathological Examination of Lung Tissue: Granulocytes Count

To evaluate infiltration of granulocytes into the lungs, tissue sections were isolated on day
28 and fixed in 4% buffered formalin. Lung tissue specimens were paraffin embedded, cut into
4-μm slices, and stained with hematoxylin and eosin. Granulocyte accumulation was examined
based on cell morphology and scored according to the following scheme: 0—none, 1—slight,
2—average, and 3—intense, by an experienced pathologist. Microphotographs were subjected to
a computer-assisted image analysis as previously described [77]. BX53 optical microscope (Olympus,
Tokyo, Japan) with the CellA software (Olympus Soft Imaging Solution GmbH, Münster, Germany)
was used.
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4.9. Statistical Evaluation

STATISTICA version 10 (StatSoft Inc., Palo Alto, CA, USA) or GraphPad Prism 7.01 (GraphPad
Software Inc., La Jolla, CA, USA) were used for statistical analysis. The assumptions of analysis of
variance (ANOVA) were tested via Shapiro–Wilk’s normality test and Bartlett’s test. In the figure
legends, specific tests used for data analysis are indicated. p value < 0.05 was considered as significant.

5. Conclusions

Thus, we conclude that the treatment of 4T1 tumor-bearing mice with calcitriol and its
analogs drive the establishment of tumor-conducive milieu through the impact on immune system.
This phenomenon is manifested by increased Th2 and Treg signature in lymph nodes and spleen,
which may be supported by the action of calcitriol and its analogs toward granulocytes (decreasing
the percentage of activated I-CAM+ and CXCR4+ granulocytes) in the blood. Furthermore, a decrease
in NK CD335+ cells in the spleen and lymph nodes may contribute to the stimulated metastatic
potential of 4T1 mammary gland tumor cells growing in mice treated with calcitriol and its analogs.
Moreover, an increase in the expression of Spp1 and Tgfb in the lung triggered by the applied treatment
is responsible for the immunosuppressive metastatic niche formation. Thus, the results of this study
indicate that in the case of breast cancer, which shows severe inflammatory response in addition to
resistance to treatment with vitamin D compounds, further studies are necessary to determine the
efficacy of vitamin D compounds in the treatment of this type of cancer.
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Abbreviations

ACTB actin, beta
ANGPT1 angiopoietin 1
ASB2 ankyrin repeat and SOCS box containing 2
B2M beta-2 microglobulin
BCG bacillus Calmette-Guerin
C/EBP CCAAT/enhancer binding protein
CACNA1F calcium voltage-gated channel subunit alpha1 F
CCL11 chemokine (C-C motif) ligand 7
CCL7 chemokine (C-C motif) ligand 7
CCR3 chemokine (C-C motif) receptor 3
ConA Concanavalin A
CSF2 colony stimulating factor 2 (granulocyte-macrophage)
CST7 cystatin F (leukocystatin)
CTGF connective tissue growth factor
CXCL-1 chemokine (C-X-C motif) ligand 1
CYP27B1 cytochrome P450 family 27 subfamily B member 1

178



Int. J. Mol. Sci. 2018, 19, 2116

FLT1 vascular endothelial growth factor receptor 1
FOS1 FOS like 1
FOXP3 forkhead box P3
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GATA4 GATA binding protein 4
G-CSF granulocyte-colony stimulating factor
GM-CSF granulocyte-macrophage colonystimulating factor
GPI glucose phosphate isomerase
HOXA3, HOXA10 homeobox A3, A10
HSP90AB1 heat shock protein 90 alpha, class B member 1
IFN-γ interferon gamma
IL interleukin
IL-12p70 interleukin 12 subunit p70
Il12rb2 interleukin 12 receptor, beta 2
Il17re interleukin 17 receptor E
Il1r1 interleukin 1 receptor type 1
Irf4, Irf8 interferon regulatory factor 4 and 8
LPS lipopolysaccharide
MCP-5 monocyte chemotactic protein 5
M-CSF macrophage colony-stimulating factor
METAP2 methionyl aminopeptidase 2
MIG macrophage-induced gene
MIP macrophage inflammatory protein
NF2 neurofibromin 2
NK natural killer cells
Nr4a1, Nr4a3 nuclear receptor subfamily 4 group A members 1 and 3
OPN osteopontin
p27KIP1 cyclin dependent kinase inhibitor
PSGFA platelet-derived growth factor α
PTGRD2 prostaglandin D2 receptor 2
PTH parathormone
REL reticuloendotheliosis oncogene, NF-κB subunit
RORA RAR-related orphan receptor alpha
RORC RAR-related orphan receptor gamma
SDF-1 stromal cell-derived factor 1
sICAM-1 soluble intercellular adhesion molecule-1
Spp1 osteopontin encoded gene
TBX21 T-box 21
TGF-β transforming growth factor β
TGIF1 TGFB-induced factor homeobox 1
TH T helper lymphocytes
TIMP-1 tissue inhibitor of metalloproteinases
TNF tumor necrosis factor
Tregs regulatory T cells
TREM-1 triggering receptor expressed on myeloid cells
UTS2 urotensin 2
VDR vitamin D receptor
VEGFA vascular endothelial growth factor A
ZEB1 zinc finger E-box binding homeobox 1
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Abstract: Proton beam irradiation promises therapeutic utility in the management of uveal melanoma.
Calcitriol (1,25(OH)2D3)—the biologically active metabolite of vitamin D3—and its precursor, calcidiol
(25(OH)D3), exert pleiotropic effects on melanoma cells. The aim of the study was to evaluate the
effect of both calcitriol and calcidiol on melanoma cell proliferation and their response to proton beam
irradiation. Three melanoma cell lines (human SKMEL-188 and hamster BHM Ma and BHM Ab),
pre-treated with 1,25(OH)2D3 or 25(OH)D3 at graded concentrations (0, 10, 100 nM), were irradiated
with 0–5 Gy and then cultured in vitro. Growth curves were determined by counting the cell number
every 24 h up to 120 h, which was used to calculate surviving fractions. The obtained survival curves
were analysed using two standard models: linear-quadratic and multi-target single hit. Calcitriol
inhibited human melanoma proliferation at 10 nM, while only calcidiol inhibited proliferation
of hamster lines at 10 and 100 nM doses. Treatment with either 1,25(OH)2D3 or 25(OH)D3 radio
sensitized melanoma cells to low doses of proton beam radiation. The strength of the effect increased
with the concentration of vitamin D3. Our data suggest that vitamin D3 may be an adjuvant that
modifies proton beam efficiency during melanoma therapy.

Keywords: vitamin D3; proton beam radiotherapy; melanoma; in vitro

1. Introduction

Because of their high incidence, mortality rates and resistance to the therapy, melanomas are
still one the most challenging cancer types for researchers and clinicians [1,2]. Over the last decade,
our understanding of the molecular principles regulating melanoma behaviour has improved significantly,
leading to new therapies [3,4]. However, even with the new therapeutic approaches the problem
of limited efficacy and selective responsiveness of patients still remains [5]. Therefore, new creative
approaches and their combinations are required.

Accumulating evidence from a variety of epidemiological and experimental studies confirms
in vitro and in vivo anticancer activity of vitamin D3 [6–9]. Those studies indicate that biologically
active vitamin D3 derivatives may lower the incidence, and inhibit the progression, of various tumours,
including melanoma [10–12] and sensitize them to radiotherapy [13–18]. Moreover, there are reports of
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an inverse relationship between patient survival and melanoma thickness and 25(OH)D3 serum levels,
polymorphisms in the genes encoding the vitamin D receptor (VDR), the vitamin D binding protein,
expression of the VDR and CYP27B1 expression [19–25] and complex relations with CYP24A1 [26].
Additionally, it was proposed that VDR plays a role in the development and progression of melanocytic
tumours [27].

So far, no studies have been published on a combination of vitamin D3 and proton beam irradiation,
a therapy with superior dose distribution compared to photon radiation, which is commonly used in
the treatment of uveal melanoma. However, reports on the differences in the level of production of free
radicals, cell cycle, cell migration inhibition and apoptotic signalling between photon and proton beam
radiotherapy [28–32] suggest possible differences in the effect of their combination with vitamin D3.

This work aims to examine the influence of calcitriol (1,25(OH)2D3) and calcidiol (25(OH)D3)
on the proliferation and response to proton beam radiotherapy of three melanoma cell lines: human
SKMEL-188 and hamster BMH Ma and BHM Ab. In the light of existing evidence, we hypothesize that
vitamin D3 can sensitize melanoma cells to radiation, thus enhancing its effectiveness. Two different
models, linear-quadratic and single hit multi-target, were fitted to analyse the surviving curves of the
tested melanoma cell lines exposed to combined treatment and to get the most comprehensive picture
of proton radiation dose response.

2. Results

2.1. Impact of Two Metabolites of Vitamin D3 on Melanoma Cell Proliferation

1,25(OH)2D3 and 25(OH)D3 affected the growth rate of melanoma cells in culture (Figure 1).
In the case of calcitriol, only human SKMEL-188 melanoma cells showed a significant decrease
in growth rate, after treatment with the concentration of 10 nM, with BHM Ma and BHM Ab
hamster lines showing no major changes in the rate of proliferation. Calcidiol, on the other hand,
slightly but significantly stimulated proliferation of SKMEL-188 cells at the concentration of 100 nM,
with both BHM Ma and BHM Ab hamster cells showing an inhibition of proliferation at 10 and
100 nM concentrations.

Figure 1. The impact of calcitriol (1,25(OH)2D3) and calcidiol (25(OH)D3) on the proliferation of
human SKMel-188 and hamster BHM Ma and BHM Ab melanoma cells. Growth rate was calculated
from exponential fitting to cell number, counted every 24 h for 4 days in culture. * denotes statistical
significance p < 0.05 against control (0 nM of vitamin D3 derivative).
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There were also significant differences in basal growth rates between the tested melanoma cell
lines. Both hamster lines showed similar proliferation rates (approximately 0.09 h−1), while the
human SKMEL-188 cells divided almost two times slower. Such differences may be one of the factors
influencing response to the vitamin D3 metabolites.

2.2. Proton Beam Radiosensitivity of Melanoma Cells

Melanoma cell lines are characterized by different radiosensitivity to proton beam therapy
(Figure 2), with the highest level of cell killing seen in BHM amelanotic Ab cells. BHM melanotic
Ma and SKMEL-188 cells show similar survival curves. Similar differences in response to radiation
between BHM Ma and BHM Ab cells were reported for X ray irradiation, where pigmented cells (BHM
Ma) were 2.4 times more radio resistant than the unpigmented (BHM Ab) ones [33]. In the case of
proton radiation this characteristic is less pronounced but still marked with the ratio of mean lethal
dose of 1.56.

Figure 2. Proton beam radiosensitivity of SKMel-188, BHM Ma and BHM Ab melanoma cells. Surviving
fraction was determined from the model described by Buch et al. [34], based on the experimental data
from cell number, counted every 24 h for 4 days in culture after irradiation.

2.3. Vitamin D3 Derivatives Influence Proton Beam Radiosensitivity of Melanoma Cells

Changes in both surviving fraction and survival curve shape can be distinguished after pre-treatment
with both vitamin D3 metabolites (Figure 3). The most significant effects are seen for both vitamin D3

derivatives in hamster melanoma lines, with a weaker effect in the human line. Furthermore, higher
doses of 25(OH)D3 cause in BHM Ma cells a flattening of the survival curve in the region of higher doses
(3–5 Gy). Those changes are consistent with the data from fitted survival models. It has been shown
that α and β parameters from the linear-quadratic model (LQ model) determine the effectiveness at low
and high radiation doses, respectively [35]. Vitamin D3 dose dependent decrease in surviving fraction for
proton irradiation dose of 1 Gy, visible on the survival curve, is represented by an increase in the values
of parameter α (Figure 4, upper panel). For calcitriol, no significant change in α was detected at 10 nM
dose for SKMEL-188 and BHM Ma cells. On survival curves, that concentration was slightly protective
for cancer cells, with surviving fraction higher than the control one but the effect was not statistically
significant. The most effective dose was 100 nM. Calcidiol has a clear dose dependent effect on the
radiosensitivity of the studied melanoma cell lines, with the highest concentration being the most effective
one. An increase in parameter β, indicating higher effectiveness of high doses of radiation, occurs only for
calcitriol pre-treatment: 10 nM dose in BHM Ma and BHM Ab cells (Figure 4, lower panel). The same dose
leads to a noticeable decrease in surviving fraction on survival curves. The tested doses were within the
range of the normal serum level of calcitriol, which is between 50–120 nM.
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Figure 3. The effect of calcitriol (1,25(OH)2D3) and calcidiol (25(OH)D3) on the cellular response
to proton beam irradiation of human SKMel-188 and hamster BHM Ma and BHM Ab melanoma
cells. Surviving fraction was determined from the model described by Buch et al. [34], based on the
experimental data from cell number, counted every 24 h for 4 days in culture after irradiation. * denotes
statistical significance p < 0.05 against irradiated control.
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Figure 4. Coefficients α (upper panel) and β (lower panel) from linear-quadratic model calculated for
cells pre-treated with calcitriol (1,25(OH)2D3) and calcidiol (25(OH)D3) and irradiated with proton beam.
Surviving fraction was determined from the model described by Buch et al. [34], based on the experimental
data from SKMel-188, BHM Ma and BHM Ab cell number, counted every 24 h for 4 days in culture after
irradiation. * denotes statistical significance p < 0.05 against control (0 nM of vitamin D3 derivative).

Results from the second model applied to survival data, single hit multi-target, are in agreement
with data from the LQ model. Changes in the calculated parameters n and D0 are shown in Figure 5.
Parameter n, indicating the required number of hits for cell death and being sensitive to the effectiveness
of low radiation doses, shows an opposite trend to parameter α from the LQ model. An increase in α

goes together with a decrease in n, which is consistent with vitamin D3 metabolites radiosensitizing
cells to low doses of proton beam irradiation. The second parameter, mean lethal dose D0, describes
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the average effect of radiation, without distinction between low and high doses [36]. Only several
groups were characterized by a decrease in that parameter in comparison to the control, representing
the process of radiosensitization by the tested vitamin D3 analogues. Among them, there were groups
treated with 100 nM of calcitriol, the most effective treatment in enhancing the efficiency of low
radiation doses. This indicates that the highest influence of vitamin D3 analogues on the averaged
effects relates to the response to low doses of proton radiation.

Figure 5. Coefficients n (upper panel) and D0 (lower panel) from multi-target single hit model
calculated for cells pre-treated with calcitriol (1,25(OH)2D3) and calcidiol (25(OH)D3) and irradiated
with proton beam. Surviving fraction was determined from the model described by Buch et al. [34],
based on the experimental data from SKMel-188, BHM Ma and BHM Ab cell number, counted every
24 h for 4 days in culture after irradiation. * denotes statistical significance p < 0.05 against control
(0 nM of vitamin D3 derivative).
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3. Discussion

Current pre-clinical and clinical reports show that vitamin D3 has overall anticancer properties [6–8].
The finding is also supported by a strong correlation between higher serum 25(OH)D3 level and lower
incidence of breast [37,38], colon [39], lung [40], prostate [41] and melanoma [10] and by the antiproliferative
and pro-differentiative action of vitamin D3 and its analogues towards multiple cancer cell lines [42–47].
Interestingly, not all cancer cell lines do respond to vitamin D3 [20,48–51], which also included melanoma
lines [41,50] and such responsiveness can depend on the culture conditions [11].

In the present study, we demonstrate differential effects of the biologically active form of vitamin
D3, calcitriol and its precursor calcidiol, on the proliferation rate of three melanoma cell lines: human
SKMEL-188 and hamster BHM Ma and BHM Ab (Figure 1). Only SKMEL-188 cells responded to lower
doses of 1,25(OH)2D3 with inhibition of growth rate, which was consistent with other reports [22,52].
However, inhibition of proliferation by calcidiol, with no effect in the case of calcitriol in both BHM
Ma and BHM Ab cells requires further explanation. It has been proposed that one of the factors
influencing the responsiveness of melanoma cell lines to vitamin D3 is melanin pigmentation [53,54],
which would explain the decrease in VDR expression with concomitant decrease in anti-proliferative
response to 1,25(OH)2D3 in human melanoma. It is possible that a similar mechanism could underlie
the resistance of BHM Ma, which produces melanin pigment also when cultured in a medium with
low tyrosine content [55]. However, since BHM Ab cells were pre-selected for amelanotic phenotype
by culturing in DMEM, other factors, including a defect in VDR or a high activity of CYP24A1 that
inactivates 1,25(OH)2D3 could be responsible for the differential effects. It must also be noted that
there are alternative receptors for vitamin D3 derivatives that could affect responsiveness to active
forms of vitamin D3 (reviewed in [9,10]). Therefore, proper understanding of these differential effects
would require additional studies, involving the identification and cloning of hamster nuclear receptors
for vitamin D3.

Vitamin D3 enhances the of anticancer drugs such as doxorubicin, cisplatin, gemcitabine or
cyclophosphamide [56–58] and sensitizes cancer cells to ionizing radiation [12–18]. In this paper,
we focus on combining calcitriol or calcidiol with proton beam therapy. That mode of cancer therapy
is commonly used for the treatment of tumours located near or on critical organs, because of its
dosimetric benefits. Thanks to the occurrence of a Bragg peak, there is no exit dose normally deposited
by photon therapy within the healthy tissue surrounding the tumour [59]. Accumulating evidence
suggests that even with relative biological effectiveness of 1.1, there are significant differences in
biological effects on tumour cells between low-energy protons and photon radiation [60]. As regards
the combination of proton beam radiotherapy and vitamin D3 treatment, the most crucial aspects
appear to be the increased production of reactive oxygen species (ROS) and the differences in cell cycle
inhibition and apoptotic signalling, all implicated in the response to vitamin D3.

Overall, our results show that vitamin D3 is a potential radiosensitizing agent in proton beam
irradiation of melanoma cells. Radiosensitization is a complex concept that has many different
interpretations and is used to describe a variety of interactions at biochemical and biological level.
Alterations in radiosensitization are demonstrated in the SF curve; a downward or leftward shift
of the curve implies a radiosensitizing interaction, while an upward or rightward shift implies a
radioprotective influence on the treated cells.

Generally, radiosensitization is conventionally defined as an increased amount of radiation-
induced cell death resulting from exposure to a second agent, after correction for the cytotoxicity of the
agent (in our case vitamin D3, nontoxic in the tested concentrations). Considering the changes in shape
and the above-mentioned shift in SF suggests that both calcitriol and calcidiol are radiosensitizing
agents, within the range of the concentrations used. Radiosensitization by vitamin D3 is particularly
visible for low radiation doses, for which we a decrease or elimination of the shoulder on the SF curve is
observed (Figure 3). The effect of radiosensitization is also visible at high radiation doses of about 5 Gy.
The surviving fraction values of the cells are lower than the analogous values for SF curve obtained for
the exposure without vitamin D3. Some of the observed survival-dose dependencies, in particular for
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BHM Ma cells pre-treated with 100 nM of calcidiol, do not resemble the commonly found SF curves
with the shoulder in the low dose area and with a linear course for zero for high doses. In this case,
we observe a gradual disappearance of the effect the radiation dose has on the number of killed cells.
The SF curve gradually flattens (upward-bending) and the number of surviving cells does not decrease
with increasing dose. The effect is the reason for the unusual values of some coefficients characterizing
survival curves of such non-classical forms of SF, for example, close to zero β values (see Figure 4).
The phenomenon (upward-bending of SF) has already been observed during the He-3 irradiation of
the V79 cells but the authors interpreted it as an artefact [61]. More recent theoretical studies linked
that effect mainly with the repair processes in irradiated cells [62,63]. Nevertheless, the theory is formal
and does not explain the upward-bending effect of SF curves with the help of probable molecular
mechanisms involved in the repair of irradiated cells. In our work, the upward-bending effect was only
observed in the presence of vitamin D3 derivatives. Therefore, it might be due to the radioprotective
properties of vitamin D3. Probable targets of such interaction include ATM and mTor, which are
directly related to the process of DNA repair and cell proliferation [64–66]. Thus, the radiosensitization
effect of high vitamin D3 doses would be classified as radiosensitization by targeting the response to
DNA damage.

In conclusion, our data suggest that active forms of vitamin D may improve the effectiveness
of proton therapy. They also support further in vivo studies on use of vitamin D as adjuvant during
radiotherapy of melanoma.

4. Materials and Methods

4.1. Cell Lines

Human SKMEL-188 melanoma cell line, a gift from Dr Chakraborty, Yale University, was established
from a human metastatic melanoma and then maintained in our laboratories as a continuous cell line [67,68].

BHM Ma, Bomirski Hamster Melanoma—pigmented subline, is a stable transplantable tumour
cell line that was derived by Dr Andrzej Bomirski in Gdansk, Poland, from a spontaneous hamster
melanoma in 1959 [69].

BHM Ab, Bomirski Hamster Melanoma—non-pigmented subline, arose in 1963 by spontaneous
alteration of a black tumour (BHM Ma). The amelanotic subline of Bomirski Hamster Melanoma results
in non-pigmented tumours in hamsters. The tumours are malignant, dedifferentiated, fast-growing
and metastasizing [69]. The cells isolated from those tumours by means of a non-enzymatic
method undergo rapid pigmentation in primary cultures in media containing high concentrations of
L-tyrosine [70,71]. The level of pigmentation depends on the culture medium; in DMEM with 10% of
foetal bovine serum (FBS) the cells are pigmented, while in media low in L-tyrosine, such as Ham’s
F10, they are amelanotic [72]. However, culturing for prolonged period in DMEM leads to the selection
for an amelanotic phenotype that is stable in cell culture [73]. This type of preselected cells was used
in the experiments.

4.2. Cell Culture

For each cell line, a different culture medium was used: for BHM Ma—RPMI, for BHM Ab—
DMEM and for SKMEL-188 Ham’s F10 medium supplemented with glucose, L-glutamine and
pyridoxine hydrochloride. The cells were cultured in 75 cm2 flasks in culture medium supplemented
with 10% of FBS (Gibco—Thermofisher Scientific, Waltham, MA, USA) and antibiotics (Sigma, St. Luis,
MO, USA) and grown until 70% confluent. The calcitriol or calcidiol (Sigma, St. Louis, MO, USA)
was dissolved in 100% ethanol to obtain 100 μM stocks. After that stocks were diluted in media to
obtain 10 and 100 nM. Concentration of ethanol in media never exceeded 1%. The cells were incubated
with vitamin D compounds for 24 h before irradiation. To study the influence of calcitriol or calcidiol
on cell proliferation, cell growth curves were determined by manual counting the cells growing with
vitamin D3 metabolites at different concentrations every 24 h up to 120 h. Counts were performed
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with the use of haemocytometer, by triplicate by one analyst under a 40× objective according to the
standard methodology. Influence on cell response to proton radiation was tested by cultivating cells
for 24 h prior to irradiation in a culture medium with 10% FBS, antibiotics and vitamin D3 metabolites
as indicated.

4.3. Irradiation Procedure

The irradiation was performed at the Institute of Nuclear Physics of the Polish Academy of
Sciences (IFJ PAN) in Krakow uses he Proteus C-235 cyclotron produced proton beam. The 230 MeV
proton beam, after degradation to 70 MeV, was delivered to the treatment room with a small field
horizontal beam line. The passive scattering technique and rotating energy modulator were used
to forming the irradiation field. A 40 mm diameter, fully modulated proton beam with energy of
61 MeV, spread-out Bragg Peak (SOBP) with 31.5 mm range and 31.5 mm modulation (measured in
water), was used for cell irradiation. Dose of 1, 3, or 5 Gy at dose rates of 1 Gy/min, 2 Gy/min and
6.6 Gy/min respectively, were delivered to the samples. The dose averaged LETd calculated at the
depth of 15.8 mm in the SOBP that is, at the centre of the cell container position, was 2.8 keV/μm.
The dosimetry was performed according to the recommendations of IAEA TRS-398 protocol [74].
A semiflex ionisation chamber with 0.125 cm3 active volume and a PTW reference class UNIDOS
Webline electrometer calibrated at the IFJ PAN with 60Co radiation source were used. A dedicated
PMMA phantom with a holder for the Eppendorf container was used during irradiation. Cells were
irradiated in Eppendorf tubes positioned in the phantom, orthogonally to the direction of the proton
beam. Cell suspension in phosphate buffer saline (PBS) at 1 × 106 cells/mL was transported on ice
between the facilities, including the untreated (non-irradiated) control. Cells were transferred to the
culture medium and placed at 1 × 105 cell/mL in 24-well plates. Every 24 h, for 5 days, cells from
6 wells were removed and counted. The experiment was repeated 3 times for each cell line tested.

4.4. Data Analysis

Data from cell counting was used to determine cell growth rates, doubling times and surviving
fractions. Since the cells in most of the experimental groups exhibited logistic growth, the first step
was to establish the duration of exponential growth phase (96 h). Then, growth rates (gr):

Nt = N0egr·t (1)

and doubling times (tdoubling time):

tdoubling time =
ln(2)

gr
(2)

where calculated by exponential function fitting, using the nonlinear least squares method. Additionally,
time delay for irradiated groups was calculated as previously described [34]. Those values were used to
calculate surviving fractions:

SF = 2
− tdelay

tdoubling time (3)

Establishing the relationship between the physical conditions of irradiation and its biological
effects is a starting point for any radiobiological experiment. Such relations are known as survival
curves and presented as the dependence of cell survival probability (Surviving Fractions—SF) on the
absorbed radiation dose (in Gy). Many theoretical models of ionizing radiation–induced cell killing
have been proposed and described in literature but because the fundamental mechanisms leading
to lethal cell damage are not well understood, the models have semi-empirical character and many
limitations [36]. Our experimental survival curves were analysed within framework of two classical
models describing the response of cells populations to ionizing radiation (IR). The models have a
few basic assumptions in common: cell inactivation is treated as a multistep process, cells are killed
by energy absorption deposited in a sensitive volume of the cell and radiation-induced lethal events
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have Poisson distribution. The first one is a “molecular model,” widely known as the linear-quadratic
model (LQ):

SF(D) = e−(αD+βD2) (4)

describing the logarithmic plot of SF in linear and quadratic dose–dependent terms, where D is the
absorbed dose. The experimentally determined parameters α and β are interpreted as rates of cell
annihilation by a single-hit and double-hit mechanism, respectively. Molecular interpretation of LQ
model is based on the following assumptions: DNA is a critical target, radiation produces the breakage
in DNA strands, the broken bonds in DNA strand can be repaired and the critical damage leading
to cell death is a double strand break (DSB), resulting in non-repairable lesions. The linear part (α)
represents a lethal lesion produced by a direct induction of DSB (one track hit) and the quadratic term
(β) is a result of two single strand breaks (SSB) which could be repaired (a sub-lethal lesion).

The second model used for analysis of our survival curves is a multitarget–single hit (MTSH) model:

SF(D) = 1 − (1 − e−
D

D0 )
n

(5)

D0 = 1/k is the dose for 1/e survival in the linear portion of the plot, where k—inactivation
constant for each target (or mean lethal dose), n—target multiplicity, number of targets per cell that
must be inactivated for cell death.

Radiation survival curves are presented as log-linear plots of surviving fraction and dose, respectively;
surviving fraction is plotted along the vertical axis (normalized to unity when D = 0), radiation dose is
plotted along the horizontal axis.

Both models were fitted to the dose dependence of survival fraction, using the nonlinear least
squares method. All analyses were carried out with in-house written Matlab (2014b, MathWorks,
Natick, MA, USA) scripts. Optimization of the fitting procedures (both for growth and survival curves)
was conducted until mean R-squared from all curves was higher than 0.9. Besides parameters values,
their standard errors were calculated and used for the calculation of weighted mean and its error
within experimental groups.

4.5. Statistical Analysis

Results were presented as weighted mean and weighted mean error. All analyses were performed
with STATISTICA 13 software (Stat-Soft Inc., Tulsa, OK, USA), with the use of weights computed
during the fitting procedure. For each parameter, Shapiro-Wilk normality test and Levene’s test were
used to determine a normal distribution and equality of variances, respectively. Depending on the
data, a one-way ANOVA, followed by post-hoc Tukey’s HSD test or Kruskal–Wallis H test, followed
by Dunn’s test was performed. p values smaller than 0.05 were considered statistically significant.

5. Conclusions

We conclude that the effect of vitamin D3 metabolites on the proliferation and response to proton
radiation in the studied melanoma cell lines is not straightforward. As regards cell proliferation,
the impact of melanin content and other factors such as VDR, CYP27A1, CYP27B1 and CYP24A1 gene
expressions as well as VDR localization and interaction with other receptors should be considered in the
differential responses of cells to calcitriol and calcidiol. The studied vitamin D3 derivatives have proven
to be potent radiosensitizers in proton therapy. Radiosensitization by vitamin D3 was particularly
visible for low radiation doses. Interestingly, for higher doses the observed upward-bending of SF
curves in the presence of vitamin D3 implies involvement of repair mechanisms and interaction
between VDR and radiation-induced signalling pathways. Our results indicate the need for a
further investigation of the underlying molecular mechanisms and suggest that vitamin D3 can
be a promising agent, capable of modifying proton beam therapy efficacy and thus offering a new
option in cancer therapy.
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ATM Ataxia-telangiectasia mutated kinase
BHM Bomirski hamster melanoma
CSDA Continues slowing down approximation
DSB Double strand break
IR Ionizing radiation
LQ Linear-quadratic
mTor Mammalian target of rapamycin
MTSH Multitarget—single hit
SF Surviving fraction
SOBP Spread-out bragg peak
SSB Single strand break
VDR Vitamin D receptor
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10. Slominski, A.T.; Brożyna, A.A.; Skobowiat, C.; Zmijewski, M.A.; Kim, T.K.; Janjetovic, Z.; Oak, A.S.; Jozwicki, W.;
Jetten, A.M.; Mason, R.S.; et al. On the role of classical and novel forms of vitamin D in melanoma progression
and management. J. Steroid Biochem. Mol. Biol. 2018, 177, 159–170. [CrossRef] [PubMed]

194



Int. J. Mol. Sci. 2018, 19, 2236

11. Wasiewicz, T.; Szyszka, P.; Cichorek, M.; Janjetovic, Z.; Tuckey, R.C.; Slominski, A.T.; Zmijewski, M.A.
Antitumor effects of vitamin D analogues on hamster and mouse melanoma cell lines in relation to melanin
pigmentation. Int. J. Mol. Sci. 2015, 16, 6645–6667. [CrossRef] [PubMed]

12. Polar, M.K.; Gennings, C.; Park, M.; Gupta, M.S.; Gewirtz, D.A. Effect of the vitamin D3 analog ILX 23-7553
on apoptosis and sensitivity to fractionated radiation in breast tumour cells and normal human fibroblasts.
Cancer Chemother. Pharmacol. 2003, 51, 415–421. [CrossRef] [PubMed]

13. Sundaram, S.; Sea, A.; Feldman, S.; Strawbridge, R.; Hoopes, P.J.; Demidenko, E.; Binderup, L.; Gewirtz, D.A.
The combination of a potent vitamin D3 analog, EB 1089, with ionizing radiation reduces tumour growth
and induces apoptosis of MCF-7 breast tumour xenografts in nude mice. Clin. Cancer Res. 2003, 9, 2350–2356.
[PubMed]

14. Wang, Z.; Liu, J.; Si, S.; Xu, B.; Wang, Y.; Ren, Y.; Dai, Z.; Cui, D.; Su, X.; Song, S. Vitamin D improves the
sensitization of lung cancer to radiotherapy. Int. J. Clin. Exp. Med. 2017, 10, 4921–4928.

15. Sundaram, S.; Gewirtz, D.A. The vitamin D3 analog EB 1089 enhances the response of human breast tumor
cells to radiation. Radiat. Res. 1999, 152, 479–486. [CrossRef] [PubMed]

16. Chaudhary, M.; Sundaram, S.; Gennings, C.; Carter, H.; Gewirtz, D.A. The vitamin D3 analog, ILX-23-7553,
enhances the response to Adriamycin and irradiation in MCF-7 breast tumor cells. Cancer Chemother. Pharmacol.
2001, 47, 429–436. [CrossRef]

17. Weitsman, G.E.; Koren, R.; Zuck, E.; Rotem, C.; Liberman, U.A.; Ravid, A. Vitamin D sensitizes breast cancer
cells to the action of H2O2: Mitochondria as a convergence point in the death pathway. Free Radic. Biol. Med.
2005, 39, 266–278. [CrossRef] [PubMed]

18. Dunlap, N.; Schwartz, G.G.; Eads, D.; Cramer, S.D.; Sherk, A.B.; John, V.; Koumenis, C. 1α,25-Dihydroxyvitamin
D3 (calcitriol) and its analogue, 19-nor-1α,25(OH)2D2, potentiate the effects of ionising radiation on human
prostate cancer cells. Br. J. Cancer 2003, 89, 746–753. [CrossRef] [PubMed]

19. Slominski, A.T.; Brozyna, A.; Jozwicki, W.; Tuckey, R.C. Vitamin D as an adjuvant in melanoma therapy.
Melanoma Manag. 2015, 2, 1–4. [CrossRef] [PubMed]

20. Wu, W.; Beilhartz, G.; Roy, Y.; Richard, C.L.; Curtin, M.; Brown, L.; Cadieux, D.; Coppolino, M.; Farach-Carson, M.C.;
Nemere, I.; et al. Nuclear translocation of the 1,25D3-MARRS (membrane associated rapid response to steroids)
receptor protein and NFκB in differentiating NB4 leukemia cells. Exp. Cell Res. 2010, 316, 1101–1108. [CrossRef]
[PubMed]

21. Tan, C.; De Noronha, R.G.; Roecker, A.J.; Pyrzynska, B.; Khwaja, F.; Zhang, Z.; Zhang, H.; Teng, Q.; Nicholson, A.C.;
Giannakakou, P.; et al. Identification of a novel small-molecule inhibitor of the hypoxia-inducible factor 1 pathway.
Cancer Res. 2005, 65, 605–612. [CrossRef] [PubMed]

22. Skobowiat, C.; Oak, A.S.W.; Kim, T.-K.; Yang, C.H.; Pfeffer, L.M.; Tuckey, R.C.; Slominski, A.T. Noncalcemic
20-hydroxyvitamin D3 inhibits human melanoma growth in in vitro and in vivo models. Oncotarget 2016, 8,
9823–9834. [CrossRef] [PubMed]

23. Brozyna, A.A.; Jozwicki, W.; Janjetovic, Z.; Slominski, A.T. Expression of vitamin D receptor decreases during
progression of pigmented skin lesions. Hum. Pathol. 2011, 42, 618–631. [CrossRef] [PubMed]
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73. Słomiński, A.; Bomirski, A. Phenotypic changes of Ab hamster melanoma during long-term culture.
Anticancer Res. 1985, 5, 403–409. [PubMed]
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Abstract: This article provides a detailed review of current knowledge on the role of vitamin D and
its receptor in the biology and management of uterine fibroids (UFs). Authors present ideas for future
steps in this area. A literature search was conducted in PubMed using the following key words:
“uterine fibroid” and “vitamin D”. The results of the available studies, published in English from
January 2002 up to April 2018, have been discussed. Vitamin D is a group of steroid compounds
with a powerful impact on many parts of the human body. This vitamin is believed to regulate
cell proliferation and differentiation, inhibit angiogenesis, and stimulate apoptosis. Nowadays,
hypovitaminosis D is believed to be a major risk factor in the development of UFs. In many studies
vitamin D appears to be a powerful factor against UFs, resulting in inhibition of tumor cell division
and a significant reduction in its size, however, the exact role of this compound and its receptor in
the pathophysiology of UFs is not fully understood. According to available studies, vitamin D and
its analogs seem to be promising, effective, and low-cost compounds in the management of UFs
and their clinical symptoms, and the anti-tumor activities of vitamin D play an important role in UF
biology. The synergy between vitamin D and selected anti-UF drugs is a very interesting issue which
requires further research. Further studies about the biological effect of vitamin D on UF biology are
essential. Vitamin D preparations (alone or as a co-drugs) could become new tools in the fight with
UFs, with the additional beneficial pleiotropic effect.

Keywords: uterine fibroid; leiomyoma; vitamin D; vitamin D receptor; vitamin D analogs

1. Introduction

Uterine fibroids (UFs) are monoclonal, benign tumors which arise from the smooth muscle cells
of the uterus and are predominantly located in the pelvis. They constitute one of the most common
pathologies of the female genital tract. UFs occur in 5–70% of all women [1–4], and develop in selected
populations, with age and ethnicity as the main risk factors [3,4]. UFs are more prevalent among
reproductive aged women and are not observed in pre-pubescent girls, indicating that tumor origin
depends on hormonal changes [1,2,5]. Extensive research has identified several factors connected with
higher UF occurrence, but data are inconsistent and conflicting [3,6]. In a recently published systematic
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review, Stewart et al., underlined factors which increase the incidence of UF, and these are: black race,
elevated body mass index (BMI), age, premenopausal status, hypertension, positive family history,
time elapsed since last labor, consumption of food additives, and soybean milk [3].

Apart from the abovementioned risk factors, recent studies suggested that hypovitaminosis
D plays a role in UF development [6–9]. The Study of Environment Lifestyle and Fibroids (SELF)
was performed to describe the actual contribution of hypovitaminosis D and other factors to the
development of fibroids [10]. Most of the research on this field focuses on Afro-American women,
who are at an increased risk for UF occurrence [9,11]. Among Afro-American women, vitamin D
deficiency because of higher melanin concentrations results in decreased serum vitamin D levels [7]
and reduced expression of the vitamin D receptor (VDR) in the adjacent myometrium [12], compared
to white women [13].

UF tumors vary greatly in size, location, and symptoms [2,14]. Most tumors are largely
asymptomatic, but they may also cause a wide range of severe and chronic symptoms [3,4,15] in
approximately one-quarter to one-third of the affected women [3,14]. The most common symptoms
include abnormal and excessive uterine bleeding, secondary iron deficiency anemia, abdominal and
pelvic pain, gastric disorders like bloating and constipation, voiding symptoms, infertility and obstetric
pathologies (including miscarriage and premature labor) [1,2,14,16,17].

Despite their unquestionable effect on the quality of patient life (QoL), UF-related QoL is very often
marginalized [18,19]. Also, the financial burden on the healthcare budget is considerable, including the
costs of preoperative diagnosis, surgical treatment, hospitalization time, work absenteeism, medicines,
salaries of the medical workers, and the costs of control visits [4,20,21]. The annual direct and
indirect costs of UFs in the United States have been estimated at approximately $4.1–9.4 billion and
$1.6–17.2 billion, respectively [4,20,21].

Clinically symptomatic UFs are most often treated with surgery [2,22]. Various types of surgical
methods are available, both open and endoscopic (hysterectomies, myomectomies, hysteroscopic
resections) [22,23]. UFs are the leading reason for the hysterectomy [21,24]. The optimal treatment
should reduce blood loss and tumor burden, while preserving fertility [25]. Women who wish to
retain their uterus can be offered with less invasive methods [22,23,26]. Nevertheless, many of them
will require a re-intervention in the future [27]. Due to the benign nature of the tumors, the first-line
treatment should result in lowest morbidity and risk of adverse effects [23,28]. Multiple evidence has
suggested progesterone to be the major initiator of UF development and stimulator of their further
growth [29,30]. Thus, it is not surprising that ulipristal acetate (UPA), a selective progesterone receptor
modulator (SPRM), has become one of the most popular pharmacological treatments of UFs [23,28,31].
Due to its effectiveness, UPA is administered as first-line therapy to prepare UFs for surgery. In some
cases, if the effect is satisfying, UPA can be use as the only treatment [31]. However, UPA is not
inexpensive, nor is it a substance which can be widely used in prevention for a long time [32]. Also,
the European Medicines Agency (EMA) has recently issued warning about the risk of liver failure
after UPA use [33], but research is still ongoing and there is not enough information at present about
the matter.

The origin of UFs is multifactorial and that is why there are no specific methods of prevention at
present [34,35]. Numerous attempts have been made to create inexpensive, safe, and effective methods
of prophylaxis but they are still in the early stages [34,35]. In light of this, vitamin D, which plays one
of the major roles in UF biology, might be the answer [13].

Vitamin D is a name for a group of steroid compounds, soluble in fats, which exert powerful
effects on the human body, and whose receptors are found in various organs [36,37], including the
myometrium and UF tumor tissue [38] (Figure 1).
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Figure 1. Vitamin D metabolism and schematic pathways. Diet, supplements and sunlight are the
major source of vitamin D in humans. Vitamin D is synthetized in skin from 7-dehydrocholesterol.
In further steps liver converts it to 25(OH)D and then kidney to 1,25(OH)D. Optimal vitamin D serum
levels were described as 25(OH)D of 40–60 ng/mL [39].

Vitamin D takes part in cell cycle regulation and cell differentiation, and it also has anti-angiogenic
activities [40]. Vitamin D deficiency is an important risk factor in the development process of UFs [6–9,41].
There are several ideas about the use of vitamin D in UF prevention or as a long-term treatment [13,34,42],
but ongoing clinical trials in this area remain scarce.

Despite the accumulating data on UFs, information about the involvement of vitamin D in their
pathophysiology is limited. Thus, we present an up-to-date review about the role of vitamin D in
UF-associated problems, as well as our ideas for future steps.

2. Materials and Methods

This article presents an up-to-date review of the publications regarding the current role of vitamin
D and its receptor in the pathophysiology and management of uterine fibroids. A literature search was
conducted in PubMed using the following key words: “uterine fibroid” and “vitamin D”. During our
search, we combined the key words into a pair, and found 45 publications. The aim of the review was
to evaluate the current state of knowledge about the role of vitamin D in uterine fibroid biology and
management. The results of the available studies, published in English from January 2002 up to April
2018, have been discussed. Additional important articles and reviews were considered, when relevant.

3. Discussion

3.1. Uterine Fibroid Biology—Overview

Genetic studies have proven UFs to be monoclonal hormone-dependent tumors [30,43]. Tumor
development begins with the creation of a pathologically changed and transformed primary
myometrial cell. Subsequently, all secondary cells divide, making the tumor grow further [44].
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Modified cells need proper stimulation in order to divide and produce the extracellular matrix
(ECM) [45,46]. The mechanisms controlling the growth of UFs are complex and still not well-
recognized [47]. Abnormal and excessive ECM production is a major factor in UF growth [46,47].

The main hormones which simulate UFs development and growth are estrogen [48] and
progesterone [29,30,49]. Estrogen [48] and progesterone [49] induce UF formation and growth, affecting
them directly and indirectly through various growth factors [50,51]. Numerous experts consider
progesterone to be the main steroid initiating uterine muscle differentiation, and its subsequent
abnormal growth [30,43,49,52–54]. The effect of progesterone on UF growth has been confirmed by the
wide use of its antagonists (SPRMs) in the treatment of UFs [31,55,56]. Estrogens, which play a smaller
role in the UF pathophysiology, prepare the tumor to be stimulated by progesterone by upregulating
its receptors [48,57].

UFs are greatly affected by genetic abnormalities [58–60]. Since the discovery made by Makinen
et al., in 2011 [58], UF genetics has made great advances. Specific mutations within the MED12
gene which encode the mediator complex subunit 12 (MED12) are detected in almost 80% of the UF
samples [58,59]. So far, no mutations have been found in MED12 in the healthy myometrium of the
women studied [60].

3.2. Vitamin D and Its Receptor—Overview

Vitamin D is a group of steroid compounds which have a powerful impact on many parts of
the human body, including the musculoskeletal, nervous and immune systems, as well as the genital
tract [36,37,61]. The main activity of vitamin D concerns the control of calcium-phosphate balance
as well as the correct structure and function of the skeleton [36,62]. Although it is traditionally
included in vitamins, vitamin D also fulfills the requirements to be classified as a hormone [63,64].
Vitamin D can occur in several forms—vitamin D1, or calciferol (most often found in fish oils), vitamin
D2—ergocalciferol (found in plants) and vitamin D3—cholecalciferol (produced in the skin) [65,66].
Vitamin D is converted to 25-hydroxyvitamin D [25(OH)D] by the 25 α-hydroxylase enzyme in the
liver, and after that it is hydroxylated in the kidneys to 1,25-dihydroxyvitamin D [1,25(OH)D] [64].
The most active form of this vitamin—1,25(OH)D—presents its activity in almost every tissue in human
body [13].

Vitamin D is carried by a specific transportation protein—Vitamin D-binding protein
(VDBP)—which belongs to the albumin gene family [67]. This protein transports various forms
of vitamin D, including ergocalciferol, cholecalciferol, calcifediol and calcitriol, between the skin, liver
and kidneys, and then on to various target tissues [63]. According to Yao et al., similar levels of VDBP
were observed in the population of Euro-American and Afro-American women [68]. There are some
studies which have already demonstrated the usefulness of VDBP in clinical diagnosis. It might be
used as a biomarker for selected diseases, for example, breast cancer [69,70]. Also, in their study from
2012, Lin et al., indicated that VDBP can be used as a potential marker for UFs [70].

Vitamin D is believed to regulate cell proliferation and differentiation, inhibit angiogenesis,
and stimulate apoptosis [36,37,61]. Vitamin D works by a specific type of receptor—VDR. It is a
mediator of the pleiotropic effect of this vitamin [71]. Vitamin D mediates its metabolic functions
through steroid transcriptional mechanisms [64,71]. This vitamin can modulate the expression of
various genes in a tissue-specific manner, and then can lead to the inhibition of cell proliferation,
differentiation, and apoptosis. These processes can take part in the inhibition of neoplastic
transformation as well as tumor growth, such as in UF [13,72].

Endogenous vitamin D production is limited by factors such as geographical location,
environmental and individual characteristics (e.g., latitude, season, weather conditions, clothing),
as well as the use of sunscreens and other cosmetics [73,74]. Abnormal supplementation and insufficient
exposure to solar radiation due to spending the majority of time indoors are believed to be the main
reasons for vitamin D deficiency in white female population [73]. People with dark skin, especially
black, must spend 5 to 10 times more time outside to produce the same portion of vitamin D as
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compared to people with fair complexion [73,75], which is the reason why, for example, Afro-Americans
are more likely to have low levels of vitamin D [76].

Vitamin D levels defined as “deficient” are the subject of much heated debate among the
experts [37,39,77]. According to the Endocrine Society Practice Guidelines on vitamin D status,
“deficiency” is defined as 25(OH)D level of <20 ng/mL, insufficiency as 21–29 ng/mL, and sufficiency
as at least 30 ng/mL (for the best overall musculoskeletal effect) [78,79]. The actual guidelines suggest
a preferred range from 40 to 60 ng/mL when focusing on the pleiotropic effect of vitamin D [39,61,80]
(Figure 1).

3.3. Vitamin D in Uterine Fibroid Biology

Vitamin D is believed to reduce the risk of chronic illnesses and neoplasms [37,61]. According to
the review by Grant, the available scientific evidence supports the notion of vitamin D supplementation
as a cancer prevention method [81].

Decreased serum vitamin D levels have been already confirmed in several gynecological and
obstetrical pathologies, such as infertility or polycystic ovary syndrome [82–86]. Vitamin D is also
known to affect cycle regularity through its effect on hormones such as insulin or androgens. Various
studies have confirmed that lower serum 25(OH)D levels were associated with irregular menstrual
cycles [87]. Vitamin D may also influence the ovarian reserve and is inversely related to FSH level,
as was demonstrated by Jukic et al. [88].

Recent studies have identified abnormal concentrations of vitamin D as important players in the
etiology of UFs [6–9,38]. Nowadays, vitamin D deficiency is believed to be also a major risk factor in
the development of UFs. Mean 25(OH)D serum levels are significantly lower in UF-positive women
as compared to UF-negative controls [6–8]. These findings were also confirmed in Turkish [89] and
African-American populations, who are more likely to present both with vitamin D deficiency and
presence of UFs [90]. Cultural and environmental differences might play a role in the UF development
as well [91], Oskovi Kaplan et al., suggested that traditional clothing style (covering the body),
low education or being a housewife are also risk factors for vitamin D deficiency which, at some point
in life, might result in UF [89]. Recently, theories about the vital role of vitamin D in the pathogenesis
of UFs, and research into the effects of vitamin D on UFs, have gained new momentum. Vitamin D has
become one of the key elements of modern theory of UF pathogenesis [6,13]. Epidemiological studies
continue to emphasize the role of vitamin D deficiency in the development of UFs. One of the most
recently published studies on these correlations was published in 2015. Mitro et al., in their study on
3600 women who took part in the National Health and Nutrition Examination Survey (NHANES)
between 2001 and 2006, found no association between low vitamin D levels and the appearance of
UFs within the entire population [92]. Interestingly, taking into account only the white population,
the decreased serum concentration of vitamin D was a risk factor for UFs, but no such correlation was
observed in black women [92]. Thus, larger studies are still necessary to better understand the biology
of UF.

The results of the first study conducted to better understand the effect of vitamin D on the growth
of UF were published by Blauer et al. [38]. The research was carried out in 2009 and showed the
relationship between 1,25(OH)D levels and the growth of UF cells (samples were obtained from
women who underwent hysterectomy) [38]. Inhibition of their growth was correlated with vitamin D
concentration and increased with increasing vitamin D concentration [38]. In another study, performed
later by Sharan et al., 1,25(OH)D caused in vitro inhibition of proliferation of immortal UF cells [93]
(Figure 2).
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Figure 2. Vitamin D influence on uterine fibroid (UF) pathophysiological pathways. Cyclin-dependent
kinase 1 (CDK1), proliferating cell nuclear antigen (PCNA), catechol-O-methyltransferase (COMT),
Bcl-2 protein, proliferation marker protein Ki-67 (MKI-67), extracellular matrix (ECM), transforming
growth factor beta 3 (TGF-β3), uterine fibroid (UF).

Their findings were unambiguous: proliferating cell nuclear antigen (PCNA)—known as a
molecular marker for proliferation [94], cyclin-dependent kinase 1 (CDK1)—a protein kinase complex
known as M-phase promoting factor [95], Bcl-2—considered an important anti-apoptotic protein [96],
and catechol-O-methyltransferase (COMT)—which is involved in estrogen metabolism [97], were all
highly affected by vitamin D compounds [93]. In the same year, Halder et al., published a study which
showed the effect of vitamin D3 on the transforming growth factor beta (TGF-β) pathway. In their study,
TGF-β3 was inhibited by increased concentrations of vitamin D [98]. Their results further confirmed
our belief that research about the role of vitamin D in the UF biology is the right direction because
TGF-β is considered to be one of the most relevant factors in the pathogenesis of fibrosis-associated
diseases [46], while TGF-β3 is one of the most important TGF-β isoforms in UF biology [99–101].
Its increased serum levels constitute a risk factor for UF incidence [6]. TGF-β3 slows the degradation
of ECM [99,102], and plays a vital role in its overproduction by stimulating the expression of selected
ECM molecules, such as proteoglycans and proteins [46,103] (Figure 2). In subsequent studies, which
have been carried out on animal models (Eker rats), therapeutic doses of vitamin D were found to
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significantly reduce the size of UFs by suppressing genes responsible for cell growth and cell division,
antiapoptotic genes and genes encoding estrogen and progesterone receptors [104,105]. In animal
models, vitamin D presented great effect on molecular genetics by suppressing cell growth and
proliferation-related genes (e.g., Pcna, Cdk1, Cdk2, Cdk4), antiapoptotic genes (Bcl2 and Bcl2-like1),
and estrogen and progesterone receptors [104]. In the same study, immunohistochemical staining
revealed decreased expression of additional markers of proliferation (PCNA and MKI-67) [104].

According to an interesting study by Al-Hendy et al., 1,25(OH)D functions as a potent antiestrogenic
and antiprogesteronic agent [106]. These authors observed an inverse correlation between the
up-regulated estrogen and progesterone receptors and VDR expression in UFs. In the same study,
treatment with active vitamin D significantly decreased the levels of estrogen and progesterone
receptors [106]. Steroid hormones and their receptors are crucial in UF biology. For example, due to their
influence on Wnt/β-catenin and TGF-β pathways [101]. In many tumors, including UFs, cytokines
and growth factors play the key role in inflammation and regulation of cell division [40,50,107].
Recently, the elevated expression of activin A and its effect on inflammation and fibrosis have
been thoroughly documented as well (e.g., in UFs) [108]. These factors may be also responsible
for UF-associated symptoms such as infertility or pain [40], for example, TGF-β (especially the TGF-β3
isoform) which is one of the most important factors in the development and growth and UFs and
the related problems [50,98,101]. What is already known is that UFs regulate and stimulate the
accumulation of ECM, with TGF-β as the mediator [57,101,109]. Overexpressed TGF-β induces ECM
overproduction by stimulating the expression of type I collagen, proteoglycans, and other ECM
compounds, what in turn results in abnormal ECM accumulation [101,103,110]. VDR activation by its
ligand results in reduced inflammation and fibrosis [34,111]. Owing to the studies by Halder et al.,
it was possible to prove that a surprisingly beneficial effect in UF growth reduction can be obtained
under the influence of vitamin D [98,104]. In their papers, authors concluded that 1,25(OH)D reduces
TGF-β3-related gene expression and 1,25(OH)D treatment reducing growth of uterine leiomyoma
tumor and inhibition proliferation of leiomyoma cells [98,104]. In 2016, Al-Hendy et al., proved that
vitamin D administration reduced the levels of Wnt4 and β-catenin in UF cell cultures [112]. These
authors suggested that vitamin D might function as an inhibitor of Wnt4/β-catenin and mechanistic
target of rapamycin (mTOR—kinase which regulates cell growth, cell proliferation and cell motility)
signaling pathways [112]. In the same study, the authors made an interesting observation about the
gene encoding flap structure-specific endonuclease 1 (FEN1) [112,113]. FEN1 is an enzyme involved
in DNA damage repair, which was found to be overexpressed in the majority of cancers [114]. When
FEN1 is overexpressed, the highly inaccurate DNA repair pathway may be favored, causing a great risk
of potential mutation and increased risk of cancer [115]. Al-Hendy et al., tested the effect of vitamin D
on the FEN1 protein expression in human UF and found that vitamin to effectively suppress FEN1
in a concentration-dependent manner. They concluded that this was yet another clue indicating the
potential use of vitamin D in UF treatment [112].

There are other ways to explain the beneficial effects of vitamin D on UFs. Matrix metalloproteinases
(MMPs) are calcium-dependent zinc-containing endopeptidases which play a role in continuous ECM
rebuild [116]. MMPs are capable of degrading all kinds of ECM proteins [116]. MMPs enzymes are
regulated by tissue inhibitors of metalloproteinases (TIMPs) [117]. In 2013, Halder et al., demonstrated
that vitamin D increased TIMP expression in the uterine myometrium. That study revealed that vitamin
D plays an important regulatory role in the expression and activities of MMP-2 and MMP-9 [118].

Potential antitumor properties of vitamin D have been covered by other studies, such as on
mesenchymal multipotent cells [119]. Many of the pathways in the mesenchymal multipotent cells
were found to be similar to those described in UFs. Artaza et al., observed increased expression and
nuclear translocation of VDR, decreased expression of TGF-β, collagen I, III and increased expression
of bone morphogenic protein 7 (BMP-7) and MMP-8 [119].
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3.4. Vitamin D Receptor and Uterine Fibroids—Gene Polymorphisms

Data on single nucleotide polymorphisms (SNPs) in UFs are more scarce than other
genetic findings.

In 2014, a group of researchers began their work on the study of SNP gene polymorphisms and
its correlation with UFs occurrence [120]. Preliminary studies have shown that SNPs related to the
metabolism of vitamin D and skin color are associated with the presence of UFs in black women [120].
Among studied SNPs rs12800438 near DHCR7 and rs6058017 in ASIP gene are implicated in vitamin D
synthesis in the skin [120]. The relationship between UF and rs739837 and rs886441 polymorphisms in
the nuclear hormone receptor for vitamin D has been described [120]. The study by Shahbazi et al.
supports the hypothesis that UFs are associated with the VDR rs2228570 polymorphism—correlation
between VDR TT genotype and UF occurrence risk [121]. More recently (2018), Yilmaz et al.
demonstrated that the presence of the rs2228570 CC genotype may be a risk-reducing factor and
the T allele may be a potential risk factor for the development of UFs, which is consistent with the
findings of Shahbazi [122]. Both studies had limitations: small sample size and closed populations and
their results need to be confirmed on larger populations [120].

3.5. Vitamin D—Potential Uterine Fibroid Prophylaxis or Treatment Method

3.5.1. Vitamin D—Optimal Levels and Supplementation against Uterine Fibroids

The least studied factors which affect the risk for UF occurrence are related to lifestyle, diet,
nutrition, or place of residence. Especially nutrition and diet can be the gateway to effective prevention
of UFs [34,123,124]. As the new guidelines from 2018 defined optimal concentration of vitamin D at
40–60 ng/mL (Figure 1) [39], vitamin D supplementation and sunlight exposure can be the two main
clues for UF prevention [125]. In cases of deficiency, vitamin D can be raised to the correct level by
taking a supplemental dose—7000 international units (IU)/day or 50,000 IU/week, depending on
patient choice [39]. Chronic administration of high doses of vitamin D may lead to its toxic effects,
manifested by severe hypercalcemia and functional hypoparathyroidism, resulting in fractures and
osteoarticular pain [126]. It seems that the undesirable effects of vitamin D can be bypassed by
short-term high-dose therapies instead of chronic administration [37].

In 2016, in a study performed by Ciavattini et al., 53 women received vitamin D
supplementation [127], which restored correct vitamin D serum concentrations in women with small
burden UFs (<50 mm in diameter and less than 4 tumors). In these women, treatment with vitamin D
reduced disease progression. To the best of our knowledge, this is the first study showing beneficial
results of vitamin D use in UF management in humans [127].

In our opinion, vitamin D seems to offer a promising, effective, and low-cost prevention or
treatment of UFs and their clinical symptoms. Should further findings be positive, vitamin D
supplements/drugs could become a new weapon in the battle against UFs, with the additional
beneficial pleiotropic effect. Furthermore, skeletal and extra-skeletal advantages support the use of
vitamin D as a prophylactic agent in high-risk or UF-positive women [34].

3.5.2. The Use of Paricalcitol in Uterine Fibroid Management

Potential adverse effects of chronic or high-dose vitamin D treatment might be bypassed by using
vitamin D analogs [34,105]. The experimental trials performed in animal models provided evidence
that VDR agonists have a therapeutic potential in chronic inflammatory diseases and cancer [128].
Interestingly, VDR agonists show agonistic, partial agonistic, or antagonistic activity, depending upon
the structure of their side chains [129]. Paricalcitol is a selective vitamin D analog, a VDR activator
used mostly in the treatment of secondary hyperparathyroidism [111,130]. These analogs are already
present on the market for different indications. However, subsequent studies suggest that they may
also have a beneficial anti-proliferative effect on UFs [105,131].
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Most of the activities which may be useful in the treatment of UF can be explained on the
basis of the observations obtained in nephrological models [132,133]. In kidneys, paricalcitol
presented an immunomodulatory effect which can cause limited ECM thickening and may slow
down angiogenesis [111,134]. In the same model, paricalcitol interfered with TGF-β1 activation of
the TGF-β receptor 1 [135]. The observation is intriguing due to the presented anti-inflammatory and
anti-fibrotic properties of this vitamin D analog [135]. According to the data obtained, paricalcitol has
an influence on Wnt/β-catenin signaling as well as on NF-κB, which results in decreased expression
of ECM [132,133]. The same observations about Wnt/β-catenin signaling are present in UFs, where
increased secretion of Wnt ligands under the influence of steroid hormones leads to excessive
production of different TGF-β and ECM isoforms, as well as enhanced proliferation of UF stem
cells [30,57,101]. In our opinion, we can transfer data about fibrosis to UFs models to a certain extent,
because these tumors consist largely of ECM with embedded cells, and excessive ECM production is
considered to be one of the key mechanisms of UF formation [101].

3.6. Future Concepts in the Area of Uterine Fibroids and Vitamin D

Recent attempts to create a cheap, safe and effective drug targeted at the prevention and treatment
of UFs remain in the very early stages, and it is not known whether they will succeed. Vitamin D is
a natural supplement which may prevent UF development and growth, and undoubtedly deserves
further investigation [136,137].

Vitamin D seems to be a promising, safe and low-cost agent in the prevention or treatment of
UFs. Further reports are necessary to prove the efficacy of vitamin D supplementation in women [138].
In cases of further positive observations and effects in randomized trials, vitamin D preparations could
become a new generation of anti-UF drugs [42,139] (Figure 3).

Figure 3. Vitamin D, GnRH analogs and SPRMs. According to Ali et al. there is a potential synergism
between vitamin D and ulipristal acetate [140]. New data about between vitamin D, vitamin D analogs
and other mostly used drugs in UF therapy is necessary to find other synergisms. Gonadotropin
releasing hormone (GnRH), selective progesterone receptor modulator (SPRM).

There is evidence supporting the beneficial action of vitamin D supplementation in women
with small UFs [127], but further extensive studies are needed to fully understand the exact role of
vitamin D in UF biology. Lack of randomized controlled trials on vitamin D use in the prophylaxis
or treatment of UFs remains a significant problem. In our opinion, the main reason for that is the
lack of unified cut-off thresholds for vitamin D deficiency—they differ in different countries [39].
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The consensus in this area can bring tangible benefits to women with UFs. Currently, high-risk patients,
those with positive history of UFs, Afro-Americans and those with elevated BMI, should be screened
and offered supplementation, if necessary [6]. According to Ali et al., women who would benefit from
this management include also these with early menarche, nulliparous, and aged <40 [141].

An additional aspect that should be implemented when constructing subsequent clinical trials
and determining recommendations for vitamin D supplementation is an individually differentiated
response to vitamin supplementation [142]. According to available data, up to 25% of humanity can be
considered as vitamin D low responders (slow response after standard supplementation doses) [142].
In the matter of UFs, the fact of a different response to supplementation doses may be of great
importance, both to the effectiveness of treatment and also for economic reasons [20]. For example,
similar doses of vitamin D in a high responders group may result in high raises of 25(OH)D serum
levels and subsequent retention of tumor growth, whereas low responders will only gain a very low
25(OH)D serum level raise and small pleiotropic effect [142]. It seems, therefore, that the next step in
constructing high-quality studies on the influence of vitamin D as a medicine in UFs therapy should
be the use of the vitamin D response index when creating patient groups.

Since the correction of vitamin D concentrations has a positive effect on the inhibition of UF
growth, we should also consider other therapies (except supplementation) which will increase serum
vitamin D levels. Harmon et al. reported that the use of estrogen-containing contraceptives was
associated with a 20% increase in serum 25(OH)D concentrations [143]. Our studies have also recently
shown that the use of combined oral contraception (COC) with drospirenone results in higher serum
vitamin D levels [144]. The exact mechanisms causing the increase are still unknown, so research
should be continued. The use of selected form of oral contraception in selected groups could reduce
UF-related symptoms as well as help to maintain the correct serum concentrations of vitamin D.
It should be emphasized that COC use should not be expected to reduce the tumor volume [138]. In the
short-term management, COC can be used to reduce menstrual bleeding associated with UFs [138].
It should be emphasized that according to available data COC use slightly increase the overall risk of
breast [145] cancer [146] occurrence. On the other hand, this risk is counterbalanced by the lower risk
of endometrial, ovarian, and colorectal cancer in the future in women who used the COC [147].

In light of the above, paricalcitol has a great potential to become an effective drug or co-drug
for the conservative treatment of UFs [34]. Paricalcitol effectively reduces the proliferation of human
leiomyoma cell cultures and fibroid tumor volumes, and induces apoptosis [105]. Further extensive
clinical research is necessary to gain more information about the use of paricalcitol in UF therapy
(Figure 3). In the meantime, other VDR analogs should be studied for their potential role in the
management of UFs [141].

Due to rare side effects and relatively high safety of vitamin D, we could also consider combination
therapies—drugs with additional simultaneous vitamin D supplementation. According to a very
recent study by Ali et al., UPA and vitamin D share synergistic anti-fibroid activities [140]. In this
study, the combined therapy of UPA and vitamin D resulted in a significant inhibition of UF cell
growth (lowest proliferation rate from all studied groups) [140]. This research is a milestone and
can bring entirely new perspectives on how to treat UF. We are of the opinion that such treatment
would be beneficial in selected populations. Perhaps it could be more effective than the traditional
approach in patients with the most severe symptoms, such as in obese African-Americans with vitamin
D deficiency. It could also be treated as a type of add-back therapy during gonadotropin releasing
hormone (GnRH) analog treatment [148], such as to prevent bone loss [149] or negative effect on mood
or cognition [150] caused by estrogen deficiency. Similar studies performed on other substances such
as GnRH analogs, for example, leuprolide, goserelin, elagolix or relugolix, might constitute the next
step. If the safety of such therapies will be confirmed, the studies should be transferred to the next
stages of clinical trials in humans.

Early prevention, appropriate prophylaxis, as well as treatment of UFs at an early stage in high-risk
women, are priority actions. Perhaps the solution for the future will be to identify high-risk groups
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before the appearance of UFs, and then to implement preventive measures. The ideal methods
of prevention and early-stage therapy should be inexpensive and relatively free of risk [13,42].
Highly individualized and personalized multi-drug therapies with the use of vitamin D might also
be considered.

High-dose vitamin D and vitamin D analogs alone or as co-drugs can sooner or later become
optimal, effective, safe drugs for conservative treatment of UFs. First, however, they must undergo
advanced clinical trials, where they can confirm their effectiveness.

4. Conclusions

Vitamin D plays an essential role in UF biology. Vitamin D and its analogs seem to be promising,
effective, and low-cost compounds in the management of UFs and their clinical symptoms. In cases of
further positive observations and randomized control trials, vitamin D preparations could become
new tools in the fight against UFs, with the additional beneficial pleiotropic effect. Further studies
about the biological effect of vitamin D on UF biology are essential. The synergy between vitamin D
and selected anti-UF drugs is a very interesting issue which requires further research.
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COMT catechol-O-methyltransferase
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EMA European Medicines Agency
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MMP matrix metalloproteinase
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TGF-β transforming growth factor beta
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VDBP vitamin D binding protein
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Abstract: Vitamin D is a precursor for secosteroidal hormones, which demonstrate pleiotropic
biological activities, including the regulation of growth and the differentiation of normal and
malignant cells. Our previous studies have indicated that the inhibition of melanoma proliferation
by a short side-chain, low calcemic analog of vitamin D—21(OH)pD is not fully dependent on
the expression of vitamin D receptor (VDR). We have examined the effects of classic vitamin D
metabolites, 1,25(OH)2D3 and 25(OH)D3, and two low calcemic vitamin D analogs, (21(OH)pD and
calcipotriol), on proliferation, mRNA expression and vitamin D receptor (VDR) translocation in three
human melanoma cell lines: WM98, A375 and SK-MEL-188b (subline b of SK-MEL-188, which lost
responsiveness to 1,25(OH)2D3 and became VDR−/−CYP27B1−/−). All tested compounds efficiently
inhibited the proliferation of WM98 and A375 melanoma cells except SK-MEL-188b, in which only the
short side-chain vitamin D analog—21(OH)pD was effective. Overall, 21(OH)pD was the most potent
compound in all three melanoma cell lines in the study. The lack of responsiveness of SK-MEL-188b
to 1,25(OH)2D3, 25(OH)D3 and calcipotriol is explained by a lack of characteristic transcripts for
the VDR, its splicing variants as well as for vitamin D-activating enzyme CYP27B1. On the other
hand, the expression of VDR and its splicing variants and other vitamin D related genes (RXR,
PDIA3, CYP3A4, CYP2R1, CYP27B1, CYP24A1 and CYP11A1) was detected in WM98 and A375
melanomas with the transcript levels being modulated by vitamin D analogs. The expression of VDR
isoforms in WM98 cells was stimulated strongly by calcipotriol. The antiproliferative activities of
21(OH)pD appear not to require VDR translocation to the nucleus, which explains the high efficacy
of this noncalcemic pregnacalciferol analog in SK-MEL-188b melanoma, that is, VDR−/−. Therefore,
we propose that 21(OH)pD is a good candidate for melanoma therapy, although the mechanism of its
action remains to be defined.

Keywords: vitamin D; 1,25(OH)2D3; calcipotriol; 21(OH)pD; vitamin D analogs; melanoma; human
melanoma cell lines; VDR translocation; anti-melanoma activity

1. Introduction

Vitamin D is a naturally occurring hormone precursor, which after activation serves as
a pleiotropic regulator of homeostasis on cellular and whole organism levels [1,2]. It is produced in
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the skin which is subjected to the ultraviolet B (UVB) fraction of sunlight or could be acquired from
nutritional sources and supplementation. UVB exposure results in the conversion of epidermal
7-dehydrocholesterol (7DHC) into pre-vitamin D3, which undergoes subsequent isomerization
to vitamin D3 [2–5]. Vitamin D3 has to be hydroxylated in order to implement its biological
activities. The first step takes place in the liver, where vitamin D3 is converted to 25(OH)D3

(25-hydroxyvitamin D3, calcifediol) by CYP2R1, CYP27A1 or CYP3A4 (CYP3A4 belongs to cytochrome
P450 superfamily and is involved in drug metabolism, but also has a capacity for vitamin D
hydroxylation), and 25(OH)D3 is subsequently hydroxylated by 1α-hydroxylase (CYP27B1) in the
kidney. In addition, 1,25(OH)2D3 can be generated locally in many cell types (keratinocytes, dendritic
cells, melanocytes, lymphocytes and cancer cells) expressing appropriate enzymatic machinery [6,7].
The level of 1,25(OH)2D3 and its metabolites in circulation are tightly regulated through a negative
feedback loop by 24-hydroxylase (CYP24A1), which metabolizes calcitriol into water-soluble and
inactive calcitroic acid [8]. The catalytically inactive splicing variant of CYP24A1 (CYP24SV) may serve
as dominant negative regulator of vitamin D3 catabolism and possibly contribute to the extracellular
accumulation of 1,25(OH)2D3 [9]. Most recently, it was discovered that CYP11A1, the rate limiting
enzyme of steroidogenesis, also metabolizes 7DHC, vitamin D3 and lumisterol to their corresponding
hydroxyderivatives with full and short side-chains [10–15].

According to the genomic pathway, active forms of vitamin D3 exert their biological activities
through interactions with the VDR, which is expressed by a majority of cells in the body [16,17].
Activated VDR forms a heterodimer with retinoid X receptor (RXR), and this complex is translocated
to the nucleus where it binds to the VDREs (vitamin D response elements) and activates the expression
of hundreds of human genes [17,18]. The activity of this complex is also regulated by the recruitment
of co-activators or co-repressors to modulate the expression of selected genes, including those
participating in the inhibition of cell cycle progression and the stimulation of differentiation and
apoptosis [19–22].

In addition to the well-characterized vitamin D3 genomic actions, its analogs may also exert
a rapid, non-genomic response (RR: rapid response) [23–25]. There is growing evidence that the
co-localization of VDR [26,27] with caveolae of plasma membrane, as well as the binding of vitamin D
to PDIA3 (Protein disulfide-isomerase A3), is responsible for the alternative (non-genomic) action of
vitamin D3 and its analogs [23,28].

According to epidemiological studies, the incidence of human malignant melanoma has been
increasing steadily since the 1970s [29–32]. Early detection of melanoma results in a good prognosis
for patients; however, the survival rate and therapeutic procedures for advanced or metastatic
melanomas are very limited. Ultraviolet radiation, in addition to being fully carcinogenic and a main
cause of melanoma [32–34], is also the most important factor promoting the formation of vitamin
D3. The anti-melanoma activity of vitamin D derivatives have been reported previously [35–40].
In addition, the presence of specific polymorphisms of VDR [41–43] or a decreased expression of
VDR, CYP27B1, CYP24A1 and defects in vitamin D signaling are linked to more advanced stages
of melanoma or poorer prognosis [44–48]. Furthermore, proper supplementation with vitamin D is
believed to be an important factor in cancer prevention [47,49–51].

Active forms of vitamin D3 show antiproliferative properties against several types of cancer,
including colorectal cancer [52], breast cancer [53], prostate cancer [54] and melanoma [39,40,55–59].
Furthermore, the use of 1,25(OH)2D3 as an anticancer drug in very high concentrations (above
50,000 units/day) is currently under clinical investigation; however, it has to be acknowledged that it
could potentially cause hypercalcemia [40,50,60]. Since vitamin D3 analogs with modified or shortened
side-chains were shown to have low or no effect on calcium levels [59,61–63], they are potentially
better alternatives for calcitriol. So far, more than 3000 vitamin D3 analogs have been synthesized,
and their biological activity is still intensively investigated as a single agent or in combination with
other cytostatics [40,64–66]. In this study, we have investigated the response of three human melanoma
cell lines against four vitamin D3 analogs. We have analyzed the antiproliferative potential of analogs
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(Figure 1) and found that 21(OH)pD inhibits melanoma growth through a mechanism independent
from VDR or PDIA3.

Figure 1. Chemical structure of vitamin D3 analogs: 1,25(OH)2D3 (A), 25(OH)D3 (B), calcipotriol (C)
and 21(OH)pD (D).

2. Results

2.1. New Vitamin D3 Analogs Effectively Inhibit A375 Cell Proliferation

Our previous studies on human melanomas SK-MEL-188 [10,39,57,59,62,67–69], A375 [55],
and WM98 [39,68] demonstrated the sensitivity of melanoma cells to vitamin D3 analogs with short
and full side-chains. The efficacy of compounds was attenuated by melanogenesis, which was
associated with the downregulation of VDR expression [56,68]. However, it was also shown that
the antiproliferative activity of short side-chain analogs of vitamin D3, such as 21(OH)pD, were not
fully dependent on VDR expression in rodent melanomas [56], consistent with the poor docking score
on the ligand binding domain of the VDR and the poor translocation of VDR to the nucleus [69].

To better understand the effect of VDR expression on the differential action of vitamin D3

analogs, we used three human melanoma lines, A375 and WM98 and a subline b of SKMEL-188 which
lost responsiveness to vitamin D during in vitro passaging [55], and detected the VDR expression
and sensitivity to selected vitamin D analogs (1,25(OH)2D3, 25(OH)D3, 21(OH)pD and calcipotriol).
As expected, these compounds [40,65] effectively inhibited the proliferation of A375 and WM98
melanomas expressing VDR receptor. IC50 values ranged from pM to μM, and the effects on cell
proliferation were strongly dependent on the melanoma cell line and the nature of the compound.
Interestingly, non-pigmented SK-MEL-188b was found to be resistant to vitamin D3 analogs with
a full-length side-chain (1,25(OH)2D3, 25(OH)D3 and calcipotriol) and sensitive to short side-chained
21(OH)pD (Figure 2). Overall, 21(OH)pD was found to be the most potent inhibitor of growth in tested
melanoma cell lines.
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Figure 2. Effects of 1,25(OH)2D3, 25(OH)D3, calcipotriol and 21(OH)pD on growth of human
SK-MEL-188b, A375 and WM98 melanoma cells. Cells were seeded into 96-well plates and incubated
in a medium supplemented with serial dilution of vitamin D analogs from 0.01 nM to 1000 nM
concentration (as described in Material and Methods). The statistical significance of results has been
analyzed using one-way ANOVA (GraphPad Software, San Diego, CA, USA) and data are presented
as means ± SEM for at least three independent measurements. The cutoff point of significance was
defined as p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

2.2. The Effect of Vitamin D3 Compounds on the Expression of Genes Related to Vitamin D3 Action
or Metabolism

First, we investigated the expression of vitamin D3-related genes in untreated melanoma cells.
As shown in Figure 3, PCR fragments characteristic for VDR, CYP27A1 and CYP27B1 mRNAs were
below the level of detectability in SK-MEL-188b melanoma, which did not respond to vitamin D.
Only the mRNA of PDIA3 was detected in this line. On the other hand, in A375 and WM98, cell lines
corresponding to transcripts for all tested genes were detected.

Next, we tested the effects of vitamin D3 analogues on the relative mRNA levels of vitamin
D3-related genes in responsive melanoma cell lines (A375 and WM98). The treatment of WM98
melanoma with full length side-chain vitamin D3 analogs (1,25(OH)2D3, 25(OH)D3 and calcipotriol)
is presented in Figure 4. Only 1,25(OH)2D3 stimulated the expression of VDR Co-receptor RXR
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and of CYP27A1 (Figure 4B). All three analogs, however, stimulated the expression of CYP3A4,
CYP2R1, CYP24A1 and its splicing variant CYP24A1sv. Interestingly, the strongest effect (approximately
a 6-fold induction) on CYP2R1 mRNA level was observed in cells treated with calcipotriol (Figure 4C).
Furthermore, the level of CYP27B1 mRNA was not affected by tested secosteroids (Figure 4G), while
the expression of PDIA3 was stimulated only by 25(OH)D3 (Figure 4E).

The treatment of A375 melanoma with four vitamin D3 analogs (1,25(OH)2D3, calcipotriol and
21(OH)pD) decreased the expression of VDR, RXR, PDIA3, CYP2R1 genes (Figure 5). Interestingly,
the strongest decrease in the mRNA levels of CYP3A4 and CYP2R1 was observed in A375 melanoma
cells treated with 21(OH)pD. The induction of CYP24A1 gene was hundreds of times folds higher
in cells treated with 1,25(OH)2D3 and calcipotriol when compared to 21(OH)pD, showing minimal
effect. Finally, the mRNA level of CYP27B1 was not affected by vitamin D analogues and CYP11A1
was elevated in A375 melanoma cells only after treatment with calcipotriol.

 

Figure 3. Differences in mRNA level of VDR, PDIA3, CYP27A1 and CYP27B1 genes in SK-MEL-188b
cells in comparison with A375 and WM98 cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a reporter gene to normalize all samples. See Table S1 for primer sequences and the
predicted length of PCR fragments.
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Figure 4. Vitamin D analogs treatment modulate the expression of (A) retinoid X receptor
(RXR), (E) disulfide isomerase (PDIA3), 25-hydoxylases ((B) CYP27A1, (C) CYP2R1 or (F) CYP3A4,
(G) 1α-hydroxylase (CYP27B1)) and 24-hydroxylases ((D) CYP24A1 or (H) CYP24SV) in WM98
melanoma cell line. Cells were stimulated with 1 μM 1,25(OH)2D3, 25(OH)D3 or calcipotriol for
24 h. Quantitative PCR analyses were performed as described in Materials and Methods. Statistical
significance was estimated using t-test and data are presented as means ± SD (n = 3). The cutoff point
for significance is defined as p < 0.05 (* p < 0.05, ** p < 0.01).
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Figure 5. Effects of vitamin D compounds (1,25(OH)2D3, 21(OH)pD or calcipotriol) on RXR (A),
VDR (B), PDIA3 (C), CYP3A4 (D), CYP2R1 (E), CYP27B1 (F), CYP24A1 (G) and CYP11A1 (H) genes
expression in A375 melanoma cells. A375 melanoma cells were incubated with 100 nM of 1,25(OH)2D3,
21(OH)pD or calcipotriol for 24 h. mRNA levels were measured by qPCR. Data are shown as means
± S.D of three independent experiments carried out in duplicate. The cutoff point for significance is
defined as p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

It is well established that the antiproliferative effects of vitamin D3 analogs strongly depend on the
expression of vitamin D receptor VDR [40,47,65]. As shown in Figure 3, the melanoma cell lines used
in the study differ in their basal level of VDR expression, and the transcript is absent in SK-MEL-188b,
which is not responsive to vitamin D. Theoretically, an alternative splicing of VDR pre-mRNA may
results in the production of at least five alternative transcripts (Figure 6A); thus, the unique set of
primers was designed in order to detect specific variants of VDR mRNA (Table S1). Detection of
specific variants of VDR was confirmed by sequencing of PCR fragments previously separated on
agarose gel (Figure 6B). WM98 and A375 melanoma cell lines express all four PCR fragments (Pr 1,
Pr 2, Pr 4 and Pr 5) corresponding to VDR splicing variant c (Figure 6A). In the WM98 melanoma,
the cell line presence of an mRNA characteristic for isoforms a (Pr 3) and b (Pr 4, upper band) was also
detected. Interestingly, in SK-MEL-188b melanoma cells, only one fragment of mRNA corresponding
to the alternative promoter region of VDR (isoform c) was detected. Finally, the effects of two vitamin
D3 analogs 25(OH)D3 and calcipotriol on the alternative splicing of VDR pre-mRNA was tested in
WM98 cell line (Figure 6C). It was show that treatment with calcipotriol, but not 25(OH)D3, resulted in
at least 7-fold elevation of mRNA levels corresponding to all fragments of the VDR tested (fragments
detected by a set of primers: Pr 1 to Pr 5).
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Figure 6. (A) Five different PCR primers sets were designed (Pr 1–Pr 5) in order to detect the expression
of VDR splicing variants in WM98, A375 and SK-MEL-188b cell lines. The most common isoforms
are a b and c and the rarely identified isoforms are d, e, f and g. The positions of sets of primers
designed to differentiate VDR isoforms is also shown. Product 1 (Pr 1) of 132 b.p. is characteristic
for isoforms a, b, c and f; Product 2 (Pr 2) of 180 b.p. is universal for all isoforms accept f; Product 3
(Pr 3) of 386 b.p. is unique for isoform a; Product 4 (Pr 4), depending on length of the PCR fragment,
indicates isoform “b” 532 b.p. or “c” 410 b.p.; Product 5 (Pr 5) of 384 b.p. is characteristic for
isoforms a, b, c, d and e, but not g and f (diagram of VDR splicing variants taken from AceView
https://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/). (B) Semiquntitative PCR was used to
differentiate the VDR isoforms (see Material and Methods for details); molecular weight marker (M)
as described in. (C) Effects of vitamin D analogs on the expression of VDR isoforms were analyzed
in WM98 melanoma cells. Melanoma cells were treated with 25(OH)D3 or calcipotriol at 1 μM
concentration for 24 h. Statistical significance was estimated using t-test and data are presented as
means ± SD (n = 3). The cutoff point for significance is defined as p < 0.05 (* p < 0.05, ** p < 0.01,
*** p < 0.001).

224



Int. J. Mol. Sci. 2018, 19, 2583

2.3. Translocation of Vitamin D Receptor by Secosteroids

The ligand-induced translocation of VDR receptor into the nucleus was studied using A375 cells
stably transduced with pLenti-CMV-VDR-EGFP lentiviral construct [70]. 1,25(OH)2D3 or calcipotriol
induced a dose-dependent and efficient translocation of VDR-GFP fusion protein into the nucleus
(Figure 7). A lack of VDR-GFP translocation to the nucleus was observed in cells treated with
21(OH)pD.

 

Figure 7. Effects of vitamin D analogs: (A) 1,25(OH)2D3, (B) calcipotriol or (C) 21(OH)pD3 at 0
(C—control), 0.01, 0.1 or 1 μM concentrations on VDR translocation to the nucleus (green fluorescence
shown in a gray scale). Melanoma A375 cells were transduced using pLenti-CMV-VDR-GFP-pgkpuro
construct: see Materials and Methods. Vitamin D analogs except 21(OH)pD induce VDR translocation
to the nucleus after 1 h of incubation in a concentration-dependent manner. Each panel shows four
random micrographs for each concentration taken by fluorescent microscope under 100× magnification.

3. Discussion

There is growing evidence that vitamin D3 analogs are excellent candidates for melanoma
therapy [40,47,65,71,72]. This is supported by the strong correlation between an adequate level
of 25(OH)D3 (>30 ng/mL in the serum) and a decreased incidence or severity of several cancers,
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including melanoma [62,73–77]. However, the use of an active form of vitamin D3, 1,25(OH)2D3 is
limited due to its potential hypercalcemic effects; thus, the development and biological evaluation of
new low calcemic vitamin D3 derivatives is highly desirable [40,55,65,72].

Here, we present results showing the different sensitivities of three melanoma cell lines
(SK-MEL-188b, A375 and WM98) to vitamin D3 analogs. Recently, we described vitamin D3-resistant
clone of SK-MEL1-88 (SK-MEL-188b) [55]. Contrary to parental SK-MEL-188, this clone was insensitive
to the treatment with 1,25(OH)2D3, or with several analogs of vitamin D2, except of PRI-1731 with the
inverse orientation of A ring in comparison to parental 1,25(OH)2D3 by the introduction of (5Z,7Z)
modification [55,78,79]. This clone does not express the coding region of VDR and of CYP27B1.
Therefore, we call it SK-MEL-188VDR−/−CYP27B1−/−. Interestingly, a short side-chain analog of
vitamin D3 with a pregnacalciferol-type configuration, such as 21(OH)pD, was shown to inhibit the
growth of the SK-MEL-188b line. It has to be underlined that this analog, also showed high potency
against two other melanoma cell lines in the study (A375 and WM98) and minimal stimulation of
CYP24A1. This indicates that the antiproliferative properties of 21-OHpD are independent on its action
on the VDR, which is consistent with our previous findings on pregnacalciferol derivatives acting
as poor activators of VDR per VDR translocation studies and molecular modeling [69]. One of the
possible mechanisms of 21(OH)pD action could include an activation of non-genomic pathways [25,80],
including those linked to the PDIA3 protein [81,82]. However, interaction with other nuclear steroid
receptors cannot be excluded. In addition, other receptors such as retinoic orphan acid receptors
(ROR)α and γ can be considered since vitamin D hydroxyderivatives can act as reverse agonists
on these receptors [62,83] and related pregnalumisterol derivatives can also act on RORα and
RORγ [15]. These considerations require future in-depth investigations to define specific receptors for
pD compounds (secosteroids with shortened side-chain).

Two other melanoma lines were responsive to vitamin D (WM98 and A375) and showed relatively
high expression levels of VDR transcript. Thus, the studies presented above on three melanoma lines
are consistent with reports showing that the expression of VDR is the key factor responsible for the
antitumor activities of 1,25(OH)2D3 [18,47,84,85]. Of note is that its decreased expression correlates
with advanced melanoma staging, progression and decreased overall patient survival and disease-free
survival time [45,46]. Accordingly, VDR polymorphism [41,42,72] and decreased levels of 25(OH)D3

in the serum [33,86] positively correlate with melanoma prevalence and poor prognosis.
Here, we show that sensitivity to tested vitamin D3 hydroxyderivatives with full side-chains

depends on VDR expression and its alternative splicing. Interestingly, sensitive melanoma lines (A375,
WM98) expressed all three major VDR splicing variants, suggesting that they may play an important
but not necessarily identical function in vitamin D3 signaling. Further studies are required to elucidate
the significance of the expression of VDR splicing variants. Furthermore, the expression of vitamin
D3-related genes was altered by vitamin D3 analogs, and the effects on the expression of VDR, RXR,
PDIA3, CYP2R1 or CYP24A1 were stronger in WM98 melanoma cells in comparison to the A375
line. This phenomenon could explain higher sensitivity of WM98 to 1,25(OH)2D3 in comparison to
A375 line.

In summary, low calcemic vitamin D3 analogs such as 25(OH)D3, 21(OH)pD or calcipotriol
showed similar antiproliferative activity to 1,25(OH)2D3 in melanoma cell lines expressing VDR
spliced variants. Furthermore, the short side-chain analog 21(OH)pD was found to be superior among
vitamin D analogs and was the only one, which inhibited the growth of the melanoma subline negative
for VDR, indicating a mechanism of action that is VDR-independent.

4. Materials and Methods

4.1. Cell Lines and Vitamin D Analogs

In our study, we determined the inhibitory effects of vitamin D3 analogs against immortalized
human melanoma cell lines SK-MEL-188b, WM98 and A375. SK-MEL-188b cells were cultured
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in F10 medium supplemented with 10% fetal bovine serum (FBS, Sigma, Poznan, Poland) and
1× antibiotic-antimycotic solution (Anti-Anti, Sigma). A375 and WM98 cell lines were cultured
in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% anti-anti.
To eliminate the influence of sterols present in fetal bovine serum in the experiments, we used 5%
charcoal-stripped FBS (GE Healthcare Life Sciences, Warsaw, Poland). Vitamin D3 analogs 1,25(OH)2D3,
25(OH)D3 and calcipotriol were acquired from the Pharmaceutical Research Institute (Warsaw, Poland),
while the new short side analog 21(OH)pD was synthesized in collaboration with ProChimia Surfaces
(Gdynia, Poland) as described previously [49,50]. The chemical structures of these secosteroids are
presented in Figure 1.

4.2. SRB Assay

Melanoma cells were seeded on 96-well plates at a density of 8000 per well in an appropriate
medium supplemented with 5% charcoal-stripped FBS and 1× anti-anti solution. After 24 h,
the medium was replaced with the fresh one containing vehicle and serial dilutions of vitamin D3

analogs at concentrations from 10 pM to 1 μM. Following incubation for 48 h, 100 μL of 20% TCA
(trichloroacetic acid) was added and cells were incubated for 1 h in 4 ◦C. The medium was discarded
and cells were washed 5 times with sterile water. Afterwards, cells were dried and 100 μL of SRB
(0.4 g sulforhodamin B in 100 mL 1% acetic acid) was added into the plate wells for 15 min incubation
at room temperature. Next, cells were washed 5 times with 1% acetic acid, dried and resolved with
150 μL of 10 mM Tris (pH = 10.5) for 10 min in room temperature. The absorbance was measured
spectroscopically at 570 nm with 96-well plate reader (BioTek, Winooski, VT, USA).

4.3. Classical PCR and Real-Time PCR Analysis

SK-MEL-188b, A375 and WM98 melanoma cells were treated with 1,25(OH)2D3, 25(OH)D3

and calcipotriol (only WM98 line) for 24 h (Figure 5 and Figure S1) or collected without treatment
(Figures 3 and 4). RNA was isolated using a Total RNA Kit (A&A Biotechnology, Gdynia, Poland).
Reverse transcription (500 ng RNA/reaction) was carried out with a RevertAid™ First Strand cDNA
Synthesis Kit (Fermentas, Vilnius, Lithuania). Classic PCR and real-time PCR were performed using
5-fold diluted cDNA and 2× PCR Master Mix (A&A Biotechnology) or real time 2× PCR Master
Mix SYBR Set A, B (A&A Biotechnology). The primers to amplify fragments of ACTB, VDR, RXR,
PDIA3, CYP27A1, CYP2R1, CYP3A4, CYP27B1, CYP24A1, CYP24SV genes were designed with Primer
Quest software (Integrated Device Technology, San Jose, CA, USA) (Table S1). The data was collected
on a MJ Mini BioRad cycler (BioRad, Hercules, CA, USA) or Termocycler StepOne Real-Time PCR
Systems (Life Technologies, Carlsbad, CA, USA). PCR products were visualized using the Mupid-One
electrophoresis system (BioRad) and ethidium bromide staining.

4.4. VDR Translocation

The melanoma A375 cell line was used to study the VDR receptor translocation to nucleus after
vitamin D3 analog treatment. Cells were transduced by pLenti-CMV-VDR-EGFP-pgkpuro plasmid,
where VDR and GFP were expressed as a fusion protein in cytoplasmic compartment. Cells were
cultured on 12 wells plate (0.5 × 105 cells/well) in DMEM supplemented with 5% charcoal-stripped FBS
and 24 h later medium was replaced with DMEM containing 1,25(OH)2D3, calcipotriol and 21(OH)pD
at 0.01 μM, 0.1 μM or 1 μM concentrations. After 1 h of incubation VDR translocation from cytoplasm
to nucleus was determined with fluorescent Eclipse TE300 microscope (Nikon, Tokyo, Japan).

4.5. Statistical Analysis

SRB viability data was presented using one-way Anova test to compare experimental groups:
cells were treated with vitamin D3 analogs with a concentration from 0.01 nM to 1000 nM with
control samples (GraphPad Software). The antiproliferative potency of vitamin D3 analogs were
compared by the calculation of EC50 for every compound (half maximal effective concentration).
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Real-time PCR data was analyzed with the comparative ΔΔ-Ct method normalized to the reference
gene ACTB. As a control, a probe with sterile water was used instead of cDNA. Data are presented as
mean ± SD (n = 4–6). Student’s t-test (for two groups) or one-way ANOVA with appropriate post-hoc
test (for more than two groups) were used to analyze data using Excel (Microsoft) or Prism 7.00
(GraphPad Software), respectively. Statistically significant differences are denoted with asterisks:
p < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.0001).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/9/
2583/s1.
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Abbreviations

1α,25(OH)2D3 1α,25-dihydroxyvitamin D3 (calcitriol)
21(OH)pD 21-hydroxypregnacalciferol
25(OH)D3 25-hydroxyvitamin D3 (calcifediol)
7-DHC 7-dehydrocholesterol (provitamin D3, cholesta-5,7-dien-3β-ol)
7-DHP 7-dehydropregnenolone
MARRS receptor Membrane-Associated Rapid Response to Steroid binding protein (other names: ERp57,

GRp58, Pdia3)
PDIA3 Protein disulfide-isomerase A3
ROS reactive oxygen species
UVA/B ultraviolet radiation A and B
VDR vitamin D receptor
VDRE vitamin D response elements
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Abstract: A novel pathway of vitamin D activation by CYP11A has previously been elucidated.
To define the mechanism of action of its major dihydroxy-products, we tested the divergence
and overlap between the gene expression profiles of human epidermal keratinocytes treated with
either CYP11A1-derived 20,23(OH)2D3 or classical 1,25(OH)2D3. Both secosteroids have significant
chemical similarity with the only differences being the positions of the hydroxyl groups. mRNA
was isolated and examined by microarray analysis using Illumina’s HumanWG-6 chip/arrays and
subsequent bioinformatics analyses. Marked differences in the up- and downregulated genes were
observed between 1,25(OH)2D3- and 20,23(OH)2D3-treated cells. Hierarchical clustering identified
both distinct, opposite and common (overlapping) gene expression patterns. CYP24A1 was a common
gene strongly activated by both compounds, a finding confirmed by qPCR. Ingenuity pathway
analysis identified VDR/RXR signaling as the top canonical pathway induced by 1,25(OH)2D3.
In contrast, the top canonical pathway induced by 20,23(OH)2D3 was AhR, with VDR/RXR being
the second nuclear receptor signaling pathway identified. QPCR analyses validated the former
finding by revealing that 20,23(OH)2D3 stimulated CYP1A1 and CYP1B1 gene expression, effects
located downstream of AhR. Similar stimulation was observed with 20(OH)D3, the precursor to
20,23(OH)2D3, as well as with its downstream metabolite, 17,20,23(OH)3D3. Using a Human
AhR Reporter Assay System we showed marked activation of AhR activity by 20,23(OH)2D3,
with weaker stimulation by 20(OH)D3. Finally, molecular modeling using an AhR LBD model
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predicted vitamin D3 hydroxyderivatives to be good ligands for this receptor. Thus, our microarray,
qPCR, functional studies and molecular modeling indicate that AhR is the major receptor target
for 20,23(OH)2D3, opening an exciting area of investigation on the interaction of different vitamin
D3-hydroxyderivatives with AhR and the subsequent downstream activation of signal transduction
pathways in a cell-type-dependent manner.

Keywords: vitamin D; dihydroxyvitamin D; epidermal keratinocytes; nuclear receptor signaling; microarray

1. Introduction

Vitamin D3 (D3) is formed by ultraviolet B radiation (UVB)-mediated breaking of the B ring
of 7-dehydrocholesterol (7DHC) followed by thermal isomerization of the resulting pre-vitamin D3
to D3 [1,2]. The vast majority of circulating D3 is generated in epidermal keratinocytes [3]. D3 is a
prohormone that is activated by sequential hydroxylations at C25 (by CYP2R1 or CYP27A1) and C1α
(by CYP27B1) to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), the hormonally active form, referred to as
the canonical pathway [4–7]. At the systemic level, C25 hydroxylation takes place in the liver with
the resulting 25(OH)D3 being hydroxylated at C1α in kidneys [3–7]. The same pathway operates in
peripheral tissues including epidermal keratinocytes, the major site of D3 formation [1].

In addition to the canonical pathway of vitamin D activation described above, novel
CYP11A-mediated pathways have been discovered (reviewed in [8]). Specifically, CYP11A1, the first
enzyme of steroidogenesis that hydroxylates and then cleaves the side chain of cholesterol to
produce pregnenolone (reviewed in [9,10]), can also hydroxylate and cleave the side chain of 7DHC,
and hydroxylate the side chain of D3 and D2 without cleavage [11–16]. The two major products of
CYP11A1 action on D3, with defined stereochemistry, are 20S-hydroxyvitamin D3 (20(OH)D3) and
20S,23S-dihydroxyvitamin D3 (20,23(OH)2D3) [17]. These pathways operate in cultured epidermal,
human and pig keratinocytes, dermal fibroblasts, colon cancer cells, and have also been described ex
vivo for placenta and adrenal glands [18–23]. Importantly, the major products of these pathways are
detectable in vivo in human serum, epidermis and adrenal glands [24].

The classical, hormonally-active dihydroxy form of vitamin D3, 1,25(OH)2D3, in addition
to playing a fundamental role in body calcium and phosphorous homeostasis and in the proper
functioning of the skeletomuscular system, has pleiotropic effects on different organs and cell functions
(reviewed in [3,6,25–29]). These studies show that 1,25(OH)2D3 has immunomodulatory properties,
is involved in the regulation of reproduction, pregnancy, child development, neurodevelopment,
regulation of global metabolic and endocrine homeostasis and functions of the cardiovascular system,
and has anticancer activities (reviewed in [2,6,30–50]). At the cellular level, it regulates proliferation,
differentiation, apoptosis, senescence, metabolism, migration, secretory activities, and protective and
reparative mechanisms against oxidative stress and radiation. It is widely accepted that these functions
are regulated by different signal transduction pathways initiated by 1,25(OH)2D3 binding to the
vitamin D receptor (VDR) at the genomic binding site, and to some degree at a nongenomic binding
site, in a cell-type dependent manner (reviewed [6,45–47,51–54]). In the skin, 1,25(OH)2D3 regulates
the epidermal barrier and hair cycling and has radioprotective, anti-cancer and anti-inflammatory
properties [1,3,52,53,55–59].

The novel secosteroids, produced by the non-canonical activation pathways initiated by CYP11A1,
inhibit the proliferation of epidermal keratinocytes, melanocytes and dermal fibroblasts and promote
the differentiation of keratinocytes. Furthermore, they inhibit fibrotic activities of fibroblasts and have
immunomodulatory properties (reviewed in [19,49,60]). Importantly, 20(OH)D3 and 20,23(OH)2D3
are non-calcemic at pharmacological doses [61–63] which is in contrast to the highly calcemic effects of
1,25(OH)2D3 and 25(OH)D3. 20(OH)D3 and 20,23(OH)2D3 also attenuate the symptoms of skin fibrosis,
rheumatoid arthritis and have photoprotective properties [8,19,23,64,65]. The CYP11A1-derived
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secosteroids have pleiotropic phenotypic effects that are cell-type–dependent [19,23,60–62,65–75].
They can act as biased agonists of the VDR [19,60,76,77] and can act as inverse agonists on retinoic
acid orphan receptors (ROR) α and γ [60,78].

To better define the signaling pathways and mechanisms underlying the similarities and
differences between phenotypic activities of classical 1,25(OH)2D3 and the major dihydroxy product
of CYP11A1 action on vitamin D3, 20,23(OH)2D3, we examined and compared the gene expression
profiles of human keratinocytes exposed to these secosteroids. Bioinformatics analysis was performed
and differences and similarities in the activities of these structurally similar but distinct dihydroxy-D3
species were compared.

2. Results and Discussion

The structures and sequences of the reactions producing 1,25(OH)2D3 and 20,23(OH)2D3 in the
epidermis are shown in Figure 1.

Figure 1. Epidermal pathways of vitamin D3 activation to produce 1,25(OH)2D3 and 20,23(OH)2D3
and the downstream metabolite 17,20,23(OH)3D3. The rectangle marks the secosteroids used for
microarray analyses.
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The schematic outline of the experimental design is presented in Figure 2. Briefly, to test the
divergence and overlap between the gene expression patterns, human neonatal epidermal keratinocytes
combined from four African-American [79] donors were treated with 1,25(OH)2D3 or 20,23(OH)2D3 for
6 or 24 h. Microarray assays were performed using Illumina’s HumanWG-6_V2 (Platform GPL13376)
chip/array as described in Materials and Methods and the raw data has been deposited at the NCBI
GEO (GSE117351).

Figure 2. Outline of the experimental design.

The relative changes in gene expression (average of two independent experiments that used
triplicate cell cultures), were normalized vs. vehicle control (0.1% ethanol). Table 1 shows marked
differences in the number of genes up- or downregulated by either 1,25(OH)2D3 or 20,23(OH)2D3
using 1.5-, 2- and 4-fold cut-off values (FC). Average signal values for filtered gene clusters with FC
≥ ±1.5 are shown in Supplemental excel file #1. Briefly, treatment with 1,25(OH)2D3 for 6 h leads to
changes in the expression of 148 vs. 37 genes for 20,23(OH)2D3 when using 1.5-FC, and 38 vs. 21 and
3 vs. 0 when using 2- and 4-FC, respectively. After 24 h, this trend changed to 410 and 4079 genes
regulated, respectively, by 1,25(OH)2D3 and 20,23(OH)2D3 with 1.5-FC value, and 119 and 1611 for
2-FC value and 12 and 199 genes for 4-FC value, respectively (Table 1).

Table 1. Number of genes up or downregulated in keratinocytes by 1,25(OH)2D3 or 20,23(OH)2D3 in
comparison to vehicle control using 1.5-, 2- and 4-fold cut-off values.

Time Genes
1,25(OH)2D3 20,23(OH)2D3

>1.5-Fold >2-Fold >4-Fold >1.5-Fold >2-Fold >4-Fold

6 h
Upregulated 116 35 3 33 21 0

Downregulated 32 3 0 4 0 0

24 h
Upregulated 266 98 12 2013 763 98

Downregulated 144 21 0 2066 848 101

Hierarchical clustering identified patterns of genes responding to either 1,25(OH)2D3 or
20,23(OH)2D3, or to both. Selected gene clusters, representing the altered expression after 6 h of
incubation as well as Venn diagrams are shown in Figure 3A. The heat maps corresponding to relative
gene expression levels displayed both distinct or opposite, or common (overlapping) gene expression.
For 2-FC there was only 1 common gene (CYP24A1) stimulated by both 1,25(OH)2D3 (82 fold) and
20,23(OH)2D3 (3.4 fold). This differential stimulation of CYP24A1 was further confirmed by qPCR
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(Figure 3B) and is consistent with the literature on 1,25(OH)2D3 [1,3,6,27,51] and 20,23(OH)2D3 [69,80].
For 1.5-FC there were two common genes, CYP24A1 and the gene with a target id ILMN_131812
(identified as small ILF3/NF90-associated RNA A1 (SNAR-A1)), for which expression was stimulated.

Figure 3. Changes in gene expression in human epidermal keratinocytes treated with 1,25(OH)2D3
or 20,23(OH)2D3 for 6 h. (A) Heat map of the gene expression pattern for experiment #1 with
corresponding Venn diagrams for FC ≥ 2 and 1.5. (B) Effect of 10−7 M of 1,25(OH)2D3 or 20,23(OH)2D3
on CYP24A1 expression in keratinocytes after 6 and 24 h treatment. (C) Heat map of the gene expression
pattern for experiment #2 with corresponding Venn diagrams for FC-2 and 1.5. (D) Effect of 10−9 and
10−7 M of 20,23(OH)2D3 on CYP1A1 and CYP1B1 expression in keratinocytes after 6 or 24 h treatment.
Data represent means ± SD (n = 3) where * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 at
student t-test; ## p < 0.01 and ### p < 0.001 at one-way ANOVA test.

Ingenuity pathway analysis using FC ≥ ±1.5 was performed. The top canonical pathway
induced by 1,25(OH)2D3 was VDR/RXR signaling (Table 2) (Supplemental Figure S1A), which was
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expected [3,6,51,81,82]. This was followed by the roles of osteoblasts, osteoclasts and chondrocytes
in rheumatoid arthritis; the role of macrophages, fibroblasts and endothelial cells in rheumatoid
arthritis; and Toll-like receptor signaling (Table 2), which is consistent with previously reported
functions of 1,25(OH)2D3 [3,6,30,31,45,51,54]. Interestingly, the next top nuclear receptor signaling
pathway activated by 1,25(OH)2D3 was linked to the glucocorticoid receptor (GR) followed by the aryl
hydrocarbon receptor [74], PPAR, PPARα/RXRα, LXR/RXR, and RAR (Table 2). The inclusion
of these additional pathways could be secondary to the use of the same dimeric partner, RXR,
and communication between receptors, or alternatively by activation by signaling pathways
downstream of VDR. For example, it is already known that 1,25(OH)2D3 can selectively activate local
elements of hypothalamo-pituitary adrenal axis in keratinocytes [71]. The significance of additional
nuclear receptor signaling is out of the scope of this paper and is a goal of our future research.

Table 2. Canonical pathways activated by 1,25(OH)2D3 in human epidermal keratinocytes after 6 h of
treatment. Nuclear receptors are marked in bold.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

VDR/RXR Activation 1.0 ×10−10 12.8 34/78 (44%) 0/78 (0%) 43/78 (55%) 1/78 (1%)

Role of Osteoblasts,
Osteoclasts and
Chondrocytes in

Rheumatoid Arthritis

2.2 × 10−7 5.02 100/219 (46%) 0/219 (0%) 114/219 (52%) 5/219 (2%)

Role of Macrophages,
Fibroblasts and Endothelial

Cells in Rheumatoid
Arthritis

4.4 × 10−6 3.72 144/296 (49%) 0/296 (0%) 138/296 (47%) 14/296 (5%)

Toll-like Receptor Signaling 9.3 × 10−6 8.11 39/74 (53%) 0/74 (0%) 33/74 (45%) 2/74 (3%)

Hepatic Cholestasis 1.2 × 10−5 4.94 83/162 (51%) 0/162 (0%) 75/162 (46%) 4/162 (2%)

Glucocorticoid Receptor
Signaling

1.5 × 10−5 3.64 152/275 (55%) 0/275 (0%) 117/275 (43%) 6/275 (2%)

Role of Cytokines in
Mediating Communication

between Immune Cells
3.1 × 10−5 9.09 32/55 (58%) 0/55 (0%) 20/55 (36%) 3/55 (5%)

IL-10 Signaling 8.5 × 10−5 7.35 33/68 (49%) 0/68 (0%) 34/68 (50%) 1/68 (1%)

IL-6 Signaling 0.00012 5.17 57/116 (49%) 0/116 (0%) 59/116 (51%) 0/116 (0%)

p38 MAPK Signaling 0.000126 5.13 62/117 (53%) 0/117 (0%) 52/117 (44%) 3/117 (3%)

MIF Regulation of Innate
Immunity 0.000151 9.76 19/41 (46%) 0/41 (0%) 21/41 (51%) 1/41 (2%)

Molecular Mechanisms of
Cancer 0.000155 2.74 201/365 (55%) 0/365 (0%) 157/365 (43%) 7/365 (2%)

iNOS Signaling 0.0002 9.09 23/44 (52%) 0/44 (0%) 20/44 (45%) 1/44 (2%)

Aryl Hydrocarbon
Receptor Signaling

0.000331 4.29 73/140 (52%) 0/140 (0%) 61/140 (44%) 6/140 (4%)

PPAR Signaling 0.000398 5.32 52/94 (55%) 0/94 (0%) 38/94 (40%) 4/94 (4%)

LPS/IL-1 Mediated
Inhibition of RXR Function 0.000631 3.2 119/219 (54%) 0/219 (0%) 88/219 (40%) 12/219 (5%)

TNFR2 Signaling 0.000891 10.3 14/29 (48%) 0/29 (0%) 14/29 (48%) 1/29 (3%)

HMGB1 Signaling 0.001202 4.17 54/120 (45%) 0/120 (0%) 63/120 (53%) 3/120 (3%)

MIF-mediated
Glucocorticoid Regulation 0.001318 9.09 16/33 (48%) 0/33 (0%) 16/33 (48%) 1/33 (3%)

ILK Signaling 0.001479 3.23 102/186 (55%) 0/186 (0%) 77/186 (41%) 7/186 (4%)

IL-17A Signaling in
Fibroblasts 0.001549 8.57 20/35 (57%) 0/35 (0%) 15/35 (43%) 0/35 (0%)

Role of JAK2 in
Hormone-like Cytokine

Signaling
0.001549 8.57 18/35 (51%) 0/35 (0%) 14/35 (40%) 3/35 (9%)

PI3K Signaling in B
Lymphocytes 0.001585 3.91 66/128 (52%) 0/128 (0%) 57/128 (45%) 5/128 (4%)
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Table 2. Cont.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Factors Promoting
Cardiogenesis in

Vertebrates
0.003236 4.35 52/92 (57%) 0/92 (0%) 37/92 (40%) 3/92 (3%)

TNFR1 Signaling 0.004169 6.12 27/49 (55%) 0/49 (0%) 20/49 (41%) 2/49 (4%)

Antioxidant Action of
Vitamin C

0.004169 4.04 51/99 (52%) 0/99 (0%) 42/99 (42%) 6/99 (6%)

Acute Phase Response
Signaling 0.005248 2.96 88/169 (52%) 0/169 (0%) 79/169 (47%) 2/169 (1%)

Differential Regulation of
Cytokine Production in

Macrophages and T Helper
Cells by IL-17A and IL-17F

0.006166 11.1 7/18 (39%) 0/18 (0%) 11/18 (61%) 0/18 (0%)

PPARα/RXRα Activation 0.006607 2.79 98/179 (55%) 0/179 (0%) 67/179 (37%) 14/179 (8%)

Hepatic Fibrosis/Hepatic
Stellate Cell Activation 0.007244 2.73 96/183 (52%) 0/183 (0%) 84/183 (46%) 3/183 (2%)

Type II Diabetes Mellitus
Signaling 0.007586 3.42 50/117 (43%) 0/117 (0%) 64/117 (55%) 3/117 (3%)

Estrogen-Dependent Breast
Cancer Signaling 0.008318 4.76 30/63 (48%) 0/63 (0%) 33/63 (52%) 0/63 (0%)

LXR/RXR Activation 0.008511 3.31 68/121 (56%) 0/121 (0%) 53/121 (44%) 0/121 (0%)

RAR Activation 0.008511 2.63 86/190 (45%) 0/190 (0%) 100/190 (53%) 4/190 (2%)

The top canonical nuclear receptor pathway induced by 20,23(OH)2D3 was AhR signaling
(Supplemental Figure S2A) with VDR/RXR being next (Supplemental Figure S3A) (Table 3). While the
identification of the VDR/RXR as the target for 20,23(OH)2D3 is consistent with previously reported
functional data and molecular modeling [60,65,69,83], identification of the AhR as its primary target
was unexpected and hence it was further analyzed in detail as described below. Table 4 shows that for
1,25(OH)2D3 the nuclear signaling pathways VDR/RXR, followed by AhR, PPARα/RXRα, RAR and
LXR/RXR, were among the top toxicity-related pathways identified. The top signaling pathways for
20,23(OH)2D3 were linked to the activation of AhR and VDR/RXR (Table 5). Tables 6 and 7 show certain
functional similarities between top diseases and bifunctions affected by both molecules. For example,
cancer, and organismal injury and abnormalities, are the top two diseases affected by both molecules.
These phenotypic similarities are consistent with previously reported studies comparing the biological
effects of 1,25(OH)2D3 and CYP11A1-derived D3-hydroxyderivatives, including 20,23(OH)2D3,
and indicate similarities between the effects on cell proliferation and differentiation, as well as similar
anti-inflammatory, photoprotective and anti-cancer actions [23,60–62,64,72,80,84].

Table 3. Canonical pathways activated by 20,23(OH)2D3 in human epidermal keratinocytes after 6 h of
treatment. Nuclear receptors are marked in bold.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

2-ketoglutarate
Dehydrogenase Complex 0.004898 25 2/4 (50%) 0/4 (0%) 2/4 (50%) 0/4 (0%)

Aryl Hydrocarbon
Receptor Signaling

0.012589 1.43 64/140 (46%) 0/140 (0%) 70/140 (50%) 6/140 (4%)

Aldosterone Signaling in
Epithelial Cells 0.014791 1.32 80/152 (53%) 0/152 (0%) 69/152 (45%) 3/152 (2%)

TCA Cycle II (Eukaryotic) 0.027542 4.35 14/23 (61%) 0/23 (0%) 9/23 (39%) 0/23 (0%)

Bupropion Degradation 0.0302 4 12/25 (48%) 0/25 (0%) 12/25 (48%) 1/25 (4%)

D-myo-inositol
(1,4,5)-Trisphosphate

Biosynthesis
0.032359 3.7 13/27 (48%) 0/27 (0%) 13/27 (48%) 1/27 (4%)
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Table 3. Cont.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Acetone Degradation I (to
Methylglyoxal) 0.032359 3.7 13/27 (48%) 0/27 (0%) 13/27 (48%) 1/27 (4%)

Xenobiotic Metabolism
Signaling 0.042658 0.738 133/271 (49%) 0/271 (0%) 122/271 (45%) 16/271 (6%)

Estrogen Biosynthesis 0.045709 2.63 17/38 (45%) 0/38 (0%) 20/38 (53%) 1/38 (3%)

Nicotine Degradation III 0.064565 1.85 23/54 (43%) 0/54 (0%) 22/54 (41%) 9/54 (17%)

Melatonin Degradation I 0.067608 1.75 25/57 (44%) 0/57 (0%) 24/57 (42%) 8/57 (14%)

Superpathway of
Melatonin Degradation 0.072444 1.61 27/62 (44%) 0/62 (0%) 27/62 (44%) 8/62 (13%)

GM-CSF Signaling 0.072444 1.61 26/62 (42%) 0/62 (0%) 36/62 (58%) 0/62 (0%)

Nicotine Degradation II 0.074131 1.59 26/63 (41%) 0/63 (0%) 25/63 (40%) 12/63 (19%)

VDR/RXR Activation 0.091201 1.28 34/78 (44%) 0/78 (0%) 43/78 (55%) 1/78 (1%)

Acute Myeloid Leukemia
Signaling 0.091201 1.27 39/79 (49%) 0/79 (0%) 38/79 (48%) 2/79 (3%)

TR/RXR Activation 0.097724 1.18 39/85 (46%) 0/85 (0%) 46/85 (54%) 0/85 (0%)

Regulation of Actin-based
Motility by Rho 0.105196 1.1 45/91 (49%) 0/91 (0%) 39/91 (43%) 7/91 (8%)

Antioxidant Action of
Vitamin C 0.114025 1.01 53/99 (54%) 0/99 (0%) 40/99 (40%) 6/99 (6%)

Rac Signaling 0.119399 0.962 47/104 (45%) 0/104 (0%) 55/104 (53%) 2/104 (2%)

Type I Diabetes Mellitus
Signaling 0.125893 0.909 54/110 (49%) 1/110 (1%) 46/110 (42%) 9/110 (8%)

RhoA Signaling 0.138676 0.82 56/122 (46%) 0/122 (0%) 61/122 (50%) 5/122 (4%)

3-phosphoinositide
Biosynthesis 0.175792 0.633 72/158 (46%) 0/158 (0%) 76/158 (48%) 10/158 (6%)

RhoGDI Signaling 0.190985 0.578 75/173 (43%) 0/173 (0%) 94/173 (54%) 4/173 (2%)

Superpathway of Inositol
Phosphate Compounds 0.212814 0.513 87/195 (45%) 0/195 (0%) 96/195 (49%) 12/195 (6%)

Actin Cytoskeleton
Signaling 0.233884 0.461 93/217 (43%) 0/217 (0%) 115/217 (53%) 9/217 (4%)

Signaling by Rho Family
GTPases 0.249459 0.427 106/234 (45%) 0/234 (0%) 124/234 (53%) 4/234 (2%)

Protein Ubiquitination
Pathway 0.268534 0.392 121/255 (47%) 0/255 (0%) 126/255 (49%) 8/255 (3%)

Table 4. Ingenuity toxicity list secondary to keratinocytes treatment with 1,25(OH)2D3 in humans for
6 h. Nuclear receptors are marked in bold.

Ingenuity Toxicity Lists p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

VDR/RXR Activation 1.0 × 10−10 12.8 34/78 (44%) 0/78 (0%) 43/78 (55%) 1/78 (1%)

Hepatic Cholestasis 1.4 × 10−5 4.85 85/165 (52%) 0/165 (0%) 76/165 (46%) 4/165 (2%)

Renal Necrosis/Cell Death 2.8 × 10−5 2.59 241/501 (48%) 0/501 (0%) 242/501 (48%) 18/501 (4%)

Aryl Hydrocarbon
Receptor Signaling

9.6 × 10−5 4.35 79/161 (49%) 0/161 (0%) 67/161 (42%) 15/161 (9%)

Liver Necrosis/Cell Death 0.000525 2.87 131/279 (47%) 0/279 (0%) 136/279 (49%) 12/279 (4%)

Liver Proliferation 0.000776 3.08 110/227 (48%) 0/227 (0%) 106/227 (47%) 11/227 (5%)

Cardiac Hypertrophy 0.00138 2.24 207/401 (52%) 0/401 (0%) 171/401 (43%) 23/401 (6%)

LPS/IL-1 Mediated
Inhibition of RXR Function 0.00138 2.79 124/251 (49%) 0/251 (0%) 93/251 (37%) 34/251 (14%)

Hepatic Stellate Cell
Activation 0.001549 8.57 17/35 (49%) 0/35 (0%) 18/35 (51%) 0/35 (0%)

Increases Liver Steatosis 0.002188 4.82 43/83 (52%) 0/83 (0%) 37/83 (45%) 3/83 (4%)
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Table 4. Cont.

Ingenuity Toxicity Lists p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Mechanism of Gene
Regulation by Peroxisome
Proliferators via PPARα

0.003631 4.21 54/95 (57%) 0/95 (0%) 40/95 (42%) 1/95 (1%)

Hepatic Fibrosis 0.004169 4.04 42/99 (42%) 0/99 (0%) 54/99 (55%) 3/99 (3%)

Increases Liver Damage 0.005495 3.74 48/107 (45%) 0/107 (0%) 56/107 (52%) 3/107 (3%)

PPARα/RXRα Activation 0.007244 2.73 100/183 (55%) 0/183 (0%) 69/183 (38%) 14/183 (8%)

Acute Renal Failure Panel
(Rat) 0.007943 4.84 31/62 (50%) 0/62 (0%) 24/62 (39%) 7/62 (11%)

RAR Activation 0.008511 2.63 86/190 (45%) 0/190 (0%) 100/190 (53%) 4/190 (2%)

Cardiac Necrosis/Cell
Death 0.008913 2.23 141/269 (52%) 0/269 (0%) 114/269 (42%) 14/269 (5%)

Cardiac Fibrosis 0.008913 2.6 104/192 (54%) 0/192 (0%) 72/192 (38%) 16/192 (8%)

LXR/RXR Activation 0.008913 3.25 69/123 (56%) 0/123 (0%) 54/123 (44%) 0/123 (0%)

Nongenotoxic
Hepatocarcinogenicity

Biomarker Panel
0.00912 9.09 11/22 (50%) 0/22 (0%) 10/22 (45%) 1/22 (5%)

Increases Renal Damage 0.016218 3.7 38/81 (47%) 0/81 (0%) 36/81 (44%) 7/81 (9%)

NRF2-mediated Oxidative
Stress Response 0.019498 2.14 99/234 (42%) 0/234 (0%) 103/234 (44%) 32/234 (14%)

TGF-β Signaling 0.021878 3.33 54/90 (60%) 0/90 (0%) 35/90 (39%) 1/90 (1%)

Table 5. Ingenuity toxicity list secondary to keratinocytes treatment with 20,23(OH)2D3 in humans for
6 h. Nuclear receptors are marked in bold.

Ingenuity Toxicity Lists p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Cytochrome P450
Panel—Substrate is a

Vitamin (Human)
0.007244 16.7 2/6 (33%) 0/6 (0%) 4/6 (67%) 0/6 (0%)

Aryl Hydrocarbon
Receptor Signaling

0.016218 1.24 71/161 (44%) 0/161 (0%) 75/161 (47%) 15/161 (9%)

Cytochrome P450
Panel—Substrate is a Sterol

(Human)
0.016982 7.14 5/14 (36%) 0/14 (0%) 9/14 (64%) 0/14 (0%)

Cytochrome P450
Panel—Substrate is a
Xenobiotic (Human)

0.021878 5.56 7/18 (39%) 0/18 (0%) 9/18 (50%) 2/18 (11%)

Nongenotoxic
Hepatocarcinogenicity

Biomarker Panel
0.026303 4.55 12/22 (55%) 0/22 (0%) 9/22 (41%) 1/22 (5%)

Cytochrome P450
Panel—Substrate is a
Xenobiotic (Mouse)

0.0302 4 5/25 (20%) 0/25 (0%) 7/25 (28%) 13/25 (52%)

Cytochrome P450
Panel—Substrate is a

Xenobiotic (Rat)
0.030903 3.85 5/26 (19%) 0/26 (0%) 7/26 (27%) 14/26 (54%)

Xenobiotic Metabolism
Signaling 0.063096 0.595 155/336 (46%) 0/336 (0%) 139/336 (41%) 42/336 (13%)

VDR/RXR Activation 0.091201 1.28 34/78 (44%) 0/78 (0%) 43/78 (55%) 1/78 (1%)

TR/RXR Activation 0.097724 1.18 39/85 (46%) 0/85 (0%) 46/85 (54%) 0/85 (0%)

Hepatic Fibrosis 0.114025 1.01 49/99 (49%) 0/99 (0%) 47/99 (47%) 3/99 (3%)

Increases Liver
Hyperplasia/

Hyperproliferation
0.116145 0.99 39/101 (39%) 0/101 (0%) 52/101 (51%) 10/101 (10%)
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Table 5. Cont.

Ingenuity Toxicity Lists p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Renal Necrosis/Cell Death 0.12388 0.399 224/501 (45%) 1/501 (0%) 258/501 (51%) 18/501 (4%)

Fatty Acid Metabolism 0.133352 0.855 57/117 (49%) 0/117 (0%) 39/117 (33%) 21/117 (18%)

Cardiac Fibrosis 0.209894 0.521 89/192 (46%) 0/192 (0%) 87/192 (45%) 16/192 (8%)

Liver Proliferation 0.24322 0.441 98/227 (43%) 0/227 (0%) 118/227 (52%) 11/227 (5%)

Table 6. Categories of biological functions with diseases or function annotation activated by
1,25(OH)2D3 in human epidermal keratinocytes after 6 h of treatment.

Categories of Biological Function Diseases or Functions Annotation p-Value
Activation

z-Score
# of Genes

Cancer, Organismal Injury and
Abnormalities growth of tumor 1.5 × 10−12 0.033 31

Cellular Movement cell movement 4.5 × 10−12 1.845 52

Cancer, Cellular Development,
Cellular Growth and Proliferation,

Organismal Injury and Abnormalities,
Tumor Morphology

proliferation of tumor cells 7.5 × 10−12 −0.27 23

Cellular Movement migration of cells 1.3 × 10−11 1.801 48

Cellular Growth and Proliferation proliferation of cells 4.2 × 10−11 0.347 70

Carbohydrate Metabolism metabolism of polysaccharide 4.4 × 10−11 0.755 16

Cell Death and Survival apoptosis of tumor cell lines 8.3 × 10−11 1.089 36

Cellular Movement invasion of cells 8.7 × 10−11 0.571 30

Inflammatory Response inflammatory response 1.4 × 10−10 0.766 28

Cellular Development differentiation of cells 1.5 × 10−10 2.774 51

Cell Death and Survival cell survival 3.1 × 10−10 2.346 38

Cell Death and Survival apoptosis 5.7 × 10−10 1.307 55

Cell Death and Survival necrosis 6.3 × 10−10 1.7 54

Cell Death and Survival cell viability 6.4 × 10−10 2.547 36

Tissue Morphology quantity of cells 7.1 × 10−10 1.065 43

Cardiovascular System Development
and Function, Organismal

Development
vasculogenesis 9.4 × 10−10 0.844 26

Carbohydrate Metabolism synthesis of polysaccharide 9.6 × 10−10 0.297 13

Cellular Growth and Proliferation,
Tissue Development proliferation of connective tissue cells 1.2 × 10−9 1.232 23

Cellular Movement cell movement of tumor cell lines 1.2 × 10−9 0.955 28

Cell Death and Survival cell death of tumor cell lines 1.2 × 10−9 0.81 39

Cellular Development, Cellular
Growth and Proliferation proliferation of tumor cell lines 1.9 × 10−9 0.324 39

Organismal Survival morbidity or mortality 2.3 × 10−9 −1.006 51

Embryonic Development, Organismal
Development development of body trunk 2.7 × 10−9 0.06 32

Cell Death and Survival cell death 3.1 × 10−9 1.556 62

Cancer, Organismal Injury and
Abnormalities growth of malignant tumor 3.3 × 10−9 0.518 19

Cellular Development, Cellular
Growth and Proliferation, Connective

Tissue Development and Function,
Tissue Development

proliferation of fibroblasts 4.0 × 10−9 0.604 17
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Table 6. Cont.

Categories of Biological Function Diseases or Functions Annotation p-Value
Activation

z-Score
# of Genes

Cellular Function and Maintenance,
Hematological System Development

and Function
function of myeloid cells 4.5 × 10−9 14

Cell Signaling, Small Molecule
Biochemistry synthesis of nitric oxide 4.7 × 10−9 0.89 15

Dermatological Diseases and
Conditions psoriasis 5.0 × 10−9 22

Table 7. Categories of biological functions with diseases or function annotation activated by
20,23(OH)2D3 in human epidermal keratinocytes after 6 h of treatment.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value # of Genes

Cancer, Organismal Injury and
Abnormalities, Respiratory Disease carcinoma in lung 6.5 × 10−5 8

Vitamin and Mineral Metabolism metabolism of vitamin 0.000254 3

Developmental Disorder, Skeletal and
Muscular Disorders hypertrophy of smooth muscle 0.000325 2

Cancer, Organismal Injury and
Abnormalities, Respiratory Disease non-small cell lung cancer 0.000334 7

Infectious Diseases internalization of virus 0.000355 2

Cancer, Organismal Injury and
Abnormalities adenocarcinoma 0.000603 20

Cancer, Organismal Injury and
Abnormalities, Reproductive System
Disease

prostate cancer 0.000618 7

Cancer, Gastrointestinal Disease, Hepatic
System Disease, Organismal Injury and
Abnormalities

liver adenoma 0.000692 2

Cancer, Endocrine System Disorders,
Organismal Injury and Abnormalities endocrine gland tumor 0.000718 9

Cell Death and Survival apoptosis of germ cells 0.000799 3

Lipid Metabolism, Small Molecule
Biochemistry, Vitamin and Mineral
Metabolism

catabolism of terpenoid 0.000828 2

Cancer, Organismal Injury and
Abnormalities epithelial cancer 0.000989 23

Endocrine System Development and
Function, Lipid Metabolism, Small
Molecule Biochemistry, Vitamin and
Mineral Metabolism

synthesis of estrogen 0.00114 2

Ophthalmic Disease, Organismal Injury
and Abnormalities

age-related macular
degeneration type 6 0.00122 1

Cell Cycle arrest in sub-G1 phase of
endometrial cancer cell lines 0.00122 1

Cell Morphology, Connective Tissue
Development and Function

blebbing of pulmonary
fibroblasts 0.00122 1

Organismal Injury and Abnormalities calcification of uterus 0.00122 1

Cell Cycle, Cell Death and Survival chromosome condensation of
pulmonary fibroblasts 0.00122 1
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Table 7. Cont.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value # of Genes

Cell-To-Cell Signaling and Interaction,
Inflammatory Response

cytotoxic reaction of bone
marrow cells 0.00122 1

Tissue Morphology deficiency of mast cells 0.00122 1

Cell Cycle delay in G1/S phase transition
of hepatoma cell lines 0.00122 1

Embryonic Development, Organ
Development, Organismal Development,
Tissue Development, Visual System
Development and Function

development of outflow
pathway 0.00122 1

Embryonic Development, Organ
Development, Organismal Development,
Reproductive System Development and
Function, Tissue Development

development of placenta
decidua 0.00122 1

Embryonic Development, Organ
Development, Organismal Development,
Reproductive System Development and
Function, Tissue Development

development of placental
spongiotrophoblast layer 0.00122 1

Cardiovascular System Development and
Function, Tissue Morphology diameter of portal vein 0.00122 1

Cardiovascular System Development and
Function, Tissue Morphology diameter of umbilical vein 0.00122 1

Hereditary Disorder, Ophthalmic Disease,
Organismal Injury and Abnormalities digenic early-onset glaucoma 0.00122 1

Cancer, Organismal Injury and
Abnormalities, Reproductive System
Disease

estrogen receptor positive
endometrial cancer 0.00122 1

Connective Tissue Disorders, Organismal
Injury and Abnormalities fibrosis of submucosa 0.00122 1

Digestive System Development and
Function, Embryonic Development, Organ
Development, Organismal Development,
Tissue Development

formation of salivary duct 0.00122 1

Cardiovascular System Development and
Function, Embryonic Development,
Lymphoid Tissue Structure and
Development, Organ Development,
Organismal Development, Respiratory
System Development and Function, Tissue
Development

formation of tracheal duct 0.00122 1

Cancer, Gastrointestinal Disease,
Organismal Injury and Abnormalities hyperplasia of pylorus 0.00122 1

Cancer, Cardiovascular Disease,
Organismal Injury and Abnormalities hyperplasia of vasculature 0.00122 1

Developmental Disorder, Gastrointestinal
Disease

hypertrophy of gastric
epithelium 0.00122 1

Dermatological Diseases and Conditions,
Developmental Disorder hypertrophy of skin 0.00122 1

Because of the unexpected differences between 1,25(OH)2D3 and 20,23(OH)2D3, the 6 h incubation
experiment was repeated in a similar manner as shown in Figure 2 and microarray analyses were
performed using Illumina’s HumanWG-6_V2 (Platform GPL13376) chip/array. Average signal values
for filtered gene clusters with FC ≥ ±1.5 are shown in Supplemental excel file #2. The heat maps
corresponding to relative gene expression and Venn diagrams are shown in Figure 3C. Again, for a
2-fold cut-off value there was only one common gene (CYP24A1) whose expression was stimulated by
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both 1,25(OH)2D3 (80-fold) and 20,23(OH)2D3 (2.9-fold). For FC ≥ ±1.5 there were 11 common genes
upregulated and 4 downregulated. Again, ingenuity pathway analysis showed that VDR/RXR was
the top canonical pathway induced by 1,25(OH)2D3, followed by the role of osteoblasts, osteoclasts
and chondrocytes in rheumatoid arthritis. As before, other nuclear receptor signaling pathways
included LXR/RXR, GR and AhR. For 20,23(OH)2D3 the top nuclear receptor signaling pathways
were again AhR and VDR/RXR. Of note, this microarray showed that 20,23(OH)2D3 upregulated
two genes downstream of AhR signaling, CYP1A1 and CYP1B1, by factors of 2.4 and 2.6, respectively.
This stimulation was confirmed by qPCR (Figure 3D). VDR/RXR was identified as the top toxicity
pathway for 1,25(OH)2D3 and AhR for 20,23(OH)2D3.

More robust data were obtained with 24 h of treatment for which the average signal values for
filtered gene clusters with FC ≥ ±1.5 are shown in Supplemental excel file #3. Because of the large
number of genes affected (Table 1), the heat map of differentially expressed genes and Venn diagrams
were generated using the 4-FC value which show three overlapping genes (CYP24A1, MMP3 and
SERPINB1) as well as distinct gene expression patterns (Figure 4). For FC ≥ ±1.5, 93 and 72 common
genes were up- and downregulated, respectively. Ingenuity pathway analysis using FC ≥ ±2.0
was consistent with results obtained after 6 h of treatment. Again, the top canonical pathway for
1,25(OH)2D3 was VDR/RXR (Supplemental Figure S1B) followed by MIF-related glucocorticoid
regulation and regulation of the innate immunity system (Table 8). AhR signaling was also listed.
The top canonical pathways induced by 20,23(OH)2D3 were AhR signaling (Supplemental Figure S2B)
and the cholesterol biosynthesis pathway (Table 9). Interestingly, the involvement of a second nuclear
receptor complex was emphasized by VDR/RXR activation (Supplemental Figure S3B), with p53
signaling also being listed. The latter is consistent with the photoprotective properties of 20,23(OH)2D3
and activation of p53 by its direct precursor, 20(OH)D3 [23]. The top affected toxicity pathways for
1,25(OH)2D3 included VDR/RXR, xenobiotic metabolism, cardiac fibrosis and cytochrome P450s
(Table 10). AhR signaling was also listed. For 20,23(OH)2D3, AhR signaling was again listed as the
top toxicity pathway followed by cholesterol synthesis, p53 signaling and again VDR/RXR (Table 11).
The top upstream gene regulation pathways for 1,25(OH)2D3 included vitamin D3-VDR-RXR, calcitriol,
dexamethasone, progesterone and β-estradiol, while for 20,23(OH)2D3, included TP53 (p53 tumor
suppressor), β-estradiol, lipopolysaccharide, TNF (tumor necrosis factor) and TGF β1 (transforming
growth factor-β1) (not shown).
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Figure 4. Heat map of gene expression pattern in human epidermal keratinocytes treated with 10−7 M
of 1,25(OH)2D3 or 20,23(OH)2D3 for 24 h. On the right are the corresponding Venn diagrams for
FC ≥ 4, 2 and 1.5.
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Table 8. Canonical pathways activated by 1,25(OH)2D3 in human epidermal keratinocytes after 24 h of
treatment. Nuclear receptors are marked in bold.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

VDR/RXR
Activation

7.9 × 10−15 15.4 23/78 (29%) 0/78 (0%) 54/78 (69%) 1/78 (1%)

MIF-mediated
Glucocorticoid

Regulation
2.6 × 10−5 12.1 12/33 (36%) 0/33 (0%) 20/33 (61%) 1/33 (3%)

MIF Regulation of
Innate Immunity 6.3 × 10−5 9.76 19/41 (46%) 0/41 (0%) 21/41 (51%) 1/41 (2%)

α-tocopherol
Degradation 0.000162181 50 0/4 (0%) 0/4 (0%) 4/4 (100%) 0/4 (0%)

Antioxidant Action of
Vitamin C 0.000177828 5.05 43/99 (43%) 0/99 (0%) 50/99 (51%) 6/99 (6%)

Retinoate
Biosynthesis I 0.000691831 9.09 9/33 (27%) 0/33 (0%) 20/33 (61%) 4/33 (12%)

Coagulation System 0.000831764 8.57 17/35 (49%) 0/35 (0%) 18/35 (51%) 0/35 (0%)

Estrogen Biosynthesis 0.001047129 7.89 18/38 (47%) 0/38 (0%) 19/38 (50%) 1/38 (3%)

iNOS Signaling 0.00162181 6.82 17/44 (39%) 0/44 (0%) 26/44 (59%) 1/44 (2%)

Role of IL-17A in
Arthritis 0.002884032 5.56 27/54 (50%) 0/54 (0%) 27/54 (50%) 0/54 (0%)

Parkinson’s Signaling 0.003162278 12.5 9/16 (56%) 0/16 (0%) 7/16 (44%) 0/16 (0%)

LXR/RXR Activation 0.003890451 3.31 61/121 (50%) 0/121 (0%) 60/121 (50%) 0/121 (0%)

CD40 Signaling 0.004897788 4.62 31/65 (48%) 0/65 (0%) 33/65 (51%) 1/65 (2%)

IL-10 Signaling 0.005495409 4.41 32/68 (47%) 0/68 (0%) 35/68 (51%) 1/68 (1%)

Role of MAPK
Signaling in the
Pathogenesis of

Influenza

0.005754399 4.35 27/69 (39%) 0/69 (0%) 39/69 (57%) 3/69 (4%)

LPS/IL-1 Mediated
Inhibition of RXR

Function
0.006025596 2.28 102/219 (47%) 0/219 (0%) 105/219 (48%) 12/219 (5%)

Role of Osteoblasts,
Osteoclasts and
Chondrocytes in

Rheumatoid Arthritis

0.006025596 2.28 111/219 (51%) 0/219 (0%) 103/219 (47%) 5/219 (2%)

IL-17 Signaling 0.006456542 4.17 33/72 (46%) 0/72 (0%) 39/72 (54%) 0/72 (0%)

LPS-stimulated
MAPK Signaling 0.00676083 4.11 33/73 (45%) 0/73 (0%) 40/73 (55%) 0/73 (0%)

Toll-like Receptor
Signaling 0.007079458 4.05 32/74 (43%) 0/74 (0%) 40/74 (54%) 2/74 (3%)

BMP signaling
pathway 0.007585776 3.95 43/76 (57%) 0/76 (0%) 31/76 (41%) 2/76 (3%)

Intrinsic Prothrombin
Activation Pathway 0.01023293 6.9 12/29 (41%) 0/29 (0%) 16/29 (55%) 1/29 (3%)

4-1BB Signaling in T
Lymphocytes 0.011481536 6.45 19/31 (61%) 0/31 (0%) 12/31 (39%) 0/31 (0%)

Acute Phase Response
Signaling 0.012302688 2.37 76/169 (45%) 0/169 (0%) 91/169 (54%) 2/169 (1%)

Endothelin-1
Signaling 0.013182567 2.33 89/172 (52%) 0/172 (0%) 77/172 (45%) 6/172 (3%)

Inhibition of
Angiogenesis by TSP1 0.013803843 5.88 21/34 (62%) 0/34 (0%) 11/34 (32%) 2/34 (6%)

Xenobiotic
Metabolism Signaling 0.014454398 1.85 127/271 (47%) 0/271 (0%) 128/271 (47%) 16/271 (6%)

IL-17A Signaling in
Fibroblasts 0.014454398 5.71 15/35 (43%) 0/35 (0%) 20/35 (57%) 0/35 (0%)

Interferon Signaling 0.015488166 5.56 28/36 (78%) 0/36 (0%) 8/36 (22%) 0/36 (0%)
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Table 8. Cont.

Ingenuity Canonical
Pathways

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Thyroid Hormone
Biosynthesis 0.015848932 33.3 1/3 (33%) 0/3 (0%) 2/3 (67%) 0/3 (0%)

April Mediated
Signaling 0.016982437 5.26 18/38 (47%) 0/38 (0%) 20/38 (53%) 0/38 (0%)

Inhibition of Matrix
Metalloproteases 0.017782794 5.13 17/39 (44%) 0/39 (0%) 21/39 (54%) 1/39 (3%)

RAR Activation 0.018197009 2.11 87/190 (46%) 0/190 (0%) 99/190 (52%) 4/190 (2%)

Thrombin Signaling 0.018620871 2.09 90/191 (47%) 0/191 (0%) 96/191 (50%) 5/191 (3%)

B Cell Activating
Factor Signaling 0.018620871 5 21/40 (53%) 0/40 (0%) 19/40 (48%) 0/40 (0%)

Dermatan Sulfate
Biosynthesis (Late

Stages)
0.022387211 4.55 16/44 (36%) 0/44 (0%) 26/44 (59%) 2/44 (5%)

IL-6 Signaling 0.023442288 2.59 52/116 (45%) 0/116 (0%) 64/116 (55%) 0/116 (0%)

p38 MAPK Signaling 0.023988329 2.56 52/117 (44%) 0/117 (0%) 62/117 (53%) 3/117 (3%)

Table 9. Canonical pathways activated by 20,23(OH)2D3 in human epidermal keratinocytes after 24 h
of treatment. Nuclear receptors are marked in bold.

Ingenuity Canonical
Pathways

p-Value
Overlap

(%)
Downregulated No Change Upregulated

No Overlap
with Dataset

Aryl Hydrocarbon
Receptor Signaling

9.5 × 10−10 22.9 80/140 (57%) 0/140 (0%) 54/140 (39%) 6/140 (4%)

Superpathway of
Cholesterol
Biosynthesis

9.1 × 10−9 46.4 22/28 (79%) 0/28 (0%) 4/28 (14%) 2/28 (7%)

Cell Cycle Control of
Chromosomal

Replication
6.3 × 10−8 44.4 21/27 (78%) 0/27 (0%) 6/27 (22%) 0/27 (0%)

Mismatch Repair in
Eukaryotes 2.3 × 10−7 56.2 15/16 (94%) 0/16 (0%) 1/16 (6%) 0/16 (0%)

Unfolded protein
response 3.5 × 10−7 29.6 24/54 (44%) 0/54 (0%) 29/54 (54%) 1/54 (2%)

Fatty Acid
α-oxidation 1.5 × 10−6 47.4 10/19 (53%) 0/19 (0%) 6/19 (32%) 3/19 (16%)

Ethanol Degradation
IV 6.8 × 10−6 40.9 17/22 (77%) 0/22 (0%) 2/22 (9%) 3/22 (14%)

Cholesterol
Biosynthesis I 7.9 × 10−6 53.8 12/13 (92%) 0/13 (0%) 1/13 (8%) 0/13 (0%)

p53 Signaling 8.3 × 10−6 20.4 53/98 (54%) 0/98 (0%) 45/98 (46%) 0/98 (0%)

VDR/RXR
Activation

1.5 × 10−5 21.8 26/78 (33%) 0/78 (0%) 51/78 (65%) 1/78 (1%)

GADD45 Signaling 1.7 × 10−5 42.1 14/19 (74%) 0/19 (0%) 5/19 (26%) 0/19 (0%)

Putrescine
Degradation III 2.8 × 10−5 40 12/20 (60%) 0/20 (0%) 5/20 (25%) 3/20 (15%)

Histamine
Degradation 4.5 × 10−5 43.8 10/16 (63%) 0/16 (0%) 3/16 (19%) 3/16 (19%)

Dopamine
Degradation 4.7 × 10−5 33.3 16/27 (59%) 0/27 (0%) 6/27 (22%) 5/27 (19%)

Tryptophan
Degradation X

(Mammalian, via
Tryptamine)

6.2 × 10−5 36.4 13/22 (59%) 0/22 (0%) 5/22 (23%) 4/22 (18%)
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Table 9. Cont.

Ingenuity Canonical
Pathways

p-Value
Overlap

(%)
Downregulated No Change Upregulated

No Overlap
with Dataset

Xenobiotic
Metabolism Signaling 9.3 × 10−5 13.3 131/271 (48%) 0/271 (0%) 124/271 (46%) 16/271 (6%)

Oxidative Ethanol
Degradation III 0.000109648 38.9 13/18 (72%) 0/18 (0%) 2/18 (11%) 3/18 (17%)

Mevalonate Pathway I 0.000112202 46.2 8/13 (62%) 0/13 (0%) 3/13 (23%) 2/13 (15%)

Estrogen-mediated
S-phase Entry 0.000125893 33.3 18/24 (75%) 0/24 (0%) 6/24 (25%) 0/24 (0%)

Hereditary Breast
Cancer Signaling 0.000165959 16.3 77/129 (60%) 0/129 (0%) 45/129 (35%) 7/129 (5%)

Glucocorticoid
Receptor Signaling

0.000269153 12.7 122/275 (44%) 0/275 (0%) 147/275 (53%) 6/275 (2%)

Adipogenesis
pathway 0.000371535 15.7 66/127 (52%) 0/127 (0%) 55/127 (43%) 6/127 (5%)

Interferon Signaling 0.000537032 25 24/36 (67%) 0/36 (0%) 12/36 (33%) 0/36 (0%)

Superpathway of
Serine and Glycine

Biosynthesis I
0.000630957 57.1 3/7 (43%) 0/7 (0%) 4/7 (57%) 0/7 (0%)

Superpathway of
Geranylgeranyldi

phosphate
Biosynthesis I (via

Mevalonate)

0.000630957 35.3 11/17 (65%) 0/17 (0%) 4/17 (24%) 2/17 (12%)

Semaphorin Signaling
in Neurons 0.000758578 20.8 27/53 (51%) 0/53 (0%) 24/53 (45%) 2/53 (4%)

Glutaryl-CoA
Degradation 0.000776247 41.7 7/12 (58%) 0/12 (0%) 4/12 (33%) 1/12 (8%)

Pancreatic
Adenocarcinoma

Signaling
0.000794328 16 53/106 (50%) 0/106 (0%) 53/106 (50%) 0/106 (0%)

Role of CHK Proteins
in Cell Cycle

Checkpoint Control
0.001047129 20 35/55 (64%) 0/55 (0%) 20/55 (36%) 0/55 (0%)

Glycolysis I 0.001096478 28 20/25 (80%) 0/25 (0%) 4/25 (16%) 1/25 (4%)

NRF2-mediated
Oxidative Stress

Response
0.001230269 13.3 89/180 (49%) 0/180 (0%) 87/180 (48%) 4/180 (2%)

HIF1α Signaling 0.001412538 15.7 52/102 (51%) 0/102 (0%) 48/102 (47%) 2/102 (2%)

Aldosterone Signaling
in Epithelial Cells 0.001548817 13.8 82/152 (54%) 0/152 (0%) 67/152 (44%) 3/152 (2%)

Serotonin
Degradation 0.001737801 17.9 38/67 (57%) 0/67 (0%) 16/67 (24%) 13/67 (19%)

Table 10. Toxicity-related pathways identified by Ingenuity in human keratinocytes treated with
1,25(OH)2D3 for 24 h. Nuclear receptors are marked in bold.

Ingenuity Toxicity
Lists

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

VDR/RXR
Activation

7.9 × 10−15 15.4 23/78 (29%) 0/78 (0%) 54/78 (69%) 1/78 (1%)

Xenobiotic
Metabolism Signaling 0.00040738 2.38 144/336 (43%) 0/336 (0%) 150/336 (45%) 42/336 (13%)

Cardiac Fibrosis 0.000537032 3.12 85/192 (44%) 0/192 (0%) 91/192 (47%) 16/192 (8%)

Cytochrome P450
Panel—Substrate is an
Eicosanoid (Human)

0.000562341 28.6 1/7 (14%) 0/7 (0%) 6/7 (86%) 0/7 (0%)

Cytochrome P450
Panel—Substrate is a
Fatty Acid (Human)

0.001202264 20 3/10 (30%) 0/10 (0%) 7/10 (70%) 0/10 (0%)
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Table 10. Cont.

Ingenuity Toxicity
Lists

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Cardiac Hypertrophy 0.00128825 2 193/401 (48%) 0/401 (0%) 185/401 (46%) 23/401 (6%)

Liver Proliferation 0.00128825 2.64 103/227 (45%) 0/227 (0%) 113/227 (50%) 11/227 (5%)

Hepatic Fibrosis 0.001862087 4.04 49/99 (49%) 1/99 (1%) 46/99 (46%) 3/99 (3%)

LXR/RXR Activation 0.004073803 3.25 62/123 (50%) 0/123 (0%) 61/123 (50%) 0/123 (0%)

Renal Necrosis/Cell
Death 0.005011872 1.6 238/501 (48%) 0/501 (0%) 245/501 (49%) 18/501 (4%)

LPS/IL-1 Mediated
Inhibition of RXR

Function
0.010715193 1.99 107/251 (43%) 0/251 (0%) 110/251 (44%) 34/251 (14%)

Positive Acute Phase
Response Proteins 0.010964782 6.67 11/30 (37%) 0/30 (0%) 19/30 (63%) 0/30 (0%)

Liver Necrosis/Cell
Death 0.016218101 1.79 118/279 (42%) 0/279 (0%) 149/279 (53%) 12/279 (4%)

RAR Activation 0.018197009 2.11 87/190 (46%) 0/190 (0%) 99/190 (52%) 4/190 (2%)

Increases Liver
Damage 0.019054607 2.8 46/107 (43%) 0/107 (0%) 58/107 (54%) 3/107 (3%)

Fatty Acid
Metabolism 0.023988329 2.56 48/117 (41%) 0/117 (0%) 48/117 (41%) 21/117 (18%)

Increases Liver
Hepatitis 0.030902954 3.85 22/52 (42%) 0/52 (0%) 29/52 (56%) 1/52 (2%)

Table 11. Toxicity-related pathways identified by Ingenuity in human keratinocytes treated with
20,23(OH)2D3 for 24 h. Nuclear receptors are marked in bold.

Ingenuity Toxicity
Lists

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Aryl Hydrocarbon
Receptor Signaling

2.6 × 10−9 21.1 90/161 (56%) 0/161 (0%) 56/161 (35%) 15/161 (9%)

Cholesterol
Biosynthesis 1.1 × 10−8 62.5 13/16 (81%) 0/16 (0%) 3/16 (19%) 0/16 (0%)

Renal Necrosis/Cell
Death 1.9 × 10−7 13.2 228/501 (46%) 0/501 (0%) 255/501 (51%) 18/501 (4%)

Primary
Glomerulonephritis

Biomarker Panel
(Human)

1.7 × 10−6 63.6 5/11 (45%) 0/11 (0%) 6/11 (55%) 0/11 (0%)

p53 Signaling 2.6 × 10−6 21.2 54/99 (55%) 0/99 (0%) 45/99 (45%) 0/99 (0%)

VDR/RXR
Activation

1.5 × 10−5 21.8 26/78 (33%) 0/78 (0%) 51/78 (65%) 1/78 (1%)

Liver Proliferation 3.0 × 10−5 14.5 96/227 (42%) 0/227 (0%) 120/227 (53%) 11/227 (5%)

Cardiac Hypertrophy 5.1 × 10−5 12.2 176/401 (44%) 0/401 (0%) 202/401 (50%) 23/401 (6%)

Liver Necrosis/Cell
Death 7.8 × 10−5 13.3 117/279 (42%) 0/279 (0%) 150/279 (54%) 12/279 (4%)

Oxidative Stress 0.000380189 21.1 39/57 (68%) 0/57 (0%) 17/57 (30%) 1/57 (2%)

Mechanism of Gene
Regulation by

Peroxisome
Proliferators via

PPARα

0.000645654 16.8 38/95 (40%) 0/95 (0%) 56/95 (59%) 1/95 (1%)

Xenobiotic
Metabolism Signaling 0.000794328 11.6 152/336 (45%) 0/336 (0%) 142/336 (42%) 42/336 (13%)

Increases Renal
Proliferation 0.002398833 13.9 68/137 (50%) 0/137 (0%) 62/137 (45%) 7/137 (5%)

Fatty Acid
Metabolism 0.002398833 14.5 65/117 (56%) 0/117 (0%) 31/117 (26%) 21/117 (18%)
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Table 11. Cont.

Ingenuity Toxicity
Lists

p-Value Overlap (%) Downregulated No Change Upregulated
No Overlap

with Dataset

Increases Liver
Steatosis 0.003890451 15.7 32/83 (39%) 0/83 (0%) 48/83 (58%) 3/83 (4%)

Decreases
Depolarization of
Mitochondria and

Mitochondrial
Membrane

0.004570882 25 18/24 (75%) 0/24 (0%) 5/24 (21%) 1/24 (4%)

Cell Cycle: G1/S
Checkpoint
Regulation

0.004677351 16.7 35/66 (53%) 0/66 (0%) 28/66 (42%) 3/66 (5%)

Tables 12 and 13 show some similarities and differences with dermatological diseases and
conditions; with cancer, organismal injury and abnormalities being the main diseases affected by
20,23(OH)2D3 and 1,25(OH)2D3. With regard to molecular and cellular functions, cellular growth and
proliferation, cell death and survival, cellular movement and cell cycle were the major functions for
20,23(OH)2D3, and cellular movement, cell signaling, small molecule biochemistry, lipid metabolism
and cellular development for 1,25(OH)2D3. Among the 25 networks activated by 20,23(OH)2D3,
the top five included: (1) connective tissue disorders, neurological diseases, organismal injuries
and abnormalities, (2) RNA post-transcriptional modification, carbohydrate metabolism and lipid
metabolism, (3) connective tissue, developmental, skeletal and muscular disorders, (4) cellular
movement, endocrine system disorders, gastrointestinal diseases and (5) nucleic acid metabolism,
small molecules biochemistry and dermatological diseases and conditions. Among the 15 networks
activated by 1,25(OH)2D3, the top five included: (1) cancer, organismal functions, organismal injuries
and abnormalities, (2) cell-to-cell signaling and interaction, cellular assembly and organization, cellular
development, (3) cellular growth and proliferation, tissue development and cancer, (4) molecular
transport, carbohydrate and lipid metabolism and (5) protein degradation, protein synthesis, cellular
assembly and organization.

Table 12. Categories of biological functions with diseases or function annotation activated by
1,25(OH)2D3 in human epidermal keratinocytes after 24 of treatment.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value

Activation
z-Score

# of Genes

Cancer, Organismal Injury and
Abnormalities benign neoplasia 1.0 × 10−9 0.927 26

Dermatological Diseases and
Conditions psoriasis 2.6 × 10−9 20

Cardiovascular System Development
and Function, Cellular Movement

cell movement of
endothelial cells 8.8 × 10−9 1.37 15

Cancer, Cellular Movement,
Organismal Injury and Abnormalities,

Tumor Morphology
invasion of tumor cells 1.2 × 10−8 1.596 11

Cell Signaling, Small Molecule
Biochemistry synthesis of nitric oxide 1.9 × 10−8 −0.217 13

Cardiovascular System Development
and Function, Cellular Movement homing of endothelial cells 3.2 × 10−8 1.597 7

Cancer, Organismal Injury and
Abnormalities, Tumor Morphology invasion of tumor 3.4 × 10−8 1.63 12

Lipid Metabolism, Small Molecule
Biochemistry metabolism of eicosanoid 3.4 × 10−8 2.747 12
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Table 12. Cont.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value

Activation
z-Score

# of Genes

Cardiovascular Disease,
Hematological Disease Thrombosis 5.9 × 10−8 −0.946 10

Organismal Injury and Abnormalities Fibrosis 1.1 × 10−7 −1.401 17

Lipid Metabolism, Small Molecule
Biochemistry metabolism of prostaglandin 1.2 × 10−7 2.589 10

Immunological Disease hypersensitive reaction 1.5 × 10−7 0.914 15

Cardiovascular System Development
and Function, Organismal

Development
vasculogenesis 1.6 × 10−7 1.825 20

Inflammatory Response inflammation of organ 1.8 × 10−7 −0.022 26

Dermatological Diseases and
Conditions, Inflammatory Disease,

Inflammatory Response
Dermatitis 1.8 × 10−7 −0.355 15

Cardiovascular System Development
and Function, Organismal

Development
vascularization of hindlimb 2.3 X 10−7 1.994 4

Cellular Movement homing 3.4 × 10−7 1.468 17

Cancer, Cellular Development,
Cellular Growth and Proliferation,

Organismal Injury and Abnormalities,
Tumor Morphology

proliferation of tumor cells 5.4 × 10−7 −0.189 15

Cancer, Organismal Injury and
Abnormalities growth of tumor 6.0 × 10−7 0.402 20

Cellular Movement invasion of cells 6.3 × 10−7 1.731 21

Table 13. Categories of biological functions with diseases or function annotation activated by
20,23(OH)2D3 in human epidermal keratinocytes after 24 h of treatment.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value

Activation
z-Score

# of Genes

Cellular Growth and Proliferation proliferation of cells 7.0 × 10−33 −3.052 551

Dermatological Diseases and
Conditions psoriasis 4.6 × 10−29 142

Cell Death and Survival cell death 1.2 × 10−27 1.116 493

Cell Death and Survival necrosis 1.9 × 10−26 1.15 400

Cell Death and Survival apoptosis 1.9 × 10−25 0.619 405

Cell Death and Survival cell death of tumor cell lines 7.2 × 10−25 0.971 266

Cell Death and Survival apoptosis of tumor cell lines 7.6 × 10−23 0.672 219

Cellular Movement cell movement 1.3 × 10−22 −0.187 334

Cellular Movement migration of cells 6.7 × 10−21 −0.554 301

Cancer, Organismal Injury and
Abnormalities abdominal neoplasm 8.7 × 10−20 −1.733 1030

Infectious Diseases Viral Infection 1.2 × 10−19 0.737 261

Cancer, Organismal Injury and
Abnormalities tumorigenesis of tissue 6.5 × 10−19 −0.349 1047

Cancer, Organismal Injury and
Abnormalities abdominal cancer 2.3 × 10−18 −1.938 1014

Cancer, Organismal Injury and
Abnormalities cancer 4.2 × 10−18 1.528 1215

Cancer, Organismal Injury and
Abnormalities neoplasia of epithelial tissue 2.3 × 10−17 −0.365 1026
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Table 13. Cont.

Categories of Biological Function
Diseases or Functions

Annotation
p-Value

Activation
z-Score

# of Genes

Cellular Development, Cellular
Growth and Proliferation

proliferation of tumor cell
lines 3.0 × 10−17 −2.431 245

Cancer, Organismal Injury and
Abnormalities benign neoplasia 3.5 × 10−17 −0.029 165

Cell Death and Survival cell survival 4.7 × 10−17 −0.537 225

Cancer, Organismal Injury and
Abnormalities advanced stage solid tumor 7.1 × 10−17 −0.397 106

Because of the unexpected finding that AhR signaling represented the top regulatory pathway
activated by 20,23(OH)2D3, and is validated by qPCR analysis of CYP1A1 and CYP1B1 genes
expression (Figure 3D), we examined whether 20(OH)D3, which is the precursor to 20,23(OH)2D3,
and 17,20,23(OH)2D3 and 1,20(OH)2D3, which are downstream metabolites (see Figure 1), also affected
the expression of genes linked to AhR in HaCaT keratinocytes. Figure 5A shows that 20(OH)D3
stimulated the expression of CYP1A1 and CYP1B1 in a dose-dependent fashion, with a stimulatory
effect also seen for the AhR gene. 17,20,23(OH)3D3 (1 μM) could also stimulate CYPA1, CYP1B1
and AhR expression, while 1,20(OH)2D3 had only a small effect on CYPB1 and no effect on CYP1A1
and AhR. Finally, we used a Human AhR Reporter Assay System (INDIGO, Biosciences) to analyze
the effect of several D3-hydroxyderivatives on AhR-mediated transactivation. The kit contains AhR
Reporter Cells that contain the luciferase reporter gene functionally linked to an AhR-responsive
promoter, which provides a sensitive surrogate measure of the changes in AhR-mediated activation of
luciferase reporter. Figure 6 shows that there was marked activation of AhR activity by 20,23(OH)2D3
with weaker but significant activation by 20(OH)D3 or 1,25(OH)2D3. Thus, the functional studies
support the microarray analysis indicating that hydroxyderivatives of D3 can act on AhR. This finding
can be explained by the promiscuous nature of AhR and its activity [85].
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Figure 5. Changes in CYP1A1, CYP1B1 and AhR gene expression in HaCaT keratinocytes treated with
vitamin D3 hydroxyderivatives as a function of the time of treatment. A. Dose-dependent effect of
20(OH)D3 on the gene expression. Data represent means ± SD (n = 3) where # p < 0.05, ## p < 0.01
and ### p < 0.001 at one-way ANOVA test. B. Effect of 1,25(OH)2D3 and 20,23(OH)2D3 on the gene
expression as indicated. Data represent means (n = 2) for CYP1A1, or means ± SD (n = 3) for CYP1B1
and AhR where * p < 0.05, ** p < 0.01, at student t-test.

An additional mechanistic insight into the above interactions was provided by modeling using
the crystal structure of the ligand-binding domain (LBD) of human AhR. The presently available
crystal structure of the human AhR (PDB: 5NJ8) is missing the LBD region. A model of the human
AhR LBD with bound 20S,23S(OH)2D3 was developed as described under Methods. Briefly, the
final model was based on the homology modelling template of C-terminal Per-ARNT-Sim domain of
Hypoxia-Inducible Factor-2α, PDB entry code 3H82. The sequence identity between human AhR and
the modelled sequence is 27%; the alignment is shown in Supplemental Figure S4. Short molecular
dynamic simulation runs were performed on selected docked poses of 20S,23R/S(OH)2D3 epimers in
order to identify binding modes most favorably accommodated in the binding site of the homology
model. The selected complex with 20S,23S(OH)2D3 was simulated for 100 ns to allow for local structural
adjustments of flexible regions to the presence of the vitamin D3 scaffold. The final conformer obtained
is referred to as the ‘refined AhR model’. Further ligand-induced effects were explored through a
250 ns simulation production run starting with this model. Over the first 130 ns the ligand-induced
conformational changes were in the vicinity of F295 and S320. The latter is in a flexible region with
two adjacent glycine residues while F295 is part of a loop structure ‘covering’ the binding pocket.
The conformation adopted by 130 ns in these regions were maintained for the rest of the simulation
time, likely stabilized by a hydrogen bonding network that formed, involving ligand hydroxyl groups,
T289, S320 side chains and the backbone of F295 as shown in a representative simulation snapshot at
230 ns in Figure 7. Interactions of this network link the more rigid beta-sheet structure of the pocket
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containing T289 with two loop regions. The flexible ‘belt’ between G309-H326 includes a short helical
segment near S320 that also shifted due to the presence of the ligand. This binding mode also changes
the preferred orientation of H291 which by 130 ns simulation time forms a stable hydrogen bond
with the backbone carbonyl of K292, an interaction not present in the initial or refined AhR models.
Alanine mutation of T281, H285 of mouse AhR corresponding to the human residues T289 and H291
was shown to dramatically decrease Hsp90 binding [86]. Figure 7 illustrates that differences in the
structural fold of AhR between the homology model, the refined AhR model and the simulation
conformer are mainly within loops and the flexible ‘belt’ region.

Figure 6. Stimulation of AhR activity by 20(OH)D3, 22,23(OH)2D3, and 1,25(OH)2D3. The assays for
22,23(OH)2D3 were performed in quadruplicate, while for 20(OH)D3 and 1,25(OH)2D3 in triplicate.
Data represent means ± SD where * p < 0.05, ** p < 0.01 and **** p < 0.0001 at student t-test; ## p < 0.01
and #### p < 0.0001 at one-way ANOVA test.
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Figure 7. Structural fold of AhR models. To the left: Superimposed are the initial homology model, the
refined AhR model and a molecular dynamic simulation snapshot at 230 ns. To the right: Close-up
view of the simulation snapshot at 230 ns, displaying the ligand and AhR residues involved in an
interaction network, as discussed in the text. 20S,23S(OH)2D3 is shown with carbon atoms colored
light brown, AhR residue carbons colored green; all other atoms are colored by atom type (O: red, N:
blue, S: yellow). Hydrogen bonding interactions are indicated with yellow spheres.

The proposed binding model of 20S,23S(OH)2D3 is shown in Figure 8A through a representative
simulation conformer at 230 ns. Figure 8B shows the fraction of simulation time during which
interactions are present with each AhR residue, as averaged over 130—250 ns. The most stable polar
interactions are hydrogen bonding between 23-OH and T289 at 90% and between 3-OH and S336
at 85%, with S346 also contributing 26% of the simulation time. These interactions anchor the two
end regions of the scaffold in the pocket. 20-OH is hydrogen bonding with S320 for 39% of the
stimulation time. Due to intra-molecular hydrogen bonding between the ligand hydroxyls, the 20-OH
group is positioned to act as a hydrogen bond donor to S320, which allows S320 to interact with F295.
This interaction is likely important for these loop conformational changes and their effect on H291.
Ligand–protein contacts versus simulation time are shown in Supplemental Figure S5.

Loop conformational changes induced by 20S,23S(OH)2D3 are likely specific to this ligand.
Therefore, for docking other vitamin D3 analogs the refined AhR model was utilized, applying the
Induced Fit method. As shown in Table 14, Glide XP docking scores of three analogs are notably
lower compared to other compounds within this set, 20(OH)D3, 1,25(OH)2D3 and 1,20(OH)2D3.
Docked poses of all analogues are very similar, and also closely overlap with 20S,23S(OH)2D3 in the
refined AhR model. Docked poses for all analogs are displayed in Figure 9, along with the binding
mode of 20S,23S(OH)2D3 for comparison. Residues from Induced Fit structures contributing to polar
interactions with ligands are shown only; all residues in proximity of docked ligands are included in
Supplemental Figure S6. Docked Vitamin D3 analogs share similar hydrogen bonding interactions
through hydroxyl groups: 1-OH interacts with S365, 3-OH with S336 and possibly S346, 17-OH and
20-OH with S320, 23-OH with T289. Docking results predict that 25-OH interacts with T289. A short,
20 ns molecular dynamic simulation was performed on 20(OH)D3, 1,25(OH)2D3, 17,20,23S(OH)3D3,
starting with docked poses. The ligands maintained the binding mode and predicted interactions
during simulation except for 1,25(OH)2D3. Therefore, simulation of the latter was extended another
50 ns, during which the pose of 1,25(OH)2D3 shifted, disrupting hydrogen bonding between 3-OH
and S336 that was only present for 35% of simulation time. In comparison, in the case of 20(OH)D3
and 17,20,23S(OH)3D3 the same interaction was present 85% and 66% of time, respectively. Due to
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mobility of the aliphatic chain in the binding site, 25-OH formed contacts with T289 30% and Y310
37% of the simulation time. 1,25(OH)2D3 may have a distinct binding mode and interaction with AhR
than the other analogs. Interactions of 17,20,23S(OH)3D3 are analogous to those of 20S,23S(OH)2D3.
However, hydrogen bonding between 17-OH with S320 may interfere with structural changes such as
those induced by 20S,23S(OH)2D3 during the 250 ns simulation production run. While 20(OH)D3 is
also predicted to form analogous contacts, the absence of 23(OH) interactions is likely significant.

Figure 8. (A) The proposed binding model 20S,23S(OH)2D3 at human AhR. (A) Representative
simulation snapshot at 230 ns. Shown residues contribute to the binding of the ligand over simulation
time. (B) Fraction of simulation time during which interactions are present with each AhR residue,
averaged over 130–250 ns of the simulation production run.

Figure 9. Induced Fit docked vitamin D3 analogs displayed simultaneously. The pose of
20S,23S(OH)2D3 from the refined AhR model is shown for comparison, with carbon atoms colored
light brown. Only AhR residues involved in polar interactions are shown.
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Table 14. Glide XP scores of vitamin D3 analogs docked into the refined human AhR LBD model.

Compound Score Compound Score

20SOHD3 −13.3 1,20S,23S(OH)3D3 −16.1
1,25(OH)2D3 −13.1 1,20S,23R(OH)3D3 −16.4

20S,23S(OH)2D3 −15.1 17,20S,23S(OH)3D3 −14.9
20S,23R(OH)2D3 −15.7 17,20S,23R(OH)3D3 −15.4
1,20S(OH)2D3 −13.0

Modelling Conclusions

Molecular dynamic simulation of the developed AhR-20S,23S(OH)2D3 model predicts strong
hydrogen bonding interactions between this ligand and T289, S336. A hydrogen bond formed with
S320 is also well maintained during simulation. A number of AhR residues have favorable non-polar
contacts with the ligand (Figure 8). The simulation trajectory predicts that ligand-specific interactions
induce a conformational change in the region in the vicinity of S320 and F295, also leading to a distinct
position and interaction of H291. The interaction network that forms during simulation due to the
ligand links the beta-sheet structure of the pocket with two loops, restraining the conformation of
flexible regions in the binding site. The presented model is also consistent with the observed effect of
20S,23S(OH)2D3 on AhR since, in particular, T289 and H291 are essential residues for Hsp90 binding.

Docking of a set of D3 analogs predicts ligand binding modes close to that of 20S,23S(OH)2D3,
as well as analogous interactions with AhR. Short simulation runs of docked poses of 20(OH)D3 and
17,20,23S(OH)3D3 predict stability of the starting ligand poses. While forming interactions analogous
to those of 20S,23S(OH)2D3, these two analogs lack features that contribute to the induced effects of
20S,23S(OH)2D3 during simulation. The 20(OH)D3 analog lacks hydrogen bonding through 23-OH
and in the case of 17,20,23S(OH)3D3 the 17-OH group may interfere with the interactions between
S320 and the F295 backbone. Stability of the docked pose of 1,25(OH)2D3 was also explored through
molecular dynamic simulation. Shifting and fluctuations of 1,25(OH)2D3 over simulation time suggests
that this ligand would not adopt a binding mode close to that of 20S,23S(OH)2D3 in the AhR binding
site. Thus, modelling predictions are consistent with the distinct effects of these D3 analogs on AhR.

3. Materials and Methods

3.1. Materials

Vitamin D3 (D3) and 1,25(OH)2D3 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 20,23(OH)2D3 was produced by hydroxylation of D3 by CYP11A, extracted with
dichloromethane and purified as described in References [14,66]. 20S-Hydroxyvitamin D3 (20(OH)D3,
1α,20S-dihydroxyvitamin D3 (1,20(OH)2D3) and 17,20S,23S-trihydroxyvitamin D3 (17,20,23(OH)3D3)
were also synthesized using CYP11A1 as described before [66,87]. An extinction coefficient of
18,000 M−1 cm−1 at 263 nm was used to quantify concentrations of 20,23(OH)2D3 [88] and the
secosteroids were divided, dried and stored at −80 ◦C until use. Secosteroids were dissolved in
ethanol prior to experiments to obtain stock solutions of 10−4 M.

The structures of the secosteroids tested and the routes of enzymatic synthesis that include C25
and C1 hydroxylation for 1,25(H)2D3 [5], and the sequential hydroxylation of the D3 side chain by
CYP11A1 producing 20,23(OH)2D3 and 17,20.23(OH)3D3 [14,66], are shown in Figure 1.

3.2. Cell Culture

Neonatal foreskins of African American [79] donors were used to isolate neonatal human
epidermal keratinocytes (HEK) following standard protocols described previously [69,89]. The use
of human tissues were approved both by the IRB at the UTHSC as an exempt protocol #4 and by the
IRB at the University of Alabama Birmingham, as they are not subject to FDA regulation and not
Human Subject Research. Cells were grown in keratinocyte basal medium (KBM) supplemented with
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keratinocyte growth factors (KGF) (Lonza, Walkersville, MD, USA) on collagen coated plates [68]
and second and third passages were used for the experiments [69]. Human epidermal HaCaT
keratinocytes were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
glucose, L-glutamine, pyridoxine hydrochloride (Cell Grow), 5% fetal bovine serum (FBS) (Atlanta
Biologicals, Flowery Branch, GA, USA) and 1% penicillin/streptomycin/amphotericin antibiotic
solution (Thermo Fisher Scientific, Waltham, MA, USA). Human cells were cultured at 37 ◦C, with a
CO2 concentration of 5%, 100% humidity, and media were changed every second and/or third day.

Prior to treatment with secosteroids, HaCaT cells were serum deprived for 24 h and the medium
was changed to DMEM medium containing 5% charcoal-treated FBS (ctFBS) (Atlanta Biologicals,
Flowery Branch, GA, USA) to which D3 hydroxymetabolites from the stock solutions were added.
For epidermal neonatal keratinocytes, the KBM with KGF was supplemented with 0.5% bovine serum
albumin (BSA) prior to the addition of D3 derivatives.

3.3. Microarray Assays

Petri dishes (100 mm in diameter) were seeded with human neonatal keratinocytes that were
combined from five different black donors at either passage 2 or 3. After reaching 70–80% of confluence,
cells were treated with 10−7 M of either 20,23(OH)2D3 or 1,25(OH)2D3, or with 0.1% ethanol (EtOH) as
a solvent control for 6 or 24 h. After, these cells were isolated from three plates per each experimental
condition and combined for passage 2 and 3, separately (Figure 2).

The RNA from HEK treated with either 20,23(OH)2D3 or 1,25(OH)2D3, or 0.1% ethanol control,
was isolated using the Absolutely RNA Miniprep Kit (Qiagen, Germantown, MD, USA). High purity
RNA samples were subjected to microarray analysis at the Molecular Resources Center at the UTHSC.
Expression profiling was accomplished using whole-genome gene expression direct hybridization assay
using Illumina’s HumanWG-6_V2 (Platform GPL13376) chip/array (Illumina, San Diego, CA, USA).
Each array contains full-length 50-mer probes representing more than 22,000 well-annotated RefSeq
transcripts, including up-to-date genes derived from the National Center for Biotechnology Information
Reference Sequence (NCBI RefSeq) database. Initially, 250 ng total RNA was converted to cDNA,
followed by an in vitro transcription step to generate labeled cRNA following the manufacturer’s
recommendations (Applied Biosystems, Foster City, CA, USA).

The labeled probes were then mixed with hybridization reagents and hybridized overnight to
the Human BeadChips. Following washing and staining, the BeadChips were imaged using the
Illumina BeadArray Reader to measure fluorescence intensity at each probe. The intensity of the signal
corresponds to the quantity of the respective mRNA in the original sample.

3.4. Bioinformatics Analysis

For generating networks, a data set containing gene identifiers and corresponding expression
values was uploaded into the application. Each identifier was mapped to its corresponding object
in Ingenuity’s Knowledge Base. A FC of ±2 or ±1.5, where indicated, was set to identify molecules
whose expression was significantly differentially regulated. These molecules, called Network Eligible
molecules, were overlaid onto a global molecular network developed from information contained
in Ingenuity’s Knowledge Base. Networks of Network Eligible Molecules were then algorithmically
generated based on their connectivity. The Functional Analysis identified the biological functions
and/or diseases that were most significant to the entire data set. Molecules from the dataset that
met the FC cutoff of ±2 or ±1.5 and were associated with biological functions and/or diseases in
Ingenuity’s Knowledge Base were considered for the analysis. Right-tailed Fisher’s exact test was
used to calculate a p-value determining the probability that each biological function and/or disease
assigned to that data set is due to chance alone.
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3.5. Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Semiconfluent cultures of human neonatal keratinocytes or HaCaT cells were treated for 6 h,
24 h or as indicated in the figure legends with vitamin D3 hydroxyderivatives or ethanol, and RNA
isolated as described above. Reverse transcription was done using the Transcriptor First Strand cDNA
Synthesis Kit (Applied Biosystems, Foster City, CA, USA) with 100 ng RNA per reaction. qRT-PCR
was performed using cDNA diluted 10-fold in sterile water and a TaqMan PCR Master Mix. Reactions
(in triplicate) were performed at 50 ◦C for 2 min, 95 ◦C for 10 min and then 50 cycles of 95 ◦C for
15 s and 60 ◦C for 1 min. The primers and probes were designed with the universal probe library
(Roche). Data were collected on a Roche Light Cycler 480. The amount of amplified product for each
gene was compared to that of Cyclophilin B or GAPDH using a comparative CT (ΔΔCT) method.
Supplemental Table S1 lists the primers used for qRT-PCR amplifications.

3.6. Interaction of Hydroxyvitamin D Derivatives with AhR

Interaction of 20(OH)D3, 20,23(OH)2D3 and 1,25(OH)2D3 with AhR was evaluated using the
Human AhR Reporter Assay System (INDIGO Biosciences, State College, PA, USA) according to the
manufacture’s protocol. Briefly, AhR reporter cells were recovered on a 96-well plate frame using
the cell recovery medium for 5 h, followed by treatment with vitamin D3 hydroxyderivatives in the
compound screening medium for 22 h. After removing the media from the wells, luciferase detection
reagent was added to the wells and luminescence was measured using a Cytation 5 Cell Imaging
Multi-Mode Reader (Winooski, VT, USA).

3.7. Statistical Analyses

Data are presented as means ± SD (n = 3–4), and were analyzed with a Student’s t-test (for two
groups) or ANOVA using Prism 4.00 (GraphPad Software, San Diego, CA, USA). Statistically significant
differences are denoted with asterisks for t-tests or for one way ANOVA with # as indicated in the
figure legends.

3.8. Data Deposition

The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO)
database, https://www.ncbi.nlm.nih.gov/geo (accession no. GEO: GSE117351).

3.9. Development of a Human AhR LBD Model Complexed with 20S,23S(OH)2D3

The strategy applied utilized tools implemented in the Schrödinger software package, version
2017-4 (Schrödinger, LLC, New York, NY, USA). Homology modelling of the human AhR
ligand-binding domain was based on crystal structures of the C-terminal Per-ARNT-Sim domain
of Hypoxia-Inducible Factor-2α (HIF-2α PAS-B), PDB entry codes 3H82 and 4XT2. Based on the two
templates, two homology models were built using the energy-based homology model building method
in Schrödinger. The sequence identity is 27% between human AhR and template sequences in the
modelled LBD region. The sequence alignment is shown in Supplemental Figure S4. Residues were
numbered according to the human AhR sequence (Uniprot ID P35869). Co-crystallized ligands were
included. Modeled loops that contained gaps in the sequence alignment were refined through default
loop refinement options. The models were relaxed through restrained energy minimization in Protein
Preparation Wizard (OPLS3 force field).

Initial binding mode hypotheses were generated through docking 20S,23R/S(OH)2D3 into the
two obtained AhR models. Out of the top scoring poses at both AhR models, eight were selected for
protein-ligand complex refinement (Prime tool in Schrödinger software), followed by a 10 ns molecular
dynamic simulation run for each complex using Desmond. Four poses induced distortions in rigid,
AhR beta-sheet/helical backbone structures within 10 ns simulation and were not considered further.
Out of the remaining poses, the most favorable contacts were formed by two similar poses of the
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epimers: 20S,23S/R(OH)2D3. Simulation of these poses was extended to 20 ns, which suggested that
20S,23S(OH)2D3 is more favorably accommodated than its R epimer. The 20S,23S(OH)2D3 complex
conformer at 20 ns showed an overall RMSD (root-mean-square deviation) of 1.48 from its homology
modelling template (PDB: 3H82). In order to allow flexible regions to adjust to the presence of the
bound vitamin D3 scaffold, the model was further simulated for 100 ns or for 230 or 25 ns as indicated.
The final conformer was relaxed through restrained energy minimization and is referred to as the
‘refined AhR model’. The overall RMSD of this model from its homology modelling template (PDB:
3H82) is 1.58, suggesting stability of the AhR structure over simulation time. The model structure
contains only two residues with backbone dihedrals in disallowed regions, both of which are glycines:
Gly309 and Gly374.

3.10. Docking Method

The induced Fit docking method was used as implemented in Schrödinger, version 2017-4
(Schrödinger, LLC, New York, NY, USA). This method combines Prime tools and Glide docking, taking
into account the flexibility of residues in proximity to the ligand. 20,23(OH)2D3 was Induced Fit
docked into the two human AhR homology models using default parameters except optimization of
side chains was extended to 6 Å around the ligand and Glide re-docking was done in extra-precision
mode. Docking of vitamin D3 analogs into the refined AhR model also utilized Induced Fit with
default options, except that van der Waals scaling parameters for docking were set to 1.0 for both
protein and ligand (no scaling), and re-docking was done in extra-precision mode.

3.11. Molecular Dynamic Simulation Method

Molecular dynamic simulations were performed using Desmond (Schrödinger, LLC, New York,
NY, USA) with the OPLS3 force field. Structures were solved in TIP3P explicit waters with boundary
conditions in a 10 Å buffered orthorhombic system. Counter-ions were added. The NPT ensemble was
employed with temperature fixed at 300 K and pressure at 1.01 bar. The cutoff radius for Coulombic
interactions was set to 10 Å. The trajectory was recorded at 10 ps intervals.

4. Conclusions

Gene expression profile analysis demonstrated that 20,23(OH)2D3 and 1,25(OH)2D3 induce
distinct and overlapping gene expression patterns in keratinocytes linked to the activation of common
(VDR-dependent) and distinct (involving other nuclear receptors) signal transduction pathways.
Taking into consideration the strong chemical similarity between 20,23(OH)2D3 and 1,25(OH)2D3
(Figure 1), the marked differences in gene expression panels (Table 1, Figures 3 and 4) were unexpected.
This is because our previous studies predominantly showed phenotypic similarities between the effects
of both dihydroxy-vitamin D3 species, such as regulation of cell proliferation and differentiation,
and anti-inflammatory, photoprotective and anticancer functions, with only a couple of notable
differences where 20,23(OH)2D3 displayed no calcemic effects and poor activation of CYP24A1.
These predominantly overlapping effects are most likely secondary to the redundancy of downstream
phenotypic regulators and intercommunication between distinct transduction pathways at the cell
or organ levels. The similarities are likely related to the activation of the VDR. The most significant
and unexpected finding is the identification of AhR as the major receptor for 20,23(OH)2D3, which
also appears to be activated by other CYP11A1-derived vitamin D3 derivatives, and possibly by
1,25(OH)2D3 to some extent, as predicted by molecular modeling. The future challenge is to precisely
define the interaction of different vitamin D3 hydroxyderivatives with the ligand binding domain of
AhR and how it is affected by the location of the OH-group on the side chain or at C1α, and how the
activation of downstream signal transduction pathways occurs.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3072/s1.
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1,20(OH)2D3 1,20-dihyhydroxyvitamin D3
17,20,23(OH)2D3 17,20,23-trihyhydroxyvitamin D3
1α,25(OH)2D3 1α,25-dihydroxyvitamin D3
20(OH)D3 20-hydroxyvitamin D3
20,23(OH)2D3 20,23-dihyhydroxyvitamin D3
25(OH)D3 25-hydroxyvitamin D3
7-DHC 7-dehydrocholesterol
AA African-American
AhR aryl hydrocarbon receptor
GR glucocorticoid receptor
LBD ligand binding domain
LXR liver X receptor
PPAR peroxisome proliferator-activated receptor
RAR retinoic acid receptor
RXR retinoid X receptor
VDR vitamin D receptor
UVB ultraviolet B radiation
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Abstract: Vitamin D receptor (VDR) mediates many genomic and non-genomic effects of vitamin D.
Recently, the mitochondrial effects of vitamin D have been characterized in many cell types. In this
article, we investigated the importance of VDR not only in mitochondrial activity and integrity but
also in cell health. The silencing of the receptor in different healthy, non-transformed, and cancer
cells initially decreased cell growth and modulated the cell cycle. We demonstrated that, in silenced
cells, the increased respiratory activity was associated with elevated reactive oxygen species (ROS)
production. In the long run, the absence of the receptor caused impairment of mitochondrial integrity
and, finally, cell death. Our data reveal that VDR plays a central role in protecting cells from excessive
respiration and production of ROS that leads to cell damage. Because we confirmed our observations
in different models of both normal and cancer cells, we conclude that VDR is essential for the health
of human tissues.

Keywords: vitamin D receptor; silencing; mitochondria; reactive oxygen species; respiratory chain;
cytochrome C; cell proliferation; cell death

1. Introduction

The active form of vitamin D (1,25(OH)2D3) exerts its beneficial effects on the whole organism by
regulating calcium homeostasis and by modulating a large set of genes involved in the differentiation
and function of virtually every tissue. The transcriptional control is mediated by the vitamin D
receptor (VDR), which promotes ligand-dependent induction or repression of gene transcription
together with its binding partner retinoid X receptor (RXR) and many recruited activators or repressors.
The incredibly high number of target genes accounts for the pleiotropic functions of VDR.

Besides the long-recognized role of 1,25(OH)2D3 in regulating calcium and phosphate metabolism,
many biological networks are influenced by VDR, including bone remodeling [1], xenobiotic
detoxification [2], cell physiology (reviewed in [3,4]), immunity [5], and metabolism [6–8]. Recently,
a novel mitochondrial localization of VDR has been described [9,10], and the characterized
mitochondrial function of 1,25(OH)2D3/VDR has been depicted as the hub linking the control of cell
metabolism to the transcriptional status of the cell. In fact, the work of our group [11,12] and others [13]
has demonstrated that, through VDR activity, 1,25(OH)2D3 reduces mitochondrial respiration and
rewires cell metabolism toward the biosynthetic pathways. This metabolic control sustains both the
proliferative asset [11] and more specialized functions of the cells [12], depending on the cellular
phenotype. On the basis of these recent observations, it is clear that not only the defective activity of
VDR affects the expression of many genes, and thus the levels of many proteins, but also mitochondrial
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metabolism and function must be profoundly altered by VDR failure. The mitochondrial compartment
is central in many processes; besides being the powerhouse of the cell, mitochondria are also important
reservoirs of metabolic intermediates, are considered calcium and iron stores [14,15], and behave as
molecular factories (for example they are the site of iron insertion in organic molecules). Given their
central role, a severe mitochondrial damage leads to apoptotic cell death.

The aim of this work was to explore the results of a defective expression of VDR in cell health
and function. We silenced the receptor in different cell types and observed a severe reduction in cell
proliferation followed by cell death. We investigated the molecular mechanisms governing the increased
vulnerability of the silenced cells and demonstrated the involvement of the mitochondrial compartment.

2. Results

2.1. Two Different Human Cell Lines and Human Primary Cells Silenced for VDR Strongly Reduce Their
Proliferation Rate

With the aim of investigating the effects of a severe reduction of VDR activity on cell physiology,
we silenced the receptor by lentiviral delivery of shRNA against human VDR. Three different cell types
were selected as examples of malignant, non-malignant, and healthy phenotypes: the human breast
cancer cell line MCF7, the human proliferating keratinocyte cell line HaCaT, and primary healthy
human fibroblasts, respectively. The genetic ablation of VDR expression by this technique was very
effective, as previously demonstrated [11], and the suppression of the protein was confirmed in all cell
types by western blotting analysis. The abatement of VDR expression is shown in Figure 1. One week
after infection, cell proliferation was investigated either by crystal violet staining (MCF7 and HaCaT
cells) or by BrdU incorporation (fibroblasts), and the results are presented in Figure 2A,B. In all cell
types, the silencing of VDR caused a great reduction of growth. Accordingly, the analysis of their cell
cycle showed a remarkably reduced S phase and a decreased G0/G1 phase, and the cells accumulated
in the G2/M phase (Figure 2C).

Figure 1. shRNA-mediated Vitamin D receptor (VDR) knockdown in the human cells MCF7, HaCaT,
and primary fibroblasts (Fb) abrogates VDR expression. The cells were silenced by lentiviral infection
with an shRNA against VDR (shVDR) or with a scrambled non-targeting shRNA as control (shCTRL).
Seven days after infection, VDR expression was evaluated in the cellular whole extracts by western
blot analysis. Actin was detected as an internal control for protein loading.
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Figure 2. Analysis of cell proliferation in silenced cells. One week after infection, the control (shCTRL)
and VDR knockdown cells (shVDR) were seeded and assayed for (A) proliferation rate, measured by
crystal violet staining or (B) BrdU incorporation; (C) The cell cycle of MCF7, HaCaT, and fibroblasts
(Fb) was evaluated by cytofluorimetry, and the distribution of the silenced cells throughout the cell
cycle was expressed as percentage of the shCTRL cells in the same phase. The data are expressed as the
means ± SD of three independent experiments; * p < 0.05 compared to the control.

2.2. The Ablation of VDR Enhances Mitochondrial Respiratory Activity and the Production of Reactive
Oxygen Species

We have previously demonstrated that VDR controls mitochondrial respiratory activity [11].
Here, we confirmed that VDR silencing enhanced the respiratory activity of HaCaT cells by
measuring the increment of mitochondrial membrane potential (Figure 3A); moreover, by real-time
PCR analysis of MCF7 and HaCaT transcripts, we detected the increased expression of several
components of the respiratory chain coupled to oxidative phosphorylation. Because both nuclear-
and mitochondrial-encoded proteins are required for the formation of active respiratory complexes,
we evaluated the transcription of two subunits of cytochrome C oxidase (COX or respiratory complex
IV) and two subunits of ATP synthase whose transcripts are both of mitochondrial and nuclear origin:
COX2 and MT-ATP6 (a mitochondrial gene encoding the ATP synthase Fo subunit 6) are markers of
mitochondrial transcription activity, and COX4 and ATP5B (a nuclear gene encoding ATP synthase
subunit beta) are markers of the nuclear contribution to respiratory chain modulation. Their increased
expression, shown in Figure 3B, was in agreement with the observed enhanced respiratory membrane
potential. One of the consequences of the respiratory burst is the production of reactive oxygen
species (ROS); therefore, we measured ROS production in control cells and VDR knockdown cells.
We demonstrated the increase of ROS levels in all silenced cells (Figure 3C) and detected the highest
increment in primary fibroblasts.

On the basis of our observations, we concluded that, in all cell types analyzed, VDR was
an essential negative modulator of mitochondrial respiration, and its ablation increased both the
expression and the activity of the respiratory chain, and the consequent ROS production.
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Figure 3. The silencing of VDR induces mitochondrial respiration and enhances the production of ROS.
The metabolic assays and the extraction of mRNA were carried out one week after silencing the cells
with shRNA control (shCTRL) or VDR shRNA (shVDR). (A) The mitochondrial respiratory activity
was assessed in HaCaT cells by cytofluorimetric evaluation of the mitochondrial dye JC-1, and (B) the
expression of the respiratory chain complexes was analyzed by real-time PCR. The values plotted on
the graph represent the fold change in transcript expression in silenced versus control cells and are
displayed as the means ± SD of three independent experiments; (C) reactive oxygen species (ROS)
production was measured and expressed relative to control cells. The data represent the means ± SD
of three independent experiments; * p < 0.05 compared to the control.

2.3. The Silencing of VDR Triggers Long-Term Cellular Damage and Cell Death

Two weeks after delivery of shRNA particles, the silenced cells lost their healthy phenotype
and looked damaged when observed under the microscope. We hypothesized a massive apoptotic
death caused by the measured increase of ROS; therefore, we decided to quantify the cellular damage
and to verify the mitochondrial origin of the death process. First, we assessed the release of the
enzyme lactate dehydrogenase (LDH) as a marker of lost cell integrity. The results of our analysis
are displayed in Figure 4A. As expected, all the silenced cells accumulated great amounts of LDH
in their supernatants in comparison to control cells. This increase in LDH was particularly evident
in the medium of the silenced fibroblasts. Next, we evaluated the signs of the lost mitochondrial
integrity by western blotting analysis of cytochrome C content in subcellular fractions. Total lysates
were prepared along with mitochondrial and cytosolic extracts, and the levels of cytochrome C were
quantified with a specific antibody. The results of our analysis are displayed in Figure 4B, and the data
were quantified and plotted in Figure 4C. Both in MCF7 and in HaCaT cells, we found a decreased
content of cytochrome C in the mitochondrial compartment and, alongside this loss, we detected the
increase of the mitochondrial protein in the cytosolic fractions. At the same time, the expression of
cytochrome C in the whole lysates was unchanged, demonstrating the release of the mitochondrial
protein pool into the cytosolic milieu. The intracellular trafficking of an essential element of the
respiratory chain is considered the hallmark of apoptosis driven by a defective mitochondrial function.
We also investigated another marker of an ongoing apoptotic death: the cleavage of the nuclear enzyme
poly ADP ribose polymerase (PARP). In fact, the proteolytic cleavage of PARP into 89 and 24 kDa
fragments by caspases is an early indicator of apoptosis [16]. We analyzed the protein content of
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nuclear preparations from control and silenced MCF7 and HaCaT cells and were able to detect a
decreased amount of the 116 kDa PARP protein in the nuclear extracts of silenced cells, which was the
demonstration of the occurring cleavage and loss of the full-length enzyme (Figure 4D). The results of
these experiments were quantified and plotted on graph, as shown in Figure 4E.

All together, our data demonstrated that the silencing of VDR led to a severe cell damage that
had all the signs of a mitochondrial-mediated apoptotic death.

Figure 4. VDR silencing leads to a long-term cellular damage, loss of mitochondrial integrity,
and apoptotic death. Two weeks after silencing, cell damage was evaluated. (A) Toxicity was assayed
by lactate dehydrogenase (LDH) release in the extracellular medium; (B) The intracellular levels of
cytochrome C were evaluated by western blotting analysis of total extracts (TOT), mitochondrial (MIT),
and cytosolic fractions. Actin expression was used as a control of equal loading in total and cytosolic
extracts, whereas equal mitochondrial loading was verified by VDAC detection; (C) Bands from three
different experiments were quantified and normalized for loading, and the data were plotted on graph
as percentage of control; (D) Full-length PARP (116 kDa) was detected in nuclear extracts of control
(shCTRL) or silenced cells (shVDR) by western blotting analysis, and PCNA was used as a loading
control. The blots are representative of three independent experiments; (E) The bands were quantified
and normalized for loading, and the data were plotted on graph as percentage of shCTRL. The data
represent the means ± SD of three independent experiments; * p < 0.05 compared to the control.

3. Discussion

Vitamin D is active in every tissue, and the perturbation of its signaling is involved in many
diseases [17]. The importance and the pleiotropic effects of the activity of its receptor VDR have been
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elucidated by the murine knockout models, which have displayed a modified phenotype in many
tissues, such as bone, intestine (reviewed in [18]), skin [19], lung [20], muscle [21], endothelium [22],
and adipose tissue, and in metabolism [23,24]. Although the knockout models are useful to investigate
the general pathways controlled by vitamin D, at the cellular level they have a major flaw: they
originate cells that, since their formation and embryonic development, have never relied on VDR
for transcriptional control and modulation of metabolism. If we wonder about the importance of
VDR activity and whether it is essential for cellular tasks, another approach is to knockdown the
receptor in a cell population that expresses VDR to modulate growth, differentiation, and many
other functions. When the deranged signaling of 1,25(OH)2D3 is investigated, it must be considered
that the insufficiency of vitamin D and the loss of the receptor have some similar but partly distinct
consequences. The hypocalcemic phenotype shared by vitamin D deficiency and VDR knockout models
can be reversed by a high-calcium diet [25], but even at very low levels of 1,25(OH)2D3, the VDR
can still operate in a ligand-independent modality [26,27] or can respond to other molecules [28–30].
Therefore, in order to analyze fully and unambiguously the perturbation of 1,25(OH)2D3 signaling,
the best approach is to delete the receptor, and we followed this line of investigation.

In this work, we carried out a genetic silencing of VDR in three cell types different from each
other, for the purpose of testing the general importance of VDR in cell physiology. MCF7 were selected
as an example of malignant human cancer cell lines, HaCaT cells were a good model of proliferating
but not transformed human keratinocytes, and primary human fibroblasts were chosen as a model of
healthy human cells.

The first important finding of this work was that the ablation of the receptor resulted in increased
respiratory activity that enhanced the production of intracellular ROS. Interestingly, in all cell types,
we found that VDR controls both the mitochondrial (COX2 and MT-ATP6) and the nuclear transcription
(COX4 and ATP5B) of the proteins involved in respiratory activity and ATP synthesis, in agreement
with the necessity of coordinating the nuclear and the mitochondrial transcription of the components
of the respiratory process. It is known that the respiratory chain is a major source of ROS; in particular,
the complexes I, III, and IV are involved in radical biosynthesis [31,32]. ROS production is beneficial to
some extent and is involved in cell cycle progression [33], but an excessive boost can be detrimental
and can trigger cell damage. In all three silenced cellular models, the increase in ROS levels was
remarkable, especially in primary fibroblasts, and could exceed the antioxidant defenses. Indeed,
while the initial effect of silencing was growth arrest and the modulation of the cell cycle, the long-term
effect of VDR loss was cell damage, measured as LDH release. The increase of ROS levels and the
toxicity were directly proportional, since we observed the smallest rise of ROS and toxicity in silenced
MCF7 and the highest effects in silenced primary fibroblasts. This observation is reasonably accounted
for by some reported characteristics of cancer cells. In fact, it is known that the transformed cells
use ROS signals to drive proliferation and other events required for tumor progression and that the
elevated ROS levels are balanced by an increased activity of antioxidant enzymes in cancer cells [34];
accordingly, the protective role of VDR was particularly evident in healthy fibroblasts, although, in our
experimental setting, VDR defended even the most transformed MCF7 cells against oxidative stress.

In our previous work, we demonstrated the metabolic importance of VDR and its effect on
proliferation: the receptor curbs the respiratory activity and allows the rewiring of metabolic
intermediates toward biosynthesis, thus sustaining proliferation [11]. The results of the present
research unveil a novel role for VDR in cellular physiology, namely, the protection from the excessive
respiratory activity and the limitation of ROS production. In this study, we observed the negative effects
of the derangement of the metabolic control exerted by VDR; indeed, in the long run, the excessive
production of ROS consequent to VDR ablation had deleterious effects on the mitochondrial function
and survival of cells. One of the consequences of the excessive damage caused by ROS is the variation
in mitochondrial membrane permeability that results in cytochrome C release and apoptotic death [35].
In line with this, we demonstrated that, after two weeks of absence of VDR, mitochondrial integrity
was lost, and the cells showed the signs of an apoptotic fate. The interplay between vitamin D–VDR,
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ROS signaling, and the antioxidant system is complex; on the one hand, it has been demonstrated
that vitamin D and its analogues can increase the cytotoxicity mediated by ROS [36], while, on the
other hand, few reports have proved that vitamin D–VDR is able to inhibit the apoptosis triggered
by oxidative stress [37–41]; in addition, in this study, for the first time, we showed the protective
role exerted by VDR itself, without additional stressors. Moreover, our study investigated a novel
mechanism involved in the antiapoptotic effects of VDR, previously ascribed only to its transcriptional
activity [42]. In fact, not only the loss of VDR disrupts the traditional pathways regulated by its
transcriptional control [42], but also, as we demonstrated, the silencing of VDR generates an unbalanced
metabolism that leads to cytotoxicity. Although we have displayed the essential role of VDR in cell
metabolism, health, and survival, our data and conclusions are not necessarily in contrast with the
fact that the VDR knockout phenotype in animals is not lethal. Obviously, the tissues lacking VDR
since their embryonic development have found compensatory mechanisms to balance the effects of
VDR deletion.

In conclusion, in the present study, we discovered a novel important role for VDR in cell health.
We demonstrated that the mitochondrial effects of the receptor not only regulate the respiratory
activity but also protect from oxidative damage and preserve mitochondrial integrity and cell survival.
Our data were obtained in different cell types, cancerous as well as healthy cells, rendering the
discovered novel function a general feature of vitamin D–VDR role in many tissues.

Another intriguing consideration about this study is based on the fact that the phenotype obtained
by the experimental silencing of the receptor could mimic the pathological situations in which the
expression of VDR is downregulated (for example by epigenetic mechanisms [43,44]) or its activity
is compromised (for example by polymorphisms [45,46]). It is interesting to highlight that many
respiratory chain dysfunctions and deleterious ROS overproduction are recurrent themes in human
pathologies, ranging from neurodegenerative diseases to cancer [47,48], and may be of paramount
importance in ageing [49]. The results of this study demonstrate the protective role of VDR and raise
the possibility that the loss of VDR function could be partly responsible of, or at least could be an
adverse event in such diseases.

4. Materials and Methods

4.1. Cell Culture

The immortalized human epidermal keratinocyte cell line (HaCaT) and the MCF7 human breast
cancer cell line were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA).
Dermal primary fibroblasts from healthy donors were obtained from Banca della Cute, Turin, Italy,
and were used in early passages. The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) that had been supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin,
streptomycin), at 37 ◦C in a humidified atmosphere containing 5% CO2. All culture reagents were
from Sigma-Aldrich (Sigma, St. Louis, MO, USA).

4.2. Lentiviral-Mediated shRNA Targeting

PLKO.1 lentiviral shRNA clones targeting the human VDR (TRCN0000276543) and a scrambled
nontargeting control were purchased from Sigma (Sigma Mission shRNA) (Sigma, St. Louis, MO, USA)
and were previously described and characterized in terms of efficiency [11]. Lentiviral transduction
particles were produced in HEK293T cells as previously reported [11]. Briefly, the cotransfection of the
shRNA plasmid together with the packaging vectors was carried out by lipofectamine reagent, and the
supernatants were used for overnight transduction of the cells. Puromycin selection began 24 h after
infection. Within one week from infection or after two weeks, the cells were seeded for experimental
assays or harvested for RNA and protein analysis.
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4.3. Extract Preparation and Western Blotting Analysis

Subcellular fractionation and Western blotting analyses were conducted as previously described [10].
The protein content of the total extracts and mitochondrial fractions was quantified using the DC
protein assay (Bio-Rad, Hercules, CA, USA); 50 μg of total lysates and 30 μg of the mitochondrial or
nuclear fractions were separated by 10% SDS-PAGE and analyzed using Western blotting. The analysis
of cytochrome C was carried out after a 12% SDS-PAGE. The proteins were immunostained with the
indicated primary antibodies for 1 h at room temperature, and detection of the proteins of interest was
performed using peroxidase-conjugated secondary antibodies (Pierce, Rockford, IL, USA), followed by
ECL detection (ECL detection kit, Perkin Elmer Life Science, Foster City, CA USA). Mouse anti-VDR
(sc-13133), anti-actin (sc-8432), anti-PCNA (sc-56), and rabbit anti-PARP (sc-7150) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-VDAC (anti-porin 31HL)
monoclonal antibody was purchased from Calbiochem (La Jolla, CA, USA). The mouse anti-cytochrome
C (65981A) antibody was from BD Biosciences Pharmingen (San Diego, CA, USA).

4.4. Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted with TRIzol® (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). One μg of total RNA was reversely transcribed into cDNA, in a final volume of 20 μL, using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Quantitative PCR was carried out in a final volume of
20 μL, using the SensiFASTTM SYBR® Hi-ROX Kit (Bioline Srl, Trento, Italy) with the following primers:

COX2, fwd 5′-CGACTACGGCGGACTAATCT-3′, rev 5′-TCGATTGTCAACGTCAAGGA-3′;
COX4, fwd 5′-CGAGCAATTTCCACCTCTGT-3′, rev 5′-GGTCAGCCGATCCATATAA-3′;

ATP5B, fwd 5′-GTGGGCTATCAGCCTACCCT-3′, rev 5′-CAAGTCATCAGCAGGCACAT-3′;
MT-ATP6, fwd 5′-CCAATAGCCCTGGCCGTAC-3′, rev 5′-CGCTTCCAATTAGGTGCATGA-3′; β2M,
fwd 5′-AGCAAGGACTGGTCTTTCTATCTC-3′, rev 5′-ATGTCTCGATCCCACTTAACTA-3′. Beta
2-microglobulin β2M was used as an internal control. PCR amplification was one cycle of denaturation
at 95 ◦C for 2 min, 40 cycles of amplification, including denaturation at 95 ◦C for 5 s and annealing/
extension at 60 ◦C for 30 s. The 2−ΔΔCt method was used to analyze the data.

4.5. Proliferation Assay

Within one week from silencing, the effect of VDR silencing on the growth of the different
human cells was determined either by colorimetric measurement of cell numbers by crystal violet
staining (MCF7 and HaCaT cells) or by BrdU incorporation (primary fibroblasts). The primary human
fibroblasts were poorly stained by the crystal violet method, and the detection by spectrophotometer
was inadequate to quantify these cells; therefore, the more sensitive BrdU assay was chosen. The same
number of control or silenced cells (2000, 1000, or 500 cells per well) was seeded on 96-multiwell plates,
and the cells were either cultured for five days and then stained with crystal violet or assayed after
two days for BrdU incorporation. At the end of this period, MCF7 and HaCaT cells were fixed for
15 min with 11% glutaraldehyde, and the plates were washed three times, air dried, and stained for
20 min with a 0.1% crystal violet solution. The plates were then extensively washed and air-dried prior
to solubilization of the bound dye with a 10% acetic acid solution. The absorbance was determined at
595 nm. The proliferation of primary fibroblasts was evaluated by the Cell Proliferation ELISA BrdU
kit (Roche Applied Science, Penzberg, Germany), used according to the supplied instructions. The data
collected from twelve wells were averaged for each experimental condition, and each experiment was
repeated three times.

4.6. Cell Cycle Analysis

Within one week from silencing, the control and silenced cells were seeded at the same density
and, after 48 h, were detached in 1 mL PBS-EDTA 5 mM by scraping, collected, and fixed in 70% cold
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ethanol. After 3 h at −30 ◦C, the cells were centrifuged at 2000 rpm for 5 min, washed twice with
PBS, resuspended in 200 μL MUSE® cell cycle reagent, and then incubated for 30 min in the dark at
room temperature. Cellular DNA content was analyzed by Muse Cell Analyzer (Merck S.p.a., Milan,
Italy). To quantify the relative percentage of cells in the G0/G1, S, and G2/M phases of the cell cycle,
the Muse™ Cell Analyzer software was used.

4.7. Cytofluorimetric Evaluation of the Mitochondrial Membrane Potential

JC-1, a mitochondrial dye that stains the mitochondria in living cells in a membrane
potential-dependent fashion, was used as previously reported [11]. Within one week from silencing,
HaCaT cells were harvested by trypsinization, washed with PBS, and incubated with JC-1 (2 mg/mL
final concentration) at 37 ◦C for 30 min. After washing, JC-1 accumulation was determined using flow
cytometric analysis. The amount of JC-1 retained by 10,000 cells per sample was measured at 530 nm
(FL-1 green fluorescence) and 590 nm (FL-2 red fluorescence) using a flow cytometer and analyzed
using Cell Quest Alias software. The ratio FL2/FL1 was evaluated to determine the mitochondrial
membrane potential.

4.8. Measurement of Intracellular ROS Production

After one week from silencing, the cells were harvested and loaded for 15 min with 10 μM
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma). DCFH-DA is a cell-permeable probe
that is cleaved intracellularly by nonspecific esterases to form DCFH, which is further oxidized by ROS
to form the fluorescent compound dichlorofluorescein (DCF) [50]. DCF fluorescence was determined
at an excitation wavelength of 504 nm and an emission wavelength of 529 nm, using a Packard EL340
microplate reader (Bio-Tek Instruments, Winooski, VT, USA). The fluorescence values were normalized
to the protein content and expressed as values relative to the control.

4.9. Toxicity Assay (LDH Release)

Two weeks after silencing, cell damage was evaluated by measuring the release of lactate
dehydrogenase in the growth medium. The medium was collected, and the cells were harvested by
scraping and sonicated on ice with two 10 s bursts. Protein content was quantified by the DC protein
assay. Aliquots of growth medium were supplemented with a reaction mixture for the measurement of
LDH, as previously described [51]. The enzymatic activity in the extracellular medium was measured
spectrophotometrically as absorbance variation at 340 nm (37 ◦C) and was expressed as μmol NADH
oxidized/min/mg cell protein, to normalize the extracellular activity to the cell number. The data
were plotted relative to control values.

4.10. Bands Quantification and Statistical Analysis

The bBands from protein electrophoresis were quantified by scanning digital densitometry using
an ImageJ software analysis (ImageJ version 1.29, Sun Microsystems Inc., Palo Alto, CA, USA). All data
were expressed as mean ± S.D of three independent experiments. Statistical analysis of the data was
performed using an unpaired, two-tailed Student’s t-test; p < 0.05 was considered to be significant.
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Abstract: Thioredoxin-interacting protein (TXNIP) was originally identified in HL-60 cells as the
vitamin D3 upregulated protein 1, and is now known to be involved in diverse cellular processes,
such as maintenance of glucose homeostasis, redox balance, and apoptosis. Besides the initial
characterization, little is known about if and how 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] induces
TXNIP expression. We therefore screened multiple cancerous cell lines of different tissue origins,
and observed induction, repression, or no change in TXNIP expression in response to 1,25(OH)2D3.
In-depth analyses on HL-60 cells revealed a rapid and transient increase in TXNIP mRNA levels
by 1,25(OH)2D3 (3–24 h), followed by a clear reduction at later time points. Furthermore, a strong
induction in protein levels was observed only after 96 h of 1,25(OH)2D3 treatment. Induction of
TXNIP expression by 1,25(OH)2D3 was found to be dependent on the availability of glucose in
the culture medium, as well as the presence of a functional glucose transport system, indicating
an inter-dependence of 1,25(OH)2D3 actions and glucose-sensing mechanisms. Moreover, the
inhibition of de novo protein synthesis by cycloheximide reduced TXNIP half-life in 24 h, but
not in 96 h-1,25(OH)2D3-treated HL-60 cells, demonstrating a possible influence of 1,25(OH)2D3 on
TXNIP stability in long-term treatment.

Keywords: vitamin D; TXNIP; VDUP1; cancer

1. Introduction

1,25-dihydroxyvitamin D3 [1,25(OH)2D3] is the biologically active form of vitamin D3, and
is the natural ligand of the nuclear vitamin D receptor (VDR) [1]. Upon binding to its receptor,
1,25(OH)2D3 induces immense changes in gene expression patterns in different cells, with several
genes identified as either direct—harboring vitamin D response elements (VDRE)—or indirect targets
of the molecule. Such genes include those involved in the regulation of proliferation, such as p21
and p27, apoptosis-related genes, like BAX, and tissue-specific differentiation genes, such as prostate
specific antigen [1–3]. Among the putative vitamin D target genes is thioredoxin-interacting protein
(TXNIP), which is located on chromosome 1q21.1.

TXNIP was originally reported by Chen and Deluca in 1994 as the VDUP1 (vitamin D3 upregulated
protein 1) [4]. Their search of 1,25(OH)2D3-responsive cDNAs in HL-60 (acute myeloid leukemia)
cells led to the identification of this gene, whose mRNA levels were found to be induced by
1,25(OH)2D3 treatment in as early as 6 h, plateaued at 18 h, and was maintained till 24 h. In 1999,
Nishiyama and coworkers reported that VDUP1 is the binding partner of reduced thioredoxin, and
thus acts as its negative regulator through inhibiting its anti-oxidant function [5]. Since then, a
plethora of publications from different groups has shown that, in addition to influencing redox
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homeostasis, TXNIP senses intracellular levels of glucose and glycolytic intermediates, as well as levels
of adenosine-containing molecules [6–8]. In response to an increase in intracellular glucose levels, the
heterodimer MondoA:MLX (Max-like protein X) translocates to the nucleus, and binds to carbohydrate
response elements (ChoRE) on the promoter of the TXNIP gene, inducing its expression [6]. TXNIP in
turn works to reduce intracellular glucose levels, by decreasing its uptake, possibly through limiting
the membrane availability of glucose transporter 1 [9].

With regards to cancer, TXNIP is proposed to be a potential tumor suppressor due to its
ability to induce oxidative stress-mediated apoptosis, as well as due to its reduced expression and
silencing in tumor tissues and cancer cell lines [10,11]. Therefore, compounds that reactivate TXNIP
expression are viewed as promising anti-tumor candidates, such as the histone deacetylase inhibitor
suberoylanilide hydroxamic acid [12] and the histone methyltransferase inhibitor 3-Deazaneplanocin
A [13]. Consequently, due to the “historical” association between 1,25(OH)2D3 and TXNIP as a vitamin
D upregulated protein, it has been suggested that 1,25(OH)2D3 could be used to reactivate TXNIP in
cancers [10]. To our knowledge, this association has only been shown in HL-60 cells [14], and thus
extrapolation of this relationship to other cancers is highly speculative.

Recently, we showed that in the prostate cancer cell line LNCaP, 1,25(OH)2D3 treatment induces
diverse metabolic changes that lead to a significant reduction of TXNIP levels [15]. This non-canonical
regulation prompted us to investigate whether 1,25(OH)2D3 is capable of inducing TXNIP expression
in different cancer types, including those with silenced TXNIP expression. An initial screen of
different cancer cell lines that are treated with 1,25(OH)2D3 surprisingly showed all the possible
options, induction, reduction, and no change in TXNIP levels in response to treatment. A detailed
analysis of 1,25(OH)2D3 treatment in HL-60 cells, in which the up-regulation was initially discovered,
demonstrated a transient increase in TXNIP mRNA levels in response to treatment that was diminished
at later time points. Despite the reduced TXNIP mRNA levels upon longer term treatment, TXNIP
protein levels were clearly higher after 1,25(OH)2D3 treatment compared to cells treated with
dimethyl sulfoxide (DMSO). Inhibition of de novo protein synthesis in 1,25(OH)2D3-treated cells
by cycloheximide (CHX) did not reduce TXNIP protein levels at a time point when mRNA levels were
reduced (96 h), suggesting an increased TXNIP half-life in the presence of 1,25(OH)2D3. Additionally,
we observed a lack of TXNIP induction on the mRNA and protein levels, as well as a lack of
oxidative stress in response to 1,25(OH)2D3 treatment in the absence of glucose, hinting at a critical
cross-talk between VDR mediated gene regulation and glucose-sensing transcriptional machinery like
MondoA/MLX.

2. Results

2.1. 1,25(OH)2D3 Induces, Reduces and Has No Effect on TXNIP Levels in Cancer Cells of Different
Tissue Origins

To investigate whether 1,25(OH)2D3 is capable of inducing TXNIP expression in different cancer
models, cell lines of various tissue origins—hematological, prostate, pancreatic, liver, colorectal, and
breast—were treated with either DMSO or 1,25(OH)2D3 (100 nM) for 72 h and TXNIP levels were
analyzed using immunoblotting. The investigated cell lines exhibited disparate basal levels of TXNIP,
where some cell lines had completely repressed TXNIP expression, with the colorectal cancer cell line
HCT116 as an example, some cell lines had high basal expression of the protein, like the breast cancer
cell line MCF-7, and finally, cell lines with lower TXNIP levels, like the pancreatic cancer cell line
AsPC-1 (Figure 1).

In cell lines where TXNIP expression was silenced, 1,25(OH)2D3 did not appear to induce the
expression of the protein, whereas in cell lines that expressed TXNIP at varying degrees, 1,25(OH)2D3

exerted either the expected “classical” induction, for example in U937 (histiocytic lymphoma), or
non-canonical reduction, as observed in LNCaP, BxPC-3, and MCF-7 (prostate, pancreatic, and breast
cancer cells, respectively), but also had no clear effect on TXNIP levels, like in HT-29 cells (colorectal
cancer) (Figure 1).
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Figure 1. TXNIP is differentially regulated by 1,25(OH)2D3 in cancer cells. Immunoblots showing
TXNIP protein levels in cancer cells of various tissue origins—hematological (HL-60, Jurkat, U937),
prostate (LNCaP, DU145, PC3), liver (HepG2, HLE, SK-HEP-1), pancreatic (AsPC-1, BxPC-3, MIA
PaCa-2), breast (MDA-MB-231, MCF-7), and colorectal (HCT116, HT-29)—after treatment with
100 nM 1,25(OH)2D3 for 72 h. In several cell lines, e.g., Jurkat cells, TXNIP is not detected and
thus no influence of 1,25(OH)2D3 on its expression can be observed. In cases were basal levels
are detected, 1,25(OH)2D3 either induced, reduced, or had no clear effect on TXNIP expression,
e.g., U937, MCF-7, and HT-29, respectively. “+” and “−” denote the presence or absence of the
indicated molecule/treatment, respectively.

Interestingly, we did not observe a clear induction in TXNIP levels in response to 1,25(OH)2D3 in
HL-60 cells (Figure 1), and thus performed an extensive analysis into the temporal regulation of TXNIP
by 1,25(OH)2D3, with the aim to identify possible modulatory mechanisms adjusting the metabolic
response to 1,25(OH)2D3 in HL-60 cells, thereby triggering differential TXNIP regulation, as well as to
investigate the possible dependence of this regulation on glucose-related signaling.

2.2. 1,25(OH)2D3 Transiently Induces TXNIP mRNA Levels but Increases Protein Levels in
Long-Term Treatments

Since the original publication describing VDUP1 demonstrated the induction of TXNIP/VDUP1
by 1,25(OH)2D3 on the mRNA level at time points ranging from 6 to 24 h [4], we aimed to reproduce
their findings, and add later time points to investigate whether their observed induction was transient
or not. A time course spanning 1 to 96 h was employed and mRNA expression analysis was performed
using RT-qPCR (Reverse Transcription-quantitative PCR). We observed a clear induction in TXNIP
mRNA levels with 1,25(OH)2D3 treatment at time points 3, 6, and 24 h, and a surprising reduction at
72 and 96 h, demonstrating that the induction in TXNIP mRNA levels by 1,25(OH)2D3 is not sustained
in the longer time treatments (Figure 2a).

Having analyzed mRNA levels we next analyzed TXNIP protein levels in HL-60 cells upon
1,25(OH)2D3 treatment at the same time points using immunoblotting (Figure 2b,c), and observed
fluctuations in the basal levels independent of treatment, which could be attributed to changes in
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nutrient availability in the environment, or to the natural glucose-sensing, homeostatic mechanism
that TXNIP is known to influence. We measured glucose levels in the culture medium of DMSO- and
1,25(OH)2D3-treated HL-60 cells and observed that while the glucose levels were clearly reduced in
the medium of DMSO-treated cells, the levels were not diminished (Figure S1), demonstrating that the
relative decrease in basal TXNIP level at the latest time point is not due to glucose depletion, but rather
reflects the influence of glucose homeostasis on TXNIP expression. When compared to DMSO-treated
cells, and independent of temporal fluctuations in basal expression, 1,25(OH)2D3 was found to mildly
induce TXNIP levels in 24 h and strongly in 96 h (Figure 2c–g).

Figure 2. Time-dependent regulation of TXNIP expression and associated cellular processes in HL-60
cells by 1,25(OH)2D3. (A) 1,25(OH)2D3 (100 nM) induced a transient increase in TXNIP mRNA
levels that was diminished at later time points. The dashed red line indicates the baseline TXNIP
mRNA expression in DMSO-treated cells set to 1; (B,C) Immunoblot showing TXNIP protein levels
in response to 1,25(OH)2D3; induction is observed after 24 h and also after 96 h of treatment. Basal
TXNIP levels exhibit temporal fluctuations, independent of treatment. Treatment with 2-deoxyglucose
(10 mM), a potent inducer of TXNIP expression, and MG-132 (5 μM), a proteasomal inhibitor to prevent
degradation, were used as positive controls. The compounds were added into the conditioned medium
of DMSO- and 1,25(OH)2D3-treated HL-60 cells either 24 h (2-deoxyglucose) or 6 h (MG-132) before
the end of the initial treatment period. “+” and “−” denote the presence or absence of the indicated
molecule/treatment, respectively; (D) Immunoblot and (E) densitometric quantification of TXNIP
protein levels after 24 h of treatment of HL-60 cells with 1,25(OH)2D3 indicate a mild increase in TXNIP
level, which lacks statistical significance; (F) Immunoblot and (G) densitometric quantification after 96
h of treatment of HL-60 cells with 1,25(OH)2D3 showing a statistically significant induction of TXNIP
levels; (H) Intracellular ROS levels, presented as fold change of treated vs. control cells, were found
to be significantly induced by 1,25(OH)2D3 only at the latest time point (96 h). The dashed red line
indicates the baseline ROS level in DMSO-treated cells set to 1; (I) Glucose uptake, which is known to
be inhibited by TXNIP, was found to be significantly induced by 1,25(OH)2D3 at an early time point
(6 h), and reduced at a later one (72 h). Baseline glucose uptake level in DMSO-treated cells is indicated
by the dashed red line set to 1. Statistical significance was calculated using a two-tailed Student’s t-test.
p-Values less than or equal to 0.05 and 0.01, are depicted by * and **, respectively. Error bars ± SD;
n = 3.
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We then investigated changes in cellular parameters known to be influenced by TXNIP status,
namely intracellular reactive oxygen species (ROS) levels and glucose uptake, in response to
1,25(OH)2D3 treatment. Intracellular ROS levels were largely unaffected by the treatment across
most of the investigated time points, except for the latest one (96 h), where 1,25(OH)2D3 was found to
strongly and significantly induce ROS levels (Figure 2h). On the other hand, an induction in glucose
uptake was observed after 6 h of treatment with 1,25(OH)2D3, an effect that was diminished in later
time points (Figure 2i). In fact, after 72 h of treatment with 1,25(OH)2D3, glucose uptake was found to
be clearly reduced when compared to DMSO-treated cells (Figure 2i).

In view of the presented results, we hypothesized that: (i) glucose availability and subsequently
recruitment of transcriptional machinery capable of regulating TXNIP expression, might be crucial in
mediating 1,25(OH)2D3’s effect, since basal expression levels exhibited profound temporal fluctuations,
reflecting the time-dependent effects of cellular glucose homeostasis on TXNIP expression, and (ii)
transcriptional induction of TXNIP by 1,25(OH)2D3 may not be solely responsible for the observed
upregulation on the protein level since at the latest time point, TXNIP mRNA levels were found to be
reduced, whereas the protein expression induced by treatment, highlighting the possible involvement
of protein stabilizing mechanisms at later time points, and finally (iii) 1,25(OH)2D3 induces changes in
glucose metabolism—glycolysis and/or mitochondrial respiration—that stimulate TXNIP expression.

2.3. Glucose Availability Is Crucial for 1,25(OH)2D3-Mediated Regulation of TXNIP mRNA and Protein
Levels as Well as Associated Oxidative Stress

As previously mentioned, tight regulation of glucose homeostasis by TXNIP is orchestrated
through the nuclear translocation of the heterodimer MondoA/MLX, which regulates TXNIP
expression by binding to ChoRE on the gene’s promoter. Given the observed temporal fluctuations
in TXNIP expression (Figure 2c), we postulated that glucose-sensing mechanisms might be involved
in mediating 1,25(OH)2D3’s effects on TXNIP mRNA and protein levels. We thus cultured HL-60
cells and performed treatments for various time points in glucose-free medium, and investigated
TXNIP mRNA and protein expression. In the absence of glucose, TXNIP expression was found to be
clearly diminished across all the time points, and addition of 1,25(OH)2D3 was incapable of inducing
its expression (Figure 3a). Similarly, in the presence of a single high dose of the glucose transporter
inhibitor phloretin, TXNIP expression was not induced by 1,25(OH)2D3 (Figure 3b). Additionally,
the observed regulation of TXNIP mRNA expression by 1,25(OH)2D3, whether induction at 24 h, or
reduction at 96 h, was not observed in the absence of glucose (Figure 3c), unlike the clear induction in
the mRNA levels of the 1,25(OH)2D3 target gene CYP24A1, which was glucose-independent (Figure 3d).
Interestingly, the strong increase in oxidative stress observed at the latest time point with 1,25(OH)2D3

treatment, typically associated with elevated TXNIP levels, was not observed in the absence of glucose
(Figure 3e). Altogether, we concluded that regulation of TXNIP expression and associated oxidative
stress by 1,25(OH)2D3 is glucose-dependent, indicating a possible cross-talk between VDR-signaling
and glucose-sensing mechanisms.

Figure 3. Cont.

284



Int. J. Mol. Sci. 2018, 19, 796

Figure 3. Regulation of TXNIP expression and redox balance in HL-60 cells by 1,25(OH)2D3 is
glucose-dependent. (A,B) Immunoblots showing TXNIP protein levels. (A) In the absence of
glucose, expression of TXNIP in HL-60 cells is significantly reduced, and appears to be unaffected
by 1,25(OH)2D3 (100 nM) treatment. “+” and “−” denote the presence or absence of the indicated
molecule/treatment, respectively; (B) In the presence of a single high dose of the glucose uptake
inhibitor phloretin (200 μM), added at different time intervals prior to the end of the initial treatment
period (24 h), 1,25(OH)2D3 is found to be incapable of inducing TXNIP expression; (C) Changes
in TXNIP mRNA levels after 24 and 96 h of treatment with 1,25(OH)2D3 in HL-60 cells, cultured
in the presence or absence of glucose, reveal that regulation by 1,25(OH)2D3 is glucose-dependent.
The dashed red line indicates baseline mRNA expression in DMSO-treated cells set to 1. Error bars
± SD; n = 2; (D) Unlike TXNIP, the 1,25(OH)2D3 target gene CYP24A1, is induced in response to
1,25(OH)2D3 treatment (96 h) independent of glucose availability. Error bars ± SD; n = 2; (E) In absence
of glucose, intracellular ROS levels are largely unaltered upon treatment of HL-60 cells for 96 h with
1,25(OH)2D3. The dashed red line indicates basal ROS levels in DMSO-treated cells set to 1. Statistical
significance was calculated using a two-tailed Student’s t-test, with p-values less than or equal to 0.05
and 0.01 depicted by * and **, respectively. Nonsignificant results are denoted as n.s. Error bars ± SD;
n = 3.

2.4. Induction in TXNIP Levels by 1,25(OH)2D3 Is Possibly Orchestrated through a Complex Interplay
between Transcriptional Induction and Protein Stability

We then aimed to address the second hypothesis on the possible involvement of protein stabilizing
mechanisms. To confirm the lack of translational induction of TXNIP in HL-60 cells by 1,25(OH)2D3 at
later time points, cycloheximide (CHX), which is an inhibitor of de novo protein synthesis, was added
to 24 and 96 h DMSO- or 1,25(OH)2D3-treated HL-60 cells, for different periods (0.5, 1, 2, and 4 h
before the end of the DMSO/1,25(OH)2D3 treatment period). In 24 h-treated cells, CHX treatment was
found to reduce TXNIP protein half-life both in the presence and absence of 1,25(OH)2D3 (Figure 4a,b).
On the other hand, in 96 h-treated cells, CHX did not hamper the induction in TXNIP levels in the
presence of 1,25(OH)2D3, but moderately reduced its levels in the absence of 1,25(OH)2D3 (Figure 4c,d).

In view of this observation, we postulated that long-term treatment of HL-60 cells with
1,25(OH)2D3 induces TXNIP expression by reducing the levels of protein degradation machinery,
thereby stabilizing TXNIP. It has been shown recently that the E3 ubiquitin ligase ITCH, targets TXNIP
for proteasomal degradation [16]. We thus speculated that 1,25(OH)2D3 may reduce the expression of
this protein. While ITCH mRNA levels were indeed found to be significantly reduced by 1,25(OH)2D3

after 24 and 96 h of treatment (Figure 4e), protein levels were insignificantly influenced by treatment
across the same time points (Figure 4f–i). We therefore conclude that while ITCH regulation by
1,25(OH)2D3 may have mildly contributed to TXNIP stability, other uncharacterized factors may have
also played a role, since 1,25(OH)2D3 treatment has been shown to reduce the expression of proteasome

285



Int. J. Mol. Sci. 2018, 19, 796

subunits in HL-60 cells, as well as modulate the expression of various genes of protein degradation
machinery in other cell lines [17,18].

Figure 4. Cycloheximide (CHX) reduces TXNIP half-life in 24, but not in 96 h 1,25(OH)2D3-treated
HL-60 cells. (A) Inhibition of protein synthesis by CHX (10 μM) treatment, added into the conditioned
medium of DMSO- and 1,25(OH)2D3-treated HL-60 cells, at different time intervals prior to the end of
the initial treatment period (24 h), led to reduced TXNIP protein levels in the presence and absence
of 1,25(OH)2D3. “+” and “−” denote the presence or absence of the indicated molecule/treatment,
respectively; (B) Densitometric quantification of two similar biological replicates. The dashed red line
indicates baseline TXNIP protein expression in DMSO-treated cells set to 1; (C) In 96 h-treated HL-60
cells, CHX reduced or had no effect on TXNIP protein levels in absence or presence of 1,25(OH)2D3,
respectively; (D) Densitometric quantification of 2 similar biological replicates. Statistical comparisons
made between the different conditions and DMSO-treated cells were performed using a two-tailed
Student’s t-test. p-Values less than or equal to 0.05, 0.01, and 0.001, are depicted by *, **, and ***,
respectively. A dagger indicates statistical significance compared to the corresponding mono-treatment.
Error bars ± SEM; (E) ITCH mRNA expression analysis in response to 24 and 96 h of treatment with
1,25(OH)2D3. The dashed red line indicates baseline ITCH mRNA level in DMSO-treated cells set to
1. Error bars ± SD; n = 2; (F,G,H,I) Analysis of ITCH protein levels after a (F,G) 24 h or (H,I) 96 h
treatment with 1,25(OH)2D3; (G,I) Densitometric quantifications illustrate only mild differences in
response to treatment.

2.5. 1,25(OH)2D3 Does Not Influence Glucose Metabolism in HL-60 Cells but Modulates Overall Intracellular
Energy Levels

Based on our previous findings in prostate cancer cells [15], we postulated that 1,25(OH)2D3

could regulate TXNIP expression in HL-60 cells by inducing metabolic changes that stimulate its
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expression. Such metabolic alterations may include: (i) reduction of glycolytic rate leading to a
relative accumulation of glycolytic intermediates capable of inducing TXNIP levels, and (ii) induction
of mitochondrial activity and thus ATP production, which could drive ATP-requiring glycolytic
reactions, e.g., that catalyzed by hexokinase, thereby increasing the levels of glycolytic intermediates
and subsequently TXNIP expression.

To address this possibility, HL-60 cells were treated with either DMSO or 1,25(OH)2D3 and the
pH as well as levels of dissolved oxygen in the culture medium were measured in real-time over the
course of four days. No clear differences in the investigated parameters were observed after three days
of treatment, however, at the beginning of the fourth day, both parameters were markedly reduced in
DMSO-treated cells (Figure 5a). We attribute these differences to the strong reduction in cell number
with 1,25(OH)2D3 treatment and not to actual metabolic reprogramming (Figure S2).

Figure 5. 1,25(OH)2D3 does not profoundly impact glucose metabolism but influences overall energy
status. (A) On-line measurements of culture medium pH and amount of dissolved oxygen in response
to different treatments over a time course of four days. Culture medium without cells (RPMI) was
used as calibration reference for the measurement of both parameters. 2-deoxyglucose (10 mM) and
metformin (2 mM) were used as additional controls for pH or oxygen measurements, respectively.
1,25(OH)2D3 treatment did not predominantly influence glucose metabolism in HL-60 cells. Differences
between DMSO and 1,25(OH)2D3 treated cells observed during the fourth day of measurement could
by large be attributed to the drastic inhibition of cell proliferation by 1,25(OH)2D3. Data presented
are representative of two similar biological replicates; (B) ATP levels were significantly reduced with
1,25(OH)2D3 treatment in 24 h, but were elevated with treatment after 48 and 72 h. The dashed red
line indicates baseline ATP level in DMSO-treated cells set to 1. Statistical comparisons are made
between DMSO- and 1,25(OH)2D3-treated cells using a two-tailed Student’s t-test. p-Values less than
or equal to 0.01 and 0.001, are depicted by ** and ***, respectively. Error bars ± SD; n = 3; (C,D) 24 h
treatment of HL-60 cells with 1,25(OH)2D3 did not significantly influence phosphorylation of ACC
(S79); immunoblot and densitometric analysis. “+” and “−” denote the presence or absence of the
indicated molecule/treatment, respectively; (E,F) Similar to 24 h-treated cells, a 96 h treatment did not
profoundly influence ACC (S79) phosphorylation. Error bars ± SEM; n = 3.
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On the other hand, intracellular ATP levels in 1,25(OH)2D3-treated HL-60 cells were found
to be significantly reduced at 24 h and induced at the 48 and 72 h time points when compared to
DMSO-treated cells (Figure 5b). In view of the lack of clear differences in glycolytic and oxygen
consumption rates with 1,25(OH)2D3 treatment, we hypothesize that 1,25(OH)2D3 does not directly
impact ATP production but rather utilization, possibly by inhibiting other ATP-consuming processes
like fatty acid biosynthesis. We therefore postulate that preservation of ATP levels may constitute part
of the mechanism through which 1,25(OH)2D3 regulates TXNIP expression.

Recent studies have demonstrated that the intracellular energy sensor AMP-activated protein
kinase (AMPK) is activated by 1,25(OH)2D3 in cancer cells [15,19]. AMPK is known to be activated by
different intracellular cues, namely increases in either intracellular calcium levels or in the AMP:ATP
ratio [20]. In response to these cues, AMPK activates energy-producing pathways, such as fatty acid
beta-oxidation and glucose uptake, and inhibits energy-consuming ones, including fatty acid and
protein biosynthesis [20]. Wu et al. [9] have recently shown that the activation of AMPK leads to TXNIP
degradation and increased glucose uptake. We thus speculated that the regulation of TXNIP expression
by 1,25(OH)2D3 might be partly explained by modulation of this signaling pathway. We investigated
the phosphorylation status of serine 79 of the AMPK substrate acetyl CoA carboxylase (ACC), as a
biomarker of AMPK signaling activity, in response to 24 and 96 h of treatment with 1,25(OH)2D3.
Treatment was not found to significantly influence this pathway at either time point (Figure 5c–f).

3. Discussion

Recent studies have shown that TXNIP plays pivotal roles in regulating glucose and redox
homeostasis [6,10]. Additionally, it is currently being viewed as a putative tumor suppressor that
is based on its ability to induce apoptosis in cancer cells on one hand, and its expression being
down-regulated/silenced in tumors on the other [10,11]. Furthermore, it has been demonstrated
that the loss of TXNIP increases the predisposition to hepatocellular carcinoma [21]; therefore,
reactivating/inducing TXNIP expression is thought to be beneficial to anti-cancer therapy.

Although TXNIP was originally identified in HL-60 cells as the VDUP1 [4], reports on the ability
of 1,25(OH)2D3 to induce its expression in cancer cells of diverse tissue origins are sparse, and have
been largely limited to HL-60 cells. In our study presented here, we found no evidence for a direct link
between vitamin D treatment and TXNIP levels. In fact, TXNIP levels are differentially regulated by
1,25(OH)2D3 in different cancer cell lines (Figure 1). Furthermore, induction of TXNIP in HL-60 cells
on mRNA and protein levels by 1,25(OH)2D3 is glucose-dependent, unlike the regulation of the direct
1,25(OH)2D3 target gene CYP24A1 (Figure 3). An overview of the described regulation of TXNIP by
1,25(OH)2D3 in HL-60 cells is presented in Figure 6.

Several findings of the current report elicit a number of questions pertaining to the nature
of TXNIP regulation by 1,25(OH)2D3, such as whether the TXNIP gene is really a direct target of
1,25(OH)2D3, and, in instances where TXNIP expression is reduced by 1,25(OH)2D3, whether this is
the result of direct VDR-mediated trans-repression or secondary/indirect effects. Stambolsky and
coworkers [22] have demonstrated that mutant p53 alters the transcriptional activity of the VDR in
response to 1,25(OH)2D3 treatment, converting the latter from an anti-cancer to a pro-survival agent.
The authors demonstrated that in cell lines that are harboring mutant p53, such as MDA-MB-231 and
SW480, the mRNA expression of TXNIP, a pro-apoptotic gene, was reduced in response to 1,25(OH)2D3

treatment [22]. While this may serve as an explanation for the non-canonical regulation of TXNIP
by 1,25(OH)2D3 in certain scenarios, we posit that additional modes of regulation may exist since
in cell lines with wild-type p53, such as LNCaP and MCF-7, we also observed a clear reduction in
TXNIP expression in response to 1,25(OH)2D3, and in HL-60 cells, which lack p53 expression [23],
1,25(OH)2D3 induces TXNIP levels.

TXNIP appears to be at the crossroads of various signaling molecules implicated in tumorigenesis
and anti-cancer treatment, such as Myc [24], AMPK [9], and mTOR [25], making its regulation
subject to diverse cellular processes. Based on our previous findings in prostate cancer cells [15],
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as well as findings of the current study on HL-60 cells, we postulate that several pathways
influenced by 1,25(OH)2D3 may contribute to the observed TXNIP regulation, such as regulation
of metabolism-associated signaling molecules, namely AMPK, as well as the modulation of protein
stability/degradation.

Figure 6. Proposed model of TXNIP regulation by 1,25(OH)2D3 in HL-60 cells. 1,25(OH)2D3 appears
to regulate TXNIP expression through multiple mechanisms depending on the duration of treatment
(long and short term treatment outcomes are separated in the figure by a dashed line). In short term
treatments, 1,25(OH)2D3 induces TXNIP mRNA, but not protein levels, an effect that depends on
the availability of glucose. This points toward the possibility that the VDR physically/functionally
interacts with the transcriptional heterodimer MondoA/MLX, for example, via enhancing its binding to
ChoRE on the TXNIP promoter, or via facilitating its recruitment/nuclear translocation. Such putative
interactions are depicted in the figure by a question mark. On the other hand, in long term treatments,
1,25(OH)2D3 induces TXNIP protein expression as well as intracellular ROS levels, effects that are also
glucose-dependent. Furthermore, long term treatment with 1,25(OH)2D3 influences TXNIP stability
possibly through multi-modal regulation of TXNIP-degrading machinery, for example the E3 ligase
ITCH, different proteases, or proteasomal subunits. Whether the TXNIP gene harbors VDRE is unclear,
thus the vitamin D receptor (VDR) is linked to TXNIP regulation via a dotted line. A blunted arrow
(t-bar) indicates inhibitory activity.

Studies have shown that the role of AMPK in cancer is contextual, with both beneficial and
detrimental outcomes associated with its activation [26]. While the inhibition of mTOR activity as well
as activation by the tumor suppressor LKB1 serve as a basis for AMPK’s anti-tumor effects, induction of
potentially pro-survival pathways like autophagy and glucose uptake have been proposed to challenge
the molecule’s anti-cancer role [26]. It is therefore possible that TXNIP degradation upon AMPK
activation, described by Wu et al. [9], may contribute to the latter’s pro-survival effects. Paradoxically,
1,25(OH)2D3 and its analogues have been shown to activate AMPK signaling in different cancer cell
lines [15,19,27]. Assuming that 1,25(OH)2D3 is capable of inducing AMPK signaling in different tumors,
it would be interesting to characterize whether the consequence of this activation is TXNIP degradation
or induction (through increasing glucose uptake and subsequently glycolytic intermediates that are
capable of driving TXNIP expression). In this study, we show that AMPK signaling is insignificantly
affected by 1,25(OH)2D3 treatment (Figure 5c–f), suggesting no or only minimal involvement of this
pathway in regulating TXNIP expression by 1,25(OH)2D3 in this cellular context. Furthermore, we
did not observe clear differences in glucose metabolism of HL-60 cells in response to 1,25(OH)2D3
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(Figure 5a). Despite this, our results demonstrate a clear induction in ATP levels with treatment at
certain time points (Figure 5b), which, as previously mentioned, may drive TXNIP expression through
increasing the availability of glycolytic intermediates.

Another interesting finding observed in this study is the lack of reduction in TXNIP levels upon
addition of CHX to HL-60 cells treated with 1,25(OH)2D3 for 96 h (Figure 4c,d). This observation
supports the possibility that 1,25(OH)2D3 influences TXNIP levels independent of direct transcriptional
regulation. We explored the possibility that 1,25(OH)2D3 could lead to TXNIP stability through
reducing the expression of the E3 ubiquitin ligase ITCH. Although ITCH mRNA levels were
significantly reduced by 1,25(OH)2D3 after 24 and 96 h of treatment (Figure 4e), protein levels
were found to be unaffected (Figure 4f–i). Results from others have illustrated the ability of
1,25(OH)2D3, and its analogues, to influence numerous players that are involved in regulating protein
stability/degradation, including ubiquitin proteasome pathway (UPP) players, different proteases, as
well as protease inhibitors [18]. For example, in colon cancer cells, 1,25(OH)2D3 treatment was found
to mediate an overall repression of numerous genes encoding proteins belonging to the UPP [18].
Furthermore, in HL-60 cells, Shimbara et al. [17] showed that 1,25(OH)2D3 treatment reduced mRNA
levels of different proteasome subunits. In view of this, we assume that in our setting, 1,25(OH)2D3

treatment reduced the expression of genes involved in TXNIP degradation besides ITCH. This could
explain why 1,25(OH)2D3 treatment initially induced the expression of TXNIP at early time points
(e.g., 24 h), but later stabilized its levels by preventing its degradation, and thus, a reduction in TXNIP
levels by CHX treatment was not observed in 96 h 1,25(OH)2D3-treated HL-60 cells (Figure 4c,d). In
support of this is the observed hastened and potentiated increase in TXNIP mRNA levels in HL-60
cells treated with 1,25(OH)2D3 and CHX, when compared to 1,25(OH)2D3 alone, described by Chen
and DeLuca in their initial report [4]. Moreover, they also described an increase in TXNIP mRNA
levels with CHX treatment alone [4], which altogether indicates that inhibition of de novo protein
synthesis may reduce the expression of a TXNIP mRNA-degrading protein.

4. Materials and Methods

4.1. Cell Culture

The following cell lines were included in the study and were maintained in a standard tissue
culture incubator set to 37 ◦C and 5% CO2: HL-60, U937, and Jurkat (hematological cancers);
LNCaP, DU145, and PC3 (prostate cancer); HepG2, HLE, and SK-HEP-1 (liver cancer); AsPC-1,
BxPC-3, and MIA PaCa-2 (pancreatic cancer); MDA-MB-231 and MCF-7 (breast cancer); HCT116
and HT-29 (colorectal cancer). Cell lines representing hematological cancers were cultured in
RPMI 1640-GlutaMAX™ medium (Gibco, Darmstadt, Germany) supplemented with 10% FCS
(v/v) (Gibco), and 1% penicillin/streptomycin (v/v) (Gibco). Other cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM)-GlutaMAX™ (Gibco), supplemented with 10% FCS
(v/v) (Gibco), 1% penicillin/streptomycin (v/v) (Gibco). Treatments with 1,25(OH)2D3 (Cayman
Chemicals—Biomol GmbH, Hamburg, Germany) were performed in standard medium for different
time points. 2-deoxyglucose (Fluka-Sigma-Aldrich, Steinheim, Germany), MG-132 (Sigma-Aldrich,
Steinheim, Germany), CHX (Fluka-Sigma-Aldrich), metformin HCl (Sigma-Aldrich), and phloretin
(Sigma-Aldrich) were used as indicated. For glucose deprivation experiments, RPMI 1640 without
glucose medium (Gibco) was used.

4.2. RNA Isolation, cDNA Synthesis, and RT-qPCR

HL-60 cells were treated with 1,25(OH)2D3 for various time points, after which total RNA was
extracted using QIAzol lysis reagent (Qiagen, Hilden, Germany). The purity and concentration
of RNA samples were determined using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Scientific, Darmstadt, Germany). 500 ng of total RNA were used to synthesize cDNA using
ProtoScript® II first strand cDNA synthesis kit (New England Biolabs, Frankfurt am Main, Germany),
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following the manufacturer’s instructions. Subsequently, qPCR was performed using the real-time
thermal cycler qTower (Analytik Jena AG, Jena, Germany) to quantify mRNA levels. The following
forward (for) and reverse (rev) primers (Eurofins Genomics, Ebersberg, Germany) were used:
TXNIP for: 5′-CGCCTCCTGCTTGAAACTAAC-3′, rev: 5′-AATATACGCCGCTGGTTACACT-3′;
CYP24A1 for: 5′-TGGGGCTGGGAGTAATACTGA-3′, rev: 5′-GAACGCAATTTCATGGGAGGC-3′;
ITCH for: 5′-5TCTAGTAGCTGTGGTCGGGG-3′, rev: 5′-CACAAGGCCACCGTGAAATG-3′

and vinculin (as reference gene) for: 5′-CAGTCAGACCCTTACTCAGTG-3′, rev:
5′-CAGCCTCATCGAAGGTAAGGA-3′. Reactions were performed using ready to use master
mix LightCycler® 480 SYBR Green I (Roche, Mannheim, Germany).

4.3. Intracellular ROS and Glucose Uptake Measurements Using Flow Cytometry (FACS)

HL-60 cells were seeded at a density of 200,000 cells/well in 12 well-plates and were immediately
treated with 1,25(OH)2D3. For intracellular ROS determination at the time points indicated, cells were
washed once with PBS (Gibco), incubated with 30 μM dihydroethidium (Biomol GmbH) for 15 min,
harvested, and re-suspended in 500 μL PBS for FACS analysis.

For glucose uptake measurements, 50 μM of the fluorescently labeled glucose analog 2-[N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (Cayman Chemicals—
Biomol GmbH) was added to the culture medium 1 h before the treatment period was over,
as previously described, with minor modifications [15,28]. Cells were subsequently harvested
and re-suspended in 500 μL PBS for FACS analysis. FACS analysis was performed using the
FACSCalibur instrument (Becton Dickinson, Franklin Lakes, NJ, USA) and the CellQuest™ software
(Becton Dickinson).

4.4. Determination of Glucose in Medium Using the Glucose Oxidase (GOx) Assay

The assay was performed, as previously described [15]. The GOx enzyme mix was prepared
using the following constituents: 50 mg/L GOx (Sigma-Aldrich), 250 mM Tris pH 8.0, 40 mg/L HRP
(Sigma-Aldrich), and 100 mg/L O-dianisidine (Sigma-Aldrich). 10 μL of the medium supernatant
of DMSO- and 1,25(OH)2D3-treated cells (initial seeding 20,000 cells/well in 500 μL medium in a
24-well plate) were collected at different time points, and were diluted in water 10 times. 240 μL
of the enzyme mix were added to 5 μL of each sample or standard, and incubated for 1 h at room
temperature. Absorbance at 450 nm was measured using a Tecan Ultra plate reader (Tecan, Crailsheim,
Germany) and glucose concentration in samples was determined with a calibration curve obtained
from reference absorbance values of six different glucose standards (concentrations 0.1–1.0 g/L).

4.5. On-Line Measurements of Cellular Bioenergetics

OxoDish and HydroDish 24-well plates (PreSens Precision Sensing GmbH, Regensburg, Germany)
were used for on-line measurements of dissolved oxygen and the pH of the medium, respectively, as
previously described [29]. Changes in dissolved oxygen reflect oxygen consumption by respiration
and hence mitochondrial activity, whereas changes in medium pH indicate lactate production from
glycolytic metabolism. The plates contain fluorescence based sensors that were embedded at the
bottom of each well, that can be read out continuously using dedicated SensorDish Readers (SDRs)
that were placed inside a standard cell culture incubator. For the measurements, 20,000 cells/well
were seeded in 1 mL/well medium in either Hydrodish or Oxoplate, and placed on an SDR inside the
incubator. Measurements were started immediately and signals were recorded every 3 min. When
signals had stabilized—approx. 20 min after initiation—measurements were paused, and plates were
taken from the incubator to start treatment adding either DMSO, 1,25(OH)2D3, and designated controls
(metformin or 2-deoxyglucose for oxygen and pH measurements, respectively). Plates were then
placed back inside the incubator and measurements were continued.
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4.6. Determination of Cellular ATP

HL-60 cells were seeded at a density of 5000 cells/well in 100 μL medium in a black 96-well
microplate with a clear bottom (Costar®, Corning Incorporated, New York NY, USA). Cells were
subsequently treated with 1,25(OH)2D3 for different periods, after which 100 μL of the substrate
solution provided with the ATPliteTM 1 step kit (Perkin Elmer, Rodgau, Germany) were added to
each well. The Tecan Ultra plate reader (Tecan) was used to measure luminescence signals kinetically.
The obtained values were then normalized to cell count.

4.7. Western Blotting

After treatment, cells were harvested, washed once with PBS, and lysed using 6 M urea buffer
supplemented with a cocktail of protease and phosphatase inhibitors, namely aprotinin, leupeptin,
pepstatin, PMSF, sodium orthovanadate, and sodium pyrophosphate. Protein content of samples
was determined using Bradford reagent (Sigma-Aldrich). SDS-PAGE was subsequently performed
to resolve the samples, and proteins were then transferred onto PVDF membranes (GE Healthcare,
Munich, Germany). Membranes were washed once in TBS-Tween for 5 min, and then blocked for 1 h
at room temperature using 5% non-fat dry milk in TBS/Tween. Membranes were then washed once in
TBS/Tween for 5 min and were incubated overnight at 4 ◦C with the primary antibody. Anti-VDUP1
(TXNIP) antibody was purchased from MBL, whereas anti-β-actin and anti-vinculin antibodies were
purchased from Santa Cruz Biotechnology. Anti-ITCH, anti-phospho-ACC (S79), as well as anti-mouse
and rabbit IgG horseradish peroxidase (HRP)-linked antibodies were purchased from Cell signaling
technologies. Western LightningTM Plus-ECl (Perkin Elmer) was utilized as HRP substrate. Target
proteins were detected using the Fujifilm LAS-3000 imaging system.

4.8. Statistical Analyses

GraphPad Prism and Microsoft Excel were used for statistical analyses. ImageJ software was used
for densitometric analysis. Two-tailed Student’s t-test was used to calculate significance in investigated
paramters between 1,25(OH)2D3 and DMSO treatment. A p-value that was less than or equal to 0.05
was defined as statistically significant. In figures, *, ** and *** represent p-values less than or equal to
0.05, 0.01, and 0.001, respectively. Error bars ± SD unless otherwise stated.

5. Conclusions

This study describes the regulation of TXNIP expression by 1,25(OH)2D3 in different cancer
models. The TXNIP gene is possibly not a primary target of 1,25(OH)2D3 since the canonical
induction is not observed in all investigated cell lines, and, in HL-60 cells, the mRNA induction
is transient and glucose-dependent. However, 1,25(OH)2D3 appears to induce a clear and sustained
increase in TXNIP protein levels in the same cell line, possibly through regulating protein stabilizing
mechanisms at late time points. Nonetheless, several questions remain unanswered with regards to
regulation of the TXNIP gene by 1,25(OH)2D3, such as: (i) whether the VDR physically/functionally
interacts with glucose-sensing transcriptional machinery, namely MondoA/MLX, and (ii) whether
the TXNIP gene harbors VDRE and regulation by 1,25(OH)2D3 is subject to chromatin architecture.
Additionally, the putative induction and stabilization of TXNIP levels by 1,25(OH)2D3 are potentially
influenced by the myriad of cellular effects the molecule induces, such as regulation of glucose
metabolism [15,30], protein degradation [18], and non-coding RNAs [31]. Moreover, the results
question the role/importance of TXNIP in mediating 1,25(OH)2D3’s anti-cancer effects since in cell
lines where TXNIP levels are reduced by 1,25(OH)2D3, such as LNCaP and MCF-7, treatment has been
shown to induce profound anti-tumor actions [32–34]. On the other hand, the activation of TXNIP
expression by 1,25(OH)2D3 in HL-60 cells described in this study coincides with a significant inhibition
of cellular proliferation. Therefore, a better understanding of TXNIP’s context-dependent roles would
shed light on its importance to calcitriol’s effects in tumor cells.
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1,25(OH)2D3 1,25-dihydroxyvitamin D3

ACC Acetyl CoA carboxylase
AMPK AMP-activated protein kinase
CAMKK Calcium/calmodulin-dependent protein kinase kinase
ChoRE Carbohydrate-response element
CHX Cycloheximide
DMSO Dimethyl sulfoxide
GOx Glucose oxidase
MLX Max-like protein X
ROS Reactive oxygen species
TXNIP Thioredoxin-interacting protein
Ub Ubiquitin
UPP Ubiquitin proteasome pathway
VDR Vitamin D receptor
VDRE Vitamin D response elements
VDUP1 Vitamin D3 upregulated protein 1
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