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(1) Efecto genómico: El complejo 1,25 (OH) 2D3-receptor de vitamina D 
(VDR)-receptor de ácido retinoide X (RXR) formado se transloca del 
citoplasma al núcleo, donde se une al elemento de respuesta a la 
vitamina D (VDRE) en los genes diana. En consecuencia, el complejo 
regula la expresión de numerosos genes, hasta un total de cientos.

(2) Efecto no genómico: la activación del VDR de membrana inicia una 
rápida reacción de cebado de membrana, lo que desencadena vías de 
señalización que contribuyen a las respuestas biológicas. 

(3) Efectos epigenéticos: estos efectos implican la regulación de los 
miRNA, la metilación del ADN, la acetilación/desacetilación de histonas y 
la metilación/desmetilación de histonas, que, en conjunto, inciden en la 
regulación de la expresión génica.



q Holick, M. F. J. Clin. Invest. 2006;116:2062-2072
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Vitamin D and Human Health: Lessons from Vitamin D
Receptor Null Mice

Roger Bouillon, Geert Carmeliet, Lieve Verlinden, Evelyne van Etten, Annemieke Verstuyf, Hilary F. Luderer,
Liesbet Lieben, Chantal Mathieu, and Marie Demay

Katholieke Universiteit Leuven, Laboratory of Experimental Medicine and Endocrinology (R.B., G.C., L.V., E.v.E., A.V., L.L.,
C.M.), 3000 Leuven, Belgium; and Massachusetts General Hospital, Endocrine Unit (H.F.L., M.D.), Boston Massachusetts 02114

The vitamin D endocrine system is essential for calcium and
bone homeostasis. The precise mode of action and the full
spectrum of activities of the vitamin D hormone, 1,25-dihy-
droxyvitamin D [1,25-(OH)2D], can now be better evaluated by
critical analysis of mice with engineered deletion of the vita-
min D receptor (VDR). Absence of a functional VDR or the key
activating enzyme, 25-OHD-1!-hydroxylase (CYP27B1), in
mice creates a bone and growth plate phenotype that mimics
humans with the same congenital disease or severe vitamin D
deficiency. The intestine is the key target for the VDR because
high calcium intake, or selective VDR rescue in the intestine,
restores a normal bone and growth plate phenotype.

The VDR is nearly ubiquitously expressed, and almost all
cells respond to 1,25-(OH)2D exposure; about 3% of the mouse
or human genome is regulated, directly and/or indirectly, by
the vitamin D endocrine system, suggesting a more wide-

spread function. VDR-deficient mice, but not vitamin D- or
1!-hydroxylase-deficient mice, and man develop total alope-
cia, indicating that the function of the VDR and its ligand is
not fully overlapping. The immune system of VDR- or vitamin
D-deficient mice is grossly normal but shows increased sen-
sitivity to autoimmune diseases such as inflammatory bowel
disease or type 1 diabetes after exposure to predisposing factors.
VDR-deficient mice do not have a spontaneous increase in can-
cer but are more prone to oncogene- or chemocarcinogen-in-
duced tumors. They also develop high renin hypertension, car-
diac hypertrophy, and increased thrombogenicity. Vitamin D
deficiency in humans is associated with increased prevalence
of diseases, as predicted by the VDR null phenotype. Prospective
vitamin D supplementation studies with multiple noncalcemic
endpoints are needed to define the benefits of an optimal vita-
min D status. (Endocrine Reviews 29: 726–776, 2008)

I. Introduction
A. History of the vitamin D endocrine system
B. Vitamin D metabolism
C. Vitamin D receptor
D. VDRE
E. Corepressors and coactivators
F. Genomic and nongenomic actions of the vitamin D

hormone

II. VDR-Vitamin D Endocrine System and Bone and Growth
Plate
A. VDR or 1!-hydroxylase inactivation impairs calcium

and bone homeostasis
B. 1,25-(OH)2D-VDR action regulates calcium transport

in intestine and kidney
C. Direct vs. indirect role of 1,25-(OH)2D-VDR action in

chondrocytes
D. Changes in bone metabolism by interference with

1,25-(OH)2D-VDR action
E. Interaction of 1,25-(OH)2D-VDR pathway with phos-

phate-regulating hormones
F. VDR, vitamin D, and tooth development
G. Conclusion

III. VDR-Vitamin D Endocrine System and Skin
A. VDR is essential for hair cycling
B. CYP27B1 is required for optimal epidermal

differentiation
IV. VDR-Vitamin D Endocrine System and Cell Proliferation

and Cancer
A. Mechanisms responsible for the antineoplastic effects

of 1,25-(OH)2D
B. Lessons from animal models: VDR null mice and

cancer
C. Lessons from epidemiological and intervention stud-

ies in humans
D. Conclusion

V. VDR-Vitamin D Endocrine System and Immunology
A. Vitamin D physiology and the immune system
B. VDR and the immune system
C. Vitamin D ligand deficiency and the immune system

First Published Online
Abbreviations: AF-2, Activation function-2; APC, antigen-presenting

cell; CaBP, calcium binding protein; CAMP, human cathelicidin anti-
microbial peptide; CYP, cytochrome P450; DBD, DNA binding domain;
DBP, vitamin D binding protein; DC, dendritic cell; 7-DHC, 7-dehydro-
cholesterol; DMBA, 7,12-dimethylbenzanthracene; DRIP, vitamin D
receptor interacting protein; EAE, experimental autoimmune enceph-
alomyelitis; EGF, epidermal growth factor; FGF23, fibroblast growth
factor 23; HAT, histone acetyltransferase; KO, knockout; LPS, lipo-
polysaccharide; MHC, major histocompatibility complex; Na/Pi, na-
trium-dependent phosphate cotransporter; NCX1, Na!/Ca2! ex-
changer; NFAT, nuclear factor of activated T cells; NF"B, nuclear
factor "B; NOD, nonobese diabetic; NR, nuclear receptor; nVDRE,
negative VDRE; 1,25-(OH)2D, 1,25-dihydroxyvitamin D3 or 1,25-di-
hydroxyvitamin D2; 25-OHD, 25-hydroxyvitamin D3 or 25-hy-
droxyvitamin D2; PMCA1b, plasma membrane calcium ATPase; PSA,
prostate-specific antigen; RXR, retinoid X receptor; SRC, steroid re-
ceptor coactivator; Th, T helper cell; TLR, Toll-like receptor; TRAP,
T3 receptor auxiliary protein; TRPV, transient receptor potential va-
nilloid; VDR, vitamin D receptor; VDRE, vitamin D responsive ele-
ment; WT, wild-type.
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tion and bone disease correlates with weaning, even when
weaning was accelerated (2 wk) or delayed (4 wk) (155).

The decrease in intestinal calcium absorption was associ-
ated with altered expression of several calcium transport
proteins in the duodenum of VDR or 1!-hydroxylase null
mice. TRPV6 mRNA levels were extremely low in VDR null
mice and were not induced by a low-calcium diet or 1,25-
(OH)2D injection, as observed in WT mice (157). Also
CaBP-9k mRNA and protein levels were reduced in intestine,
albeit at variable degrees in different VDR null strains (155,
175–177). This decrease was already observed in normocal-
cemic 2-wk-old VDR null mice, which suggests that it was a
consequence of VDR deficiency rather than hypocalcemia.
Because CaBP-9k mRNA and protein levels decline with age
in WT mice, but not in VDR null mice, the difference in
CaBP-9k expression between genotypes becomes smaller in
aged mice (178). Of note, 1!-hydroxylase null mice also
showed a decrease in CaBP-9k expression (159, 160). On the
other hand, PMCA1b gene expression is unaltered in the
duodenum of VDR null mice (157). When given a rescue diet
(consisting of high lactose and high calcium), TRPV6 and
CaBP-9k gene expression in duodenum decreased both in
WT and VDR null mice, resulting in comparable levels be-
tween the two genotypes (157, 175, 176). These data suggest
that, when paracellular calcium transport becomes sufficient
to meet dietary calcium needs, the genes involved in active
calcium transport are down-regulated by a still uncharac-
terized mechanism.

The importance of 1,25-(OH)2D-regulated genes for intes-
tinal calcium absorption was shown for some of the molec-
ular players. During normal calcium intake, both decreased
and unaltered intestinal calcium absorption has been re-
ported for TRPV6 null mice, although normal serum calcium
levels could be maintained. When switched to a low-calcium
diet, TRPV6 null mice were still able to increase intestinal
calcium absorption, but not to the same extent as control
mice, resulting in hypocalcemia (179, 180). On the other
hand, CaBP-9k ablation had no effect on intestinal calcium
absorption or serum calcium levels. A likely explanation is
that its role is compensated by other known and/or un-
known calcium transport proteins (181, 182). Ablation of
both TRPV6 and CaBP-9K did not aggravate intestinal cal-
cium absorption when calcium intake was sufficient, but it
did aggravate the effect of TRPV6 deletion when switched to
a low-calcium diet (179). Taken together, the VDR promotes
adequate intestinal calcium absorption by regulating the ex-
pression of several known and/or unknown calcium trans-
port proteins in the duodenum (Fig. 2). Recently, the expres-
sion of claudin 2 and claudin 12 was shown to be induced by
1,25-(OH)2D and decreased in the intestine of VDR null mice.
These proteins are suggested to form paracellular calcium
channels and highlight a new mechanism behind 1,25-
(OH)2D-dependent calcium homeostasis (183).

2. Renal calcium reabsorption. The kidney contributes to the
regulation of the extracellular calcium homeostasis by reab-
sorbing a large fraction of filtered calcium. As mentioned,
1,25-(OH)2D/VDR action is involved in the active reabsorp-
tion of calcium in the distal tubule. In line herewith, VDR null
mice showed inappropriately high urinary calcium excretion

given the observed hypocalcemia, suggesting renal calcium
wasting due to disturbed calcium reabsorption. This was
especially evident in normocalcemic VDR null mice on a
rescue diet, which exhibited a significant increase in calci-
um/creatinine ratio compared with WT mice (158, 178).

Expression of CaBP-9k was consistently decreased in the
kidney of both VDR and 1!-hydroxylase null mice fed a
normal diet. However, CaBP-28k mRNA levels were only
moderately decreased in the kidney of VDR null mice,
whereas they were significantly decreased in 1!-hydroxylase
null mice. A similar pattern was observed for TRPV5 and
NCX1: normal in VDR null mice but reduced in 1!-hydrox-
ylase null mice. The expression of PMCA1b was unaltered,
irrespective of the genotype (155, 157, 158, 160, 164, 176).
Feeding these mice a rescue diet lowered CaBP-9k expression
in WT and VDR or 1!-hydroxylase null mice, leading to
comparable levels between all genotypes (157, 164, 167). On
the other hand, normalization of 1,25-(OH)2D serum levels in
1!-hydroxylase null mice resulted in increased expression of
renal calcium transport proteins and normalization of serum
calcium levels (164). These data indicate that renal calcium
reabsorption is impaired when genomic actions of 1,25-
(OH)2D are lacking and that CaBP-9k may be an important
component of this process.

The crucial role of 1,25-(OH)2D-regulated proteins in me-
diating renal calcium reabsorption was demonstrated in
TRPV5 null mice (184). These mice displayed persistent hy-
percalciuria associated with increased 1,25-(OH)2D levels
and intestinal (hyper)absorption of calcium. This effect on
intestinal calcium absorption was thought to be dependent
on the increased 1,25-(OH)2D levels because compound
TRPV5/1!-hydroxylase null mice did not show increased
intestinal expression of calcium transporters and were se-
verely hypocalcemic (185). However, TRPV5 null mice re-
mained normocalcemic and did not develop rickets, but
showed a reduction in bone mass, particularly in cortical
thickness.

On the other hand, genetic ablation of the CaBP-28k gene
in mice did not affect calcium homeostasis because serum
calcium and phosphate levels and urinary calcium excretion
were normal. Only subtle effects on bone were observed
(both decreased bone mineral density and increased bone

FIG. 2. Model for transcellular intestinal calcium absorption. Uptake
of calcium in the enterocyte is mediated by TRPV6 and TRPV5, fol-
lowed by intracellular binding to CaBP-9k and energy-dependent,
basolateral extrusion by PMCA1b. This process is stimulated by 1,25-
(OH)2D/VDR signaling resulting in increased gene expression of
TRPV6, TRPV5, and CaBP-9k.
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Entre las pocas células o tejidos que presentan una expresión baja o nula del receptor de vitamina D (VDR) se incluyen los 
glóbulos rojos, el músculo estriado maduro y algunas células 

cerebrales altamente diferenciadas, como las células de Purkinje del cerebelo.
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Treatment of Low Bone Density or Osteoporosis to Prevent Fractures in
Men and Women: A Clinical Practice Guideline Update From the
American College of Physicians
Amir Qaseem, MD, PhD, MHA; Mary Ann Forciea, MD; Robert M. McLean, MD; and Thomas D. Denberg, MD, PhD; for the Clinical
Guidelines Committee of the American College of Physicians*

Description: This guideline updates the 2008 American Col-
lege of Physicians (ACP) recommendations on treatment of low
bone density and osteoporosis to prevent fractures in men and
women. This guideline is endorsed by the American Academy of
Family Physicians.

Methods: The ACP Clinical Guidelines Committee based these
recommendations on a systematic review of randomized con-
trolled trials; systematic reviews; large observational studies (for
adverse events); and case reports (for rare events) that were pub-
lished between 2 January 2005 and 3 June 2011. The review was
updated to July 2016 by using a machine-learning method, and
a limited update to October 2016 was done. Clinical outcomes
evaluated were fractures and adverse events. This guideline fo-
cuses on the comparative benefits and risks of short- and long-
term pharmacologic treatments for low bone density, including
pharmaceutical prescriptions, calcium, vitamin D, and estrogen.
Evidence was graded according to the GRADE (Grading of
Recommendations Assessment, Development and Evaluation)
system.

Target Audience and Patient Population: The target audi-
ence for this guideline includes all clinicians. The target patient
population includes men and women with low bone density and
osteoporosis.

Recommendation 1: ACP recommends that clinicians offer
pharmacologic treatment with alendronate, risedronate, zole-
dronic acid, or denosumab to reduce the risk for hip and verte-
bral fractures in women who have known osteoporosis. (Grade:
strong recommendation; high-quality evidence)

Recommendation 2: ACP recommends that clinicians treat os-
teoporotic women with pharmacologic therapy for 5 years.
(Grade: weak recommendation; low-quality evidence)

Recommendation 3: ACP recommends that clinicians offer
pharmacologic treatment with bisphosphonates to reduce the
risk for vertebral fracture in men who have clinically recog-
nized osteoporosis. (Grade: weak recommendation; low-quality
evidence)

Recommendation 4: ACP recommends against bone density
monitoring during the 5-year pharmacologic treatment period for
osteoporosis in women. (Grade: weak recommendation; low-
quality evidence)

Recommendation 5: ACP recommends against using meno-
pausal estrogen therapy or menopausal estrogen plus progesto-
gen therapy or raloxifene for the treatment of osteoporosis
in women. (Grade: strong recommendation; moderate-quality
evidence)

Recommendation 6: ACP recommends that clinicians should
make the decision whether to treat osteopenic women 65 years
of age or older who are at a high risk for fracture based on a
discussion of patient preferences, fracture risk profile, and bene-
fits, harms, and costs of medications. (Grade: weak recommenda-
tion; low-quality evidence)

Ann Intern Med. 2017;166:818-839. doi:10.7326/M15-1361 Annals.org
For author affiliations, see end of text.
This article was published at Annals.org on 9 May 2017.

Osteoporosis is a systemic skeletal disease charac-
terized by decreasing bone mass and microarchi-

tectural deterioration of bone tissue that leads to an

increased risk for bone fragility and fracture (1). Al-
though osteoporosis can be present in any bone, the
hip, spine, and wrist are most likely to be affected. Os-
teoporosis is found in an estimated 200 million people
worldwide (2), and an estimated 54 million men and
women in the United States have osteoporosis or low
bone density (3). Approximately 50% of Americans
older than 50 years are at risk for osteoporotic fracture
(4). The economic impact of osteoporosis on the health
care system is estimated to be $25.3 billion per year by
2025 (3).
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found in Appendix Tables 1 and 2 (available at Annals
.org).

Grading the Evidence and Developing
Recommendations

This guideline was developed by ACP's Clinical
Guidelines Committee (CGC) according to ACP's
guideline development process, details of which can
be found in ACP's methods paper (10). The CGC used
the evidence tables in the accompanying systematic re-
view (8), full report (6), and update when reporting the
evidence and graded the recommendations by using
the GRADE (Grading of Recommendations, Assess-
ment, Development and Evaluation) methodology
(Table 1).

Peer Review
The AHRQ systematic review was peer-reviewed

and posted on the AHRQ Web site for public com-
ments. The 2014 evidence review was also peer-
reviewed through the journal. The guideline was peer-
reviewed through the journal and posted online for
comments from ACP Regents and ACP Governors, who
represent physician members at the national and inter-
national level.

COMPARATIVE BENEFITS OF TREATMENT
VERSUS PLACEBO FOR REDUCING FRACTURES
IN PATIENTS WITH OSTEOPOROSIS
Bisphosphonates

High-quality evidence showed that bisphospho-
nates, including alendronate (11–42-43–45), risedro-
nate (34–36, 42, 46–77-78), and zoledronic acid (79–
85), reduce vertebral, nonvertebral, and hip fractures
compared with placebo in postmenopausal osteopo-
rotic women. High-quality evidence also showed that
ibandronate reduces the risk for radiographic vertebral
fractures, although evidence is insufficient to determine
the effect of ibandronate on hip fractures (38, 86–94).
Moderate-quality evidence showed that zoledronic
acid reduces radiographic vertebral fractures in osteo-
porotic men (95).

Denosumab
High-quality evidence showed that treatment with

denosumab reduces radiographic vertebral, nonverte-
bral, and hip fractures compared with placebo in post-
menopausal osteoporotic women (96–108). One Japa-
nese trial and its 1-year open-label extension study
included postmenopausal osteoporotic women with
prevalent radiographic vertebral fractures and showed
that denosumab protected against radiographic verte-
bral fractures (101, 109).

Teriparatide
High-quality evidence showed that treatment with

teriparatide reduces radiographic vertebral and non-
vertebral fractures compared with placebo in post-
menopausal osteoporotic women (34, 110–120).

SERMs
High-quality evidence showed that raloxifene re-

duces vertebral fractures in osteoporotic women; how-
ever, it did not statistically significantly decrease the risk
for nonvertebral or hip fractures compared with pla-
cebo (34, 121–127).

Bazedoxifene is FDA-approved in combination with
conjugated estrogens for the prevention of osteoporo-
sis (20 mg, with 0.45 mg conjugated estrogen). The
systematic review did not find any randomized con-
trolled trials (RCTs) with this combination that had pri-
mary fracture outcomes.

Estrogen Therapy for Postmenopausal Women
Moderate-quality evidence showed no difference

in reduced fracture with estrogen treatment in post-
menopausal women with established osteoporosis (40,
41, 123, 128–130). This differs from the 2008 guideline,
which reported high-quality evidence that estrogen
therapy was associated with reduced risk for vertebral,
nonvertebral, and hip fractures in postmenopausal
women (7, 131). Studies included in the 2008 guideline
focused on postmenopausal women or those with low
bone density as opposed to the newer data, which fo-
cused on postmenopausal women with established
osteoporosis.

Calcium or Vitamin D
Moderate-quality evidence showed that the overall

effect of calcium or vitamin D alone on fracture risk is
uncertain. Studies showed no difference between cal-
cium alone and placebo for reduced vertebral and non-
vertebral fracture risk (132–157), although adherence
was low. Data on the efficacy of vitamin D alone for
reducing fracture risk are mixed, and the overall effect
is uncertain (34, 129, 134–139, 142–144, 146, 148, 149,
152, 158–189-190–209).

Physical Activity
Evidence is insufficient to conclusively show the ef-

fect of physical activity on fracture risk (210–218). There
are no studies that evaluated the comparative effective-
ness of physical activity with that of other interventions.

COMPARATIVE BENEFITS OF TREATMENT

WITHIN AND AMONG CLASSES FOR REDUCING

FRACTURES IN PATIENTS WITH OSTEOPOROSIS
Evidence is insufficient to determine the compara-

tive effectiveness of pharmacologic therapy or the su-
periority of one medication over another, within the
same class or among classes, for prevention of frac-
tures (21, 29, 40–42, 123, 129, 130, 139, 149, 156, 175,
199, 201, 208, 219–234). Network meta-analyses ad-
dressing the lack of head-to-head comparisons be-
tween the drugs mostly show no statistically significant
differences among the various therapies (235–239).
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RECOMMENDATIONS
Recommendation 1: ACP recommends that clini-

cians offer pharmacologic treatment with alendronate,
risedronate, zoledronic acid, or denosumab to reduce
the risk for hip and vertebral fractures in women who
have known osteoporosis. (Grade: strong recommenda-
tion; high-quality evidence)

High-quality evidence showed that pharmacologic
treatment in postmenopausal women who have osteo-
porosis (T scores ≤ –2.5 or those who have experienced
fragility fractures) is beneficial for preventing further
bone loss and reducing the risk for initial or subsequent
fractures. Some bisphosphonates (alendronate, rise-
dronate, and zoledronic acid) and the newer biologic
agent denosumab reduce radiographic vertebral as
well as clinical, nonvertebral, and hip fractures.

Both bisphosphonates and denosumab are associ-
ated with mild gastrointestinal symptoms. Denosumab
is also associated with increased risk for infection and
rash or eczema. Bisphosphonates are associated with
atypical subtrochanteric fractures and osteonecrosis of
the jaw. Although there is no association between bis-
phosphonates and atrial fibrillation, some studies have
reported increased cardiovascular events. Zoledronic
acid is associated with hypocalcemia, influenza-like
symptoms, arthritis and arthralgias, headache, and
uveitis.

When prescribing bisphosphonates, clinicians
should discuss the importance of adherence. Factors
associated with poor adherence include side effects
and the inconvenience of taking medications, absence
of symptoms for underlying disease, comorbid condi-
tions, age, and socioeconomic status.

Although evidence showed that raloxifene and
ibandronate reduce radiographic vertebral fractures,
and teriparatide reduces vertebral and nonvertebral
fractures, studies have shown no benefit for these
drugs to reduce all fracture types; therefore, they are
not recommended as a first-line pharmacologic treat-
ment. Raloxifene is associated with serious harms, such
as thromboembolism. Calcitonin, which is no longer
widely used for osteoporosis treatment, was not con-
sidered in this guideline.

Calcium and vitamin D may be added as dietary
supplements to osteoporosis treatment regimens, al-
though the effectiveness of these regimens on fracture
prevention is unclear. The majority of trials with bispho-
sphonate therapy gave women calcium supplements
and many also gave vitamin D; therefore, supplemen-
tation with these agents may be considered. However,
dosages should be carefully considered, because ex-
cess dosing has been associated with hypercalcemia
(221, 372–377). Moderate-quality evidence showed no
association between calcium supplementation and in-
creased risk for myocardial infarction (355), but a large
trial demonstrated an increase in kidney stones (137).

Recommendation 2: ACP recommends that clini-
cians treat osteoporotic women with pharmacologic
therapy for 5 years. (Grade: weak recommendation;
low-quality evidence)

Although the direct evidence is insufficient to de-
termine the appropriate duration of pharmacologic
therapy, most studies that evaluated the benefit of
treatment continued therapy for up to 5 years. Continu-
ing treatment after the initial 5 years may be beneficial
for some patients and may be appropriate after reas-
sessing the risks and benefits of continuing therapy.
Post hoc analysis from an RCT (242) suggested that pa-
tients treated with alendronate without preexisting frac-
tures and a BMD of –2.5 or less after 5 years of initial
therapy may benefit from continued treatment, be-
cause these patients experienced a decreased inci-
dence of new clinical vertebral fractures.

Recommendation 3: ACP recommends that clini-
cians offer pharmacologic treatment with bisphospho-
nates to reduce the risk for vertebral fracture in men
who have clinically recognized osteoporosis. (Grade:
weak recommendation; low-quality evidence)

Data that specifically apply to men are sparse.
However, no evidence suggests that outcomes associ-
ated with pharmacologic treatment would differ be-
tween men and women if based on similar BMDs. Data
for men are extrapolated from studies that included
women with T scores of –2.5 or less or those who have
experienced fragility fractures. Moderate-quality evi-
dence from 1 study that detected fractures radiograph-
ically showed that zoledronic acid reduced vertebral
fractures in osteoporotic men (95). In women, some bi-
sphosphonates (alendronate, risedronate, and zole-
dronic acid) reduce vertebral, nonvertebral, and hip
fractures. The overall quality of evidence was down-
graded to low owing to indirectness. Bisphosphonates
are associated with adverse effects, including mild gas-
trointestinal symptoms, atypical subtrochanteric frac-
tures, and osteonecrosis of the jaw.

Recommendation 4: ACP recommends against
bone density monitoring during the 5-year pharmaco-
logic treatment period for osteoporosis in women.
(Grade: weak recommendation; low-quality evidence)

Current evidence does not show any benefit for
bone density monitoring during treatment. Moderate-
quality evidence showed that women treated with
antiresorptive treatment (including bisphosphonates,
raloxifene, and teriparatide) benefited from reduced
fractures with treatment, even if there was no increase
in BMD or if BMD decreased. There was no evidence
for BMD monitoring for men.

Recommendation 5: ACP recommends against us-
ing menopausal estrogen therapy or menopausal estro-
gen plus progestogen therapy or raloxifene for the
treatment of osteoporosis in women. (Grade: strong
recommendation; moderate-quality evidence)

Moderate-quality evidence showed that meno-
pausal estrogen treatment did not reduce fracture risk
in postmenopausal women with established osteopo-
rosis. Evidence from a previous systematic review (131)
showed that estrogen decreased fracture risk; how-
ever, many of these studies focused on postmeno-
pausal women with low bone density, or on postmeno-
pausal women in general rather than those with
established osteoporosis. Estrogen treatment is associ-
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ated with serious harms, such as increased risk for cere-
brovascular accidents and venous thromboembolism,
and these harms significantly outweigh the potential
benefits. Although raloxifene has some benefit in re-
ducing vertebral fractures, it does not reduce hip frac-
ture or nonvertebral fractures and is associated with
serious harms, including thromboembolism.

Recommendation 6: ACP recommends that clini-
cians should make the decision whether to treat os-
teopenic women 65 years of age or older who are at a
high risk for fracture based on a discussion of patient
preferences, fracture risk profile, and benefits, harms,
and costs of medications. (Grade: weak recommenda-
tion; low-quality evidence)

Low-quality evidence showed that treatment with
risedronate in women with osteopenia (defined as a T
score of –1.0 to –2.5) near the osteoporosis threshold (T

score of –2.5) may reduce their fracture risk. This evi-
dence comes from a post hoc analysis of 2-year
follow-up data from 4 large RCTs of postmenopausal
women with advanced osteopenia and no prevalent
vertebral fractures that showed that treatment with rise-
dronate significantly reduced the risk for fragility frac-
ture compared with placebo (73% lower than placebo)
(378). This effect is similar to fracture reductions seen in
women with osteoporosis undergoing the similar treat-
ment. Duration of treatment in these studies was 1.5 to
3 years.

Although the current evidence is limited to a post
hoc evaluation of risedronate in women with advanced
osteopenia, the CGC believes that the benefit of frac-
ture reduction is likely to be similar across all bisphos-
phonates, on the basis of data in osteoporotic women.
However, the efficacy of other bisphosphonates has

Table 2. Summary of Evidence on Pharmacologic Treatments for Low Bone Density and Osteoporosis

Treatment Effect on Fracture Risk in Osteoporotic Women and
Evidence Quality

Adverse Events and Evidence
Quality

Fair Price for 1-Day
Supply*

Vertebral Nonvertebral Hip

Bisphosphonates Summarized
individually below

Summarized
individually
below

Summarized
individually
below

As a class: atypical subtrochanteric
fracture, osteonecrosis of the
jaw (low-quality)

Summarized individually
below

Alendronate Improves; high-quality Improves;
high-quality

Improves;
high-quality

Mild upper GI symptoms
(high-quality)

Generic: $9
Brand-name
(Fosamax): $130

Ibandronate Improves; high-quality Uncertain Uncertain Mild upper GI symptoms
(high-quality); myalgias, cramps
and limb pain

Generic: $60
Brand-name
(Boniva): $588

Risedronate Improves; high-quality Improves;
high-quality

Improves;
high-quality

Mild upper GI symptoms
(high-quality)

Generic: $136
Brand-name (Actonel):

$337
Zoledronic acid Improves; high-quality

Improves in
osteoporotic men;
moderate quality

Improves;
high-quality

Improves;
high-quality

Mild upper GI symptoms,
hypocalcaemia, influenza-like
symptoms (high-quality); atrial
fibrillation; arthritis and
arthralgias, headaches, uveitis

Generic: $66
Brand-name (Reclast):

$1105

Denosumab
(injectable)

Improves; high-quality Improves;
high-quality

Improves;
high-quality

Mild upper GI symptoms
(high-quality), infection
(moderate-quality); rash

Brand-name (Prolia):
$1047

Teriparatide
(injectable)

Improves; high-quality Improves;
high-quality

Unknown Mild upper GI symptoms,
headache, hypercalcemia
(high-quality); hypercalciuria,
renal adverse effects

Brand-name (Forteo):
$2767

Raloxifene Improves; high-quality No effect No effect Hot flashes, thromboembolic
events (high-quality); pulmonary
embolism, cerebrovascular
death

Generic: $2.40
Brand-name (Evista):

$70

Calcium and
vitamin D

Uncertain Uncertain Uncertain Increased risk for hypercalcemia NA

Menopausal
hormone
therapy

Improves in
postmenopausal
women (not
selected for having
osteoporosis in the
studies);
high-quality

Does not improve in
postmenopausal
women with
established
osteoporosis;
moderate-quality

Uncertain Improves in
postmenopausal
women (not
selected for
having
osteoporosis in
the studies);
high-quality

Increased risk for cerebrovascular
accidents and thromboembolic
events (high-quality)

NA

GI, gastrointestinal; NA = not available.
* Formulation and dosing vary. Generics are available where indicated. Data were obtained from the Healthcare Bluebook
(www.healthcarebluebook.com).
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Abstract: The aim of this 12-month retrospective study was to evaluate differences in the outcomes of
denosumab alone or denosumab combined with vitamin D and calcium supplementation in patients
having osteoporosis (OP) with rheumatoid arthritis (RA). Patients were divided into the denosumab
monotherapy group (denosumab group, 22 cases) or denosumab plus vitamin D supplementation
group (combination group, 21 cases). We measured serum bone alkaline phosphatase (BAP),
N-terminal propeptide of type 1 collagen (P1NP), tartrate-resistant acid phosphatase (TRACP)-5b,
and urinary N-terminal telopeptide of type-I collagen (NTX) at baseline, 1 week, and 1, 2, 4, 6, 8,
and 12 months. We also assessed bone mineral density (BMD) of the lumbar 1-4 vertebrae (L-BMD)
and bilateral total hips (H-BMD) at baseline and 4, 8, and 12 months. Matrix metalloprotanase-3
(MMP-3), Disease Activity Score-28 C-reactive protein (DAS28-CRP), Simplified Disease Activity
Index (SDAI), and Health Assessment Questionnaire-Disability Index (HAQ-DI) were assessed before
treatment and at 12 months to evaluate RA conditions. The study results showed that BAP, TRACP-5b,
and NTX were significantly decreased, but tended to return to pre-treatment levels around 6 and
12 months in both groups. While L-BMD and H-BMD substantially increased in both groups, H-BMD
had become significantly higher in the combination group at 12 months (p < 0.01) as compared with
the denosumab group. There were no significant differences between the groups regarding MMP-3,
DAS28-CRP, SDAI, or HAQ-DI. Compared with denosumab monotherapy, combination therapy
of denosumab with vitamin D and calcium significantly increased H-BMD in patients having OP
with RA.

Keywords: calcium; denosumab; osteoporosis; rheumatoid arthritis; vitamin D

1. Introduction

Rheumatoid arthritis (RA) is characterized by chronic synovitis and receptor activator of nuclear
factor-ligand (RANKL)-dependent osteoclastogenesis leading to bone damage and ensuing severe
physical disability. Focal and systemic joint destruction, including secondary osteoporosis (OP),
contributes prominently to the morbidity associated with RA.

Current therapies for primary and secondary OP are based on our understanding of bone biology.
Denosumab, a fully human monoclonal antibody against RANKL, has been shown to selectively
inhibit osteoclastogenesis. Consequently, the drug strongly abrogates bone resorption, increases bone
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All enrolled patients had received BP pre-treatment for an average duration of 5.8 ± 1.0 years in the
denosumab group and 5.5 ± 1.0 years in the combination group. The average doses of methotrexate
(MTX) and prednisolone (PSL) in the denosumab and combination groups were 6.7 ± 0.75 and
6.6 ± 0.85 mg/day and 4.5 ± 0.5 and 5.0 ± 0.0 mg/day, respectively (Table 1).

Table 1. Patient characteristics at baseline. Data are expressed as mean ± standard error.

Characteristic Denosumab (n = 22) Combination (n = 21) p-Value

Age (years) 70.9 ± 1.8 70.6 ± 2.3 0.9161
Gender (F:M) 22:0 21:00
BMI (kg/m2) 20.8 ± 0.9 20.0 ± 0.9 0.5396

Serum corrected Ca (mg/dL) 9.4 ± 0.1 9.2 ± 0.1 0.2156
Serum P (mg/dL) 3.7 ± 0.1 3.5 ± 0.1 0.2378

Serum BAP (µg/L) 13.4 ± 0.6 13.8 ± 1.1 0.7631
Serum TRACP-5b (mU/dL) 302.9 ± 16.7 312.3 ± 29.7 0.7873

Urinary NTX (nmol BCE/mmol/CRE) 28.4 ± 2.5 26.7 ± 1.8 0.6015
1,25(OH)2D3 (pg/mL) 62.8 ± 4.9 60.7 ± 5.7 0.7847

P1NP (µg/L) 37.3 ± 4.2 36.0 ± 4.5 0.8239
Serum whole PTH (pg/dL) 29.7 ± 2.9 30.1 ± 4.2 0.9429

BP use, n (%) 22 (100) 21 (100)
Period of BP use 5.8 ± 1.0 5.5 ± 1.0 0.8476
L-BMD (g/cm2) 0.71 ± 0.04 0.68 ± 0.02 0.4197
H-BMD (g/cm2) 0.487 ± 0.03 0.502 ± 0.02 0.6971

MTX, n (mg/week) 12 (6.7 ± 0.75) 10 (6.6 ± 0.85) 0.9536
PSL, n (mg/day) 2 (4.5 ± 0.5) 1 (5.0 ± 0.0)

MMP-3 92.2 ± 22.2 94.3 ± 15.5 0.9392
Disease duration (years) 16.6 ± 2.9 18.5 ± 3.2 0.6815

DAS28-CRP 3.1 ± 0.3 3.0 ± 0.3 0.9090
SDAI 4.3 ± 1.0 4.7 ± 1.0 0.7987

HAQ-DI 0.44 ± 0.2 0.39 ± 0.2 0.8215

Steinbroker classification immediately prior to denosumab treatment disclosed 4 patients with
stage I, 5 with stage II, 4 with stage III, and 9 with stage IV in the denosumab group and 4 patients
with stage I, 5 with stage II, 4 with stage III, and 8 with stage IV in the combination group. There were
16 patients with class I and 6 with class II in the denosumab group and 15 patients with class I, 5 with
class II, and 1 with class IV in the combination group.

All serologic analyses were conducted just prior to denosumab commencement (baseline) and
at 12 months of treatment using cryogenically stored samples by commercially available kits in
accordance with each manufacturer’s instructions, including matrix metalloproteinase-3 (MMP-3;
Kyowa Pharma Chemicals, Toyama, Japan). We also examined changes in disease activity score
(DAS)28-C-reactive protein (CRP), simplified disease activity index (SDAI), and patient-reported
health assessment questionnaire-disability index (HAQ-DI) as indicators of RA status for all patients
at the same time points. All data are expressed as the mean ±SE.

Each patient received denosumab (60 mg, s.c.) once every 6 months in both groups. In the
combination group, we gave newly approved vitamin D supplementation tablets (762.5 mg of
precipitated calcium carbonate, 200 IU of cholecalciferol, 59.2 mg of magnesium carbonate) twice daily
to all patients after denosumab administration.

Serum bone alkaline phosphatase (BAP) and N-terminal propeptide of type 1 procollagen
(P1NP) were measured as bone formation markers using a chemiluminescent enzyme immunoassay.
Serum tartrate-resistant acid phosphatase (TRACP)-5b and urinary N-terminal telopeptide of type
I collagen (NTX) (Osteomark, Osteox International, Seattle, WA, USA) were assessed as markers of
bone resorption. TRACP-5b and urinary NTX were measured using ELISA. Serum levels of whole
parathyroid hormone (PTH 1–84) were evaluated as bone turnover markers by immunoradiometric
assays. Serum levels of 1,25(OH)2D3 were measured as a bone turnover marker by immunoradiometric
assays. After overnight fasting and omitting the first morning samples, serum and urine were collected
between 8:30 a.m. and 11:00 a.m. Immunoassays were performed by SRL Inc. (Tokyo, Japan). Serum
samples were stored at �80 �C until bone turnover marker assessment at the end of the study. Samples
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The percent change of urinary NTX was significantly decreased compared with baseline in both 
groups at every time point. There were no significant differences between the groups. Decreased urinary 
NTX tended to return to pre-treatment levels after 2 months, with the exception of 8 months (Figure 2d). 

 

Figure 1. Percent changes of serum calcium (a); serum phosphorus (b); serum whole parathyroid 
hormone (PTH) (c); serum 1,25(OH)2D3 (d) over the 12-month study period. Closed circles show the 
denosumab monotherapy group and closed triangles show the combination group. Single asterisk (*) 
denotes significant differences (p < 0.05) at each time point compared with pretreatment in 
denosumab monotherapy. 

3.3.3. L-BMD and H-BMD 

The percent change of L-BMD increased steadily over the study period in the denosumab group 
(4.8% increase at 12 months) and combination group (7.2% increase at 12 months). There were no 
significant differences in either group at any time point compared with pre-treatment levels, with the 
exception of 12 months in the combination group. There were also no significant differences between 
the groups at any time point (Figure 3a). 

The percent change of H-BMD also rose steadily over the observational period in the denosumab 
group (1.9% increase at 12 months) and combination group (6.0% increase at 12 months). H-BMD was 
significantly higher in the combination group at every time point (p <0.01) compared with pre-treatment 
levels. There was a significant difference between the groups at 12 months (p < 0.01) (Figure 3b). 
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group and closed triangles show the combination group. Double asterisks (**) denote significant 
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Figure 2. Percent changes of serum bone-specific alkaline phosphatase (BAP) (a); serum N-terminal
propeptide of type 1 procollagen (P1NP) (b); serum tartrate-resistant acid phosphatase (TRACP)-5b (c);
urinary cross-linked N-terminal telopeptides of type I collagen (NTX) (d) over the 12-month study
period. Closed circles show the denosumab monotherapy group and closed triangles show the
combination group. Single asterisk (*) denotes significant differences (p < 0.05) and double asterisks
(**) denote significant differences (p < 0.01) at each time point compared with pretreatment in the
denosumab monotherapy or combination groups. Single hashtag (#) shows significant differences
(p < 0.05) and double hashtags (##) show significant differences (p < 0.01) between the denosumab
monotherapy and combination groups at each time point.

3.3.3. L-BMD and H-BMD

The percent change of L-BMD increased steadily over the study period in the denosumab group
(4.8% increase at 12 months) and combination group (7.2% increase at 12 months). There were no
significant differences in either group at any time point compared with pre-treatment levels, with the
exception of 12 months in the combination group. There were also no significant differences between
the groups at any time point (Figure 3a).

The percent change of H-BMD also rose steadily over the observational period in the denosumab
group (1.9% increase at 12 months) and combination group (6.0% increase at 12 months). H-BMD was
significantly higher in the combination group at every time point (p <0.01) compared with pre-treatment
levels. There was a significant difference between the groups at 12 months (p < 0.01) (Figure 3b).
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Figure 3. Percent changes in lumbar bone mineral density (L-BMD) (a) and bilateral total hip BMD
(H-BMD) (b) over the 12-month study period. Closed circles show the denosumab monotherapy
group and closed triangles show the combination group. Double asterisks (**) denote significant
differences (p < 0.01) at each time point compared with pretreatment in the denosumab monotherapy
or combination groups. Double hashtags (##) show significant differences (p < 0.01) between the
denosumab monotherapy and combination groups at each time point.

3.3.4. Indicators of RA State

RA state before treatment was matched in both groups (Table 1). There were no significant
differences in the percent changes of MMP-3, DAS28-CRP, SDAI, or HAQ-DI between the groups
during follow-up (Tables 1–3).

No serious adverse events, such as hypocalcemia or fracture, were noted during the 12-month
study period.

4. Discussion

We report for the first time comparative data between denosumab with or without vitamin D and
calcium supplementation in Japanese OP patients with RA. Compared with denosumab monotherapy,
combination therapy of denosumab with vitamin D and calcium significantly increased percent
changes of H-BMD.

Denosumab is a potent anti-resorption agent. In the Denosumab Fracture Intervention
Randomized Placebo Controlled Trial (DIRECT) carried out in Japan, Sugimoto et al. reported that
all patients who took daily supplements containing �600 mg calcium and 400 IU vitamin D had a
significantly decreased risk of vertebral fracture and no hypocalcemia while taking denosumab for
3 years [14]. However, studies focusing on the effectiveness and/or adverse effects of denosumab
with or without vitamin D supplementation in OP, particularly with RA, are lacking. Orimo et al.
noted that alendronate plus alfacalcidol, a source of active vitamin D, exerted additive effects on the
prevention of vertebral fractures and an increase in BMD [17]. Leslie et al. reported that the greater the
increase in H-BMD, the lower the fracture risk [18]. These results suggest that increasing BMD reduces
the risk of fracture. In this study, H-BMD at 12 months after denosumab therapy was significantly
increased in the combination group compared with the denosumab monotherapy group, although
no fractures occurred in either group. Thus, in Japan, it may be of benefit to prescribe vitamin D and
calcium supplementation for osteoporotic patients with RA to prevent fracture.

We previously reported that denosumab had strong inhibitory effects on bone resorption from
as early as 1 week after administration in primary OP [19]. Here, similar findings were observed in
terms of significant decreases in the bone resorption markers TRACP-5b and urinary NTX in OP with
RA. The bone formation markers BAP and P1NP decreased mildly in the early stages, but became
significantly decreased from 2 months in both groups. Bone resorption and formation usually change
in parallel due to the phenomenon of coupling [20], but this was not the case for denosumab. Taken
together, the drug appears to have strong inhibitory effects on bone resorption and mild inhibitory
effects on bone formation soon after therapy commencement in both primary OP and OP with RA.
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a dysmetabolic state following weight gain are observations
in individuals with lipoatrophy or lipodystrophy. As dis-
cussed, they are characterized by marked insulin resistance,
reduced glucose tolerance, and ectopic lipid accumulation
due to the inability to store fat in the adipose tissue (60,
235). Similar consequences are seen in genetically engi-
neered mouse models of lipoatrophy and lipodystrophy
(219).

Adipose tissue expansion occurs through a combination of
adipocyte hyperplasia and adipocyte hypertrophy. Recruit-
ment and differentiation of new preadipocytes in SAT when
needed to store excess fat is the preferred way of adipose
tissue expansion and protects against metabolic disease (98,
161) as illustrated in FIGURE 1.

The protective effect of hyperplastic/healthy SAT expan-
sion has also been verified in several animal models. An
elegant example is the mouse model overexpressing adi-
ponectin in the adipose tissue. This leads to massive obesity
due to a significant hyperplastic expansion of SAT, com-
bined with a metabolic profile that is similar to that of lean
control littermates (148). A similar protection was also
demonstrated in another example of obesity with normal,
or even further improved metabolism, i.e., the mouse model
overexpressing glucose transporter-4 (GLUT-4) in the adi-
pose tissue (1). These mice display lower ambient glycemia
and insulinemia and enhanced glucose tolerance, in combi-
nation with hyperplastic expansion of the adipose tissue.
Furthermore, chemically induced hyperplastic expansion of
SAT by injecting an adipogenic cocktail has also been re-
ported to improve glucose tolerance and insulin sensitivity
(188). Yet another example of how adipose tissue expand-
ability is protective and more important than obesity per se
is the recent study where adipose tissue-specific overexpres-
sion of Cidea (cell death-inducing DNA fragmentation fac-
tor-!-like effector A) improves metabolism through healthy
expansion of the adipose tissue (2). That healthy adipose

tissue expansion also improves insulin sensitivity and glu-
cose metabolism in humans is supported by the actions of
the insulin sensitizers, the thiazolidinediones (TZD), which
improve whole body insulin sensitivity, despite increased
body weight, by hyperplastic expansion of SAT (6).

D. Adipocyte Hypertrophy in SAT—A Marker
of Dysfunction and Insulin Resistance

Many studies have shown that SAT adipocyte size is related
to, and predicts, the metabolic complications of obesity.
Correlations between increased SAT adipocyte cell size and
insulin resistance have been well documented in both men
and women (62, 156, 185, 312) and also in obese children
(162). Most studies, but not all (137, 170), have reported
that enlarged SAT adipocytes are correlated with insulin
resistance in both normal-weight and obese subjects (14,
106, 112, 226, 238, 320). There have also been reports
showing that insulin resistance is characterized by a larger
population of small adipocytes in SAT, probably reflecting
an impaired ability to differentiate newly recruited adi-
pocytes and store fat (199).

A relationship between visceral adipocyte cell size and in-
sulin sensitivity has also been shown in a number of studies
(170, 214), but not all (191), or that the associations were
no longer significant when adjusting for BMI or other an-
thropometric values (201, 303). However, this is not unex-
pected, since expanded visceral adipose cells is also associ-
ated with increased waist-to-hip ratio, i.e., an abdominal fat
distribution, which also is a marker of ectopic fat accumu-
lation in other sites.

Taken together, SAT cell size is negatively correlated with
whole body insulin sensitivity. However, after adjusting for
markers of the amount of visceral adipose tissue, this rela-
tionship is no longer evident, suggesting that SAT adipose

Adipocyte hypertropy
   Adipogenesis
Adipose tissue dysfunction and inflammation
Impaired lipid storage capacity
Adverse secretome and cross-talk with other tissues
Etopic lipid accumulation

Epi-/genetic factors
Environment

Adipocyte hyperplasia
Normal adipocyte function
and lipid storage
Healthy metabolism

Weight gain

FIGURE. 1. Hyperplastic expansion of the adipose tissue protects against metabolic disease. Adipose tissue
expansion occurs through a combination of adipocyte hyperplasia and adipocyte hypertrophy and is driven by
both epi-/genetic and environmental factors. Adipocyte hyperplasia is the preferred way of adipose tissue
expansion and protects against metabolic disease by maintaining normal adipocyte function and sufficient lipid
storage capacity within the adipose tissue.
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indicate that vitamin D may have important roles in intestinal barrier

function, local inflammation, and modulation of microbial composition

(Figure 1).

8 | VITAMIN D STATUS IN THE OBESE
INSULIN‐RESISTANT STATE

Inverse correlations between serum 25(OH)D3 and weight, BMI, and

waist circumference have been shown in overweight and obese adults

with different ethnic backgrounds.79 Low circulating 25(OH)D3 con-

centrations in human obesity might be because of increased uptake

and sequestration of fat‐soluble vitamin D in the increased fat mass,

although the underlying mechanism is unclear.80 In line, dilution of

vitamin D because of a higher volume distribution in obese has been

proposed as underlying mechanism for the inverse correlation

between body size (body weight) and serum 25(OH)D3 concentra-

tions.81 In addition, obese individuals may spend less time outdoors,

which may result in reduced endogenous vitamin D production

contributing to the lower circulating vitamin D levels observed in

obesity.82 Interestingly, Wamberg and colleagues showed that VDR

expression was comparable between VAT and SAT from obese

individuals, but higher in VAT from obese individuals compared with

VAT from lean individuals.40 The expression of 25‐hydroxylase

enzymes (CYP2J2, CYP27A1, and CYP27B1) was decreased in SAT

from obese individuals.40 These data indicate an impaired adipose

tissue vitamin D–related metabolism of obese individuals (Figure 2).

However, it is still unclear whether this impaired adipose tissue

vitamin D–related metabolism is affected by circulating vitamin D con-

centrations, insulin resistance, or adiposity per se in human obesity.

Fat mass reduction has been considered as a strategy to increase

circulating vitamin D in obesity. For instance, energy restriction using

a very low‐calorie diet (VLCD, 500 kcal per day) combined with

physical activity increased plasma 25(OH)D3 levels after 1‐year

intervention in obese individuals, which was inversely related with

the reduction of VAT volume.83 In contrast, the intensive lifestyle

Diabetes Prevention Program (DPP) showed that a decrease total

body fat was not associated with increased plasma 25(OH)D3 concen-

tration in prediabetic individuals.84 In addition to lifestyle intervention,

weight‐reducing surgery using gastric bypass only resulted in a tempo-

ral elevation of serum 25(OH)D3 levels, which decreased again

1 month after surgery.85 Furthermore, two systematic reviews and

one meta‐analysis concluded that weight loss interventions showed

only marginal changes in serum 25(OH)D3 following significant weight

and body fat loss.86,87 Thus, the above studies provide inconsistent

evidence on the relation between AT mass and the circulating levels

of serum 25(OH)D3. Therefore, it may be that the often observed

circulating vitamin D deficiency in obesity is more complex than

previously thought and cannot be solely explained by increased

sequestration/dilution in the expanded AT mass.

Of interest, recent ex vivo data by Di Nisio et al88 demonstrated

that a blunted adrenaline‐mediated lipolytic response, a characteristic

of the obese insulin‐resistant state, was accompanied by increased

accumulation of 25(OH)D3 in human subcutaneous adipocytes from

obese donors, possibly indicating a blunted vitamin D release. Thus,

there may be an important link between an impaired lipid

mobilization/turnover and an attenuated vitamin D release from the

AT in obese insulin‐resistant individuals which remains to be investi-

gated in more detail.

9 | VITAMIN D, BLOOD GLUCOSE
CONTROL, AND INSULIN SENSITIVITY

The potential effects of vitamin D on glucose homeostasis and insulin

sensitivity have been studied in numerous human cross‐sectional and

intervention studies. The majority of these cross‐sectional studies

showed a positive association of serum 25(OH)D3 levels with insulin

FIGURE 2 Obesity is often accompanied
with low circulating vitamin D levels (vitamin
D deficiency). External factors such as less sun
exposure and less outdoor physical activity
may be associated with low circulating vitamin
D levels in human obesity. Furthermore,
endogenous mechanisms, including increased
body fluid distribution and adipose tissue
dysfunction, might also contribute to
increased vitamin D sequestration and an
impaired vitamin D release in human obesity,
which may ultimately lead to the development
of insulin resistance. (↑) Increase; (↓) decrease;
references between brackets []
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Summary

The obese insulin‐resistant state is often associated with low circulating concentra-

tion of vitamin D 25‐hydroxyvitamin D3 [25(OH)D3]. Fat sequestration of vitamin D

in the expanded obese adipose tissue mass has been pointed out as a plausible

explanation for this circulating vitamin D deficiency. However, the putative

mechanisms behind this hypovitaminosis D remain to be elucidated. The presence

of vitamin D receptor and vitamin D–metabolizing enzymes in insulin‐sensitive

organs suggests that vitamin D may be involved in glucose and lipid metabolism

and may be related to insulin sensitivity. Indeed, mainly in vitro studies support a role

of vitamin D in regulating glucose and lipid metabolism in several insulin‐sensitive

tissues including adipose tissue, skeletal muscle, liver, as well as pancreatic insulin

secretion. A potential role of vitamin D in gut barrier function and metabolism has

also been suggested. This review summarizes recent knowledge on vitamin D

deficiency in the aetiology of obesity‐related insulin resistance and discusses

potential underlying mechanisms. Finally, the role of vitamin D supplementation on

insulin sensitivity and glycaemic control is discussed.

KEYWORDS

adipose tissue, insulin resistance, obesity, vitamin D, vitamin D receptor

1 | INTRODUCTION

Obesity is a main contributor to the development of type 2 diabetes

mellitus (T2D) and cardiovascular diseases (CVDs) and has become a

major public health problem worldwide.1,2 The World Health Organi-

zation (WHO) has reported that more than 422 million people suffer

from T2D worldwide.3 In addition, the prevalence of prediabetes, an

intermediate condition of fasting and/or postprandial hyperglycaemia,

has also been indicated to sharply increase in several countries.4-6

Much attention has been given to the prevention of T2D, with empha-

sis on the prediabetic state. Compared with normal glucose tolerant

(NGT) people, 37% of the prediabetic individuals develop T2D within

4 years,7 so maintaining their blood glucose levels in the normal range

may reduce the incidence of T2D.8,9

Obesity is generally described as a condition of excessive fat

accumulation, with abdominal obesity being the leading risk factor

for insulin resistance and T2D.10 Obesity‐associated health complica-

tions are often accompanied by dysfunctional adipose tissue (AT)

rather than an increased fat mass per se, which is characterized by

impairments in lipid storage capacity, particularly in the postprandial

state. Hence, the surplus energy as triglyceride will flow over into

the circulation and result in an increased lipid supply towards

nonadipose tissue organs like the liver and the skeletal muscle.11,12

Fat deposition in these nonadipose tissues may result in functional

impairments that contribute to the development of whole‐body insulin

resistance leading to T2D.13

Originally, the fat‐soluble vitamin D has been well known as

major regulator of calcium and phosphate homeostasis related to

bone metabolism. There is considerable evidence that vitamin D

25‐hydroxyvitamin D3 (25OH)D3) deficiency (concentra-

tion < 50 nmol/L) is associated with osteoporosis and reduced bone

health.14,15 On the other hand, evidence is accumulating that vitamin
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A B S T R A C T

Adipose tissue has long been identified as the major site of vitamin D storage. Recent studies have
demonstrated that VDR and vitamin D metabolizing enzymes are expressed in adipocytes. Furthermore,
it has been shown that vitamin D regulates adipogenic gene expression as well as adipocyte apoptosis.
Vitamin D is active in adipocytes at all levels. It interacts with membrane receptors, adaptor molecules,
and nuclear coregulator proteins. Several functions of unliganded nVDR were discovered by studying
human samples from patients having hereditary vitamin D resistant rickets, transgenic mice
overexpressing the VDR and VDR knockout mice. Through its genomic action, vitamin D participates
in the regulation of energy metabolism by controlling the expression of uncoupling proteins. In vitro,
vitamin D stimulates lipogenesis and inhibits lipolysis by interacting with mVDR. mVDR is present in
caveolae of the plasma membrane and is the same as the classic nVDR. In addition, vitamin D affects
directly the expression of the appetite regulating hormone, leptin. Some researchers reported also that
vitamin D regulates the expression of the insulin sensitizing hormone, adiponectin. Vitamin D reduced
cytokine release and adipose tissue inflammation through the inhibition of NF-kB signaling. Scientific
research investigating the role of adipose tissue resident immune cells in the pathogenesis of obesity-
associated inflammation is scarce. Obesity is associated with vitamin D deficiency. However there is no
scientific evidence to prove that vitamin D deficiency predispose to obesity. Vitamin D supplementation
may prevent obesity but it does not lead to weight loss in obese subjects.

ã 2016 Elsevier Ltd. All rights reserved.
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Adipose Tissue Inflammation and Oxidative Stress:
the Ameliorative Effects of Vitamin D

Mahdieh Abbasalizad Farhangi,1,5 Mehran Mesgari-Abbasi,1 Ghazaleh Hajiluian,2

Ghazaleh Nameni,3 and Parviz Shahabi4

Abstract— Obesity is a low-grade inflammatory disease and is associated with numerous
comorbidities. The current study was aimed to evaluate the effects of vitamin D administra-
tions on markers of inflammation and oxidative stress in adipose tissue of high-fat diet-
induced obese rats. In the beginning of the study, 40 rats were divided into two groups:
normal diet and high-fat diet (HFD) for 16 weeks; then, each group was subdivided into two
groups including ND, ND + vitamin D, HFD, and HFD + vitamin D. Vitamin D supplemen-
tation was done for 5 weeks at 500 IU/kg dosage. Tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, monocyte chemoattractant protein (MCP)-1, transforming growth factor (TGF)-β
and IL-6 concentrations and markers of oxidative stress including glutathione peroxidase
(GPx), superoxide dismutase (SOD), malondialdehyde (MDA), and catalase (CAT) concen-
trations in adipose tissue of rats were determined using ELISA kits and spectrophotometry
methods, respectively. Vitamin D treatment led to a significant reduction in adipose tissue
TNF-α concentrations in both ND + vitamin D and HFD + vitamin D groups (P < 0.05).
Adipose tissue MCP-1 concentration also reduced in HFD + vitamin D group compared with
HFD group. Among markers of oxidative stress in adipose tissue, SOD and GPx concentra-
tions significantly increased in adipose tissue of HFD + vitamin D treated group compared
with other groups (P < 0.05). Reduced food intake and weight gain was also occurred after
vitamin D treatment. Vitamin D improved adipose tissue oxidative stress and inflammato-
ry parameters in obese rats. Vitamin D treatment was also associated with decreased food
intake and decreased weight gain in animals under a high-fat diet. Further studies are needed
to better clarify the underlying mechanisms.

KEYWORDS: vitamin D; adipose tissue; oxidative stress; obesity; inflammation.

INTRODUCTION

Obesity is a major health problem characterized by
excessive fat deposition into adipocytes and non-adipose
tissues, which is accompanied by a cluster of chronic
metabolic disorders including cardiovascular diseases, di-
abetes, hypertension, dyslipidemia, and some types of
cancers. In the past few decades, the prevalence of over-
weight and obesity has dramatically increased in both
developed and developing countries. According to previ-
ous reports, more than 1.4 billion adults age of 20 years and
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Correlation Between Markers of Oxidative Stress and
Insulin Resistance with Inflammatory Parameters

Table 3 presents the association between markers of
oxidative stress and inflammatory biomarkers. These correla-
tion matrix presents that GPx activity in adipose tissue was
negatively associated with inflammatory parameters includ-
ing IL-6, IL-1β, TNF-α, and TGF-β concentration, while
MDA activity was positively associated with these inflamma-
tory parameters. HOMA-IR was also in positive significant
association with animals weight (r = 0.65, P = 0.002).

DISCUSSION

In the current study, vitamin D induced a significant
decrease in TNF-α concentration of adipose tissue in ND +
vitamin D versusND group and in HFD +vitamin D versus

HFD group. MCP-1 concentration in adipose tissue of
HFD + vitamin D was significantly lower compared with
HFD group. Additionally vitamin D increased the GPx
activity in adipose tissue in HFD + vitamin D group versus
ND and ND + vitamin D groups.

In the current study, feeding a high-fat diet for
16 weeks induced a meaningful weight gain among
rats and this method was proved to be a useful
model of putative effects of dietary fat in humans
[32]. Also, it has been approved that rat models are
useful tools for inducing obesity as they readily gain
weigh when fed high-fat diets [33]. In our study,
weight gain induced by high-fat diet was significant-
ly more than that gained by those fed a normal diet.
Final weight of animals in the current study was in
positive association with index of insulin resistance.

Table 2. Vitamin D Concentrations in Study Groups

Groups 16th week 21st week Mean difference P valuea

ND 47.5 ± 7.32 36.3 ± 7.74 −11.20 ± 1 0.001
ND + vitamin D 54.9 ± 11.53 119 ± 26.01 64.2 ± 7.8 0.001
HFD 51.2 ± 11.16 37.7 ± 11.53 −13.5 ± 4.25 0.01
HFD + vitamin D 53.2 ± 14.11 124 ± 39.39 70.5 ± 12.85 0.001
P valueb 0.50 0.001

Data are expressed as means ± SD. Statistical differences between groups were assessed by one-way ANOVA followed by Tukey’s test for post hoc analysis.
Intragroup comparisons of vitamin D concentration was performed by paired t test analysis. P < 0.05 was considered as statistically significant
HFD high-fat diet, ND normal diet
a P value indicates intragroup difference
b P value indicates intergroup difference
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Fig. 2. Vitamin D administration and IL-6 concentration in adipose tissue
of studied groups. Data are expressed as mean ± SD. Statistical differences
were analyzed usingANCOVA test adjusted for the confounding effects of
food intake and weight of rats followed by Tukey’s test for post hoc
analysis. Error bars refer to the overall distribution of the data.
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Fig. 3. Vitamin D administration and MCP-1 concentration in adipose
tissue of studied groups. Data are expressed as mean ± SD. Statistical
differences were analyzed using ANCOVA test adjusted for the confound-
ing effects of food intake and weight of rats followed by Tukey’s test for
post hoc analysis. (*P < 0.05 versus HFD). Error bars refer to the overall
distribution of the data.
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Abstract: Adipose tissue encompasses various types, including White Adipose Tissue (WAT), Brown
Adipose Tissue (BAT), and beige adipose tissue, each having distinct roles in energy storage and
thermogenesis. Vitamin D (VD), a fat-soluble vitamin, maintains a complex interplay with adipose
tissue, exerting significant effects through its receptor (VDR) on the normal development and func-
tioning of adipocytes. The VDR and associated metabolic enzymes are widely expressed in the
adipocytes of both rodents and humans, and they partake in the regulation of fat metabolism and
functionality through various pathways. These encompass adipocyte differentiation, adipogenesis,
inflammatory responses, and adipokine synthesis and secretion. This review primarily appraises the
role and mechanisms of VD in different adipocyte differentiation, lipid formation, and inflammatory
responses, concentrating on the pivotal role of the VD/VDR pathway in adipogenesis. This insight
furnishes new perspectives for the development of micronutrient-related intervention strategies in
the prevention and treatment of obesity.

Keywords: vitamin D; adipose tissue; adipogenesis; inflammatory response; obesity treatment;
VD/VDR pathway

1. Introduction

Adipose tissue constitutes a heterogenous organ, comprising distinct subtypes includ-
ing WAT, beige adipose tissue, and BAT [1–3]. These adipose depots exhibit dissimilar
morphological structures and physiological functions. WAT, being the largest lipid storage
site within the body, chiefly constitutes white adipocytes [4]. Typical white adipocytes
possess a singular large lipid droplet and a limited number of mitochondria, primarily
involved in energy storage and provision. Impaired functionality of white adipocytes
can result in disrupted lipid metabolism, lipodystrophy, and insulin resistance (IR) due to
lipid spillage [5,6]. Moreover, excessive accumulation of WAT is associated with obesity,
adversely impacting various physiological processes, and represents a prominent risk factor
for the onset of type 2 diabetes and cardiovascular diseases [7]. Brown adipocytes exhibit a
distinct phenotype characterized by the presence of multilocular small lipid droplets and a
higher density of mitochondria [8]. These cells are prominently marked by elevated expres-
sion levels of mitochondrial uncoupling protein 1 (UCP1), which facilitates mitochondrial
heat generation via the uncoupling of oxidative phosphorylation, thus ensuring the mainte-
nance of basal body temperature in cold environments instead of relying on shivering [9].
Beige adipose tissue, displaying similar morphological and functional characteristics to
BAT, is perceived as an intermediary state between WAT and BAT. The emergence of beige
fat typically occurs after birth and is often juxtaposed with white adipocytes that transi-
tion between a browning or whitening state in response to environmental stimuli [4,8,10].
The induction of beige adipogenesis in WAT has been proposed as a potential thera-
peutic strategy for combating obesity and metabolic disorders associated with excessive
weight gain.

Numerous investigations have established a close association between the concen-
tration of vitamin D (VD) in systemic circulation and body adiposity [11]. Observational

Nutrients 2023, 15, 4832. https://doi.org/10.3390/nu15224832 https://www.mdpi.com/journal/nutrients
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lation in promoters and CpG islands, leading to the increased expression of VDR and
PPAR-� in adipose tissue. This, in turn, promotes the proliferation and differentiation of
preadipocytes, ultimately contributing to the obese phenotype in the offspring [134,135].
Other potential influencing factors include adipocyte dysplasia, enhanced oxidation of adi-
pose tissue, aberrant synthesis and secretion of adipokines, as well as inflammation [132].

In summary, the VDR plays a role in modulating adipogenesis and exhibits varying
regulatory effects on adipocytes during diverse stages of differentiation (Figure 1). Such dis-
crepancies between in vivo and in vitro studies might be partly explained by this, although
further research is necessary to fully elucidate the underlying mechanisms involved.

1 
 

 Figure 1. Role of VDR in the development of obesity. The presented figure depicts that the genetic
manipulation of whole-body VDR, including knockout and overexpression, exerts notable effects on
the browning phenomenon within white WAT as well as adipogenesis, consequently influencing the
initiation and progression of obesity.

6. Summary

In summary, there exists a strong association between VD levels and the onset and
progression of obesity, as well as adipose tissue metabolic capacity and lipogenesis. Adi-
pose tissue serves as the primary reservoir for VD, where VD stored in lipid droplets can
be released into the bloodstream during lipolysis. The 1,25(OH)2D3/VDR complex and
its subsequent signaling pathways possess the ability to directly govern adipogenesis,
thus playing a significant role in the modulation of insulin sensitivity and inflammation
within adipose tissue. Distinct adipose tissue types demonstrate variations in cellular
composition, metabolic characteristics, extracellular matrix composition, and susceptibility
to alterations in the internal milieu, which might mediate the differential effects of VD in
different adipose depots. The accumulation of VAT stands as the most sensitive and crucial
indicative factor for identifying the presence of VDD high-risk individuals. While certain
observational studies fail to support the favorable effects of VD supplementation in amelio-
rating obesity and its associated complications, the consolidated evidence from existing
research supports the advantageous role of VD/VDR in regulating adipose tissue health and
preventing obesity.
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Abstract: Obesity is recognized as a state of chronic low-grade systemic inflammation due to adipose
tissue macrophage infiltration and production of proinflammatory adipokines. Decreased vitamin
D status is associated with obesity. The specific aim of the present study is to investigate the
effects of vitamin D on obesity-induced adipose tissue inflammation. Male Sprague-Dawley rats
were randomized and fed a normal diet (NOR, 1000 IU vitamin D/kg diet), a 45% high-fat diet
(HF, 1000 IU vitamin D/kg diet), or a 45% high-fat diet containing 25 IU vitamin D/kg diet (HF+LVD)
for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.

Keywords: adenosine monophosphate-activated protein kinase (AMPK); adipose tissue macrophage
infiltration; obesity; sirtulin 1 (SIRT1); vitamin D

1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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resistance in people with type 2 diabetes, 
hepatic gluconeogenesis is dramatically ele-
vated. Metformin has been widely thought 
to act as an insulin sensitizer in people with 
diabetes, improving the ability of insulin to 
stimulate glucose uptake in muscle and sup-
press hepatic glucose production. Metformin 
can also lower lipid levels in cell lines and 
rodent livers, although the ramifications of this 
in humans remains underexamined despite 
increasing incidence of nonalcoholic fatty liver 
disease (NAFLD), which parallels the world-
wide spread of obesity and type 2 diabetes3. In 
this issue of Nature Medicine, Fullerton et al.4 
provide new insights into the mechanisms of 
action of metformin, reporting that this drug 
acutely lowers lipid accumulation and that this 
is essential for its ability to restore insulin sen-
sitivity and lower blood glucose in mice fed a 
high-fat diet (Fig. 1).

Compared with the study of metformin- 
mediated regulation of hepatic gluconeo-
genesis, little attention has been focused on  
mechanistically defining how metformin sup-
presses lipid accumulation and whether this 
may tie into insulin sensitivity and glycemic 
control. The first cellular target for metformin 
was established in 2000, when it was demon-
strated that metformin and related biguanides 
inhibit complex I of the mitochondrial respi-
ratory chain, resulting in lowered intracellular 
ATP and increased AMP and ADP5,6. One 
sensor of cellular energy rapidly activated by 
metformin in hepatocytes is AMPK, a highly 
conserved regulator of glucose and lipid 
metabolism across all eukaryotes7. On the basis 

of early cellular and rodent data indicating 
that enforced genetic expression of AMPK in 
liver8,9 or direct pharmacological activation of 
AMPK10 are sufficient to lower blood glucose 
levels, it was suggested that AMPK is crucial 
for the action of metformin11.

More recently, however, liver-specific genetic 
deletion of Ampk in mice suggested that acute 
metformin treatment may not require Ampk to 
lower hepatic glucose production, at least not in 
nonobese animals on a chow diet12. Earlier this 
year, a study described a mechanism by which 
AMP can suppress adenylate cyclase, inhibiting 
glucagon-mediated induction of gluconeogen-
esis in hepatocytes, which provides a well-
detailed explanation for metformin’s actions 
independent of the effects of AMPK13. However, 
some studies have not defined the role of met-
formin in the context of insulin resistance, 
in which nutrient excess initiates biochemi-
cal feedback pathways onto insulin signaling.  
In this scenario, somewhat analogously to can-
cer cells bearing an activated oncogene, the 
metabolic and signaling pathways are rewired in 
response to the new insulin-resistant, nutrient-
rich state, thus the distinct pathways stimulated 
by metformin may differentially affect its ability 
to lower blood glucose under these conditions.

On a backdrop of insulin resistance, Fullerton 
et al.4 now show that the ability of metformin 
to restore insulin sensitivity and lower blood 
glucose levels depends on its ability to lower 
cellular fatty acid levels through the AMPK-
dependent phosphorylation of a single serine 
site in each of the fatty acid synthesis enzymes 
acetyl-coA carboxylase 1 and 2 (ACC1  and 

ACC2). ACC1 and ACC2 are rate-limiting 
enzymes in the synthesis of malonyl-CoA from 
acetyl-CoA and, as such, are required for all 
cells to undergo lipogenesis. The mitochondri-
ally localized ACC2 has also been proposed to 
block fatty acid transport into mitochondria 
for oxidation14. Hepatic ACC1 mRNA is 
upregulated by insulin and diet through the 
transcription factors sterol regulator element 
binding protein 1 and carbohydrate-responsive 
element-binding protein, and the only known 
inhibitory mechanism for ACC1 and ACC2 
is their highly conserved phosphorylation by 
AMPK on homologous sites that inhibit the 
ACC polymerization needed for the activity 
of these enzymes15.

In spite of the plethora of evidence that ACC1 
and ACC2 are ancient targets of AMPK14,15, 
the functional importance of their phospho-
rylation in metabolic regulation in normal 
and diabetic animals has not been previously 
examined. In their study, Fullerton et al.4 took 
advantage of genetic knock-in mouse models 
and cellular assays for lipid-induced insulin 
resistance in hepatocytes. First, the authors 
created mice in which the endogenous Acc1 
Ser79 and Acc2 Ser212 phosphorylation sites 
were mutated to alanine, rendering these 
enzymes insensitive to Ampk (AccDKI mice). 
How important is Ampk-mediated suppres-
sion of Acc1 and Acc2 to mice on a chow diet? 
The single knock-in mice had almost normal 
phenotypes, but the AccDKI mice exhibited 
hyperlipidemia in muscle and liver and symp-
toms of NAFLD. Interestingly, on a high-fat 
diet, the AccDKI mice showed no difference 
from wild-type mice on a high-fat diet in any 
metabolic parameters, suggesting that diet-
induced obesity overwhelms any endogenous 
Ampk signaling to Acc4.

When the authors treated the obese wild-type 
mice on a high-fat diet with therapeutic doses 
of metformin, Ampk was once again able to 
phosphorylate Acc, and hepatic lipogenesis was 
suppressed by 35%. These mice show reduced 
hepatic lipid content, lowered fasting blood glu-
cose and improved glucose tolerance. However, 
when the AccDKI mice were treated with met-
formin, they did not show any of the improve-
ments seen in the obese wild-type mice4.

Pathological accumulation of lipids in the 
liver in the obese state leads to a suppres-
sion of insulin signaling through a pathway 
in which elevated levels of diacylglycerols 
(DAGs) activate protein kinase C E (Pkc-E) to 
disrupt insulin receptor signaling3. As a result, 
there is less activation of Akt and less inhibi-
tory phosphorylation of FoxO1 transcription 
factors, directly resulting in higher expres-
sion of gluconeogenesis enzymes regulated by 
FoxO1. Fullerton et al.4 observed deregulation 

Figure 1  Metformin uses AMPK suppression of ACC to lower lipid accumulation and restores insulin 
sensitivity. In the obese, insulin-resistant state, hepatic lipid accumulation leads to activation of PKC-E 
and its suppression of insulin receptor signaling. The work of Fullerton et al.4 indicates that metformin 
treatment increases the amounts of intracellular AMP, which activates AMPK to phosphorylate and 
inhibit ACC1 and ACC2, thereby preventing hepatic synthesis of fatty acids. Lowered lipid stores result 
in loss of PKC-E–mediated suppression of insulin receptor signaling, resulting in elevated levels of Akt 
and more effective blockade of FOXO1-mediated gluconeogenesis. Thus, by reducing hepatic lipid 
accumulation, ACC inhibition results in lowering of glucose levels.
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Abstract: Obesity is recognized as a state of chronic low-grade systemic inflammation due to adipose
tissue macrophage infiltration and production of proinflammatory adipokines. Decreased vitamin
D status is associated with obesity. The specific aim of the present study is to investigate the
effects of vitamin D on obesity-induced adipose tissue inflammation. Male Sprague-Dawley rats
were randomized and fed a normal diet (NOR, 1000 IU vitamin D/kg diet), a 45% high-fat diet
(HF, 1000 IU vitamin D/kg diet), or a 45% high-fat diet containing 25 IU vitamin D/kg diet (HF+LVD)
for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.
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1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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Figure 1. Effects of vitamin D‐insufficient diet on body weight gain and fat weight in obese rats. Body 
weight gain (A), food intake (B) and weight of epididymal adipose tissue (EAT) and subcutaneous 
adipose tissue (SAT) (C). Representative hematoxylin and eosin stained EAT section (scale bar, 50 μm; 
magnification, 40×) (D). Average adipocyte diameter of adipocytes within adipose tissue (E) and data 
is expressed as the mean ± SEM. Bars with different letters (a, b, c) show significant difference (p < 
0.05). * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet 
with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7); HF+LVD, 45% fat diet 
containing 25 IU vitamin D (n = 7). 

3.2. Influence of a Vitamin D‐Insufficient Diet on Serum Vitamin D and Metabolic Parameters 

Next, we investigated the effect of dietary vitamin D levels on blood 25(OH)D concentration, the 
best blood indicator of vitamin D status. Regardless of fat content in the diet, the NRC vitamin D 
level requirement, 1000 IU vitamin D/kg diet [41], led to a 25(OH)D concentration over 100 nmol/L, 
which was proposed to be optimal. In contrast, serum 25(OH)D  levels in 25 IU vitamin D/kg diet 
(HF+LVD) was  less  than 80 nmol/L, defined as vitamin D  inadequacy or  insufficiency  in humans 
[45,46]. This demonstrates that dietary vitamin D levels affect the systemic vitamin D status in the 
body.   

During the progression of obesity, the influence of vitamin D insufficiency on changes in blood 
metabolic characteristics was determined using enzymatic assays using commercial kits. Among HF‐
increased serum levels of insulin, TG, TC, LDL‐cholesterol, serum insulin, TC and LDL‐cholesterol 
concentrations were exacerbated by vitamin D insufficiency. Serum levels of AST and ALT were not 
statistically different among the groups (Table 4). 

3.3. Influene of Vitamin D Insufficiency on Gene Expression invovled in Adipogensis and Fat Oxidation   

We evaluated whether vitamin D inadequacy exacerbates HF‐induced body weight gain and fat 
deposition  by  gene  expression  related  to  adipogenesis  or  fatty  acid  oxidation  in  adipose  tissue. 
mRNA levels of adipogenic genes, such as fatty acid‐binding protein 2 (aP2), peroxisome proliferator 
activated  receptor  γ  (PPARγ)  and  sterol  regulatory  element binding protein  1c  (SREBP1c), were 
measured using RT‐PCR. Adipogenic gene  levels of aP2, PPARγ and SREBP1c were significantly 
increased by  the HF diet  (p < 0.05). The vitamin D‐insufficient diet  (HF+LVD)  led  to a significant 
induction of only PPARγ gene expression, approximately 2.7‐fold higher  than  that of  the HF diet 
(Figure 2A). In contrast, mRNA levels involved in β‐oxidation, such as carnitine palmitoyltransferase 
1α (CPT1α), PGC1α, PPARα, very long‐chain acyl‐CoA dehydrogenase (VLCAD), long‐chain acyl‐

Figure 1. Effects of vitamin D-insufficient diet on body weight gain and fat weight in obese rats.
Body weight gain (A), food intake (B) and weight of epididymal adipose tissue (EAT) and subcutaneous
adipose tissue (SAT) (C). Representative hematoxylin and eosin stained EAT section (scale bar, 50 µm;
magnification, 40⇥) (D). Average adipocyte diameter of adipocytes within adipose tissue (E) and
data is expressed as the mean ± SEM. Bars with different letters (a, b, c) show significant difference
(p < 0.05). * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat
diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7); HF+LVD, 45% fat
diet containing 25 IU vitamin D (n = 7).

3.2. Influence of a Vitamin D-Insufficient Diet on Serum Vitamin D and Metabolic Parameters

Next, we investigated the effect of dietary vitamin D levels on blood 25(OH)D concentration,
the best blood indicator of vitamin D status. Regardless of fat content in the diet, the NRC vitamin D
level requirement, 1000 IU vitamin D/kg diet [41], led to a 25(OH)D concentration over 100 nmol/L,
which was proposed to be optimal. In contrast, serum 25(OH)D levels in 25 IU vitamin D/kg
diet (HF+LVD) was less than 80 nmol/L, defined as vitamin D inadequacy or insufficiency in
humans [45,46]. This demonstrates that dietary vitamin D levels affect the systemic vitamin D status
in the body.

During the progression of obesity, the influence of vitamin D insufficiency on changes in
blood metabolic characteristics was determined using enzymatic assays using commercial kits.
Among HF-increased serum levels of insulin, TG, TC, LDL-cholesterol, serum insulin, TC and
LDL-cholesterol concentrations were exacerbated by vitamin D insufficiency. Serum levels of AST and
ALT were not statistically different among the groups (Table 4).

3.3. Influene of Vitamin D Insufficiency on Gene Expression invovled in Adipogensis and Fat Oxidation

We evaluated whether vitamin D inadequacy exacerbates HF-induced body weight gain and
fat deposition by gene expression related to adipogenesis or fatty acid oxidation in adipose tissue.
mRNA levels of adipogenic genes, such as fatty acid-binding protein 2 (aP2), peroxisome proliferator
activated receptor � (PPAR�) and sterol regulatory element binding protein 1c (SREBP1c),
were measured using RT-PCR. Adipogenic gene levels of aP2, PPAR� and SREBP1c were significantly
increased by the HF diet (p < 0.05). The vitamin D-insufficient diet (HF+LVD) led to a significant
induction of only PPAR� gene expression, approximately 2.7-fold higher than that of the HF diet
(Figure 2A). In contrast, mRNA levels involved in �-oxidation, such as carnitine palmitoyltransferase
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for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.
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1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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1↵ (CPT1↵), PGC1↵, PPAR↵, very long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA
dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), as well as gene
expression of uncoupling protein 1 (UCP1) related to thermogenesis and energy expenditure,
were significantly suppressed by vitamin D inadequacy (Figure 2B).

Table 4. Metabolic serum characteristics of low-fat control (NOR) and high fat control (HF) and vitamin
D-insufficient (HF+LVD)-fed rats.

NOR (n = 9) HF (n = 7) HF+LVD (n = 7)

25(OH)D (nmol/L) 102.59 ± 6.75 103.46 ± 5.76 68.56 ± 7.97 #

Glucose (mmol/L) 12.28 ± 0.98 14.03 ± 2.40 16.74 ± 1.95 *
Insulin (µU/mL) 39.90 ± 4.19 58.77± 5.06 ** 75.56 ± 8.17 #

Lipids (mmol/L)
- Triglyceride 0.87 ± 0.10 1.22 ± 0.08 * 1.80 ± 0.28 *
- Total cholesterol 1.97 ± 0.13 2.63 ± 0.13 ** 3.56 ± 0.54 #

- HDL cholesterol 2.13 ± 0.10 2.35 ± 0.10 2.35 ± 0.21
- LDL cholesterol 0.21 ± 0.03 0.29 ± 0.03 ** 0.39 ± 0.03 ##

AST (IU/L) 107.50 ± 11.82 107.00 ± 13.85 107.83 ± 12.97
ALT (IU/L) 33.63 ± 6.45 30.60 ± 4.23 30.71 ± 2.56

Data are expressed as the mean ± SEM (n = 7–9/group). * p < 0.05; ** p < 0.01 compared to NOR.
# p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D; HF, 45% fat
diet with 1000 IU vitamin D; HF+LVD, high-fat plus low vitamin D, 45% fat diet containing 25 IU
vitamin D. 25(OH)D, 25-hydroxyvitamin D; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST,
aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 2. Influence of vitamin D insufficiency on gene expression involved in adipogenesis (A) and
fatty acid oxidation (B). mRNA levels were determined by RT-PCR and normalized for all samples
to �-actin. The results are expressed as the fold change compared to NOR. The value of each bar
represents the mean ± SEM. * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to
HF. NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.4. Vitamin D-Insufficient Diet Increases Inflammatory Cytokines in Serum and Adipose Tissues of Obese Rats

To demonstrate the effect of vitamin D inadequacy on local and systemic inflammation,
the production and secretion of proinflammatory cytokines in serum and adipose tissue were evaluated
using commercial colorimetric enzyme-linked kits and RT-PCR. Vitamin D insufficiency (HF+LVD)
significantly exacerbated HF-increased serum concentrations of IL-6 and TNF↵ by 2.73- and 1.56-fold,
respectively (Figure 3A). Consistent with serum levels, there were significant 2.75- and 3.82-fold
increase in IL-6 and TNF↵ mRNA levels between vitamin D-insufficient and optimal levels in the
high-fat diet group (Figure 3B). In addition, vitamin D insufficiency led to increased levels of IL-6 and
TNF↵ in adipose tissue by 1.31- and 2.98-fold, respectively (Figure 3C). This indicates that vitamin
D inadequacy might result in increased local and systemic inflammation during the development
of obesity.
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1↵ (CPT1↵), PGC1↵, PPAR↵, very long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA
dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), as well as gene
expression of uncoupling protein 1 (UCP1) related to thermogenesis and energy expenditure,
were significantly suppressed by vitamin D inadequacy (Figure 2B).

Table 4. Metabolic serum characteristics of low-fat control (NOR) and high fat control (HF) and vitamin
D-insufficient (HF+LVD)-fed rats.

NOR (n = 9) HF (n = 7) HF+LVD (n = 7)

25(OH)D (nmol/L) 102.59 ± 6.75 103.46 ± 5.76 68.56 ± 7.97 #

Glucose (mmol/L) 12.28 ± 0.98 14.03 ± 2.40 16.74 ± 1.95 *
Insulin (µU/mL) 39.90 ± 4.19 58.77± 5.06 ** 75.56 ± 8.17 #

Lipids (mmol/L)
- Triglyceride 0.87 ± 0.10 1.22 ± 0.08 * 1.80 ± 0.28 *
- Total cholesterol 1.97 ± 0.13 2.63 ± 0.13 ** 3.56 ± 0.54 #

- HDL cholesterol 2.13 ± 0.10 2.35 ± 0.10 2.35 ± 0.21
- LDL cholesterol 0.21 ± 0.03 0.29 ± 0.03 ** 0.39 ± 0.03 ##

AST (IU/L) 107.50 ± 11.82 107.00 ± 13.85 107.83 ± 12.97
ALT (IU/L) 33.63 ± 6.45 30.60 ± 4.23 30.71 ± 2.56

Data are expressed as the mean ± SEM (n = 7–9/group). * p < 0.05; ** p < 0.01 compared to NOR.
# p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D; HF, 45% fat
diet with 1000 IU vitamin D; HF+LVD, high-fat plus low vitamin D, 45% fat diet containing 25 IU
vitamin D. 25(OH)D, 25-hydroxyvitamin D; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST,
aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 2. Influence of vitamin D insufficiency on gene expression involved in adipogenesis (A) and
fatty acid oxidation (B). mRNA levels were determined by RT-PCR and normalized for all samples
to �-actin. The results are expressed as the fold change compared to NOR. The value of each bar
represents the mean ± SEM. * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to
HF. NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.4. Vitamin D-Insufficient Diet Increases Inflammatory Cytokines in Serum and Adipose Tissues of Obese Rats

To demonstrate the effect of vitamin D inadequacy on local and systemic inflammation,
the production and secretion of proinflammatory cytokines in serum and adipose tissue were evaluated
using commercial colorimetric enzyme-linked kits and RT-PCR. Vitamin D insufficiency (HF+LVD)
significantly exacerbated HF-increased serum concentrations of IL-6 and TNF↵ by 2.73- and 1.56-fold,
respectively (Figure 3A). Consistent with serum levels, there were significant 2.75- and 3.82-fold
increase in IL-6 and TNF↵ mRNA levels between vitamin D-insufficient and optimal levels in the
high-fat diet group (Figure 3B). In addition, vitamin D insufficiency led to increased levels of IL-6 and
TNF↵ in adipose tissue by 1.31- and 2.98-fold, respectively (Figure 3C). This indicates that vitamin
D inadequacy might result in increased local and systemic inflammation during the development
of obesity.
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Abstract: Obesity is recognized as a state of chronic low-grade systemic inflammation due to adipose
tissue macrophage infiltration and production of proinflammatory adipokines. Decreased vitamin
D status is associated with obesity. The specific aim of the present study is to investigate the
effects of vitamin D on obesity-induced adipose tissue inflammation. Male Sprague-Dawley rats
were randomized and fed a normal diet (NOR, 1000 IU vitamin D/kg diet), a 45% high-fat diet
(HF, 1000 IU vitamin D/kg diet), or a 45% high-fat diet containing 25 IU vitamin D/kg diet (HF+LVD)
for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.

Keywords: adenosine monophosphate-activated protein kinase (AMPK); adipose tissue macrophage
infiltration; obesity; sirtulin 1 (SIRT1); vitamin D

1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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1↵ (CPT1↵), PGC1↵, PPAR↵, very long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA
dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), as well as gene
expression of uncoupling protein 1 (UCP1) related to thermogenesis and energy expenditure,
were significantly suppressed by vitamin D inadequacy (Figure 2B).

Table 4. Metabolic serum characteristics of low-fat control (NOR) and high fat control (HF) and vitamin
D-insufficient (HF+LVD)-fed rats.

NOR (n = 9) HF (n = 7) HF+LVD (n = 7)

25(OH)D (nmol/L) 102.59 ± 6.75 103.46 ± 5.76 68.56 ± 7.97 #

Glucose (mmol/L) 12.28 ± 0.98 14.03 ± 2.40 16.74 ± 1.95 *
Insulin (µU/mL) 39.90 ± 4.19 58.77± 5.06 ** 75.56 ± 8.17 #

Lipids (mmol/L)
- Triglyceride 0.87 ± 0.10 1.22 ± 0.08 * 1.80 ± 0.28 *
- Total cholesterol 1.97 ± 0.13 2.63 ± 0.13 ** 3.56 ± 0.54 #

- HDL cholesterol 2.13 ± 0.10 2.35 ± 0.10 2.35 ± 0.21
- LDL cholesterol 0.21 ± 0.03 0.29 ± 0.03 ** 0.39 ± 0.03 ##

AST (IU/L) 107.50 ± 11.82 107.00 ± 13.85 107.83 ± 12.97
ALT (IU/L) 33.63 ± 6.45 30.60 ± 4.23 30.71 ± 2.56

Data are expressed as the mean ± SEM (n = 7–9/group). * p < 0.05; ** p < 0.01 compared to NOR.
# p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D; HF, 45% fat
diet with 1000 IU vitamin D; HF+LVD, high-fat plus low vitamin D, 45% fat diet containing 25 IU
vitamin D. 25(OH)D, 25-hydroxyvitamin D; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST,
aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 2. Influence of vitamin D insufficiency on gene expression involved in adipogenesis (A) and
fatty acid oxidation (B). mRNA levels were determined by RT-PCR and normalized for all samples
to �-actin. The results are expressed as the fold change compared to NOR. The value of each bar
represents the mean ± SEM. * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to
HF. NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.4. Vitamin D-Insufficient Diet Increases Inflammatory Cytokines in Serum and Adipose Tissues of Obese Rats

To demonstrate the effect of vitamin D inadequacy on local and systemic inflammation,
the production and secretion of proinflammatory cytokines in serum and adipose tissue were evaluated
using commercial colorimetric enzyme-linked kits and RT-PCR. Vitamin D insufficiency (HF+LVD)
significantly exacerbated HF-increased serum concentrations of IL-6 and TNF↵ by 2.73- and 1.56-fold,
respectively (Figure 3A). Consistent with serum levels, there were significant 2.75- and 3.82-fold
increase in IL-6 and TNF↵ mRNA levels between vitamin D-insufficient and optimal levels in the
high-fat diet group (Figure 3B). In addition, vitamin D insufficiency led to increased levels of IL-6 and
TNF↵ in adipose tissue by 1.31- and 2.98-fold, respectively (Figure 3C). This indicates that vitamin
D inadequacy might result in increased local and systemic inflammation during the development
of obesity.
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Figure 3. Vitamin D insufficiency increases local and systemic proinflammatory cytokine level.
Serum levels of IL-6 and TNF↵ were expressed as ng/mL (A); Gene expression was measured,
normalized for all samples to �-actin and expressed as the fold change compared to NOR (B);
Measurements of IL-6 and TNF↵ in adipose tissue (C) were normalized to their respective protein
concentrations and expressed as ng/mg protein. Values are expressed as the mean ± SEM. * p < 0.05;
** p < 0.01 compared to NOR. # p < 0.05 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D
(n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7); HF+LVD, 45% fat diet containing 25 IU vitamin
D (n = 7).

3.5. Vitamin D Insufficiency Significantly Increases Macrophage Infiltration in Obese Adipose Tissue

To investigate the effect of a vitamin D-insufficient diet on obesity-associated adipose tissue
inflammation, F4/80 immunohistochemistry was carried out on epididymal adipose tissue samples.
In the present study, HF significantly increased F4/80 localization around adipocytes and the number
of crown-like structures (CLS) by 3.22-fold compared to NOR (p < 0.05). The HF+LVD group showed
a significant 2.51-fold increase in CLS formation compared to the HF group (Figure 4A,B). Thus,
vitamin D insufficiency might lead to adipose tissue macrophage recruitment during the development
of obesity.
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Abstract: Obesity is recognized as a state of chronic low-grade systemic inflammation due to adipose
tissue macrophage infiltration and production of proinflammatory adipokines. Decreased vitamin
D status is associated with obesity. The specific aim of the present study is to investigate the
effects of vitamin D on obesity-induced adipose tissue inflammation. Male Sprague-Dawley rats
were randomized and fed a normal diet (NOR, 1000 IU vitamin D/kg diet), a 45% high-fat diet
(HF, 1000 IU vitamin D/kg diet), or a 45% high-fat diet containing 25 IU vitamin D/kg diet (HF+LVD)
for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.

Keywords: adenosine monophosphate-activated protein kinase (AMPK); adipose tissue macrophage
infiltration; obesity; sirtulin 1 (SIRT1); vitamin D

1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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1↵ (CPT1↵), PGC1↵, PPAR↵, very long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA
dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), as well as gene
expression of uncoupling protein 1 (UCP1) related to thermogenesis and energy expenditure,
were significantly suppressed by vitamin D inadequacy (Figure 2B).

Table 4. Metabolic serum characteristics of low-fat control (NOR) and high fat control (HF) and vitamin
D-insufficient (HF+LVD)-fed rats.

NOR (n = 9) HF (n = 7) HF+LVD (n = 7)

25(OH)D (nmol/L) 102.59 ± 6.75 103.46 ± 5.76 68.56 ± 7.97 #

Glucose (mmol/L) 12.28 ± 0.98 14.03 ± 2.40 16.74 ± 1.95 *
Insulin (µU/mL) 39.90 ± 4.19 58.77± 5.06 ** 75.56 ± 8.17 #

Lipids (mmol/L)
- Triglyceride 0.87 ± 0.10 1.22 ± 0.08 * 1.80 ± 0.28 *
- Total cholesterol 1.97 ± 0.13 2.63 ± 0.13 ** 3.56 ± 0.54 #

- HDL cholesterol 2.13 ± 0.10 2.35 ± 0.10 2.35 ± 0.21
- LDL cholesterol 0.21 ± 0.03 0.29 ± 0.03 ** 0.39 ± 0.03 ##

AST (IU/L) 107.50 ± 11.82 107.00 ± 13.85 107.83 ± 12.97
ALT (IU/L) 33.63 ± 6.45 30.60 ± 4.23 30.71 ± 2.56

Data are expressed as the mean ± SEM (n = 7–9/group). * p < 0.05; ** p < 0.01 compared to NOR.
# p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D; HF, 45% fat
diet with 1000 IU vitamin D; HF+LVD, high-fat plus low vitamin D, 45% fat diet containing 25 IU
vitamin D. 25(OH)D, 25-hydroxyvitamin D; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST,
aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 2. Influence of vitamin D insufficiency on gene expression involved in adipogenesis (A) and
fatty acid oxidation (B). mRNA levels were determined by RT-PCR and normalized for all samples
to �-actin. The results are expressed as the fold change compared to NOR. The value of each bar
represents the mean ± SEM. * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to
HF. NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.4. Vitamin D-Insufficient Diet Increases Inflammatory Cytokines in Serum and Adipose Tissues of Obese Rats

To demonstrate the effect of vitamin D inadequacy on local and systemic inflammation,
the production and secretion of proinflammatory cytokines in serum and adipose tissue were evaluated
using commercial colorimetric enzyme-linked kits and RT-PCR. Vitamin D insufficiency (HF+LVD)
significantly exacerbated HF-increased serum concentrations of IL-6 and TNF↵ by 2.73- and 1.56-fold,
respectively (Figure 3A). Consistent with serum levels, there were significant 2.75- and 3.82-fold
increase in IL-6 and TNF↵ mRNA levels between vitamin D-insufficient and optimal levels in the
high-fat diet group (Figure 3B). In addition, vitamin D insufficiency led to increased levels of IL-6 and
TNF↵ in adipose tissue by 1.31- and 2.98-fold, respectively (Figure 3C). This indicates that vitamin
D inadequacy might result in increased local and systemic inflammation during the development
of obesity.
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Figure 4. Vitamin D insufficiency increases macrophage infiltration in adipose tissue. (A) Macrophage
marker, F4/80 immunohistochemistry of epididymal adipose tissue (scale bar, 50 µm; magnification,
40⇥); the black arrows indicate a CLS; (B) Number of CLS was quantified from multiple histologic
sections and expressed as the mean ± SEM. ** p < 0.01 compared to NOR. ## p < 0.01 compared to HF.
NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.6. Vitamin D Insufficiency Decreases AMPK and SIRT1 Activity in Obese Adipose Tissue

The activities of two important nutrient sensors and inflammatory regulators, AMPK and
SIRT1, in adipose tissue were determined in the current study. Vitamin D insufficiency (HF+LVD)
significantly reduced both SIRT1 gene expression and activity compared to the HF group (Figure 5A,B).
Next, we examined whether vitamin D inadequacy affects AMPK activity in addition to decreasing
SIRT1 activity. As shown in Figure 5C, there was a further inhibitory effect of vitamin D insufficiency
on adipose tissue AMPK activation (p < 0.05).
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Figure 5. Vitamin D insufficiency decreases mRNA expression and activity of SIRT1 and AMPK activity
in adipose tissue. SIRT1 mRNA levels were measured by quantitative RT-PCR and normalized to
�-actin (A); SIRT1 activity was analyzed by a fluorometric SIRT1 activity assay kit (B); AMPK activity
was measured using an AMPK kinase kit, normalized to their relative protein contents and expressed
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4. Discussion

Accumulating evidence demonstrates a negative association between vitamin D status and
obesity [11,12]. The present study determined that diet-induced vitamin D insufficiency exacerbated
high-fat-diet-increased body weight gain, adipose tissue expansion and macrophage infiltration and
inflammation. To the best of our knowledge, this study demonstrates for the first time that vitamin
D insufficiency significantly decreases SIRT1 and AMPK activity in the adipose tissues of obese rats.
These results suggest that increased vitamin D intake might have beneficial effects on obesity due to
reduced fat accumulation and decreased local and systemic inflammation, concurrent with an increase
in AMPK/SIRT1 activity.

During the progression of obesity, adipose tissue exhibits dynamic expansion, increased
production and secretion of peptides and inflammation [1,3,6,7,9]. Targeting adipose development
and function changes during the development of obesity has been regarded as a possible strategy
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Abstract: Obesity is recognized as a state of chronic low-grade systemic inflammation due to adipose
tissue macrophage infiltration and production of proinflammatory adipokines. Decreased vitamin
D status is associated with obesity. The specific aim of the present study is to investigate the
effects of vitamin D on obesity-induced adipose tissue inflammation. Male Sprague-Dawley rats
were randomized and fed a normal diet (NOR, 1000 IU vitamin D/kg diet), a 45% high-fat diet
(HF, 1000 IU vitamin D/kg diet), or a 45% high-fat diet containing 25 IU vitamin D/kg diet (HF+LVD)
for 12 weeks. The vitamin D-insufficient diet (HF+LVD) led to vitamin D inadequacy as determined
by serum 25(OH)D level, 68.56 ± 7.97 nmol/L. The HF+LVD group exacerbated HF-increased
adipocyte size, adipogenic gene expression of PPAR�, adipose tissue macrophage recruitment,
and proinflammatory cytokine IL-6 and TNF↵ levels in epididymal white adipose tissue. In addition,
vitamin D insufficiency significantly decreased mRNA levels of �-oxidation-related genes such as
CPT1↵, PGC1↵, PPAR↵, VLCAD, LCAD, MCAD, and UCP1. Moreover, significant decrements of
SIRT1 and AMPK activity were noted in obese rats fed with a vitamin D-insufficient diet. The observed
deleterious effects of vitamin D insufficiency on adipose tissue expansion, immune cell infiltration
and inflammatory status suggest vitamin D plays a beneficial role in adipocyte metabolic metabolism
and obesity progression. SIRT1 and AMPK activity may play a role in the mechanism of vitamin
D action.

Keywords: adenosine monophosphate-activated protein kinase (AMPK); adipose tissue macrophage
infiltration; obesity; sirtulin 1 (SIRT1); vitamin D

1. Introduction

Obesity is characterized by excessive fat accumulation in adipose tissue [1,2]. Increased adipose
tissue mass is associated with changes in the endocrine and metabolic functions of adipose tissue,
reflecting the increased number of infiltrated immune cells [3–5] and the production and secretion
of biologically active proteins, including leptin, tumor necrosis factor ↵ (TNF↵), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), resistin and adiponectin [6,7]. Increased adiposity
and local inflammation in adipose tissue are linked to alterations in systemic physiology and the
pathogenesis of obesity-induced complications [8–10]. Thus, an understanding of the molecular
mechanisms of adipose tissue formation, function and changes during the progression of obesity is
required for the prevention and treatment of obesity and obesity-related complications.

There is a strong association between vitamin D status and obesity, as low vitamin D status
is highly prevalent in obese people [11,12]. Negative relationships between body fat content
and 25-hydroxyvitamin D (25(OH)D), the most accepted marker of vitamin D status, have been
reported [13–16]. In parallel with body fat mass, the synthesis and release of proinflammatory
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1↵ (CPT1↵), PGC1↵, PPAR↵, very long-chain acyl-CoA dehydrogenase (VLCAD), long-chain acyl-CoA
dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), as well as gene
expression of uncoupling protein 1 (UCP1) related to thermogenesis and energy expenditure,
were significantly suppressed by vitamin D inadequacy (Figure 2B).

Table 4. Metabolic serum characteristics of low-fat control (NOR) and high fat control (HF) and vitamin
D-insufficient (HF+LVD)-fed rats.

NOR (n = 9) HF (n = 7) HF+LVD (n = 7)

25(OH)D (nmol/L) 102.59 ± 6.75 103.46 ± 5.76 68.56 ± 7.97 #

Glucose (mmol/L) 12.28 ± 0.98 14.03 ± 2.40 16.74 ± 1.95 *
Insulin (µU/mL) 39.90 ± 4.19 58.77± 5.06 ** 75.56 ± 8.17 #

Lipids (mmol/L)
- Triglyceride 0.87 ± 0.10 1.22 ± 0.08 * 1.80 ± 0.28 *
- Total cholesterol 1.97 ± 0.13 2.63 ± 0.13 ** 3.56 ± 0.54 #

- HDL cholesterol 2.13 ± 0.10 2.35 ± 0.10 2.35 ± 0.21
- LDL cholesterol 0.21 ± 0.03 0.29 ± 0.03 ** 0.39 ± 0.03 ##

AST (IU/L) 107.50 ± 11.82 107.00 ± 13.85 107.83 ± 12.97
ALT (IU/L) 33.63 ± 6.45 30.60 ± 4.23 30.71 ± 2.56

Data are expressed as the mean ± SEM (n = 7–9/group). * p < 0.05; ** p < 0.01 compared to NOR.
# p < 0.05; ## p < 0.01 compared to HF. NOR, 10% fat diet with 1000 IU vitamin D; HF, 45% fat
diet with 1000 IU vitamin D; HF+LVD, high-fat plus low vitamin D, 45% fat diet containing 25 IU
vitamin D. 25(OH)D, 25-hydroxyvitamin D; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST,
aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 2. Influence of vitamin D insufficiency on gene expression involved in adipogenesis (A) and
fatty acid oxidation (B). mRNA levels were determined by RT-PCR and normalized for all samples
to �-actin. The results are expressed as the fold change compared to NOR. The value of each bar
represents the mean ± SEM. * p < 0.05; ** p < 0.01 compared to NOR. # p < 0.05; ## p < 0.01 compared to
HF. NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.4. Vitamin D-Insufficient Diet Increases Inflammatory Cytokines in Serum and Adipose Tissues of Obese Rats

To demonstrate the effect of vitamin D inadequacy on local and systemic inflammation,
the production and secretion of proinflammatory cytokines in serum and adipose tissue were evaluated
using commercial colorimetric enzyme-linked kits and RT-PCR. Vitamin D insufficiency (HF+LVD)
significantly exacerbated HF-increased serum concentrations of IL-6 and TNF↵ by 2.73- and 1.56-fold,
respectively (Figure 3A). Consistent with serum levels, there were significant 2.75- and 3.82-fold
increase in IL-6 and TNF↵ mRNA levels between vitamin D-insufficient and optimal levels in the
high-fat diet group (Figure 3B). In addition, vitamin D insufficiency led to increased levels of IL-6 and
TNF↵ in adipose tissue by 1.31- and 2.98-fold, respectively (Figure 3C). This indicates that vitamin
D inadequacy might result in increased local and systemic inflammation during the development
of obesity.
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Figure 4. Vitamin D insufficiency increases macrophage infiltration in adipose tissue. (A) Macrophage
marker, F4/80 immunohistochemistry of epididymal adipose tissue (scale bar, 50 µm; magnification,
40⇥); the black arrows indicate a CLS; (B) Number of CLS was quantified from multiple histologic
sections and expressed as the mean ± SEM. ** p < 0.01 compared to NOR. ## p < 0.01 compared to HF.
NOR, 10% fat diet with 1000 IU vitamin D (n = 9); HF, 45% fat diet with 1000 IU vitamin D (n = 7);
HF+LVD, 45% fat diet containing 25 IU vitamin D (n = 7).

3.6. Vitamin D Insufficiency Decreases AMPK and SIRT1 Activity in Obese Adipose Tissue

The activities of two important nutrient sensors and inflammatory regulators, AMPK and
SIRT1, in adipose tissue were determined in the current study. Vitamin D insufficiency (HF+LVD)
significantly reduced both SIRT1 gene expression and activity compared to the HF group (Figure 5A,B).
Next, we examined whether vitamin D inadequacy affects AMPK activity in addition to decreasing
SIRT1 activity. As shown in Figure 5C, there was a further inhibitory effect of vitamin D insufficiency
on adipose tissue AMPK activation (p < 0.05).
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in adipose tissue. SIRT1 mRNA levels were measured by quantitative RT-PCR and normalized to
�-actin (A); SIRT1 activity was analyzed by a fluorometric SIRT1 activity assay kit (B); AMPK activity
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4. Discussion

Accumulating evidence demonstrates a negative association between vitamin D status and
obesity [11,12]. The present study determined that diet-induced vitamin D insufficiency exacerbated
high-fat-diet-increased body weight gain, adipose tissue expansion and macrophage infiltration and
inflammation. To the best of our knowledge, this study demonstrates for the first time that vitamin
D insufficiency significantly decreases SIRT1 and AMPK activity in the adipose tissues of obese rats.
These results suggest that increased vitamin D intake might have beneficial effects on obesity due to
reduced fat accumulation and decreased local and systemic inflammation, concurrent with an increase
in AMPK/SIRT1 activity.

During the progression of obesity, adipose tissue exhibits dynamic expansion, increased
production and secretion of peptides and inflammation [1,3,6,7,9]. Targeting adipose development
and function changes during the development of obesity has been regarded as a possible strategy
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a b s t r a c t 
The role of vitamin D in regulating calcium metabolism and skeletal growth and disease is 
widely recognized. Indeed, current recommendations for serum vitamin D concentrations 
are based on these parameters. A serum vitamin D < 20 ng/mL is considered deficient, con- 
centrations between 20 and 30 ng/mL are insufficient, and > 30 ng/mL is adequate. However, 
over the past number of years, epidemiological studies, randomized clinical trials, and pre- 
clinical animal and cell culture–based research have demonstrated that vitamin D modu- 
lates immune function. Cardiovascular disease (CVD), the leading cause of morbidity and 
mortality in the United States and in industrialized nations, is mediated in part by chronic 
inflammation as well as by other well-established risk factors including dyslipidemia, hy- 
pertension, obesity, and diabetes. Vitamin D deficiency ( < 20 ng/mL or < 50 nM) is associated 
with increased CVD risk. As described in this review, several recent systematic reviews and 
meta-analyses provide some evidence that vitamin D administration to individuals with 
vitamin D deficiency may have little effect on CVD-related mortality. Many well-designed 
randomized clinical trials in the general population as well as in people at risk for CVD- 
related complication later in life provide evidence that treatment may be beneficial. These 
latter studies as well as the paucity of information regarding the optimal vitamin D concen- 
tration required for optimizing immune function in patients indicate that more research is 
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lupus erythematosus; TNF α, tumor necrosis factor α; VCAM1, vascular cell adhesion molecule-1; VDR, vitamin D receptor.
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Fig. 2 – The effect of vitamin D on macrophage cell differentiation. Macrophage cells modulate the adaptive immune 
response as well as responses to pathogens. Intrinsic triggers such as intracellular pathogens, cytokines such as TNF α, 
IFN γ, LPS, and lipoproteins trigger the polarization of M0 macrophages toward the M1 macrophage pathway. M1 cells 
release several proinflammatory cytokines including TNF α, IL-6, IL-1 β, IL-12, and MCP-1. Other intrinsic triggers such as 
extracellular parasites, immune complexes, complement, apoptotic cells, and cytokines including TGF β, IL-4, IL-10, IL-13, 
and MCSF trigger macrophage polarization toward M2 cells. M2 cells release primarily anti-inflammatory cytokines 
including TGF β and IL-10, but also small amounts of TNF α, MCP-1, and IL-6. Elevated intracellular 1,25-(OH)2 D3 activates the 
VDR and induces macrophage differentiation, promoting the predominance of M1 cells over M2 cells. Relatedly, VDR-/- 
macrophage cells primarily adopt the M2 state. Though M1 and M2 cells are typically considered proinflammatory and 
anti-inflammatory phenotypes, respectively, it is not entirely clear how each cell population modulates atherosclerotic 
lesion development. 1,25-(OH)2 D3 , 1,25-dihydroxyvitamin D3 ; IFN γ, interferon γ; IL-1 β, interleukin-1 β; IL-4, interleukin-4; 
IL-6, interleukin-6; IL-10, interleukin-10; IL-12, interleukin-12; IL-13, interleukin-13; LPS, lipopolysaccharide; M0, 
uncommitted macrophages; MCP-1, monocyte chemoattractant protein-1; MCSF, monocyte colony stimulating factor; TGF β, 
transforming growth factor β; TNF α, tumor necrosis factor α; VDR, vitamin D receptor. 

A recent meta-analysis consisting of 21 RCTs indicated that 
vitamin D supplementation was not associated with signifi- 
cantly reduced risk of CVD [ 48 ]. This meta-analysis analyzed 
only RCTs with cardiovascular outcomes, more than 1-year 
intervention, and any form of vitamin D use with and with- 
out calcium supplementation. Studies were identified with 
the search terms vitamin D, cholecalciferol, ergocalciferol, car- 

diovascular, cardiac, myocardial, and heart. Studies that did 
not include cardiovascular outcomes were excluded. The au- 
thors noted, however, that their study is limited by the obser- 
vation that only 4 of the 21 studies had a primary outcome of 
development of cardiovascular events [ 48 ]. Focusing on the 4 
studies, vitamin D supplementation was not as high as those 
used in other RCTs that found favorable effects of vitamin D on 
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a dysmetabolic state following weight gain are observations
in individuals with lipoatrophy or lipodystrophy. As dis-
cussed, they are characterized by marked insulin resistance,
reduced glucose tolerance, and ectopic lipid accumulation
due to the inability to store fat in the adipose tissue (60,
235). Similar consequences are seen in genetically engi-
neered mouse models of lipoatrophy and lipodystrophy
(219).

Adipose tissue expansion occurs through a combination of
adipocyte hyperplasia and adipocyte hypertrophy. Recruit-
ment and differentiation of new preadipocytes in SAT when
needed to store excess fat is the preferred way of adipose
tissue expansion and protects against metabolic disease (98,
161) as illustrated in FIGURE 1.

The protective effect of hyperplastic/healthy SAT expan-
sion has also been verified in several animal models. An
elegant example is the mouse model overexpressing adi-
ponectin in the adipose tissue. This leads to massive obesity
due to a significant hyperplastic expansion of SAT, com-
bined with a metabolic profile that is similar to that of lean
control littermates (148). A similar protection was also
demonstrated in another example of obesity with normal,
or even further improved metabolism, i.e., the mouse model
overexpressing glucose transporter-4 (GLUT-4) in the adi-
pose tissue (1). These mice display lower ambient glycemia
and insulinemia and enhanced glucose tolerance, in combi-
nation with hyperplastic expansion of the adipose tissue.
Furthermore, chemically induced hyperplastic expansion of
SAT by injecting an adipogenic cocktail has also been re-
ported to improve glucose tolerance and insulin sensitivity
(188). Yet another example of how adipose tissue expand-
ability is protective and more important than obesity per se
is the recent study where adipose tissue-specific overexpres-
sion of Cidea (cell death-inducing DNA fragmentation fac-
tor-!-like effector A) improves metabolism through healthy
expansion of the adipose tissue (2). That healthy adipose

tissue expansion also improves insulin sensitivity and glu-
cose metabolism in humans is supported by the actions of
the insulin sensitizers, the thiazolidinediones (TZD), which
improve whole body insulin sensitivity, despite increased
body weight, by hyperplastic expansion of SAT (6).

D. Adipocyte Hypertrophy in SAT—A Marker
of Dysfunction and Insulin Resistance

Many studies have shown that SAT adipocyte size is related
to, and predicts, the metabolic complications of obesity.
Correlations between increased SAT adipocyte cell size and
insulin resistance have been well documented in both men
and women (62, 156, 185, 312) and also in obese children
(162). Most studies, but not all (137, 170), have reported
that enlarged SAT adipocytes are correlated with insulin
resistance in both normal-weight and obese subjects (14,
106, 112, 226, 238, 320). There have also been reports
showing that insulin resistance is characterized by a larger
population of small adipocytes in SAT, probably reflecting
an impaired ability to differentiate newly recruited adi-
pocytes and store fat (199).

A relationship between visceral adipocyte cell size and in-
sulin sensitivity has also been shown in a number of studies
(170, 214), but not all (191), or that the associations were
no longer significant when adjusting for BMI or other an-
thropometric values (201, 303). However, this is not unex-
pected, since expanded visceral adipose cells is also associ-
ated with increased waist-to-hip ratio, i.e., an abdominal fat
distribution, which also is a marker of ectopic fat accumu-
lation in other sites.

Taken together, SAT cell size is negatively correlated with
whole body insulin sensitivity. However, after adjusting for
markers of the amount of visceral adipose tissue, this rela-
tionship is no longer evident, suggesting that SAT adipose
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Impaired lipid storage capacity
Adverse secretome and cross-talk with other tissues
Etopic lipid accumulation

Epi-/genetic factors
Environment

Adipocyte hyperplasia
Normal adipocyte function
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FIGURE. 1. Hyperplastic expansion of the adipose tissue protects against metabolic disease. Adipose tissue
expansion occurs through a combination of adipocyte hyperplasia and adipocyte hypertrophy and is driven by
both epi-/genetic and environmental factors. Adipocyte hyperplasia is the preferred way of adipose tissue
expansion and protects against metabolic disease by maintaining normal adipocyte function and sufficient lipid
storage capacity within the adipose tissue.
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Figure Legends: 

Figure 1:  Incidence and the prevalence of diabetes increases with the distance people live 

away from the equator: 

Relationship between the incidence of type 1 diabetes (T1D) and the latitude of various countries.  

The incidence of T1D (also T2D and obesity) increases as the distance from the equator 

increases [from Mohr et al, 2008, (216)].   

 

  

Incidencia de Diabetes tipo 2
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Figure 6:  Otherwise healthy people with low serum 25(OH)D have a higher prevalence of 

prediabetes: 

Illustrate a multivariable adjusted odds of prediabetes, according to their serum 25(OH)D levels 

(ng/mL).  Data of predicted odds of having prediabetes (solid line) is shown with 95% CI (dashed 

lines) using nonparametric logistic regression estimates.  Adjusted logistic regression 

demonstrated a statistically significant inverse relationship between serum 25(OH)D levels and 

odds of sustaining prediabetes.  Seventy percent of the occurrences of prediabetes were among 

those with serum vitamin D levels of less than 30 ng/mL [adapted from Shankar et al, 2011 (201)].   

 

  

Las personas sanas con niveles bajos de 25(OH)D en suero presentan 
una mayor prevalencia de prediabetes.
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in the funnel plot. The effect size increased from –0.46 mmol/L (95% CI: –0.74 to -0.19) to
–0.72 mmol/L (95% CI: –1.02 to –0.42) [Supplemental Fig. 1(b)].

For HOMA-IR, funnel plot asymmetry indicated a potential publication bias in de-
termining the effect size of vitamin D supplementation on HOMA-IR changes, compared
with placebo group [Supplemental Fig. 2(a)]. The presence of a publication bias was not
confirmed by Egger’s linear regression (intercept = –1.09, SE = 2.18; 95% CI = –5.67 to 3.49,
t = –0.5, two-tailed P = 0.6). Using the “trim and fill” method to adjust the effect size for
potential publication bias, five potentially missing studies were imputed in the funnel plot
and the effect size increased from –0.39 (95% CI: –0.68 to –0.11) to –0.62 (95% CI: –0.92 to
–0.32) [Supplemental Fig. 2(b)].

Visually inspected funnel plot symmetry did not indicate any potential publication bias
for the comparison of 2HPG levels between the vitamin D–supplemented group and placebo
groups [Supplemental Fig. 3(a)]. Moreover, the Egger’s linear regression (intercept = –1.19,
SE = 1.48; 95% CI: –4.6 to 2.2, t = –0.81, two-tailed P = 0.4) did not detect any publication
bias. Using the “trim and fill” correction and adjusting the effect size for potential pub-
lication bias, no potentially missing study was imputed in the funnel plot and the effect size
remained the same (effect size: –0.13 mmol/L, 95% CI: –0.34 to 0.08) [Supplemental
Fig. 3(b)].

For serum 25(OH)D levels, the funnel plot was asymmetric [Supplemental Fig. 4(a)] and
Egger’s linear regression (intercept = 3.61, SE = 1.76; 95% CI = –0.005 to 7.23, t = 2.05, two-
tailed P = 0.05) indicated a potential bias. Using the “trim and fill” correction method, the
effect size was adjusted for potential publication bias and no potentially missing studies were
imputed in the funnel plot. The effect size remained the same at 45.1 nmol/L (95% CI: 41.3 to
48.9) [Supplemental Fig. 4(b)].

Figure 3. Forest plot of mean change from baseline in HbA1c (%) between vitamin D
supplementation and control.
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–0.11). Subgroup analysis revealed that the effects of vitamin D supplementation on different glycemic
measures were influenced by age, calcium coadministration, vitamin D deficiency, serum 25(OH)D level
after supplementation, and duration of supplementation. Vitamin D supplementation and improved
vitamin D status improved glycemic measures and insulin sensitivity and may be useful as part of a
preventive strategy for type 2 diabetes.
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G. Subgroup Analysis

G-1. Effect of population characteristics

We conducted a subgroup analysis to examine the effect of vitamin D supplementation in pre-
diabetes in comparisonwith populations thatwere overweight/obese but not prediabetic (Table 3).
The lowering effect was observed in both groups with no significant difference in the change of
HbA1c and FPG between prediabetics and overweight/obese participants. Both HbA1c and
HOMA-IR showed a greater reduction over time among overweight/obese individuals compared
with prediabetics (HbA1c: –0.98 6 0.45 vs –0.29 6 0.14, P = 0.1; HOMA-IR: –0.62 6 0.23 vs
–0.07 6 0.16, P = 0.05). There were not enough studies to perform subgroup analyses on 2HPG.

G-2. Effect of combined vitamin D and calcium supplementation

Subgroup analysis was performed to determine if concomitant calcium supplementa-
tion influenced the effects of vitamin D (Table 3). There was no significant difference in the
change of HbA1c and HOMA-IR when calcium was provided in combination with vitamin D
compared with vitamin D alone (HbA1c: –1.05 6 0.74 vs –0.53 6 0.18, P = 0.2; HOMA-IR:

Figure 4. Forest plot of mean change from baseline in FPG (mmol/L) between vitamin D
supplementation and control.
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–0.46 6 0.5 vs –0.38 6 0.1, P = 0.4), although coadministration of calcium showed greater
reduction in HbA1c. However, FPG (–1.676 0.5 vs –0.186 0.1, P = 0.002) and 2HPG (–0.546
0.3 vs 0.03 6 0.06, P = 0.02) showed a greater reduction when vitamin D was provided in
combination with calcium. Overall, combining calcium with vitamin D improved its effect on
glycemic control.

G-3. Influence of age on the effect of vitamin D

Subgroup analysis was conducted to determine if age influenced outcomes by comparing
studies in which mean participant age in each study was less or greater than 45 years
(Table 3). HbA1c showed greater improvement in populations with a mean age younger than
45 years in comparison with older populations (–1.156 0.6 vs –0.306 0.1, P = 0.05). Greater
reduction in FPG for populations older than 45 years was not statistically significant (–0.586
0.20 vs –0.31 6 0.24, P = 0.2). Changes in HOMA-IR and 2HPG did not differ significantly
between the two compared age groups.

G-4. Influence of obesity on the effect of vitamin D

We compared the effect of vitamin D supplementation on glycemic measures between studies
conducted in overweight/obese and nonobese populations (Table 3). There was no significant

Figure 5. Forest plot of mean change from baseline in HOMA-IR between vitamin D
supplementation and control.
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difference in the change of HbA1c, FPG, and HOMA-IR between obese and nonobese pop-
ulations. We were not able to compare 2HPG as it was reported in only one study with a
nonobese population in comparison with nine studies on obese populations.

G-5. Effect of baseline vitamin D status

Participants with vitamin D deficiency, mean serum 25(OH)D concentration ,50 nmol/L, at
the beginning of the intervention were compared with those who had mean serum 25(OH)D
concentration $50 nmol/L (Table 3). Greater reductions were found within HbA1c and FPG
levels when baseline mean serum 25(OH)D concentration was $50 nmol/L, whereas the
lowering effect was significantly less in the subgroup with baselinemean 25(OH)D,50 nmol/L

Figure 6. Forest plot of mean change from baseline in plasma glucose after 2HPG (mmol/L)
between vitamin D supplementation and control.

Figure 7. (a) Funnel plot of SE by standardized mean difference for HbA1c, detailing
publication bias in the studies selected for analyses. Closed circles represent observed
published studies. (b) “Trim and fill” method to impute for potentially missing studies
for HbA1c. Four potentially missing studies were imputed in funnel plot. Closed circles
represent observed published studies. Squares with circle inside represent imputed studies.
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Diabetes prevention is a public health priority. Vitamin D supplementation may help prevent the
development of diabetes in persons at increased risk. We performed a meta-analysis of controlled
clinical trials that assessed glycemic outcome measures among adults at risk for type 2 diabetes, in-
cluding prediabetes, overweight, or obesity. We searched PUBMED/ MEDLINE, CINAHL, and Google
Scholar databases for trials published prior to April 2017. Placebo-controlled clinical trials with random
allocation to vitaminDwith or without calcium supplementationwere selected. Data collection included
country, study design, inclusion criteria, sample size, form, and dose of vitamin D, supplementation
interval, control group, duration, participant characteristics, comorbidities, baseline and follow-up
serum 25-hydroxyvitamin D [25(OH)D] concentration, and available outcome measures [glycosylated
hemoglobin (HbA1c), fasting plasma glucose, plasma glucose after 2-hour oral glucose tolerance test,
and homeostatic model assessment of insulin resistance (HOMA-IR)]. Data synthesis was conducted
using random-effect models (PROSPERO registration no. CRD42017055326). Twenty-eight trials,
representing 3848 participants, met the eligibility criteria. Compared with the control group, vitamin D
supplementation significantly reduced HbA1c level by –0.48% (95% CI, –0.79 to –0.18), fasting plasma
glucose level by –0.46 mmol/L (95% CI, –0.74 to –0.19), and HOMA-IR level by –0.39 (95% CI, –0.68 to
–0.11). Subgroup analysis revealed that the effects of vitamin D supplementation on different glycemic
measures were influenced by age, calcium coadministration, vitamin D deficiency, serum 25(OH)D level
after supplementation, and duration of supplementation. Vitamin D supplementation and improved
vitamin D status improved glycemic measures and insulin sensitivity and may be useful as part of a
preventive strategy for type 2 diabetes.

Copyright © 2018 Endocrine Society

This article has been published under the terms of the Creative Commons Attribution Non-
Commercial, No-Derivatives License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-
nd/4.0/).

Freeform/Key Words: 25-hydroxyvitamin D, cholecalciferol, diabetes, hemoglobin A1c,
prediabetes, vitamin D

Every 3 minutes, a Canadian is diagnosed with type 2 diabetes or prediabetes [1]. Currently,
more than 5.7 million Canadians have prediabetes [1]. Prediabetes refers to impaired fasting
glucose or impaired glucose tolerance, with fasting blood glucose levels above normal but not
elevated enough to be diagnosed as type 2 diabetes mellitus [2]. People with prediabetes are
at a 50% higher risk of developing type 2 diabetes [3, 4]. Yet, even if these people at high risk
do not progress to type 2 diabetes, prediabetics are still prone to some of the long-term
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Background: The role of vitamin D in people who are at risk
for type 2 diabetes remains unclear.

Purpose: To evaluate whether administration of vitamin D
decreases risk for diabetes among people with prediabetes.

Data Sources: PubMed, Embase, and ClinicalTrials.gov from
database inception through 9 December 2022.

Study Selection: Eligible trials that were specifically designed
and conducted to test the effects of oral vitamin D versus pla-
cebo on new-onset diabetes in adults with prediabetes.

Data Extraction: The primary outcome was time to event
for new-onset diabetes. Secondary outcomes were regression
to normal glucose regulation and adverse events. Prespecified
analyses (both unadjusted and adjusted for key baseline varia-
bles) were conducted according to the intention-to-treat principle.

Data Synthesis: Three randomized trials were included,
which tested cholecalciferol, 20 000 IU (500 mcg) weekly;
cholecalciferol, 4000 IU (100 mcg) daily; or eldecalcitol, 0.75
mcg daily, versus matching placebos. Trials were at low risk
of bias. Vitamin D reduced risk for diabetes by 15% (hazard
ratio, 0.85 [95% CI, 0.75 to 0.96]) in adjusted analyses, with
a 3-year absolute risk reduction of 3.3% (CI, 0.6% to 6.0%).
The effect of vitamin D did not differ in prespecified subgroups.

Among participants assigned to the vitamin D group who main-
tained an intratrial mean serum 25-hydroxyvitamin D level of at
least 125 nmol/L (≥50 ng/mL) compared with 50 to 74 nmol/L
(20 to 29 ng/mL) during follow-up, cholecalciferol reduced risk
for diabetes by 76% (hazard ratio, 0.24 [CI, 0.16 to 0.36]), with a
3-year absolute risk reduction of 18.1% (CI, 11.7% to 24.6%).
Vitamin D increased the likelihood of regression to normal
glucose regulation by 30% (rate ratio, 1.30 [CI, 1.16 to 1.46]).
There was no evidence of difference in the rate ratios for adverse
events (kidney stones: 1.17 [CI, 0.69 to 1.99]; hypercalcemia: 2.34
[CI, 0.83 to 6.66]; hypercalciuria: 1.65 [CI, 0.83 to 3.28]; death:
0.85 [CI, 0.31 to 2.36]).

Limitations: Studies of people with prediabetes do not
apply to the general population. Trials may not have been
powered for safety outcomes.

Conclusion: In adults with prediabetes, vitamin D was effec-
tive in decreasing risk for diabetes.

Primary Funding Source:None. (PROSPERO: CRD42020163522)

Ann Intern Med. 2023;176:355-363. doi:10.7326/M22-3018 Annals.org
For author, article, and disclosure information, see end of text.
This article was published at Annals.org on 7 February 2023.

Observational studies provide strong and consistent
support for an inverse association between blood

25-hydroxyvitamin D level and risk for type 2 diabetes
(1). However, the question of whether vitamin D decreases
risk for new-onset diabetes remains unanswered. In trials
that were specifically designed to test the hypothesis that
vitamin D reduces the rate of progression to diabetes in
people with prediabetes (2–4), the risk for developing
diabetes was consistently lower in the group assigned
to vitamin D than in the placebo group; however, the
observed differences were not statistically significant,
and the reported relative risk reductions (10% to 13%)
were smaller than each trial was powered to detect
(25% to 36%).

Two meta-analyses of aggregate data from trials that
assessed the effect of vitamin D on diabetes risk
reported statistically significant relative risk reductions of
11% to 12% for new-onset diabetes with vitamin D (5, 6).
Zhang and colleagues synthesized results from 8 trials
(total n= 4896; range of sample sizes, 117 to 2423; dura-
tion of follow-up, 6 months to 5 years) in persons with
prediabetes (6). Three of the included trials had low risk
of bias (2–4), and the rest had either unclear or high risk
of bias. Barbarawi and colleagues synthesized results
from 9 trials (total n= 43559; range of sample sizes, 109 to
33951; duration of follow-up, 1 to 7 years) that reported on

the effect of taking vitamin D for at least 1 year on new-
onset diabetes (5). This meta-analysis included 2 trials
(total n= 38780) that were conducted for nondiabetes
outcomes (fracture reduction) in persons with average di-
abetes risk and reported data on new-onset diabetes in
post hoc analyses (7, 8). Data from 1 large vitamin D and
diabetes prevention trial that was included in both meta-
analyses were derived from an abstract (4). Overall, both
meta-analyses included trials that had relatively short
durations for assessment of diabetes risk (for example, ≤1
year), had high risk of bias (for example, open-label trials),
or were not specifically designed and conducted for
primary prevention of type 2 diabetes, potentially under-
mining the validity of the results. In contrast, a meta-
analysis based on individual participant data (IPD) can
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reduced risk for diabetes in participants with a baseline BMI
below the median of 31.3 kg/m2 but not in those with a
BMI at or above the median (hazard ratios, 0.74 [CI, 0.60
to 0.90] and 1.01 [CI, 0.84 to 1.22], respectively; P for
interaction= 0.023) (Supplement Figure 3, available at
Annals.org). In contrast, in the trial that used eldecalcitol,
an active analogue of vitamin D that does not require
hydroxylation by CYP2R1, there was no effect modifica-
tion by baseline BMI (P for interaction= 0.82).

Intratrial 25-HydroxyvitaminD Level and
Diabetes Risk

In the 2 trials that administered cholecalciferol
(Tromsø and D2d [2, 3]), there was a statistically significant
interaction between intratrial cumulative mean serum 25-
hydroxyvitamin D level and treatment assignment (chole-
calciferol or placebo) on risk for diabetes (P< 0.001);
therefore, we present results by treatment (cholecalciferol
vs. placebo). Among participants assigned to cholecalcif-
erol, the hazard ratios for diabetes among those who
maintained intratrial mean serum 25-hydroxyvitamin D
levels of 100 to 124 nmol/L (40 to 50 ng/mL) (n= 400) and
125 nmol/L or higher (≥50 ng/mL) (n= 472) during follow-
up were 0.38 (CI, 0.27 to 0.55) and 0.24 (CI, 0.16 to 0.36),
respectively, compared with participants who maintained
levels of 50 to 74 nmol/L (20 to 29 ng/mL) (n= 114)
(Figure 3). Absolute risk reductions at 3 years were 11.4%
(CI, 4.6% to 18.3%) and 18.1% (CI, 11.7% to 24.6%),
respectively. Among participants assigned to placebo,
the hazard ratios for diabetes by intratrial cumulative
mean serum 25-hydroxyvitamin D group were not statisti-
cally significant (Figure 3).

Regression to Normal Glucose Regulation
At the last study visit, 271 of 1881 participants

(14.4%) in the vitamin D group had experienced regres-
sion to normal glucose regulation compared with 209 of
1889 (11.1%) in the placebo group. The rate ratio for
regression to normal glucose regulation in the vitamin D
group compared with placebo at the last visit was 1.30

(CI, 1.16 to 1.46) (Supplement Figure 4, available at
Annals.org).

Safety
The frequency of the prespecified adverse events of

interest (kidney stones, hypercalcemia, and hypercalciu-
ria) was low. Rate ratios were 1.17 (CI, 0.69 to 1.99) for
kidney stones, 2.34 (CI, 0.83 to 6.66) for hypercalcemia,
and 1.65 (CI, 0.83 to 3.28) for hypercalciuria (Table 2).
Seven participants (0.3%) in the vitamin D group and 8
(0.4%) in the placebo group died (rate ratio, 0.85 [CI,
0.31 to 2.36]).

DISCUSSION

This IPD meta-analysis of 3 randomized, double-
blinded, placebo-controlled trials specifically designed
for diabetes prevention found that vitamin D in people
with prediabetes was beneficial in decreasing risk for dia-
betes and increasing the likelihood of regression to nor-
mal glucose regulation, with no offsetting safety signals.
Among participants treated with cholecalciferol, achiev-
ing and sustaining higher serum 25-hydroxyvitamin D
levels conferred progressively lower risk for diabetes.

The individual trials included in this meta-analysis,
which were powered to detect diabetes risk reductions
no lower than 25%, reported nearly identical, non–statis-
tically significant risk reductions of 10% (Tromsø), 12%
(D2d), and 13% (DPVD) (2–4). When we combined IPD,
vitamin D reduced risk for diabetes by 12% and 15% in
the unadjusted and adjusted intention-to-treat analyses,
respectively, a benefit that the original trials were under-
powered to detect. We found no statistically significant
effect modification in any subgroup defined by key base-
line characteristics. Although the degree of relative
reduction in risk for diabetes with vitamin D is small
(15%) compared with other diabetes prevention strat-
egies (58% with intensive lifestyle modification and 31%
with metformin in the Diabetes Prevention Program
study) (22), the 3-year absolute risk reduction was 3.3%,

Figure 1. Effect of vitamin D on new-onset diabetes among adults with prediabetes.
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Observational studies provide strong and consistent
support for an inverse association between blood

25-hydroxyvitamin D level and risk for type 2 diabetes
(1). However, the question of whether vitamin D decreases
risk for new-onset diabetes remains unanswered. In trials
that were specifically designed to test the hypothesis that
vitamin D reduces the rate of progression to diabetes in
people with prediabetes (2–4), the risk for developing
diabetes was consistently lower in the group assigned
to vitamin D than in the placebo group; however, the
observed differences were not statistically significant,
and the reported relative risk reductions (10% to 13%)
were smaller than each trial was powered to detect
(25% to 36%).

Two meta-analyses of aggregate data from trials that
assessed the effect of vitamin D on diabetes risk
reported statistically significant relative risk reductions of
11% to 12% for new-onset diabetes with vitamin D (5, 6).
Zhang and colleagues synthesized results from 8 trials
(total n= 4896; range of sample sizes, 117 to 2423; dura-
tion of follow-up, 6 months to 5 years) in persons with
prediabetes (6). Three of the included trials had low risk
of bias (2–4), and the rest had either unclear or high risk
of bias. Barbarawi and colleagues synthesized results
from 9 trials (total n= 43559; range of sample sizes, 109 to
33951; duration of follow-up, 1 to 7 years) that reported on

the effect of taking vitamin D for at least 1 year on new-
onset diabetes (5). This meta-analysis included 2 trials
(total n= 38780) that were conducted for nondiabetes
outcomes (fracture reduction) in persons with average di-
abetes risk and reported data on new-onset diabetes in
post hoc analyses (7, 8). Data from 1 large vitamin D and
diabetes prevention trial that was included in both meta-
analyses were derived from an abstract (4). Overall, both
meta-analyses included trials that had relatively short
durations for assessment of diabetes risk (for example, ≤1
year), had high risk of bias (for example, open-label trials),
or were not specifically designed and conducted for
primary prevention of type 2 diabetes, potentially under-
mining the validity of the results. In contrast, a meta-
analysis based on individual participant data (IPD) can
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translating to a number of persons with prediabetes
needed to treat of 30 (compared with 7 with intensive
lifestyle modification and 14 with metformin in the
Diabetes Prevention Program study). Extrapolating to
the more than 374 million adults worldwide who have
prediabetes suggests that inexpensive vitamin D sup-
plementation could delay the development of diabe-
tes in more than 10 million people.

In participants treated with cholecalciferol (Tromsø and
D2d), those who maintained higher intratrial serum 25-
hydroxyvitamin D levels had lower risk for diabetes, with
the greatest risk reduction (76%) occurring at intratrial se-
rum 25-hydroxyvitamin D levels of 125 nmol/L or higher
compared with those who maintained an intratrial mean
serum 25-hydroxyvitamin D level of 50 to 74 nmol/L. These
findings confirm results from the D2d study, which used
identical methods (21), and are consistent with reports
from aggregate meta-analyses that higher cholecalciferol
doses weremore effective than lower doses in reducing di-
abetes risk (5). These results from the present study are
also consistent with results from longitudinal observational
studies that have reported a larger decrease in diabetes
risk for participants who have blood 25-hydroxyvitamin D
levels above 125 nmol/L (1, 23).

These results suggest that the blood 25-hydroxy-
vitamin D level needed to optimally reduce diabetes
risk may be near and possibly above the range of 125
to 150 nmol/L (50 to 60 ng/mL) that the 2011 Institute
of Medicine Committee to Review Dietary Reference
Intakes for Calcium and Vitamin D provided as the
range corresponding to the tolerable upper intake
level (UL) of 4000 IU/d for vitamin D (24). The report
stated that this UL is purposefully conservative because of
the unavailability of adequate safety data. A carefully

designed and monitored trial of treatment to a 25-
hydroxyvitamin D target is needed to test our finding
that higher levels are required to optimize reduction in di-
abetes risk. Such a “treat-to-target” trial would also pro-
vide important evidence related to the UL for vitamin D.

Clinically relevant adverse events, such as kidney
stones, hypercalcemia, and hypercalciuria, were reported
in each of the 3 included trials. These events were rare
(1.3% for kidney stones, 0.4% for hypercalcemia, and
0.8% for hypercalciuria), and, in the combined analysis,
there were no statistically significant differences between
the vitamin D and placebo groups. Detailed analyses from
the D2d study showed that cholecalciferol at 4000 IU/d
was well tolerated and overall adverse events were less
frequent in the vitamin D group compared with placebo
(25). However, trials are not designed or powered to eval-
uate safety, especially because they exclude people
who may be at risk for adverse events. Although IPD
meta-analyses improve the power to detect differences
in adverse events, they cannot fully assess safety (26–
28). Observational studies can provide clinically useful
information on safety. Longitudinal observational stud-
ies that have reported on blood 25-hydroxyvitamin D
level and diabetes risk have not reported adverse out-
comes with higher levels of 25-hydroxyvitamin D. However,
the benefit and safety of vitamin D are population-specific,
and the balance of benefit and safety requires constant
assessment as evidence evolves.

The vitamin D formulations in the eligible trials were
not identical because of differences in clinical practice
between Europe and the United States (cholecalciferol
was tested in Tromsø and D2d) and Japan (eldecalcitol
was tested in DPVD), which informed the selection of
vitamin D for each trial. Eldecalcitol is a synthetic ana-
logue of calcitriol (1,25-dihydroxyvitamin D), which is the
active form of vitamin D that binds directly to the vitamin
D receptor and is used for prevention and treatment of
osteoporosis in Japan (4). Cholecalciferol requires a 2-
step hydroxylation process to be converted to calcitriol.
Pooling results from these 3 trials is appropriate because
the physiologic effects of cholecalciferol and eldecalcitol
would not be expected to vary given that the final prod-
uct of the vitamin D biosynthetic pathway for cholecalcif-
erol is calcitriol. This is supported by the remarkably
similar relative risk reduction for new-onset diabetes
reported in each trial individually (10% to 13%).

There is evidence that obesity represses vitamin D
bioactivation by CYP2R1 (29, 30), leading to reduced
production of 25-hydroxyvitamin D, and that weight loss
upregulates CYP2R1 expression (30). When we exam-
ined data from the 2 trials that administered cholecalcif-
erol (2, 3), which requires activation first by CYP2R1 and
subsequently by CYP27B1, there was an interaction by
BMI such that participants with baseline BMI below the
median (31.3 kg/m2) had a 26% lower risk for diabetes
with cholecalciferol versus placebo, whereas among par-
ticipants with a BMI at or above the median, there did
not seem to be an effect. In contrast, in the DPVD trial,
which used an active analogue of vitamin D that does not
require hydroxylation by CYP2R1 or CYP27B1 (4), there
was no effect modification by baseline BMI. Taken

Figure 2. Incidence curves for new-onset diabetes among
adults with prediabetes: intention-to-treat analysis.
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support for an inverse association between blood
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(1). However, the question of whether vitamin D decreases
risk for new-onset diabetes remains unanswered. In trials
that were specifically designed to test the hypothesis that
vitamin D reduces the rate of progression to diabetes in
people with prediabetes (2–4), the risk for developing
diabetes was consistently lower in the group assigned
to vitamin D than in the placebo group; however, the
observed differences were not statistically significant,
and the reported relative risk reductions (10% to 13%)
were smaller than each trial was powered to detect
(25% to 36%).

Two meta-analyses of aggregate data from trials that
assessed the effect of vitamin D on diabetes risk
reported statistically significant relative risk reductions of
11% to 12% for new-onset diabetes with vitamin D (5, 6).
Zhang and colleagues synthesized results from 8 trials
(total n= 4896; range of sample sizes, 117 to 2423; dura-
tion of follow-up, 6 months to 5 years) in persons with
prediabetes (6). Three of the included trials had low risk
of bias (2–4), and the rest had either unclear or high risk
of bias. Barbarawi and colleagues synthesized results
from 9 trials (total n= 43559; range of sample sizes, 109 to
33951; duration of follow-up, 1 to 7 years) that reported on

the effect of taking vitamin D for at least 1 year on new-
onset diabetes (5). This meta-analysis included 2 trials
(total n= 38780) that were conducted for nondiabetes
outcomes (fracture reduction) in persons with average di-
abetes risk and reported data on new-onset diabetes in
post hoc analyses (7, 8). Data from 1 large vitamin D and
diabetes prevention trial that was included in both meta-
analyses were derived from an abstract (4). Overall, both
meta-analyses included trials that had relatively short
durations for assessment of diabetes risk (for example, ≤1
year), had high risk of bias (for example, open-label trials),
or were not specifically designed and conducted for
primary prevention of type 2 diabetes, potentially under-
mining the validity of the results. In contrast, a meta-
analysis based on individual participant data (IPD) can
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together, these results suggest that the effect of vitamin
D on diabetes risk is mediated via its conversion to 25-
hydroxyvitamin D by CYP2R1—which is primarily expressed
in the liver but also in multiple other tissues, including in
pancreatic b cells (31)—and subsequently to 1,25-dihydrox-
yvitamin D by CYP27B1 in the kidney and pancreatic b
cells and other tissues (32). This can explain why cholecalcif-
erol seems to work in leaner people with prediabetes with
intact CYP2R1 bioactivity but less well in those with over-
weight or obesity who are unable to fully convert vitamin D
to 25-hydroxyvitamin D, thereby reducing the exposure of
the pancreatic b cell to the beneficial effects of the fully
activated vitamin Dmolecule.

Beyond delaying progression to diabetes, regression
to normal glucose regulation is also important because
euglycemia is associated with a lower prevalence of mi-
crovascular disease, nephropathy, and retinopathy com-
pared with prediabetes, primarily due to lower glycemic
exposure over time (33). At the last study visit, participants

assigned to vitamin D were 30% more likely than those in
the placebo group to have had regression to normal glu-
cose regulation. Hence, when evaluating the overall bene-
fit of vitamin D in prediabetes, the higher likelihood of
regression to normal glucose regulation should be added
to the lower risk for progression to diabetes.

This IPDmeta-analysis has several strengths. In contrast
to aggregate data meta-analysis, an IPD meta-analysis in-
creases the statistical power to detect benefits and risks
and, through data harmonization, improves the precision
of results and allows additional, thorough, and more
appropriate analyses, including analyses to establish the
robustness of results in important subgroups (9–12). The
key strength of our meta-analysis lies in the homogeneity
and high quality of the included clinical trials, all of which
were randomized, double-blinded, placebo-controlled,
and at low risk of bias. Most important, and in contrast to
other meta-analyses in this area (5, 6), the eligible trials
in thismeta-analysis were specifically designed and conducted

Figure 3. Effect of cholecalciferol on new-onset diabetes among adults with prediabetes according to intratrial cumulative mean
serum 25-hydroxyvitamin D level.

Events/
Participants, n/N

Hazard Ratio (95% CI)

Cholecalciferol
   <50 nmol/L
   50–74 nmol/L
   75–99 nmol/L
   100–124 nmol/L
   ≥125 nmol/L

8/25
50/114

110/316
94/400
78/472

1.18 (0.55 – 2.54)
1.00 (reference)
0.64 (0.45–0.90)
0.38 (0.27–0.55)
0.24 (0.16–0.36)

Placebo
    <50 nmol/L
    50–74 nmol/L
   75–99 nmol/L
   100–124 nmol/L
    ≥125 nmol/L

95/283
144/500
123/423

20/101
5/24

1.29 (0.98–1.69)
1.00 (reference)
1.07 (0.84–1.37)
0.68 (0.42–1.11)
0.70 (0.28–1.71)

0.10 0.25 0.50 1.0 1.5 2.0 3.0

Analyses censored follow-up when a participant stopped taking the trial pills, started using a diabetes or weight loss medication, or took vitamin
D supplements at a dose above 1000 IU/d outside the study. Details are provided in Supplement Methods 7 (available at Annals.org).

Table 2. Occurrence of Prespecified Adverse Events*

Event Vitamin D (n = 2097; 5643 Person-Years) Placebo (n = 2093; 5514 Person-Years) Incidence
Rate Ratio
for Vitamin D vs.
Placebo (95% CI)

Events,
n

Events per
100 Person-Years

Participants
With ≥1 Event, n

Events,
n

Events per
100 Person-Years

Participants
With ≥1 Event,
n

Kidney stone (self-reported) 30 0.53 29 25 0.45 24 1.17 (0.69–1.99)
Within-study laboratory

evaluation
Hypercalcemia 12 0.21 12 5 0.09 5 2.34 (0.83–6.66)
Hypercalciuria 22 0.39 22 13 0.23 13 1.65 (0.83–3.28)

Death due to any cause 7 0.12 7 8 0.15 8 0.85 (0.31–2.36)

D2d = vitamin D and type 2 diabetes study; DPVD = Diabetes Prevention with active Vitamin D study.
* Kidney stone was a prespecified adverse event of interest in all trials; it was based on self-report and confirmed by review of medical records.
Hypercalcemia was a prespecified adverse event of interest in all trials; it was based on trial-specific serum calcium thresholds (uncorrected for albu-
min) and required confirmation by repeated measurement. Hypercalciuria was a prespecified adverse event of interest in 2 trials (D2d and DPVD); it
was based on trial-specific urine calcium–creatinine thresholds and required confirmation by repeated measurement. In the Tromsø study, partici-
pants were not assessed for hypercalciuria in real time, but primary urine calcium–creatinine data were available. To incorporate the Tromsø study
data in the individual participant data meta-analysis, we used the D2d study criterion for hypercalciuria (yes/no), defined as a fasting morning urine
calcium–creatinine ratio (mg/dL ! mg/dL) above 0.375. Further details on definitions of adverse events are provided in Supplement Methods 5
(available at Annals.org).
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Abstract

Aim: To assess the effects of vitamin D interventions on glycaemic control in subjects

with type 2 diabetes (T2D).

Methods: We searched PubMed, EMBASE, Web of Science and the Cochrane

Library for relevant studies. Serum 25(OH)D, fasting blood glucose (FBG), HbA1c,

fasting insulin and Homeostasis Model Assessment for Insulin Resistance (HOMA-IR)

were analysed.

Results: We identified 39 randomized controlled trials involving 2982 subjects.

Results showed a significant decline in the vitamin D group, as shown by the FBG

weighted mean difference (WMD; !0.49 [95% confidence interval {CI}: !0.69 to

!0.28] mmol/L), HbA1c (WMD !0.30% [95% CI: !0.43 to !0.18]), HOMA-IR

(WMD !0.39 [95% CI !0.64 to !0.14]) and insulin (WMD !1.31 [95% CI: !2.06 to

!0.56] μIU/mL). Subgroup analyses indicated that the effects of vitamin D supple-

mentation on glycaemic control depend on the dosage and duration of supplementa-

tion, baseline 25(OH)D levels and the body mass index of patients with T2D.

Conclusions: Vitamin D supplementation can significantly reduce serum FBG, HbA1c,

HOMA-IR and fasting insulin levels in T2D patients; the effects were especially

prominent when vitamin D was given in a short-term, high dosage to patients with a

vitamin D deficiency, who were overweight, or had an HbA1c of 8% or higher at

baseline. Our study suggests that vitamin D supplements can be recommended as

complementary treatment for T2D patients.
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glycaemic control, meta-analysis, type 2 diabetes, vitamin D

1 | INTRODUCTION

The number of people with type 2 diabetes (T2D) is increasing at a rapid

rate globally, and is expected to reach 783 million by 2045.1 Impaired

insulin sensitivity and secretion represent the main pathophysiological

features of T2D.2 Currently, T2D management involves the use of oral

antihyperglycaemic drugs and insulin injections. However, their effective-

ness is not sustainable because of undesirable side effects, such as

weight gain, hypoglycaemia3 and fracture.4 Additionally, sustaining life-

style interventions can be challenging over the long-term. Therefore, it is

necessary to find sustainable, innovative ways to optimize the prevention

and treatment of T2D. Evidence from epidemiological studies suggests
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long- and short-term groups (WMD !3.5 [95% CI !5.86 to !1.14]

μIU/mL [P < .001]; and WMD ! 0.97 [95% CI !1.68 to !0.27] μIU/

mL [P < .001], respectively). In addition, the effect was more promi-

nent in subgroups of vitamin D deficiency, dosages of more than

2000 IU/d, overweight subjects and those with a baseline HbA1c

of 8% or higher (Table S5).

3.8 | Effects on other metabolic outcomes

Eleven studies22,23,28,33,34,37,40,43,48,50,56 reported C-reactive protein

(CRP) levels. The level of CRP decreased significantly with vitamin D

supplementation (WMDCRP = !0.35 [95% CI: !0.57 to !0.12] mg/L;

P = .003). Additionally, there were no significant changes in

tumour necrosis factor-alpha, systolic blood pressure, diastolic blood

pressure, HDL-C, LDL-C and total cholesterol in individuals receiving

vitamin D supplementation, while triglycerides (TG) decreased signifi-

cantly after vitamin D supplementation (WMDTG = !0.14 [95% CI:

!0.22 to !0.15] mmol/L; P = .002) (Table S6).

3.9 | Publication bias and sensitivity analysis

The asymmetry of the funnel plot suggested potential publication bias

in serum vitamin D levels, FBG and HbA1c (Figure S1). The effect size

was adjusted for potential publication bias (trim-and-fill correction),

F IGURE 4 Forest plots of meta-analysis on the effects of glycaemic index. A, FBG; B, HbA1c; C, HOMA-IR; and D, Fasting insulin. The size of
each box represents the weight of each study, and the lateral tips of each diamond show the CI of the pooled results. CI, confidence interval;
FBG, fasting blood glucose; HOMA-IR, Homeostasis Model Assessment for Insulin Resistance; WMD, weighted mean difference.
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Abstract

Aim: To assess the effects of vitamin D interventions on glycaemic control in subjects

with type 2 diabetes (T2D).

Methods: We searched PubMed, EMBASE, Web of Science and the Cochrane

Library for relevant studies. Serum 25(OH)D, fasting blood glucose (FBG), HbA1c,

fasting insulin and Homeostasis Model Assessment for Insulin Resistance (HOMA-IR)

were analysed.

Results: We identified 39 randomized controlled trials involving 2982 subjects.

Results showed a significant decline in the vitamin D group, as shown by the FBG

weighted mean difference (WMD; !0.49 [95% confidence interval {CI}: !0.69 to

!0.28] mmol/L), HbA1c (WMD !0.30% [95% CI: !0.43 to !0.18]), HOMA-IR

(WMD !0.39 [95% CI !0.64 to !0.14]) and insulin (WMD !1.31 [95% CI: !2.06 to

!0.56] μIU/mL). Subgroup analyses indicated that the effects of vitamin D supple-

mentation on glycaemic control depend on the dosage and duration of supplementa-

tion, baseline 25(OH)D levels and the body mass index of patients with T2D.

Conclusions: Vitamin D supplementation can significantly reduce serum FBG, HbA1c,

HOMA-IR and fasting insulin levels in T2D patients; the effects were especially

prominent when vitamin D was given in a short-term, high dosage to patients with a

vitamin D deficiency, who were overweight, or had an HbA1c of 8% or higher at

baseline. Our study suggests that vitamin D supplements can be recommended as

complementary treatment for T2D patients.
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1 | INTRODUCTION

The number of people with type 2 diabetes (T2D) is increasing at a rapid

rate globally, and is expected to reach 783 million by 2045.1 Impaired

insulin sensitivity and secretion represent the main pathophysiological

features of T2D.2 Currently, T2D management involves the use of oral

antihyperglycaemic drugs and insulin injections. However, their effective-

ness is not sustainable because of undesirable side effects, such as

weight gain, hypoglycaemia3 and fracture.4 Additionally, sustaining life-

style interventions can be challenging over the long-term. Therefore, it is

necessary to find sustainable, innovative ways to optimize the prevention

and treatment of T2D. Evidence from epidemiological studies suggests
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long- and short-term groups (WMD !3.5 [95% CI !5.86 to !1.14]

μIU/mL [P < .001]; and WMD ! 0.97 [95% CI !1.68 to !0.27] μIU/

mL [P < .001], respectively). In addition, the effect was more promi-

nent in subgroups of vitamin D deficiency, dosages of more than

2000 IU/d, overweight subjects and those with a baseline HbA1c

of 8% or higher (Table S5).

3.8 | Effects on other metabolic outcomes

Eleven studies22,23,28,33,34,37,40,43,48,50,56 reported C-reactive protein

(CRP) levels. The level of CRP decreased significantly with vitamin D

supplementation (WMDCRP = !0.35 [95% CI: !0.57 to !0.12] mg/L;

P = .003). Additionally, there were no significant changes in

tumour necrosis factor-alpha, systolic blood pressure, diastolic blood

pressure, HDL-C, LDL-C and total cholesterol in individuals receiving

vitamin D supplementation, while triglycerides (TG) decreased signifi-

cantly after vitamin D supplementation (WMDTG = !0.14 [95% CI:

!0.22 to !0.15] mmol/L; P = .002) (Table S6).

3.9 | Publication bias and sensitivity analysis

The asymmetry of the funnel plot suggested potential publication bias

in serum vitamin D levels, FBG and HbA1c (Figure S1). The effect size

was adjusted for potential publication bias (trim-and-fill correction),

F IGURE 4 Forest plots of meta-analysis on the effects of glycaemic index. A, FBG; B, HbA1c; C, HOMA-IR; and D, Fasting insulin. The size of
each box represents the weight of each study, and the lateral tips of each diamond show the CI of the pooled results. CI, confidence interval;
FBG, fasting blood glucose; HOMA-IR, Homeostasis Model Assessment for Insulin Resistance; WMD, weighted mean difference.
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Abstract

Aim: To assess the effects of vitamin D interventions on glycaemic control in subjects

with type 2 diabetes (T2D).

Methods: We searched PubMed, EMBASE, Web of Science and the Cochrane

Library for relevant studies. Serum 25(OH)D, fasting blood glucose (FBG), HbA1c,

fasting insulin and Homeostasis Model Assessment for Insulin Resistance (HOMA-IR)

were analysed.

Results: We identified 39 randomized controlled trials involving 2982 subjects.

Results showed a significant decline in the vitamin D group, as shown by the FBG

weighted mean difference (WMD; !0.49 [95% confidence interval {CI}: !0.69 to

!0.28] mmol/L), HbA1c (WMD !0.30% [95% CI: !0.43 to !0.18]), HOMA-IR

(WMD !0.39 [95% CI !0.64 to !0.14]) and insulin (WMD !1.31 [95% CI: !2.06 to

!0.56] μIU/mL). Subgroup analyses indicated that the effects of vitamin D supple-

mentation on glycaemic control depend on the dosage and duration of supplementa-

tion, baseline 25(OH)D levels and the body mass index of patients with T2D.

Conclusions: Vitamin D supplementation can significantly reduce serum FBG, HbA1c,

HOMA-IR and fasting insulin levels in T2D patients; the effects were especially

prominent when vitamin D was given in a short-term, high dosage to patients with a

vitamin D deficiency, who were overweight, or had an HbA1c of 8% or higher at

baseline. Our study suggests that vitamin D supplements can be recommended as

complementary treatment for T2D patients.
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1 | INTRODUCTION

The number of people with type 2 diabetes (T2D) is increasing at a rapid

rate globally, and is expected to reach 783 million by 2045.1 Impaired

insulin sensitivity and secretion represent the main pathophysiological

features of T2D.2 Currently, T2D management involves the use of oral

antihyperglycaemic drugs and insulin injections. However, their effective-

ness is not sustainable because of undesirable side effects, such as

weight gain, hypoglycaemia3 and fracture.4 Additionally, sustaining life-

style interventions can be challenging over the long-term. Therefore, it is

necessary to find sustainable, innovative ways to optimize the prevention

and treatment of T2D. Evidence from epidemiological studies suggests
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long- and short-term groups (WMD !3.5 [95% CI !5.86 to !1.14]

μIU/mL [P < .001]; and WMD ! 0.97 [95% CI !1.68 to !0.27] μIU/

mL [P < .001], respectively). In addition, the effect was more promi-

nent in subgroups of vitamin D deficiency, dosages of more than

2000 IU/d, overweight subjects and those with a baseline HbA1c

of 8% or higher (Table S5).

3.8 | Effects on other metabolic outcomes

Eleven studies22,23,28,33,34,37,40,43,48,50,56 reported C-reactive protein

(CRP) levels. The level of CRP decreased significantly with vitamin D

supplementation (WMDCRP = !0.35 [95% CI: !0.57 to !0.12] mg/L;

P = .003). Additionally, there were no significant changes in

tumour necrosis factor-alpha, systolic blood pressure, diastolic blood

pressure, HDL-C, LDL-C and total cholesterol in individuals receiving

vitamin D supplementation, while triglycerides (TG) decreased signifi-

cantly after vitamin D supplementation (WMDTG = !0.14 [95% CI:

!0.22 to !0.15] mmol/L; P = .002) (Table S6).

3.9 | Publication bias and sensitivity analysis

The asymmetry of the funnel plot suggested potential publication bias

in serum vitamin D levels, FBG and HbA1c (Figure S1). The effect size

was adjusted for potential publication bias (trim-and-fill correction),

F IGURE 4 Forest plots of meta-analysis on the effects of glycaemic index. A, FBG; B, HbA1c; C, HOMA-IR; and D, Fasting insulin. The size of
each box represents the weight of each study, and the lateral tips of each diamond show the CI of the pooled results. CI, confidence interval;
FBG, fasting blood glucose; HOMA-IR, Homeostasis Model Assessment for Insulin Resistance; WMD, weighted mean difference.
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Abstract

Aim: To assess the effects of vitamin D interventions on glycaemic control in subjects

with type 2 diabetes (T2D).

Methods: We searched PubMed, EMBASE, Web of Science and the Cochrane

Library for relevant studies. Serum 25(OH)D, fasting blood glucose (FBG), HbA1c,

fasting insulin and Homeostasis Model Assessment for Insulin Resistance (HOMA-IR)

were analysed.

Results: We identified 39 randomized controlled trials involving 2982 subjects.

Results showed a significant decline in the vitamin D group, as shown by the FBG

weighted mean difference (WMD; !0.49 [95% confidence interval {CI}: !0.69 to

!0.28] mmol/L), HbA1c (WMD !0.30% [95% CI: !0.43 to !0.18]), HOMA-IR

(WMD !0.39 [95% CI !0.64 to !0.14]) and insulin (WMD !1.31 [95% CI: !2.06 to

!0.56] μIU/mL). Subgroup analyses indicated that the effects of vitamin D supple-

mentation on glycaemic control depend on the dosage and duration of supplementa-

tion, baseline 25(OH)D levels and the body mass index of patients with T2D.

Conclusions: Vitamin D supplementation can significantly reduce serum FBG, HbA1c,

HOMA-IR and fasting insulin levels in T2D patients; the effects were especially

prominent when vitamin D was given in a short-term, high dosage to patients with a

vitamin D deficiency, who were overweight, or had an HbA1c of 8% or higher at

baseline. Our study suggests that vitamin D supplements can be recommended as

complementary treatment for T2D patients.
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1 | INTRODUCTION

The number of people with type 2 diabetes (T2D) is increasing at a rapid

rate globally, and is expected to reach 783 million by 2045.1 Impaired

insulin sensitivity and secretion represent the main pathophysiological

features of T2D.2 Currently, T2D management involves the use of oral

antihyperglycaemic drugs and insulin injections. However, their effective-

ness is not sustainable because of undesirable side effects, such as

weight gain, hypoglycaemia3 and fracture.4 Additionally, sustaining life-

style interventions can be challenging over the long-term. Therefore, it is

necessary to find sustainable, innovative ways to optimize the prevention

and treatment of T2D. Evidence from epidemiological studies suggests
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long- and short-term groups (WMD !3.5 [95% CI !5.86 to !1.14]

μIU/mL [P < .001]; and WMD ! 0.97 [95% CI !1.68 to !0.27] μIU/

mL [P < .001], respectively). In addition, the effect was more promi-

nent in subgroups of vitamin D deficiency, dosages of more than

2000 IU/d, overweight subjects and those with a baseline HbA1c

of 8% or higher (Table S5).

3.8 | Effects on other metabolic outcomes

Eleven studies22,23,28,33,34,37,40,43,48,50,56 reported C-reactive protein

(CRP) levels. The level of CRP decreased significantly with vitamin D

supplementation (WMDCRP = !0.35 [95% CI: !0.57 to !0.12] mg/L;

P = .003). Additionally, there were no significant changes in

tumour necrosis factor-alpha, systolic blood pressure, diastolic blood

pressure, HDL-C, LDL-C and total cholesterol in individuals receiving

vitamin D supplementation, while triglycerides (TG) decreased signifi-

cantly after vitamin D supplementation (WMDTG = !0.14 [95% CI:

!0.22 to !0.15] mmol/L; P = .002) (Table S6).

3.9 | Publication bias and sensitivity analysis

The asymmetry of the funnel plot suggested potential publication bias

in serum vitamin D levels, FBG and HbA1c (Figure S1). The effect size

was adjusted for potential publication bias (trim-and-fill correction),

F IGURE 4 Forest plots of meta-analysis on the effects of glycaemic index. A, FBG; B, HbA1c; C, HOMA-IR; and D, Fasting insulin. The size of
each box represents the weight of each study, and the lateral tips of each diamond show the CI of the pooled results. CI, confidence interval;
FBG, fasting blood glucose; HOMA-IR, Homeostasis Model Assessment for Insulin Resistance; WMD, weighted mean difference.
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7. Conclusions and future directions 

The pro-inflammatory response, the pathogenesis of diabetes, and 
the beginning and progression of HBA1c may all be influenced by 
vitamin D deficiency, as shown by the clinical and pathophysiological 
characteristics that have already been covered. Additionally, type 2 
diabetic individuals with vitamin D deficiency or insufficiency may see a 
reduction in AGEs and TNF-α blood levels. Supplementing with vitamin 
D was successful in lowering RAGE expression. It is advised to check the 
vitamin D levels in diabetic patients since hypovitaminosis D is common, 
has a significant global impact, and is connected to both the onset and 
natural course of T2DM. Also, it can be advised to include vitamin D in 
both the general populace and individuals with severe vitamin D 
insufficiency and provoked HBA1c/RAGE. Recent years have seen 
minimal advancements in the hunt for complementary medications for 
the management and prevention of diabetes. Drugs that target the mo-
lecular abnormalities brought on by diabetes or the pathways leading to 
glucose toxicity have been the focus of efforts to prevent and treat the 
disease up until now. Theoretically, vitamin D could have further ben-
efits by strengthening vascular repair, inhibiting RAGE expression, 
correcting endothelial dysfunction, reducing inflammation, and/or 
oxidative stress in vascular cells. In a few experiments, vitamin D sup-
plementation was observed to affect participants’ level of insulin resis-
tance. Randomized controlled trials will probably be necessary to see 
whether this can stop the onset of type 2 diabetes. To impact clinical 
guidelines on vitamin D supplementation in individuals with insulin 
resistance, more randomized controlled trials with matched doses of 
vitamin D may be able to shed light on the relationship between vitamin 
D and type 2 diabetes. Given that vitamin D deficiency is common, 
especially in patients who are at higher risk for developing diabetes, and 
that supplementation is safe and affordable, it may represent a new 
approach to the prevention and treatment of not only diabetes but also 
other diabetic complications. Soon, hopefully, some structural in-
vestigations will provide answers to these and other problems. 
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A B S T R A C T   

Diabetes is a metabolic illness that increases protein glycosylation in hyperglycemic conditions, which can have 
an impact on almost every organ system in the body. The role of vitamin D in the etiology of diabetes under 
RAGE (receptor for advanced glycation end products) stress has recently received some attention on a global 
scale. Vitamin D’s other skeletal benefits have generated a great deal of research. Vitamin D’s function in the 
development of type 1 and type 2 diabetes is supported by the discovery of 1,25 (OH)2D3 and 1-Alpha-Hydro-
ylase expression in immune cells, pancreatic beta cells, and several other organs besides the bone system. A lower 
HBA1c level, metabolic syndrome, and diabetes mellitus all seems to be associated with vitamin D insufficiency. 
Most of the cross-sectional and prospective observational studies that were used to gather human evidence 
revealed an inverse relationship between vitamin D level and the prevalence or incidence of elevated HBA1c in 
type 2 diabetes. Several trials have reported on the impact of vitamin D supplementation for glycemia or inci-
dence of type 2 diabetes, with varying degrees of success. The current paper examines the available data for a 
relationship between vitamin D supplementation and HBA1c level in diabetes and discusses the biological 
plausibility of such a relationship.   

1. Vitamin D and diabetes mellitus 

Diabetes mellitus type 1 (T1DM) or type 2 (T2DM) is one of the most 
frequent endocrine illnesses in children or elderly [1–5]. There are 
several trials that have reported on the impact of vitamin D supple-
mentation on new cases of diabetes and were published between 2008 
and 2019 (Table 1). According to certain epidemiologic research, the 

prevalence of T1DM in children under the age of 15 is around 490 000, 
with 78 000 new cases identified each year [6,7]. Another side one in ten 
Americans, or more than 37 million people, have diabetes, and 90–95 % 
of them have type 2 diabetes. Most persons with type 2 diabetes are over 
the age of 45, but it is also more common in kids, teenagers, and young 
adults. The epidemiology of the illness varies by demographic and 
geographical location, however current research suggests that the 
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inflammatory response, was strongly related with HbA1c and RAGE 
expression in a nondiabetic U.S. adult population [45,73]. In a different 
research, non-diabetic individuals with coronary artery disease showed 
favorable correlations between CRP, WBC, fibrinogen, RAGE signaling, 
and HbA1c [83,84]. Research found that oxidative stress markers in 
polymorphonuclear leukocytes (PMNL) and mononuclear cells were 
linked to increased HbA1c independent of diabetes status [73]. A group 
of researchers recently showed that WBC count was linked to HbA1c, 
RAGE, but not fasting plasma glucose (FPG), in a large sample of the 
general Chinese population, regardless of body mass index (BMI) 
[85–87]. Another research found that inflammatory biomarkers (PMNL 
and WBC counts) were related to HbA1c but not FPG in type 2 diabetic 
patients [73,88,89]. These findings imply that change in inflammation 
impacts variance in diabetes induced HbA1c and RAGE. 

4. Mechanistic overview of vitamin D supplementation and 
diabetes mellitus 

Low blood 25-hydroxyvitamin D levels have emerged as a probable 
risk factor for type 2 diabetes during the last decade, and vitamin D 
supplementation has been advocated as a potential strategy to lessen 
diabetes risk [90]. Low levels of 25-hydroxyvitamin D have been asso-
ciated with reduced pancreatic beta-cell activity and insulin resistance 
[91]. Hence, the notion that vitamin D status may increase the risk of 
type 2 diabetes is physiologically feasible. Observational studies show a 
link between low blood 25-hydroxyvitamin D levels and diabetes risk 
[24,92]. In short-term mechanistic experiments, vitamin D supplemen-
tation increased the disposition index, a measure of pancreatic beta-cell 
activity, by 40 % [93]. Yet, it is uncertain if vitamin D supplementation 
reduces the risk of diabetes. A few research confirmed that the Vitamin D 
and Type 2 Diabetes (T2D) are directly correlated, and the vitamin D 
supplementation lowers the risk of type 2 diabetes in people at high risk 
[94]. Vitamin D is a hormone that is associated with bone integrity. The 
extra skeletal effects of vitamin D have recently generated significant 
attention. Vitamin D deficiency, mild to severe, has been identified as a 
risk factor for type 2 diabetes [95]. In high-risk individuals, higher 
plasma vitamin D levels have been linked to a decreased chance of 
developing diabetes mellitus [24]. Vitamin D deficiency has been 
documented in metabolic syndrome, and certain vitamin D receptor 
gene variants have been linked to metabolic syndrome components 
[96]. Moreover, vitamin D influence glucose homeostasis, with vitamin 
D levels inversely related to glycosylated hemoglobin levels in gesta-
tional diabetes mellitus [97]. Moreover, vitamin D deficiency linked to 
an increased risk of developing gestational diabetes mellitus [98]. 
Furthermore, vitamin D deficiency is associated with an increased 
likelihood to develop gestational diabetes mellitus [98]. Some obser-
vational studies reported lower 25OHD levels in Preeclampsia risk and 
pregnant women with Gestational Diabetes in comparison with normal 
pregnant women (Table 2). 

Several studies have been conducted over the last several decades to 
assess the link between circulating Vitamin D concentrations and T2D 
risk, and the results have been inconsistent [99]. Research indicated an 
adverse link between vitamin D level and diabetes [100]; however, 
another cross-sectional investigation found no significant relationship 
between vitamin D status and fasting glucose and insulin [101]. Notably, 
two women’s nested case-control studies found no link between plasma 
25-(OH) D levels and the likelihood of incident T2D [102]. Many pro-
spective cohort studies have shown that increased vitamin D levels are 
related with a lower incidence of T2D [90,100]. Epidemiological 
research suggested that Vitamin D has a key role in T2D and subsequent 
illnesses [103,104]. According to one study, vitamin D insufficiency 
related to worse quality of life as well as decreased satisfaction with 
diabetes therapy [105]. A recent randomized controlled trials (RCTs) 
research found that vitamin D treatment not only lowered blood glucose 
but also boosted insulin sensitivity in T2D patients [106]. In T2D pa-
tients, there was no link between the usage of vitamin D and insulin 

secretion rate or hemoglobin A1c (HbA1c) [106]. RCT studies found a 
link between vitamin D supplementation and T2D therapy efficacy 
[107]. Through attaching to Vitamin D receptors on pancreatic beta (β) 
cells, vitamin D modulates insulin secretion [108]. Vitamin D functions 
by enhancing insulin sensitivity and raising insulin receptor expression 
by binding to the Vitamin D response element found in the human in-
sulin receptor gene promoter. It also influences fatty acid metabolism in 
insulin-responsive tissues by activating its transcription factor, and it 
protects against cytokine-induced apoptosis. Investigations on neurop-
athy discovered that the presence of Vitamin D receptors in neurons and 
glial cells has a role in the synthesis of neurotrophic factors and 
neurotransmitter synthetase [109]. Numerous studies have shown a 
substantial link between vitamin D deficiency and neuropathic pain in 
people with type 2 diabetes [110]. It has been stated that antioxidant 
bioactive compounds may act as antiglycation agents [111–114]. 
Vitamin D is thought to be an antioxidant in diabetic retinopathy, pro-
tecting the retina from oxidative stress, which causes retinal cell dam-
age. According to research, diabetic retinopathy is more common in DM 
II patients with Vitamin D shortage than in those with Vitamin D ho-
meostasis [115,116]. From a nephrology standpoint, Vi0tamin D re-
duces endothelium damage, which reduces proteinuria and renal 
fibrosis [117]. Therefore, this evidence proposes that vitamin D may 
work as an antiglycation agent that may diminish the HBA1c/RAGE/-
AGE (diminish sRAGE) level in the diabetes state (Fig. 2). 

5. Vitamin D supplementation role on glycosylated hemoglobin 
(HBA1c) 

The hemoglobin (Hb) molecule’s N-terminal valine on both of its ß- 
chains interacts with glucose nonenzymatically to form HbA1c, a kind of 
glycated hemoglobin. It’s the most prevalent kind of glycated hemo-
globin. Non-enzymatic glycation of Hb increases with persistently high 
plasma glucose levels [118]. HbA1c represents the glycemic history over 

Table 2 
25OHD serum levels and risk for Gestational Diabetes and Preeclampsia.  

25OHD serum levels and risk for Gestational Diabetes (GD) 

Sample Size (GD/ 
Controls) 

Weeks of 
Gestation 

25OHD Risk for GD 
Development [Odds 
ratio (95 % CI)] 

References 

54/111 ≥24 <37.5 
nmol/L 

2.66 (1.26–5.6) [147] 

68/1246 ≥26 <25 
nmol/L 

3.6 (1.7–7.8) [148] 

81/226 13–26 <50 
nmol/L 

1.92 (0.89–4.17) [149] 

57/114 16 <50 
nmol/L 

3.74 (1.47–9.50) [150] 

116/219 ≥15 <73.5 
nmol/L 

2.21 (1.19–4.13) [151] 

20/40 40 <50 
nmol/L 

30.78 (4.65–203.90) [152] 

200/200 ≥26 <25 
nmol/L 

1.80 (1.209–2.678) [153] 

25OHD serum levels and risk for Preeclampsia 
Sample Size 

(Preeclampsia/ 
Controls) 

Weeks of 
Gestation 

25OHD Risk for 
Preeclampsia 
Development [Odds 
ratio (95 % CI)] 

Reference 

32/665 ≥24 <50 
nmol/L 

3.24 (1.37–7.69) [154] 

51/204 ≥15 <50 
nmol/L 

3.63 (1.52–8.65) [155] 

55/219 >20 <37.5 
nmol/L 

5.0 (1.7–14.1) [156] 

100/100 >24 <75 
nmol/L 

3.26 (1.12–9.54) [157] 

33/76 ≥20 <5 
nmol/L 

3.9 (1.18–12.87) [158]  
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an impact on almost every organ system in the body. The role of vitamin D in the etiology of diabetes under 
RAGE (receptor for advanced glycation end products) stress has recently received some attention on a global 
scale. Vitamin D’s other skeletal benefits have generated a great deal of research. Vitamin D’s function in the 
development of type 1 and type 2 diabetes is supported by the discovery of 1,25 (OH)2D3 and 1-Alpha-Hydro-
ylase expression in immune cells, pancreatic beta cells, and several other organs besides the bone system. A lower 
HBA1c level, metabolic syndrome, and diabetes mellitus all seems to be associated with vitamin D insufficiency. 
Most of the cross-sectional and prospective observational studies that were used to gather human evidence 
revealed an inverse relationship between vitamin D level and the prevalence or incidence of elevated HBA1c in 
type 2 diabetes. Several trials have reported on the impact of vitamin D supplementation for glycemia or inci-
dence of type 2 diabetes, with varying degrees of success. The current paper examines the available data for a 
relationship between vitamin D supplementation and HBA1c level in diabetes and discusses the biological 
plausibility of such a relationship.   

1. Vitamin D and diabetes mellitus 

Diabetes mellitus type 1 (T1DM) or type 2 (T2DM) is one of the most 
frequent endocrine illnesses in children or elderly [1–5]. There are 
several trials that have reported on the impact of vitamin D supple-
mentation on new cases of diabetes and were published between 2008 
and 2019 (Table 1). According to certain epidemiologic research, the 

prevalence of T1DM in children under the age of 15 is around 490 000, 
with 78 000 new cases identified each year [6,7]. Another side one in ten 
Americans, or more than 37 million people, have diabetes, and 90–95 % 
of them have type 2 diabetes. Most persons with type 2 diabetes are over 
the age of 45, but it is also more common in kids, teenagers, and young 
adults. The epidemiology of the illness varies by demographic and 
geographical location, however current research suggests that the 
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Abstract
Background: Numerous studies demonstrate associations between serum concentrations of 25-hydroxyvitamin D (25[OH]D) and a variety of 
common disorders, including musculoskeletal, metabolic, cardiovascular, malignant, autoimmune, and infectious diseases. Although a causal link 
between serum 25(OH)D concentrations and many disorders has not been clearly established, these associations have led to widespread 
supplementation with vitamin D and increased laboratory testing for 25(OH)D in the general population. The benefit-risk ratio of this increase 
in vitamin D use is not clear, and the optimal vitamin D intake and the role of testing for 25(OH)D for disease prevention remain uncertain.
Objective: To develop clinical guidelines for the use of vitamin D (cholecalciferol [vitamin D3] or ergocalciferol [vitamin D2]) to lower the risk of 
disease in individuals without established indications for vitamin D treatment or 25(OH)D testing.
Methods: A multidisciplinary panel of clinical experts, along with experts in guideline methodology and systematic literature review, identified 
and prioritized 14 clinically relevant questions related to the use of vitamin D and 25(OH)D testing to lower the risk of disease. The panel prioritized 
randomized placebo-controlled trials in general populations (without an established indication for vitamin D treatment or 25[OH]D testing), 
evaluating the effects of empiric vitamin D administration throughout the lifespan, as well as in select conditions (pregnancy and 
prediabetes). The panel defined “empiric supplementation” as vitamin D intake that (a) exceeds the Dietary Reference Intakes (DRI) and (b) is 
implemented without testing for 25(OH)D. Systematic reviews queried electronic databases for publications related to these 14 clinical 
questions. The Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) methodology was used to assess the 
certainty of evidence and guide recommendations. The approach incorporated perspectives from a patient representative and considered 
patient values, costs and resources required, acceptability and feasibility, and impact on health equity of the proposed recommendations. The 
process to develop this clinical guideline did not use a risk assessment framework and was not designed to replace current DRI for vitamin D.
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¿Se deben utilizar suplementos empíricos de 
vitamina D versus ningún suplemento de vitamina 
D para adultos con prediabetes (según criterios 
glucémicos)?

Pregunta 10

Para los adultos con 
prediabetes de alto 
riesgo, además de 
modificar el estilo de vida, 
sugerimos la 
suplementación empírica 
de vitamina D para 
reducir el riesgo de 
progresión a diabetes.

2 | ⊕◯◯◯

Dosis promedio:
2.000 UI
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Si bien la suplementación con vitamina D 
muestra beneficios potenciales en el 
manejo de la diabetes mellitus tipo 2 
(DM2), estos efectos son complejos y 
pueden requerir enfoques individualizados. 

Las tendencias observadas en la glucosa 
plasmática en ayunas (GA), los niveles de 
insulina, HOMA-IR, HOMA-B, HbA1c y PCR-
as indican que la vitamina D puede influir 
en el control glucémico, la sensibilidad a la 
insulina y la inflamación; sin embargo, 
estos efectos suelen ser moderados y 
pueden disminuir con el tiempo. 

La variabilidad en los resultados entre los 
estudios resalta la importancia de 
considerar factores como los niveles 
basales de vitamina D, la dosis, la duración 
del tratamiento y las características 
individuales de cada paciente. 

Los regímenes de vitamina D en dosis 
altas podrían ser necesarios para una 
corrección rápida en ciertas 
poblaciones, mientras que las dosis 
de mantenimiento podrían mantener 
los beneficios a largo plazo. 
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A ccumulating research suggests that
circulating concentrations of vita-
min D may be inversely related to

the prevalence of diabetes (1–4), to the
concentration of glucose (4–8), and to
insulin resistance (4,5,8,9). In addition,
vitamin D deficiency may be a risk factor
for the metabolic syndrome (8,10), a
highly prevalent condition among U.S.
adults (11). Much remains to be learned,
however, about the relationship between
vitamin D status and metabolic syn-
drome. Because this topic has received
scant attention and the available informa-
tion was derived from a small clinically
based sample, we sought to examine the
nature and strength of the association be-
tween serum concentrations of vitamin D
and the metabolic syndrome in a large na-
tionally representative sample of the U.S.
population.

RESEARCH DESIGN AND
METHODS — Between 1988 and
1994, a representative sample of the non-
institutionalized civilian U.S. population,
selected using a multistage stratified sam-
pling design, participated in the NHANES
III (Third National Health and Nutrition
Examination Survey). Survey participants
were interviewed and invited for a clinical
examination (12–14).

The metabolic syndrome was defined
according to National Cholesterol Edu-
cation Program criteria (11,15). Serum

concentrations of vitamin D {25-hydroxy-
vitamin D [25(OH)D]} were measured
using a radioimmunoassay method (Dia-
Sorin, Stillwater, MN) (16). Detailed in-
formation about procedures for this assay
was published in the NHANES III labora-
tory manual (14).

The analyses included the following
variables: age, sex, race or ethnicity
(white, African American, Mexican Amer-
ican, and other), education, smoking sta-
tus (current, former, and never), serum
cotinine concentration, concentration of
C-reactive protein, total cholesterol con-
centration, leisure time physical activity,
vitamin or mineral use during the previ-
ous 24 h (yes/no), alcohol use (times per
month), intake of fruits and vegetables
(times per day), and season of study par-
ticipation.

We limited our analyses to 8,421 men
and nonpregnant women who were !20
years and had fasted !8 h. Based on the
final analytic sample, we created quintiles
of concentration of 25(OH)D from its dis-
tribution determined using the sampling
weights. To compare proportions across
quintiles of serum concentrations of
25(OH)D, we used a test for linear trend.
In addition, the associations between the
metabolic syndrome and its components
and concentrations of 25(OH)D were ex-
amined by multiple logistic regression
analysis. To account for the complex sur-
vey design, we used SUDAAN and the

medical examination clinic sampling
weights to produce our weighted esti-
mates and standard errors (17).

RESULTS — Among the 8,421 partic-
ipants, the unadjusted prevalence of the
metabolic syndrome was 21.9%. Concen-
trations of 25(OH)D ranged from 8.7 to
227.9 nmol/l. The mean, median, and
geometric mean concentrations were
74.0, 71.0, and 68.1 nmol/l, respectively.
The mean concentration of 25(OH)D was
67.1 nmol/l (median 64.1 [range 12.5–
192.2]) among those with the metabolic
syndrome and 75.9 nmol/l (73.1 [8.7–
227.9]) among those without the meta-
bolic syndrome (P ! 0.001).

After multiple adjustment, the odds
of having the metabolic syndrome de-
creased progressively across increasing
quintiles of concentration of 25(OH)D
(Table 1). The associations between
25(OH)D and the metabolic syndrome
did not differ between men and women
(P " 0.726) or among the three major
racial or ethnic groups (P " 0.377). After
splitting the lowest quintile into two cat-
egories, !25.0 nmol/l (presumed hypo-
vitaminosis D as the new reference
category) and 25.0–48.4 nmol/l, while
leaving the other quintiles unchanged,
the odds ratios for increasing categories of
concentration of 25(OH)D were 0.81
(95% CI 0.48–1.39), 0.67 (0.37–1.23),
0.62 (0.33–1.15), 0.50 (0.26–0.93), and
0.38 (0.20–0.72). After excluding people
with diagnosed diabetes (n " 7,904), the
adjusted odds ratios for having the meta-
bolic syndrome relative to the 1st quintile
for the 2nd through 5th quintiles of con-
centration of 25(OH)D were 0.85 (95%
confidence limits 0.61, 1.17), 0.75 (0.54,
1.03), 0.62 (0.46, 0.86), and 0.46 (0.32,
0.66) (P ! 0.001 by Wald #2). Among the
components, significant inverse associa-
tions were present for quintiles of concen-
tration of 25(OH)D and abdominal
adiposity, hypertriglyceridemia, and hy-
perglycemia.

CONCLUSIONS — Studies showing
an inverse association between concen-
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trations of vitamin D and insulin resis-
tance provide a possible explanation for
our findings of an inverse association be-
tween serum concentrations of vitamin D
and the prevalence of the metabolic syn-
drome (4,5,8,9). Insulin resistance is con-
sidered a likely mechanism underlying
the metabolic syndrome (18). An inverse
association between various anthropo-
metric measures and intake of vitamin D
or circulating concentrations of vitamin D
has been reported by a number of studies
(19,20). Because excess weight is a major
component of the metabolic syndrome,
the associations noted in our analyses

may largely reflect an association between
concentrations of vitamin D and excess
weight.

The principal limitation of our study
was its cross-sectional design, and thus
the causative nature of the association
cannot be established. In addition, this
study was based on a single measurement
of vitamin D. Finally, parathyroid hor-
mone was not measured in this survey.

Further investigation into whether vi-
tamin D may play a role in the prevention
of diabetes and pre-diabetic states ap-
pears warranted. Because of the close in-
terrelationships between vitamin D,

parathyroid hormone, calcium, and
phosphate, untangling the contributions
of each of these factors on insulin resis-
tance and glucose homeostasis is impor-
tant in developing possible future
approaches to the prevention of insulin
resistance, the metabolic syndrome, and
diabetes.
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Table 1 —Unadjusted prevalence and adjusted odds ratios and 95% confidence limits of having the metabolic syndrome by quintiles of serum
vitamin D concentration among 8,421 U.S. adults aged >20 years, NHANES III, 1988–1994

Quintiles of vitamin D (nmol/l)

1 (!48.4) 2 (48.5–63.4) 3 (63.5–78.1) 4 (78.2–96.3) 5 ("96.4) P*

Metabolic syndrome
Unadjusted prevalence† 27.5 (1.7) 26.6 (1.4) 23.3 (1.5) 18.7 (1.3) 13.5 (1.7) !0.001
Model 1‡ 1.00 0.91 (0.72, 1.17) 0.80 (0.62, 1.03) 0.65 (0.51, 0.83) 0.49 (0.37, 0.66) !0.001
Model 2§ 1.00 0.82 (0.60, 1.10) 0.75 (0.55, 1.02) 0.60 (0.44, 0.83) 0.46 (0.32, 0.67) !0.001

Components of the metabolic
syndrome

Abdominal obesity
Unadjusted prevalence† 49.9 (1.9) 43.7 (1.9) 37.2 (1.5) 31.0 (1.5) 19.3 (1.5) !0.001
Model 1‡ 1.00 0.74 (0.60, 0.91) 0.58 (0.49, 0.70) 0.47 (0.37, 0.59) 0.27 (0.21, 0.33) !0.001
Model 2§ 1.00 0.78 (0.61, 0.98) 0.65 (0.52, 0.81) 0.55 (0.41, 0.72) 0.30 (0.21, 0.42) !0.001
Model 3! 1.00 0.79 (0.63, 0.98) 0.68 (0.55, 0.85) 0.58 (0.44, 0.76) 0.32 (0.23, 0.45) !0.001

Hypertriglyceridemia
Unadjusted prevalence† 29.3 (1.5) 32.8 (1.4) 32.0 (2.0) 24.4 (1.8) 24.2 (2.6) !0.001
Model 1‡ 1.00 1.16 (0.96, 1.41) 1.17 (0.93, 1.47) 0.83 (0.66, 1.06) 0.90 (0.70, 1.14) 0.016
Model 2§ 1.00 0.89 (0.69, 1.15) 0.88 (0.67, 1.16) 0.58 (0.45, 0.75) 0.59 (0.44, 0.80) !0.001
Model 3! 1.00 0.98 (0.75, 1.27) 1.03 (0.78, 1.37) 0.66 (0.50, 0.86) 0.76 (0.57, 1.01) 0.002
Model 4¶ 1.00 1.00 (0.80, 1.24) 1.02 (0.80, 1.31) 0.67 (0.52, 0.85) 0.84 (0.64, 1.10) 0.005

Low HDL cholesterol
Unadjusted prevalence† 39.8 (1.9) 37.9 (1.8) 38.4 (2.3) 36.6 (2.1) 33.3 (2.3) 0.031
Model 1‡ 1.00 0.92 (0.75, 1.12) 0.94 (0.73, 1.22) 0.88 (0.69, 1.10) 0.77 (0.60, 0.97) 0.172
Model 2§ 1.00 0.84 (0.69, 1.04) 0.89 (0.69, 1.16) 0.81 (0.64, 1.03) 0.71 (0.56, 0.90) 0.050
Model 3! 1.00 0.88 (0.71, 1.09) 0.99 (0.76, 1.29) 1.03 (0.80, 1.31) 0.96 (0.76, 1.22) 0.636
Model 4¶ 1.00 0.88 (0.71, 1.08) 0.99 (0.76, 1.29) 1.03 (0.82, 1.30) 0.92 (0.72, 1.17) 0.567

High blood pressure
Unadjusted prevalence† 34.4 (1.5) 36.5 (1.7) 30.7 (2.1) 29.5 (1.8) 23.9 (1.9) !0.001
Model 1‡ 1.00 1.06 (0.89, 1.26) 0.84 (0.67, 1.05) 0.91 (0.69, 1.20) 0.79 (0.61, 1.02) 0.067
Model 2§ 1.00 1.10 (0.89, 1.37) 0.91 (0.71, 1.18) 1.00 (0.73, 1.37) 0.88 (0.63, 1.21) 0.416
Model 3! 1.00 1.17 (0.95, 1.44) 1.00 (0.77, 1.30) 1.16 (0.85, 1.59) 1.07 (0.77, 1.50) 0.489

Hyperglycemia
Unadjusted prevalence† 14.6 (1.0) 15.1 (1.2) 9.9 (1.2) 10.8 (1.1) 6.3 (1.0) !0.001
Model 1‡ 1.00 1.01 (0.78, 1.31) 0.63 (0.44, 0.90) 0.78 (0.58, 1.05) 0.50 (0.34, 0.73) !0.001
Model 2§ 1.00 0.92 (0.69, 1.23) 0.59 (0.40, 0.87) 0.71 (0.50, 1.01) 0.44 (0.29, 0.68) !0.001
Model 3! 1.00 0.98 (0.74, 1.29) 0.61 (0.42, 0.89) 0.83 (0.59, 1.18) 0.54 (0.35, 0.84) 0.005

*For prevalence, P value is for a test for linear trend; for odds ratio, P value is for the Wald "2 test. †Data represent % (SE). ‡Model 1: adjusted for age. §Model 2:
adjusted for age, sex, race or ethnicity, education, smoking status, cotinine concentration, total cholesterol concentration, C-reactive protein concentration, alcohol
use, physical activity, intake of fruits and vegetables, vitamin or supplement use, and season of study participation. !Model 3: adjusted for all variables in model 2
plus other components of the metabolic syndrome. ¶Model 4: adjusted for all variables in model 3 minus concentration of total cholesterol.
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Abstract: Vitamin D deficiency (i.e., hypovitaminosis D) is associated with increased insulin resistance,
impaired insulin secretion, and poorly controlled glucose homeostasis, and thus is correlated with
the risk of metabolic diseases, including type 2 diabetes mellitus (T2DM). The liver plays key roles
in glucose and lipid metabolism, and its dysregulation leads to abnormalities in hepatic glucose
output and triglyceride accumulation. Meanwhile, the pancreatic islets are constituted in large part
by insulin-secreting � cells. Consequently, islet dysfunction, such as occurs in T2DM, produces
hyperglycemia. In this review, we provide a critical appraisal of the modulatory actions of vitamin D
in hepatic insulin sensitivity and islet insulin secretion, and we discuss the potential roles of a local
vitamin D signaling in regulating hepatic and pancreatic islet functions. This information provides a
scientific basis for establishing the benefits of the maintenance, or dietary manipulation, of adequate
vitamin D status in the prevention and management of obesity-induced T2DM and non-alcoholic
fatty liver disease.

Keywords: calcitriol; glucose homeostasis; HepG2; hypovitaminosis D; insulin secretion;
lipid metabolism

1. Introduction

The liver is a vital organ for metabolic homeostasis, controlling glucose uptake-storage-generation
and processing about one third of consumed glucose, and it is a key target for insulin action [1]. Insulin
controls lipogenesis (fatty acid and triglycerides biosynthesis) and restrains hepatic gluconeogenesis
(glucose production) in the liver. Accordingly, insulin sensitivity has been closely associated with
rates of hepatic gluconeogenesis and lipid accumulation [2,3]. Hepatic insulin resistance leads to
severely dysregulated glucose homeostasis, resulting in or contributing to hyperglycemia, which then
further worsens hepatic insulin insensitivity. This negative cycle progresses toward a pathologic state
of hepatic dysfunction and eventually liver disease. Notwithstanding these observations, it is unclear
whether hepatic insulin resistance is a cause or consequence of type 2 diabetes mellitus (T2DM), and
the underlying mechanism(s) mediating the relationship between hepatic insulin resistance and T2DM
remain elusive. In addition to conventional regulatory factors (e.g., genes encoding glycolytic and
lipogenic enzymes), changes in life style and nutritional factors have garnered ever increasing attention
in the development of preventative and therapeutic approaches to both T2DM and non-alcoholic fatty
liver disease (NAFLD). In this context, recent investigations into the interactions of nutritional factors,
such as vitamin D, in T2DM-related diseases and their management are of particular interest in terms
of both clinical and socio-economic impacts [4–6].

The endocrine pancreas (functionally distinct from the exocrine portions important for production
of digestive enzymes) contains insulin-secreting pancreatic islets [7]. Dysfunction or loss of beta cells in
pancreatic islets leads to hyperglycemia and hyperlipidemia, two predominant indicators of T2DM [8].
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Meanwhile, hypovitaminosis D has been proposed to be a causative factor of NAFLD [45]. Although
liver steatosis is related to progression of hepatic insulin resistance, no specific lipid has been reported
to be both necessary and sufficient for development of liver steatosis. NAFLD appears to involve the
accumulation of a variety of lipids, and the levels of multiple lipids can be used as markers of insulin
resistance status [46]. Excessive accumulation of certain lipids, such as diacylglycerol and acyl CoA,
may interfere with glucose generation and has been linked to risk of hepatic insulin resistance [46–49].
Because hepatic glucose production is tightly regulated by the availability of the enzymes PEPCK
and G6PK, and further modulated by the availability of fructose-1,6-bisphosphatase and pyruvate
carboxylase [50], down-regulation of these enzymes might reduce abnormal gluconeogenesis in T2DM
and ameliorate hepatic insulin resistance.

The research summarized above has led us to propose that vitamin D bioavailability may affect
hepatic lipogenesis and gluconeogenesis, and if so, vitamin D supplementation may be used to
modulate hepatic insulin resistance and thus reduce T2DM severity. Mechanistically, such effects may
be mediated by various vitamin D-regulated pathways, such as AMPK-calmodulin and/or Akt/Notch
signaling, as well as through indirect effects on ER stress. In light of the aforementioned negative
association between vitamin D status and severity of NAFLD, a well-recognized risk factor for insulin
resistance and T2DM, we are now investigating the direct effects of vitamin D on hepatic lipid and
glucose production. We obtained preliminary data recently indicating that, at high dosages, calcitriol
(the active hormonal metabolite of vitamin D) can ameliorate abnormal hepatic lipid and glucose
metabolism in both in vitro (1–10 nM in HepG2 cells) and in vivo (0.5–2.5 mg/kg for 2 days in db/db
mice) models of insulin resistance without any signs of toxicity (unpublished data). Furthermore,
we conducted mechanistic experiments showing that increases in cytosolic calcitriol in HepG2 cells
activated Ca2+/CaMKK�/AMPK pathways, and that the activation of these pathways contributed to
calcitriol’s lipid and glucose regulatory effects.

The involvement of AMPK signaling in calcitriol-mediated metabolic effects is not surprising
given that AMPK is the therapeutic target of anti-diabetic medications (e.g., metformin) [37], as well as
a target of the obesity regulating endogenous hormone adiponectin, which acts to alleviate insulin
resistance [38]. Further study is needed to corroborate these findings, which suggest that calcitriol,
when at above-physiological plasma concentrations, can reduce hepatic triglyceride accumulation
and glucose output, at least in part, through activation of Ca2+/CaMKK�/AMPK signaling under
insulin-resistant conditions. Importantly, unlike its inactive metabolic precursor cholecalciferol
(vitamin D3), calcitriol does not accumulate in adipose tissue or exert long-lasting effects. Thus,
the potential for toxicity that exists with cholecalciferol is much less of a concern with calcitriol, owing
to its rapid onset and offset of action. If confirmed, these preliminary data may provide an avenue
to supporting the use of vitamin D, at least, as an adjuvant for the management of insulin resistance,
NAFLD, and T2DM. Figure 2 is a summary that proposes the direct action of vitamin D in regulating
hepatic triglyceride and glucose metabolism.
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insulin‐resistant  conditions.  Importantly,  unlike  its  inactive  metabolic  precursor  cholecalciferol 
(vitamin D3), calcitriol does not accumulate in adipose tissue or exert long‐lasting effects. Thus, the 
potential for toxicity that exists with cholecalciferol is much less of a concern with calcitriol, owing to 
its rapid onset and offset of action. If confirmed, these preliminary data may provide an avenue to 
supporting the use of vitamin D, at least, as an adjuvant for the management of insulin resistance, 
NAFLD, and T2DM. Figure 2 is a summary that proposes the direct action of vitamin D in regulating 
hepatic triglyceride and glucose metabolism. 

 
Figure  2. Model of  active vitamin D  regulation of hepatic  triglyceride  accumulation  and glucose 
output in a diabetic state. 

5. Vitamin D and Pancreatic Islet Function 

Emerging data from physiological and genetic studies indicate that islet dysfunction and loss of 
beta‐cell mass are the key determinants of whether an insulin‐resistant state will progress to frank 
hyperglycemia/hyperlipidemia and diabetes; insulin resistance alone is insufficient to predict T2DM 

Figure 2. Model of active vitamin D regulation of hepatic triglyceride accumulation and glucose output
in a diabetic state.
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Abstract 
Vitamin D has been increasingly recognized for its potential role in modulating 

various health conditions, including diabetes and its complications. Despite growing 

evidence suggesting that adequate vitamin D levels may reduce the risk of devel-

oping type 2 diabetes and its associated microvascular complications, the precise 

nature of this relationship remains unclear. This study aims to elucidate the con-

nection among vitamin D status, glycemic control, and microvascular complications 

in patients with type 2 diabetes, thereby highlighting the importance of vitamin D 

in diabetes management.This analytical cross-sectional study included 199 type 2 

diabetic mellitus (T2DM) patients from the Jahrom city endocrinology clinic. Serum 

25(OH)D levels were measured, and their microvascular complications (microalbu-

minuria, retinopathy, neuropathy, macroalbuminuria) and glycemic control (HbA1C) 

were measured and confirmed according to ADA guidelines and endocrinologist 

supervision. All analysis were done with SPSS software. The study enrolled 199 

type 2 diabetic patients with a mean age of 56.79 ± 10.8 years, of which 63.3% were 

female and 57.3% had hypertension. The mean BMI was 28.91 kg/m², and 29.1% of 

participants had vitamin D deficiency. The prevalence of microvascular complications 

was 25.6% for retinopathy, 14.1% for neuropathy, and 40% for nephropathy. Vitamin 

D deficiency was notably higher among patients with retinopathy (37.25%), neurop-

athy (50%), and macroalbuminuria (56.25%). Patients with neuropathy and retinop-

athy had significantly lesser serum 25(OH)D concentrations compared to patients 

without these complications. There was a slight inverse correlation between vitamin 

D levels and both the urine albumin creatinine ratio (r = -0.175, p = 0.018) and HbA1C 

(r = -0.19, p = 0.007). Although the link between vitamin D levels and retinopathy 

was not statistically significant (η = 0.903, p = 0.68), the alteration in vitamin D levels 
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Fig 1. Graphical abstract of the study design; from patients selection and clinical evaluation and also statistical data analysis. Exclusion  
criteria:Type-1 diabetic patients, pregnant or lactating women, patients with malabsorption disorders, celiac disease, inflammatory bowel disease, and 
those who have undergone gastric bypass surgery or receiving glucocorticoids were excluded.

https://doi.org/10.1371/journal.pone.0324729.g001

PLOS One | https://doi.org/10.1371/journal.pone.0324729 May 28, 2025
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this study (N = 199) include 56.79 years mean age, 57.3% with hypertension, and 29.1% with vitamin D deficiency. The 
mean BMI was 28.91 kg/m². The frequency of microvascular complications of type 2 diabetes in a total of 199 established 
type 2 diabetic patients is shown in the second part of Table 1 (nephropathy (40%), retinopathy (25.6%) and neuropathy 
(14.1%)). Also, the status of vitamin D levels can be seen in the third part of Table 1, which demonstrates high frequency 
of vitamin deficiency beside its insufficiency among T2DM patients (63%).

T2DM patients with diabetic retinopathy had meaningfully lower serum 25-OH D concentration (24.59 ± 13.77 ng/ml) 
and besides, a higher prevalence of vitamin D deficiency and insufficiency (37.25%, 35.3%) in comparison with those 
without retinopathy(27.96 ± 13.54 ng/ml; 26.35%, 33.78%) Table 2 & Fig 2A.

In addition, the participants with diabetic neuropathy had significantly lower serum 25-hydroxyvitamin D concentration 
(23.21 ± 15.7 ng/ml) and a much higher prevalence of vitamin D deficiency (50%) as well as lower prevalence of vitamin 
D insufficiency (32.14%) in comparison with those without neuropathy (27.74 ± 13.22 ng/ml; 25.73%, 34.5%) Table 2 & 
Fig 2B.

Table 1. Clinical and laboratory characteristics of patients. Cell contents are expressed as a  
number, percentage, mean ± s.d., or median (25th – 75th percentile). Normally distributed variables  
are shown as mean ± s.d. nonparametric variables are shown as median (25th – 75th percentile).

Parameter (N = 199)

Baseline Characteristics Sex, F/M 126/73

Age, years 56.79 ± 10.78

BMI, kg/m2 28.91 (26.23–32.75)

Duration, years 8 (3–15)

Hypertension, yes% 114, 57.3%

SBP, mmHg 125 (110–140)

DBP, mmHg 80 (74–82)

HbA1C, % 7.7 (6.5–8.9)

FBS, mg/dL 134 (111–173)

2HPP, mg/dL 198 (162–263)

SCr, mg/dL 1 (0.9–1.2)

25-OHD, ng/ml 24.3 (18–35.5)

UACR, mg/g 22 (9.73–78)

Microvascular
Complications

Retinopathy, N(percent) 51 (25.6%)

Neuropathy,
N(percent)

28 (14.1%)

Microalbuminuria
(UACR* 30–300 mg/g)

64 (32.2%)

Macroalbuminuria
(UACR ≥ 300 mg/g)

16 (8%)

Vitamin D deficiency Vitamin D Deficiency
(< 20 ng/ml)

58 (29.1%)

Vitamin D Insufficiency
(20–30 ng/ml)

68 (34.2%)

Vitamin D Sufficiency
(≥ 30 ng/ml)

73 (36.7%)

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1C, hemoglobin A1C;  
FBS, fasting blood sugar; 2HPP, 2-hour post-prandial blood glucose; SCr, serum creatinine; 25-OHD, 25- 
hydroxyvitamin D; UACR, urine albumin to creatinine ratio. & Frequency of DM microvascular complications.  
& Frequency of Vitamin D Deficiency, Insufficiency, and Sufficiency.

https://doi.org/10.1371/journal.pone.0324729.t001
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Furthermore, the patients with macroalbuminuria had significantly lower serum 25-hydroxyvitamin D concen-
tration (19.21 ± 9.76 ng/ml) and a much higher prevalence of vitamin D deficiency (56.25%) than microalbuminuric 
(24.66 ± 13.54 ng/ml, 37.5%) and normoalbuminuric ones(29.47 ± 13.6 ng/ml, 41.18%) Table 2 & Fig 2C.

As demonstrated in Fig 3A-heatmap there is a significant negative correlation between vitamin D levels and urine 
albumin creatinine ratio and HBA1C. The outcomes of the Pearson correlation test demonstrated that there is a slight 
inverse correlation between the two variables of urine albumin creatinine ratio and vitamin D level (25-OHD) (r = -0.175, 
p = 0.018) Fig 3B. The results of the eta (η) coefficient test showed that the change in vitamin D level (25-OHD) is related 
to the occurrence of retinopathy, but p.value was not significant (η = 0.903, p = 0.68). Also, the results of the eta coefficient 
test showed that the change in vitamin D level (25-OHD) is strongly related to the occurrence of neuropathy (η = 0.975, 
p < 0.001). The results of the Pearson correlation test showed that there is a slight inverse correlation between the two 
variables of the HbA1C index and vitamin D level (25-OHD) (r = -0.19, p = 0.007) Fig 3C.

The patients with HbA1C ≥ 8% had significantly lower serum 25-hydroxyvitamin D concentration (24.47 ± 13.82 ng/ml) 
and higher prevalence of vitamin D deficiency (38.2%) than patients with HbA1C 7.5% - 8% (26.53 ± 11.19 ng/ml, 26.32%) 
and patients with HbA1C < 7.5% (29.78 ± 13.54 ng/ml, 20.88%) Fig 2D also see Table 3 & S2 and S3 Figs.

Discussion

The relationship between 25(OH) vitamin D and microvascular complications, align with the glycemic control status of 
diabetes mellitus type 2 were investigated. The maximal prevalence of microvascular complications: microalbuminuria, 
retinopathy, neuropathy, and macroalbuminuria was found in the patients with vitamin D deficiency. Poorly controlled 
diabetes (HbA1C ≥ 8%) was clearly related to lower levels of vitamin D, and patients who had appropriate glycemic control 
(HbA1C < 7.5%) had higher serum 25 (OH) D concentrations.

As mentioned previously, patients with retinopathy had a lower mean serum 25(OH) D in comparison with participants 
without retinopathy. These results were consistent with following previous studies. Afarid et al found that the mean serum 
25(OH) D concentration in patients with diabetic retinopathy was lower than in those without diabetic retinopathy [31]. In 
Luo et al meta-analysis, type 2 diabetes patients with vitamin D deficiency (serum 25(OH) D levels <20 ng/mL) have a 
significantly increased risk of diabetic retinopathy and an obvious decrease of 1.7 ng/mL in serum vitamin D was estab-
lished in the patients with diabetic retinopathy [32]. There are also more similar studies aligning with our results [33–36]. 
Conversely in Alam et al study, there was no difference in serum 25(OH) D between those with and those without dia-
betic maculopathy [37]. In Bonakdaran et al study, correlation among 25(OH) D level and other recognized risk factors of 

Table 2. Distribution of patients based on the presence or absence of microvascular complications and vitamin D level.

Vitamin D status UACR Retinopathy Neuropathy

Macroalbuminuria 
(UACR* ≥ 300 mg/g)

Microalbumin-
uria (UACR 
30–300 mg/g)

Neg. No Yes No Yes

Vitamin D Deficiency 
(< 20 ng/ml)

9 24 25 39 19 44 14

Vitamin D Insuffi-
ciency (20–30 ng/ml)

5 19 44 50 18 59 9

Vitamin D Suffi-
ciency (≥ 30 ng/ml)

2 21 50 59 14 68 5

Vitamin D level 19.21 ± 9.76 ng/ml 24.66 ± 13.54 ng/
ml

29.47 ± 13.6 ng/
ml

27.96 ± 13.54 ng/
ml

24.59 ± 13.77 ng/
ml

27.74 ± 13.22 ng/
ml

23.21 ± 15.7 ng/
ml

*UACR, urine albumin to creatinine ratio.

https://doi.org/10.1371/journal.pone.0324729.t002
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Fig 3. Correlation of clinical and biochemical parameters; (A) Correlation matrix of clinical and biochemical parameters: Pearson correla-
tion coefficients (R) between age, weight, height, BMI, duration of type 2 diabetes (DMT2), fasting blood sugar (FBS), 2-hour postprandial blood 
sugar (2HPP), HbA1C, urinary albumin/creatinine ratio (UMAlb/UC), serum creatinine (S.Cr), and serum 25-hydroxyvitamin D (25-OHD). Significant 
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Objective: To estimate the amount, type, and tissue distribution of vitamin D in the adult body under typical

inputs.

Methods: Review and reanalysis of published measurements and analysis of tissue samples from growing

pigs raised in confinement on diets providing about 2000 IU vitamin D/day. Cholecalciferol and 25-

hydroxyvitamin D [25(OH)D] concentration measured by HPLC.

Results: Mean serum 25(OH)D in all studies combined was 45 nmol/L. At the level of vitamin D repletion

represented by this concentration, total body vitamin D would be 14,665 IU for a 70 kg adult woman. 65% of

this total was present as native cholecalciferol and 35% as 25(OH)D. Nearly three-quarters of the cholecalciferol

was in fat, while 25(OH)D was more evenly distributed throughout the body (20% in muscle, 30% in serum,

35% in fat, and 15% in all other tissues). At the daily vitamin D consumption rates in these animals total body

stores provided only a ,7-day reserve.

Conclusions: At total intakes on the order of 2000 IU/day, an adult has very little vitamin D reserve, despite

intakes 103 the current recommendations. Those recommended inputs need to be increased by at least an order

of magnitude. Food tables that fail to take into account 25(OH)D content of various meat products lead to

underestimation of dietary vitamin D intake.

INTRODUCTION

Little is known about the quantity or location of vitamin D3

(cholecalciferol) in the adult human body, particularly under

prevailing input conditions. Early work involving tracer-

labeled compounds [1] did not permit identification of the

precise chemical configuration (i.e., precursor, active form,

catabolic end product), and often involved supraphysiological

doses. Chemical analysis of cholecalciferol is exceedingly

difficult and few laboratories do it well enough to detect

physiologically important changes or differences in tissue

concentrations. The major action of the vitamin had been

thought to be mainly the promotion of intestinal absorption of

calcium and phosphorus, important for the prevention of

rickets and/or osteomalacia, and once it became clear that

rickets was easily and effectively prevented by daily doses as

low as 200 IU, there was relatively little interest in detailed

exploration of vitamin D3 kinetics.

Cholecalciferol is one of the fat soluble vitamins and has

been thought to be stored in body fat depots, a fact confirmed

in experimental animals given high doses [2]. And fat is almost

certainly the reservoir of the vitamin in patients with vitamin D

intoxication. Recent work by Heaney et al. [3] raised the

question whether the same was true at the relatively much

lower inputs prevalent in contemporary human populations.

They noted that when cholecalciferol was dosed, it was rapidly

(and seemingly quantitatively) converted to the 25-hydroxy

derivative [25(OH)D], which is the principal circulating form

of the vitamin and the recognized functional indicator of

vitamin D nutritional status.

More recently it has been realized that vitamin D action

extends far beyond promotion of active calcium absorption

[4,5] and that the majority of the population, although having

sufficient vitamin D to prevent rickets, is deficient with respect

to such diverse endpoints as osteoporotic fractures, falls risk,

immune competence, blood pressure regulation, periodontal

disease, and cancer risk, among others [6–11]. Moreover the

relatively recent availability and wide use of serum 25(OH)D

assay has raised puzzling questions that relate to fat storage

and tissue distribution. For example, why are serum 25(OH)D

levels low in obese individuals? Is the vitamin somehow

‘‘sequestered’’ in fat? And why do obese individuals not

Address reprint requests to: Robert P. Heaney, M.D., F.A.C.N., Creighton University, 601 N. 30th St., Suite 4841, Omaha, NE 68131. E-mail: rheaney@creighton.edu
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Conclusions: At total intakes on the order of
2000 IU/day, an adult has very little vitamin D 
reserve, despite intakes 10 x the current
recommendations

• Data presented elsewhere suggest that daily 
utilization of vitamin D in humans at a serum 
25(OH)D concentration of 32 ng/ml, is on the 
order of 4000 IU. 
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Purpose: To investigate the relationship between body mass index (BMI) and vitamin D adequacy among
US adults.
Methods: We used data for US adults aged 18 years or older (n ¼ 12,927) who participated in the 2001 to
2006 United States National Health and Nutrition Examination Survey. Log-binomial regression was used
to estimate the strength of association between BMI categories and the prevalence of serum 25-
hydroxyvitamin D [25(OH)D] greater than or equal to 20 ng/mL before and after controlling for
selected characteristics. An interaction term between race or ethnicity and BMI categories was tested.
Results: Among US adults, 67.2% had serum 25(OH)D greater than or equal to 20 ng/mL, a cut point
suggested by the Office of Dietary Supplements for adequate bone and general health. Overweight and
obese adults were 8% (95% confidence interval, 0.89e0.95) and 26% (95% confidence interval, 0.71e0.78),
respectively, less likely to have serum 25(OH)D greater than or equal to 20 ng/mL than their normal
weight counterparts after controlling for age, gender, race/ethnicity, nativity and marital status, as well as
education and income. No heterogeneity of the association between BMI categories and the prevalence of
25(OH)D greater than or equal to 20 ng/mL was observed by race or ethnicity.
Conclusions: The low prevalence of 25(OH)D greater than equal to 20 ng/mL among overweight and
obese adults in the US population underscores the need to comparatively assess vitamin D intakes across
different BMIs.

! 2014 Elsevier Inc. All rights reserved.

Introduction

Vitamin D status has traditionally been associated with skeletal
health; a deficiency of vitamin D causes rickets in children and
osteomalacia in adults [1]. Recent research indicates association
between low or inadequate vitamin D status and increased risk for
nonskeletal chronic diseases such as cardiovascular diseases [2e4],
type 2 diabetes [5], and all-cause mortality [2,6] and premature
death [3]. High body mass index (BMI) corresponding to over-
weight and obese is a risk factor for these chronic diseases [7e9],
which in the United States have a disparate prevalence among
Mexican Americans and non-Hispanic blacks [8,10]. Although the
prevalence of obesity [11] and vitamin D deficiency [12,13] is
greater among these groups compared with non-Hispanic whites,
the disparate prevalence is more pronounced for vitamin D

deficiency [12,13]. Prior studies examining the association between
vitamin D status and BMI in adults have been restricted to sample
sizes that are nonrepresentative of a national population [14e17].
US adultebased studies at a national level such as the National
Health and Nutrition Examination Surveys (NHANES) have reported
vitamin D estimates according to BMI [18] or means estimates and
prevalence in the population [13,19] but no studies directly examine
the association between BMI and adequate vitamin D status. Given
the independent association of vitamin D deficiency and high BMI
with increased risk and/or prevalence of these chronic diseases, it is
of public health significance to examine the association between
BMI and vitamin D adequacy in the US adult population. Therefore,
this study examines (1) the association between BMI and preva-
lence of serum 25-hydroxyvitamin D (also called 25(OH)D or cal-
cidiol) concentrations 20 ng/mL or greater, among US adults who
participated in NHANES for the years 2001 to 2002, 2003 to 2004,
and 2005 to 2006 before and after controlling for age, gender, race
or ethnicity, marital status, education and income; and (2) whether
this association varies with race or ethnicity.
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Results

Table 1 summarizes the average serum 25(OH)D levels and the
prevalence of serum 25(OH)D greater than or equal to 20 ng/mL
across different population characteristics. The mean serum 25(OH)
D was at 23.9 ng/mL and more than two-thirds of US adults (67%)
had a prevalence of serum 25(OH)D greater than or equal to 20 ng/
mL. Regardless of BMI categories, greater prevalence of 25(OH)D
greater than or equal to 20 ng/mL was observed among males, non-
Hispanic whites, those who were born in the United States, were
married, and those with a higher level of education and income.
Exceptions to this trend were found among the underweight and
normal-weight adults where women had a greater prevalence of
25(OH)D greater than or equal to 20 ng/mL. Across all age groups,
the obese had the lowest prevalence of 25(OH)D greater than or
equal to 20 ng/mL, an exception was the age group of 65 years and
above, where the underweight had the lowest prevalence of 25(OH)
D greater than or equal to 20 ng/mL.

Compared with normal-weight adults, overweight and obese
adults were 8% (95% CI, 0.89e0.95) and 26% (95% CI, 0.71e0.78) less
likely to have 25(OH)D greater than or equal to 20 ng/mL (Table 2).
After controlling for age, gender, race or ethnicity, nativity status,
marital status, education and income, overweight and obese in-
dividuals were 7% (95% CI, 0.90e0.96) and 21% (95% CI, 0.75e0.82),
respectively, less likely to have 25(OH)D greater than or equal to
20 ng/mL than their normal weight counterparts (Table 2). No
heterogeneity of the association between BMI categories and
25(OH)D greater than equal to 20 ng/mL was observed for race or
ethnicity (P interaction ¼ .14).

Discussion

Our study found that more than two-thirds of the 2001 to 2006
NHANES adult population had serum 25(OH)D greater than or
equal to 20 ng/mL, a cut point considered adequate for bone and
overall health in healthy individuals [1]. Overweight and obese
adults were less likely to have 25(OH)D greater than or equal to
20 ng/mL than their normal weight counterparts after controlling
for age, gender, race/ethnicity, nativity and marital status, educa-
tion and income. We found no heterogeneity of the association
between BMI categories and the prevalence of serum 25(OH)D
greater than or equal to 20 ng/mL across racial/ethnic groups.

Consistent with a previous study using 2001 to 2004 NHANES,
we found adequate vitamin D status in two-thirds of American
adults [13]. However, our study also examined prevalence of
adequate vitamin D status as measured by serum 25(OH)D greater
than or equal to 20 ng/mL across different BMI categories of US
adults. Our findings suggest that almost a third of overweight and a
little less than half of obese US adults did not have adequate levels
of vitamin D (25(OH)D "20 ng/mL). Although research has alluded
to obesity as a risk factor for vitamin D deficiency [24], it is not yet
established if poor vitamin D status among the obese is a result of
low bioavailability due to increased sequestration of the vitamin in

the adipose tissue [1,25] or due to decreased subcutaneous vitamin
D synthesis as a result of insufficient sun exposure from low levels
of physical activity and maximal clothing [26]. These observations
from previous research together with our findings of low preva-
lence of serum 25(OH)D greater than or equal to 20 ng/mL among
overweight and obese US adults highlights the need to compara-
tively assess vitamin D intakes among populations of different
BMIs. Despite the racial or ethnic differences in the prevalence of
25(OH)D greater than or equal to 20 ng/mL, we did not observe
heterogeneity of the association between BMI categories and the
prevalence of 25(OH)D greater than or equal to 20 ng/mL.

Among the strengths of our study are the inclusion of a na-
tionally representative adult sample in the United States from 2001
to 2006 and the use of objective measures for height, weight, and
serum 25(OH)D. However, our study had some limitations. First, the
cross-sectional nature of NHANES does not allow drawing conclu-
sions in terms of temporality or the causal effects driving the
relationship between BMI categories and 25(OH)D levels. Second,
single NHANES collection of serum samples during summer in the
northern states and winter in the southern states [27] may have
underestimated our results as there is a seasonal decrease in
25(OH)D in the northern states during winter. Third, the use of BMI
as a surrogate for adiposity may have underestimated the inverse
association between BMI and 25(OH)D. Precise measurements of
adiposity such as dual x-ray absorptiometry have shown stronger
inverse association with 25(OH)D levels [28]. Finally, the exclusion
of NHANES participants due to missing data may have under-
estimated our results. We compared selected characteristics for
participants included (n ¼ 12,927) and those excluded (n ¼ 2962)
and found that the latter were older and more likely to be non-
Hispanic blacks (P values <.05). However, there was no significant
difference in the distribution of gender and BMI categories between
included and excluded participants.

Studies examining the role of vitamin D deficiency as a risk
factor for cardiovascular diseases and diabetes have yielded con-
flicting results [29]. However, overweight and obesity are the
established risk factors for these diseases [7e9]. Our findings that
overweight and obese adults are less likely to have 25(OH)D greater
than or equal to 20 ng/mL underscore the need for further research
to (1) elucidate the role of vitamin D status individually or in
combination with high BMI on the onset of these chronic diseases,
especially among populations with higher BMIs; and (2) compar-
atively assess vitamin D intake among populations of different
BMIs.
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Table 2
Crude and adjusted prevalence ratios* for serum 25(OH)D levels greater than or equal to 20 ng/mL by BMI categories among adults aged 18 years: NHANES 2001 to 2006

BMI categories (kg/m2) Adequate status for vitamin D

Crude Model 1 Model 2 Model 3

<18.5 0.96 (0.87 to 1.05) 0.96 (0.88 to 1.04) 0.96 (0.89 to 1.04) 0.97 (0.90 to 1.05)
18.5 to <25 1.00 1.00 1.00 1.00
25 to <30 0.92 (0.89 to 0.95) 0.93 (0.91 to 0.96) 0.93 (0.90 to 0.96) 0.93 (0.90 to 0.96)
"30 0.74 (0.71 to 0.78) 0.79 (0.76 to 0.82) 0.78 (0.75 to 0.81) 0.79 (0.75 to 0.82)

* Crude association between BMI and vitamin D (crude); PRs adjusted for age (continuous), gender, race or ethnicity (model 1); additionally adjusted for nativity andmarital
status (model 2); and model 2 additionally for education and income (model 3).
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Similarly, randomized trials examining BP changes
with vitamin D supplementation and/or replacement
have been generally disappointing. For example,
in 455 vitamin D–deficient patients with

pre-hypertension or stage I hypertension, a study
group expected to benefit the most from vitamin D
replacement, 6 months of daily high-dose (4,000 IU)
versus low-dose (400 IU) cholecalciferol did not differ

CENTRAL ILLUSTRATION Mechanisms by Which Vitamin D Deficiency May Confer Cardiovascular Risk

Al Mheid, I. et al. J Am Coll Cardiol. 2017;70(1):89–100.

Potential effects of vitamin D metabolism on the cardiovascular system are divergent, but they share common initial steps of nuclear and plasma membrane vitamin D
receptor (VDR) activation. 1,25-OH vitamin D ¼ 1,25-dihydroxyvitamin D; ANP ¼ atrial natriuretic peptide; Ca2þ ¼ calcium cation; MMP ¼ matrix metalloproteinases;
RAS ¼ renin-angiotensin system; RXR ¼ retinoid-X receptor; VDRE ¼ vitamin D response elements (promoter region of target genes); VEGF ¼ vascular endothelial
growth factor; VSMC ¼ vascular smooth muscle cell.
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THE PRESENT AND FUTURE

STATE-OF-THE-ART REVIEW

Vitamin D and Cardiovascular Disease
Controversy Unresolved

Ibhar Al Mheid, MD,a,b Arshed A. Quyyumi, MDa,b

ABSTRACT

Vitamin D deficiency is typically caused by inadequate cutaneous synthesis secondary to decreased exposure to sunlight.

Serum levels of 25-hydroxyvitamin D l <20 ng/ml are diagnostic of vitamin D deficiency. Vitamin D has various
cardiovascular pleiotropic effects by activating its nuclear receptor in cardiomyocytes and vascular endothelial cells and

by regulating the renin-angiotensin-aldosterone system, adiposity, energy expenditure, and pancreatic cell activity. In

humans, vitamin D deficiency is associated with the following: vascular dysfunction; arterial stiffening; left ventricular

hypertrophy; and worsened metrics of diabetes, hypertension, and hyperlipidemia. It is also linked with worse cardio-

vascular morbidity and mortality. However, meta-analyses of vitamin D supplementation trials have failed to show

clear improvements in blood pressure, insulin sensitivity, or lipid parameters, thus suggesting that the link between

vitamin D deficiency and cardiovascular disease may be an epiphenomenon. Ongoing larger randomized trials will

clarify whether monitoring and supplementation of vitamin D play roles in cardiovascular protection.
(J Am Coll Cardiol 2017;70:89–100) © 2017 by the American College of Cardiology Foundation.

PHOTOSYNTHESIS, DIETARY INTAKE, AND

METABOLISM OF VITAMIN D

Vitamin D consists of a group of fat-soluble mole-
cules called secosteroids, which are similar to ste-
roids, but with “broken” rings, and that exist in
several forms (Figure 1). Its designation as a vitamin
is a misnomer given that human skin synthesizes
cholecalciferol, or vitamin D3, by the photochemical
cleavage of cutaneous 7-dehydrocholesterol, which
is most efficient at ultraviolet (UV) wavelengths.
The ability to convert 7-dehydrocholesterol into
vitamin D in the skin decreases with age and with
increasing skin pigmentation or sunscreen use, and
it is also affected by seasonal changes, distance
from the Equator, and altitude, as well as the
degree of ambient pollution and cloud cover.
Vitamin D3 is also found naturally in fatty fish,
fish oils, and egg yolks and is also industrially
manufactured. A second form of vitamin D, ergo-
calciferol (or vitamin D2) is produced by irradiation

of ergosterol, a membrane sterol found in the
ergot fungus.

Whether derived from the diet or synthesized
cutaneously, vitamins D2 and D3 are biologically inert
and require activation by successive hydroxylation
steps, first by hepatic mitochondrial and microsomal
enzymes, yielding 25-hydroxyvitamin D (25-OH D).
This step is loosely regulated, if at all, and exces-
sive intake (i.e., pharmacological preparations) of
vitamin D2 or vitamin D3 causes a proportional and
unchecked rise in serum 25-OH D levels (1). In
contrast, cutaneous synthesis raises serum 25-OH D to
a plateau level above which further sun exposure
results in spontaneous 25-OH D degradation (2). The
second step is catalyzed and tightly regulated by
renal 1-a-hydroxylase and yields the hormonal form
1,25-dihydroxyvitamin D (1,25-OH vitamin D or calci-
triol). Although 25-OH D may bind and activate the
vitamin D receptor (VDR), 1,25-OH vitamin D is by far
the most potent vitamin D analogue that mediates
most known functions of vitamin D.
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Abstract: Vitamin D is known to elicit a vasoprotective e↵ect, while vitamin D deficiency is a risk
factor for endothelial dysfunction (ED). ED is characterized by reduced bioavailability of a potent
endothelium-dependent vasodilator, nitric oxide (NO), and is an early event in the development of
atherosclerosis. In endothelial cells, vitamin D regulates NO synthesis by mediating the activity of
the endothelial NO synthase (eNOS). Under pathogenic conditions, the oxidative stress caused by
excessive production of reactive oxygen species (ROS) facilitates NO degradation and suppresses NO
synthesis, consequently reducing NO bioavailability. Vitamin D, however, counteracts the activity of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase which produces ROS, and improves
antioxidant capacity by enhancing the activity of antioxidative enzymes such as superoxide dismutase.
In addition to ROS, proinflammatory mediators such as TNF-↵ and IL-6 are risk factors for ED,
restraining NO and eNOS bioactivity and upregulating the expression of various atherosclerotic
factors through the NF-B pathway. These proinflammatory activities are inhibited by vitamin D by
suppressing NF-B signaling and production of proinflammatory cytokines. In this review, we discuss
the diverse activities of vitamin D in regulating NO bioavailability and endothelial function.

Keywords: calcitriol; endothelial dysfunction; nitric oxide; NO; NOX; oxidative stress; ROS;
inflammation; vitamin D deficiency; eNOS

1. Introduction

Vitamin D deficiency has been linked to many metabolic and cardiovascular diseases (CVD),
and therefore supplemental vitamin D has been used in the treatment and prevention of these diseases.
This fat-soluble vitamin is a steroid hormone that is endogenously produced in the skin of humans.
Initially, researchers have focused on a link between low levels of vitamin D and the occurrence of bone
disease, as vitamin D has been primarily known for its role in regulating calcium homeostasis and bone
metabolism. Data from the 2005–2006 National Health and Nutrition Examination Survey indicate
that vitamin D deficiency, defined as a serum 25-hydroxyvitamin D levels  20 ng/mL (50 nmol/L),
is common among adults aged 20 years and over in the United States (US), with 41.6% of adults
reporting a vitamin D deficiency [1]. This vitamin D deficiency epidemic can be attributable to factors
such as poor sunlight exposure, insu�cient intake of vitamin-containing foods and malabsorption
syndromes such as Crohn’s disease and celiac disease [2].
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administration increased intracellular calcium content through the formation of intracellular second
messengers, such as cyclic adenosine monophosphate (cAMP), diacylglycerol (DAG), and inositol
trisphosphate (IP3) [48]. These signaling molecules are potent activators of protein kinase A (PKA)
and protein kinase C (PKC), which trigger calcium release from intracellular stores and calcium uptake
through the voltage-sensitive calcium channels in the plasma membrane [49,50]. An increase in the
intracellular calcium concentration promotes the formation of calcium/calmodulin (CaM) complex
which plays an essential role to activate eNOS [51]. Furthermore, vitamin D may activate eNOS
activity in a phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)-dependent fashion. It has
been demonstrated that 1↵,25 (OH)2D3 treatment results in activation of the PI3K/Akt pathway in
skeletal muscle cells [52,53]. The PI3K/Akt pathway has been shown to induce phosphorylation of
serine-1177 to upregulate eNOS activity [54].
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Figure 2. Role of vitamin D and vitamin D receptor (VDR) in regulating nitric oxide (NO) bioavailability.
Ligand-bound VDR plays an important role in regulating NO synthesis via alterations in eNOS activity.
Activation of plasma membrane VDR upregulates the activity of endothelial NO synthase (eNOS),
a calcium dependent enzyme, by upregulating the formation of intracellular second messengers
including adenylyl cyclase (AC), diacylglycerol (DAG) and inositol trisphosphate (IP3), which in
turn result in calcium influx through the voltage-sensitive calcium channel (VSCC) in the plasma
membrane and the sarcoplasmic reticulum and through the ip3 receptor/calcium channel (IP3CC)
in the sarcoplasmic reticulum. The increased intracellular calcium concentrations facilitate the
calcium-calmodulin (CaM) pathway to activate eNOS. In addition, plasma membrane VDR triggers
eNOS activation through phosphorylation of serine-1779 (human serine 1177) on eNOS by activating
the phosphoinositide 3-kinase (PI3K)/ protein kinase b (Akt) pathway. Furthermore, genetic action of
vitamin D via the nuclear VDR promotes eNOS expression, which synthesizes NO from L-arginine,
and suppresses arginase-2 (AG2) expression, which inhibits eNOS activity by hydrolyzing the substrate
for NO synthesis (arginine) to ornithine and urea. Increased NO production promotes angiogenesis by
upregulating gene expression of matrix metalloproteinase 2 (MMP-2) which improves endothelial cell
(EC) migration and proliferation capacity. In addition, NO mediates angiogenetic activity of the cell
via upregulation of vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) and
suppression of the angiogenesis inhibitor, angiostatin.
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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 G↵S-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, G↵S: 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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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

Int. J. Mol. Sci. 2018, 19, 455; doi:10.3390/ijms19020455 www.mdpi.com/journal/ijms
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Inappropriate activation of the renin-angiotensin system, which plays a central role in the

regulation of blood pressure, electrolyte, and volume homeostasis, may represent a major

risk factor for hypertension, heart attack, and stroke. Mounting evidence from clinical studies

has demonstrated an inverse relationship between circulating vitamin D levels and the

blood pressure and/or plasma renin activity, but the mechanism is not understood. We show

here that renin expression and plasma angiotensin II production were increased severalfold

in vitamin D receptor–null (VDR-null) mice, leading to hypertension, cardiac hypertrophy,

and increased water intake. However, the salt- and volume-sensing mechanisms that

control renin synthesis are still intact in the mutant mice. In wild-type mice, inhibition of 1,25-

dihydroxyvitamin D3 [1,25(OH)2D3] synthesis also led to an increase in renin expression,

whereas 1,25(OH)2D3 injection led to renin suppression. We found that vitamin D regulation

of renin expression was independent of calcium metabolism and that 1,25(OH)2D3 markedly

suppressed renin transcription by a VDR-mediated mechanism in cell cultures. Hence,

1,25(OH)2D3 is a novel negative endocrine regulator of the renin-angiotensin system. Its

apparent critical role in electrolytes, volume, and blood pressure homeostasis suggests that

vitamin D analogues could help prevent or ameliorate hypertension.
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significance of these studies was hardly recognized until the 
discovery that 1,25(OH)2D3 is a negative endocrine regulator 
of renin gene expression [79]. This finding has enormous phys-
iological, pathological, and pharmacological implications.

The VDR null mutant mouse, which lacks VDR-mediated 
vitamin D signaling, is like a complete vitamin D-deficient 
model [80,81]. In 2002, we reported that VDR null mice devel-
oped hyperreninemia due to dramatic upregulation of renin 
expression in the kidney [79]. The upregulation of renin was 
detected at both messenger RNA (mRNA) and protein levels, 
leading to marked increase in plasma renin activity and plasma 
Ang II levels (Fig. 45.4) [79,82]. The hepatic expression of AGT, 
the substrate of renin, was unchanged. Thus the increase in 
plasma Ang II production is mainly due to the increase in renin 
activity. As a consequence of aberrant RAS overstimulation, 
VDR knockout mice developed high blood pressure, cardiac 

hypertrophy, and an overdrinking behavior. Cardiac hyper-
trophy is reflected by an increase in the heart weight and in 
the size of left ventricular cardiomyocytes, as well as elevation 
of left ventricular ANP and plasma ANP levels, the surrogate 
markers of cardiac hypertrophy [83]. Urinary volume and uri-
nary salt excretion are also increased, whereas plasma sodium 
and potassium concentrations remain normal in the mutant 
mice [82,84]. All these abnormalities can be corrected by treat-
ment with an ACEI or an ARB, confirming that RAS activation 
is responsible for these phenotypes [79,83]. Consistent with 
the inhibitory effect of VDR on renin gene expression, the com-
pensatory increase of renin expression in the JG cells following 
ARB or ACEI treatment is much more robust in VDR knockout 
mice compared to wild-type counterparts [82,84]. As expected, 
plasma and urinary aldosterone levels are markedly elevated 
in VDR knockout mice [84]. Moreover, renin expression in the 

FIGURE 45.4 VDR null mice develop hyperreninemia. (A) Northern blot showing marked upregulation of renin mRNA expression in the kidney 
of VDR null mice. (B) Quantitative results of the Northern blot data; ***, P < .001 versus +/+ mice. (C) Immunostaining of kidney cortex sections with 
renin antiserum. Arrows indicate the afferent glomerular arterioles in the juxtaglomerular region. Note the marked increase in renin staining in VDR 
null kidney. (D) Plasma renin activity in wild-type and VDR null mice. (E) Plasma Ang II concentrations in wild-type and VDR null mice. **P < .01; ***, 
P < .001 versus +/+ mice. +/+, wild-type; −/−, VDR null; Ang II, angiotensin II; mRNA, messenger RNA; PRA, plasma renin activity; VDR, vitamin D 
receptor. From Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP. 1,25-Dihydroxyvitamin D(3) is a negative endocrine regulator of the renin-angiotensin system. J 
Clin Invest 2002;110:229–38, with permission.
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urinary electrolyte parameters. As shown in Table 1,
VDR–/– mice ingested about twice as much water as
the wild-type littermates and, consequently, excreted
approximately twice as much urine. The abnormal
drinking behavior is not due to diabetes, since the
blood glucose and insulin levels of VDR–/– mice were
normal (Table 2). Food intake of VDR–/– mice was
similar to that of wild-type mice, but VDR–/– mice
excreted 37% and 19% more Na+ and K+ in the urine,
respectively (Table 1), while maintaining a normal
concentration of blood Na+ and K+ (Table 2). Thus,
VDR–/– mice appeared to have an increase in intestin-
al salt absorption due to the Ang II elevation.

VDR-null mice respond properly to salt load or volume
change. As renin production is very sensitive to changes
in tubular salt load or extracellular fluid volume (29,
30), we investigated the effect of high-salt diet or dehy-
dration on the expression of renin in VDR–/– and wild-
type littermates. When placed on a normal diet sup-
plemented with 8% NaCl, both VDR–/– and wild-type

mice responded by reducing the expression of renin
mRNA, but VDR–/– mice still maintained a significant-
ly higher renin mRNA level even after 7 days on the
high-salt diet (Figure 3a). Similar changes were seen in
the plasma Ang II levels in these animals (Figure 3b).
On the other hand, when the mice were dehydrated for
24 hours, which leads to hypovolemia, they responded
by increasing renin mRNA synthesis, but the increase
in wild-type mice was more dramatic than in VDR–/–

mice (Figure 3c), suggesting that the basal renin pro-
duction in VDR–/– mice was already near the maximal
capacity. The changes of plasma Ang II concentrations
in the dehydrated mice were consistent with the
changes in the renin expression (Figure 3d). These
observations indicated that, despite a high basal renin
synthesis, the regulatory mechanisms activated by
tubular salt load changes or volume depletion are still
intact in VDR–/– mice. These data also suggest that the
elevation of the basal renin expression in VDR–/– mice
is through a mechanism different from that of the
physiological inducers.

Inhibition of 1,25(OH)2D3 biosynthesis also leads to renin
upregulation. Dietary strontium has been shown to
block the biosynthesis of 1,25(OH)2D3 and has been
widely used to render animals vitamin D–deficient
(31). To confirm that the disruption of the vitamin D

232 The Journal of Clinical Investigation | July 2002 | Volume 110 | Number 2

Figure 1
Effect of VDR inactivation on renin expression and plasma Ang II pro-
duction. (a) Renin mRNA expression in the kidney. Kidney total RNAs
were isolated from wild-type (+/+) and VDR–/– (–/–) mice and ana-
lyzed by Northern blot. The same membrane was sequentially
hybridized with mouse renin and 36B4 cDNA probes. Each lane rep-
resents an individual animal. (b) Quantitative results of the North-
ern blot analyses shown in a. Values represent the ratio of renin
mRNA to 36B4 mRNA. *P < 0.001 vs. wild-type mice. (c) Immuno-
histochemical staining of the kidney cortex from wild-type and VDR–/–

mice with anti-renin antiserum. Arrows indicate the afferent glomeru-
lar arterioles in the JG region. Scale bar, 25 µm. (d) Plasma Ang II
concentrations in wild-type and VDR–/– mice. *P < 0.001 vs. wild-type
mice; n = 15 in each group. (e) Liver angiotensinogen mRNA expres-
sion in wild-type and VDR–/– mice, determined by Northern blot. The
membrane was sequentially hybridized with mouse angiotensinogen
and 36B4 cDNA probes. Each lane represents an individual mouse.

Figure 2
Effect of VDR inactivation on blood pressure and heart weight/body weight ratio. (a) Systolic and diastolic blood pressures of wild-type
(white bars) and VDR–/– (black bars) mice. *P < 0.01 vs. corresponding wild-type mice; n = 9 for wild-type mice; n = 8 for VDR–/– mice. (b)
Ratio of heart weight to body weight of wild-type and VDR–/– mice. *P < 0.05 vs. wild-type mice; n = 9 in each genotype. (c) Mean blood
pressure (BP) of wild-type (white bars) and VDR–/– (black bars) mice untreated or treated with captopril for 5 days. *P < 0.05 vs. corre-
sponding untreated wild-type mice; n = 4 in each genotype in each group.
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INTRODUCTION

The renin-angiotensin system (RAS) is a central regulator 
of renal and cardiovascular functions. Excess activation of the 
RAS leads to renal and cardiovascular disorders. In addition, 
the RAS is also involved in the pathology of other tissues. 
Mounting epidemiological and clinical evidence has demon-
strated an association of vitamin D deficiency or insufficiency 
with increased risks of renal and cardiovascular diseases, 
and the discovery of the vitamin D hormone as an endocrine 
repressor of the RAS provides a potential explanation for this 
association. 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) down-
regulates the expression of renin, the rate-limiting enzyme 

of the renin-angiotensin cascade, as well as angiotensinogen 
(AGT), the substrate for renin. Vitamin D deficiency or vita-
min D receptor (VDR) deficiency leads to overexpression of 
renin and thus excess activation of the RAS, causing renal and 
cardiovascular injuries. Defects in the vitamin D VDR signal-
ing also promote local RAS activation in other tissues under 
certain pathological conditions leading to detrimental effects. 
Thus physiologically the vitamin D hormone may play a role 
in maintaining the homeostasis of the renal and cardiovascu-
lar systems via suppressing the RAS. Pharmacologically, vita-
min D analogs may be used to target the RAS for treatment 
of renal and cardiovascular diseases and other diseases. This 
chapter will focus on vitamin D regulation of the RAS and its 
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dose of 4000 IU/d vitamin D3 supplementation failed to 
reduce blood pressure [164]. Long-term high-dose vitamin 
D3 supplementation (200,000 IU for 2 months followed by 
1000,000 IU for 18 months) had no effects on blood pressure 
in a group of white healthy adults without severe vitamin D 
deficiency (n = 322) [165]. A high dose of cholecalciferol (3000 
IU/d) treatment for 16 weeks was shown to have no effects 
on arterial stiffness or blood pressure in healthy individu-
als (n = 40) [166]. The Styrian Vitamin D Hypertension Trial 
showed that 8-week treatment of participants with arterial 
hypertension and 25(OH)D levels below 30 ng/mL (n = 200) 
with 2800 IU/d vitamin D3 had no significant effects on 
blood pressure and other cardiovascular risk factors [167]. A 
meta-analysis of 46 trials conducted between 1966 and 2014 
concluded no effects of vitamin D supplementation on blood 
pressure [168]. The PRIMO trial (n = 227), which treated 
patients with CKD with paricalcitol at 2 µg/d for 48 weeks, 
did not produce changes in left ventricular mass or left ven-
tricular diastolic function [169], but further post hoc analysis 
of the PRIMO trial data showed that paricalcitol treatment 
reduced left atrial volume in patients with left ventricular 
hypertrophy and attenuated the rise of brain natriuretic 
peptide [170]. The reasons for these conflicting results are 
unknown, but factors such as differences in patient popula-
tions, study designs, and serum vitamin D levels that were 
reached at these trials, among others, may contribute to the 
discrepancy. It is known that thresholds of serum 25(OH)
D concentrations vary according to different outcomes and 
subgroups of study subjects [171].

Correlation of Vitamin D With the Renin-Angiotensin 
System in Cardiovascular Diseases

The correlation between vitamin D status and the RAS 
or the regulation of the RAS by vitamin D in the context of 
cardiovascular diseases has been reported in a body of litera-
ture. Resnick et al. first demonstrated an inverse correlation 
between serum levels of 1,25(OH)2D3 and plasma renin activ-
ity in a study with 51 patients with essential hypertension [77]. 
Subsequently, another smaller study confirmed the inverse 
correlation between the change in circulating 1,25(OH)2D3 
and the change in plasma renin activity in subjects with high 
renin hypertension [78]. In the much larger Ludwigshafen 
Risk and Cardiovascular Health Study that includes more 
than 3000 patients referred for coronary angiography, both 
serum 25(OH)D and 1,25(OH)2D3 levels were found to be 
independently and inversely associated with plasma renin 
concentration and Ang II levels [172] (Fig. 45.7). In a cross-
sectional analysis of Caucasian population with hypertension 
(n = 223), serum 25(OH)D concentrations were inversely asso-
ciated with plasma renin activity, and renin status was found 
to be a significant effect modifier of the relationship between 
25(OH)D and salt sensitivity of blood pressure [173]. Another 
human study reported an inverse association between serum 
25(OH)D levels and Ang II levels in normotensive individuals 
(n = 184); it also showed an association of lower serum 25(OH)
D levels with increased renal plasma flow in response to Ang 
II infusion [174], suggesting increased intrarenal RAS activity 
in individuals with lower serum 25(OH)D levels. Furthermore, 
in Wistar rats, vitamin D deficiency was reported to aggravate 
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Summary

Objective: To examine the association of serum vitamin D level

with metabolic syndrome (MetS) and hypertension (HTN) in mid-

dle-aged Korean subjects.

Design and subjects: We conducted a population-based, cross-

sectional survey of 1330 participants aged over 40 years (median

age 65Æ8 years) in Chungju, Korea, in 2007. The 324 subjects, who

were normotensive in 2003 and who attended a follow-up visit

4 years later, were included in an analysis of the association of

serum vitamin D level with the risk of HTN.

Measurements: Serum 25-hydroxy-vitamin D [25(OH)D] and

PTH were measured in a central laboratory, using chemilumines-

cence assays.

Results: The overall prevalence of the MetS in participants of this

study was 45Æ3%. After adjusting for various covariates, subjects in

the highest quintile group (61Æ4–116Æ8 nmol/l) compared with the

lowest quintile group (10Æ0–29Æ7 nmol/l) of 25(OH)D had an odds

ratio (OR) for having MetS of 0Æ35 (95% confidence intervals, CI,

0Æ22–0Æ56; P for trend <0Æ001). The median level of 25(OH)D was

46Æ8 nmol/l among 324 subjects who were normotensive in 2003.

After multiple adjustment, the OR was substantially higher for new

HTN (OR 2Æ74; 95% CI 1Æ40–5Æ34) in subjects with serum

25(OH)D levels below the median value compared with those

above median. The inverse associations of vitamin D and MetS/

HTN were unchanged after adjustment for PTH and serum cal-

cium levels. There was no association between PTH and MetS.

Conclusions: We found a strong inverse association of 25(OH)D

levels with MetS and HTN in this middle-aged Korean population.

Having vitamin D deficiency was associated with an increased risk

of having MetS and HTN in this demographic group.

(Received 2 November 2009; returned for revision 18 December

2009; finally revised 10 January 2010; accepted 11 January 2010)

Introduction

Vitamin D receptors are found in most tissues, not just those par-

ticipating in the classic actions of vitamin D such as bone, gut and

kidney.1 Evidence from several lines of research has suggested non-

classical actions for vitamin D in conditions that are frequently

observed with metabolic syndrome (MetS), including obesity, dia-

betes and HTN.1 In cross-sectional studies, inverse associations

between serum 25-hydroxy-vitamin D [25(OH)D] concentrations

and MetS have been reported in several cohorts,2–8 but the associa-

tion is not consistent. In an analysis of the National Health and

Nutrition Examination Survey (NHANES) III, Ford et al.3 docu-

mented a strong inverse association of 25(OH)D level with MetS.

Recently, it was reported that no association of 25(OH)D with

MetS could be observed among community-dwelling older adults

(Rancho Bernardo study).4 The reasons for this discrepancy might

be that the 25(OH)D levels of the latter study’s participants were

higher than those of the former.5 Thus, there might be a threshold

level for vitamin D below which it might influence the development

of MetS, whereas higher levels might not.5

Vitamin D and PTH are both responsible for maintaining extra-

cellular calcium homeostasis. There is a close relationship between

25(OH)D, calcium and PTH, to the extent that changes in the levels

of one of these biochemical markers affect the levels of the others.

Therefore, the association of 25(OH)D with MetS is partly medi-

ated by calcium or secondary hyperparathyroidism. Previous stud-

ies have shown that morbidly obese women and men9 and older

men7 had a statistically significant increased risk of MetS with ele-

vated PTH levels independent of vitamin D levels.

According to a recent international study on vitamin D inade-

quacy among women with osteoporosis,10 South Korea had the

lowest level of serum 25(OH)D at 43Æ9 nmol/l, and the highest per-

centage of women with 25(OH)D levels below 75 nmol/l [30 ng/

ml] at 92Æ1%. MetS also has a high prevalence in Koreans despite

the low prevalence of obesity and central obesity.11 The age-

adjusted prevalence of MetS in Korean adults was 21Æ4% in 2001,

using the APC-WC (Asia-Pacific criteria for waist circumference)

criteria.11 Vitamin D levels and vitamin D inadequacy vary among

different populations and their association with MetS in non-Wes-

tern populations remains unclear.
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In the present study, hyperglycaemia, a component of MetS, was

not associated with vitamin D concentrations. There was an inverse

association reported between vitamin D and diabetes risk in non-

Hispanic whites and Mexican Americans, but lack of an inverse

association in non-Hispanic blacks.20 This lack of association may

be explained by the observation that nonwhites exhibit different

vitamin D, calcium and PTH homeostasis compared with whites.20

Mean levels of 25(OH)D in non-Hispanic blacks were lowest

among the three ethnic groups studied (non-Hispanic blacks,

49Æ1 nmol/l; non-Hispanic whites, 79Æ6 nmol/l and Mexican Amer-

icans, 66Æ0 ng/ml). The mean levels of 25(OH)D of participants in

the present study were also low (mean 46Æ1 nmol/l), although it is

difficult to compare levels between studies because of the different

methods used for measuring. There might be a threshold or a spe-

cific range of vitamin D for the association between 25(OH)D and

hyperglycaemia. In the study by Lu et al.6, which was the largest

population-based study in Asia, levels of vitamin D (mean

40Æ4 nmol/l) were similar to those of our study’s subjects and non-

Hispanic blacks. However, in their study, there were an indepen-

dent negative correlations of 25(OH)D concentration with fasting

blood sugar, fasting insulin and HOMA-IR. This discrepant result

could arise from an ethnic difference in the association between

vitamin D and hyperglycaemia. Results from interventional studies

are also controversial, showing either no effect of vitamin D supple-

mentation on the risk of developing diabetes21 or attenuations of

the increases in glycaemia and insulin resistance that occurs over

time.22

Interestingly, we observed a negative association between

25(OH)D concentrations and the risk of HTN not only in the total

population but also among the participants with previous normo-

tension at baseline, regardless of the presence of MetS. The Korean

population has some characteristics in terms of dietary factors that

make them different from others. The mean daily dietary calcium

intake in the present study was only 303Æ5 ± 193Æ9 mg/day. More-

over, because of intolerance towards or dislike of milk, many Kor-

ean people, especially elderly subjects, have a low dietary intake of

dairy calcium and vitamin D.23,24 Calcium plays a role in BP regu-

lation. Meta-analysis of 40 randomized controlled trials25 showed

that calcium supplementation (approximately 1 g/day) could

reduce SBP significantly by 1Æ9 mmHg and DBP by 1Æ0 mmHg. BP

response to calcium supplementation tends to be stronger in popu-

lations with a low habitual calcium intake (£800 mg/day), for

example in Asian subjects, than in populations with an adequate

intake.26,27 Moreover, short-term supplementation with vitamin

D3 and calcium is more effective in reducing SBP than calcium

alone.28 The relationship between vitamin D and the risk of HTN

in the present study might be associated with a low habitual cal-

cium intake and a high prevalence of vitamin D deficiency in Kore-

ans.

In our study, the associations of 25(OH)D and MetS / HTN were

unchanged after adjustment for parathyroid hormone and serum

calcium levels, indicating that the associations were independent of

these factors. Abdominal obesity and high blood pressure were

associated with PTH levels, but the associations disappeared after

multivariable adjustment. We could not find an association

between PTH levels and MetS. The lack of association between

(a)

(b)

Fig. 2 OR and 95% confidence interval (CI) for hypertension according to

the quintiles of vitamin D (a) and PTH (b) concentrations. Adjusted for
age, gender, body mass index, season of blood draw, smoking, drink, exer-

cise, total energy, calcium & sodium intake, and HOMA-IR. P for
trend = 0Æ017 and 0Æ222, respectively.

Table 5. 25(OH)D levels and ORs of hypertension among the participants
with previous normotension

25(OH)D level, nmol/l (median = 46Æ8)

High
(46Æ9–114Æ6)

Low
(10Æ0–46Æ7) v2 P-Value

No. of participants 162 162
No. of cases (%) 44 (27Æ16) 71 (43Æ83) 9Æ827 0Æ001

Model 1 1 (ref.) 2Æ71 (1Æ39, 5Æ30) 8Æ535 0Æ003
Model 2 1 (ref.) 2Æ74 (1Æ40, 5Æ34) 8Æ683 0Æ003

Model 3 1 (ref.) 2Æ47 (1Æ26, 4Æ87) 6Æ860 0Æ009

Data represent % (SE). Model 1; adjusted for age, gender, body mass index,
season of blood draw, smoking, drink, exercise, total energy, calcium &
sodium intake. Model 2; adjusted for all variables in model 1 plus HOMA
IR. Model 3; adjusted for all variables in model 1 plus parathyroid hormone
and serum calcium levels.

336 M. K. Kim et al.
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Blacks in the United States have significantly higher rates of 
hypertension and cardiovascular disease than whites, and 

lower circulating levels of 25-hydroxyvitamin D (25[OH]D).1 
In prospective studies, lower levels of 25(OH)D are indepen-
dently associated with a higher risk of developing hyperten-
sion.2–4 Thus, the greater prevalence of vitamin D deficiency 
among blacks may explain a substantial proportion of the 
racial disparity in blood pressure (BP).5 Several trials evalu-
ating the effects of vitamin D supplementation on BP have 
been conducted with inconsistent results.6–9 However, none of 
these trials enrolled a sufficient number of black participants 
to examine the effects of supplementation in this population.

If vitamin D supplementation lowered BP among blacks, its 
widespread use could have major public health benefits. Thus, 
we examined the influence of vitamin D supplementation in 
an exclusively black population within a randomized, double-
blind, placebo-controlled trial.

Methods
Study Design
This is a prospective, randomized, double-blind, placebo-controlled 
clinical trial of oral cholecalciferol (vitamin D3) in a healthy black 
population (ClinicalTrials.gov: NCT00585637). The primary goal 
of the trial was to examine the effect of daily supplementation of 
1000 international units (IU) of vitamin D3, 2000 IU of vitamin 
D3, and 4000 IU of vitamin D3, and placebo on plasma 25(OH)
D levels. Participants were drawn from Open Doors to Health, a 
community-based colorectal cancer prevention study conducted 
in 12 public housing communities in the Boston metropolitan 
area.10 We also recruited participants from community and faith-
based organizations and also from a refer-a-friend program. All 
participants provided written informed consent; the project was 
approved by the Institutional Review Board of Harvard School of 
Public Health. All procedures followed were in accordance with 
institutional guidelines.

Abstract—Blacks have significantly higher rates of hypertension than whites, and lower circulating levels of 
25-hydroxyvitamin D. There are few data about the effect of vitamin D3 (cholecalciferol) supplementation on blood 
pressure in blacks. During 2 winters from 2008 to 2010, 283 blacks (median age, 51 years) were randomized into a 
4-arm, double-blind trial for 3 months of placebo, 1000, 2000, or 4000 international units of cholecalciferol per day. At 
baseline, 3 months, and 6 months, systolic and diastolic pressure and 25-hydroxyvitamin D were measured. The 3-month 
follow-up was completed in 250 (88%) participants. The difference in systolic pressure between baseline and 3 months 
was +1.7 mm Hg for those receiving placebo, −0.66 mm Hg for 1000 U/d, −3.4 mm Hg for 2000 U/d, and −4.0 mm Hg 
for 4000 U/d of cholecalciferol (−1.4 mm Hg for each additional 1000 U/d of cholecalciferol; P=0.04). For each 1-ng/mL  
increase in plasma 25-hydroxyvitamin D, there was a significant 0.2-mm Hg reduction in systolic pressure (P=0.02). 
There was no effect of cholecalciferol supplementation on diastolic pressure (P=0.37). Within an unselected population 
of blacks, 3 months of oral vitamin D3 supplementation significantly, yet modestly, lowered systolic pressure. Future 
trials of vitamin D supplementation on blood pressure are needed to confirm these promising results, particularly among 
blacks, a population for whom vitamin D deficiency may play a more specific mechanistic role in the pathogenesis of 
hypertension.  (Hypertension. 2013;61:779-785.) s Online Data Supplement
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We repeated our primary analysis after excluding those 118 
individuals who were taking antihypertensive medications. 
Among the remaining 132 participants, each additional 1000 
IU/d of cholecalciferol supplementation was associated with 
a decrease in SBP that was similar in magnitude to the whole 
population (1.2 mm Hg); however, this result was not statis-
tically significant (P=0.24), possibly owing to the restricted 
sample size.

We also examined the effect of any dose of cholecalciferol 
supplementation (ie, all 3 treatment groups combined) on 
3-month change in BP compared with placebo. In these analy-
ses, cholecalciferol supplementation at any dose lowered SBP 
by 4.4 mm Hg, an effect which approached statistical signifi-
cance (P=0.07).

To assess whether the effect of vitamin D3 supplementation 
persisted after discontinuation of supplementation, we exam-
ined the change in BP at the 6-month examination, 3 months 
after study treatment was discontinued. We did not observe 
any significant effect of randomized treatment on either SBP 
or DBP at the 6-month examination in comparison with the 
baseline examination (Figure S2B and S2C). For each 1000 
IU/d additional cholecalciferol supplementation, the 6 month 
SBP was decreased by 0.4 mm Hg (P=0.56) and DBP was 
decreased by 0.2 mm Hg (P=0.75).

Post Hoc Secondary Analyses
We repeated our primary analysis after stratifying by 
baseline SBP (<120 mm Hg, ≥120 mm Hg) and baseline 
plasma 25(OH)D (<20 ng/mL, ≥20 ng/mL). The effect of 
cholecalciferol on BP was identical among those whose 
baseline SBP<120 mm Hg or ≥120 mm Hg. In contrast, the 
effect of each additional 1000 IU/d of cholecalciferol on SBP 
was larger among those whose baseline plasma 25(OH)D 
was <20 ng/mL (a 2.2 mm Hg decrease; P=0.03) than among 
those whose baseline plasma 25(OH)D was ≥20 ng/mL (a 0.4 
mm Hg decrease; P=0.66). However, these effects were not 
statistically different from each other (P interaction=0.33).

We observed a clinically but not statistically significant 
differ ence in baseline SBP among the treatment groups 
(Table 1). Thus, we repeated our primary analysis after 
adjusting for baseline BP. In these models, each 1000 IU/d 
additional cholecalciferol dose nonsignificantly lowered 
systolic pressure by 0.7 mm Hg (P=0.29).

Discussion
To our knowledge, this is the largest randomized, double-
blind, placebo-controlled trial examining the effects of cho-
lecalciferol supplementation among black individuals. On an 
intent-to-treat basis, supplementation with cholecalciferol for 
3 months significantly lowered SBP, although no effect on 
DBP was observed. In addition, a greater increase in plasma 
25(OH)D level in response to supplementation was signifi-
cantly associated with a larger decrease in SBP. The magnitude 
of the effect was greater with higher doses of cholecalciferol, 
but overall was clinically modest (a 1.4-mm Hg decrease in 
SBP for every 1000 IU/d given).

Our findings suggest that, among blacks, vitamin D sup-
plementation may play a role in lowering BP. However, these 
conclusions are tempered by our observation that the baseline 
SBP was greatest among participants treated with the highest 
dose of cholecalciferol, raising the possibility that the effect 
of cholecalciferol could have been attributable, in part, to 
regression to the mean. However, all 3 groups treated with 
cholecalciferol had declines in SBP (Figure S2B), and there 
was a significant decrease in SBP associated with increasing 
25(OH)D levels in response to supplementation.

To date, >10 trials have evaluated the effect of vitamin D 
therapy on BP,21–36 4 of which were designed specifically to 
evaluate BP as a primary end point.30,31,35,36 Of these 4 trials, 
our results are supported by a placebo-controlled trial which 
showed that daily intake of 800 IU of cholecalciferol sig-
nificantly reduced SBP by 7 mm Hg after 8 weeks of treat-
ment among 148 individuals.31 In contrast, a single dose of 
cholecalciferol 100 000 IU did not lower BP after 5 weeks in 
a placebo-controlled trial of 189 individuals with vitamin D 
deficiency.30 This trial was limited by its short duration, rela-
tively small sample size, and modest 7-ng/mL rise in 25(OH)
D levels in response to supplementation.30

The largest trial (Women’s Health Initiative, n=36 282) was 
designed to evaluate fracture and cancer risk in a population 
of largely vitamin D–insufficient women; cholecalciferol (400 
IU/daily) with calcium was not associated with changes in BP 
or incident hypertension after 7 years of follow-up.28 However, 
the dose of cholecalciferol used was low and not expected to 
significantly increase 25(OH)D levels,37–39 the rate of medica-
tion noncompliance was high, and 60% of women assigned to 
placebo also consumed supplemental vitamin D.

Table 2. Effect of Vitamin D Supplementation on Blood Pressure During the Treatment Period (Baseline to 3 mo)

Parameter

Vitamin D Dose, IU/d 3 mo Change  
in BP per 1000 IU/d P  ValuePlacebo 1000 2000 4000

n (at baseline) 72 68 73 70

Baseline SBP, mean (SE) 122.2 (2.2) 124.7 (2.1) 122.8 (2.0) 130.4 (2.4) −1.4 (0.7) 0.04

3 mo SBP, mean (SE) 124.9 (2.4) 122.5 (2.0) 120.0 (2.4) 126.6 (2.6)

Difference SBP, mean (SE) 1.7 (2.1) −0.66 (2.1) −3.4 (2.0) −4.0 (2.1)

Baseline DBP, mean (SE) 78.0 (1.3) 79.8 (1.3) 77.6 (1.4) 79.8 (1.6) −0.5 (0.5) 0.37

3 mo DBP, mean (SE) 78.9 (1.8) 78.0 (1.6) 76.0 (1.8) 78.0 (1.6)

Difference DBP, mean (SE) 0.7 (1.6) −2.5 (1.6) −1.8 (1.4) −1.8 (1.50)

BP indicates blood pressure; DBP, diastolic blood pressure; IU, international unit; and SBP, systolic blood pressure.
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ABSTRACT:    
There are many different kinds of cells that make up adipose tissue, and it plays a vital part in the regulation of inflammation and 
the maintenance of energy balance, both locally and throughout the body. It is one of the most important organs that is not skeletal 
in nature and serves as the principal storage location for vitamin D. Vitamin D also has an effect on this organ. It is vital to take into 
consideration the specific cell type, the stage of differentiation, and the length of time that the therapy is delivered in order to 
determine how vitamin D can affect multiple aspects of adipose tissue function and development. This is because vitamin D can 
help determine how vitamin D can influence these aspects. In spite of this, vitamin D has the ability to either slow down or speed 
up the differentiation process of adipocytes, which are cells that are responsible for the synthesis of fat. This is dependent on the 
specific cell type. Vitamin D is not only responsible for this, but it also plays a role in the regulation of the energy metabolism that 
occurs in adipose tissue. The oxidation of fatty acids, the expression of uncoupling proteins, insulin resistance, and the synthesis of 
adipokines are all altered as a result of this process. Furthermore, inflammation of adipose tissue is a substantial contribution to the 
metabolic abnormalities that are often associated with obesity. This is because adipose tissue is a major source of fat. There is 
evidence that vitamin D has the potential to influence the inflammatory response of immune cells, as well as the systemic response 
and adipocytes that are present in adipose tissue. Vitamin D also has the ability to influence the inflammatory response of immune 
cells. Additionally, vitamin D has the capacity to prevent the development of cancer in some people. 

KEYWORDS:  Adipose tissue, Vitamin D3, Synthesis, Inflammation ,Metabolism disorder 
       
INTRODUCTION  
1-1 What is the adipose tissue? 
       There are many different kinds of cells that can be found in adipose tissue, which is a type of connective tissue. These cells 
include adipocytes, immune cells such as macrophages, fibroblasts, smooth muscle cells, and endothelial cells. There is a form of 
connective tissue known as adipose tissue (Luo &Liu,2016). 
       The management of inflammation, both locally and throughout the body, is one of the significant roles of adipose tissue, which 
is made up of a wide variety of cell types. Adipose tissue is responsible for the preservation of energy balance. The non-skeletal 
organ is considered to be one of the most important organs that is influenced by vitamin D. This is because it is the primary storage 
location for vitamin D, which puts it in a position of importance. Vitamin D can have a range of effects on the function and 
development of adipose tissue. One of these effects is the suppression or stimulation of adipocytes, which are fat cells. The exact 
cell type, stage of differentiation, and duration of therapy all play a role in determining how vitamin D can alter these effects. 
Vitamin D has the ability to influence these processes in a variety of different ways, and this potential exists because vitamin D is 
present. Another essential function of vitamin D is that it regulates the energy metabolism in adipose tissue. Vitamin D is responsible 
for this control, which is another key function of vitamin D. It accomplishes this result via influencing the expression of uncoupling 
proteins, fatty acid oxidation, insulin resistance, and the generation of adipokines, all of which are in turn affected by it. Adipose 
tissue inflammation is yet another component that plays a significant part in the metabolic abnormalities that are typically associated 
with obesity. These abnormalities are characterized by a lack of metabolic efficiency. Vitamin D is able to efficiently manage the 
inflammatory response of immune cells, in addition to the systemic reaction and adipocytes that are found within adipose tissue. 
Vitamin D is also able to regulate the systemic response. In addition to this, vitamin D has the capacity to control the inflammatory 
response that immune cells exhibit (Chan &Sung, 2021). Vitamin D's ability to target the vitamin D receptor (VDR) gene and the 
enzymes that are responsible for the metabolism of vitamin D in immune cells and adipocytes is the underlying explanation for the 
significant influence that vitamin D has on the biology of adipose tissue. Vitamin D is associated with a number of health benefits, 
including a reduction in the risk of various diseases. In order to accomplish its function, vitamin D is directed toward the enzymes 
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1-4 Effect of vitamin D on adipose tissue and its clinical significance.  
        According to the findings that have been compiled from the various bodies of study that have been conducted, the location of 
the production, storage, and breakdown of the active form of vitamin D is found in the adipose tissue of the body. For the purpose 
of putting together this content, references to these many bodies of study have been consulted. Because adipocytes include both 
VDR and 1,25D-MARRS, it is possible for vitamin D to produce both a genomic and a non-genomic response in adipose tissue. 
This is because adipocytes contain both of these signals. The reason for this is that both of these chemicals are present in the 
environment. The fact that adipocytes include both of these receptors is the reason why this particular scenario exists. Some of the 
processes that are affected by vitamin D include adipogenesis, apoptosis, oxidative stress, inflammation, the release of 
adipocytokines, lipid metabolism, and thermogenesis. Vitamin D also has a role in both of these processes. In addition, vitamin D 
is involved in the process of adipocyte formation to some degree. The aforementioned are but a handful of the numerous processes 
that vitamin D has the potential to influence. On the other hand, vitamin D is also involved in a wide range of other systems and 
processes. When it comes to the formation of adipocytes, vitamin D is not only involved in the process, but it also plays a role in 
the production of adipocytes with its support. For the purpose of determining whether or not vitamin D supplements are effective 
for individuals who have varied degrees of severity of metabolic disorders and obesity, it is required to do additional clinical 
research. This is due to the fact that complete comprehension of the advantages of vitamin D supplementation has not yet been 
achieved. It is necessary to have this specific information, which is one of the reasons why this is the case. In order to achieve the 
desired level of control, it is necessary to have a wide range of metabolic processes and signaling channels. These include 
adipogenesis, apoptosis, oxidative stress, inflammation, the release of adipocytokines, lipid metabolism, and thermogenesis. In the 
control of various processes and pathways, vitamin D is an essential component that plays a crucial function. These processes are 
all essential for the body's ability to function at its optimal level and maintain homeostasis (fig. 4) (Xiang et al.,2020). 
              Modifications in the quantity and size of fat cells, also known as adipocytes, have an effect on the environment surrounding 
fat tissues that have grown in size. This results in alterations in the secretion of adipokines, which are hormones that are secreted by 
fat cells; these changes also lead to the death of fat cells, decreased oxygen levels (hypoxia), and altered transport of fatty acids. In 
addition, the adipose tissue contains a wide variety of cells, including immune cells, which are involved in adaptive activities. These 
processes include the elimination of dead fat cells, the production of new fat cells, and the formation of new blood vessels 
(angiogenesis). When fat people remodel their adipose tissue, these mechanisms are disturbed, which leads to the development of 
obesity. In addition, an excessive consumption of nutrients can set off uncontrolled inflammatory reactions, which can lead to 
persistent low-grade inflammation as well as metabolic diseases such as insulin resistance.  ( Park et al.,2018).           

 
Fig 4:  The function of vitamin D in adipose tissue (Xiang  et al.,2020). 

 
1-5   Role of vitamin D3 as anti-fibrotic agent in liver fibrosis 
           Through the action of the vitamin D receptor (VDR) and particular signal transduction pathways, it has been discovered that 
vitamin D has an antifibrotic effect on liver fibrosis. This effect is exerted on hepatic stellate cells (HSC). Because of this, the 
expression of genes that promote fibrogenesis is inhibited. Patients diagnosed with liver fibrosis are usually reported to have a 
significant incidence of vitamin D deficiency, according to the findings of certain studies. In light of this, it appears that monitoring 
vitamin D levels can function as a biochemical marker for tracking the progression of hepatic fibrosis. (Udomsinprasert & 
Jittikoon,2019). 



OPINION PAPER

What’s in a name revisited: should osteoporosis
and sarcopenia be considered components
of “dysmobility syndrome?”

N. Binkley & D. Krueger & B. Buehring

Received: 12 April 2013 /Accepted: 20 May 2013 /Published online: 1 August 2013
# International Osteoporosis Foundation and National Osteoporosis Foundation 2013

Abstract Sarcopenia and osteoporosis are age-related de-
clines in the quantity and quality of muscle and bone respec-
tively, with shared pathogeneses and adverse health conse-
quences. Both absolute and relative fat excess, i.e., obesity
and sarcopenic obesity, contribute to disability, falls, and
fractures. Rather than focusing on a single component, i.e.,
osteoporosis, sarcopenia, or obesity, we realized that an
opportunity exists to combine clinical factors, thereby po-
tentially allowing improved identification of older adults at
risk for disability, falls, and fractures. Such a combination
could be termed dysmobility syndrome, analogous to the
approach taken with metabolic syndrome. An arbitrary
score-based approach to dysmobility syndrome diagnosis is
proposed and explored in a small cohort of older adults.
Further evaluation of such an approach in large population-
based and prospective studies seems warranted.

Keywords Dysmobility . Falls . Fracture . Sarcopenia

Introduction

In a recent Osteoporosis International editorial, Siris et al.
called for the field to move beyond simply using bone mineral
density (BMD) to diagnose osteoporosis and suggested that
elevated fracture risk is the disease in need of intervention [1].
This is certainly correct, but we believe it is appropriate to
extend this approach beyond osteoporosis and suggest

utilizing risk of impaired mobility, fractures, and falls to
diagnose “dysmobility syndrome.” In this case, dysmobility,
i.e., difficult or impaired mobility, refers to a combination of
conditions including sarcopenia, obesity, and mobility impair-
ment that lead to an increased risk of adverse musculoskeletal
outcomes such as falls and fractures. A comparable approach
has been employed and is clinically widely accepted with
metabolic syndrome in which an amalgamation of factors,
e.g., obesity, hypertension, diabetes, lipid, and blood pressure
status, is recognized as a contributor to adverse cardiovascular
outcomes [2, 3]. It seems plausible that such an approach
could unify osteoporosis, sarcopenia, and sarcopenic obesity
to enhance identification of those most at risk of adverse
musculoskeletal consequences. This work overviews the ra-
tionale behind considering dysmobility syndrome and ex-
plores one example of such an approach.

Are osteoporosis and sarcopenia the same disease?

Sarcopenia, the age-related decline in muscle mass and func-
tion is associated with increased risk of disability, falls, and
low bone mineral density [4, 5]. It is therefore not surprising
that recent reports find sarcopenia and osteoporosis com-
monly co-exist in older adults who have sustained a hip
fracture [6, 7]. Indeed, the parallels between osteoporosis
and sarcopenia are striking [8]. Both are age-related decre-
ments in mass and quality of bone and muscle, respectively
[9]. Both cause major personal morbidity, increase
healthcare costs, and reduce quantity/quality of life. More-
over, both are multifactorial in origin being caused (at least in
part) by inflammation, hormonal and/or nutritional deficits,
toxins, and sedentariness [10]. Thus, it could be argued that
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myogenic regulatory factors. These effects are consistent
with a promotion of myoblast self-renewal and mainte-
nance of the satellite stem cell pool, possibly mediated by
a modulation of the FOXO3 and Notch signaling path-
ways. Future studies investigating the role of vitamin D in
skeletomuscular health and function should therefore be
directed towards the role of muscle precursor cells in these
processes.
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Figure 1 Phenotype of mVDR mice mRNA for Vdr in six mice per group at 13 weeks in (A) soleus muscle (B) tibialis anterior, and (C) quadriceps. (D)
Mouse body weight (N = 6–16); (E) lean mass measured by DEXA at 13 weeks; N = 5–6; (F) grip strength (N = 6–16); (G) wheel-running speed; and (H)
running distance at 13 weeks of age (N = 7–8, median, and 95% CI). (I) Fat mass in mice at 13 weeks of age, measured by DEXA (N = 5–6). FC, floxed
control; mVDR, myocytes vitamin D receptor null. * = P < 0.05, ** = P < 0.01.
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Abstract
Background: To explore the associations between serum 25-hydroxyvitamin D (25D) and 1,25-dihydroxyvitamin D (1,25D) levels at baseline 
and incidence of sarcopenia over time in older Australian community-dwelling older men.
Methods: Of the 1,705 men aged ≥70 years (2005–2007) participating in the Concord Health and Ageing in Men Project, those without 
sarcopenia at baseline (n = 1,312 for 25D and n = 1,231 for 1,25D), 2 years (n = 1,024 for 25D and n = 956 for 1,25D), and 5-year follow-up 
(n = 709 for 25D and n = 663 for 1,25D) were included in the study. The main outcome measurement was the incidence of sarcopenia defined 
as appendicular lean mass adjusted for body mass index <0.789 and grip strength <26.0 kg. Serum 25D and 1,25D levels were measured 
at baseline by radioimmunoassay (Diasorin, Stillwater, MN) and categorized into quartiles as predictor variables. Covariates included age, 
income, season of blood collection, physical activity, vitamin D supplement and medication use, measures of health, serum parathyroid 
hormone (PTH), estimated glomerular filtration rate (eGFR), albumin, and white blood cell count.
Results: In this study, incidence of sarcopenia was 3.9% in men at the 2-year follow-up and 8.6% at the 5-year follow-up. In adjusted analysis, 
men with vitamin D levels in the lowest quartiles (25D <40nmol/L; 1,25D <62 pmol/L) showed significant associations with increased odds of 
incident sarcopenia compared to those with vitamin D levels in the highest quartiles over 5 years. [25D: odds ratio (OR) 2.53 (95% confidence 
interval (CI) 1.14, 5.64) p = .02; 1,25D: OR 2.67 (95% CI 1.28, 5.60) p = .01]. After further adjustments for the respective other serum vitamin 
D measure, (either 25D or 1,25D), the association remained significant [25D: OR 2.40 (95% CI 1.02, 5.64) p = .04; 1,25D: OR 2.23 (95% 
CI 1.04, 4.80) p = .04].
Conclusion: Low serum 1,25D and 25D concentrations at baseline are independently associated with the incidence of sarcopenia over the 
subsequent 5 years. Although our data do not prove any causal relationship, it is conceivable that maintaining vitamin D sufficiency may 
reduce the incidence of sarcopenia in ageing men.

Keywords: Calcitriol—Older men—Population study—Sarcopenia—Vitamin D
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and sarcopenia using the FNIH cut points in older community 
dwelling men.

There are plausible biological pathways for a role of vitamin D 
metabolites with muscle mass and strength. Current evidence sug-
gests that 25D may be taken up and stored by skeletal muscle (28) 
and there is the possibility that there are direct effects of vitamin D on 
muscle strength (29). However, the evidence is not always consistent 
as some cross-sectional studies find associations between serum 25D 
levels and poor muscle function (30) while others do not (31). In a 
review of published studies, Annweiler and colleagues (6) discuss the 
reasons for the divergence in study findings, some of which may be 
due to methodological differences, including a lack of consideration 
of confounding influences in some studies. Our results regarding the 
relationship between serum 25D and the incidence of sarcopenia are 
comparable to those of another longitudinal study amongst older 
men and women which was over a shorter, 3-year follow-up (10).

A number of processes may underlie the association between 
vitamin D levels and the incidence of sarcopenia. One possible expla-
nation is that individuals with functional or health problems such 
as sarcopenia are more likely to have low vitamin D levels due to 
the lack of time spent outdoors and therefore lack of UV exposure 

(32). However, the above associations remained after adjusting for 
comorbidities and physical activity at the three time points, making 
this possibility less likely.

The novel aspect of our study is the demonstration that low 
serum 1,25D levels at baseline are associated with the incidence of 
sarcopenia over time. Of note, studies so far have not investigated 
the association between serum 1,25D concentrations and sarcope-
nia in older people despite plausible biological concepts that would 
suggest such associations. While the potential mechanisms that link 
1,25D status to muscle function are complex, the presence of the 
VDR in muscle tissue support a physiological role of vitamin D in 
muscle function (33). This is further substantiated by the observa-
tion that polymorphisms in the VDR gene are related to differences 
in muscle strength (34) and that vitamin D deficiency is associated 
with decreased muscle strength (35). In addition, VDR in muscle 
tissue is a nuclear receptor that binds 1,25D with high affinity and 
stimulates its actions to regulate protein synthesis. The direct influ-
ence of 1,25D on calcium homeostasis is also believed to impact 
contractile properties of muscle cells (36).

There are established physiological reasons for the age-related 
decline in 1,25D levels which are in line with our findings that show 

Table 3. Longitudinal Unadjusted and Multivariate Adjusted (Odds Ratios and 95% Confidence Interval) for GEE analyses: 1,25D Status at 
Baseline and Associations with Incidence of Sarcopenia at 2- and 5-Year Follow-up (Reference Category is the Highest Quartile: 1,25D ≥146 
pmol/L): the CHAMP Study

N = 663
Serum 1,25D
Lowest Quartile <62 pmol/L

Serum 1,25D
Second Quartile
62–96.9 pmol/L

Serum 1,25D
Third Quartile
97–145.9 pmol/L

Serum 1,25D
Fourth Quartile
≥146 pmol/L (Referent 
Category)

Model 1* 2.27 (1.28,4.01)
p = .01

0.95 (0.48,1.87)
p = .88

0.75 (0.38,1.48)
p = .41

1

Model 2* 2.01 (1.12,3.61)
p = .02

0.88 (0.44,1.73)
p = .71

0.78 (0.38,1.54)
p = .47

1

Model 3* 2.67 (1.28,5.60)
p = .01

1.08 (0.49,2.41)
p = .85

1.03 (0.47,2.25)
p = .95

1

Model 4* 2.23 (1.04,4.80)
p = .04

1.01 (0.45,2.26)
p = .98

0.97 (0.45,2.10)
p = .93

1

Note: *Model 1 = unadjusted, Model 2 = adjusted for age, Model 3 = Model 2 plus adjusted for season, income, smoking status, physical activity, vitamin 
D supplement use, no of comorbidities, depressive symptoms, dementia, ADL disability, no of medications, white cell count, albumin, and PTH, eGFR, Model 
4 = Model 3 plus 25D.

Table  2. Longitudinal Unadjusted and Multivariate Adjusted (Odds Ratios and 95% confidence interval) for GEE Analyses: 25D Status 
at Baseline, and Associations with Incidence of Sarcopenia at 2- and 5-year Follow-up (Reference Category is the Highest Quartile 25D 
≥68.9 nmol/L)

N = 709

Serum 25D
Lowest Quartile
<40.0 nmol/L

Serum 25D
Second Quartile
40–52.9 nmol/L

Serum 25D
Third Quartile
53–68.9 nmol/L

Serum 25D
Fourth Quartile
≥68.9 nmol/L (Referent 
Category)

Model 1* 2.55 (1.33,4.90)
p = .005

1.75 (0.91,3.39)
p = .10

1.33 (0.69,2.58)
p = .39

1

Model 2* 2.48 (1.27,4.85)
p = .01

1.90 (0.97,3.73)
p = .10

1.43 (0.74,2.78)
p = .29

1

Model 3* 2.53 (1.14,5.64)
p = .02

1.90 (0.89,4.10)
p = .10

1.51 (0.73,3.12)
p = .27

1

Model 4* 2.40 (1.02,5.64)
p = .04

1.86 (0.83,4.15)
p = .13

1.47 (0.68,3.16)
p = .33

1

Note: *Model 1 = unadjusted, Model 2 = adjusted for age, Model 3 = Model 2 plus adjusted for season, income, smoking status, physical activity, vitamin D 
supplement use no of comorbidities, depressive symptoms, dementia, ADL disability, no of medications, white cell count, albumin, PTH eGFR, Model 4 = Model 
3 plus 1,25D. 
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Low Vitamin D and High Parathyroid Hormone Levels
as Determinants of Loss of Muscle Strength and Muscle
Mass (Sarcopenia): The Longitudinal Aging
Study Amsterdam

MARJOLEIN VISSER, DORLY J. H. DEEG, AND PAUL LIPS

Institute for Research in Extramural Medicine (M.V., D.J.H.D., P.L.) and Department of Endocrinology (P.L.), VU
University Medical Center, 1081 BT Amsterdam, The Netherlands; and Department of Psychiatry (D.J.H.D.), Vrije
University, 1075 BG Amsterdam, The Netherlands

The age-related change in hormone concentrations has been
hypothesized to play a role in the loss of muscle mass and
muscle strength with aging, also called sarcopenia. The aim of
this prospective study was to investigate whether low serum
25-hydroxyvitamin D (25-OHD) and high serum PTH concen-
tration were associated with sarcopenia. In men and women
aged 65 yr and older, participants of the Longitudinal Aging
Study Amsterdam, grip strength (n ! 1008) and appendicular
skeletal muscle mass (n ! 331, using dual-energy x-ray ab-
sorptiometry) were measured in 1995–1996 and after a 3-yr
follow-up. Sarcopenia was defined as the lowest sex-specific
15th percentile of the cohort, translating into a loss of grip
strength greater than 40% or a loss of muscle mass greater
than 3%. After adjustment for physical activity level, season of
data collection, serum creatinine concentration, chronic dis-

ease, smoking, and body mass index, persons with low (<25
nmol/liter) baseline 25-OHD levels were 2.57 (95% confidence
interval 1.40–4.70, based on grip strength) and 2.14 (0.73–6.33,
based on muscle mass) times more likely to experience sar-
copenia, compared with those with high (>50 nmol/liter) lev-
els. High PTH levels (>4.0 pmol/liter) were associated with an
increased risk of sarcopenia, compared with low PTH (<3.0
pmol/liter): odds ratio ! 1.71 (1.07–2.73) based on grip
strength, odds ratio ! 2.35 (1.05–5.28) based on muscle mass.
The associations were similar in men and women. The results
of this prospective, population-based study show that lower
25-OHD and higher PTH levels increase the risk of sarcopenia
in older men and women. (J Clin Endocrinol Metab 88:
5766–5772, 2003)

SARCOPENIA IS DEFINED as the loss of muscle strength
and muscle mass with aging (1). It increases the risk for

functional limitations and mortality (2, 3). To improve the
quality of life in old age, the identification of the determi-
nants of sarcopenia is important. The age-related change in
hormone concentrations has been hypothesized to play a role
in sarcopenia (1, 4).

Vitamin D deficiency is common in both geriatric patients
(30–90%, dependent on the used definition) and indepen-
dent, community-dwelling older persons (2–60%) (5, 6). This
is partly due to a lower sunshine exposure and a reduced
capacity of the older skin to synthesize vitamin D3 under
the influence of UV light (7). Several cross-sectional studies
have shown that low 1,25-hydroxyvitamin D and low 25-
hydroxyvitamin D (25-OHD) are related to lower muscle
strength, increased body sway, falls, and disability in older
men and women (8–11). Significant associations of vitamin
D receptor genotypes with quadriceps strength and grip
strength have been observed (12). Furthermore, vitamin D
supplementation studies in older persons with vitamin D
deficiency have shown improvements in physical function
and isometric knee extensor strength vs. placebo (13, 14).

Levels of PTH increase with age (15, 16). A low vitamin D

status, renal insufficiency, and a low dietary intake of cal-
cium may result in mild secondary hyperparathyroidism (5,
6, 17). Small clinical studies have shown that patients with
hyperparathyroidism have impaired muscle function that
can be restored after treatment (18, 19). Higher PTH levels in
nursing home patients have been associated with falling,
independent of 25-OHD (20).

The studies described above suggest that vitamin D defi-
ciency and hyperparathyroidism may be associated with
lower muscle mass and lower muscle strength in patient
populations. Although the detrimental effects of low vitamin
D and high PTH levels on bone loss in the general population
are well known (for review see Ref. 5), no prospective
population-based studies have yet examined their role in
sarcopenia.

The aim of this prospective study was to investigate
whether low serum 25-OHD concentration and high serum
PTH concentration were associated with loss of muscle
strength and loss of muscle mass during three years of
follow-up. We studied 1008 men and women aged 65 yr and
older, participants of the Longitudinal Aging Study
Amsterdam.

Subjects and Methods
Study participants

Data for this study were collected in the Longitudinal Aging Study
Amsterdam (LASA), a prospective study of older persons aged 55–85 yr.

Abbreviations: ASMM, Appendicular skeletal muscle mass; CI, con-
fidence interval; DXA, dual-energy x-ray absorptiometry; LASA, Lon-
gitudinal Aging Study Amsterdam; 1,25-(OH)2D3, 1,25-dihydroxyvita-
min D3; 25-OHD, 25-hydroxyvitamin D.

0021-972X/03/$15.00/0 The Journal of Clinical Endocrinology & Metabolism 88(12):5766–5772
Printed in U.S.A. Copyright © 2003 by The Endocrine Society

doi: 10.1210/jc.2003-030604

5766

2837

www.eldoctorcastillo.comThe Journal of Clinical Endocrinology & Metabolism 88(12):5766–5772, 2003 

copenia were tested by using sex/hormone product terms in additional
analyses. Interaction between PTH and 25-OHD concentration was
tested using the PTH/25-OHD product term in additional analyses. For
testing interaction P ! 0.1 was considered statistically significant.

Results

Among the 1008 LASA participants with complete fol-
low-up data, the mean change in grip strength during 3 yr
of follow-up was "7.7 kg (sd 12.8) or "13.2% (sd 23.9%).
Using these prospective data, sarcopenia was defined as a
loss of grip strength greater than 40% and was experienced
by 136 respondents (13.5%). The mean 3-yr change in ASMM
(n # 331) was $0.3 kg (sd 0.9) or $1.9% (sd 5.4%). A decline
in ASMM was experienced by 37.5% of the respondents, and
52 respondents (15.7%) met our definition of sarcopenia
(ASMM loss % 3%).

Vitamin D deficiency, using the proposed definition of a
serum concentration less than 25 nmol/liter (5), was ob-
served for 9.6% of the study sample, and severe vitamin D
deficiency (!12.5 nmol/liter) was observed for 1.3% of the
study sample. Hyperparathyroidism (%7 pmol/liter) was
detected in 3.8% of the study sample.

The baseline characteristics (1995–1996) for participants
with and without sarcopenia are shown in Table 1. Partici-
pants who lost grip strength were older, weighed less, had
a poorer health status (higher prevalence of stroke and ar-
thritis), had a lower initial grip strength, and were more
likely to be female and never smoker. No differences in
baseline characteristics were observed between those with
and without ASMM loss.

An association was observed between the 25-OHD cate-
gories and sarcopenia (Fig. 1). Those with lower 25-OHD
levels were more likely to experience loss of grip strength
(P # 0.001) and tended to experience a loss of ASMM (P #

0.09). In addition, those with higher PTH concentrations
were more likely to experience loss of grip strength (P # 0.02)
and tended to lose more ASMM (P # 0.1) (Fig. 2).

Higher PTH concentration was associated with an in-
creased risk of sarcopenia. Per unit increase in ln(PTH), the
risk of sarcopenia was 1.52 [95% confidence interval (CI)
0.97–2.39] based on grip strength and 3.52 (95% CI 1.43–8.67)
based on ASMM after adjustment for all potential confound-
ers. Higher 25-OHD concentration was protective of sar-
copenia. Per unit increase in ln(25-OHD), the risk of sar-
copenia was 0.55 (95% CI 0.36–0.83) based on grip strength
and 0.59 (95% CI 0.29–1.20) based on ASMM after adjustment

FIG. 1. Prevalence of grip strength loss (defined as loss %40%, study
sample n # 1,008) and appendicular muscle mass loss (defined as loss
%3%, study sample n # 331) during 3-yr follow-up according to cat-
egories of baseline serum 25-OHD concentration. P value of !2 test.

TABLE 1. Baseline characteristics according to 3-yr change in grip strength and appendicular skeletal muscle mass

Grip strength (n # 1008) Appendicular skeletal muscle mass (n # 331)

Stable/gain
(n # 872)
Mean (SD)

Loss % 40%
(n # 136)
Mean (SD)

P Stable/gain
(n # 279)
Mean (SD)

Loss % 3%
(n # 52)

Mean (SD)

P

Age (yr) 74.2 (6.1) 76.9 (6.5) 0.0001 73.7 (5.9) 74.9 (6.4) 0.2
Body weight (kg) 75.3 (12.4) 71.8 (12.1) 0.002 75.1 (11.9) 74.8 (13.4) 0.9
BMI (kg/m2) 26.8 (4.0) 26.8 (4.3) 0.9 26.7 (4.0) 26.2 (3.7) 0.4
Physical activity (kcal/wk) 175 (198) 144 (204) 0.09 193 (209) 208 (191) 0.6
Serum creatinine ("mol/liter) 89 (79–102)a 85 (78–99)a 0.2 90 (80–100)a 92 (75–102)a 0.8
Chronic diseases (no.) 1.1 (1.0) 1.5 (1.3) 0.002 1.1 (1.0) 1.0 (1.0) 0.4
Grip strength (kg) 59.0 (20.0) 49.0 (21.7) 0.0001
Muscle mass (kg) 17.9 (4.3) 18.9 (4.3) 0.12
Follow-up weight change (%) $0.6 (5.6) "1.8 (6.7) 0.0001 "0.5 (5.1) "1.9 (4.6) 0.06
Female (%) 50.2 68.4 0.001 53.8 42.3 0.13
Data collection in summer/spring (%) 41.6 37.5 0.4 42.7 40.4 0.8
Smoking (%)

Never 34.9 44.1 30.1 34.6
Former 48.5 35.3 52.7 46.2
Current 16.6 20.6 0.02 17.2 19.2 0.7

Pulmonary disease (%) 13.8 11.8 0.5 11.1 11.5 0.9
Cardiac disease (%) 24.4 27.9 0.4 21.9 15.4 0.3
Peripheral atherosclerosis (%) 11.5 16.9 0.07 12.5 13.5 0.9
Diabetes mellitus (%) 5.9 8.8 0.2 6.1 5.8 0.9
Stroke (%) 6.2 11.0 0.04 5.4 5.8 0.9
Arthritis (%) 45.9 62.5 0.001 50.5 40.4 0.2
Cancer (%) 10.9 13.2 0.4 9.7 15.4 0.2
a Median (interquartile range).
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Abstract
Vitamin D deficiency during pregnancy is associated with an increased risk of health issues in the offspring. Accordingly, recent 
Endocrine Society guidelines strongly support supplementation in pregnancy, also underlining that without consensus on optimal 
maternal vitamin D levels, routine screening is currently irrelevant. Knowledge of organ-specific effects of vitamin D and its association 
with maternal vitamin D status may aid in optimizing vitamin D supplementation. This systematic review outlines the proposed next- 
generation effects of vitamin D supplementation ≥400 IU/d and explores whether such effects are attributed to a specific maternal 
vitamin D level obtained during pregnancy. A systematic literature search was conducted in PubMed and Embase according to the 
PRISMA guidelines, focusing on health outcomes from 10 days postpartum and beyond. Of the 2383 screened articles, 38 were 
included. In 11 of 16 studies, vitamin D supplementation reduced respiratory tract infections in the first years of life. Growth or bone 
development benefits were observed in 6 of 12 studies. Positive effects on neurodevelopment and reduced autoimmune risk (diabetes- 
related antibodies) were noted, although further research is needed to determine the role of vitamin D. Very few studies have measured 
vitamin D concentrations, but even 1600 IU/d supplementation was associated with high frequency of infant vitamin D insufficiency. 
Current recommendations may not ensure sufficient vitamin D levels at birth, among others, increasing the risk of early-life infections. 
Further studies linking maternal and infant vitamin D levels to specific outcomes would aid in personalized nutritional advice during 
pregnancy and improve next-generation health.
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DXA, dual-energy X-ray absorptiometry; GW, gestational week; LAZ-score, length-for-age Z-score; NOS, Newcastle-Ottawa scale; RCT, randomized controlled 
trial; RSV, respiratory syncytial virus; VDAART, Vitamin D Antenatal Asthma Reduction Trial; vitD, vitamin D. 

Essential Points

• Early exposure to maternal vitamin D supplements 
≥400 IU/day has a positive effect on growth, bone devel-
opment, and the risk of early life respiratory problems, in-
cluding respiratory syncytial virus infection.

• Existing knowledge is challenged by a lack of data on ma-
ternal and infant vitamin D levels in relation to both sup-
plementation regime used, maternal response and the 
impact of maternal biology on vitamin D status, and the 
actual effect on offspring health.

• Available data on infant levels does suggest however that a 
400 IU daily supplement is associated with a high preva-
lence of vitamin D sufficiency in newborns.

• Maternal vitamin D supplementation has beneficial effects 
on brain development and autoimmune diseases, such as 
asthma in the newborn.

• Vitamin D seems to have an ameliorating effect on auto-
immune activity in pancreatic islands in the first year 
of life.

• Further studies are needed to determine organ-specific 
vitamin D needs and the duration of the effects of intra-
uterine exposure.

Background
Vitamin D Deficiency—a Global Health Problem 
in Pregnancy
Vitamin D (vitD) deficiency is a global health issue estimated 
to affect ∼1 billion people worldwide (1-4). From an obstet-
ric perspective, a high prevalence of maternal vitD deficiency 
is disturbing because it is associated with a multitude 
of complications, including recurrent pregnancy loss (5, 6), 
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A B S T R A C T

Adipose tissue has long been identified as the major site of vitamin D storage. Recent studies have
demonstrated that VDR and vitamin D metabolizing enzymes are expressed in adipocytes. Furthermore,
it has been shown that vitamin D regulates adipogenic gene expression as well as adipocyte apoptosis.
Vitamin D is active in adipocytes at all levels. It interacts with membrane receptors, adaptor molecules,
and nuclear coregulator proteins. Several functions of unliganded nVDR were discovered by studying
human samples from patients having hereditary vitamin D resistant rickets, transgenic mice
overexpressing the VDR and VDR knockout mice. Through its genomic action, vitamin D participates
in the regulation of energy metabolism by controlling the expression of uncoupling proteins. In vitro,
vitamin D stimulates lipogenesis and inhibits lipolysis by interacting with mVDR. mVDR is present in
caveolae of the plasma membrane and is the same as the classic nVDR. In addition, vitamin D affects
directly the expression of the appetite regulating hormone, leptin. Some researchers reported also that
vitamin D regulates the expression of the insulin sensitizing hormone, adiponectin. Vitamin D reduced
cytokine release and adipose tissue inflammation through the inhibition of NF-kB signaling. Scientific
research investigating the role of adipose tissue resident immune cells in the pathogenesis of obesity-
associated inflammation is scarce. Obesity is associated with vitamin D deficiency. However there is no
scientific evidence to prove that vitamin D deficiency predispose to obesity. Vitamin D supplementation
may prevent obesity but it does not lead to weight loss in obese subjects.

ã 2016 Elsevier Ltd. All rights reserved.
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autocrine–paracrine lipolytic effect on adipocytes to control lipid
metabolism through inhibition of lipogenesis [89] and stimulation
of lipolysis [90].

It was observed that Cyp27b1 knockout mice, mice lacking the
1a-hydroxylase enzyme that synthesizes 1a, 25(OH)2-D3, were
hypoleptinemic and consumed significantly more food than their
wild type counterparts [91]. Also, VDRKO mice had lean pheno-
type, hyperoleptinemia and hyperphagia due to low serum leptin
level [91]. Since serum leptin level is determined by adipose tissue
mass, it was not clear whether this hyperoleptinemia is due to low
body fat content of VDRKO mice or due to direct effect of vitamin D/
VDR system on leptin expression. Recently, it has been found that
1a,25(OH)2-D3 directly stimulates mRNA expression and secretion

of leptin in mouse adipose tissue cultures from wild-type but not
from VDR-null mice [80]. Furthermore, leptin upregulation
induced by 1a,25(OH)2-D3 was more pronounced in adipose
tissues obtained from VDR transgenic mice overexpressing the
VDR in adipocytes compared with wild-type mice. Contrary to the
results of reference [80], it has been reported that 1a,25(OH)2-D3

repressed leptin mRNA levels by at least 84% in mouse 3T3-L1
adipocytes [92]. On the other hand, vitamin D induced leptin in
human glioblastoma (U87) cells as well as in rat brain possibly to
produce a satiety effect [92]. The results of these studies indicate
that the effect of 1a,25(OH)2-D3 on leptin expression is tissue
specific. In conclusion, vitamin D affects energy homeostasis by
directly regulating leptin expression. However, the exact in vivo
effect of 1a,25(OH)2-D3 on leptin expression in humans needs
further investigation under health and disease conditions.

1.10.3. Crosstalk between leptin and 1a,25-dihydroxyvitamin D3

signaling
The presence of a crosstalk between leptin and 1a,25(OH)2-D3

and/or phosphate signaling has been suggested [93]. This
interaction could happen in the cytoplasm via networking of
phosphorylation pathways. Otherwise, it can happen at the level of
fibroblast growth factor 23 (FGF23) gene through overlapping or
looped out responsive elements for leptin (STAT3), vitamin D
(VDRE), and phosphate (termed PO4RE) [94]. As shown in Fig. 3,
leptin suppresses renal conversion of vitamin D3 to 1a,25(OH)2-D3

indirectly by stimulation of osteoblast and/or osteocyte FGF23
production [95]. FGF23, in turn, inhibits 1a,25(OH)2-D3 synthesis
by inhibiting renal 1a-hydroxylase. On the other hand, the absence
of VDR-mediated signaling, as in Vdr–/– and Cyp27b1–/– mice,
impairs WAT development and therefore leptin secretion [93].

1.10.4. Vitamin D plays a fundamental role in modulating adipose
tissue inflammatory response

Adipose tissue has a unique collection of immune cells that
sometimes perform unusual functions. These resident immune
cells play a very important role in adipose tissue and immune
homeostasis [96]. Several in vitro studies have demonstrated that
1a,25(OH)2-D3 exerts an anti-inflammatory action on adipocytes.
Vitamin D3 decreased chemokine and cytokine release by
adipocytes and the chemotaxis of monocytes [97–100]. In adipose
tissue explants, 25(OH)-D3 and 1a,25(OH)2-D3 lowered cytokine
release from omental adipose tissue but not SAT. Surprisingly, this
effect was produced only in women but not in men explants [81].

In vivo, vitamin D decreased proinflammatory cytokines and
chemokines in mice injected with LPS (acute inflammation) and

Fig. 3. Endocrine feedback loop between the vitamin D endocrine system and adipocytes. Leptin stimulates osteoblast and/or osteocyte FGF23 production. FGF23 inhibits the
production of systemic 1a,25(OH)2-D3 by inhibiting renal 1a-hydroxylase and increases renal phosphate loss by decreasing the expression of the sodium-dependent
phosphate transporters NaPi-2a and NaPi-2c. The absence of VDR-mediated signaling, as in Vdr–/– and Cyp27b1–/– mice, impairs white adipose tissue development and thus
leptin secretion. Abbreviations: 1a,25(OH)2D, 1a,25-dihydroxyvitamin D3; FGF23, fibroblast growth factor 23; WAT, white adipose tissue. Adapted by permission from
Macmillan Publishers Ltd: [Nature Reviews Endocrinology www.nature.com/nrendo/index.html], reference [93].

Fig. 2. Induction of apoptosis 1a,25(OH)2-D3 in adipocytes. 1a,25(OH)2-D3 triggers
Ca2+ influx through the high permeability voltage-insensitive Ca2+ channels (VICCs).
Icreasing intracellular calcium concentration stimulates Ca2+ release from the
endoplasmic reticulum (ER) stores and IP3 receptors/Ca2+ release channels (IP3Rs). A
sustained increase in [Ca2+]i activates the calpain/caspase-dependent apoptotic
pathway.

M.A. Abbas / Journal of Steroid Biochemistry & Molecular Biology 165 (2017) 369–381 375



2851

www.eldoctorcastillo.comq Am J Clin Nutr 2008;87:688–91 

Pharmacokinetics of a single, large dose of cholecalciferol1–3

Marium Ilahi, Laura AG Armas, and Robert P Heaney

ABSTRACT
Background: There is much interest in dosing vitamin D intermit-
tently for patient convenience and long-term adherence.
Objective: The objective was to characterize the time course and
response of 25-hydroxyvitamin D (calcidiol) to a large oral dose of
cholecalciferol.
Design: One group (30 subjects) was supplemented with a single
oral dose of 100 000 IU cholecalciferol. A second group (10 sub-
jects) served as a control group to assess the seasonal change of
calcidiol. Serum calcidiol concentrations were followed for 4 mo.
The subjects were healthy with limited sun exposure (!10 h/wk) and
milk consumption (!0.47 L daily). We excluded subjects with gran-
ulomatous conditions, liver disease, kidney disease, or diabetes and
subjects taking anticonvulsants, barbiturates, or steroids.
Results: Serum calcidiol rose promptly after cholecalciferol dosing
from a mean ("SD) baseline of 27.1 " 7.7 ng/mL to a concentration
maximum of 42.0 " 9.1 ng/mL. Seven percent of the supplemented
cohort failed to achieve 32.1 ng/mL at any time point. The highest
achieved concentration in any subject was 64.2 ng/mL. The control
group had a nonsignificant change from baseline of #0.72 " 0.80
ng/mL during 4 mo.
Conclusions: Cholecalciferol (100 000 IU) is a safe, effective, and
simple way to increase calcidiol concentrations. The dosing interval
should be $2 mo to ensure continuous serum calcidiol concentra-
tions above baseline. This trial was registered at www.clinicaltrials.
gov as #NCT00473239. Am J Clin Nutr 2008;87:688–91.

KEY WORDS Vitamin D, cholecalciferol, 25-hydroxyvitamin
D, therapeutic use, calcidiol, hydroxycholecalciferol, calcium

INTRODUCTION

Vitamin D deficiency is a common problem (1, 2). Most vi-
tamin D is obtained from the skin’s exposure to sunlight, with a
limited amount from the diet (3). Supplements are used to im-
prove vitamin D concentrations, but there are few data on what
doses to give and how often to give them. Serum calcidiol, the
functional indicator for vitamin D status, has a long half-life, so
there is much interest in intermittent dosing for patient conve-
nience and long-term adherence. Although single, large oral
doses were studied, no one has determined the optimum dosing
frequency. A small amount of data from prior studies have shown
that a single large dose of vitamin D raises calcidiol concentra-
tions (4–9). The doses used in those studies ranged from 50 000
to 240 000 IU, and calcidiol concentrations were measured at
intervals of 10 d to 6 mo after dosing. Data show that those doses
of vitamin D are clinically useful. Khaw et al (10) showed a
decrease in parathyroid hormone after a single dose of 100 000

IU cholecalciferol (vitamin D3) in an elderly population, and
Trivedi et al (11) showed a decrease in fractures with dosing of
100 000 IU cholecalciferol every 4 mo. However, no studies
have measured the time course of serum calcidiol concentrations
after a large oral dose of cholecalciferol. Thus, although a single
large dose will clearly elevate serum calcidiol, the degree of
elevation and its duration are unknown. It is also not known
whether the response [ie, area under the curve (AUC)] is linearly
related to dose. In our previous study, comparing the time course
of ergocalciferol with cholecalciferol, we had noted that after a
single dose of 50 000 IU cholecalciferol, calcidiol concentrations
were still elevated 28 d after the dose (12). The current study was
designed to assess the time course and response of serum cal-
cidiol with a single oral dose of 100 000 IU cholecalciferol.

SUBJECTS AND METHODS

Setting and participants

The subjects were 40 healthy, community-dwelling, predom-
inantly white men and women divided into 3 groups. (The sub-
jects did include 1 African American and 1 Pacific Islander.) A
group of 20 older subjects (aged 61–84 y; 15 women, 5 men) and
a group of 10 younger subjects (aged 27–47 y; 6 women, 4 men)
were given a single large dose of cholecalciferol. A group of 10
subjects (aged 63–91 y; 9 women, 1 man) served as a concurrent
untreated control group to assess the seasonal change of cal-
cidiol. The subjects had limited sun exposure of !10 h/wk and
daily milk consumption of !0.47 L (16 oz). We excluded sub-
jects with reported granulomatous conditions, liver disease, kid-
ney disease, or diabetes and subjects taking anticonvulsants,
barbiturates, or steroids in any form. Twenty-six of the 40 sub-
jects were taking calcium or multivitamin supplements that they
continued to take throughout the study. Two control subjects did
not complete the study because of travel to a sunny climate during
the study months. All subjects were from Omaha, NE, and sur-
rounding communities. Pertinent personal characteristics are set
forth in Table 1. The project was approved by the Institutional
Review Board of Creighton University, and all subjects gave
written informed consent.

1 From the Creighton University Medical Center, Omaha, NE.
2 Supported by research funds from Creighton University and by Procter

& Gamble, Inc.
3 Address reprint requests to LAG Armas, Creighton University Medical

Center, 601 North 30th Street, Suite 4820, Omaha, NE 68131. E-mail:
larmas@creighton.edu.
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Design overview

Enrollment for this open-label study was conducted in Octo-
ber. Subjects in the older age group were randomly assigned
sequentially, using previously generated random numbers, to
groups receiving either 2 capsules each labeled to contain 50 000
IU (1.25 mg) cholecalciferol or no supplement (control group).
All the subjects in the younger age group received 2 capsules
each labeled to contain 50 000 IU (1.25 mg) cholecalciferol. [The
vitamin D capsules were supplied by Tishcon Corp (Salisbury,
MD). The product was assayed on August 29, 2006, and found to
contain 56 220 IU cholecalciferol/capsule.]

At the initial visit, each subject’s height and weight were
measured. Height was measured 3 times with the use of a Harp-
enden stadiometer (Seritex Inc, Carlstadt, NJ), and the average
was used. Weight was measured 2 times with the use of a Health-
O-Meter balance beam scale (Continental Scale Corp, Chicago,
IL), and the average was used. The supplemented subjects had
blood drawn on days 0, 1, 3, 5, 7, 14, 21, 28, 42, 56, 70, 84, 96,
and 112 for serum calcidiol concentrations. Blood for serum
calcium was drawn on days 0, 1, 3, 5, and 112. Intact parathyroid
hormone was drawn on days 0 and 112. After the baseline blood
was obtained, the subjects were observed while they took the
assigned vitamin D supplement dose. The control group had
blood drawn for calcidiol, calcium, and parathyroid hormone on
day 0 and 112. All subjects had blood drawn between 0800 and
1400, at approximately the same time at each visit.

Analytic methods

Serum calcidiol was measured by radioimmunoassay, with the
use of the IDS kit (Nichols Institute, San Clemente, CA). The
assay has an intraassay CV of 5.3–6.1% and an interassay CV of
7.3–8.2%. All calcidiol measurements for a given subject were
assayed at the same time and with the same kit in the laboratory
of the Creighton University Osteoporosis Research Clinic. Intact
parathyroid hormone was measured by radioimmunoassay (Dia-
sorin, Stillwater, MN) in the laboratory of the Creighton Univer-
sity Osteoporosis Research Clinic. Calcium was measured by
Roche Cobas Integra autoanalyzer (F Hoffmann-La Roche Ltd,
Basel, Switzerland) in the medical laboratory of Creighton Uni-
versity.

Statistical methods

We estimated the sample size for our study from a previous
study of calcidiol concentrations in a population of young,
healthy subjects (12). Thirty subjects allowed us to measure a
change in calcidiol of 4 ng/mL from baseline with a power of
!90% and a P " 0.05.

AUC of serum calcidiol increments was calculated by the
trapezoidal method individually for each subject, and the result-
ing AUC values were aggregated for descriptive statistics. AUC
is the integrated blood concentration over time. The other stan-
dard pharmacokinetic markers [time to reach maximum concen-
tration (Tmax) and concentration maximum (Cmax)] were also
recorded individually for each participant, and these values were
aggregated as well. MICROSOFT OFFICE EXCEL, version
2003 (Microsoft Corporation, Redmond, WA), or SPSS, Version
14 (SPSS Inc, Chicago, IL), was used for statistical calculations.

RESULTS

Serum calcidiol rose promptly after cholecalciferol dosing
from a mean (#SD) baseline of 27.1 # 7.7 ng/mL to a Cmax of
42.0 # 9.1 ng/mL (Figure 1). The mean Cmax rise from baseline
was 14.9 # 5.1 ng/mL. The peak occurred at 7 d (median Tmax),
and the serum concentration declined approximately linearly
thereafter. Mean values no longer significantly different from
baseline were reached by 84 d, and the mean calcidiol concen-
tration also fell below 32.1 ng/mL by 84 d. Figure 2 expands the
early portion of the time course and displays the dispersion
around the mean values as #1 SD, thus giving a visual indication
of the spread of the individual values. Two points stand out: 1) 1
SD below the mean extends "32.1 ng/mL even at the Tmax (7%
of our participants never reached 32.1 ng/mL) and 2) 1 SD above

TABLE 1
Demographic and intake data1

Group Age Weight BMI

Calcium
intake from
supplements

Vitamin D
intake from
supplements

Milk
intake

Baseline
calcidiol

y kg kg/m2 mg/d IU/d L ng/mL

Older (n $ 20) 70.8 # 5.62 71.6 # 11.58 27.4 # 6.27 535.7 # 490.8 370.0 # 245.2 0.28 # 0.18 27.2 # 8.4
Younger (n $ 10) 37.9 # 8.04 71.2 # 20.9 24.3 # 5.32 40.0 # 84.3 80.0 # 168.7 0.26 # 0.16 26.8 # 6.7
Control (n $ 10) 71.1 # 9.77 71.6 # 13.3 27.8 # 4.1 490.0 # 417.5 325.0 # 250.8 0.28 # 0.15 27.7 # 9.1

1 All values are x! # SD.

FIGURE 1. Time course of serum calcidiol for 112 d (16 wk) after a single
oral dose of 100 000 IU cholecalciferol (n $ 30). The error bars are 1 SEM.
The horizontal dashed line demarcates values above and below 80 nmol/L.
To convert nmol/L to ng/mL, divide by 2.496.
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the mean, even at Cmax, is barely !48.1 ng/mL. Thus, even a dose
this large did not produce values remotely close to those associ-
ated with vitamin D intoxication, even in subjects who started
with concentrations ! 32.1 ng/mL.

The untreated controls had a mean change in serum calcidiol
across the period of the study of "0.72 # 0.80 ng/mL. Because
this change was both small and not significantly different from
zero, no attempt was made to adjust the values of the treated
subjects.

A second feature of the data are the period of time for which
subjects continued at serum calcidiol values above any arbitrary
target concentration. As Figure 1 shows, the group taken as a
whole was $32.1 ng/mL for %70 d. The group as a whole
remained at !3 arbitrary cutoff values of 32.1, 36.1, and 40.1
ng/mL for 70, 35, and 14 d, respectively. It should be stressed that
these calculations are for the mean of the group and that some
subjects never made it above certain of those cutoffs. (By the
same token, some never fell below certain of them, either.)

When we separated the subjects by age, the younger subjects
had a steeper rise, achieved a higher Cmax, and then had a more
rapid rate of decline than did the older subjects. The AUC28 was
751.4 # 218.4 nmol ! d/L in the older group and 968.6 # 451.6
nmol ! d/L in the younger group. This difference was not statis-
tically significant, and the AUC at 112 d was virtually identical.

Because of a suggestion that high initial concentration of se-
rum cholecalciferol might displace calcitriol from the circulating
D-binding protein and hence might induce hyperabsorption of
calcium, we monitored serum calcium during the first 5 d after
the cholecalciferol dose, a time when serum cholecalciferol con-
centrations would be highest. Serum calcium did not rise at any
time point in either age group; in fact, a biologically small but
statistically significant fall ("0.30 # 0.38 mg/dL) occurred in
serum calcium by 5 d after dosing. No subject experienced hy-
percalcemia at any of the measured time points.

Parathyroid hormone values for the supplemented group were
22.1 # 7.41 pg/mL at baseline and 23.6 # 9.22 pg/mL at the
conclusion of the study. Parathyroid hormone values for the
control group were 29.0 # 16.87 pg/mL at baseline and 31.4 #
22.88 pg/mL at the conclusion of the study.

DISCUSSION

Trivedi et al (11) showed that dosing with 100 000 IU chole-
calciferol every 4 mo reduced osteoporotic fractures, but those
investigators supplied no information on optimal dosing fre-
quency, because the time course of the response in their subjects
was not measured. Similarly, Wigg et al (13) recently reported
that 100 000 IU every 3 mo worked well to improve vitamin D
nutrition in a residential care setting, but they, too, provide no
data on time course and no information about how long the
induced rise in serum calcidiol lasted. Thus, neither study, al-
though using intermittent 100 000 IU doses, provides the infor-
mation needed to devise an optimal dosing regimen. The present
study is the first to do so. As shown in Figure 1, mean values had
fallen below the desirable 32.1 ng/mL concentration by %70 d.
Thus, clearly, a 121-d dosing schedule, as was used by Trivedi et
al (11), does not provide continuous support of optimal calcidiol
concentrations. Even the 90-d schedule used by Wigg et al (13)
is probably suboptimal.

We saw that in several of our subjects even this large dose did
not raise their calcidiol concentrations !32 ng/mL. Distinguish-
ing features of these subjects were their low baseline calcidiol
concentrations (between 15 and 18 ng/mL) and 1 subject was
African American. We did not note any relation between baseline
calcidiol concentrations and incremental response to treatment.
A significant inverse correlation was observed of Cmax and body
mass index (in kg/m2) (Spearman’s R, 2-tailed significance. P &
0.01, with R2 ' 0.466) but no correlation with baseline value
(hence effectively eliminating regression to the mean as an im-
portant source of the observed variation).

We noted that the control subjects had little change in calcidiol
during the 4 mo the study was conducted. Many were taking a
multivitamin or calcium supplement that provided some vitamin
D. This was consistent with previous work (3) that predicted a
rise in calcidiol of 2 ng/mL with the small amounts of vitamin D
those subjects were taking. It is important to note that these small
amounts of vitamin D did maintain calcidiol concentrations
throughout winter, but they did not increase the subjects’ con-
centrations to optimal.

One of the questions raised at the outset was the linearity of the
response. We addressed this issue by comparing the AUC de-
veloped for this dose to our previously reported study of a single
dose of 50 000 IU cholecalciferol (12). Figure 3 makes that
comparison graphically. Because the earlier study had data for
only 28 d, AUC values for both studies had to be calculated for
that time period. In addition, because the earlier study had en-
rolled only younger subjects and because the present study
showed that the time course for the 2 age groups differed some-
what, it was necessary to use only the data from the younger
subjects in the present study for this comparison. As is visually
evident in the figure, the mean AUC for the present 100 000-IU
dose is just about twice that for the 50 000-IU dose. Further, both
doses, as referred to in this analysis, are for the labeled content.
As noted earlier, the measured content of the preparation used in
this study was %12% higher than labeled, and a similar departure
occurred with the earlier study. When suitable correction is made
for the actually ingested doses, the AUC values for the 2 differ by
a factor of almost exactly 2-fold. Hence, one can reasonably infer
that other doses will probably produce results that can be calcu-
lated from these 2 studies. Briefly, the 2 studies show that an

FIGURE 2. Time course, as for Figure 1, except concentrating on the first
60 d after dosing (n ' 30). In addition, the error bars here are 1 SD. To convert
nmol/L to ng/mL, divide by 2.496.
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Abstract: Background: The aim of this study was to investigate the pharmacokinetic (PK) and safety
profile of high-dose vitamin D supplementation, comparing di↵erent schedules (daily, weekly, or
bi-weekly) in an otherwise healthy vitamin D-deficient population. Methods: Single-center, open-label
study on healthy subjects deficient in vitamin D (25 (OH)D < 20 ng/mL), randomized to receive
cholecalciferol (DIBASE®, Abiogen Pharma, Italy) using three di↵erent schedules: Group A:
10,000 IU/day for eight weeks followed by 1000 IU/day for four weeks; Group B: 50,000 IU/week
for 12 weeks, Group C: 100,000 IU/every other week for 12 weeks. Total cumulative doses were:
588,000 IU, 600,000 IU, 600,000 IU. The treatment regimens corresponded to the highest doses allowed
for cholecalciferol for the correction of vitamin D deficiency in adults in Italy. Results: mean 25 (OH)D
plasma levels significantly increased from baseline 13.5± 3.7 ng/mL to peak values of 81.0± 15.0 ng/mL
in Group A, 63.6 ± 7.9 ng/mL in Group B and 59.4 ± 12 ng/mL in Group C. On day 28, all subjects
showed 25 (OH)D levels �20 ng/mL and 93.1% had 25 (OH)D levels �30 ng/mL. On day 56 and 84,
all subjects had 25 (OH)D levels �30 ng/mL. No serious adverse events occurred during the study.
Conclusions: normalization of 25 (OH)D serum levels was quickly attained with all the studied
regimens. A more refracted schedule provided a higher systemic 25 (OH)D exposure.

Keywords: vitamin D; cholecalciferol; osteoporosis; osteomalacia; supplementation

1. Introduction

The term “vitamin” defines a trace dietary constituent required for the normal function of specific
physiological processes [1]. Vitamin D is essential for the correct regulation of calcium-phosphorus
homeostasis and maintenance of the musculoskeletal system [2].

Two types of vitamin D molecules exist: vitamin D3 (cholecalciferol), which is animal-derived; and
the plant-derived vitamin D2 (ergocalciferol). Normally, the body is unable to metabolically synthesize
vitamins but an important peculiarity of vitamin D is its photochemical production [1]. Vitamin D
can be endogenously synthesized from sterol 7-dehydrocholesterol in the skin following exposure to
ultraviolet B radiation (from 80% to 90% of body requirement). Alternatively, vitamin D, in the form of
either vitamin D3 or D2, can be acquired from the diet or dietary supplements. This source of vitamin
D is essential when sun exposure or the response of skin to ultraviolet radiation is insu�cient, such as
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4.2. Pharmacokinetic Parameters

The PK parameter analysis for 25 (OH)D following repeated oral doses of cholecalciferol is
reported in Table 2, Figure 2, and supplementary material Table S1.

Table 2. Pharmacokinetics parameters determined from the serum 25 (OH)D concentration.

Parameter Group A Group B Group C
Ratio of Geometric Means

Ratio (90% Confidence Interval)

A vs. B A vs. C B vs. C

Cmax 79.59 63.17 58.27 1.26 (1.16, 1.37) 1.37 (1.26, 1.49) 1.08 (1.0, 1.18)
AUC0–84 4648.09 3593.69 3374.12 1.29 (1.20, 1.39) 1.38 (1.28, 1.48) 1.07 (0.99, 1.15)
AUC0–112 5947.29 4982.70 4530.24 1.19 (1.11, 1.29) 1.31 (1.22, 1.41) 1.10 (1.02, 1.19)
AUC84–112 1295.45 1365.16 1188.11 0.95 (0.88, 1.03) 1.09 (1.01, 1.18) 1.15 (1.06, 1.25)
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Figure 2. Serum 25 (OH)D levels in healthy participants treated with the three di↵erent dosing regimens
of cholecalciferol over the study period. Group A; 10,000 International Units (IU) daily, Group B;
50,000 IU weekly and Group C; 100,000 IU bi-weekly doses of cholecalciferol.

Twenty-five (OH)D plasma levels increased from an average baseline value of 13.5 ± 3.7 ng/mL
to peak values of 81.0 ± 15.0 ng/mL in Group A, 63.6 ± 7.9 ng/mL in Group B and 59.4 ± 12 ng/mL
in Group C. Maximal plasma levels were achieved on Day 56 in Group A and on Days 85 and 81
in Groups B and C, respectively. Following the last dose, plasma levels then decreased to a similar
extent across the three groups.

Systemic exposure (AUC0-84 and AUC0-112) to 25 (OH)D was higher in Group A compared
to Groups B and C), even though the cumulative dose of cholecalciferol was similar among groups
(588,000 IU in Group A vs. 600,000 in Groups B and C). Similarly, Cmax values for Group A were higher
than for Groups B and C. Following the last dose until the last day of sampling, systemic exposure
(AUC84-112) was similar across groups.

After correcting geometric means of AUCs for the cumulative dose reached up to the respective
time point then compared among the di↵erent groups, we observed the following data. Time interval
day 0 to 56, no significant di↵erence was found among the groups: A vs. B 0.97 (95% CI: 0.91–1.04),
A vs. C 1.01 (95% CI: 0.94–1.09), B vs. C 1.05 (95% CI: 0.97–1.12). Time interval day 0 to 84 (treatment
period), Group A showed a significantly higher value than the other two groups, and Group B showed
a slightly higher value than C: A vs. B 1.32 (95% CI: 1.22–1.42), A vs. C 1.41 (95% CI: 1.31–1.51), B vs. C
1.07 (95% CI: 0.99–1.15). Time interval day 0 to 112 (treatment plus follow-up period) A vs. B 1.21 (95%
CI: 1.13–1.32), A vs. C 1.34 (95% CI: 1.24–1.44), B vs. C 1.10 (95% CI: 1.02–1.19). Time interval day 0 to
112, Group A showed a significantly higher value than the other two groups and Group B showed
a significantly higher value than C: A vs. B: 1.21 (95% CI: 1.13–1.32), A vs. C: 1.34 (95% CI: 1.24–1.44),
B vs. C: 1.10 (95% CI: 1.02–1.19).
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Abstract
Background: Numerous studies demonstrate associations between serum concentrations of 25-hydroxyvitamin D (25[OH]D) and a variety of 
common disorders, including musculoskeletal, metabolic, cardiovascular, malignant, autoimmune, and infectious diseases. Although a causal link 
between serum 25(OH)D concentrations and many disorders has not been clearly established, these associations have led to widespread 
supplementation with vitamin D and increased laboratory testing for 25(OH)D in the general population. The benefit-risk ratio of this increase 
in vitamin D use is not clear, and the optimal vitamin D intake and the role of testing for 25(OH)D for disease prevention remain uncertain.
Objective: To develop clinical guidelines for the use of vitamin D (cholecalciferol [vitamin D3] or ergocalciferol [vitamin D2]) to lower the risk of 
disease in individuals without established indications for vitamin D treatment or 25(OH)D testing.
Methods: A multidisciplinary panel of clinical experts, along with experts in guideline methodology and systematic literature review, identified 
and prioritized 14 clinically relevant questions related to the use of vitamin D and 25(OH)D testing to lower the risk of disease. The panel prioritized 
randomized placebo-controlled trials in general populations (without an established indication for vitamin D treatment or 25[OH]D testing), 
evaluating the effects of empiric vitamin D administration throughout the lifespan, as well as in select conditions (pregnancy and 
prediabetes). The panel defined “empiric supplementation” as vitamin D intake that (a) exceeds the Dietary Reference Intakes (DRI) and (b) is 
implemented without testing for 25(OH)D. Systematic reviews queried electronic databases for publications related to these 14 clinical 
questions. The Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) methodology was used to assess the 
certainty of evidence and guide recommendations. The approach incorporated perspectives from a patient representative and considered 
patient values, costs and resources required, acceptability and feasibility, and impact on health equity of the proposed recommendations. The 
process to develop this clinical guideline did not use a risk assessment framework and was not designed to replace current DRI for vitamin D.
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¿Deberían los adultos ≥ 75 años utilizar 
suplementos empíricos de vitamina D versus no 
suplementar empíricamente con  vitamina D?

Pregunta 6

En la población general 
de 75 años o más, 
sugerimos la 
administración empírica 
de suplementos de 
vitamina D debido al 
potencial de reducir el 
riesgo de mortalidad.

2 | ⊕◯◯◯

> 800 UI día

62 – 80 años

Lancet 2:1104–
1105, 1989



Recomendaciones

Deficiencia (<20 ng/mL): 
50.000 UI/semana × 6–8 
semanas 

Insuficiencia (20–30 ng/mL): 
2.000–4.000 UI/día o 
esquemas intermedios 

Mantenimiento: 1.000–
2.000 UI/día (ajustado)

Holick MF et al. JCEM 2011 (Endocrine Society)
StatPearls 2023
Cleveland Clinic Journal of Medicine



Fundamento Fisiológico

Vitamina D liposoluble → secuestro en tejido adiposo

Vida media prolongada (25-OH vitamina D ~2–3 semanas)

Dosis bajas no generan gradiente de repleción



Impacto Clínico

Corrección en 6–8 semanas vs meses con dosis bajas

Reduce riesgo de caídas y fracturas

Mejora función muscular



Seguridad

50.000 UI/semana ≈ 7.000 UI/día

Amplio margen terapéutico

Toxicidad rara (<150 ng/mL)
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