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Abstract: Obesity has been linked to vitamin D (VD) deficiency and low calcium (CAL) status. In
the last decade, dietary supplementation of vitamin D and calcium (VD-CAL) have been extensively
studied in animal experiments and human studies. However, the physiological mechanisms remain
unknown as to whether the VD-CAL axis improves homeostasis and reduces biomarkers in regu-
lating obesity and other metabolic diseases directly or indirectly. This review sought to investigate
their connections. This topic was examined in scientific databases such as Web of Science, Scopus,
and PubMed from 2011 to 2021, and 87 articles were generated for interpretation. Mechanistically,
VD-CAL regulates from the organs to the blood, influencing insulin, lipids, hormone, cell, and in-
flammatory functions in obesity and its comorbidities, such as non-alcoholic fatty liver disease, car-
diovascular disease, and type-2 diabetes mellitus. Nevertheless, previous research has not consist-
ently shown that simultaneous VD-CAL supplementation affects weight loss or reduces fat content.
This discrepancy may be influenced by population age and diversity, ethnicity, and geographical
location, and also by degree of obesity and applied doses. Therefore, a larger prospective cohort and
randomised trials are needed to determine the exact role of VD—-CAL and their interrelationship.

Keywords: vitamin D; calcium; obesity; physiology; comorbid

1. Introduction

Due to inappropriate diets and nutrient intake, obesity has become more common in
all age groups, such as children [1], adolescents [2], and the elderly [3]. Obesity is increas-
ing in prevalence in Asia-Pacific [4], Europe [5], Africa [6], and America [7] and has be-
come a worldwide epidemic [8]. Taking this into account, the member states of the United
Nations have developed a global platform, the Sustainable Development Goals, address-
ing noncommunicable diseases as core priorities [9].

Obesity is caused by micronutrient deficiency [10], inadequate intake of vitamins,
such as cobalamin (vitamin B12), ascorbic acid (vitamin C), fat-soluble vitamins, and folic
acid [11], a deficiency of vitamin D (VD) [12], poor mineral status [13], and low calcium
(CAL) diet [14]. The average plasma concentration of 25(OH)D is used to determine VD
level. A less than 50 nmol/L of 25(OH)D serum concentration indicates VD deficiency.
[15]. Furthermore, obesity is characterised by accumulation of >70% of body fat mass [16].
VD3, and its metabolites 25(OH)Ds and 1,25(OH):Ds, are deposited in adipocyte lipid
droplets [17]. 25(OH)D is a fat-soluble metabolite disseminated to fat, muscle, liver, and
in smaller amounts to other tissues. The stomach’s ability to absorb CAL depends on the
presence of active VD. VD deficiency causes osteomalacia and rickets in adults and chil-
dren, respectively, whereas moderate deficiency results in an upsurge in the risk of bone
turnover and bone fractures [12].
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On the other hand, CAL ion (Ca*) is available in abundance in the body. Ca? is de-
posited in bones, mostly as CaPOs (hydroxyapatite), and plays a structural role. It is re-
quired for muscle contraction and pancreatic secretion of insulin and glucagon in re-
sponse to blood glucose fluctuations. Therefore, alterations in Ca?* homeostasis can have
a strong impact on tissues, including the heart and skeletal muscle, contributing to obesity
and diabetes [18]. The adipocyte metabolism pathway is regulated by intracellular Ca?.
In human adipocytes, intracellular Ca? stimulates energy and fat storage through de novo
lipogenesis (DNL) promotion and lipolysis prevention [19]. Hypocalcemia is character-
ized by CAL concentrations under 8 mg/dL or ionized CAL levels under 4.4 mg/dL [20].

Numerous experiments have established a link between vitamin D and calcium (VD-
CAL) supplementation and the occurrence of metabolic diseases [21] such as chronic liver
disease [22], osteoporosis [23], diabetes mellitus [24], and high blood pressure [25]. How-
ever, there are some discrepancies in the results, and the role of VD-CAL supplementation
remains unclear [26]. Contradictory outcomes have been reported for VD levels [27] and
CAL status [28] in obesity. Furthermore, an expert panel concluded that no confirmation
supports the extraskeletal role of CAL or VD [29].

In light of current knowledge, this study assessed the interrelationship of VD-CAL
in the onset of obesity and its comorbid conditions using scientific evidence from recent
animal studies and human clinical trials. Besides that, this study also collected the rela-
tionship of VD-CAL in the metabolic functions of obesity, such as in the gut, bone, blood
lipid and glucose levels, kidney, pancreas, liver, adipose tissue, and the immunoregula-
tory system. This review could aid in developing dietary recommendations for obese peo-
ple and future studies into the influences of VD-CAL simulataneus supplementation in
this group.

2. Search Strategy and Method

Scientific databases, such as Web of Science, Scopus, and PubMed, were utilised to
conduct a methodical search for relevant articles by employing the following key phrases:
“correlation”, “relationship”, “link”, “association”, “vitamin-D”, “calcium”, “obesity”,
“rats”, “mice”, and “human clinical trial”. The search generated 87 articles published be-
tween 2011 and 2021, which investigated the relationship of VD-CAL in obesity (Figure
1). Table 1 shows the inclusion and exclusion criteria for this literature search strategy.
Duplicates, review articles, protocol studies, second analysis reports, articles not related
to VD-CAL, and articles not published in English were excluded. The interrelationship

findings were compiled by summarising them in tables.

Table 1. Search constraints and criteria.

Constraint Inclusion Exclusion
. Scientific articles on animal experi- .
Type of articles _ . In vitro assessment
ments and human investigations
Relationshi Studies related to the association of ei- Studies not related to the association of
p ther VD, CAL, or both in obese either VD, CAL, or both in obese
Comparator Placebo or no comparator —
There was scientific evidence of the as- There was no scientific evidence of the
Outcomes sociation of either VD, CAL, or both association of either VD, CAL, or both
with obesity with obesity
. . ) . Repetition articles, review journals,
Evidence-based interventions, includ- P ,]
. . . protocol records, case studies, second
. ing multi-level factors, types of action, ) .
Study design analysis reports, inadequate explana-

outcomes, and unintended negative

tion of VD-CAL, neglect of English
consequences

language, and issued earlier than 2011

VD: vitamin D; CAL: calcium; —: not to be defined.
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Identification

Records identified through electronic database

searching
Pubmed Scopus Web of Science
(n = 1448) (n = 1855) (n = 825)

Screening

Records after removing
duplicates and exclusion
(n = 438)

Eligibility

Full-text articles excluded
(n=91)
e Not related to calcium
and vitamin D in obesity
e Review articles
e  Protocol

Full-text articles assessed for
eligibility
(n=178)

Included

Studies included in
qualitative synthesis
(n = 87)

Figure 1. Flowchart of identifying, screening, selecting, and determining the literature search. (n =
numbers).

3. Physiological Association of VD-CAL

Figure 2 depicts the role of the VD-CAL axis in regulating the physiological mecha-
nisms involved in obesity. VD-CAL status determines adipose tissue functions, body fat-
ness, bone density, inflammatory, insulin, hormone, and cell functions.

VD exists naturally in a limited number of food sources and is endogenously formed
when solar ultraviolet rays (290-315 nm) stimulate VD synthesis in the body’s outermost
layer and is then primarily kept in fat in the body [30].

The available evidence indicates that VD—-CAL is involved in physiological interac-
tions; 1,25(OH):D, an active VD metabolite, regulates CAL transport across the intestinal
wall and binds to the VD receptor (VDR) in the intestinal epithelial cells, inducing the
synthesis of CAL-binding protein CaBP-9K and activating TRPV6 and TRPV5 CAL chan-
nels. CAL enters the cell through the intestinal lumen and is transported by CAL-binding
protein throughout the cell and to the interstitium via an ATP-dependent mechanism [31].
In the intestinal epithelium, 1,25(OH)2D modulates paracellular CAL channels in the tran-
sepithelial electrochemical gradient by regulating claudin-2 and claudin-12 [32]. In adi-
pose tissue, it stimulates voltage-dependent and voltage-insensitive Ca?* access pathways
and controls Ca* release from endoplasmic reticulum stores via inositol 1,4,5-triphos-
phate and ryanodine receptors [16]. In bone regulation, 1,25(OH):D enters cells by diffu-
sion by binding to complex VDRs and regulates mineralised bone mass by controlling
intestinal CAL absorption and supplying adequate CAL to the bone matrix [33,34]. In beta
cells, activated VD metabolites increase the sensitivity of insulin receptors, glucose home-
ostasis transcription factors, and/or CAL regulation in peripheral insulin-target cells
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[30,35]. CAL in the extracellular fluid stimulates CaSR on the parathyroid cells, which
raises intracellular CAL levels and suppresses PTH release. In the kidneys, PTH regulates
the conversion of 25(OH)D to 1,25(OH):D, which augments intestinal CAL absorption.
PTH has the ability to administer circulating IL-6 and TNF-a concentrations, which pro-
mote the production of high-sensitivity C-reactive protein [32,36].

Vitamin D
4 and calcium
Skin . ¢ Dietary sources
Liver

Calcium
Axis

= Transcellular calcium transport
= Stimulate calcium absorption

» Prebiotic-like effect

Cyp2r1 gene expression
« Restoration of the gut dysbiosis

Adipose PPAR-y expression
Subcutaneous white adipose tissue
Visceral white adipose tissue
High-molecular-weight adiponectin

Intestinal

Adipose tissues

+ Bone turnover

» Nuclear factor NF-kj ligand
— TS « Mineralized bone mass
+ Blood lipid _ D ¥ St + Regulates osteoblasts and
= Glucose hon’:leostams P ke osteoclasts
« HDULDL ratio
+ ASTand ALT levels Bone
Cells
+ Oxidative stress + Insulin homeostasis
» Immune homeostasis +  Parathyroid hormone (PTH)
= Pro-inflammatory cytokine levels —e +  AMP-activated protein kinase
-+ NLRP3 mRNA, IL-1 mRNA E +  B-cell, Treg cell, dendritic cell,
expression natural killer cell homeostasis
Immunes Hormones
Crosstalk between pathways:
A B C D E
Voltage-
A itamin nsulin receptors alcium-sensing
Piraatgij::::ar dep:glt:;en;and Vitamin D i t Calci 2
channials insensiti\i ca?t receptors expression receptor (CaSR)
entry pathways

Figure 2. The regulation of vitamin D-calcium axis in obesity.
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4. Interrelationship of VD-CAL in Obesity and Its Disease States
4.1. Impact of VD-CAL on Adipose Tissue

The accumulation of a large amount of fat in adipose tissue characterises obesity. The
relationship between VD-CAL and obesity, both with and without supplementation, is

shown in Table 2.

Table 2. VD-CAL in adipose tissues in animal and human studies.

Reference Experimental Design Diet Intervention Comorbidities Highlight Result
Animal study
Male C57BL/6] wild- A high-fat diet with 500 Gut and adipose tissue cross-
[37] type mice aged eight IU/kg diet followed by a Obesity talked in VDRs signalling associ-
weeks old 10,000 IU/kg diet of VD3 ated with lipid homeostasis.
C57BL/6 mice aged six High-fat-diet with 25,000 IU . T VDs concentrations in liver and
[38] Obesity . .
weeks old of VDs adipose tissue
{ chemokine mRNA concentra-
tions in adipose tissue;
[39] Male C57BL/6] mice =~ High-fat and high-sucrose Obesity { lipid droplets and triglyceride
aged six weeks old with 15,000 IU/kg of VD accumulation in the liver;
! hepatic DNL and fatty acid oxi-
dation expression.
! macrophages in pancreas and
adipose tissue inflitration;
[40] New-born Wistar rats 1 pg/kg of 1,25(0OH)2Ds Obesity T Tgf-B1 in liver tissue expression;
T Treg cells and insulin-targeted
tissues inflitration.
d endotoxin concentrations;
Obese C57BL/6] mice A high-fat diet with 4 g/kg of . T angiopoietin-like 4 expression;
[41] ) Obesity { hepatic lipid;
aged five weeks old CAL A adi . .
adipose tissue expression and
inflammation.
_ _ | VAT fat acid synthase,
[42] Obese Wistar rats 10 g CaCOs/kg Obesity L leptinemia; and ¥ Vdr.
[43] Early weaning Wistar 10 g CaCOvke Obesity 0 Call?idin, YDR and previented
rats adipose tissue dysfunction
| weight gain (body and fat),
[44] Four—week—old. C57BL/6] High CAL, high VD Obesity T. adiposity fmd ) Rlasma gluc.ose,
male mice insulin, adiponectin, calcifediol,
calcitriol, PTH.
1 body weight, { adiposity, 4 glu-
cose, ¥ insulin, { HOMA-IR, {
Obese male Wistar rats 1000 mg of CAL carbonate ) TNEF-a, IL-6, MCP-1, Leptin, d he-
[45] . .. . i Obesity s )
with CAL deficiency per 100 g high-fat diet patic lipid, ¥ hepatic macrophage,
{ adipocyte hypertrophy, and T
adiponectin level
Human study
1 serum 25(OH)D;
Obese adolescent pa- T fasting insulin;
[46] tients aged 14.1 +2.8 4000 IU of VDs Obesity T HOMA-IR;

years old

? leptin-to-adiponectin ratio;
No changes in inflammatory signs.
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[47]

Men and women with
overweight and obese
aged 18-65 years old

350 mg of CAL and
100 IU of VDs

Significant correlation of VD-CAL

Obesit . . .
y on visceral adipose tissue.

VD: vitamin D; CAL: calcium; T: increase; {: decrease.

Adipose tissue stores most of VD, which influences CAL homeostasis and energy
metabolism. A link has been shown between VD levels and CAL in adipose tissue. In
obese individuals, supplementation with VD causes a significant accumulation of this vit-
amin in the liver and adipose tissue [38], increased leptin-to-adiponectin ratio [46], and
decreased inflammation in adipose tissue [37] and hepatic steatosis by downregulating
the gene expression associated with hepatic de novo lipogenesis (DNL) and oxidation of
fatty acid [39]. It was also shown that administration of a high-fat diet supplemented with
1,25(0OH)2Ds resulted in a reduction in macrophage infiltration in adipose tissue [40].

Besides VD intervention, supplementation of CAL in obese people was found to con-
fer a prebiotic-like effect on the gut microbiota and decrease the stress marker expression
in adipose tissue and liver inflammation [41], reduce body mass and modify glucocorti-
coid receptors expression and Vdr in the visceral adipose tissue [42], increase the expres-
sion of Cyp27b1/la-hydroxylase and adipogenesis [43], decrease adipocyte hypertrophy
and adipokines levels (TNF-a, IL-6, MCP-1, leptin), and rise adiponectin levels [45].

Supplementation of VD and CAL may be a useful and cost-efficient strategy for pre-
venting and treating obesity. Rosenblum et al. [47] reported that a serving of 350 mg CAL
and 100 IU VD per 240 mL glasses of orange juice resulted in significant depletion of vis-
ceral adipose tissue. Similarly, Sergeev and Song [44] observed that a high intake of VD-
CAL influenced the adipose tissue Ca*-mediated apoptotic pathway. The authors noted
that VDs-CAL supplementation was more potent than either of these alone in decreasing
adiposity in male C57BL/6] mice aged four weeks old.

4.2. Impact of VD-CAL on Body Fatness

Obesity is commonly linked to a lack of VD-CAL, which are nutrients that regulate
body fat. The relationship between these nutrients and obesity is summarised in Table 3.

Table 3. VD-CAL in body fatness.

Reference Experimental Design  Diet Intervention = Comorbidities Highlight Result

Animal Study

[48]

Obese male C57BL/6]
mice aged twenty four
weeks old

162 IU, 1282 IU and 4 serum calcitriol;

5169 IU of VDs/kg Obesity T serum parathyroid hormone.

[49]

Male C57BL/6 mice
aged ten weeks old

{ total body fat;
{ hepatic fat content;
T immunomodulatory effect (CD4/CD8
lymphocyte ratio).

A high-fat diet with
VD-enriched mush- Obesity
rooms extract

[50]

Wistar and genetically
predisposed obese
IIMb/b rats { body ashes and { total skeleton bone

T body fat, T liver weight, T
perigonadal and retroperitoneal fat in

Al f 0.2%
ow dose of 0.2% Obesity low CAL intake;

CaCOs.

mineral in low CAL intake.

[51]

Male C57BL/6] mice
aged five weeks old

{ CYP2R1 and CYP27A1, CYP27B1,
VDR;
A high-fat diet Obesity T CYP24A1 (24-hydroxylase);
T DNA methylation, Dnmt activity,
and 5-methylcytosine;
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{ Tet activity and 5-hydroxymethylcy-
tosine.

{ Cyp2rl mRNA;
Positive relationship between Cyp2r1

[52] C57BL/6 mice A high-fat diet Obesity mRNA levels with 25(OH)D levels and
cholecalciferol ratio.
Human Study
Fortifi t drink
Type 2 diabetes pa- ortified yogur dr.m | waist circumference, { fat mass, ¥
[53] tients aged 30-60 years by 170 mg CAL with Diabetic type 2  truncal fat, and | visceral adipose tis-
& y 12.5 g VD3/250 mL P ’ P
old . sue
twice a day
Healthy overweight or | serum iPTH levels;
obese women with an | fat mass;
4 holecalciferol i ’
[>4] average age of 38 + 8.1 Cholecalciferol 25 pg Obesity No alterations in body weight and
years old waist circumference.
Nt bl o o
[55] 18-50 years old with 7000 IU of VD each day ~ Obesity pics, ¥a patc
BMI > 30 ke/m? neous, HOMA, blood pressure, plasma
& lipids, and hsCRP.
Males and females aged . .
[56] 35-51 years old with  No intervention of VD Obesity ll\iii?:‘];el\/c[;)r;iljtlzrrlcaeﬁzng ]iigO}fI;?
BMI > 30 keg/m? P PV and p ge body fat
Thin and obese women
Daily doses of VDs of D , .
[57] ;i;d \?;—;()Syifailzisecrilj 400, 800, 1600, 2400, Obesity No s1gmf1cantl¥aii1;f§;znt in total body
" Y 3200, 4000, and 4800 IU '
(50 nmol/L)
50,000 IU of cholecalcif- { body fat percentage, { fasting blood
(58] Obese women aged 18- erol/week, 1200 mg/dL Obesit glucose, J PTH, { cholesterol, and { tri-
48 years old CAL/day, and cholecal- S glycerides in cholecalciferol plus CAL
ciferol plus CAL intake.
Overweight or obese { fat mass loss;
CAL carbonate (600 . ) )
[59] male aged 18-25 years mg) and VDs (125 IU) Obesity { visceral fat mass and { visceral fat
old area.
Overweight and obese
males and females aged 600 IU and 3750 IU of . No significant differences in muscle
[60] Obesity . .
greater than 65 years VD and visceral adiposity
old

VD: vitamin D; CAL: calcium; T: increase; {: decrease.

The prevalence of obesity may be decreased by a dose of VD or CAL. Evidence sug-
gests that VD—-CAL intake can decline body fat. The higher the concentration of 25(OH)D,
the lower the body fat mass [54]. Similar to VD, a low CAL intake can negatively impact
the levels of various lipid metabolic markers (glucose, triglyceride, and insulin) and in-
crease body fat [50]. BMI and body fat levels strongly correlate with 25(OH)D concentra-
tion and the CAL-phosphorus product [56]. A high-fat diet has been revealed to promote
hypermethylation and hypomethylation of Cyp24al, resulting in glutathione deficiency
and an altered VD biosynthesis pathway [51]. Additionally, there was a correlation be-
tween decreased Cyp2rl gene expression and decreased circulating 25(0OH)D concentra-
tions [52].

However, VD-CAL levels in obese people have an unsatisfactory correlation. In
obese individuals, neither BMI nor body fat percentage were significantly related to VD
levels [48]. After treatment, no impact of VD supplementation was obtained on body fat,
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subcutaneous and visceral adipose tissue, and intrahepatic and intramyocellular lipids in
this population [55]. Additionally, VD supplementation had no discernible effect on total
body fat mass [57]. These results support the most recent finding that weekly VD3 admin-
istration at a high dose (3750 IU) had no impact on sarcopenia or adiposity indices [60].

VD-CAL have been gaining increasing interest in obesity management. These nutri-
ents have been tested in combination and also formulated in food products. A VD-en-
riched Lentinula edodes preparation reduced total body fat accumulation and hepatic fat
content in obese C57BL/6 mice [49]. Similarly, a study showed that consumption of VD-
fortified yoghurt drink (containing 170 mg CAL and 12.5 ug VDs/250 mL) for twelve
weeks led to a decrease in waist circumference, body fat mass, and truncal fat in people
with type-2 diabetes aged 30-60 years old [53]. In addition, supplementation of CAL and
VD:s caused a significant reduction in weight, BMI, waist circumference, and body fat per-
centage in obese women aged 1848 years old [58]. In another study on overweight or
obese males aged 18-25 years old, a 12-week supplementation of CAL and VDs (600 mg
of CAL and 125 IU of VD:s) resulted in body fat loss and visceral fat loss [59].

4.3. Impact of VD on Bone Density

Patients and healthcare practitioners frequently overlook the importance of VD in
bone health. Table 4 presents the findings of studies on the advantageous effects of VD.

Table 4. VD on bone density.

Reference Experimental Design

Diet Intervention = Comorbidities Highlight Result

Animal study

Positive correlation between Bacteroides
and LPS, trabecular femur peak load, ver-

[61] C57BL/6] male tamd fe- High and low VD Obesity tebral trabecular separation, trabecular
male offspring L
number, and bone volume fraction in
both
{ lower intestinal permeability;
62] Three-week-old High or low VD; Obesity T trabecular r;z;};ii?;? ¥ trabecular
C57BL/6] mice high fat and sucrose No effects on IL-6 and TNF-a serum con-
centrations.
{ serum bicarbonate, calcium, 25-hy-
Twenty-one-week-old droxyvitamin D, insulin, and leptin lev-
male obese Sprague els;
[63] Dawley rats underwent High-fat diet Obesity T serum osteocalcin;
Roux-en-Y gastric by- | PINP levels;
pass { the volume, number, and thickness of
trabecular bone.
Mz.ale C57BL,/6N obese . . . 4 1112b mRNA levels in stimulated bone
[64] mice aged five weeks High-fat diet Obesity . .\
old marrow-derived dendritic cells
(65] Female C57BL/6] mice  Saturated fatty acids Obesity { hepatic Cyp2r1 and renal Cyp24al
aged eight months old and VD 1000 IU/kg diet mRNA expression
| phenotypes related to dendritic cells
function expression;
[66] C57BL/6 males aged ten High-fat diet, VD 1000 Obesity | production of IL-12p70 by bone mar-

weeks old

and 10,000 IU/kg diet

row-derived dendritic cells;
T LC3 II/I and VPS34 protein concentra-
tions;
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{ p62 expression;
1 Vdr mRNA levels.

Human study

| BMD;
T bone turnover markers;
normal parathyroid hormone concentra-

(67] Healthy overweight and VDs doses (100,000 IU; Obesity tions;
obese women 3420 IU; and 3420 IU) No association between weight loss and
changes in BMD;
Positive association between low levels of
bone loss and high levels of 25(OH)D.
T plasma 250HD, { PTH, { CTX;
Inverse correlation between alterations in
plasma 25(OH)D, bone-specific alkaline
Healthy males and fe- phosphatase, and CTX;
[68] males aged 18-50 years 7000 IU cholecalciferol Obesity ~ Inverse correlation between alterations in
old CTX and in spine BMD;

Association between T levels of 250HD
with { PTH, { bone turnover, and T BMD
at the forearm.

Overweight and obese
[69] children aged 8-11 years No intervention of VD Obesity A link between 25(OH)D and areal BMD.
old

VD: vitamin D; CAL: calcium; T: increase; {: decrease.

Diet-induced obesity has been found to decrease the volume, number, and thickness
of trabecular bone [63]. Diets containing saturated fatty acids and adequate amount of VD
altered the metabolism of VD and bone changes, which suggests the critical role of dietary
fat composition [65]. Supplementation of VD increased intestinal permeability and sys-
temic lipopolysaccharide levels, resulting in stronger trabecular bone [61,62], and inhib-
ited differentiation and maturation [64], as well as elevated autophagy flux of bone mar-
row-derived dendritic cells [66]. Furthermore, VD levels have been linked with bone loss
[67], bone turnover [68], and areal bone mineral density [69].

4.4. Impact of VD-CAL on Inflammatory, Insulin, Hormone, and Cell Functions

Obesity and its associated health problems are linked to low levels of VD-CAL in the
blood. VD-CAL contributes to obesity and its comorbidities by influencing inflammation,
insulin sensitivity, hormone production, and cell functions (Table 5).

Table 5. VD-CAL in inflammatory, insulin, hormone, and cell functions.

Reference Experimental Design Diet Intervention Comorbidities Highlight Result
Animal study

T cytokine levels and IL-1b mRNA expres-
sion;

Negative correlation between VD levels, in-
flammatory cells, IL-1b and IL-17 levels.
{ intracellular CAL transient rates,

[71] Male Wistar rats A high-fat diet Obesity { rates and amplitude of salivary acinar
cells

Males F?57BL/6 mice . duced obesity Obesity \ aut(.)phagy of T cells, .

aged five weeks old T dysregulation of T cell homeostasis

[70] Male BALB/C mice A high-fat diet Obesity

[72]
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! food intake and weight gain;
4 hippocampus acetylcholine concentra-

[73] Male Wistar rats VD 500 IU/kg diet Obesity Hons:
T hippocampus IL-6 concentrations.
| weight and food intake;
. . . { insulin resistance;
[74] Male Wistar rats VD 500 IU/kg diet Obesity No influence of VD on degenerated neu-
rons and TNF-a concentration.
{ body weight, NF-kB concentrations,
Hippocampus male . . blood-brain barrier permeability;
73] Wistar rats VD 500 IU/kg diet Obesity 1 increased brain-derived neurotrophic fac-
tor concentrations.
Male C57BL i
[76] agz; f(i:fe We/sz‘gz VD 10,000 IU/kg diet ~ Obesity | natural killer cells
A high-fat/high- { steatosis and fibrosis;
[77] C57BL/6] mice sugar diet with low Obesity ! inflammatory and pro-fibrotic genes;
amounts of VD | intestinal inflammation.
{ NF-kB activation, TNF-alpha level
A high fat-high ’ ’
78] Male C57BL/6] mice 5111g ar ?Atrit;g Obesit SCAP/SREBP lipogenic pathway activation,
aged four weeks old gVD y CML protein adducts level, and RAGE ex-
pression.
T CD4 +1L-17 + T cells;
. A high-fat diet with T CD4 + CD25 + Foxp3 + T cells;
[79] l\galee diiﬁ% illir;‘fge 1000 or 10,000 IU of  Obesity J phospho-p70S6K /total-p70S6K ratio;
& VD/kg diet T phospho-AKT/total-AKT ratio;
 Hifla mRNA levels.
tv-rel I
[80] Obesity-related diabe VD Obesity { parathormone and adipocytokines
tes rats
T superoxide dismutase activity;
[81] Obese male Wistar rats 500 IU/kg VD Obesity { catalase activity;
{ TNF-a concentration in heart tissue.
{ glutathione peroxidase activity;
s hepatic tumour necrosis factor concentra-
tions;
2 le Wi IU/kg VD i ’
[82] Obese male Wistar rats 500 IU/kg Obesity 1 superoxide dismutase activity;
No effects on glutathione peroxidase or cat-
alase activity.
. . : T fatty acid synthase, T steatosis, and { pro-
[83] Female Wistar rats 10 g CaCOs/kg diet Obesity tein kinase B (Akt)
Human study
(84] Men and women aged 1000, 2000, and 4000 Obesi | PTH levels with 1000 IU per day;
30-80 years old IU VDs per day v T PTH levels with 2000 to 4000 TU per day.
A high-CAL diet
(85] Patients aged 20-60  (1200-1300 mg/d) Obesit { inflammation markers,  fibrinolysis, and
years old and low-CAL diet y { endothelial dysfunction.
(<500 mg/d)
[86] Males and females 50,000 IU of VD per Obesity U PTH, MCP-1, IL-1 8 and TLR-4
aged 18-59 years old week
Obese and overweight 50,000 IU VD per . No ..alteraTtlons.m C-reactive p?otem, insu-
[87] women aged 2040 week Obesity lin, insulin resistance, and waist to hip ra-

years old

tio.
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Overweight and obese Cholecalciferol doses

No influence in iPTH and cFGF-23;

[88] adults (aged 32+8.5 100,000 IU followed Obesity Inverse correlations between serum iPTH
years old) by 4000 IU per day and cFGF-23.
Obese children and ad- VD 120,000 No significant difference in insulin re-
[89] olescents aged 12.89 + IU/month and 12,000 Obesity sistance, sensitivity, inflammatory cyto-
1.63 years old IU/month kines, and pulse wave velocity
Positive association: BMI and 9 inflamma-
tory biomarkers;
Positive association: BMI and sICAM-1, hs-
[90] Pregnant women 400 IU/d to 150,000 Obesity CRP, and AGP;
IU per three months Inverse association: 25(OH)D and sICAM-
1, hs-CRP, and AGP;
No impact of VD intake on inflammatory
biomarkers.
Overweight and obese
[91] youth aged 11-17.99 1.50’000 IU ergocal- Obesity No alteration in inflammatory markers
ciferol per 3 months
years old
[92] Oblzfjveegiti%n:izizd No intervention of Obesity 4 blood levels of VD;
VD T US-CRP, IL-6, HOMA
years.
Obese patients aged > No intervention of . { metabolic status, T liver enzymes, T in-
[93] Obesity
18 years old VD flammatory markers
[94] Healthy children aged No intervention of Obesity T VD insufficiency occurrence in children
9-13 years old VD with IR
Obese adolescents . . . i
[95] aged 12.7 + 1.3 years No intervention of Obesity Negative a.lssoc1at¥on: 25(.OH)D and
old VD HOMA-IR with alanine aminotransferase
Obese and overweight
[96] postmenopausal No intervention of Obesity Inverse association: 25(OH)D and fasting
women without diabe- VD and 2-h insulin, HOMA-IR, and PTH
tes
Overweight and obese No intervention of
[97] children aged 2-18- Obesity ! serum 25(0OH) D level;  PTH

year-old

vitamin D

VD: vitamin D; CAL: calcium; T: increase; 4: decrease.

Apart from its vital role in CAL homeostasis, VD-CAL is involved in modulating
inflammatory, insulin, hormone, and cell functions in obesity. Administration of VD was
shown to reduce intestinal inflammation [77] and the level of inflammatory markers
[82,83,94], and also regulate the concentrations of IL-18, NF-Kf, acetylcholine, brain-de-
rived neurotropic factor [73], blood-brain barrier permeability [75], and pro-inflammatory
cytokine levels [70]. However, previous studies suggest that VD-CAL supplementation
does not affect inflammatory regulation in obesity. VD intervention did not cause any
change in the concentrations of us-CRP and IL-6 [92], SICAM-1, hs-CRP, AGP [90], and
inflammatory cytokines [89,91] . Similarly, a study showed that a CAL-rich diet had no
beneficial impact on inflammation, fibrinolysis, and endothelial function [85].

Furthermore, a high-fat diet triggered insulin resistance [71], and VD deficiency also
correlated with this condition in obese people [94]. VD intake influenced IRS-1/p-IRS-1
expression [80] and enhanced HOMA-IR [74]. CAL intake also improved insulin sensitiv-
ity, redox balance, and liver steatosis [83]. Nevertheless, VD supplementation had a neg-
ative impact on the relationship between 25(OH)D and insulin resistance [95] and HOMA-
IR [87,96].
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VD has been linked to cell regulation in obesity. The intake of this vitamin was shown
to inhibit the expression of NF-«kB [78] and regulate HIF1a in T cells [79]. However, VD
intake had no significant effect on IFN-y intracellular expression, NKG2D, and CD107a
surface expression in NK cells, Vdupl and Vdr mRNA levels [76], and T cell autophagy
[72]. Apart from its role in inflammatory, insulin, and cell functions, a connection has been
found between VD and hormone regulation, with VD exerting a suppressing effect on
PTH levels in obese individuals [84,86,88,97].

4.5. Potential Applications of VD-CAL in Obesity Prevention

Low levels of VD-CAL have been connected with an improved risk of obesity. Sup-
plementation of VD-CAL can be beneficial in the treatment of obesity, as summarised in
Table 6.

Table 6. The evidence of VD-CAL supplementation in obesity.

Reference Experimental Design  Diet Intervention Comorbidities Highlight Result

Animal study

T insulin sensitivity and hepatic steato-

Male C57BL/6] mice ngh—fat/s.ucrose . sis in combining physical exercise and
[98] (HFS), physical exer- Obesity VD;
aged ten weeks old . . . .
cise, and VD { hepatic de novo lipogenesis in com-
bining physical exercise and VD.
Adult Wistar strain al- M i luta-
[99] du. stat stramn @ onosodium g Obesity ! body weight, food, and water intake
bino female rats mate and calcitriol
™ lipid oxidation;
[100] Male C§7BL/6] mice o 5,000 TU/kg diet Obesity ) upre.gulatlon c?f fatty ac1d' oxidation
aged six weeks old and mitochondrial metabolism genes;
T expenditure on energy.
T colonic Cldn1 and Cyp27b1 mRNA
Male C57BL/6N mice VD 1000 and 10,000 . levels;
[101] . . Obesity . . .
aged five weeks old IU/kg diet Negative relationship: 25(OH)D levels
and histology score.
{ body weight gain,
Male Sprague Dawley 50 mg/kg coral CAL 1 hepatic mitochondrial dysfunction, ¥
rats aged six weeks old . o .
[102] s o and 50 mg/kg coral Obesity oxidative stress, and activated phase II
with high-fat-diet-in- CAL hydride enzymes in coral CAL hydride treat-
duced NAFLD y y @ Y a
ment.
Low-density lipopro- Salmon peptide frac- T metabolic syndrome via a gut-liver
[103] tein receptor (LDLr)  tion and VDs (15,000 Obesity axis
IU/kg of diet) T Mogibacterium and Muribaculaceae)
Human study
Overweight and obese . An association weight loss and T
[104] 400 IU of VD per day Obesity 25(0OH)D levels,
it aged 261247 1 2508 D; L PTH,
[105] & . 4000 IU of VD per day Obesity Inverse relationship between 25(OH)D

years old with a BMI
31.3+3.2 kg/m?

and waist-to-hip ratio.

Overweight or obese
[106]  premenopausal women
aged 20-50 years old

500-600 mg/day CAL,
800 mg/day CAL, low-
fat milk (1.5%), and
soy milk fortified CAL

Obesity { weight and BMI in all interventions
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1200 and 1300
mg/day.

[107]

A significant correlation between per-
cent body fat and CRP, and between

Overweight and obese 4000 IU of VD per day Obesity serum 250HD and CRP:

patients with exercise training A significant reduction in unstimulated
TNFa production both groups.
Fortified low-fat yo- 1 25(0OH)D serum levels;
1500 IU VD ight to hi i0;
Adults aged 30-50 gurt (1500 IU VDs per i«.welg t to hip ratio;
) 150 g/d); . T triglyceride and HDL-C
[108] years old with ab- o . Obesity . . .
dominal obesit fortified low-fat milk { fasting serum insulin
Y (1500 IU VDs per 200 T HOMA-IR and quantitative insulin
g/d) sensitivity
Obese adolescents aged * total and free 25(OH)D;
[109] 12-17 years old and  Fruit juice with VD Obesit 4 HOMA-IR and CRP;
with BMI 31.2-36.2 4000 IU per day Y T endothelium-dependent microvascu-
kg/m?2 lar.
Overweight, obese pa- . NAFLD and . .
4000 IU cholecalcif- D h -
[110] tients aged 1860 years 000 :i Ocl/ C(1)aeca ci NASH with VD- No impact betwezenm\gS and hepatic en
old y deficient Y
T activity of neutral sphingomyelin-
hylomi
Obese, pre-menopausal 75,000 IU cholecalcif- Cardiovascular ases, L c yloricrons,
[111] : . 4 LDL and VLDL,
adult women erol with VD-deficient . ,
 postprandial inflammation and endo-
thelial macrophage adhesion
O‘;Xjff:ri:icﬁe;e Prediabetes with T 250HD level;
112 Ds (4000 I i f VD -1 1
[112] aged 57.0 +10.4 years VD:s (4000 IU/day) VD-deficient No impact of VD on Post oad glucose
old or other glycemic measures.
Predi ith left atrial vol Iciferol
Obese male veterans 50,000 TU ergocalci- rediabetes wit 1 .e t.a.trla vc? ume ergoca ciferol,
[113] 25(0OH)D level No significant difference in blood pres-
aged 35-85 years old erol/week ) .
5.0-29 ng/mL sure and other diastolic parameters
. . . .. Type 2 diabetes
[114] Diabetic patients aged 30,000 IU cholecalcif- with VD deficient  hs-CRP and TNF-a concentrations
66.3 + 4.4 years old erol/week . ..
or insufficient
Stage 1: 6000 IU of
VD/day; .
Male and fer.nale 30—.60— Stage 2: 3000 TU of ~ Obesity and type No asso.c1at1o‘ns betx./\/een VD supple-
[115] year-olds with obesity , mentation with weight, fat mass, or
and type 2 diabetes VD/day; 2 diabetes waist circumference
P Stage 3: 2200 IU of
VD/day
Obese males and fe- Cholecalciferol 25,000 Obesity with VD . . .
[116]  males aged 18-70 years - T insulin sensitivity
old IU/week deficient
Obese children aged 2— 50,000 IU cholecalcif- Obesity with VD T VD deficiency status after consuming
[117] - ,
14 years old erol/week deficiency the dose of cholecalciferol

VD: vitamin D; CAL: calcium; T: increase; {: decrease.

Obesity and its related conditions have been studied in relation to VD’s potential role
as a treatment. Supplementing with VD lowered the rate of weight gain [99] and body
mass [104], increased glucose homeostasis, and regulated energy expenditure in obese



Nutrients 2022, 14, 3187

14 of 23

people [100]. Additionally, VD intake prevented histological damage of the colon [101],
reduced hepatic steatosis, improved mitochondrial dysfunction in the liver, decreased
stress oxidation, and triggered phase II enzymes [102].

Clinical studies, on the other hand, have found no link between 25(OH)D concentra-
tions and hepatic enzymes, indicating a lack of interaction between VD deficiency and
obesity [110] and no impact of VD on post-load glucose or other glycemic indices [112].
Supplementing with VD had no significant effect on weight, fat mass, or waist circumfer-
ence [115]. Lack of VD increased the activity of neutral sphingomyelinases in obese people
with cardiovascular disease, which had implications for chylomicron and low-density lip-
oprotein (LDL) and very-low-density lipoprotein clearance, as well as decreased post-
prandial inflammation and macrophage adhesion to endothelia [111].

On the other hand, in obese patients with VD deficiency, VD supplementation sig-
nificantly enhanced serum 25(OH)D levels [117], reduced the size of the left atrium [113],
reduced hs-CRP and TNF-a concentrations [114], and increased insulin sensitivity [116].

Furthermore, VD intake combined with physical exercise led to a rise in peak power
and VD status, reduced waist-to-hip ratio [104], and improved insulin resistance and he-
patic disease [98]. However, this combination did not influence inflammatory biomarkers
such as CRP, TNF-q, and IL-6 [107].

The role of diets enriched with VD-CAL has also been investigated. Faghih et al. [106]
reported that diet of a daily 500 kcal deficit with daily 500-600 mg CAL (1), a daily 500
kcal deficit with daily 800 mg CAL (2), a daily 500 kcal deficit with three servings of low-
fat milk (3), and a daily 500 kcal deficit with three portions of CAL-fortified soy milk (4),
resulted in decreased body weight and BMI in all groups of healthy, overweight, or obese
premenopausal women aged 20-50 years. Valle et al. [103] showed that supplementation
of salmon peptide fraction (25% of protein) and VD (15,000 IU/kg of diet) aided in main-
taining metabolic syndrome via gut-liver axis by controlling hepatic and gut inflamma-
tion (increasing Mogibacterium and Muribaculaceae) in mice fed with high-fat and high-
sucrose diets containing VD (25 IU/kg of diet). Sharifan et al. [108] observed a correlation
between fortified dairy products containing VDs (1500 IU) and anthropometric indices,
glucose homeostasis, and lipid profiles in adults (30-50 years old) with abdominal obesity.
Similarly, Vinet et al. [109] observed that consumption of 200 mL fruit juice supplemented
with VDs (4000 IU) every morning led to the weakening of microvascular dysfunction
without any impact on macrovascular function by increasing 25(OH)D levels, decreasing
HOMA-IR and CRP, and improving endothelium-dependent microvascular reactivity in
obese adolescents aged 12-17 years old and with a BMI of 31.2-36.2 kg/m?.

Unfortunately, prior studies could not identify a compensatory mechanism and did
not exhibit the impact of VD-CAL channels, namely TRPV5 and TRPV6, which can influ-
ence the CAL transport process. According to Veldurthy et al. [118], 1,25(OH):Ds regu-
lated transcellular transport by influencing the epithelial CAL channel TRPV5. TRPVS5 en-
ables the entry of apical CAL entry by inducing calbindins (calbindin-Do and calbindin-
D2sk). Moreover, calbindin-Do and TRPV6 expression are administered by 1,25(OH)2Ds.
TRPV6 overexpression results in hypercalciuria, hypercalcemia, and calcification of soft
tissues, indicating that this channel plays a key role in the intestinal absorption of CAL.

4.6. Inadequate Evidence for the Effect of VD—CAL on Obesity

Although the benefits of VD-CAL supplementation have been documented, previ-
ous reports have established that these two nutrients are incompatible. The inconsistent
results about the impacts of VD-CAL observed in experiments on obese populations are
summarised in Table 7.
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Table 7. The inadequate evidence of VD-CAL status in obesity.

Reference Experimental Design Diet Intervention Comorbidities

Highlight Result

Animal study

Obese male C57BL/6] A high-fat diet, high-

! body weight and adiposity;
T adiposity in high-CAL diet;
T feed efficiency and hyperphagia develop

[119] mice agec(l) 1f(;)ur weeks C_:AI}(; r?rfft }(;lfh;riﬁ(L Obesity obesity in high-Ca mice;
Y A strong correlation between mRNA mark-
ers of macrophages.
Human study
Healthy post-meno- 400 and 1000 IU of No improvement in physical function (gri
[120] pausal women aged Obesity P PRy 8rP
VD:s strength or falls)
60-70 years old
fasti 1 1 ions;
Overweight and obese { fasting blood glucose ConC?ntratlons,
women aged 38 + 8 1 25(OH)D concentrations;
[121] & - 25 ug of VDs Obesity | percentage of HbAlg;
years old with a BMI - .
299 + 4.2 ke/m? Significant association: HbAlc and
TERLKE 25(0OH)D concentrations.
Overweight and obese { BMI not significant;
[122] children aged 6-15 1200 IU of VDs Obesity | fat mass not significant;
years old No impact on body weight reduction
Men and women aged  Dairy with 700 T weight loss and T plasma levels of pep-
[123] 20-60 years old witha mg/day CAL, and Obesity tide tyrosine tyrosine (PYY) in high CAL
BMI 27-37 kg/m? 1400 mg/day CAL fortification.
Qverwelght females Daily 800 mg of CAL  Overweight
with postmenopausal . . Ca o
[124] citrate and malate + with postmeno- Negligible impact on body composition

aged around 51.3 years

old 400 IU of VD pausal

VD: vitamin D; CAL: calcium; T: increase; {: decrease.

Thomas et al. [119] demonstrated insufficient evidence for the influence of high die-
tary CAL (CAL carbonate) on obesity-related phenotypes, including impaired weight gain
and hyperphagia, in diet-induced obese 4-week-old male C57BL/6] mice. Wood et al. [120]
found no effect on physical function after VDs supplementation (400 or 1000 IU) for one
year in postmenopausal women aged 60-70 years old with a BMI of 1845 kg/m2.
Salehpour et al. [121] presented inadequate data on the impact of VDs intake (25 pg as
cholecalciferol) on glucose homeostasis in overweight or obese women with an average
age of 38 + 8 years old and a BMI of 29.9 + 4.2 kg/m?. Brzezinski et al. [122] observed an
insignificant impact of 26-week VD (1200 IU) intake on body weight reduction in over-
weight and obese children aged 6-15 years old who had VD insufficiency (<30 ng/mL).
Additionally, Jones et al. [123] showed that supplementation of dairy (~700 mg per day of
CAL with 500 kcal per day) and CAL-rich dairy (~1400 mg per day of CAL with 500 kcal
per day) had no effect in increasing weight loss. However, CAL-rich dairy improved
plasma levels of peptide tyrosine tyrosine in men and women aged 20-60 years old and
with a BMI of 27-37 kg/m2. Kerksick et al. [124] demonstrated that the supplementation
with VD-CAL did not significantly affect the alteration of body composition in over-
weight postmenopausal women.

Based on the literature review, it can be concluded that the role of CAL and VD in
metabolic disorders and obesity is well understood. However, the results on the impact
of the deficit or the supplementation used on body weight, fat content, or biochemical
parameters obtained especially in human studies are often ambiguous. It seems that many
factors, including population diversity, may lead to the inconsistency of results of VD-
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CAL in the obese. The cited studies were conducted on a variety of populations, geogra-
phies, and races. For instance, low VD status affects the occurrence of a VD deficiency in
Western European residents during the wintertime periods, South Africa, Oceania, and
Asian countries (Middle East, China, Mongpolia, and India) [125]. In the same vein as the
global VD status, many countries have low average dietary CAL ranges between 175 and
1233 mg across half the world’s nations, such as Asia, Africa, and Latin America, and only
a handful of European countries [126]. Furthermore, low VD concentrations were discov-
ered to be a significant difference between native residents with immigrant residents [127]
and multi-ethnic residents [128]. Besides that, there was an association between VD levels
and elevation in a population [129]. A difference of one or two degrees in latitude enor-
mously influenced 25(OH)D serum levels and bone density amid a low VD-sufficiency
population [130]. Two different continents in the same population also influenced the
CAL concentrations [131]. Therefore, these variables may predominance the inadequate
evidence of VD-CAL supplementation in obese populations [120-124].

5. Limitations

Overall, the evidence from previous studies showing the importance of the VD-CAL
axis in obesity suggests that investigations carried out so far, especially human studies,
could not find a clear relationship between VD-CAL status in obesity [120-124]. There is
also data showing harmful effects caused by consuming these nutrients alone or in com-
bination [132]. However, prior studies on animal models [98-103] and humans largely
[104-117] recommend the use of VD-CAL as potential therapeutic agents for the manage-
ment of obesity.

Using a comprehensive literature strategy, this article has presented results collected
from the studies conducted in the last ten years on the interrelationship of VD-CAL in
obesity. However, the present article also has some limitations, including the lack of dis-
cussion about the side effects of VD-CAL intake, including its toxicity, which can be help-
ful for designing an obesity management therapy. It should be mentioned that CAL inter-
vention studies have provided minimal evidence [133,134] supporting the application of
CAL supplements in treating obesity and its comorbidities.

6. Conclusions and Perspectives

There is little research into the effects of the concomitant use of VD and CAL on obe-
sity and metabolic disorders. The results of the current research, where VD and CAL were
used separately and in combination, are inconclusive. Mechanistically, the VD-CAL axis
affects lipid status, insulin, hormones, cells, and inflammatory functions in obesity and its
comorbidities from the organs to the blood. Previous research on animals and humans
has not consistently supported the hypothesis that VD-CAL supplementation can accel-
erate weight loss or fat loss in obesity. Many factors may affect the obtained results, in-
cluding the age of subjects, degree of obesity, applied doses, population diversity, ethnic-
ity, and geographical location. Therefore, more large-scale prospective cohort studies and
randomised trials are required to fully clarify the simultaneous administration of VD-
CAL as well as their interrelationship for the safe use of these nutrients in the management
of the global obesity epidemic.
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