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Abstract

Purpose of Review Evidence from observational studies suggests that obesity is associated with low vitamin D. As both obesity
and hypovitaminosis D present an alarmingly increased prevalence worldwide, there is an intense research interest to clarify all
aspects of this association. This review summarizes current evidence from meta-analyses investigating vitamin D status in
obesity, including the effects of weight loss and bariatric surgery on vitamin D status and the outcomes of vitamin D supple-
mentation on body weight. We also discuss potential pathophysiologic mechanisms and important controversies.

Recent Findings Data from meta-analyses consistently support an inverse association of vitamin D levels with body weight.
However, the impact of weight loss on improving vitamin D status is small, while studies on the supplementation with vitamin D
after bariatric surgery have shown conflicting results regarding vitamin D status. Moreover, interventional studies do not support
a beneficial effect of vitamin D supplementation on body weight. These findings warrant a cautious interpretation due to
important methodological limitations and confounding factors, such as high heterogeneity of studies, variable methods of
determination of vitamin D and definition of deficiency/insufficiency, use of various adiposity measures and definitions of
obesity, and inadequate adjustment for confounding variables influencing vitamin D levels. The underlying pathogenetic mech-
anisms associating low vitamin D in obesity include volumetric dilution, sequestration into adipose tissue, limited sunlight
exposure, and decreased vitamin D synthesis in the adipose tissue and liver. Experimental studies have demonstrated that low
vitamin D may be implicated in adipose tissue differentiation and growth leading to obesity either by regulation of gene
expression or through modulation of parathyroid hormone, calcium, and leptin.

Summary Obesity is associated with low vitamin D status but weight loss has little effect on improving this; vitamin D
supplementation is also not associated with weight loss. Evidence regarding vitamin D status after bariatric surgery is contra-
dicting. The link between vitamin D and obesity remains controversial due to important limitations and confounding of studies.
More research is needed to clarify the complex interplay between vitamin D and adiposity.
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Introduction

Obesity is a multifactorial chronic state of positive energy bal-
ance and excessive fat accumulation, associated with decreased
life expectancy [1]. During the last 50 years, obesity rates have
increased worldwide, with major implications to public health
and the economy. It has been estimated that over 650 million
adults (approximately 13% of the world’s adult population)
have obesity, while over 340 million children and adolescents
aged 5-19 years presented overweight or obesity in 2016 [2].
Evidence from the National Health and Nutrition Examination
Survey (NHANES) has indicated that the age-adjusted preva-
lence of obesity among US adults was 42.4% in 2017-2018 [3].

Somewhat paradoxically, given that overconsumption of
food is an important driver of positive energy balance leading
to obesity, patients with obesity often present with micronutri-
ent deficiencies, with hypovitaminosis D being one of them [4].
Vitamin D is naturally present in few foods (i.e., oily fish, cod
liver oil, sun-dried mushrooms, as well as fortified foods in-
cluding milk, orange juice, margarine, and cooking oil); in large
part, it is endogenously synthesized when solar ultraviolet rays
(290-315 nm) enhance vitamin D synthesis in the skin that is
then mostly stored in adipose tissue [5]. As adipose tissue con-
stitutes quantitatively the most important storing compartment,
it is possible that the global obesity epidemic could partly ex-
plain the high prevalence of hypovitaminosis D worldwide.
Despite the plentiful sunshine, hypovitaminosis D is observed
at high rates in Africa, India, Australia, Asia, South America,
and, surprisingly, the Middle East [6]. Serum 25-
hydroxyvitamin D (25(OH)D) is often used as an index of
vitamin D nutritional status and, besides obesity, risk factors
for low 25(OH)D levels include extremes of age, female sex,
malnutrition, dark skin phototype, winter season, low socioeco-
nomic status, and covered clothing style [6]. Vitamin D recep-
tors (VDRs) are expressed in a plethora of tissues and cells,
while the pleiotropic actions of vitamin D in non-skeletal out-
comes have become increasingly recognized [7].

While there is consensus that serum 25(OH)D concentra-
tions should be used to assess vitamin D status, because it
reflects the contribution of both diet and endogenous synthe-
sis, there has been a debate on the suggested thresholds to
define low vitamin D status or hypovitaminosis D (deficiency
and insufficiency) [8]. Previous guidelines define vitamin D
deficiency as 25(OH)D values below 50 nmol/L (20 ng/mL)
and vitamin D insufficiency as 25(OH)D values of 50-75
nmol/L (20-30 ng/mL) [9]. However, in a most recent con-
sensus statement, vitamin D deficiency is defined as 25(OH)D
values below 30 nmol/L (12 ng/mL) and vitamin D insuffi-
ciency as 25(OH)D values between 30 and 50 nmol/L (12-20
ng/mL), while levels between 50—125 nmol/L (20-50 ng/mL)
are considered safe and sufficient regarding skeletal health in
the general population [10]. These definitions are endorsed by
the US Institute of Medicine, while a concentration above 75

nmol/L (30ng/mL) is recommended by the US Endocrine
Society for optimal health benefit particularly in elderly sub-
jects with augmented risk of fractures as well as osseous, renal
and digestive disorders [9, 11].

Data from large observational studies (NHANES III and
Framingham) suggest that obesity is associated with an in-
creased risk of hypovitaminosis D [12, 13]. Although vitamin
D is mostly known for its role in calcium homeostasis and
bone health, this multifaceted hormone exerts pleiotropic ac-
tions regarding metabolism, immunity and cellular prolifera-
tion and differentiation, with anti-inflammatory, anti-athero-
genic, cardioprotective and neuroprotective effects, among
others [14, 15]. Besides obesity, hypovitaminosis D is strong-
ly associated with risk factors of metabolic syndrome, such as
dyslipidemia, insulin resistance, and arterial hypertension,
with serious implications in cardiometabolic risk and morbid-
ity [16, 17]. Hypovitaminosis D is growing into a worldwide
epidemic, with prevalence rates as high as 13% for deficiency
and 40% for insufficiency in the North American and the
European population and even higher rates in the Asian pop-
ulations [18].

Apparently, obesity and hypovitaminosis D represent two
concurrent pandemics undermining public health globally.
Therefore, there has been significant interest in investigating
this association and the underlying pathophysiologic mecha-
nisms. Numerous observational studies have explored vitamin
D status in relation to body weight [19]. Additionally, many
important questions and considerations have arisen regarding
the direction of this relationship: is obesity the cause of low
vitamin D, or is low vitamin D responsible for the increasing
rates of obesity? To address these questions, many interven-
tional studies aimed at exploring the effect of weight loss on
vitamin D levels and, conversely, the effect of vitamin D sup-
plementation on body weight; however with inconsistent re-
sults. Furthermore, recent experimental studies aimed at in-
vestigating molecular mechanisms and genetic factors linking
vitamin D to obesity [20-22].

Herein, we present evidence from meta-analyses regarding
vitamin D status in obesity, the effect of weight loss and bar-
iatric surgery on vitamin D levels, as well as the effect of
vitamin D supplementation on body weight homeostasis.
We also discuss important controversies stemming from
methodological limitations and inconsistencies among stud-
ies. Finally, we highlight potential pathophysiologic mecha-
nisms that may explain the bi-directional link between obesity
and low vitamin D.

Literature Search
A search of the literature was performed in reliable biomedical

databases (PubMed/MEDLINE, Scopus and Google Scholar)
to identify articles published through November 2020. The
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search terms “vitamin D” or “25-hydroxyvitamin D” or
“250HD” or “vitamin D deficiency” or “vitamin D insuffi-
ciency” or “hypovitaminosis D” or “vitamin D supplementa-
tion” and “obesity” or “overweight” or “body weight” or
“body mass index” or “BMI” or “body fat” or “adiposity” or
“ adipose tissue” or “weight loss” or “bariatric surgery” were
used. No restrictions in publication date, language or age of
study participants were applied. We selectively included only
meta-analyses in our review. Observational studies, clinical
studies, randomized controlled trials (RCTs), and reviews
without a meta-analysis were excluded. We also reviewed
the references of included articles to identify any additional
meta-analyses.

Evidence from Meta-analyses

Table 1 summarizes the characteristics and main findings of
meta-analyses regarding vitamin D and obesity. These meta-
analyses have investigated various aspects of the association
between vitamin D and obesity: (1) the association between
obesity and vitamin D status; (2) the effect of weight loss on
vitamin D levels; (3) the effect of bariatric surgery on vitamin
D status; and (4) the effect of vitamin D supplementation on
various adiposity outcomes.

Is Obesity Associated with Vitamin D Status?

Seven meta-analyses, published between 2013 and 2018, have
addressed the association between obesity and vitamin D sta-
tus. Thirty-four cross-sectional studies were analyzed by
Saneei et al. and a weak but significant inverse association
between vitamin D levels and body mass index (BMI) was
found [23]. The association was observed in both genders in
developed countries and only in males in developing ones. A
large meta-analysis of 21 population-based studies used infor-
mation from 42,024 adults to explore any causal association
between obesity and vitamin D status [24¢]. A bi-directional
Mendelian randomization analysis of large cohorts was per-
formed showing that obesity may lead to low vitamin D and
not vice versa. Specifically, every unit increase in BMI (1 kg/
m?) was associated with a decrease in 25(OH)D by 1.15%,
after adjusting for age, gender and other confounders.

A subsequent meta-analysis of 12 observational studies
concluded that obesity, defined as BMI >30 kg/mz, was asso-
ciated with an increased risk for vitamin D insufficiency/
deficiency (< 50 nmol/L) (RR 1.52, 95% CI: 1.33-1.73) in
subjects of all ages [25]. Another meta-analysis of 23 obser-
vational studies reporting vitamin D levels in subjects with
normal weight, overweight and obesity (excluding severe obe-
sity) demonstrated that vitamin D deficiency (defined as
25(OH)D < 50 nmol/L) was 24% and 35% more prevalent
in subjects with overweight and obesity, respectively,

@ Springer

compared to those with normal weight [26¢¢]. The association
of vitamin D deficiency with obesity was found to be inde-
pendent of age, latitude, vitamin D deficiency definition and
the developmental status of the country where studies were
conducted.

A recent meta-analysis of 55 studies confirmed the inverse
association of vitamin D with BMI [27]. Interestingly, the
study showed that this association is stronger in patients with
type 2 diabetes mellitus (DM2) and is affected by BMI.
Notably, in non-diabetic subjects, the association was weak
among those in the normal BMI range and became gradually
stronger with increasing BMI. In patients with DM2, there
was an abrupt increase in the strength of this association in
subjects with BMI >30 kg/m? [27]. The association of fat
mass (FM) and percentage of fat mass (PFM) with vitamin
D status was investigated by Golzarand et al. based on 35
observational studies [28]. An inverse association was found
which was independent of age, latitude or longitude. Finally, a
meta-analysis of vitamin D in female subjects with or without
polycystic ovary syndrome (PCOS) has shown that waist-hip
ratio (WHR) was a negative predictor of vitamin D status,
independent of BMI [29]. This study analyzed data from 14
case-controlled studies with 2262 participants. However, most
of these studies were not randomized and did not adjust for
confounding factors, limiting the value of this finding.

Overall, results from meta-analyses support an inverse re-
lationship between measures of adiposity and vitamin D
levels, with a stronger association in subjects with obesity than
those with a normal weight. Additionally, there is some evi-
dence to suggest a causal role of obesity in low vitamin D
levels.

Does Weight Loss Affect Vitamin D Levels?

The effect of weight loss on vitamin D levels was examined in
2 meta-analyses. Mallard et al included 4 randomized and 11
non-randomized controlled trials aiming at investigating
whether weight loss after dietary and/or exercise interventions
results in an increase in serum 25(OH)D compared to weight
maintenance, under similar supplemental vitamin D intake
[30¢]. The authors concluded that weight loss is associated
with a small but significant increase in serum 25(OH)D, but
they did not find any evidence of a dose-response effect be-
tween weight loss and 25(OH)D increase.

A recent meta-analysis of 23 studies in subjects with over-
weight and obesity found that weight and PFM loss after ca-
loric restriction and/or exercise were associated with margin-
ally significant increases in 25(OH)D (p=0.05 and p=0.06,
respectively [31]. However, this meta-analysis acknowledged
a number of important limitations such as a possible seasonal
effect on vitamin D status and a wide variation in methodol-
ogy of the included studies regarding vitamin D determination
as well as body composition measurements.



165

Curr Obes Rep (2021) 10:162-180

‘rews sem
Joquunu 119y} Inq ‘papnjour
oM sy Anpenb y3rg

‘wistproiAyyerediodAy

pue ‘wsiproIAypadAy ‘erusoresradAy
“OSBOSIP [eUAI M $303[qns

‘uswom Suneyoe]sueugard :popnjoxyg

SIBAA 1< 988 :[SI DY

pringer

Qs

S)[NSa1 Ay 199178 10U NAd (SLOW 0SE°T SIBAA G< a3 :AISQ
pIp opmiSuo| pue opme| 93y U0 1939J39 ou pey uoneudwd(ddns @ NA (sarpmys 93en3ue| ysiSug
Ayrouagoraley Jo 201mos INAd Pue A [eUOIIEAIOSQO) S109 0T 910 ySnoIy sy pue [8z]
© SeMm ‘10pua3 Jou InQ JUAUNUO0D) M PAJRIDOSSE A[OSIOAUT Sem ( MA SYTLL [BUOTIBAIASQO GE SQIpN)S [BUONBAIDSAO 810C ‘e 12 pueIezjon
SoIpnys snoaua3013)ay AYSIH A Sutsearour yym 1a3uons
K1039180 TINF Aq pasuanjjul AJrenpeis ouwredaq pue a3uel [ING
Sem JNq ‘UOTIBUTULIDIOP [BUWLIOU UT J{eoM SeM UOTJBIOOSSE oY ], TING MO 10 HIM S)NPY
d 1A JO poyjoul 1o apme| TINA Y s109[gns ur St :TINA ON o3en3ue] ysiSug
Jo Juspuedepur sem [N pue I1o3uons Suraq TN I PAJLIO0ssE 61 :TAA 810C (2] 8102
( WA U99M)IQ UOIRIOOSSE Y], AJOSIOAUT SeM STJE)S (] UTWE A\ pawodar JoN SS y3noIy saIpnys [BUONBAISQ ‘uasaddar pue byey
‘uonedso] Aprys a3 Jo [QH
o) pue uonIuep ASUSIOAP (I NA
‘opmue| ‘o3e Jo oAndadsorn A)1seqo
M PRJEIOOSSE sem ASUdIOTIp (0 NA
sarpms [N [PULIOU (1M 9501} 0} pareduwod A198.Ins oLeLIRq PUB AJISOGO AIOADS
Suowe Ayouadorndy ySiy dnoi3 yromioao 2y ur 1oysiy GUS1oMIdpUN papnoxXyg
£)159q0 3IM S)NpE UI %t pue ‘K11seqo ypm s3oalqns soSe [y
%€ PUB USIPIYO UL 9,/ € Sem ur 10431 96 ¢ sem (/o (g 10T -9661 [«e07] ST0C
Kouarorop ( MA JO 90US[BAIJ >) Aouaroap ( 1A Jo soudreaard oy, SS9 €T SIIpN]S [BUONBAIOSGO) ‘[ 19 SOJUBS-RIIRIo]
“mOo] AU/BNOE<ING AnsoqQ
SI 10JUBD pue A)saqo Junyur] (€L1-€€1 0z< syuedionred Jo oN
skemyped [eor3ojorq oy ur 10 %56 TS'1 W) (/jowu soge [y
( urweyA Jo 901 Sunerpaw 05>) Aoua1o1jap/Aoudrongnsur 93en3ue] ysiSug
3} JO 2oUBOYIUTIS A |, ( A 10 YSLI PaSeaIdul [Im $102-000T SIIPMNIS [BUONIIS-SSOID [szl ¥10T ‘B 10
sa1Ipnys Jo Ajouagorley ySiyg paeroosse st (W/SNOE<[NE) LNseq0 H9°LT 4 PUEB [013U0-3SED 11040 weduresnuueys
Kysaqo
Jo juswdojoasp ayp ur  NA
JO 9[01 [Bsned © I0J 90USPIAS ON "SIOPUNOJUOD 1OYJ0 PUR JOpPUT
sueadoing ueyy “a3e 105 Sunsnipe 1oye q(HO)ST $L0°1T Soreuwd]
SUBOLIOUIY YLON Ul [nj10mod 19MO[ %CT"[ M pajeroosse 0$6°0C S3[BN SHnpy [-tC] €10C
QIOUI SeM UONRIOOSSE A, SeM [N UI dSea1ouT (/) run yoeg $T0°T |4 SaIpnys (110Y09) aA100dso1g ‘[© 10 UBIEMSI[RUI A
SIOpUSS UOMIDq
SaIpnys Jo AF0[0poyIou S[qRLIEA SOOURIJIP 0} PAINQLYUOD [INF UBSIA
SALUNOD JO SME)S S)|NSa1 2 ))& Jou PIp
[eruowdo[oAsp pue 1opud3 S[OA9] (J A puE uonedo] [eorydeisoon
S[ed) 0) NP SAPNIS UIMIAq Ssouo
AnouaZordioy JuedyIusig Surdojoaop ur so[ewdj 10§ 10U Ing sisA[eue-gjouwt synpe Ayiedq
SIPN)S [[B ISOWI[E U SI0JOR] ‘saLpunod padoaAdp ul sI9puA3 yroq Q) Ul PApNJOUI PO uonoLysal ofen3ue] ON
Surpunojuod 10§ psnipe 10J [N YA UOTJBIOOSSE ISIOAUL (sa1pmys §) Surdures wopuer yim sarpmys g 10T ysnoxyy
10U 210M SJUIOIJJO0D UONB[ALIOD) “[eam nq uedyIusis e syuasard q NA 90‘8 P SIpN)S [BUOIOIS-SSOID) [€2] €10T ‘e 10 129ueg
Aysaqo pun smps q unuviI
Nlilinve) sSurpurj urejy (N) uonendog (N) serpms uonod[ds Apms Tedk /1oy

 UTWE)IA pue A)saqo SuIpIegal saIpnys JO SasA[eur-eIo|N

L 31qeL



Curr Obes Rep (2021) 10:162-180

166

UONRUTILIRP (T UTIE)IA S[OIJU0D pUE SISED 8S/¥L
10J ASojopoyiow d[qeLieA u00M)9q A1931ns 3s0d sypuow 47 :d(HO)ST sypuowt 7| s[oA9] A(HO)ST oFen3uey ysiSug
syuedionted jo zoquinu Jjewg pue 1 2uiaseq 0) paredwod a3ueyo 0€9°S1/28TY payodar sarpmys ¢ 910¢ AON ySnouiy sa1pms [e€]
Ayouagoraey ysiH A(HO)ST Ul 9UAIAJIP JUBIGIUSIS ON S[0NU0)/SIse)) (S1O9 ) L [BUONBAISSQO PI[[ONUOD PUB ST Y L10T ‘Te 10 Tuefey]
Anouadorday ysiy uonejudawe[ddns winrores
SSo[ Apueoyrugis pue ( JA Pasn SAPMIS [y
Juoq pasearour A13Ins oLneLeg pasealoul {1 d pue pasealoop wnioe) sypuowt 9¢-9 :dn-mof[o sypuow 9 < dn-mofjo]
A1931s ‘uonejuowdddns (parjonuod uoneyuowe[ddns ( 1A F A1051ns
Ioye 9seaIoul JUBdIIUSIS 1A ondsop ‘A103Ins oLnjeLeq 1oye 1) sa1pnys 9An0adsoIg JLeLIRq PUB A)1S9q0 9I9AJS YJIM S)NPY
uou & payudsaid q(HO)ST ApueoyuSis oFueyd jou pip A(HO)ST e (A1081ns ssedAq ommses) o1 $10¢ ue[ ysnoiy saipnys oAnoddsorg [z€l 910T ‘Te 30 T
L1234ns JLyp1IDqG puv ( UUDIIA
A1931ns
oueLeq QInsodxa JySuns owanxo
‘uoneyuawdrddns (7 1A :papnjOXg
SIAZ-S/mg uoneIn
"UONRUTULIOP A pue (I 1A sage [y
10} AS0[0pOYyIoW Ul SUOHBLIBA- 9S10JOX0
( 1A JO UOTJBLIBA [RUOSEOS- J1O/pUe UOTOLNSAI OLIO[BD PUE
pozATeue A1saqo/ySromiono s syuedronieg
SOIPNYS JO JdqUINU [eLUS- (90°0=d pue (papuens J[3uIs ¢ 93en3ue] ysiSug
-papnjoul suoneyuly $0'0=d) A(HO)S ur aseasour ue o) SLOY 1) S10T 199010 [1€l910C
SISAJeUR UOISSAITAI-BIO]N PAIRIO0SSE 219M SSO A PUB 1YSIoM S80‘C €T 0] 1661 ATenue[ Usamiaq sApMS ‘[e 12 nuueq
-o8ueyo (HO)S Winios SSO[ JySrom
199JJ& 10U PIp S[9AJ] A(HO)ST U0 109739 ou pey uonejuwddns A Slielnilzahi]
pue [N dulaseq ‘I9puad A(HO)ST wnids ut 93ueyd pue sso[-)ysrom or3ojooeureyd :papnjoxg
‘a3e ‘voneyuowarddns @ A Ansodipe ur a3ueyo udom)q UOLE[I uoneyudwddns ( 1A F (9s1010X2
e} POMOYS SISA[RUR AJIADISUOS 9su0dsoI-3S0p © JO 90UIPIAD ON| J10/PUE JTP) SUOTUSAISNUI SSO] JYTIOA
SYM Q7 sem ayeul A [eyudwR(ddns sage [y
dn-mofjog IsI1y 0) dum) UBIPIA Te[ruurs Jopun S[AJ] Q(HO)ST L16 SLOY UON sIOY uou 1] oFenSuey ysiSug
Kep/n1 WINISS Uf 9SLIOUI JUBDLTUSIS Jnq YSST SLOY SLOY ¥ 9107/1€/€0 ySnom, [-0€] 9102
0S¢ Sem 3eul (0 NIA UBIPIN [[BWS & (1M PIJRIOOSSE SI SSO] JYSIOM ILy'E SI S[BL [BSIUI]D Po[Jonuos Te 30 PIR[[EN
S0 1y S1om pun q unuvIA
son[ea
TINE Aq pautjop ‘A1saqo Jo douasaid SODd MOYIM/YIM SR, ]
SIOPUNOJUOD 10J Judunsnipe oy Jo Apuopuadopur ‘SODd 791°1 :s[onuo) 93enJue] ysiSug
NOYIIM “PIZIUOPUEI-UOU INOYIA IO YLM SI[BWIRY UL ‘[ A 0S1°1 *SODd S10T 0 €00¢ lec] L10T
AJ)sou ‘saIpnys Jo IqUINU [[EwS M POJRIOOSSE AJOATESU sem YHM 97T y1 SQIPNYS [ONU0D-ISB)) ‘e 32 nonodooeg
sypuow
Z1-€ sem uoneuowdddns
d 1A Jo uonemn(
syuowd[ddns @ na
Jo asop pue ad£y Aq paurejdxe
sem pue y3iy sem A110u301)oH
Nlilinve) sSurpurj urejy (N) uonemndog (N) serpms uonod[ds Apms Teak /1oy

(ponunuod) T J[qeL,

pringer

Qs



167

Curr Obes Rep (2021) 10:162-180

SQOURIJIP
93e 03 pue pasn Aysodipe jo
S2INSBAW SNOLIBA 0 PAINQLIIE

sem SaIpMs Jo Aoud3oIoloH
S10)9B} SUIpunojuod

Tenudjod a1om J10puds pue 93y
sdnoi3

U9aM]9q JJIP JOU PIP SSeUl e
uonejudwoddns
( UTwe)A Surmor[oy
[N Ul uononpai juedyyrusis

UOU B PAIOAEJ SAIPMS 7T JO 8

Awoyoonsed
9Ad9[s 0} pareduod
A)ISUSP [BIQUIW UOQ JBIUIS
nq ‘snuoydsoyd 1oySiy pue
H.1d 12ySIy ‘wmiofes 1omoj
pey ssedAq owses 1oye sjudned
sampado1d om) oY) usamIaq
IoPIp jou pIp A1931ns 1oye [ING
uoniuyop
AouQ101Jop (] MA UI UOHRLIBA
AKrous3o109y ySIg
ssedAq osed ordoosorede]
10U Inq ‘ X -U9-XN0oYy
Joye 1edA | Apueoyrugis
pasordwt Q(HO)ST
qurpaseq
e ASUQIoNop ( UIWE)A
pey oym 3sop) 0} paredwiod
A193ms 10he 189K | Q(HO)ST
ur juowdoxdur 10yea1s
& pajuasald sjA9] (HO)ST
QUITAsEq [BUWLIOU (PIM SjUNEed
(pauodar
JOU dIe UoneINp pue SISOP)
A3oyens uoneyuowoddns
@ urwepa ut Kyjiqenes
(030 ‘UOSBIS ‘Opmne[) SI0J08)
Surpunojuod 10j judunsnipe oN

S)[Npe ur (Sseul JeJ pue Jysrom

Apoq ‘IINg) sanseaw Aysodipe uo

109JJ9 OU POMOYS WNIJ[ED INOYIIM
10 yim @ A g uonejuawalddng

aurjaseq woy a8ueyd

S)I IO PAARIYOL SMIE)S (T JIA AN[OSqe

oYy JoyIId AQ PadUAN[JUT JOU dIOM
amseaw A159qo Aue pue JySom Apog

UONOLISAI JLIO[BD JO AOUISAE Y}

ur A)1sodIpe JO SaInseaw 9Sea1dop
10U pIp uonejuowddns (7 urure g

Aw0)0onses 2AQ[s 0}

paredwoo ssed£q oysed 10yje 10mO|
Apueoyiusis a10m s[oAd] A(HO)ST

(100°0=d ‘8T 7= I[e10A0)

QI 008< 9s0p AJtep (@ NA yim pue

SI.OY Ul AJuo ‘Aoudroop ( urue)yA

Jo souoreadrd oy Apueoyrusis
paonpar uonejuowe[ddns  ururej A

A193ms

101 1834 | 95 ¢ pue Apanerodoard
%S Sem orel ASUSIDIJOP (J UNUBI A

93esop

( UTWE)IA PUE SSO[ JYSIoM ‘S[OAJ]

ourjeseq ‘usisop Apms Jo sso[predar

‘A103InS dLeLIRq JoYE JBOK

1 uonejuowo[ddns @ urweyA yPim
pasearour Apuedoyrudis s[eAd] A(HO)ST

0Er'Ty 9T

EvP/8Er INAd
89C7/69TNA
S09 /509 -INd
:S[onuod / @ NA

A1931nS

SLIjeLIRq ‘OSIOTOXD ‘SOSLASIP OTUOID
‘Koueudard ‘uoneioe] :papnjoxg
syoom g < [ddns ) F @ NA
(0S< N) sHapy
93en3ue] ysiSug
710279961
pulq-3[qnop * SLOY

dnoi3

[OIUOD SA UOTOLI)SAI
o100 JnoyIM uonejuawRddns (7 MA
€10T 01 G661
SLOY

[L€] sTOT
‘Te 19 1d[puRy)

[og] v10T
Te 10 Seyied

Apsaqo pun uoyvyuawaddns q unuvyp

Awoyoansed

QAQ9[S 0}

paredwoo ssedAq omses suoJropun
Ayisaqo ynm syuaned ¢ <
o3enJue] ysiSug
610¢ uef ysnoxy saipmg

uoneyuoworddns ( y1a pue
A1081ns oyeLIRq ‘ANISAqO
suonoLsaI o5enue| ON
910 92 ySnoxy sarpnys aandadsord

do-3sod spuowr 71 18 sjoAd] (HO)ST
(;wa3y 0g <INE) A1seqo guim
S[O1}U0J [BIITINS UOU SA A105Ins

JLjeLeq JO U0} AUB QUOSIdpUN SINPy

[s€] 020z ‘T8 30 uery,

[¥€]
810T BRI

sjuawIo)

sSurpurj urejy

clel Cl
(Awoyoamsed syiuowt ()9-9 :dn-mofqjoq
9A[S) 69L (5104 0
(ssed&q owses) ¢/ €l

80K
[ J& S[2A9] (I(HO)ST pamodar [

80K
[ ye Aoudro1yap g 1A payodar ¢
we-9[3ulIs 9
SLOY 9
S8TI 4!

8T/01
‘A(HO)ST Sypuow g

(N) uonendog (ND serpmig

uonod[ds Apms

Teak /1oy

(ponunuod) T J[qeL,

pringer

Qs



Curr Obes Rep (2021) 10:162-180

168

[ WWePALXOIPAY-GT ‘T(HO)ST Soam ‘sym ‘onel diy 0} JsTem YEM Q0UIJWINIIO ISTem ‘)M (I UIWE)A 7 /14 2issaid poo[q J1[0IsAS ‘g gs <[l PO[[ONU0D PAZIWOPUEI ‘7)Y ‘ououioy proiAyyered

‘H.Ld ‘ssew e} o5eiuaorad ‘.74 QWOoIpUAS A1eAo oskok[od ‘SO sxopu] Juatudo[oAd(q UBWINY ‘(74 SSBW 1B} ‘. sSmI[[ou sajoqerp g 2dA1 ‘zpy (@ ‘wmidfed ‘v ysom Apoq ‘4 g ‘xoput ssewr Apoq ‘Tivg

‘TING sutjaseq
puUB UOIIUAIIUI JO UOHRIND
‘uo13a1 ‘10puas :A11oud3010)ay
JO 221n0s [enuoJ
( UTWE)IA 0) TNIO[ED
JO UODIPPE S} M pa1o3lop
sem saorpur drmowodoryyue
U0 JO9JJ9 [BIO[JOUAq ON
‘TN pue
Mg Ul 9sea1our JueoyIusIs
B ()IM PIJBIDOSSE SeM SYIUOUT
9 UBY) 2I0W 0] UONUIAIUI
swes oy Inq ‘TNE Pue M
Ul 9SBQIOdP JUBONTUSIS-UOU
Ul pay[nsal syuow 9
UBY} SSO[ 0] 191p paylIo) 0 NA V

( UONOLYSAI OLIO[BD ‘DSIDIXD)
SUOTJUOAIUI SSO[-JYS1om
ym uoneyuowdddns
WA paulquod SIOY 11J0 €
SOIPMYS JO JoquInU [[es
D141 pue dgs ut asearour
JueoyIUSIS B UM PIJRIOOSSE
sem uonejuawelddns ( MA
10puad 10§ Judaunsnipe oN
se1q Suntoday
(S-p) sa1pmys Jo Joquunu [[ewg

(920°0>d)
TING pasea1oop Apueoyrusis
sypuowt 9< Jo uonejudwoddns
( M1A JO UOHRIND PUB UBISY ‘SRS,
(6L '0=d) IHM 10 (Z11°0=d) DM
“(80°0=d) NG Ut 109)J0 JurOYIUTIS
ou pey uoneyuowolddns g A

‘ssewr Apoq

ued] 10 N TING ‘M U0 10930 Aue

moyNm YHM Pue DA PIsearosp
ApueotyIusis jo1p payIIoy ( MA V

DM PUE [N JO 95ea100p jueoyusig
'SSO[ 1YS1om JopJe A[[eonsnels
jou seop uonejuowe[ddns £ urue A

S1B9A
0] SYM 9 UONUSAINUI JO UoneINg
TING Pue A\ g UO 109JJo JuedlIusIs
ou pey uoneyudweddns ( NA

$8€° ‘S[0nU0)
89L'T ' WA
€51°¢

oIl

LY6

969 :S[onuo)
068:d MA
(sarprus 6) 98S°1

9 dHM
IT DM
0T ‘IN9

0T

0C

11

sisA[eue-gjouwt

S} Ul PApN[OUT SAINSLA
omawodorpue yim ST 6
I

sinpe Ayjjeoy
o3enTue|

asaury)) pue ysi3ug

610T-S661

SLOY

syiuow 4,7-g :o8uel uoneinp Apms
101p Ie[n3al SA POOJ PayIIOY 0 NA

sage [y

o3en3ue| ysiSug
610 ysnoxy,

SLOY

sypuowr - :dn mo[[o} UBIPIIN
uonejuawRddns q nA
SIBOA Q1< 98V

/BN 6T ING
93en3ue] ysiSug
810C 01 600C

SLOY
uoneyuawaddns ( A
£)152q0 / WFrMIAQ
SINpy

93en3ue] ysiSug

¥10C
ySnouy) soIpnyg [BUONUIAIU]

[1¥] 020T ‘e 10 ueng

[op]
020 ‘I& 30 yopezpewy

[6€] 610¢ ‘eutad

[8€] s10C
‘[e 32 nonodosnouey

sjuawIo)

sSurpurj urejy

(N) uonemndog

(N) serpmis

uonod[ds Apms

Teak /1oy

(ponunuod) T J[qeL,

pringer

Qs



Curr Obes Rep (2021) 10:162-180

169

Collectively, these results suggest that weight loss presents
little beneficial effect on vitamin D status. Given the small
number and the heterogeneity of the studies analyzed as well
as various methodological issues, more studies are needed to
elucidate this issue.

Does Bariatric Surgery Affect Vitamin D Levels?

Bariatric surgery included a variety of surgical procedures in
the treatment of obesity, showing greater efficacy regarding
weight loss than any other approach [42]. However, it is as-
sociated with a higher risk of vitamin and mineral deficien-
cies, including vitamin D and calcium, due to limited dietary
intake and reduced gut absorption [43]. Meta-analyses on bar-
iatric surgery have focused on the effects of vitamin D sup-
plementation on vitamin D status after surgery as well as im-
plications in bone metabolism.

A meta-analysis of 10 prospective observational studies,
including 344 patients with severe obesity who underwent
bariatric surgery (Roux-en-Y gastric bypass), demonstrated
that 25(OH)D did not change significantly after surgery, while
calcium decreased and parathyroid hormone (PTH) increased
[32]. Of note, vitamin D and calcium supplementation post-
operatively was reported in all studies, while duration of
follow-up was 6-36 months. However, bone mineral density
was significantly decreased, indicating bone loss after surgery,
despite vitamin D and calcium supplementation. There was a
high heterogeneity between studies regarding the doses and
the duration of supplemental vitamin D.

Another meta-analysis investigated the change in vitamin
D status after bariatric surgery compared to non-surgical con-
trols with obesity [33¢]. It included 7 controlled studies (2
RCTs), but only 3 assessed 25(OH)D levels. There were no
significant differences in percent change of 25(OH)D from
baseline between the bariatric surgery group and controls at
12 and 24 months after inclusion to the study, although there
was a trend for a higher increase in vitamin D in the control
group. However, data on vitamin D supplementation were not
reported. Also, there were no data on weight loss after surgery
or on weight loss interventions-if any-in the control group.
The limited number of studies, the small sample size, and
the high heterogeneity are the most important limitations of
the above meta-analysis.

Vitamin D deficiency was investigated in a meta-analysis
of 12 prospective studies (6 RCTs) of 1285 subjects with
obesity after bariatric surgery, who received vitamin D sup-
plementation [34]. Vitamin D supplementation was associated
with significant improvement in 25(OH)D levels 1 year after
bariatric surgery, independently of study design, baseline
levels, weight loss and vitamin D dosage. Also, vitamin D
deficiency decreased from 54% preoperatively to 31% 1 year
postoperatively. The difference in the prevalence of vitamin D
deficiency was significant only in RCTs and with vitamin D

daily doses above 800 IU. The greater improvement in
25(0OH)D was observed in patients with a normal baseline
25(OH)D and those who were submitted to Roux-en-Y gastric
bypass, compared to those with vitamin D deficiency at base-
line and to laparoscopic gastric bypass.

Finally, a recent meta-analysis of 13 studies published be-
tween 2010 and 2018 compared gastric bypass to sleeve gas-
trectomy regarding bone metabolism and related complica-
tions [35]. This meta-analysis showed that circulating
25(0OH)D and calcium were significantly lower after gastric
bypass compared to sleeve gastrectomy. Interestingly, BMI
and bone mineral density after these procedures were similar.
The doses of supplemental vitamin D and calcium were not
reported and the duration of postoperative follow-up was 12
months in most of the included studies. Sleeve gastrectomy is
a restricted procedure, while gastric bypass is both restricted
and malabsorptive. These findings suggest that current vita-
min D supplementation strategies after malabsorptive bariatric
surgery are insufficient and they should be reconsidered.

Overall, the above meta-analyses are inconclusive regard-
ing vitamin D status after bariatric surgery. Besides the high
heterogeneity and the small number of selected studies, the
variable vitamin D supplementation strategies present the
most important confounding factor. However, Li et al sug-
gested that vitamin D supplementation with a daily dosage
of more than 800 IU may be effective in preventing postoper-
ative vitamin D deficiency and enhancing serum 25(OH)D
levels [34].

Does Vitamin D Supplementation Affect Adiposity
Measures?

The effect of vitamin D supplementation on obesity has been
the subject of a large number of interventional clinical studies,
most of them being RCTs. Eight meta-analyses published in
the last few years have focused on this particular topic. A
meta-analysis of 12 RCTs investigated the effect of vitamin
D supplementation on various measures of adiposity, namely
BMI, FM, and PFM, in the absence of caloric restriction [36].
The intervention group received vitamin D3 (calcitriol) in var-
ious doses ranging from 20 to 7000 IU/day, or 20,000 to
40,000 IU/week, or 50,000 IU every 20 days or 120,000 TU
three times fortnightly. Most subjects were adults with obesity
or overweight, but adolescents and children above 10 years of
age were included in 2 studies. The duration of the studies
ranged from 1 month to 3 years. The meta-analysis showed
that vitamin D supplementation did not decrease any measure
of adiposity. Furthermore, body weight was not influenced by
either the absolute vitamin D status achieved or its change
from baseline. However, 8 of 12 RCTs favored a reduction
in BMI following vitamin D supplementation albeit this did
not reach statistical significance. Age and gender emerged as
potential confounding factors, with younger people and
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females being more likely to experience a decrease in FM
following vitamin D supplementation.

Another meta-analysis of 26 RCTs (including 8 of the 12
RCTs of the meta-analysis by Pathak et al.) with 42,430 adult
participants and a median treatment duration of 12 months
failed to demonstrate any significant effects on body weight,
BMI or FM following vitamin D supplementation (daily dose
range 300-12,695 TU D3) with or without calcium [37¢]. Only
3 studies included dietary weight loss interventions with calo-
ric restriction. Furthermore, this meta-analysis found no evi-
dence to support a dose-response relationship between vita-
min D5 and any measure of adiposity. Manousopoulou et al.
performed a meta-analysis of 9 RCTs including 1586 other-
wise healthy adults with overweight or obesity and found that
vitamin D supplementation had no effect on body weight or
BMI [38]. The duration of the intervention ranged from 6
weeks to 4 years with doses of vitamin D ranging from 1000
IU/day to 120,000 IU fortnightly. The small number of studies
and the lack of adjustment for age and other confounding
factors limit the value of this meta-analysis.

The meta-analysis of Mallard et al. included 15 randomized
and non-randomized controlled trials and demonstrated that
vitamin D supplementation (median daily dose of 350 IU)
combined with caloric restriction and/or exercise had no effect
on weight loss [30¢]. Golzarand et al. also showed that vitamin
D supplementation had no effect on PFM in adults based on
results from 10 RCTs [28]. A meta-analysis of 11 RCTs in-
vestigating the effect of vitamin D3 supplementation (dose
range 25,000-600,000 IU/month) on weight loss in subjects
with overweight or obesity yielded contradicting results, in
that weight loss was not affected by vitamin D, but waist
circumference (WC) was significantly reduced [39]. The
mixed results may be attributed to the fact that vitamin D
supplementation was combined with weight-loss interven-
tions, such as exercise and caloric restriction, in 3 of the
RCTs analyzed. Likewise, a recent meta-analysis of 20
RCTs and 1,146 participants of all ages explored the effect
of vitamin D fortified diet on various anthropometric indices
and concluded this diet significantly decreased WC and
WHR, but had no effect on body weight, BMI, FM and lean
mass [40]. Interestingly, a subgroup analysis demonstrated
that duration of the vitamin D fortified diet for up to 6 months
was associated with non-significant reduction in body weight,
but the same intervention for more than 6 months was associ-
ated with a significant increase in body weight. Also, no ben-
eficial effect on anthropometric indices was detected from the
addition of calcium to vitamin D supplementation

Finally, the most recent meta-analysis of 20 RCTs and
3153 participants investigated the effect of vitamin D supple-
mentation on measures of adiposity (BMI, WC, WHR) in
healthy adults [41]. The vitamin D doses ranged from 100 to
8571 IU/day and the duration of the interventions ranged from
1.5 to 36 months. This meta-analysis showed that vitamin D

@ Springer

had no significant effect on BMI, WC, or WHR. However,
subgroup analysis demonstrated a beneficial effect on BMI
only in females, subjects of Asian origin, and duration of
intervention > 6 months.

Overall, the majority of available meta-analyses do not
support any beneficial effect of vitamin D supplementation
on various measures of adiposity such as body weight, BMI,
FM, and PFM. However, two meta-analyses reported contra-
dicting results of reduced WC and WHR in the absence of
changes in BMI, FM, and lean mass. This finding warrants
further investigation. Since WC and WHR are better indices
of body fat distribution than BMI or FM, any potentially fa-
vorable effect of vitamin D supplementation would have im-
portant implications in metabolic health of subjects with
obesity.

Controversies in the Association
Between Vitamin D and Obesity

The critical appraisal of the abovementioned meta-analyses
raises a number of important issues that warrant consideration,
as they constitute a source of potential bias and confounding.
Notable limitations comprise the heterogeneity of the included
studies in terms of participant characteristics, the diverse
methods of vitamin D determination and the analytical chal-
lenges, the variable definitions of hypovitaminosis D used, the
lack of adjustment for various confounding factors influenc-
ing vitamin D levels, and the reliability of the various adipos-
ity measures used to characterize obesity (Fig. 1).

Methodological Considerations

The majority (11 of 15) of the meta-analyses presented herein
reported that the high heterogeneity or the small number of the
included studies may have impacted their findings (Table 1).
Specifically, the dissimilarity in study design and methodolo-
gy is a critical factor when diverse studies are considered
together in meta-analyses, for example when pulling together
observational studies and RCTs. The inclusion of mixed pop-
ulation may have influenced the results in multiple ways, as
there is considerable variation of FM and body fat distribution
between different genders and age groups. Also, according to
data from the NHANES surveys on the US population,
25(OH)D is decreasing with age, while women present lower
levels compared to men [44]. It has been shown that the in-
verse association of vitamin D and body adiposity is weaker in
younger and stronger in older adults [19], and weaker in sub-
jects with normal body weight, being gradually stronger in
individuals with increasing BMI [27]. Therefore, studying
populations with a wide range of BMI and age may modify
any observed associations. Additionally, the definition of vi-
tamin D insufficiency/deficiency used is another
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Confounding factors

VitaminD
¢ Analyticalmethod
Thresholds for definition of
insufficiency/deficiency
Age /
Gender
Race
Nutrition
Sunlight exposure
Socioeconomicstatus

Geographiclocation
Cultural and religious factors

Obesity

N\

D R I )

Age

Gender

Race

Definition

Measures of adiposity
Socioeconomicstatus

¢ o e s e .

A

Weight loss has little effect
onvitamin D status

Fig. 1 Graphic presentation of the various parameters, confounding
factors, and potential pathophysiologic mechanisms of the association
between obesity and vitamin D. PTH, parathyroid hormone; VDR,

methodological difference between studies. Definitions for
vitamin D sufficiency, insufficiency and deficiency were pre-
viously established after a consensus reached in 2011 [9].
However, in the following years, there has been some debate
about the thresholds to define low vitamin D status, leading to
significant heterogeneity between studies [8].

Some controversy also exists regarding the analytical chal-
lenges and the best laboratory methodology for determining
25(0OH)D levels. Total serum 25(OH)D concentration, which
is the sum of D3 and D, forms, is considered the best single
biomarker of vitamin D status [45]. When vitamin D synthesis
and/or ingestion is below 2000 IU per day, there is nearly
complete conversion of vitamin D to 25(OH)D [46].
Moreover, 25(0OH)D has a long half-life (~3 weeks) in the
blood circulation. The circulating 25(OH)D concentration al-
so reflects the availability of substrate for local tissue synthesis
and autocrine/paracrine action of 1,25(OH),D. In contrast to
25(0OH)D, 1,25(0H),D is tightly regulated by multiple phys-
iologic pathways and its concentrations may not diminish un-
til late into vitamin D deficiency. Furthermore, 1,25(OH),D
has a short half-life of approximately 4 h [9], while its con-
centrations are modulated by hormones, such as estradiol,
testosterone, prolactin, and prostaglandins, as well as several
medications, such as corticosteroids, ketoconazole,
bisphosphonates, heparin, and thiazide diuretics [47].

insufficiency/deficiency

Possible pathophysiologic
mechanisms

Obesity causes low vitamin D

* Volumetricdilution
™. * Sequestrationinto adipose tissue
"+ Decreased cutaneous synthesis of
vitaminD
+ Decreased expression of vitamin D
metabolizing enzymes
¢ Limited sunlight exposure
* Negativefeedbackof 1,25(0H),D

Obesity is associated with
increased risk for vitamin D

Low vitamin D causes obesity

+ Adiposity-related generegulation
¢ IncreasedPTH

* Decreased calcium

+ Regulation of leptin

+ VDRgene polymorphisms

duce adiposity

vitamin D receptor. Image of woman with obesity is derived from the
free medical site http:/smart.servier.com/ by Servier licensed under a
Creative Commons Attribution 3.0 Unported License

Interestingly, circulating 25(OH)D determination presents a
number of analytical challenges, for example its highly lipo-
philic nature and strong binding affinity for vitamin D binding
protein (DBP). Noteworthy, 25(OH)D assays should specifi-
cally target the molecule of 25(OH)D in the presence of a
plethora of structurally related precursor and degradation
products as well as products of alternative vitamin D metabol-
ic pathways, such as C3-epimers. Assays must also detect
25(0OH)D5 and 25(OH)D, separately or, in the case of deter-
mination of total 25(OH)D assays, should recover them equal-
ly [48].

The laboratory methods used to determine serum 25(OH)D
comprise competitive protein-binding assays (CPBA), immu-
noassays (radioimmunoassay/RIA,enzyme-linked immuno-
sorbent assay/ELISA, chemiluminescence immunoassay/
CLIA) as well as chromatographic assays, which include
high-performance liquid chromatography (HPLC) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
RIA has been the most frequently reported method in the
literature, used also in some of the large-scale population stud-
ies studying vitamin D, such as the NHANES and the
Women’s Health Initiative (WHI) in the U.S. The accuracy
of determination varies widely between different laboratory
methods and between individual laboratories [48]. CPBA,
CLIA, and RIA assays may overestimate 25(OH)D levels
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[48, 49]. Although the gold standard method is LC-MS/MS
because of its high sensitivity and specificity, the elevated
equipment costs have limited its widespread clinical use
[50]. Immunoassays present the advantage of automation with
substantially higher throughput and lower cost than LC-MS/
MS methods [50, 51]. Interestingly, many studies have report-
ed poor agreement between different automated platforms and
RIA, HPLC, and LC-MS/MS [52]. Even mass spectrometric
methodology may not produce comparable results [52]. In
order to overcome these limitations, great efforts have been
concentrated on promoting standardization of laboratory as-
says, which is pivotal to achieve comparable results across
different methodologies and manufacturers.

Differences in baseline total 25(OH)D between genders
comprise another potential confounder [53]. Sexual dimor-
phism in adipose and muscle tissue as well as differences in
adiposity between pre- and postmenopausal women may ac-
count for differences regarding vitamin D that should be con-
sidered [54, 55]. Moreover, differences in BMI could account
for inter-individual variation in vitamin D supplementation
response, which should be considered in interventional studies
[56]. Obesity has been shown to reduce the effect of vitamin D
supplementation on vitamin D levels in adults [57, 58]. Race
may also influence vitamin D levels through the attenuated
sunlight effect on vitamin D synthesis in subjects with darker
skin [53]. Likewise, the location of the study is an important
confounding factor as differences in latitude affect the extent
of sunlight exposure [59]. Of note, only 2 meta-analyses ex-
amined the effect of latitude and reported that the inverse
association of vitamin D with obesity was independent of
differences in latitude [27, 28].

Vitamin D levels present a known seasonal variation with
higher levels in the summer and autumn and lower levels in
the winter and early spring [59, 60]. Thus, the timing of vita-
min D determination is an important confounding factor, not
accounted for in many studies. In the case of a meta-analysis,
it is very difficult to select homogenous studies regarding the
season of vitamin D measurement, especially with longitudi-
nal studies that last several months.

Many other characteristics of the studied population may
influence the results of relevant studies, such as cultural and
religious factors related to dietary habits, dressing codes that
dictate covering most of the body surface, and behavioral
(obesity may limit outdoor activities) as well as lifestyle (diet
and exercise) differences [61]. Also, differences in socioeco-
nomic and developmental status may be a source of heteroge-
neity between studies affecting both nutrition and lifestyle.
The prevalence of obesity and vitamin D status differs sub-
stantially according to social, economic and developmental
status [62, 63]. Such differences have led in contradicting
results regarding the association of vitamin D status and obe-
sity in one meta-analysis [23], but did not affect the associa-
tion in another [26e¢].

@ Springer

An important environmental parameter that may influence
vitamin D status is atmospheric pollution, which is more prev-
alent in urban areas and may block type B ultraviolet (UVB)
wavelength of sunlight [64]. Additionally, vitamin D intake
may substantially differ between countries owing to variations
in health policies regarding vitamin D fortification of foods
such as milk, juices, cereals and fat spreads in European coun-
tries and the US, and in national recommendations regarding
vitamin D supplement use [65].

Besides environmental factors, genetic factors also influ-
ence vitamin D levels, but the degree of this effect is difficult
to quantify without population-based genetic analyses. Thirty
five genes and a number of functional variants and SNPs
associated with vitamin D levels have been recognized [66].
The genetic determinants of vitamin D status and the response
to supplementation may confound the findings of clinical
studies with unpredictable results.

The effect of bariatric surgery on vitamin D status is ex-
tremely difficult to be evaluated, due to the great variability in
vitamin D supplementation strategy after surgery. Nutritional
deficiency is a well-known long-term complication of bariat-
ric surgery and varies according to the type of procedure [43].
Restrictive procedures (gastric bypass, sleeve gastrectomy,
gastroplasty, gastric banding) limit food intake due to early
satiety. Malabsorptive procedures (jejunoileal bypass) hinder
the absorption of macronutrients by altering the flow of food
and its contact with bile acids and pancreatic enzymes.
However, the most widely used procedure nowadays is
Roux-en-Y-gastric bypass, with both restrictive and
malabsorptive effects [42]. Besides macronutrients, there is
substantial micronutrient malabsorption after bariatric sur-
gery, including B vitamins, fat-soluble vitamins (A, D and
K) and minerals (calcium, iron, zinc and copper) [43, 67].
Therefore, supplementation with vitamin D and calcium is
always recommended after surgery according to consensus
guidelines [68]. Studies on vitamin D after bariatric surgery
mainly focus on evaluating supplementation strategies to pre-
vent vitamin D deficiency and complications related to bone
metabolism. However, vitamin D supplementation dosing,
other weigh loss interventions and the effect of weight loss
on vitamin D were not taken into consideration.

Evidence from meta-analyses suggests that changes in cal-
cium and PTH are associated with bone loss after surgery,
despite preservation of vitamin D levels [32, 35]. 25(OH)D
is inversely associated with PTH. It has been suggested that
the 25(OH)D threshold for maximum suppression of PTH
may be a better index of the optimal vitamin D status [69].
A recent study showed that the 25(OH)D threshold for PTH
suppression was lower in patients with BMI > 30kg/m” 1 year
after surgery, compared to those with BMI < 30kg/m? (5 vs 10
ng/mL), suggesting that very low 25(OH)D levels are required
to activate PTH axis and result in secondary hyperparathyroid-
ism and bone loss [70]. However, this study also demonstrated
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that, when obesity is maintained after surgery, PTH and
25(OH)D do not correlate significantly. Therefore, the evalu-
ation of vitamin D status indirectly through PTH assessment
has important limitations.

Regarding interventional studies examining the effect of
vitamin D supplementation on body weight, a remarkable var-
iability of doses and types of vitamin D (D, and D;) with or
without supplemental calcium were used for various periods
of time, contributing to the high heterogeneity between stud-
ies. The absolute vitamin D status achieved or its change from
baseline values might be a more appropriate outcome measure
in these studies [36]. Also, subgroup analysis based on the
duration of vitamin D supplementation might lead to safer
conclusions [41]. However, there is great difficulty in
conducting robust subgroup analyses in homogenous popula-
tions (in terms of age, gender, race, latitude, BMI, dosing of
vitamin D and duration) due to the small number of studies.

Most meta-analyses examining vitamin D status and obe-
sity included studies that used the WHO classification for
obesity based on the BMI. Indeed, the BMI is the most widely
accepted measure to define obesity, but it does not accurately
reflect fat mass and body fat distribution. It has been shown
that for the same BMI value, excess visceral fat confers a
higher risk for metabolic and cardiovascular disease compared
to subcutaneous fat [71-74]. To address this methodological
issue, other more meaningful measures of adiposity, which
better reflect body composition and fat distribution, have also
been used, including fat mass, PFM, WC, and WHR.
However, only half of the meta-analyses presented in
Table 1 reported on these adiposity measures. The inconsis-
tency in adiposity outcomes between studies possibly ac-
counts for the contradicting associations reported in some
meta-analyses regarding the effects of vitamin D supplemen-
tation on obesity [39, 40]. Of note, evidence has suggested
that vitamin D supplementation is associated with a reduction
in visceral fat and omental adipocyte size [75, 76]. There are
many methods for the objective assessment of total and re-
gional fat mass such as densitometry, bioelectrical impedance
analysis (BIA), and dual-energy X-ray absorptiometry
(DEXA). In contrast to classical densitometric methods and
BIA, DEXA can also provide measures of body fat distribu-
tion throughout the body with high precision and accuracy, in
addition to direct measurements of fat mass and lean mass
[77]. Therefore, using DEXA for determining adiposity out-
comes could provide more reliable data regarding the role of
vitamin D in obesity.

A Causal Relationship or Reverse Causality?

Since the inverse association between vitamin D and obesity
has been established in the literature, there is growing interest
and intense scientific debate regarding whether this reflects a
causal relationship (obesity causes low vitamin D) or instead a

reverse causation (low vitamin D causes obesity).
Observational studies per se cannot provide any causal infer-
ences. However, one large meta-analysis explored the direc-
tion and causality of this link by using genetic markers in a bi-
directional Mendelian randomization (MR) analysis [24ee].
Data were drawn from a large Caucasian population compris-
ing over 42,000 participants from 21 adult cohorts from 6
European and North American countries. Genetic variants as-
sociated with BMI (12 SNPs) and vitamin D levels (2 SNPs)
were used as genetic markers. The meta-analysis has shown
that BMI-related genetic variants were associated with both
BMI and vitamin D levels, while vitamin D-related genetic
variants were only associated with vitamin D status but not
BMI. This finding was confirmed in a large population of
more than 120,000 subjects participating in 46 studies as part
of the GIANT consortium [78]. Furthermore, a recent large-
scale MR study in 401,460 white British individuals from the
UK Biobank and 42,274 individuals of European ancestry
explored the possible causal association of 138 conditionally
independent SNPs in 69 vitamin D-associated loci with a large
number of human complex traits and diseases and failed to
reveal any causal role of 25(OH)D in obesity-related traits
[79+]. Overall, these results support the hypothesis that obe-
sity may lead to low vitamin D levels, while any reverse effect
is probably small.

A previous study examining potential interactions between
polymorphisms in the VDR gene and vitamin D status on
BMI, WC, and WHR found no evidence for VDR polymor-
phisms being major modifiers of the association between
25(OH)D concentrations and adiposity outcomes [80]. A re-
cent meta-analysis also found no association between VDR
polymorphisms and risk for obesity [81¢]. However, a sub-
group analysis stratified by ethnicity has highlighted that spe-
cific VDR alleles may have a potentially protective effect
against obesity, while others may present risk factors for obe-
sity in Asian, but not European subjects. This latter study
gives ground to the hypothesis that variation in vitamin D
status and VDR due to genetic polymorphisms might contrib-
ute to the development of obesity, at least in some popula-
tions. Nevertheless, most of the studies on vitamin D-related
genes and their relation to obesity do not support this hypoth-
esis, suggesting that their role in obesity is small, if any.

Due to the immunometabolic properties of vitamin D and
the close association of hypovitaminosis D with obesity, it has
been suggested that vitamin D may be the missing link be-
tween obesity and chronic inflammation as well as metabolic
disorders. However, a recent large MR study in 337,199 white
British individuals from the UK Biobank did not find evi-
dence that circulating 25(OH)D mediated the association of
BMI with inflammatory biomarkers. In addition, after com-
bining data from an observational study in 3586 individuals of
the Northern Finland Birth Cohort 1966, the MR analysis and
RCTs, there was no evidence of a beneficial role of vitamin D
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supplementation in obesity-related inflammation [82].
Another MR study exploring the effect of hypovitaminosis
D-related genetic variants on diabetes mellitus in 96,423 white
Danes aged 20-100 years, showed that there is an association
of'these variants with DM2, and that hypovitaminosis D might
be a modest mediator between obesity and elevated risk for
DM2 [83]. However, more large-scale RCTs are needed to
clarify any possible role of vitamin D in obesity-related
disorders.

Finally, epigenetic factors should not be overlooked, as
they may influence vitamin D metabolism and actions as well
as obesity phenotypes. For example, glutathione deficiency
was reported to epigenetically alter vitamin D regulatory
genes in an experimental study in obese mice [84].
Similarly, epigenetic regulation of numerous genes may con-
tribute to obesity [85]. Therefore, epigenetic factors may con-
found the results of genetic studies exploring the link between
vitamin D and obesity and may account for some of the in-
consistency among findings.

Mechanisms Underlying the Association
Between Vitamin D and Obesity

A substantial amount of research has focused in unraveling
pathophysiologic pathways that could substantiate any causal
link between obesity and vitamin D deficiency. Experimental
studies have reported a number of potential pathophysiologic
mechanisms supporting a bidirectional association between
obesity and low vitamin D levels (Fig. 1).

Obesity as a Cause of Low Vitamin D Levels

UVB wavelengths of sunlight contribute to more than 80% of
the production of vitamin D in humans. Thus, low concentra-
tions of 25(OH)D observed in individuals with obesity could
be explained by lower sunlight exposure due to a sedentary
lifestyle, decreased participation in outdoor activities, or more
clothe covering compared to normal weight subjects [19]. In
line with this, studies have revealed that people with obesity
have lower sunlight exposure than people with normal body
weight, and that outdoor exercise may protect individuals with
excess body weight from hypovitaminosis D [86, 87].
However, other studies have reported that sunlight exposure
did not vary with BMI [88, 89]. As measurement of sunlight
exposure is technically difficult, most findings were based on
self-reported data, bearing inherent limitations. Moreover,
outdoor activities do not confer exposure to the desired bene-
ficial sunlight radiation spectrum, as this is highly dependent
on the geographic location (latitude and altitude), the season
of the year, the time of the day and the quality of air (strato-
spheric ozone and air pollution). Additionally, dressing codes
as well as sunscreen use may further limit exposure of the skin
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to the beneficial effects of UVB [90]. Finally, aging decreases
significantly the ability of the skin to produce pre-vitamin D
after sunlight exposure [91].

In a landmark study, Wortsman et al. explored the effect of
obesity in the cutaneous production of vitamin D5 after whole-
body ultraviolet irradiation of subjects with obesity
(BMI>30kg/m?) compared to age-matched lean subjects
[92¢¢]. Subjects with obesity presented a 57% lower increase
in vitamin D3 compared to lean subjects, 24 hours after irra-
diation, despite the fact that the precursor of vitamin D5 (7-
dehydrocholesterol) in the skin was not significantly different
between groups. Moreover, Osmancevic et al. found that BMI
was inversely associated with the increase of serum vitamin
Dj; after UVB exposure, after adjustment for other factors
[93]. These studies revealed that other mechanisms, rather
than skin sunlight exposure, are more significant for the low
vitamin D levels in obesity.

Another hypothesis is based on the potential of adipose
tissue to store and retain vitamin D, preventing uncontrolled
synthesis of 25(OH)D in the liver and protecting against po-
tential toxicity [94]. The study by Wortsman et al. demonstrat-
ed that although skin biosynthesis of vitamin D did not differ
between subjects with normal weight and obesity, serum
25(OH)D concentrations were lower in those with obesity
[92¢¢]. Also, this study showed that peak vitamin D, concen-
trations were inversely correlated with BMI after oral admin-
istration of vitamin D,. Thus, the authors concluded that
obesity-associated vitamin D insufficiency was likely due to
decreased bioavailability of vitamin D from subcutaneous ad-
ipose tissue and dietary sources, because of its deposition in
various body fat compartments. Furthermore, determination
of vitamin Dj in subcutaneous adipose tissue from subjects
with obesity by LC-MS/MS demonstrated that vitamin Dy
concentrations in adipose tissue were more than 10fold higher
compared to serum [95]. These findings suggest that, vitamin
D, as a fat-soluble vitamin, is possibly accumulated and se-
questered into adipose tissue and is unable to enter the circu-
lation to produce 25(OH)D in the liver. This can lead to lower
plasma levels of 25(OH)D in subjects with excess accumula-
tion of adipose tissue.

Nevertheless, the hypothesis that vitamin D is sequestered
into adipose tissue has been questioned by recent studies,
which attributed low vitamin D levels in obesity to simple
volumetric dilution of vitamin D into a greater tissue volume
due to the increased body weight and size. Vitamin D, as a fat
soluble molecule, is distributed in fat, muscle, liver, and se-
rum, possibly by simple diffusion. Since all of these compart-
ments present an increased volume in obesity, this results in
lower serum vitamin D concentrations compared to lean sub-
jects [96]. In support of this hypothesis, Drincic et al. demon-
strated that there is no difference in circulating vitamin D
between subjects with normal and increased body weight after
adjustment for body size [97]. Furthermore, in a controlled
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study involving age- and race-matched women with normal
weight or severe obesity, it was demonstrated that although
serum vitamin D did not differ between groups, total vitamin
D stores were significantly higher in severe obesity compared
to normal weight [98]. It was also shown that the pattern of
distribution of vitamin D in the subcutaneous and omental
adipose tissues was similar, reflecting the close relationship
between serum and adipose tissue vitamin D in both groups.
However, based on the results of the meta-analyses discussed
earlier, the effect of weight loss on vitamin D levels is rather
small, suggesting that volumetric dilution may not be the only
responsible mechanism [30, 31].

Interestingly, new evidence has implicated adipose tissue
in vitamin D metabolism, suggesting that the metabolic activ-
ity of adipose tissue is responsible for lower vitamin D in
subjects with obesity. Specifically, recent clinical and experi-
mental studies have demonstrated that obesity is associated
with decreased expression of specific genes that regulate me-
tabolism of vitamin D, by coding synthesis of the enzymes 25-
hydroxylase and 1*-hydroxylase [99-101]. The activity of
these enzymes has been determined in human adipose tissue
samples, as well as in the liver and extrahepatic tissues of
high-fat diet-fed mice. The reduced synthesis of the enzymes
responsible for the production of 25(OH)D in adipose tissue,
the liver, and probably also other tissues in subjects with obe-
sity may contribute to the low circulating vitamin D levels.

Finally, another possible mechanism is the negative feed-
back exerted by1,25(OH),D on serum 25(OH)D levels. Based
on small studies, 1,25(OH),D was found to be increased in
subjects with obesity compared to normal-weight subjects
[102]. The negative feedback of this active metabolite on the
hepatic synthesis of its precursor was suggested to be the
cause of the lower vitamin D levels in obesity. However, this
finding was not confirmed in recent studies showing lower
1,25(OH),D in obesity and a similar inverse association with
BMI as for 25(OH)D [103, 104]. Furthermore, a large study in
subjects with overweight or obesity demonstrated that serum
25(0OH)D was closely associated with—and was also the
stronger predictor for—serum 1,25(OH),D [105]. Thus, cur-
rent evidence is conflicting regarding this potential
mechanism.

Low Vitamin D as a Cause of Obesity

The possible causal role of hypovitaminosis D in the patho-
genesis of obesity has been under investigation, based on the
fact that adipose tissue comprises a direct target for the actions
of vitamin D. This is inferred from the expression of both
VDR and 25-hydroxyvitamin D 1*-hydroxylase genes in ad-
ipocytes, suggesting that adipocytes may be involved in the
local synthesis of biologically active 1,25(OH),D, which may
subsequently bind VDR exerting endocrine, autocrine, or
paracrine actions on the adipose tissue [106].

Vitamin D is a multifaceted hormone that regulates gene
expression and acts in multiple signaling pathways exerting a
plethora of complex effects on adipocytes. Evidence suggests
that vitamin D regulates adipose tissue differentiation and
growth by multiple mechanisms: (1) inhibition of
preadipocyte differentiation by suppressing the expression of
adipogenic transcription factor genes; (2) inhibition of fatty
acid synthesis by increasing the expression of insulin-
induced gene-2; (3) reduction of lipid accumulation in vacu-
oles by suppressing gene expression of fatty acid synthase;
and (4) induction of apoptosis of maturing preadipocytes
[107-109]. Moreover, there is evidence from experimental
studies that VDR overexpression may also inhibit
preadipocyte differentiation even without binding of
1,25(0H),D [107]. Therefore, deficiency of the anti-
adipogenic vitamin D has been implicated in the expansion
of adipose tissue leading to obesity.

However, recent experimental studies have shown that vi-
tamin D may also promote adipose tissue growth. In vitro
studies in animal and human adipose tissue have demonstrated
that vitamin D exerts both inhibitory and promoting effects on
adipogenesis through transcriptional factors and modulation
of gene expression, with significant variation between species
[110]. Specifically, in human preadipocytes, vitamin D may
upregulate the expression of adipogenic marker genes, pro-
moting adipogenesis [110]. Thus, the current evidence regard-
ing this issue is contradicting and the pathophysiologic role of
vitamin D in adipose tissue differentiation and growth is far
from clear.

Another possible mechanism implicates the actions of
PTH, which is increased in low vitamin D states. PTH en-
hances the production of the active vitamin D metabolite
1,25(0OH),D, but also enhances lipogenesis through increased
calcium influx to adipocytes leading to excess fat and in-
creased body weight [103, 111]. Additionally, vitamin D is a
key regulator of calcium metabolism, which is important for
intracellular processes affecting adipose tissue as well. It has
been shown that increasing dietary calcium modulates adipose
tissue growth by inhibiting lipogenesis through suppression of
adipocyte fatty acid synthase expression and by stimulating
lipolysis [112]. Moreover, calcium has been linked to in-
creased fat oxidation and also to a modest increase in fecal
fat excretion through decreased lipid absorption, both contrib-
uting to negative energy balance [113, 114]. Therefore, vita-
min D deficiency may be implicated to weight gain and excess
fat accumulation through its effects on PTH and calcium.

The direct actions of vitamin D in gene expression are
responsible for the modulation of various components of the
adipocyte secretome, also involving the adipokines- main hor-
mones secreted by the adipose tissue [106, 115]. Among
these, leptin regulates energy homeostasis and its role in the
pathogenesis of obesity has long been established [116].
Experimental animal studies have demonstrated that
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1,25(0OH),D increases leptin production through a VDR-
mediated upregulation of leptin’s mRNA expression [117].
On the contrary, in vitro studies in human adipose tissue sam-
ples have shown that vitamin Dj inhibits leptin secretion
[118]. Similarly, evidence from clinical studies is inconclusive
regarding the association between serum 25(OH)D and leptin
and the effect of vitamin D supplementation on leptin. While
observational studies support an inverse association between
vitamin D and leptin, interventional studies provide heteroge-
neous results reporting either an increase or no significant
change on leptin after vitamin D supplementation
[119-121]. Furthermore, it has been suggested that leptin
may be implicated in the increased PTH associated with low
vitamin D, as both leptin and PTH present similar patterns of
association with vitamin D [122].

Whether vitamin D deficiency is promoting obesity by act-
ing directly through gene regulation or indirectly through
modulation of PTH, calcium, and leptin is unclear. More re-
search on the molecular mechanisms of vitamin D metabo-
lism, homeostasis, and action is needed before any conclu-
sions can be drawn regarding the implication and the impor-
tance of vitamin D in the pathogenesis of obesity.

Conclusions

Evidence from meta-analyses has consistently shown an asso-
ciation between increased body weight (overweight or obesi-
ty) and decreased vitamin D status (insufficiency/deficiency)
across all age groups. However, evidence supporting a bene-
ficial effect of weight loss on vitamin D levels is either weak
or marginally significant, while evidence is inconsistent re-
garding the effects of bariatric surgery and vitamin D sup-
plementation. Additionally, all meta-analyses agree on the
absence of any effect of vitamin D supplementation on most
adiposity measures, particularly body weight and BMI, but a
few have pointed out a potential beneficial effect on body fat
distribution (WC or WHR). Nevertheless, important method-
ological limitations and a plethora of confounding factors may
create substantial doubt regarding the robustness and clarity of
this evidence. To further elucidate this issue, there is a need for
carefully designed, adequately powered randomized interven-
tional studies in selected homogenous populations, as well
as comparative data on different groups of people. Finally,
experimental studies have demonstrated that obesity may neg-
atively influence vitamin D levels, but also that vitamin D
deficiency may be responsible for adipose tissue growth and
body fat accumulation. The underlying pathophysiologic
mechanisms are complex and more research is needed to shed
light on the interplay between vitamin D and adipose tissue.
As hypovitaminosis D and obesity have evolved into pan-
demics, definite answers are urgently needed to inform public
health policies and clinical nutrition guidelines.
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