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Abstract

Background: Accumulating evidence from animal and human studies suggests that
vitamin D is involved in many functions of the reproductive system in both genders.
Aim: The aim of this review was to provide an overview on the effects of vitamin D on
polycystic ovary syndrome (PCOS) in women and androgen metabolism in men.
Methods: We performed a systematic literature search in PubMed for relevant English
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language publications published from January 2012 until September 2017. trial

Results and discussion: The vitamin D receptor and vitamin D-metabolizing enzymes

v

systematic review

are found in reproductive tissues of women and men. In women, vitamin D status has

been associated with several features of PCOS. In detail, cross-sectional data suggest
a regulatory role of vitamin D in PCOS-related aspects such as ovulatory dysfunction,
insulin resistance as well as hyperandrogenism. Moreover, results from randomized
controlled trials (RCTs) suggest that vitamin D supplementation may be beneficial for
metabolic, endocrine and fertility aspects in PCOS. In men, vitamin D status has been
associated with androgen levels and hypogonadism. Further, there is some evidence

for a favorable effect of vitamin D supplementation on testosterone concentrations,
although others failed to show a significant effect on testosterone levels.

Conclusion: In summary, vitamin D deficiency is associated with adverse fertility
outcomes including PCOS and hypogonadism, but the evidence is insufficient to establish

causality. High-quality RCTs are needed to further evaluate the effects of vitamin D
supplementation in PCOS women as well as on androgen levels in men.

Introduction

Considering the high prevalence of an insufficient
vitamin D status in many populations as well as the
potential link between low vitamin D status and adverse
health outcomes (1), vitamin D deficiency is classified
as an important public health problem (2). Vitamin D
has been well known for its role in maintaining calcium
homeostasis and promoting bone mineralization (2).
Beyond the established relationship between vitamin
D deficiency and musculoskeletal diseases, evidence
is accumulating that vitamin D deficiency is also a
risk marker for insulin resistance (3), cardiovascular
disease (4), infectious and autoimmune diseases (1),
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cancer (5), increased mortality (2) as well as decreased
fertility (6).

Infertility is a complex disorder with significant
medical, psychosocial and economic aspects (7), which
affects about 15% of couples (8). One major cause of
female infertility is polycystic ovary syndrome (PCOS).
Women affected by PCOS frequently suffer from oligo-
or anovulation as well as from obesity and insulin
resistance (9, 10). Thus, PCOS women are considered
to be at high risk for metabolic diseases such as type 2
diabetes mellitus (DM) and metabolic syndrome as well
as for cardiovascular diseases (11). Interestingly, there is
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accumulating evidence showing an association of vitamin
D status with pathogenesis, signs and symptoms of
PCOS (3, 12).

Besides the above mentioned important causes of
female infertility, population-based studies found that in
30-40% of infertile couples, the underlying cause is the
male factor (13). One major aspect regarding male fertility
is the complex interaction between pituitary gland and
testis. Of note, testosterone is not only an important
regulator of spermatogenesis, but decreasing testosterone
levels might also contribute to many adverse aspects of
male aging (14). It is therefore worth mentioning that
similar to the above stated association of low vitamin
D status with adverse health outcomes, several lines of
evidence suggest that low testosterone levels are associated
with adverse events including higher cardiovascular and
all-cause mortality (15, 16, 17, 18). In this context, it
should be noted that androgen and vitamin D metabolism
seem to be associated (19, 20).

Considering the potential link between vitamin D
and human fertility, we performed this systematic review
summarizing current literature on vitamin D, PCOS and
androgen metabolism in men.

Methods

We performed a systematic literature search in PubMed
for relevant English language publications published from
January 2012 until September 2017. We used the following
search terms: ‘vitamin D’ and ‘polycystic ovary syndrome’,
‘vitamin D’ and ‘PCOS’, ‘vitamin D’ and ‘testosterone’,
‘vitamin D’ and ‘hypogonadism’. In addition, we also
used the search terms ‘25-hydroxyvitamin D (25(OH)
D)’, ‘1,25-dihydroxyvitamin D’ and ‘calcitriol’ instead of
vitamin D. We also used listed references from selected
articles to expand the search.

We start with a short overview on the background
and potential mechanisms explaining the relationship of
vitamin D and PCOS. Next, we will discuss observational
studies on vitamin D and PCOS, and we will then highlight
results of intervention studies investigating vitamin D
effects on PCOS. In the second part of the review, we
will provide some information on possible mechanisms
explaining thelink of vitamin D with androgen metabolism
in men. Further, we give an overview on observational
studies on vitamin D and androgen levels. Finally, we will
again focus on intervention studies analyzing vitamin D
effects on androgen levels in men. The role of vitamin D
in spermatogenesis and other aspects of female fertility
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(such as endometriosis or in vitro fertilization) as well
as earlier articles on vitamin D and fertility have been
comprehensively reviewed elsewhere (6, 21, 22) and are
not included here.

Vitamin D and PCOS
Background and mechanisms

The vitamin D receptor (VDR) can be found across several
tissues within the female reproductive system. VDR
mRNA is expressed in ovarian, deciduae, placenta and
endometrium cells (6, 23, 24). Furthermore, calcitriol
(1,25[0OH], vitamin D) directly leads to the production
of estrogen and progesterone in cultured human ovary
and placenta cells (24, 25), thus possibly potentiating
granulosa cell luteinization and leading to an improved
endometrial environment (26). Further, there exists a
relationship between vitamin D and markers of ovarian
reserve, especially anti-Miillerian hormone (AMH). AMH
is a glycoprotein that plays a fundamental role in the
regression of Miillerian ducts in male embryos, while in
its absence, Miillerian ducts develop into female inner
reproductive organs. In females, it is secreted by granulosa
cells of small follicles in the ovary and is considered an ideal
tool for the assessment of the ovarian follicular reserve
during a woman'’s reproductive life (27). Interestingly,
AMH shows seasonal variations correlating with seasonal
changes in serum 25(OH)D (28). Moreover, it has been
shown that cholecalciferol (vitamin D3) supplementation
might prevent seasonal AMH changes (28).

In PCOS, ovarian physiology is closely connected to
the commonly observed metabolic disturbances of the
syndrome (3, 26). Furthermore, vitamin D deficiency
appears to be related to several of these metabolic features
of the PCOS phenotype (3, 26, 29). Several studies showed
a higher prevalence of insufficient vitamin D status
(defined as 25[OH]D concentrations <75nmol/L) in PCOS
women when compared to control women matched for
age and body mass index (BMI) (29, 30, 31).

Vitamin D status may play an important role in the
development of insulin resistance in PCOS, while vitamin
D supplementation might improve insulin sensitivity
as well as serum androgen concentrations (32, 33, 34).
In a cross-sectional study by Wehr and coworkers (3),
25(OH)D concentrations were an independent predictor
for homeostasis model assessment-insulin resistance
(HOMA-IR) and BMI. Serum concentrations of 25(OH)
D were negatively correlated with adiposity markers,
including BMI and central obesity (35, 36). In this context,
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it should be noted that results derived from a Mendelian
Randomization study suggest that low 25(OH)D levels are
a consequence of obesity, but it is unlikely that vitamin D
deficiency causes obesity (37). Interestingly, the observed
association between vitamin D deficiency and insulin
resistance does not seem to be confounded by obesity,
since insulin resistance appears to be related to severe
vitamin D deficiency regardless of BMI or waist-to-hip ratio
in PCOS women (38). Therefore, alternative mechanisms
to explain the association between vitamin D deficiency
and insulin resistance were proposed: As the transcription
of the insulin gene is activated by 1,25(OH),D and the
vitamin D-responsive element is present in the promoter
region of the human insulin gene (39, 40), vitamin D
may stimulate the expression of insulin receptors, thus
improving insulin responsiveness for glucose transport
(6). Furthermore, vitamin D is involved in calcium
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homeostasis, which is important for intracellular insulin-
mediated procedures in insulin-responsive tissues (41).

Polymorphisms of the VDR could be involved in the
pathogenesis of PCOS or increase the susceptibility for its
development (42, 43). This mechanism is supported by the
fact that 1,25[OH],D directly or indirectly controls several
hundred genes, including some with relevance for glucose
homeostasis (2, 41). Some VDR-related polymorphisms,
i.e. iApa-I, Tag-I, Cdx2, Bsm-I and Fok-I, have been related
to metabolic features in PCOS (29, 42). Another single-
nucleotide polymorphism (rs757343) was associated with
the severity of PCOS symptoms, but not with the risk to
develop the syndrome itself (44).

Considering the proposed beneficial effects of
vitamin D on several metabolic disturbances as well
as the above mentioned link between vitamin D,
granulosa cell luteinization and improved endometrial

Table 1 Summary of clinical observational studies investigating the association of vitamin D and clinical as well as biochemical

parameters in PCOS women.

Endocrine
Author Subjects Age Metabolic parameters parameters Clinical parameters Adjustment
Ottetal. (52) 91 PCOS 29 (19-38) years 25(0OH)D deficiency Age, BMI, LH:FSH
women significant predictive  ratio
parameter for follicle
development and
pregnancy
Kim et al. (49) 38 PCOS  34.1+4.6 years No correlation No correlation No correlation
women
Sahin 50 PCOS  27.3x0.5years No correlation with
etal. (51) women HOMA-IR
Pal et al. (47) 540 PCOS 28.1+4.0years Inverse association Positive OR for live birth 0.58  Age, BMI,
women with BMI, fasting association (0.35-0.92) if 25(0OH)  ovulatory
insulin, HOMA-IR with SHBG D level was dysfunction,
Positive association <75nmol/L, 25(0OH)D ethnicity, baseline
with fasting glucose- status independent FAI, cycles to
insulin ratio predictor of live birth  ovulation,
and ovulation after hirsutism,
ovulation induction creatinine, history
of smoking, use
of clomiphene
citrate and
metformin (to
predict live birth)
Joham 42 PCOS  28.6x5.0 Association with IR Body fat
et al. (48) women percentage
Mishra 44 PCOS  Data not Negative correlation  No correlation
et al. (46) women available with HOMA-IR and with
insulin, positive testosterone
correlation with
HDL-cholesterol
Kumar 100 PCOS 28.6+6.3 years No correlation No correlation No correlation
et al. (50) women

Data are given as mean+s.po. or median (IQR) unless otherwise stated.
25(0H)D, 25-hydroxyvitamin D; BMI, body mass index; FAI, free androgen index; FSH, follicle-stimulating hormone; HDL cholesterol, high-density

lipoprotein cholesterol; HOMA-IR, homeostasis model assessment-insulin resistance; IR, insulin resistance; LH, luteinizing hormone; OR, odds ratio; PCOS,
polycystic ovary syndrome; SHBG, sex hormone-binding globulin.

http://www.endocrineconnections.org
https://doi.org/10.1530/EC-18-0009

© 2018 The authors

Published by Bioscientifica Ltd

@O0

International License.

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0



-2}
[~}
-4

apAyap|elpuojew

- ewse|d
~ pue Aypeded
juepixonue
|e103 Ul 3seadul oqgade|d
1uediyubis (dnoub ogade|d) sn Ajiep 931m1 (dnoub ogade|d)
S-V3iHa 1/IoWuQ'GL FZ'9€ wnpjes> bw pog /oW L7 gL F17°9€
pue 8U0493}50159} sA (dnoub " ulweln siadjJewolq sA (dnoub
9314 Ul asealdsp uolluaAIalul) jJo bripe ‘a aulnopus uolluaAILlul) USWOM (19)
juediiubis TIoWU L' LFT67  UIWEBLAJO N]00C  SHS™9M 8 [EEEIEN TIOWU ' LF6°SE UMOYs JON  SODd 09 104 /e }o Inezey
Ajep Bwoost xapul
= ulwJIovW J1uabouijnsul
. sn|d ogase|d "dI-VINOH
©n O (dnoub ogade|d) sA Ajiep bw Q051 xapul (dnoub ogade|d)
m m VIOWU £/ SFZL 9L ulwJoPwW epnsien (dnoub ogade|d) sieah 96y F8'2¢
- SA sn|d Ajyzuow ‘A}IAI}ISUDS J/IoWUYL9F /691 sA (dnoub
w & pREITE) (dnoub @ uiweyin) |oJajd|eds|0Yd ulnsul  sa (dnoub g uiwelln) @ Ulwelln)  USWOM (L9)
E m, JuedllubIS ON  1/|oWU 9 7EF29°'8L N1000°'0ZL sywow 9  Apog-sjoymn J/lowWu L'§LFZT6l sieah L9yF0'ZZ  SODd 9€ )] ‘Je 15 Biep
g 3 onel
> © DN3IS 03 Lg-4D1 axue)sisal
'sop1493A|6141 uinsul
'81025-D4 ‘sporiad 'S-ViHa (dnoub ogade|d)
|enJsysusw (dnoub ogade|d) oqgade|d '9U049150159) (dnoub ogade|d) siedhk /' F9'6C
VEEWNETe] VoW £ ¥ F' S SA sn Apj@am ‘ajiyoud JoWUZ Y Fi Ty sA (dnoub
Swll} Ul aseadsp (dnoub @ uiweyin) |oJajd|eds|0Yd pidi] ‘ON3s  sA (dnoub g utweln) @ Ulwelln)  USWOoM (69)
s juedyiubis T/|IoWU0'9F8L0L NI000'0S  S¥°dMm 8 ‘Lg-4D1 wnuas Towueg e L0v siedh 'L FG'0€  SODd 89 10d ‘[e 39 1ued|
o oqgade|d (dnoub ogade|d)
o SSOUIYL sA Jels Apnis /IOWUZ9 YL FEGOE SIedA 9’ EF60°97
m |elswopua 1e |0J34Id|ed3|0Yyd ssQUDIY}  sA (dnoub g utwelln) SA  USWOM (29)
£ Jaybiy Apuedyiubis d|qejleAe JON N1000°00E SYe3M 7L |el3swopuy owugLTFGELE  sledk ow.mﬂmm.mm SODd Lol 104 ‘|é 19 1pesy
= (dnou
U UOoIUBAIDUI
ou SODd) USWOM
vy dnoub sodd ayr ul UOIIUBAIDLUI siedk |'€FELE |0J43U0d
yd HINY Ul 9sealdsp (dnoub ou sA Apjeam £Q SELET! (dnoub sA (dnoub Sy Apnis
eO pue IDYYS Ul UOIIUSAJIRIUI SODd)  ulwenahxoipAyip wnuas HINY UOI1UdAIRIUI SODd) Q UIWeLA SODd) ‘USWOM  UOILUSAIDIUI (89)
cC — 9seabul JuedIubIS 1/|OWURE LZF6TLEL SZ'L N1000°0S  syeam g pue 35vys J/IoWUOY CF LEVE siedhk 6'0F0°LZ $SODd TZ P3||osauodun /e 19 lued|
=0 (dnoub ogade|d) (dnoub ogade|d)
UE 7/|lowWuZS L1 F10°9S (dnoub ogade|d) siedh 9'gF/°8C
) Z SA ogade|d sA Ajiep JoWuZL LLF LSS sA (dnoub
dN pRETNE] (dnoub g utweiln) |oJajd|ed3|0Yd sA (dnoub g ulwelin) @ ulweln)  uswom (99) "je 18
nO JuediubIs ON /jowuy LLFEL'8IL N1000'ZL sJedMmzlL DDINO  V/IoWUp9 €ZF08 61 sieak ’6F7'8Z  SODd 8¢ 104 ueypj-ezey
o sjuiodpua (pus  uonedipaw Apni}s uonjeinp awod3no (suljaseq) aby spalqns ubisap Apnis loypny
‘ Krewiad uo spayg  Apnis) sj9a9| A(HO)SE Apms Krewind s|ans| d(HO)ST
(2
- 7 "UBWOM SODd Ul S193dweled [eDILISYD0IC PUE [BDJUl]D UO JUSWieaJ}  UIWELA JO S1094)9 ay3 bulzebiisanul sa1pnis UoIuaAIdlul [ed1uld jo Alewwns g ajqel

This work is licensed under a Creative Commons
International License.

Attribution-NonCommercial-NoDerivatives 4.0

QB0

© 2018 The authors

Published by Bioscientifica Ltd

http://www.endocrineconnections.org
https://doi.org/10.1530/EC-18-0009




R99

73

°
c
©

)

(o]

O

a

fa)

=
=
©
=
>

androgens in men

C Trummer et al.

rnne
CTIONS

'j Endoc
W CONNE

‘uiarosdodi| A&yisusp mo| Aian Q1IN

101084 YIMOJID |RI[DYIOPUS JBINDSEA YD IA ‘SU0I)S0153) |10} ‘| | ‘L ¢-1010e) YImouh Bujwioysuely ‘Ld-4D] ‘sppnpoid pua uojedA|b pacueape 1oy 101dadal 3|gn|os ‘IDyYs ‘ulingo|b Buipuig-sauow.ioy
X9s ‘DGHS ‘ul|bopud a|qn|os ‘DNIS |el} Pa]|0JIu0d paziwopued ‘| DY Xapul 3dayd ALAIISUSS uljnsul aAeUEND ‘[HDIND Dwoipuis Aieno d13shdAjod ‘SO ‘o1rel sppo ‘YO ‘duowoy buiziuiain|
‘'H1 ‘|o1disajoyd-uiaroidodi| Aysuap-mo| ‘|0421s3|0Yd 1T ‘SHUN |BPUOIIBUIDIUL ‘N ‘DDUR)SISAI UljNSUl "Y| ‘U19304d 9A13DRBI-D SAIIISUSS-UYBIY dYD-SY ‘92UL)SISDI Ul|NSUI-JUSWSSISSEe [9pOW SISe}sodawoy

"YI-VINOH ‘Uol1duNy |92 B190 Pa1RWIISS-3USWSSISSe [9POW SISe1soswoy ‘g-yINOH ‘|0Jaisajoyd-uiarosdodi| Ayisuap ybiy ‘|0191s3j0Yyd-1QH ‘duowoy Bupenwiis-a[d1||04 ‘HS4 ‘2s0on|6 ewse|d Bulsey

'Ddd !2403s-Aam||eD-UeWIIIDS ‘D103S-D4 Xapul usboipue 3314 ‘|4 ‘21e4ns-auoidlsoipueldaolpAysp ‘s-yIHQ Xapul ssew Apod ‘|G ‘BUoWIoy UeS||NWUE ‘HINY ‘Q UlwWeHALX0IpAY-SZ ‘A(HO)ST

"Pa1e1s BSIMIBYLO SS3|UN (YOI) UBIPAW JO "a'sFueaw se uanlb ale ereq

Apeded
juepixoijue
|e103 pue
DEHS Ul 9seaJdul
juediyubls
wsiinsiiy pue
‘I'vd 'LL "¥I-VINOH
‘uljnsul wnuas
‘Dd4 Ul dsealdsp
wesyubis
onel
|0J493s9]0Yd-1aH
/]0493159|0YD |10}
‘|loJa1saj0yd-1a7]
‘loJs1s9|0Yd
[e301 “1a1A
'sapliadA|613
"4I-VINOH
urnsul wnJas
‘Dd4 Ul 8sealdsp
juediubls

SUOI}eJIUIUOD
493/ Ul 9seaudap
juediiubis
(auswisn(pe
Ja)je juediyubis
-uou) PIDIND
ul 9seadul
juediubIs
apAyapjeipuojew
ewse|d
d¥D-sY 'g-VINOH
"4I-VINOH ‘ul|nsul
‘Dd4 Ul 9sealdap
juedyiubis

(dnoub ogade|d)
oWUZ9F £°ZE
sA (dnoub N1000L)
YoWuZZLFT 9
sA (dnoub N1000Y)

T/IOWUZ'8F1°L9

(dnoub ogade|d)
OWUQ'6FZ'SE
sA (dnoub N10001L)
OWUGSLFLLG
sA (dnoub N1000Y)

Towuz'6+ /09

(dnoub ogade|d)
VIOWU L'y F'E SA
(dnoib g uiwenn)

T/lowuQ'9+8'L0L

(dnoub ogade|d)

T/IOWUQ'ELF6°GE SA

(dnoub @ uiweyin)

T/IoWuUGy¢+9'89

oqgade|d
sA Aj1ep [0Ja41d

-|e33[0y> N10001L
sA Ajlep [0J341>

-|e33|oyd> NI000Y S39™dM ZL

ogade|d
SA |0J341d|Ed3|0YD
nioool
SA |0J341d|ED9|0YD

NI000Y S39=m ¢|

oqgade|d
sn Apj@am
|0Jajd|ed3|0Yd

N1000°0S

oqgade|d
SA sy9aMm g Aians
|oJa4d|ed3|0Yd

N1000°0S

sio1oweled
|[euow.oy

snolepn

si91aweled
|euowoy

snouep

4D3N

suaboipue
pue
adue)sisal
ulnsul

JO siade

(dnoub ogade|d)
oWUQ9FZZE
sA (dnoJb N10001L)
owWuggFyLE
sA (dnoub N1000Y)

TIOWU L 9F ' LE

(dnoub ogade|d)
q/oWU £’ 8F6°7E
sA (dnoJb N1000L)
OWUG L F6E
sA (dnoub N1000Y)

Towu 'L F['EE

(dnoub ogade|d)
VIOWUS T F' ey
sA (dnoub @ uiwelin)

TowuzF L 0r

(dnoub ogade|d)
T/IoWU L°ZL F2°9€
sA (dnoub @ uiwelin)

TIoWUZ'LLF6'LE

(dnoub ogade|d)
siedhk GFG7 SA
(dnoub N1000L)
siedh GF 97 SA
(dnoub N1000Y)

sieak G¥8Z  SODd 06

UMOYS 10N  SODd 06

(dnoub ogade|d)
sieak /'L F9'67
sA (dnoub

d ulwelln)

siedAk 0'L FS°0€

(dnoub ogade|d)
siedh '€ F €T
sA (dnoub

d ulwelln)

siedh 9 L F0'2C

uswom

Uswom

Uuswom

SODd 89

UswoM

SO2d 0L

(€9) e 19
1Dy ueljiwer

(VOINERE]
1DY pJlejuezoolo4

(09) ‘1€ 19
10y ued|

(g9) 1e 19
10Y 1gepen

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0

International License.

© 2018 The authors

Published by Bioscientifica Ltd

http://www.endocrineconnections.org
https://doi.org/10.1530/EC-18-0009

@O0



C Trummer et al.

4 Endocrine
N CONNECTIONS

environment (26), it has been speculated that vitamin D
supplementation may also improve ovulatory dysfunction
and thereby fertility in PCOS patients.

Observational studies

In the following paragraph, we will discuss observational
studies evaluating the association of vitamin D and PCOS.
So far, several observational studies investigated a possible
association of vitamin D status with biochemical and clinical
parameters in PCOS patients (summarized in Table 1). These
studies have yielded, however, inconsistent results.

Since insulin resistance is a prominent feature in both
PCOSpathophysiology and phenotype (45), several authors
aimed to investigate possible associations of vitamin
D status with parameters of glycemic control. A study
conducted by Mishra and coworkers (46) found negative
correlations of 25(OH)D with insulin concentrations and
HOMA-IR. This finding was confirmed by another study
(47), which furthermore reported a positive association
of 25(OH)D with fasting glucose:insulin ratio, but no
significant correlation with fasting glucose. In another
study by Joham and coworkers (48), hyperinsulinemic-
euglycemic clamps were performed in 42 PCOS patients
and 34 control women. In the PCOS group, 25(0OH)D
concentrations were significantly associated with insulin
resistance measured by hyperinsulinemic-euglycemic
clamp independently of body fat percentage, whereas
no significant association could be shown within the
control group. However, other studies were unable to
find a significant association of 25(OH)D with various
parameters of insulin resistance or glycemic control in
PCOS patients (49, 50, 51).

Observational studies investigating  possible
associations of vitamin D with endocrine parameters in
PCOS women have yielded more unanimous results: Apart
from one study reporting a positive correlation with sex
hormone-binding globulin (SHBG) (47), other authors were
unable to detect a significant correlation of vitamin D with
e.g. total testosterone (TT) and free testosterone (FT) (46,
49, 50), free androgen index (FAI) (49), LH and FSH (50).

In addition to observational studies aiming to
evaluate the relationship of vitamin D with endocrine
and metabolic parameters, some authors investigated the
association of vitamin D status with outcome parameters
of fertility treatment. A retrospective analysis of the
pregnancy in PCOS I (PPCOS I) randomized controlled
trial (RCT), evaluating the effect of 50mg of clomiphene
citrate, metformin 1000 mg twice daily or a combination of
both in PCOS women, revealed a 44% reduced likelihood

Vitamin D, PCOS and 7:3
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for live birth if 25(OH)D concentrations were <75nmol/L
(OR 0.58 (0.35-0.92)) (47). Progressive improvement
in the odds for live birth was found at thresholds of
>95, >100 and >112.5nmol/L, respectively. Vitamin D
status was also an independent predictor of live birth
and ovulation after ovulation induction. Similarly, in a
prospective cohort study in 91 anovulatory PCOS women
who underwent clomiphene citrate stimulation, vitamin
D deficiency (defined as a 25[OH]D concentration
<25nmol/L) was a significant predictive parameter for
both follicle development and pregnancy (52).

Intervention studies

Within recent years, several interventional trials aimed to
investigate potential effects of vitamin D supplementation
onmetabolicand clinical parameters associated with fertility
in PCOS patients. These studies showed a broad variation
regarding study design, population, study medication as
well as study outcome (summarized in Table 2).

Jamilian and coworkers (53) reported significant
decreases in fasting plasma glucose, serum insulin and
HOMA-IR in 90 PCOS women after supplementation of
4000 international units (IU) of cholecalciferol daily for
12 weeks in comparison to 1000IU daily or placebo. A
similar RCT conducted by Foroonzanfard and coworkers
(54) found asignificanteffect of 4000 IU cholecalciferol daily
over 12 weeks on fasting plasma glucose, serum insulin,
HOMA-IR, VLDL, total cholesterol and total cholesterol to
HDL-cholesterol ratio compared to groups receiving either
10001IU of cholecalciferol daily or placebo (n=90 PCOS
patients, 30 patients per group). Another RCT (55), which
investigated the effect of 500001U cholecalciferol every
2 weeks over 12 weeks vs placebo in 70 PCOS patients,
found significant decreases in fasting plasma glucose,
HOMA-IR, homeostasis model assessment-estimated beta
cell function (HOMA-B), high-sensitive C-reactive protein
and plasma malondialdehyde in the intervention group,
whereas no significant change was observed in the placebo
group. An increase in quantitative insulin sensitivity
check index (QUICKI) in the intervention group did not
remain significant after controlling for baseline values of
biochemical parameters, age and baseline BMI.

Nevertheless, other interventional studies were unable
to find significant effects of vitamin D supplementation
on metabolic parameters: Raza-Khan and coworkers (56)
aimed to investigate the effect of 12,000IU cholecalciferol
daily vs placebo on insulin sensitivity (QUICKI) over
12 weeks (n=28 PCOS patients). However, there was
no significant effect on primary or secondary outcome
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measures (including HOMA-IR, fasting glucose and
fasting insulin). Similar results were found in a study
by Garg and coworkers (57), where 36 PCOS women
either received either 120,000IU of cholecalciferol
monthly or placebo over 6 months. Of note, patients in
both groups also received 1500mg of metformin daily.
Several parameters of insulin resistance and insulin
sensitivity did not significantly change after vitamin D
supplementation, including area under the curve glucose
and insulin, insulin:glucose ratio, HOMA-IR, Matsuda
index and insulinogenic index. Of note, both of the
above mentioned trials (56, 57) included a comparatively
small patient collective, therefore, potentially limiting the
proposed implications derived from these studies.

As elevated AMH levels in PCOS reflect abnormal
ovarian folliculogenesis, Irani and coworkers (58) designed
an intervention study to investigate the effects of vitamin
D supplementation on AMH. In this trial in 22 PCOS
patients and 45 healthy control women with vitamin
D deficiency (25[0OH]D <50nmol/L), the participants
received 50,0001U of 1,25(OH),D over 8 weeks (16 PCOS
women and 35 controls) or no treatment. Vitamin D
supplementation significantly decreased AMH in PCOS
women, but not in controls. In the same study, vitamin
D supplementation also significantly increased the
level of the soluble receptor for advanced glycation end
products (SRAGE) in the PCOS group. Advanced glycation
end products might be involved in the pathogenesis of
PCOS, and their production is accelerated by DM, insulin
resistance and aging, while their binding to sSRAGE
prevents adverse intracellular effects. Therefore, the
authors hypothesized that a rise in SRAGE might improve
follicular growth and insulin resistance (58). In another
RCT by Irani and coworkers (59) in 68 vitamin D-deficient
PCOS women who were randomized to either 50,000 IU
of cholecalciferol vs placebo over 8 weeks, a significant
decrease in transforming growth factor-p1 (TFG-p1)
bioavailability, correlating with a possible improvement
in several adverse parameters associated with PCOS was
reported. Another finding of that RCT was a significant
reduction of interval between menstrual periods and
Ferriman-Gallwey scores in the treatment vs the placebo
group. A post hoc analysis derived from the same trial
(60) found a significant decrease in vascular endothelial
growth factor (VEGF) levels correlating with a decrease in
triglyceride levels after vitamin D supplementation.

Some studies also reported a significant effect of
vitamin D supplementation on androgen concentrations:
The already mentioned RCT by Jamilian and coworkers
(53) found a significant reduction in TT, FAI and hirsutism
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after cholecalciferol supplementation. In a study by
Razavi and coworkers (61), supplementation of 200IU
cholecalciferol, 90 ug of vitamin K2 and 500 mg of calcium
twice daily (vs placebo) led to a significant decrease in
FT and dehydroepiandrosterone-sulfate (DHEA-S) in 60
PCOS women.

In addition, Asadi and coworkers (62) aimed to
investigate the effects of vitamin D supplementation
on the success rate of intra uterine insemination in
110 infertile PCOS women (300,000IU cholecalciferol
once vs placebo, 2-month interval between vitamin D
administration and insemination). While there was no
treatment effect on pregnancy outcomes, the endometrial
thickness was significantly higher in the vitamin D when
compared to the placebo group.

Meta-analyses

A recent meta-analysis (63) including 16 studies involving
315 participants on vitamin D effects in PCOS women
found that vitamin D supplementation significantly
decreased PTH and triglyceride levels but had no effect
on HOMA-IR, QUICKI, LDL, DHEAS, FT and TT levels.
Another meta-analysis including 9 studies involving 502
PCOS women found that vitamin D significantly improved
follicular development in PCOS women (64). Further, a
positive effect on menstrual cycle regulation as observed
when metformin plus vitamin D was compared with
metformin alone. Further, Azadi-Yazdi and coworkers
(65) conducted a meta-analysis including 6 clinical trials
involving 184 participants investigating vitamin D effects
on androgen levels in PCOS women. The authors found a
significant effect on TT levels, whereas no effect was found
on FT or SHBG levels.

In conclusion, recentinterventional trialsinvestigating
the effects of vitamin D supplementation in PCOS have
yielded inconsistent results. This may be, at least in
part, explained by the differences in study population
sizes, study design (e.g. study durations of 8 weeks vs
12 weeks vs 6 months) or by different dosing regimens
(e.g. daily administration vs weekly administration vs
one-time administration at study start). Additionally,
some studies recruited PCOS patients regardless of their
vitamin D status while others included only vitamin
D-deficient participants (in most cases defined as 25[OH]
D concentrations <50nmol/L), further limiting the
comparability and generalizability of currently available
interventional trials. Thus, further RCTs in clearly defined
large patient collectives are needed to potentially draw
conclusions for clinical practice.
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Vitamin D and testosterone in men

The association of vitamin D and testosterone in men has
been investigated in various studies including studies on
molecular mechanisms, observational studies analyzing
the relationship of vitamin D status and circulating
testosterone levels in men and clinical intervention
studies evaluating the effect of vitamin D treatment on
testosterone levels in men. The following paragraph will
provide an overview on possible molecular mechanisms
regarding the association of vitamin D and testosterone.

Background and mechanisms

In addition to its important regulatory effect on
spermatogenesis, testosterone is an anabolic hormone
with a wide range of beneficial effects on men’s health,
including important physiological effects on brain,
muscle, bone and fat mass (66). There is accumulating
evidence suggesting that androgen deficiency may
contribute to the onset and progression of cardiovascular
disease and play an important role in the development of
the metabolic syndrome in men (67). Interestingly, men
with combined vitamin D and androgen deficiencies are
at high risk for all-cause and cardiovascular mortality,
suggesting that a parallel deficiency of both hormones
is a marker of poor overall health (68). Thus, a causal
relationship between vitamin D and testosterone and in
particular a potential increase of testosterone levels after
vitamin D treatment is of high clinical interest.
Testosterone is produced in the Leydig cells following
pituitary pulsatile LH secretion, but its production is also
modulated by paracrine and autocrine signals supplied
by growth factors and cytokines secreted within the testis
(69, 70). The VDR is almost ubiquitously expressed in
human cells, which underlines the clinical significance
of the vitamin D endocrine system (1, 2, 71). VDR and
vitamin D-metabolizing enzymes are concomitantly
expressed in the entire reproductive male tract, including
Leydig cells (72). This VDR expression suggests local
autocrine as well as paracrine action of vitamin D and
indicates that vitamin D is involved in regulation of testis
function. Obviously, vitamin D metabolites are locally
synthesized and degraded and vitamin D metabolism
seems to be regulated by local as well as systemic factors
(22). The negative effect of orchiectomy as well as testis
dysfunction on circulating 25(OH)D levels, supports the
hypothesis of vitamin D synthesis in the testis (73, 74, 75).

Vitamin D, PCOS and 7:3 R105

androgens in men

Of note, it has been shown in an experimental study that
mouse Leydig cells basally secrete 25(OH)D, which is also
stimulated by human chorionic gonadotropin (hCG) (76).
This notion is supported by the fact that hCG treatment in
men with late-onset hypogonadism increased circulating
25(OH)D levels (76). Despite this hypothesis of a local
25(OH)D production in the testis driven by Leydig cells,
the exact regulation of testis vitamin D metabolism is
largely unknown. Some evidence suggests that regulatory
mechanisms resembling renal vitamin D metabolism
exist. These mechanisms include PTH-related molecules
and fibroblast growth factor (FGF-23) pathways (22).

Interestingly, it has been shown that androgens
increase 1l-a-hydroxylase, a key enzyme in vitamin D
metabolism that converts 25(OH)D to 1,25(OH),D (77).
In addition, it has also been demonstrated that the
regulation of gene expression by vitamin D metabolites
is modified according to androgen levels (78). On the
other hand, vitamin D significantly increased testosterone
production in a human primary testicular cell culture
model (79). After 1,25(OH),D supplementation, 63 genes
were significantly upregulated in human testicular cells,
such as IGF-1, ALPL, DPP4 and other bone- and immune
system-associated genes (79).

In male VDR-knockout mice, high LH and FSH levels
indicate the presence of hypergonadotropic hypogonadism
(71). Vitamin D may be critical for testicular function
because vitamin D treatment upregulates certain testis-
specific genes in mice (35) including ABCA1 (ATP-binding
cassette transporter 1). ABCAIl-knockout mice have
significantly reduced intratesticular testosterone levels as
well as reduced sperm counts compared with wild-type
animals (80). Experimental studies also indicate that
testosterone secretion might be modulated by vitamin
D-induced changes in intracellular calcium homeostasis
in Leydig cells in animals (22) mediated via calbindin-
D28k (81). Calbindin-D 28k is a cytosolic calcium-binding
protein involved not only in the regulation of intracellular
calcium homeostasis but also in testis hormone production
(81). Vitamin D effects on testosterone production might
also be mediated via osteocalcin, which is produced by
osteoblasts and involved in bone metabolism. It has
been postulated that vitamin D-induced stimulation of
osteocalcin expression might have an indirect relevant
role in modulating testosterone production by the testis
(22). Further, in humans, a direct stimulatory genomic
effect of vitamin D on steroidogenesis enzymes has been
postulated (22).
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Table 4 Summary of clinical intervention studies investigating the effects of vitamin D treatment on androgen levels in men.

Author/Study Study design Subjects Age 25(0OH)D levels (baseline) TT levels (baseline)
Pilz et al. (20) RCT 54 obese men (vitamin D 48.1+11.1years  <50nmol/L; 11.4nmol/L
n=31, placebo n=23) 31.1+£21.9nmol/L
Jorde et al. the RCT (pooled  Study 1 (vitamin D and Study 1: Study 1: 52.6 £17.8 nmol/L, Study 1:
Tromsg study data from 3 obesity): 129 men with 48.9+10.6 years;  study 2: 13.5+4.2nmol/L,
(84) independent BMI 28-47kg/m?, study 2 study 2: 39.9+14.0nmol/L study 2:
RCTs) (insulin sensitivity): 53 51.2+£10.0 years;  (25(OH)D <50nmol/L), 16.9+6.4nmol/L,
men, study 3 (depression  study 3: study 3: study 3:
study): 100 men 53.0+11.1years  45.8+15.0nmol/L 14.2+4.9nmol/L
(25(0OH)D <55 nmol/L)
Heijboer et al. RCT (pooled 92 male patients with Study 1: 63 (range Study 1: 46.5 (38.5- Study 1: 15 (11-19)
(86) data from 3 heart failure (study 1), 49  42-86) years, 62.5) nmol/L, study 2: nmol/L, study 2:
independent male nursing home study 2: 82 27.0 (23.0-31.5) nmol/L, 11 (8-15.8)
RCTs) residents (study 2) and 42  (range 71-97) study 3: (250HD <50 nmol/L, study 3:

Ferlin et al. (99) Uncontrolled
intervention
study

Uncontrolled
intervention
study

Foresta et al.
(100)

Canguven et al. Uncontrolled

(101) intervention
study
Lerchbaum RCT
etal. Graz
Vitamin
D&TT-RCT
(102)

male non-Western
immigrants in the
Netherlands (study 3)

20 men with Klinefelter
syndrome (substudy of a
cross-sectional study of
127 Klinefelter men and
60 healthy controls); 12
men treated with
testosterone + calcifediol
(group 1), 8 men treated
with calcifediol (group 2)

66 patients with
hypogonadism (classic
hypogonadism
(TT<12nmol/L, LH>8IU/L)
(n=26) and subclinical
hypogonadism (TT>12
nmol/L, LH>8IU/L)
(n=40))

102 middle-aged men

100 healthy men with TT
levels >10.4nmol/L
(vitamin D n=50, placebo
n=50)

years, study 3: 53
(range 20-70)
years

31.5+8.5 years
(all 127 men
with Klinefelter
syndrome)

34.5+6.8 years

53.2+10.4 years

37 (27-50) years

nmol/L), 27.5 (18-33)
nmol/L

Baseline 25(0OH)D

<50nmol/L;
31.3+8.9nmol/L (group
1:
testosterone+calcifediol);
23.2+18.9 nmol/L (group
2: calficediol)

Baseline 25(0OH)D
<50nmol/L;
cholecalciferol group :
33.8+10.5nmol/L;
calcidiol group:
33.4+9.5nmol/L

Baseline 25(0OH)D
<75nmol/L;
37.9+11.6nmol/L

<75nmol/L; 52 (42—
66) nmol/L

13 (11-17) nmol/L

10.5£4.9nmol/L
(all 127 men with
Klinefelter
syndrome)

Not given

12.46+ 3.30nmol/L

18.0 (15.8-21.5)
nmol/L

Data are given as mean+s.p. or median (IQR) unless otherwise stated.

25(0H)D, 25 hydroxyvitamin D; BMI, body mass index; IU, international unit; LH, luteinizing hormone; RCT, randomized controlled trial; TT, total testosterone.
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Primary outcome

Study duration

Study medication

TT levels (study end)

25(0OH)D levels (study end)
vitamin D group

Weight loss

Study 1: weight loss,
study 2: change in
insulin sensitivity as
evaluated with a
hyperglycemic
glucose clamp,
study 3: change in
depression scores

Vitamin D effects on
the renin-
angiotensin-
aldosterone system
(study 1), effects of
different vitamin D
doses (study 2), and
vitamin D effects
on insulin
sensitivity (study 3)

1 year

Study 1: 1 year,
study 2:
6 months, study
3: 6 months

Study 1: 6 weeks,
study 2: 16 weeks,
study 3: 16 weeks

33321U/day vs placebo

Study 1: 40 000 IU/week

vitamin D (~57141U/day), 20

0001U/week vitamin D
(~28571U/day), or placebo
for 1 year (all subjects:

500 mg calcium/day); study
2 & 3: 40 0001V vitamin D/
week (~57141U/day) vs
placebo for 6 months

Study 1: 2000 1U/day, study 2:

600 IU per day, 4200 IU per
week or 18 000 IU/month,
study 3: 1200/d vs placebo
(+500 mg calcium carbonat:
all subjects)

Significant increase in

TT, bioactive

testosterone, and FT

levels
No significant effect

No significant effect

86.4+68.8nmol/L

118.8+52.2nmol/L

Study 1: 73.5 nmol/L, study
2: 57 nmol/L, study 3: 49
nmol/L

Maintain 25(OH)D 2 years Calcifediol treatment with No significant effect Group 1: 94.3+12.9nmol/L,
levels above Didrogyl, Calcifediol group 2: 102.5+28.7
50 nmol/L starting dose of 4000 1U/ nmol/L
week, adjusting the dosage
to maintain 25(OH)D levels
>50 nmol/L, by determining
the levels every 6 months
Effects of 3 months 50001U cholecalciferol per No significant effect Cholecalficerol:
cholecalciferol vs week (~714 IU/d; n=20) or 42.6+11.6 nmol/L;
calcidiol on 25(0OH) 4000 IU calcidiol per week calcidiol: 81.4+25.0nmol/L
D levels (~5711U/d; n=36)
Not specifically 1 year Men received an initial Significant increase in TT 121.4+29.1nmol/L
stated (vitamin D vitamin D dose levels (12.46 + 3.30 to
effects on (Ergocalciferol; oral solution  15.99+ 1.84nmol/L
biochemical and 6000001U/1.5ml), and
hormonal followed a vitamin D
parameters as well treatment regime thereafte
as on erectile
dysfunction)
TT measured using 12 weeks 20,000 IU/week (~2,857 1U/ No significant effect 107 (89-119) nmol/L

mass spectrometry day) vs placebo
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Observational studies

In the following paragraph, we will discuss observational
studies on vitamin D status and circulating androgen
levels in men (summarized in Table 3). The majority of
studies found an independent association of vitamin
D with circulating androgen levels or hypogonadism
in men. In 2011, some of us demonstrated for the
first time a significant association of 25(OH)D and TT
levels in men (19). Similarly, Nimptsch and coworkers
(82) reported an independent association of 25(OH)D
with TT and FT levels in 1362 male participants of the
Health Professionals Follow-up study. Lee and coworkers
(83) observed no independent association of TT or FT
with 25(OH)D in 3369 community-dwelling men aged
40-79 years from the European Male Aging study. There
was, however, an independent association of 25(OH)
D levels <50nmol/L with compensated as well as with
secondary hypogonadism (83). Similarly, Jorde and
coworkers (84) found a significant positive association of
vitamin D and TT levels (adjusted for age, BMI, season,
presence of cardiovascular disease and DM and physical
activity) in 893 men from the Tromsg Study. In that study,
no significant association was found between 25(OH)
D and FT, SHBG, FSH or LH (84). In 2854 Chinese men,
25(OH)D was positively associated with TT and estradiol
after adjustments for age, residence area, economic status,
smoking, BMI, HOMA-IR, DM and systolic pressure (85).
Further, increasing quartiles of 25(OH)D were associated
with significantly decreased odds ratios of hypogonadism
(85). Heijboer and coworkers (86) observed a significant
positive association of 25(OH)D and TT levels in 183 men
(unadjusted). In addition, a significant positive association
of TT and SHBG with 25(OH)D levels was reported in
382 Chinese and Malaysian men (87). The results lost,
however, significance after adjustment for BMI (87). Tak
and coworkers (88) found an independent association of
25(OH)D levels with TT (adjusted for body fat, WC, BMI,
fasting plasma glucose, DM and dyslipidemia) and FT
levels (adjusted for age, total muscle mass, smooth muscle
mass, total cholesterol, DM, dyslipidemia and alcohol
use) in 652 Korean men aged 56.7+7.9 years. Further,
vitamin D deficiency (<50nmol/L) was associated with an
increased risk of TT and FT deficiency (adjusting for age,
season, BMI, body composition, chronic disease, smoking
and alcohol use) (88). Data from the Longitudinal Aging
Study Amsterdam, an ongoing population-based cohort
study of older Dutch individuals (n=643), documented
an independent association of 25(OH)D levels with
TT and bioavailable TT (adjusted for age, BMI, alcohol
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consumption, smoking status, season of blood collection,
number of chronic diseases, serum creatinine and
physical performance) (89). Others reported a significant
positive association of 25(OH)D and TT as well as SHBG
in 1315 men (NHANES III) and 318 men (NHANES
2001-2004), respectively (adjusted for age, race/ethnicity,
body fat percentage and smoking) (90). Moreover, data
from 1427 infertile men indicated lower SHBG and TT/
estradiol ratios but higher FT and estradiol in men with
25(0OH)D levels <25nmol/L compared to men with
25(0OH)D levels >75nmol/L (91). The authors observed
no independent association of 25(OH)D levels with
hypogonadism, estradiol, SHBG, LH or FSH, respectively
(91). In 3016 older men, lower 25(OH)D levels were
associated with lower SHBG and higher FT levels after
adjusting for demographic and lifestyle variables, whereas
no independent association with TT was observed (92).

Some authors failed, however, to demonstrate
an independent association of vitamin D and serum
androgens in men. Hammoud and coworkers (93) observed
no independent association of 25(OH)D levels with TT
or FT levels in 170 healthy men. Similarly, results from
NHANES III suggested no significant association of 25(OH)
D with TT, FT, SHBG or estradiol in 1412 middle-aged men
(94). Of note, cross-sectional results from 225 middle-
aged men suggest a U-shaped association of vitamin D
status and risk of hypogonadism (95). In detail, we found
a significantly increased risk of hypogonadism in men
within the highest 25(OH)D quintile compared to men in
quintile 4 (reference) as well as a trend towards increased
risk of hypogonadism in men within the lowest 25(OH)D
quintile. With respect to risk of male hypogonadism, these
results suggest optimal serum 25(OH)D concentrations of
82-102nmol/L. Those findings as well as previous studies
showing no association of vitamin D and androgens in
linear analyses might therefore be supported by previous
inconsistent results with possible U-shaped or non-linear
associations that have been suggested for vitamin D and
cancer (5), cardiovascular disease (96) and mortality
(97, 98). Furthermore, inconsistent results reported in
observational studies might be related to different study
populations with respect to sample size, age, comorbidities,
ethnicity as well as to various statistical methods used for
data analyses.

Intervention studies

In addition to the above mentioned observational studies,
there are some intervention studies evaluating vitamin D
effects on androgen levels in men (summarized in Table 4).
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Uncontrolled intervention studies

A small study investigating men with Klinefelter syndrome
found no significant effect of vitamin D supplementation
(vitamin D treatment n=8, vitamin D +testosterone
treatment n=12) on androgen levels in men with baseline
25(0OH)D <50nmol/L (99). Similarly, Foresta and coworkers
(100) investigated the effect of cholecalciferol (50001U
per week) (n=20) or calcidiol (40001U per week) (n=46) in
66 patients with hypogonadism and 25(OH)D <50nmol/L
and found no significant effect on TT levels. In contrast,
Canguven and coworkers (101) observed a significant
increase in TT levels (12.46+£3.30 to 15.99+1.84nmol/L)
in 102 middle-aged men with 25(OH)D <75nmol/L who
received an initial vitamin D dose (Ergocalciferol; oral
solution 600,000IU/1.5mL) and followed a vitamin D
treatment regime thereafter. Interestingly, the authors
observed an increase of erectile dysfunction scores as well
as a decrease in estradiol levels after treatment (101).

RCTs

Evidence from RCTs on vitamin D and TT is sparse. Pilz
and coworkers (20) investigated the effects of 1 year
of vitamin D supplementation (3332IU daily) on
androgens in 54 men (vitamin D n=31, placebo n=23)
undergoing a weight reduction program. The authors
observed a significant increase in TT levels, bioactive
testosterone levels, and FT levels compared to baseline
levels, whereas no significant change was found in the
placebo group. The study included men with vitamin
D deficiency (25[OH]D <50nmol/L) and relatively low
baseline TT levels (11.4nmol/L). Of note, no statistical
analysis on treatment effect (between group differences)
was performed. In contrast, Heijboer and coworkers (86)
failed to find an effect of vitamin D supplementation on
serum TT concentrations in 3 independent intervention
studies including male patients with heart failure (study
1), male nursing home residents (study 2) and male non-
Western immigrants in the Netherlands (study 3). Those
studies were designed to investigate vitamin D effects
on the renin-angiotensin-aldosterone system (study 1),
effects of different vitamin D doses (study 2) and vitamin
D effects on insulin sensitivity (study 3). In study 1, 92
subjects received vitamin D (2000IU daily) or placebo
for 6 weeks. In study 2, 49 vitamin D-deficient subjects
were randomized to vitamin D (6001U daily) or placebo
for 16 weeks. In study 3, 43 vitamin D-deficient subjects
received 12001U vitamin D daily or placebo for 16 weeks.
Similarly, Jorde and coworkers (84) failed to show a
significant vitamin D effect on androgen concentrations
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(TT and FT) in pooled data from 3 vitamin D RCTs
performed in Tromsg with weight reduction, insulin
sensitivity and depression scores as endpoints. In that
study, serum 25(OH)D and androgens were measured in
282 men at baseline and after 6-12 months of vitamin
D supplementation (20,000-40,0001U weekly vs placebo).

Recently, we presented results of the first RCT (Graz
Vitamin D&TT-RCT) designed for the evaluation of vitamin
D effects on serum androgens in men (102). In detail, we
randomly assigned 100 men with TT levels >10.4nmol/L
and 25(OH)D levels <75nmol/L to receive 20,000 1U/week
of vitamin D3 (n=>50) or placebo (n=350) for 12 weeks. We
found no significant effect on androgen levels in these
healthy men with relatively high TT levels at baseline.
These results are in line with the Jorde and coworkers (84)
as well as with the Heijboer and coworkers study (86) but
contradict previous promising findings from the Pilz and
coworkers (20) study. Those differences might be related to
different study designs and subjects. Although both studies
used similar doses (2857 IU/day Lerchbaum and coworkers
(102) vs 33321U/day Pilz and coworkers (20), respectively),
the Graz Vitamin D&TT-RCT (102) investigated vitamin
D effects after 12 weeks vs vitamin D effects after 1 year
in the Pilz and coworkers study (20). Further, the Graz
Vitamin D&TT-RCT (102) investigated men with 25(OH)
D levels <75nmol/L, whereas Pilz and coworkers (20)
subjects with 25(OH)D levels <50nmol/L.
Other differences are related to the study participants
(healthy men vs significant weight loss in obese subjects),
baseline TT levels (19.1nmol/L vs 11.4nmol/L) and the
method used for TT measurements (mass spectrometry vs
immunoassay) for the Graz Vitamin D&TT-RCT report and
the Pilz and coworkers study, respectively.

In summary, to date, there is only 1 RCT showing
increased androgen levels after vitamin D supplementation
(20); however, vitamin D effects on androgen levels have
not been the primary outcome of this study. It should,
therefore, be noted that only 1 RCT was specifically
designed for the investigation of vitamin D effects on TT
levels (102). As this RCT investigated men with relatively
high baseline TT levels, a vitamin D effect on TT levels
in hypogonadal men or men with low normal TT levels
cannot be excluded. This issue is addressed in the second
arm of the Graz Vitamin D&TT-RCT (ClinicalTrials.
gov Identifier NCT01748370), results are expected in
2018. Further, the Graz Vitamin D&TT-RCT investigated
a cohort of men with relatively high baseline 25(OH)D
levels. Thus, vitamin D effects in men with severe vitamin
D deficiency cannot be excluded. Given the fact that
in healthy middle-aged men a U-shaped association of

included
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vitamin D levels with hypogonadism has been observed
(95), one might speculate that a RCT aiming at target
25(0OH)D levels between 75 and 100nmol/L would
provide different results.

In summary, evidence from RCTs on vitamin D and
TT is sparse and revealed conflicting results. We therefore
recommend further investigation of potential vitamin D
effects on androgen levels in various cohorts including
hypogonadal men with severe vitamin D deficiency.

Conclusion

As outlined above, vitamin D might play an important
role in androgen metabolism as well as in metabolic and
reproductive processes in PCOS women. Indeed, in PCOS
women some RCTs revealed promising results regarding
vitamin D effects on metabolic as well as on fertility aspects.
Nevertheless, considering previous inconsistent results
as well as the large differences in study design and PCOS
populations (i.e. PCOS phenotypes), large-scale RCTs in well-
defined PCOS populations with clearly defined end points
are needed before a general recommendation regarding
25(0OH)D measurement and vitamin D supplementation
in PCOS can be made. Similarly, existing evidence
from available RCTs evaluating the effect of vitamin D
supplementation on androgen levels in men is insufficient
to recommend measurement of 25(OH)D levels or vitamin
D supplementation in hypogonadal men. Still, we cannot
exclude vitamin D effects on androgen levels in men with
low TT levels or in men with severe vitamin D deficiency.
This question remains to be answered in future RCTs.
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