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Abstract: Vitamin D deficiency (VDD) and erectile dysfunction (ED) heavily burden the male pop-
ulation. The higher prevalence of both conditions in the elderly suggests a possible relationship
between the two conditions. In addition, in vitro, animal, and human studies have revealed several
mechanisms that may relate VDD to ED. The main mechanism by which vitamin D might exert its
action on sexual function appears to be through the regulation of endothelial function. Indeed, VDD
correlates with several markers of endothelial function. The action of vitamin D on the endothelium
would be exercised both indirectly through its intervention in inflammatory processes and through
the production of oxygen free radicals, and directly through the regulation of vascular stiffness, the
production of nitric oxide, and the regulation of vessel permeability. Furthermore, the ubiquitous
distribution of the vitamin D receptor in the human body means that this hormone can also exert a
beneficial effect on erectile function by interfering with those comorbidities significantly associated
with ED, such as hypertension, diabetes mellitus, hypercholesterolemia, chronic kidney disease, and
hypogonadism. In this review, we thoroughly and carefully presented the evidence and mechanisms
that would appear to relate vitamin D levels to erectile function. Furthermore, we have summarized
the meta-analytic evidence for and against this association to provide a true representation of this
topic. Data published to date suggest that low levels of vitamin D could contribute to worsening
erectile function through several mechanisms. Therefore, vitamin D levels should be measured in
patients with ED and maintained at adequate levels by specific supplementation in case of deficiency.
However, the low quality and heterogeneity of clinical trials evaluating the effects of vitamin D
administration on erectile function and ED-associated comorbidities do not allow for a univocal
conclusion, and indicate the need for further studies to analyze these aspects.

Keywords: vitamin D; vitamin D deficiency; erectile dysfunction; endothelial dysfunction; hypertension;
hypogonadism; dyslipidemia; chronic kidney disease

1. Introduction

Erectile dysfunction (ED) is the inability to achieve or maintain sufficient penile stiffness
for satisfactory sexual intercourse and is a leading cause of sexual dysfunction affecting
hundreds of millions of men worldwide [1]. It negatively influences interpersonal relationships
and the quality of life of affected men and their partners [2]. It also causes a significant
economic burden, as ED patients have decreased productivity at work even when controlling
for potential confounders [3]. Epidemiologic studies regarding the prevalence of ED have
demonstrated a strong positive association between this condition and age [4]. Indeed, an
umbrella review of 98 meta-analyses reported a prevalence of approximately 20% in men
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younger than 30 years of age, 25% in men 30–39 years of age, 40% in 40–49 years of age, 60%
among 50–59-year-olds, 80% in 60–69 year-olds, and 90% in men over 70 years old [5].

The pathophysiology of ED depends on an alteration of the psychosocial and organic
physiologic factors that occur in a normal erection. In a normal physiologic erection,
nitric oxide (NO) released from the endothelium and nerve terminals causes cavernous
and arterial smooth muscle relaxation. The resulting arterial dilation increases the flow
to the cavernous sinusoids, which compress the emissary veins within the rigid tunica
albuginea [6]. Therefore, a reduction in NO production or sensitivity may cause ED. For
example, in vasculogenic ED, endothelial dysfunction due to vascular disease reduces
endothelial NO levels and sensitivity to this signaling molecule [7].

ED can be broadly classified as organic or psychogenic, but most cases have both com-
ponents [8]. Vasculogenic ED is the most common cause of organic ED and is particularly
prevalent in older men and those with risk factors for heart and vascular disease such
as hypertension, dyslipidemia, diabetes mellitus (DM), atherosclerosis, obesity, cigarette
smoking, and other cardiovascular disorders [8].

Vitamin D is a steroid hormone and vitamin that plays a critical role in regulat-
ing calcium-phosphorous homeostasis and affects the proper functioning of multiple
organ systems [9]. The Endocrine Society defines vitamin D deficiency (VDD) as a
25-hydroxyvitamin D [25(OH)D] level below 20 ng/mL and insufficiency as a level between
21 and 29 ng/mL [10].

Hypovitaminosis D has an estimated prevalence of 20–100% among elderly men and
women in the United States, Canada, and Europe [11]. Regarding ED, age and vitamin
D levels have been linked, with increasing age being associated with reduced vitamin D
levels and increased risk of hypovitaminosis D [12]. This is probably due to the decreased
capacity of aging skin to produce cholecalciferol, a precursor to 25(OH)D and fully active
1α,25-dihydroxy vitamin D3 [1,25(OH)2D3] [12].

Other risk factors for VDD are related to ultraviolet-mediated production of vitamin
D or dietary intake of vitamin D. In healthy adult men, these risk factors include decreased
outdoor activities, excessive sunscreen, and reduced consumption of vitamin D-fortified
milk [9]. Dark-skinned people are also at a higher risk due to the increased absorption of
ultraviolet B by melanin [13].

The age dependence of hypovitaminosis D and ED seems to suggest a possible rela-
tionship between the two conditions. Consistent with this theory, it was observed that in
patients older than 60 years with moderate to severe ED and lower urinary tract symp-
toms (LUTS), 25(OH)D levels and VDD were the independent risk factors for ED in the
multivariate regression analysis, whereas these associations were not observed in analyses
performed in other subgroups according to age and LUTS severity [14].

Many possible mechanisms linking VDD and ED have been proposed. In detail, the
effect of VDD on endothelial function, the role of VD in the upregulation of NO synthase
(NOS), the increase in the degree of inflammation, and the possible endocrinological
dysregulation due to VDD are among the main mechanisms involved [15].

Several studies have shown a link between decreased vitamin D levels and ED. One
study found that a significant proportion of ED patients have VDD, particularly among
patients with arteriogenic ED, as assessed by penile Doppler ultrasound [16]. Wu and
colleagues echoed these results by demonstrating that serum levels of 25(OH)D were
related to ED severity and vasodilation function [17]. Another study also established
the association between VDD and the prevalence of ED independent of atherosclerotic
cardiovascular disease (CVD) risk factors. However, this study assessed ED with a self-
reported response to a single question. However, the subjective assessment of ED by
answering a single question is a major limitation of this study [18].

Meta-analytic studies on this topic seem to confirm this association. Indeed, in a meta-
analysis of seven studies, it was observed that vitamin D levels were higher in patients
without ED than in those with ED. Furthermore, the presence of VDD correlated with lower
scores of the International Index of Erectile Function (IIEF)-5 scores [19]. Similarly, another
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meta-analysis of eight studies showed a relationship between VDD and ED severity as
measured by the IIEF-5 questionnaire [20]. It should be considered, however, that both
meta-analyses include studies with high heterogeneity due to the different populations
involved and also to the different methods of vitamin D measurement that could influence
the results [19,20].

All these studies suggest VDD could be an independent risk factor for organic ED,
although more intervention studies are needed to better establish a true link between these
two conditions.

In this review, we summarize the mechanisms and evidence linking vitamin D with
ED. Furthermore, to provide an accurate representation of this theme, we have outlined the
meta-analytic evidence on the different sub-topics analyzed.

2. Vitamin D and Endothelial Function

The association between ED and CVD is very close. Indeed, more than 70% of patients
with CVD (including coronary artery disease, cerebrovascular disease, and peripheral
artery disease) have ED [21]. Furthermore, according to the artery size theory (small size
of the cavernous arteries compared to other vascular districts), ED may only be the “tip
of the iceberg” of chronic vascular disease and could represent its first manifestation [22].
Consequently, the onset of ED would precede the onset of major cardiovascular events by
up to several years, proving to be a low-cost biomarker for the diagnosis and prevention
of CVD [21]. The close association between ED and CVD is also demonstrated by the
common risk factors between the two conditions (obesity, DM, hypercholesterolemia, and
hypertension). Furthermore, both conditions share endothelial dysfunction as the main
pathogenic mechanism [21].

Several mechanisms contribute to the genesis of endothelial dysfunction, such as
the reduced activity of endothelial NOS (eNOS) enzyme and, therefore, NO production,
increased levels of reactive oxygen species (ROS) and pro-inflammatory cytokines (IL 1,
TNFα), increased vascular permeability, increased vascular stiffness, and inability to regen-
erate from endothelial progenitor cells (EPC) [23]. Testosterone levels also play a role in
this context. In fact, this hormone seems to regulate NO production, the stiffness of the
vessels, and the production of inflammatory cytokines. Furthermore, hormone deficiency
is associated with greater severity of the atherosclerotic process [23]. In agreement, low
testosterone levels have been observed to play a predictive role in cardiovascular mortality
and morbidity [24]. Vitamin D would appear to have a regulatory role in endothelial func-
tion by intervening in many of the mechanisms mentioned above, including the production
of testosterone (discussed in detail in the section “Vitamin D and erectile dysfunction: The
role of testicular function”). Furthermore, meta-analytical studies have observed an inverse
correlation between 25(OH)D levels and cardiovascular risk, reinforcing the hypothesis of
the role of this vitamin in proper vascular function [25,26].

The association between vitamin D and endothelial function is also highlighted by
the correlation between vitamin D levels and some markers of endothelial dysfunction.
For example, a correlation has been observed between vitamin D levels and mean platelet
volume (MPV) [27]. This correlation between platelets and vitamin D is not surprising since
the vitamin D receptor (VDR) is expressed at the mitochondrial level in human platelets,
suggesting that this hormone may play a role in platelet differentiation and function [28].
MPV, in turn, correlates with increased cardiovascular risk and ED, as larger platelets
show greater reactivity and thrombogenicity [29]. In agreement, a study of 78 patients
with stable coronary artery disease, divided into three subgroups according to vitamin
D levels, observed higher MPV values in patients with more severe VDD, suggesting
that the regulation of thrombosis, hemostatic processes, and platelet function is another
mechanism by which vitamin D affects cardiovascular function [30]. Similarly, another
study of 90 patients with ED reported that the severity of ED (evaluated by the IIEF-EF
questionnaire containing six items) correlates with lower vitamin D levels and that, in turn,
patients with severe ED have higher MPV values. The correlation analysis showed that
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vitamin D levels correlated negatively with MPV values, reinforcing the hypothesis of a
relationship between these two parameters [31].

Another marker of endothelial dysfunction closely associated with the presence of
ED is EPC. These cells are involved in the repair of endothelial damage and have been
considered progenitor cells that are found in high numbers in patients with arterial ED [32].
In this context, vitamin D has been shown to play a protective role in EPCs, probably
through the inhibition of inflammation. Furthermore, it would seem to favor the correct
process of migration and adhesion of these cells, thus facilitating the restoration of the
integrity of the endothelial barrier [33]. Moreover, another in vitro study showed that
incubation with vitamin D increases the angiogenic and, therefore, the reparative capacity of
EPCs, probably by increasing vascular endothelial growth factor and pro-metalloproteinase-
2, two key factors for correct angiogenesis [34].

Another marker closely associated with the previous one is the endothelial microparti-
cles (EMPs). These are released into the circulation by endothelial cells, and their quantity is
significantly higher when the endothelium is dysfunctional. Once in circulation, EMPs have
pro-inflammatory and procoagulant effects, which facilitate the progression of vascular
damage [35]. Among the mechanisms believed to be related to endothelial dysfunction
is the increased production of ROS [36]. In vitro incubation with calcitriol was observed
to prevent EMP formation from endothelial cells exposed to increased oxidative stress,
probably through an increase in eNOS expression and inhibition of Rho-associated coiled-
coil protein kinase 1, a key regulator of actin–myosin contraction, which appears to be
abnormally expressed in patients with endothelial dysfunction and CVD [36]. Furthermore,
vitamin D also seems to exert a direct antioxidant effect due to the reduction of H2O2
through the modulation of monoamine oxidases and pro-oxidant enzymes of the nitrogen
oxides family [37].

Another marker of endothelial dysfunction is endothelial cell-specific molecule-1
(ENDOCAN), which is associated with systemic inflammation, DM, atherosclerosis, hy-
pertension, and acute coronary syndrome [38]. Levels of this marker are associated with
worse peak systolic velocity on dynamic penile echo color Doppler in patients with ED,
and this correlates with the severity of the condition [38]. Again, vitamin D may play a role,
as in healthy men, low vitamin D levels have been associated with elevated ENDOCAN
levels, suggesting that VDD may contribute to endothelial damage [39]. Furthermore,
vitamin D supplementation was associated with a reduction in ENDOCAN levels in pa-
tients undergoing kidney transplants, suggesting its role as therapy in reducing endothelial
dysfunction [40].

Other evidence in favor of the role of vitamin D on endothelial function comes from
studies that evaluated its relationship with other markers of endothelial health, such as
carotid artery intima–media thickness (CIMT) [41], ankle–brachial index [42], and flow-
mediated dilation (FMD) [43]. The latter is closely linked to endothelial function and is
significantly reduced in patients affected by vascular diseases [43]. Consequently, a study
of 100 men (50 with acute myocardial infarction (MI) and 50 age-matched healthy controls)
observed that FMD and vitamin D levels were markedly reduced in patients with MI com-
pared with controls. Furthermore, the results of this study showed the presence of a positive
correlation between vitamin D levels and FMD [43]. Another double-blind randomized
clinical study of 44 hypertensive and type 2 diabetic patients divided into two groups, with
23 patients treated with 2000 IU of cholecalciferol daily for 12 weeks and 21 with placebo
for 12 weeks, showed that FMD increased significantly in the vitamin D-treated group.
Furthermore, these patients also showed a significant reduction in oxidized LDL levels.
Therefore, this study would confirm the role of vitamin D in the reduction of endothelial
dysfunction [44]. Similarly, an association was observed between vitamin D levels, CIMT,
and ED, suggesting that the assessment of vitamin D levels may be useful in the diagnosis
of ED and that its supplementation may play a role in therapeutic management [41].

In addition to acting on the endothelium by promoting NO production, reducing
platelet aggregation, modulating the coagulation cascade by reducing tissue factor levels,
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and upregulating thrombomodulin and antithrombin, vitamin D also counteracts inflam-
mation [45]. This, in turn, is one of the main mechanisms of endothelial dysfunction and
the atherosclerotic process [23]. In detail, vitamin D can regulate the function of both innate
and adaptive immune responses. For the innate response, it regulates antigen-presenting
dendritic cells, promoting the formation of immature dendritic cells that express fewer
major histocompatibility complex (MHC) class II molecules and costimulatory molecules
and are therefore less able to present the antigen. This is associated with decreased IL12 pro-
duction and increased IL10 expression resulting in modulation of the immune response [46].
Regarding the adaptive response, vitamin D seems to favor the transition from a Th1 inflam-
matory response to a Th2 anti-inflammatory response as it reduces the production of Th1
CD4-positive lymphocytes, favors the Th2 response through the induction of IL4, IL5, and
IL10, and suppresses the Th17 response favoring the production of regulatory T cells [46].
As further evidence of its anti-inflammatory effects, vitamin D serum levels have been
observed to correlate negatively with the neutrophil/lymphocyte ratio (NLR) [47]. This
parameter is a well-known marker of inflammation that has been seen to be increased in
CVD but also significantly increased in patients with ED [48], which negatively correlates
with the severity of ED [49]. An RCT performed on a large cohort of adolescent girls
showed that high-dose vitamin D supplementation (50,000 units weekly for 9 weeks) is able
to reduce NLR values and, thus, systemic inflammation [50]. However, to our knowledge,
no studies have also evaluated this in patients with ED.

Despite the ample evidence in favor of the role of vitamin D on endothelial function,
interventional studies evaluating the effects of supplementation on markers of endothelial
function have yielded conflicting results and most often have failed to demonstrate any
relationship [51]. Furthermore, meta-analytic studies that have collected evidence from
interventional studies have also yielded conflicting results [52–57] and, in most cases, have not
found an association between vitamin D supplementation and endothelial function [53–56] or
found a correlation only in selected patients [57] (Table 1).

Table 1. Meta-analyses that evaluated the effects of vitamin D supplementation on endothelial
function.

First Author and
Year of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Assessed Main Findings

Beveridge et al.,
2018 [56] 31 RCTs 2751

Effects of vitamin D supplementation
on FMD, plethysmography, AI PWV,

central aortic BP, acetylcholine
iontophoresis, and laser Doppler

perfusion imaging

Vitamin D supplementation
showed no improvement in

these parameters

Hussin et al.,
2017 [53] 16 RCTs 1177

Effects of vitamin D supplementation
on endothelial function measured by

ultrasound, venous occlusion
plethysmography,

photoplethysmography, pulse wave
velocity, pulse amplitude tonometry,

and laser Doppler flowmetry

No correlation between EF
and vitamin D

supplementation

Pincombe et al.,
2019 [54] 26 RCTs 2808

Effects of vitamin D supplementation
on endothelial function assessed by

FMD, PWI, and AI

Vitamin D supplementation
showed no improvement

in EF

Tabrizi et al.,
2018 [52] 21 RCTs 1604

Effects of vitamin D supplementation
on endothelial function assessed by
FMD, PWI, and AI in patients with

metabolic syndrome and
related disorders

Vitamin D supplementation
seems to improve FMD, but it
does not seem to affect PWI

and AI
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Table 1. Cont.

First Author and
Year of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Assessed Main Findings

Stojanovic et al.,
2015 [57] 8 RCTs 529 Effects of vitamin D supplementation

on FMD

Supplementation with vitamin
D did not improve FMD, with

exception of patients with
high SBP

Upala et al.,
2016 [55] 7 RCTs 547 Effects of vitamin D supplementation

on PWV and AI

Vitamin D supplementation
showed no improvement in

these parameters

Abbreviations: AI = augmentation index; BP = blood pressure; EF = endothelial function; FMD = flow-mediated di-
lation; PWI = pulse wave index; PWV = pulse wave velocity; RCTs = randomized clinical trials; and SBP = systolic
blood pressure.

3. Vitamin D and Erectile Dysfunction: Relationship with Diabetes Mellitus

ED is a common ailment in diabetic patients. A recent meta-analysis of 145 studies
involving 88,577 men showed that the overall prevalence of ED among diabetic male
patients is 52.5%, particularly 37.5% for type 1 DM, 66.3% for type 2, and 57.7% for both
types of DM. Additionally, diabetic men have a 3.62 higher odds ratio of having ED than
healthy controls [58]. These data underscore the importance of ED screening for male
diabetic patients.

Several mechanisms relate DM to ED. Indeed, hyperglycemia is responsible for angio-
pathic and neuropathic damage, which are key mechanisms in the pathogenesis of ED. In
detail, hyperglycemia causes an increase in the production of ROS, which interferes with
endothelial function and favors the inflammatory and pro-thrombotic processes [59].

Evidence from the literature suggests that vitamin D is able to improve glycemic and
metabolic profiles. Therefore, this could be another mechanism through which vitamin
D intervenes in the pathogenesis of ED. Indeed, it is assumed that vitamin D is involved
in insulin secretion from pancreatic ß-cells and the tissue response to insulin [60] since
VDRs are expressed in pancreatic ß-cells, adipocytes, and, probably, also in myocytes [60].
Considering these findings, it has been suggested that vitamin D plays a role in insulin
sensitivity and secretion, and its supplementation improves glucose tolerance and prevents
or delays the progression to DM [61]. Moreover, VDD could participate in the pathogenesis
of DM, considering the role of this vitamin in regulating sub-inflammation, one of the main
factors involved in the physiopathology of the metabolic syndrome [62]. Additionally,
vitamin D status may contribute to the development of diabetic complications, such as
nephropathy, retinopathy, neuropathy, and atherosclerosis [63].

Vitamin D can modulate insulin resistance through both direct and indirect mecha-
nisms. As regards the direct mechanism, as already mentioned, vitamin D has a role in
the secretion of insulin by pancreatic ß-cells. Indeed, calcitriol treatment leads to increased
cytoplasmic calcium levels in insulin-secreting MIN6 cells, and in animal studies, pro-
motes the biosynthetic capacity of ß-cells and the conversion of proinsulin to insulin [61].
As regards the indirect mechanism, vitamin D, by acting on the regulation of intra- and
extracellular calcium levels, can modulate the dephosphorylation of glucose transporter
4 and, consequently, the insulin-stimulated glucose transport [61]. Furthermore, a vitamin
D-responsive element has been found in the promoter of the human insulin receptor gene,
and the expression of this gene increases after calcitriol administration [64], suggesting
another mechanism by which vitamin D can affect insulin sensitivity. Finally, vitamin D
may act directly or indirectly on enzymes involved in mitochondrial metabolism, as the
oxidation/utilization ratio of glucose at high glucose levels was reduced in VDD ß-cell
islets [65]. In general, several in vitro animal studies have shown glucose-induced impaired
insulin secretion in VDD animals [65]. Notably, mice with a lack of VDR function have a
60% decreased insulin secretion after glucose loading [66].
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In addition to a direct role in blood glucose regulation, other mechanisms seem to
confirm a correlation between vitamin D and ED in diabetic patients. In fact, it has been
observed that the administration of calcitriol reduces platelet aggregation in patients with
DM, suggesting the role of this vitamin in the treatment of DM-associated vascular com-
plications [67]. Similarly, the presence of VDD has been associated with EPC depletion in
diabetic patients, which, as aforementioned, are known to play a key role in the regeneration
of endothelial damage [68].

Several studies have evaluated the relationship between vitamin D levels and DM
and/or prediabetes. In particular, the association between VDD and DM types 1 and 2
has been studied with conflicting results. For example, Afzal and colleagues conducted
a prospective cohort study, finding an association between lower vitamin D concentra-
tion and a higher cumulative prevalence of type 2 DM. The same authors conducted a
meta-analysis on 16 studies, whose results support their findings, with an odds ratio of
1.5 for type 2 DM for the lower versus the higher quartile of 25(OH)D [69]. Another ran-
domized Mendelian analysis aiming to establish whether the association between low
vitamin D levels is causal or not evaluated the polymorphisms (SNPs) related to four genes
(DHCR7, CYP2R1, DBP, and CYP24A1) involved in the biosynthesis of vitamin D, hepatic
25-hydroxylation, transport, and catabolism, respectively. It was found that SNPs were not
associated with the risk of developing type 2 DM, and there was no significant association
between 25(OH)D levels and the risk of type 2 DM [70]. Conversely, other meta-analytic
studies have confirmed an inverse relationship between circulating 25(OH)D levels and the
prevalence of prediabetes [71] or DM [72,73].

Similarly, the usefulness of vitamin D supplementation in glucose metabolism is still
controversial. A 2017 meta-analysis investigated this aspect and found no differences in
fasting blood glucose (FBG) between diabetic vitamin D-treated and untreated patients.
Instead, they found a modest reduction in HbA1c after vitamin D treatment, although
the heterogeneity of the studies may invalidate these findings [74]. A recent double-
blind, randomized, placebo-controlled clinical trial involving 162 patients with prediabetes
and hypovitaminosis D evaluated the effects of high-dose vitamin D on fasting plasma
glucose, 2 h oral glucose tolerance test, and the assessment of the Homeostatic Model
Assessment of Insulin Resistance (HOMA-IR). The results demonstrated a significantly
lower HOMA-IR in the vitamin D-treated group compared to the placebo group, suggesting
that vitamin D supplementation improves insulin sensitivity. Furthermore, this study
showed a reduced rate of progression to DM in the vitamin D group [75]. Consistent
with this finding, meta-analytic studies have found that vitamin D supplementation in
prediabetic patients reduces the risk of progression to DM and increases the reversion
rate of prediabetes to normoglycemia [76], probably by reducing FBG, fasting insulin,
and HbA1c [77]. Even Li and colleagues, in their systematic review and meta-analysis,
found that vitamin D supplementation reduced insulin resistance in patients with type 2
DM as this treatment significantly improved HOMA-IR [78]. They also noted that these
effects were most evident with a high dose of vitamin D over a short period in normal-
weight, Middle Eastern, and VDD patients or those with optimal glycemic control at
baseline [78]. The authors also suggested potential influencing factors on the effects of
supplementation, such as baseline vitamin D status, HbA1c, body mass index, and ethnicity,
highlighting the need for more studies [78]. The same study showed no significant effect on
fasting insulin [78]. Similar results were found by two other meta-analyses demonstrating
that vitamin D supplementation significantly reduces not only the HOMA index, but
also FBG and HbA1cin patients with type 2 DM [79,80]. Furthermore, in one of these
meta-analyses, it was found that even a minimum dose of 4000 IU/day is able to induce
these effects [80]. In contrast, another meta-analysis does not suggest improvements in
FBG [71,81], HOMA-IR [71,82], or HbA1c [71,83]. Table 2 summarizes the meta-analyses
evaluating the correlation between vitamin D levels and the prevalence of DM and the
effects of vitamin D supplementation on the glycemic profile.
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Table 2. Meta-analyses evaluating serum Vitamin D levels’ relationship with prediabetes and diabetes
mellitus prevalence and the effect of vitamin D supplementation on glycemic profile.

First Author and Year
of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Assessed Main Findings

Afzal et al., 2012 [69] 14 observational
studies 72,204 Association between levels of 25(OH)D

and risk of DM2
The odds ratio for DM2 was 1.50 for the bottom vs.

the top quartile of 25(OH)D

Forouhi et al., 2012 [73] 11 prospective studies 59,325 Association between levels of 25(OH)D
and risk of DM2

Inverse association between circulating 25(OH)D
and incident DM2

Krul-Poel,
2016 [83] 23 RCTs 1797

The effect of vitamin D
supplementation on glycemic control

in patients with DM2

No significant effect in change in HbA1c after VD
intervention compared with placebo. A favorable

effect of VD on fasting glucose in patients with
poorly controlled diabetes

Lee et al., 2017 [74] 22 RCTs 2747 Effect of vitamin D supplementation
on glucose metabolism

Modest reduction (−0.32%) in HbA1c in patients
treated with VD compared to placebo, greater in

those who reached the repletion of vitamin D
deficiency (although not significant). No overall

differences were found in FBG between the
two groups

Li et al., 2018 [78] 20 RCTs 2703 Effect of vitamin D supplementation
on glucose metabolism

No difference in FBG between intervention and
control groups. Insignificant difference in the

reduction of HbA1c between the two groups. No
significant effect on fasting insulin. Larger

reduction of HOMA-IR in the intervention group

Mirhosseini et al.,
2017 [80]

24 prospective
clinical trials 1528

The effect of vitamin D
supplementation and improved

vitamin D status on glycemia and
insulin resistance in DM2

Vitamin D supplementation, at a minimum dose of
4000 UI/die, may significantly reduce serum FPG,
HbA1c, and HOMA index and could also help to
control glycemic response and improve insulin

sensitivity in patients with type 2 diabetes

Poolsup et al.,
2016 [82] 10 RCTs 1718

The effect of vitamin D
supplementation on insulin resistance

and glycemic control in prediabetes

No beneficial effect of vitamin D in improving
insulin resistance was identified

Sahebi et al., 2019 [79] 37 (27 RCTs and 10
cross-sectional studies) 1673

The effects of vitamin D
supplementation on HOMA-IR, FBG,

HbA1c, QUICKI (quantitative
insulin-sensitivity check index), and

lipid profile in diabetic patients

Vitamin D supplementation improves FBG,
HOMA-IR, and HbA1C in patients with DM

Song et al., 2013 [72] 21 prospective studies 76,220 Association between 25(OH)D blood
levels and incident risk of DM2

Inverse and significant association between
circulating 25(OH)D levels and risk of DM2

was found

Wu et al., 2017 [81] 24 RCTs 1874 Effect of vitamin D supplementation on
glycemic control in patients with DM2

VD supplementation reduces HbA1c, but has no
influence on FBG. However, in patients with

25(OH)D deficiency at baseline, its
supplementation reduces FBG, and in patients

with BMI < 30, HbA1c is significantly reduced after
vitamin D supplementation

Yu et al., 2020 [71]

4 observational studies 3094 The association between serum levels
of 25(OH)D and prediabetes

Low serum 25(OH)D levels are associated with a
high risk of prediabetes

8 RCTs 865

Differences in therapeutic effects
between patients with prediabetes
treated with vitamin D and those

treated with placebo

No significant differences in change in HbA1c,
HOMA-IR, or FBG between prediabetic patients
treated with vitamin D and those treated with

placebo; whereas significant differences in change
were found in plasma glucose after 2 h oral glucose

tolerance test

Zhang et al., 2020 [76] 8 RCTs 4896
Effect of vitamin D supplementation

on the risk of DM2 in patients
with prediabetes

In patients with prediabetes, vitamin D
supplementation reduces the risk of progression to

diabetes and increases the reversion rate of
prediabetes to normoglycemia

Zhang et al., 2021 [77] 29 RCTs 3792
Effect of vitamin D supplementation

on glycemic controls in patients
with prediabetes

Oral supplementation of vitamin D improves FBG,
HbA1c, and fasting insulin compared with controls
among prediabetic patients. Long-term vitamin D
supplementation could have additional effects in
participants with vitamin D deficiency for 2h-PG,

HOMA-IR, and HOMA-B (homeostasis model
assessment of β-cell function)

Abbreviations: BMI = body mass index; t2dm = diabetes mellitus type 2; FBG = fasting blood glucose;
HbA1c = glycated hemoglobin; RCTs = randomized clinical trials; and 25(OH)D = 25-hydroxy-Vitamin D.

To date, only one meta-analysis of four studies has evaluated the role of vitamin
D in patients with DM and ED, noting that 25(OH)D levels in these patients are signifi-
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cantly lower than in diabetic patients without ED, thus suggesting a role of VDD in the
pathogenesis of ED in diabetic patients [84].

4. Vitamin D and Erectile Dysfunction: Relationship with Blood Hypertension

The association between hypertension and ED is well known. In fact, 41% of ED
patients were observed to have hypertension versus 19% in age-matched men without
ED, confirming that ED patients are more likely to have hypertension [85]. Similarly, a
meta-analysis of eighteen cross-sectional studies involving a total of 41,943 participants
and 10,151 ED patients found that the risk of ED is higher in patients with hypertension
than in controls even after adjusting for confounders, suggesting thus that hypertension
is a risk factor for ED [86]. Several mechanisms are involved in this association. In
fact, a hypertensive state favors the release of pro-contractile factors, compromising the
normal balance between vasoconstrictor and vasodilator substances, and also favors the
production of ROS, causing endothelial dysfunction [87]. Furthermore, a role has also
been demonstrated for the innate immune system, mainly mediated by Toll-like receptor 4,
which in turn is involved in the genesis of oxidative stress and a low-grade inflammatory
state [87]. Finally, antihypertensive drugs can also cause ED [88].

Another mechanism by which vitamin D might influence the pathogenesis of ED
is through the regulation of blood pressure. Furthermore, this action on pressure is not
only exerted through the regulation of endothelial function. Indeed, an independent
association between vitamin D levels and elements of the renin–angiotensin–aldosterone
system (RAAS) has been demonstrated, indicating a regulatory and suppressive role of
the vitamin in this system [89]. In detail, 1–25 hydroxy-vitamin-D would activate its
receptor, which in turn would bind the cyclic adenosine monophosphate (cAMP)-response
element-binding protein (CREB), causing a block of the promoter activity of the gene for
renin, which would therefore be less expressed [90]. In agreement, Carrara and colleagues
showed in a population of 33 patients with hypertension and hypovitaminosis D that
vitamin D supplementation at a dose a 50,000 IU/week for eight weeks was associated
with a reduction in plasma renin activity (PRA), renin levels, and angiotensin II levels [91].
The authors also found that vitamin D supplementation improves FMD, although this
improvement is not due to changes in the RAAS system. This appears to confirm that
vitamin D is able to regulate blood pressure not only by regulating RAAS but also through
direct stimulation of eNOS in endothelial cells or by reducing inflammatory cytokines and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [91].

Another mechanism by which vitamin D affects blood pressure levels is the regulation
of insulin resistance. Indeed, there would seem to be a close association between hyperten-
sion and insulin resistance. Both conditions often occur together in the context of metabolic
abnormalities. However, the association should not only be considered casual, but a direct
cause-and-effect relationship has also been proposed [92]. In fact, insulin resistance seems
to promote hypertension through the increase in sodium reabsorption in the renal tubules,
the activation of the sympathetic nervous system, and the alteration of vascular resistance
by increasing the concentration of calcium in smooth muscle cells [92]. Since it has been
observed that vitamin D supplementation may reduce insulin resistance [93], treatment of
this condition may be another mechanism by which vitamin D may help reduce blood pres-
sure. According to this theory, a meta-analysis of 26 RCTs on diabetic patients showed that
vitamin D supplementation was able to reduce systolic blood pressure values, especially in
patients with vitamin D values below 50 nmol/L [94].

Among other mechanisms, a role for parathyroid hormone (PTH) has also been pro-
posed. In fact, in patients with VDD, there is an increase in the levels of PTH, which
seem to act by promoting atherosclerotic processes and, therefore, vessel rigidity [95].
Furthermore, low calcium levels associated with hypovitaminosis D could also contribute
to the hypertensive phenomenon as adequate calcium levels reduce RAAS activity, regu-
late sodium–potassium balance, and inhibit vascular smooth muscle cell contraction [95].
Finally, Vitamin D exerts vasodilation and anti-atherosclerotic activity by stimulating
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prostacyclin secretion from smooth muscle cells and regulating the growth, differentiation,
and migration of vascular smooth muscle cells [95].

The relationship between vitamin D levels and the risk of hypertension has been demon-
strated by numerous meta-analytic studies, which all seem to agree on this aspect [96–101].
In detail, a recent meta-analysis of 11 cohort studies and 43,320 participants showed an in-
verse association between hypertension and vitamin D levels, with a 7% reduction in the
risk of hypertension for every 25 nmol/L of increase in serum vitamin D levels [96]. Simi-
larly, another meta-analysis including prospective and cross-sectional studies for a total of
70 studies showed that in prospective studies, patients with high serum vitamin D levels had
a 16% decreased risk of hypertension compared to those with low levels. Furthermore, a
dose–response analysis suggested that each 25 nmol/L increase in serum vitamin D concen-
trations resulted in a 5% reduction in the risk of hypertension. Meta-analysis of cross-sectional
studies also showed a reduction in the odds of developing hypertension and pre-hypertension
in patients with the highest versus the lowest serum vitamin D levels. The dose–response
analysis of this study showed that each 25 nmol/L increase in serum vitamin D levels re-
sulted in a 6% reduction in the odds of hypertension in all populations and a 3% in studies
with representative populations [97]. Another meta-analysis, including a very large cohort
of 283,537 patients, found an inverse relationship between 25(OH)D levels and the risk of
hypertension, also demonstrating a 12% decrease in the risk of future hypertension for each
10 ng/mL increment in circulating 25(OH)D levels [98]. However, while the association
between vitamin D levels and hypertension appears to be widely accepted, meta-analytic
studies compiling data from RCTs evaluating the effects of vitamin D supplementation on
blood pressure values compared to placebo have often yielded conflicting results. In detail,
most studies have failed to find a correlation between vitamin D supplementation and blood
pressure levels in the general population [96,99–108]. However, two meta-analyses observed
an effect of supplementation only on diastolic blood pressure (DBP) [109,110] and only one
on systolic blood pressure (SBP) [111]. Nevertheless, if vitamin D supplementation in the
general population appears to be ineffective, when specific subpopulations are considered,
the results appear to be different. Indeed, in the meta-analysis by He and colleagues, which
included 17 RCTs, when considering only patients aged >50 years, there is a reduction in
SBP values in patients treated with vitamin D [106]. Similarly, Golzarand and colleagues
showed a reduction in both SBP and DBP in patients aged >50 years supplemented with
cholecalciferol 800 IU daily for less than 6 months [105]. Furthermore, when only hypertensive
and VDD patients are considered, vitamin D supplementation is able to reduce both SBP
and DBP [106]. Accordingly, another meta-analysis on elderly subjects demonstrated that
when only patients with VDD are considered, a reduction in SBP values was demonstrated
in supplemented patients [104]. Finally, even excluding obese and overweight patients [105]
or patients with previous cardiometabolic diseases [107], vitamin D supplementation seems
to be effective in reducing blood pressure. All of these studies would seem to suggest that
vitamin D supplementation should be carefully evaluated based on the patient’s phenotype.
Table 3 summarizes meta-analyses evaluating the relationship between vitamin D levels and
the risk of hypertension and the effects of vitamin D supplementation on blood pressure.

Table 3. Meta-analyses evaluating the relationship between vitamin D levels and risk of hypertension
and the effects of vitamin D supplementation on blood pressure.

First Author and Year
of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Evaluated Main Findings

Burgaz et al.,
2011 [101]

4 prospective and
14 cross-sectional studies 78,028 Correlation between 25(OH)D status

and risk of HTN
Inverse correlation between 25(OH)D levels

and HTN

Elamin et al.,
2011 [102] 14 RCTs 1518 Effects of vitamin D

supplementation on SBP and DBP
No effects of vitamin D supplementation in DBP

and SBP

Farapti et al.,
2020 [104] 12 RCTs 2468

Effects of vitamin D
supplementation on SBP and DBP

in elderly

No difference between vitamin D
supplementation group and placebo group.

However, when only VDD patients are
considered, there is a significant reduction in SBP
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Table 3. Cont.

First Author and Year
of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Evaluated Main Findings

Golzarand et al.,
2016 [105] 30 RCTs 4744 Effects of vitamin D

supplementation on SBP and DBP

Vitamin D supplementation has no effect on SBP
and DBP in the general population. However,

when obese and overweight patients are
excluded, vitamin D supplementation reduces
both SBP and DBP. Moreover, daily vitamin D3
therapy at a dose of >800 IU/day for <6 months

in subjects ≥50 years old reduced both SBP
and DBP

He et al., 2019 [106] 17 RCTs 1687
Effects of vitamin D

supplementation on SBP and DBP in
patients with VDD

No difference in SBP and DBP between vitamin D
supplementation group and controls. However,

when patients with age >50 years are considered,
there is a significant reduction in SBP. In patients

with both VDD and hypertension, vitamin D
supplementation reduces both SBP and DBP

Jafari et al., 2018 [94] 26 RCTs 1798
Effects of vitamin D

supplementation on SBP and DBP in
diabetic patients

Vitamin D supplementation reduces SBP,
particularly in patients with levels < 50 nmol/L

Kunutsor et al.,
2013 [98] 8 observational studies 283,537 Correlation between 25(OH)D status

and risk of HTN

Inverse association between baseline circulating
levels of 25(OH)D and risk of HTN. Decrease in

12% of the risk of future HTN for every 10 ng/mL
increment in circulating 25(OH)D levels

Kunutsor et al.,
2014 [107] 16 RCTs 1879 Effects of vitamin D

supplementation on SBP and DBP

No effects of vitamin D supplementation on SBP
and DBP, with the exception of reduction in DBP

in patients with pre-existing
cardiometabolic disease

Mokhtari et al.,
2022 [97]

70 cohort and
cross-sectional studies 32,7701 Serum 25(OH)D levels in relation to

HTN and pre-HTN in adults

Serum 25(OH)D concentrations are inversely
related to the risk of HTN in adults in a

dose–response manner

Morvaridzadeh et al.,
2020 [110] 8 RCTs 17,644 Effects of calcium and vitamin D

co-supplementation on SBP and DBP
No effects on SBP but significant reduction

in DBP

Pittas et al., 2010 [100]
3 cohort studies 32,181 Correlation between 25(OH)D status

and risk of HTN
Association between low 25(OH)D levels and risk

of HTN

9 RCTs 37,162 Effects of vitamin D
supplementation on SBP and DBP

No effects of vitamin D supplementation on DBP
and SBP

Qi et al., 2016 [103] 8 RCTs 917
The effect of vitamin D

supplementation on HTN in
non-CKD populations

Vitamin D is not an antihypertensive agent,
although it has a moderate SBP-lowering effect

Qi et al., 2017 [99] 7 prospective studies 53,375 Correlation between 25(OH)D
concentrations and incident HTN

Lower serum 25(OH)D concentrations were
associated with a greater risk of incident HTN

Witham et al.,
2020 [109] 8 RCT 475 Effects of vitamin D

supplementation on SBP and DBP
No effects of VD on SBP, while there is slight

reduction in DBP

Wu et al., 2010 [111] 4 RCTs 429 Effects of vitamin D
supplementation on SBP and DBP VD supplementation reduces SBP but not DBP

Wu et al., 2017 [108] 8 RCTs 36,806 Effects of calcium plus vitamin D
co-supplementation on SBP and DBP No effects of vitamin D on SBP and DBP

Zhang et al., 2020 [96]

11 cohort studies 43,320 Correlation between 25(OH)D levels
and risk of HTN

Inverse relationship between 25(OH)D levels and
risk of HTN

27 RCTs 3810
Effect of vitamin D supplementation

on BP and HTN in the
general population

Supplementation with vitamin D does not lower
BP in the general population

Abbreviations: BP = blood pressure; CKD = chronic kidney disease; DBP = diastolic blood pressure;
HTN = hypertension; RCTs: randomized clinical trials; SBP = systolic blood pressure; VDD = vitamin D de-
ficiency; and 25(OH)D = 25-hydroxy-Vitamin-D.

5. Vitamin D and Erectile Dysfunction: Relationship with Hypercholesterolemia

Hyperlipidemia is a well-known important risk factor for CVD and, for this reason,
for the onset of ED [112]. Indeed, a close correlation has been observed both between low
HDL cholesterol levels and ED [113,114] and between increased total cholesterol levels
and ED [102]. Further evidence for the beneficial effects of statin treatment in hypercholes-
terolemic patients comes from meta-analytic studies. Indeed, combined treatment with
statins and sildenafil was reported to improve erectile function more than combining silde-
nafil with a placebo [115]. Furthermore, treatment with these drugs could also be effective
in the treatment of patients with ED non-responders to phosphodiesterase type 5 inhibitor
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administration [116]. A recent meta-analysis seems to confirm these aspects, showing that
atorvastatin is able to improve erectile function in patients both alone or in combination
with other treatments for ED [117].

Some evidence seems to show that vitamin D may also play a role in lipid dys-
metabolism, which could therefore be another link between vitamin D and ED. Among the
proposed mechanisms, VDD would seem to be particularly capable of increasing choles-
terol biosynthesis. This effect would be determined by the reduced transcriptional activity
of the VDR in the presence of VDD. This reduced transcriptional activity would inhibit the
expression of insulin-induced gene-2 (Insig-2), which normally plays a role in the negative
regulation of sterol regulatory element-binding protein 2 (SREBP-2). The latter stimulates
the expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase [118]. Furthermore,
a direct effect of vitamin D on SREBP-2 expression was also observed [119]. Finally, the
reduction in triglycerides in differentiated adipocytes, the increase in ß-oxidation of fatty
acids, and the reduction in the synthesis of new fatty acids have been proposed as possible
mechanisms of action of vitamin D on the lipid profile [120]. Among the other proposed
mechanisms, vitamin D increasing intestinal calcium absorption could decrease the hep-
atic secretion of microsomal triglyceride transfer protein that is involved in triglyceride
synthesis and secretion [121]. Moreover, adequate levels of vitamin D maintain PTH levels
in the normal range, while, if elevated, they can increase lipogenesis and, consequently,
serum triglyceride levels [122]. Finally, insulin resistance increases the production of LDL
and triglycerides and reduces the synthesis of HDL [123]. As mentioned above, vitamin D
might decrease insulin resistance counteracting this mechanism [93].

Consistent with a correlation between vitamin D levels and dyslipidemia, a recent
meta-analysis including 57 cross-sectional studies and 2 cohort studies observed that higher
vitamin D levels were associated with a 19% decrease in the odds of hypertriglyceridemia.
In addition, dose–response analyses demonstrated a 7% decrease in the likelihood of
hypertriglyceridemia for each 10 ng/mL increase in serum 25(OH)D levels. Similarly,
higher vitamin D levels were associated with an 18% reduction in the odds of low HDL
cholesterol levels and an 18% reduction in the odds of dyslipidemia. In this case, dose–
response analysis showed decreases in the odds of 3% and 4%, respectively, with each
10 ng/mL increase in the serum 25(OH)D levels [124].

Again, meta-analytical studies evaluating the effects of vitamin D supplementation
on the lipid profile have produced conflicting results, probably due to the extreme het-
erogeneity among the populations included in the various studies. Notably, only two
studies have found no effects of vitamin D administration on the lipid profile [125,126].
One study analyzed a patient population with metabolic syndrome [125] and another a
patient population with non-alcoholic fatty liver disease [126]. One study analyzed the
effects of vitamin D supplementation on the lipid profile of diabetic patients and found
a significant improvement in total cholesterol, triglycerides, and LDL levels in treated
patients [127]. Two studies analyzed the effects of vitamin D supplementation in women
with PCOS and found a significant reduction in total cholesterol, triglycerides, LDL, and
VLDL levels in treated women, while no effect on HDL levels [128,129]. Another study
analyzed patients with chronic kidney disease and found a reduction in total cholesterol
and triglycerides in patients treated with vitamin D and no effect on HDL and LDL [130].
When considering the general population, only three meta-analyses found an effect of
supplementation on increasing HDL-cholesterol levels [131–133], although one of these
found the effect only in patients treated for more than 26 weeks [133]. Three other studies
observed a correlation between vitamin D supplementation and reduction in triglyceride
levels, while two observed a correlation between vitamin D administration and reduced
total cholesterol [131,133,134]. Finally, three meta-analyses observed the effects of LDL
reduction in patients treated with vitamin D [133–135], although, in one of these, the re-
duction was observed only in patients treated with a daily dose of vitamin D greater than
400 IU [133]. Table 4 summarizes evidence from meta-analyses evaluating the relationship
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between vitamin D levels and dyslipidemia and the effects of vitamin D supplementation
on the lipid profile.

Table 4. Meta-analyses evaluating the relationship between vitamin D levels and dyslipidemia and
the effects of vitamin D supplementation on lipid profile.

First Author and Year
of Publication

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Evaluated Main Findings

AlAnouti et al.,
2020 [125] 4 RCTs 226

Effect of vitamin D supplementation
on serum lipid profiles in patients

with metabolic syndrome

No effects of vitamin D supplementation on serum
lipid profile

Bahadorpour et al.,
2022 [124]

57 cross-sectional 210,575 Relationship between serum
25(OH)D levels and dyslipidemia

25(OH)D levels are inversely related to the odds of
hypertriglyceridemia, low HDL, and dyslipidemia in

a dose–response manner. However, no significant
association was observed for high serum LDL or

hypercholesterolemia2 cohort studies 8494

Dibaba et al.,
2019 [134] 41 RCTs 3434 Effect of vitamin D supplementation

on serum lipid profiles

Vitamin D supplementation improved serum TC,
LDL cholesterol, and TGL but not HDL

cholesterol levels

Jafari et al., 2016 [127] 17 RCTs 1356 Effect of vitamin D supplementation
on serum lipid profiles in DM2

Vitamin D supplementation improved serum levels
of TC, TGL, and LDL in patients. Moreover, baseline
serum 25(OH)D of patients, vitamin D dosage, and
intervention duration influence the effect of vitamin

D supplementation on lipid profile

Jin et al., 2020 [129] 8 RCTs 467
Effect of vitamin D supplementation

on serum lipid profiles in
PCOS patients

Significant reduction in TGL, TC, LDL, and VLDL
levels after supplementation. No effect on HDL

Luo et al., 2021 [128] 11 RCTs 667
Effect of vitamin D supplementation

on serum lipid profiles in
PCOS patients

Significant reduction in TGL, TC, LDL, and VLDL
levels after supplementation. No effect on HDL

Milajerdi et al.,
2019 [130] 6 RCTs 323

Effect of vitamin D supplementation
on serum lipid profiles in patients

with CKD

Reduction in TGL and TC levels after
supplementation. No effects on HDL and LDL

Morvaridzadeh et al.,
2021 [131] 13 RCTs 2304

Effect of vitamin D and calcium
co-supplementation on serum

lipid profiles

Significant reduction in TGL and TC levels and
increase in HDL levels after supplementation

Ostadmohammadi
et al., 2019 [132] 8 RCTs 630

Effect of vitamin D supplementation
on serum lipid profiles in patients

with CVD

Significant increase in HDL-cholesterol in patients
supplemented with vitamin D

Tabrizi et al.,
2017 [126] 7 RCTs 452

Effect of vitamin D supplementation
on serum lipid profiles in patients

with non-alcoholic fatty liver disease

No effect of vitamin D supplementation on TGL,
LDL, and TC

Wang et al., 2012 [135] 12 RCTs 1346 Effect of vitamin D supplementation
on serum lipid profiles

Significant reduction in LDL levels. No effects on the
other parameters

Zhang et al.,
2022 [133] 7 RCTs 1109

Effect of vitamin D supplementation
on serum lipid profiles in
post-menopausal women

Vitamin D supplementation decreases TGL.
Moreover, it increases HDL levels when the

treatment is under 26 weeks and decreases LDL for
doses higher than 400 UI/die

Abbreviations: CVD = cardiovascular disease; DM = diabetes mellitus; HDL = high-density lipoprotein;
LDL = low-density lipoprotein; PCOS = polycystic ovary syndrome; RCT = randomized clinical trials; TC = total
cholesterol; TGL = triglycerides; VLDL = very low-density lipoprotein; and 25(OH)D = 25-hydroxy-Vitamin-D.

6. Vitamin D and Erectile Dysfunction: Relationship to End-Stage Chronic Renal Disease

There is also a close relationship between ED and end-stage chronic kidney disease
(ECKD). Indeed, in these patients undergoing dialysis, the overall prevalence of ED is
approximately 71% [136]. This prevalence decreases to 59% in patients going through
kidney transplantation [136], suggesting that this procedure may improve erectile function
in patients with ECKD [137].

Several mechanisms explain why patients with ECKD have a high prevalence of ED.
First, ECKD patients exhibit hormonal abnormalities consisting of low total testosterone
levels, normal SHBG levels, and thus low free testosterone levels [138]. Furthermore,
increased uric acid damages both Leydig and Sertoli cells, causing hypergonadotropic
hypogonadism [138]. Finally, prolactin levels are elevated in these patients due to reduced
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clearance of this hormone because of renal insufficiency. This leads to a reduction in GnRH
secretion, which worsens the severity of hypogonadism [138].

Among the other mechanisms, ECKD is associated with endothelial dysfunction and
autonomic nervous system disorders [138]. Additionally, erythropoietin also appears to
play a role. Indeed, its low levels in patients with ECKD reduce its antiapoptotic effects
on the cavernous system and prolactin lowering. Moreover, anemia itself can also cause
ED [138]. Higher PTH levels secondary to VDD are another possible mechanism both for
his action in the atherosclerotic process [95] and for his direct role in the stimulation of
prolactin secretion [126]. Finally, the role of drugs should also be considered [138].

Therefore, vitamin D could play a role in the treatment of ED in these patients. As
discussed in this overview, it could act directly by improving endothelial dysfunction (see
Section 2) and testicular testosterone secretion (see Section 7), and indirectly by reducing
PTH levels [138]. Accordingly, several meta-analyses have evaluated the effects of supple-
mentation with vitamin D or its derivatives on the vascular function of patients with renal
insufficiency [139–142] (Table 5).

Table 5. Meta-analyses evaluating the effects of vitamin D supplementation on vascular function of
patients with chronic kidney disease.

First Author
and Year

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Assessed Main Findings

Dou et al.,
2019 [139] 7 RCTs 429

Effects of VD
supplementation on FMD,

PWV, SBP, and DBP in
patients with CKD

Supplementation with
Cholecalciferol and 2 mcg of

paricalcitol was able to improve
FMD; supplementation with

cholecalciferol reduced PWV, with
no effect on SBP and DBP

Hu et al.,
2018 [141] 21 RCTs 1894

Effects of paricalcitol
supplementation on

cardiovascular risk of
patients affected by CKD

Paricalcitol supplementation
reduces cardiovascular events

compared to placebo

Hu et al.,
2020 [142] 10 RCTs 579

Effects of VD
supplementation on FMD,
PWI, SBP, DBP, and CRP in

patients with CKD

Vitamin D supplementation showed
no improvement in these parameters

Lundwal et al.,
2018 [140] 4 RCTs 305

Effects of VD
supplementation on FMD

in patients with CKD

Short-term intervention with VD is
associated with improvements in EF,

as measured by FMD

Abbreviations: CKD = chronic kidney disease; CRP = C-reactive protein; DBP = diastolic blood pressure;
EF = endothelial function; FMD = flow mediate dilation; PWV = pulse wave velocity; RCTs = randomized
clinical trials; SBP = systolic blood pressure; and VD = vitamin D.

In particular, both vitamin D and paricalcitol supplementation appear to improve
FMD [139,140] and reduce PWV [139]. Furthermore, paricalcitol supplementation would
appear to be effective in reducing the risk of cardiovascular events in these patients [141].
Only one meta-analysis failed to find an association between vitamin D supplementation
and endothelial function [142].

7. Vitamin D and Erectile Dysfunction: The Role of Testicular Function

Hypogonadism is an important risk factor for ED. A meta-analysis of 656 subjects
demonstrated that approximately one-third of ED patients are androgen deficient [143]. At
the same time, testosterone replacement therapy (TRT) improves overall sexual function
in patients with ED and low androgen levels [143]. TRT improves penetration, erection
maintenance, and desire in patients with ED and androgen deficiency [144]. Testosterone
modulates sexual function through several mechanisms. Androgen receptors expressed
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in different areas of the human brain are involved in the regulation of male sexual func-
tion [145]. Thus, testosterone is important in the release of stimulatory neurotransmitters
such as dopamine, oxytocin, and NO that control sexual development and behaviors, and
libido [146]. Testosterone can also modulate the structure and innervation of trabecular
smooth muscle cells of penile vessels and the fibroelastic properties of the corpus cav-
ernosum [147]. It acts as a vasodilator in the penis in part by stimulating the release of
NO [148].

Testosterone, which has been considered the fuel of male sexual function, is pro-
duced by Leydig cells in the testis. Interestingly, human Leydig cells also express the
cytochrome P450 family 2 subfamily R member 1 (CYP2R1) gene [149], which encodes
25-hydroxylase [150]. Therefore, the testis is able to convert cholecalciferol to 25(OH)D, just
like the liver. Consequently, Leydig cell dysfunction could result in both lower circulating
levels of testosterone and 25(OH)D. Indeed, previous studies have shown that testicular
CYP2R1 gene expression is lower in patients with testiculopathy [151].

Human Leydig cells also express VDRs [149]. Therefore, a possible direct associa-
tion between hypovitaminosis D and hypotestosteronemia has been hypothesized [152].
VDR knockout mice develop hypergonadotropic hypogonadism [153]. Furthermore, in
human Leydig cells, in vitro addition of 1,25(OH)2D3 up-regulates gene expression of
steroidogenic enzymes involved in the production of androgens and their precursors [154].
A synergistic effect of LH and 1,25(OH)2D3 to increase testosterone synthesis has been
hypothesized. Although experimental evidence has shown an association between vitamin
D and testosterone, the results of epidemiological studies are still controversial.

A systematic review reported conflicting results on the effect of vitamin D supplemen-
tation on testosterone in men [155]. Consequently, a systematic review and meta-analysis
of 10 randomized clinical trials (RCTs) showed that vitamin D supplementation had no
significant effect on total testosterone (MD = 0.20, 95% CI: −0.20, 0.60, and p = 0.336) and
sex hormone-binding globulin levels (MD = 1.56, 95% CI: −0.85, 3.97, and p = 0.204) [156].
A year later, D’Andrea and colleagues published a systematic review and meta-analysis
of 18 studies evaluating the difference in total testosterone levels between men with and
without VDD. A slight, albeit barely significant, positive association between 25(OH)D
and total testosterone levels was found (pooled SMD: −0.23, 95% CI: −0.45 to −0.01, and
p = 0.04) [152]. However, there was very large heterogeneity between studies (I2 = 98%, p
for heterogeneity < 0.00001), and when studies were grouped based on the health character-
istics of the patients evaluated, a positive association between vitamin D and testosterone
levels was present only in men with frailty states [152]. Thus, the authors hypothesized
that the association between VDD and hypotestosteronemia might reflect non-biological
correlates but could be related to common underlying causes and risk factors. Indeed, low
circulating levels of vitamin D are a common finding in people with chronic comorbidi-
ties, especially in the elderly. At the same time, testosterone levels decrease with age in
men [157] and patients with chronic diseases [158]. Therefore, further large-scale RCTs are
needed to evaluate the association between vitamin D and testosterone levels in men.

Besides the secretion of sex hormones, the other fundamental function of testicular
function is sperm production. VDR has been discovered in the smooth muscles of the
epididymis, spermatogonia, and Sertoli cells of male rodents, suggesting a role for vitamin
D in spermatogenesis [159]. In 2006, the presence of VDR was also confirmed in human
spermatozoa, predominantly expressed in the sperm head [160].

Several studies have also looked at the association between vitamin D and sperm
parameters. However, even with regard to this aspect, the results are not clear. A re-
cent systematic review and meta-analysis showed that 25(OH)2D3 levels are significantly
higher in fertile men than in infertile patients (WMD −0.63; 95% CI, −1.06 to −0.21,
and p = 0.003) [161]. The authors also reported a significant association between serum
25(OH)D, sperm total motility (WMD −5.84; 95% CI, −10.29 to −1.39, and p = 0.01), and
sperm progressive motility (WMD −5.24; 95% CI, −8.71 to −1.76, and p = 0.003) [161].
However, even these findings should be taken with caution due to significant heterogeneity
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among included studies [161]. Adamczedwska and colleagues, in a recent systematic
review, emphasized the lack of robust evidence to support the use of vitamin D supple-
mentation to improve outcomes for patients with abnormal sperm parameters or hormonal
dysfunction [162]. Consequently, also based on the study by Arab and colleagues, the
authors reported the beneficial effect of vitamin D on sperm quality, especially sperm
motility. However, more high-quality RCTs are needed to better elucidate the association
between vitamin D and testicular function.

Table 6 summarizes evidence from meta-analyses evaluating the association between
vitamin D and testicular function.

Table 6. Meta-analyses evaluating the association between vitamin D and testicular function.

First Author
and Year

N◦ of Studies
Included and
Study Design

Total
Sample Size Outcome Assessed Main Findings

Arab et al.;
2019 [161]

18 observational
studies 4773

Association between vitamin
D and sperm parameters

Difference in serum levels of
vitamin D in fertile and

infertile subjects

25(OH)D was significantly
associated with sperm motility but
not with other sperm parameters
1,25 (OH)2D3 was significantly

higher in fertile men compared to
infertile patients

D’Andrea et al.,
2020 [152]

18 observational
studies

9892 men with
vitamin D
deficiency

10,675 controls

Difference in circulating TT
levels between men with and
without vitamin D deficiency

A slight, albeit just significant,
positive association between

25(OH)D and TT levels was found.
However, a very large heterogeneity

between the studies was found

Marnani
Hosseini et al.,

2019 [156]
10 RCTs 1061

Effect of vitamin D
supplementation on TT and

SHBG levels

Vitamin D supplementation had no
significant effect on TT and SHBG

Abbreviations: RCTs = randomized clinical trials; TT = total testosterone; SHBG = sex hormone binding globulin;
25(OH)D = 25-hydroxy-Vitamin-D; and 1,25(OH)2D3 = 1α,25-dihydroxyvitamin D3.

8. Limits

When interpreting data from studies analyzing the effects of vitamin D levels and its
supplementation on outcomes of interest, several limitations must be considered. Indeed,
as discussed in the various sections of this review, meta-analyses often obtain conflicting
results. This is probably due to the extreme heterogeneity of the included studies, which
differ in the type of population analyzed, the amount of vitamin D administered, and
also the duration of treatment. Furthermore, it should be considered that in most studies,
the evaluation of vitamin D is performed with immunometric assays, which have been
shown to be less accurate with a variability of 10 to 30 percent, which may compromise the
definition of VDD status. In this regard, it is now established that an adequate method to
measure serum vitamin D levels, especially in populations at high risk of deficiency, must be
performed by liquid chromatography-mass spectrometry [163]. Therefore, further studies
using proper vitamin D measurement methods conducted in well-selected populations are
needed to investigate the correlation between vitamin D levels and outcomes of interest.
Finally, in the case of studies with vitamin D supplementation, a careful evaluation of the
dosages and duration of treatment is necessary. Additionally, any further meta-analyses
should take these aspects into account in the interpretation of the results to minimize the
impact of heterogeneity between studies.

9. Conclusions

Albeit with limitations, vitamin D would seem to be a useful therapeutic target to be
evaluated in patients with ED, given its close correlation with endothelial and testicular
function and with the main comorbidities associated with ED (Figure 1).
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Figure 1. Mechanisms correlating vitamin D deficiency with erectile dysfunction. List of Abbrevi-
ations: LUT4 = Glucose Transporter Type 4; EMPc = endothelial microparticles; eNOS = endothe-
lial nitric oxide synthase; EPC = endothelial progenitor cells; HDL = High-density lipoproteins;
LDL = Low-density lipoproteins; MHC = major histocompatibility complex; MPV = mean platelet
volume; PTH = parathormone; PRL = prolactin; RAAS = renin angiotensin aldosterone system;
ROS = reactive oxygen species; TGL = triglycerides; and Th = T-helper.

To date, only a few studies have evaluated vitamin D administration as a possible
therapeutic strategy to treat patients with ED [164,165]. Indeed, a retrospective study
demonstrated a greater improvement in erectile function in patients with ED treated with
tadalafil and vitamin D (4000 IU/day) compared to those treated with tadalafil alone [164].
Similarly, another study observed that patients with LUTS and ED who were unresponsive
to treatment with 5 mg of tadalafil after 1 month of adding 100,000 IU/week of vitamin D
therapy had a marked improvement in IIEF-5 questionnaire score from the baseline [165].
However, further well-designed randomized clinical trials are needed to better evaluate
the efficacy of vitamin D administration, as well as the dose to use and the duration
of treatment.
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volume is associated with serum 25-hydroxyvitamin D concentrations in patients with stable coronary artery disease. Heart Vessel.
2018, 33, 1275–1281. [CrossRef] [PubMed]

31. Culha, M.G.; Atalay, H.A.; Canat, H.L.; Alkan, I.; Ozbir, S.; Can, O.; Otunctemur, A. The relationship between erectile dysfunction
severity, mean platelet volume and vitamin D levels. Aging Male 2018, 23, 173–178. [CrossRef]

32. Condorelli, R.A.; Calogero, A.E.; Vicari, E.; Duca, Y.; Favilla, V.; Morgia, G.; Cimino, S.; La Vignera, S. Endothelial progenitor cells
and erectile dysfunction: A brief review on diagnostic significance and summary of our experience. Aging Male 2013, 16, 29–32.
[CrossRef]

33. Schröder-Heurich, B.; von Hardenberg, S.; Brodowski, L.; Kipke, B.; Meyer, N.; Borns, K.; von Kaisenberg, C.S.; Brinkmann, H.;
Claus, P.; von Versen-Höynck, F. Vitamin D improves endothelial barrier integrity and counteracts inflammatory effects on
endothelial progenitor cells. FASEB J. 2019, 33, 9142–9153. [CrossRef] [PubMed]

34. Grundmann, M.; Haidar, M.; Placzko, S.; Niendorf, R.; Darashchonak, N.; Hubel, C.A.; Von Versen-Höynck, F. Vitamin D
improves the angiogenic properties of endothelial progenitor cells. Am. J. Physiol. Physiol. 2012, 303, C954–C962. [CrossRef]

35. Jia, X.; Xu, J.; Gu, Y.; Gu, X.; Li, W.; Wang, Y. Vitamin D suppresses oxidative stress-induced microparticle release by human
umbilical vein endothelial cells. Biol. Reprod. 2016, 96, 199–210. [CrossRef]

36. Kim, D.-H.; Meza, C.A.; Clarke, H.; Kim, J.-S.; Hickner, R.C. Vitamin D and Endothelial Function. Nutrients 2020, 12, 575.
[CrossRef]

37. Markiewicz, M.; Richard, E.; Marks, N.; Ludwicka-Bradley, A. Impact of Endothelial Microparticles on Coagulation, Inflammation,
and Angiogenesis in Age-Related Vascular Diseases. J. Aging Res. 2013, 2013, 734509. [CrossRef]

38. Akarsu, M.; Atalay, H.A.; Canat, L.; Ozcan, M.; Arman, Y.; Aydın, S.; Cil, E.; Kutlu, O.; Tükek, T. Endocan is markedly
overexpressed in severe erectile dysfunction. Andrologia 2017, 50, e12912. [CrossRef]

39. Kose, M.; Senkal, N.; Tukek, T.; Cebeci, T.; Atalar, S.C.; Altinkaynak, M.; Arici, H.; Genc, S.; Catma, Y.; Kocaaga, M.; et al.
Severe vitamin D deficiency is associated with endothelial inflammation in healthy individuals even in the absence of subclinical
atherosclerosis. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 7046–7052. [CrossRef]

40. Atis, O.; Keles, M.; Cankaya, E.; Dogan, H.; Aksoy, H.; Akcay, F. Vitamin D Treatment Effect on Serum Endocan and High-
Sensitivity C-Reactive Protein Levels in Renal Transplant Patients. Prog. Transplant. 2016, 26, 335–339. [CrossRef]

41. Gupta, N.; Malik, S.; Giri, S.; Madhu, S.V.; Rathi, V.; Banerjee, B.D. Relationship of levels of Vitamin D with flow-mediated
dilatation of brachial artery in patients of myocardial infarction and healthy control: A case-control study. Indian J. Endocrinol.
Metab. 2016, 20, 684–689. [CrossRef]

42. Qasemi, R.; Ghavamzadeh, S.; Faghfouri, A.H.; Valizadeh, N.; Mohammadi, A.; Sayyadi, H. The effect of vitamin D supple-
mentation on flow-mediated dilatation, oxidized LDL and intracellular adhesion molecule 1 on type 2 diabetic patients with
hypertension: A randomized, placebo-controlled, double-blind trial. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 102200.
[CrossRef]

43. Zhang, J.-H.; Li, W.; Wang, C.-Y.; Zhang, A.-N.; Jia, B.-Z.; Li, Y.-W.; Shi, Z.-D.; Tang, K.-F.; Han, C.-H. Correlation analysis of
carotid artery intima-media thickness, serum 25(OH)D and men with erectile dysfunction. Front. Endocrinol. 2022, 13, 1027430.
[CrossRef]

44. Amer, M.; Narotsky, D.L.; Qayyum, R. 25-Hydroxyvitamin D and Ankle-Brachial Blood Pressure Index in Adults without
Peripheral Artery Disease. Clin. Transl. Sci. 2014, 7, 391–395. [CrossRef] [PubMed]

45. Mohammad, S.; Mishra, A.; Ashraf, M.Z. Emerging Role of Vitamin D and its Associated Molecules in Pathways Related to
Pathogenesis of Thrombosis. Biomolecules 2019, 9, 649. [CrossRef]

46. Prietl, B.; Treiber, G.; Pieber, T.R.; Amrein, K. Vitamin D and Immune Function. Nutrients 2013, 5, 2502–2521. [CrossRef]
47. Akbas, E.M.; Gungor, A.; Ozcicek, A.; Akbas, N.; Askin, S.; Polat, M. Vitamin D and inflammation: Evaluation with neutrophil-to-

lymphocyte ratio and platelet-to-lymphocyte ratio. Arch. Med. Sci. 2016, 4, 721–727. [CrossRef]
48. Zhang, Y.; Feng, X.; Wu, X.; Zhang, W.; Dai, Y.; Jiang, H.; Zhang, X. A systematic review and meta-analysis of the relationship

between erectile dysfunction and the neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios. Andrologia 2021, 54, e14337.
[CrossRef]

49. Ventimiglia, E.; Cazzaniga, W.; Pederzoli, F.; Frego, N.; Chierigo, F.; Capogrosso, P.; Boeri, L.; Dehò, F.; Abbate, C.; Moretti, D.; et al.
The role of neutrophil-to-lymphocyte ratio in men with erectile dysfunction-preliminary findings of a real-life cross-sectional
study. Andrology 2018, 6, 559–563. [CrossRef]

50. Tabatabaeizadeh, S.; Avan, A.; Bahrami, A.; Khodashenas, E.; Esmaeili, H.; Ferns, G.A.; Abdizadeh, M.F.; Ghayour-Mobarhan, M.
High Dose Supplementation of Vitamin D Affects Measures of Systemic Inflammation: Reductions in High Sensitivity C-Reactive
Protein Level and Neutrophil to Lymphocyte Ratio (NLR) Distribution. J. Cell. Biochem. 2017, 118, 4317–4322. [CrossRef]

51. Agbalalah, T.; Hughes, S.F.; Freeborn, E.J.; Mushtaq, S. Impact of vitamin D supplementation on endothelial and inflammatory
markers in adults: A systematic review. J. Steroid Biochem. Mol. Biol. 2017, 173, 292–300. [CrossRef]

https://doi.org/10.3390/jcm9082513
https://www.ncbi.nlm.nih.gov/pubmed/32759752
https://doi.org/10.1007/s00380-018-1182-9
https://www.ncbi.nlm.nih.gov/pubmed/29725754
https://doi.org/10.1080/13685538.2018.1459544
https://doi.org/10.3109/13685538.2013.789159
https://doi.org/10.1096/fj.201802750RR
https://www.ncbi.nlm.nih.gov/pubmed/31084577
https://doi.org/10.1152/ajpcell.00030.2012
https://doi.org/10.1093/biolre/bio142604
https://doi.org/10.3390/nu12020575
https://doi.org/10.1155/2013/734509
https://doi.org/10.1111/and.12912
https://doi.org/10.26355/eurrev_202210_29888
https://doi.org/10.1177/1526924816664086
https://doi.org/10.4103/2230-8210.190558
https://doi.org/10.1016/j.dsx.2021.102200
https://doi.org/10.3389/fendo.2022.1027430
https://doi.org/10.1111/cts.12185
https://www.ncbi.nlm.nih.gov/pubmed/25051887
https://doi.org/10.3390/biom9110649
https://doi.org/10.3390/nu5072502
https://doi.org/10.5114/aoms.2015.50625
https://doi.org/10.1111/and.14337
https://doi.org/10.1111/andr.12489
https://doi.org/10.1002/jcb.26084
https://doi.org/10.1016/j.jsbmb.2017.01.015


Biomolecules 2023, 13, 930 20 of 24

52. Tabrizi, R.; Vakili, S.; Lankarani, K.B.; Akbari, M.; Jamilian, M.; Mahdizadeh, Z.; Mirhosseini, N.; Asemi, Z. The Effects of
Vitamin D Supplementation on Markers Related to Endothelial Function Among Patients with Metabolic Syndrome and Related
Disorders: A Systematic Review and Meta-Analysis of Clinical Trials. Horm. Metab. Res. 2018, 50, 587–596. [CrossRef] [PubMed]

53. Hussin, A.M.; Ashor, A.; Schoenmakers, I.; Hill, T.; Mathers, J.C.; Siervo, M. Effects of vitamin D supplementation on endothelial
function: A systematic review and meta-analysis of randomised clinical trials. Eur. J. Nutr. 2016, 56, 1095–1104. [CrossRef]

54. Pincombe, N.L.; Pearson, M.J.; Smart, N.A.; King, N.; Dieberg, G. Effect of vitamin D supplementation on endothelial function—An
updated systematic review with meta-analysis and meta-regression. Nutr. Metab. Cardiovasc. Dis. 2019, 29, 1261–1272. [CrossRef]
[PubMed]

55. Upala, S.; Sanguankeo, A.; Congrete, S.; Jaruvongvanich, V. Effect of cholecalciferol supplementation on arterial stiffness: A
systematic review and meta-analysis. Scand. Cardiovasc. J. 2016, 50, 230–235. [CrossRef]

56. Beveridge, L.A.; Khan, F.; Struthers, A.D.; Armitage, J.; Barchetta, I.; Bressendorff, I.; Cavallo, M.G.; Clarke, R.; Dalan, R.;
Dreyer, G.; et al. Effect of Vitamin D Supplementation on Markers of Vascular Function: A Systematic Review and Individual
Participant Meta-Analysis. J. Am. Heart Assoc. 2018, 7, e008273. [CrossRef]
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