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Primary open-angle glaucoma is a progressive optic neuropathy which can lead to irreversible blindness if untreated. A number of
studies have been published suggesting a correlation between the level of serum vitamin D3 and glaucoma or intraocular pressure
(IOP). The latter is known to be a major risk factor for glaucoma and is the main target of glaucoma treatment. We give a critical
review of the literature, exploring what is known about this matter. While some studies report an inverse association between
serum vitamin D3 and IOP, others do not confirm this finding. Similar divergent conclusions came from studies regarding the
association between serum vitamin D3 and the presence or severity of glaucoma. The effect of vitamin D3 on IOP decrease has
been attributed to both aqueous humor production and trabecular meshwork outflow pathway increase. Vitamin D3 has been
shown to play a major role in reducing inflammation, modulating the immune response, and decreasing angiogenesis in the eye
and in other organs. It has been suggested that, through its neuroprotective effect, vitamin D3 could be a protective factor for
glaucoma and that vitamin D3 deficiency could explain glaucoma occurrence or severity in some patients. Other neurode-
generative diseases such as Alzheimer’s disease and multiple sclerosis have been similarly related to vitamin D3 deficiency.
1a,25(OH), vitamin D3 (calcitriol) supplementation has been shown to be beneficial for lowering IOP in monkeys. Although the
studies highlighted in this review show interesting results, their limitations underscore the need for both population-based studies
and larger randomized controlled trial with vitamin D3 supplementation. The specific role of vitamin D3 in the pathology of
glaucoma remains to be elucidated, together with the possible therapeutic benefit of vitamin D3 supplementation.

1. Introduction

Glaucoma is an acquired and progressive optic neuropathy,
which can lead to irreversible blindness. Its burden in the
world population is growing as the population ages and no
causative treatment has yet been identified [1]. Some of the
main risk factors of glaucoma are advanced age, positive
family history, higher cup-to-disk ratio, central corneal
thickness, and elevated intraocular pressure (IOP), the latter
being the only one which can be modified [2]. Lowering IOP
has been proven to be effective in reducing glaucoma
progression [3], hence the importance of identifying and
understanding the IOP modifiers. Among numerous factors
which have been reported to influence IOP, one can mention

systemic blood pressure; time of day; supine position; caf-
feine, alcohol, nicotine, or cannabis consumption; steroid
medication; age; genetic background; ethnicity; body mass
index; diabetes [4]; and more recently vitamin D3 levels.
An inverse association between vitamin D3 levels in its
hydroxylated form (25-hydroxyvitamin D3 or calcifediol,
abbreviated 25(OH)D3) and IOP, and hence glaucoma, has
recently been claimed in several studies [5-10]. Indeed,
direct measurement of serum/plasma vitamin D levels is
very difficult for clinical laboratories. 25(OH)D levels are
measured because most vitamin D produced in the body is
converted to 25(OH)D and its determination is feasible.
Higher serum 25(OH)D levels have been described in fair-
skinned Americans compared to Mexican Americans and to
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non-Hispanic dark-skinned Americans, the latter having the
lowest serum levels [11]. It is well known that fair-skinned
people need less UVB exposure to produce the same amount
of vitamin D3 compared with dark-skinned people, a fact
which however remains poorly explained to date. Based on
the prevalence of glaucoma [12] and the observation that the
mean IOP is higher among African Americans compared to
non-African populations [13], one might expect the vitamin
D3-IOP interaction to shed light on this matter. Several
studies have been published in the literature about vitamin
D3 and IOP or glaucoma in humans [5-10], with different
methodology and results.

In this context, we present a critical review of the lit-
erature in order to summarize our current knowledge on the
interaction between IOP or glaucoma and vitamin D3.

1.1. Pharmacokinetics and Pharmacodynamics of Vitamin D.
Vitamin D is a group of fat-soluble prohormones including
vitamin D3 (cholecalciferol) and vitamin D2 (Figure 1).
Vitamin D can either be produced in the skin from 7-
dehydrocholesterol under the influence of UV light, so-
called vitamin D3 (cholecalciferol), or directly absorbed
from the diet as vitamin D3 and vitamin D2 (ergocalciferol)
[14]. Either form 1is then hydroxylated to 25-hydrox-
ycholecalciferol (calcidiol or calcifediol, 25(0OH)D) in the
liver by the cytochrome P450 (CYP) 2R1 mainly and 27A1. It
is then transformed mainly in the kidney by 25-hydrox-
yvitamin D3-la-hydroxylase (CYP27B1) to 1«,25-dihy-
droxyvitamin D (1,25(OH),D or calcitriol), the active form
of vitamin D3. CYP27B1 is expressed to a lesser degree in
extrarenal tissues such as the epidermis, brain, pancreas,
colon, breast, ovary, muscle, and immune cells/macro-
phages, as well as nonparenchymal hepatic cells [15].
Therefore a local production of 1,25(OH),D in these tissues
is possible [16]. The excess of active vitamin D (1,25(OH),D)
is converted into inactive metabolites (1,24,25(0OH);D) by
24-hydroxylase (CYP24A1). The induction of CYP24A1 by
1,25(0OH),D is a feed forward mechanism. The feedback
mechanism is 1,25(OH),D inhibition of its own production
by CYP27B1. CYP24A1 also converts 25(OH)D to another
inactive metabolite, 24,25-dihydroxyvitamin D3, which is an
additional mechanism to prevent excessive circulating levels
of moderate or highly active vitamin D metabolites. Dis-
proportionate administration of the hormonal form of vi-
tamin D (1,25(OH),D) can cause vitamin D deficiency, that
is through stimulating the degradation of 25(OH)D. This is
important because most assays used to measure circulating
25(OH)D to estimate vitamin D status have a 100% cross
reactivity with 24,25-dihydroxyvitamin D2.

Parathyroid hormone (PTH) stimulates CYP27B1 ex-
pression and decreases CYP24Al, to produce more active
calcitriol [17].

1,25(0OH),D is the ligand for the vitamin D receptor
(VDR), a transcription factor with hormone and DNA-
binding domains. 1,25(OH),D binds to the vitamin D
binding protein to reach its target cell, which then binds to
cytoplasmic VDR to form a complex after entering the cell
[18]. This complex then enters the nucleus where it
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heterodimerizes with the retinoid X receptor (RXR) and that
heterodimer binds to DNA and thus regulates DNA tran-
scription of hundreds of vitamin D dependent genes and
largely influences gene expression in humans [19, 20].
1,25(0OH),D activates or represses transcription depending
on the target gene. VDR is encoded by a gene located on
chromosome 12 and over 63 polymorphisms have been
reported. Most VDR polymorphisms only mildly modify the
affinity of 1,25(OH)2D for the VDR, but some are associated
with the inability for 1,25(OH)2D to bind VDR and may
influence bone and mineral homeostasis. Only VDR mu-
tations significantly compromise binding causing severe
defects in bone and mineral homeostasis. The most studied
VDR polymorphisms are rs10735810, rs1544410, rs731236,
and rs7975232 [21].

The active form of vitamin D3 has many physiological
roles such as the regulation of calcium homeostasis and bone
mineralization, but it is now recognized to have anti-
proliferative and immunomodulatory properties [22-24]. It
is reported to affect a wide range of human diseases, in-
cluding notably cancer, cardiovascular, infectious, and au-
toimmune diseases [25].

Ergocalciferol, calcidiol and, calcitriol vary in their PK
parameters in terms of onset of action and half-lives [26] (see
Table 1).

2. Association of Vitamin D and Glaucoma

2.1. Clinical Studies. Table 2 summarizes the findings of the
clinical studies discussed below.

In a study performed in Norway, Krefting at al. [8]
divided healthy Caucasians with high or low serum 25(OH)
D levels, recruited from a population-based study, into two
groups. The IOP in the 87 participants with low serum
25(OH)D levels (mean 40.1 +12.9 nmol/l) did not differ
from the IOP in the 42 participants with high serum
25(OH)D levels (mean 85.1 + 14.0 nmol/l)
(15.9 £ 3.3 mmHg versus 15.6 + 3.1 mmHg, p = 0.56, inde-
pendent ¢-test). The authors then performed a randomized
clinical trial and measured the change in IOP after ad-
ministration to the group with low serum 25(OH)D levels,
twice a week over a period of 6 months, of either high dose
vitamin D (one capsule of vitamin D3 20 000 IU-Dekristol;
Mibe, Brehna, Germany) or placebo. At 6 months, the
levels achieved upon the supplementation provided for 6
months to these individuals with low 25(OH)D at baseline
were significantly higher than those of the placebo group
(142.7 £25.3 nmol/l versus 41.7 + 14.2 nmol/l, p<0.01 for
difference in delta values between groups). Although IOP
slightly decreased after vitamin D administration, no sta-
tistical difference in IOP was reported with or without
25(OH)D administration (p = 0.92, independent t-test).
However, the small size of each treatment arm (n =39) and
the selection bias inherent to the case-control methodology
limit the conclusion one can draw from this study.
Moreover, the most important data missing in the study is
whether the vitamin D supplementation provided effec-
tively corrected vitamin D deficiency and if there were
significant differences in the decreases in IOP among those
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FiGURE 1: Normal vitamin D metabolism. Vitamin D can either be produced in the skin from 7-dehydrocholesterol under the influence of
UV light, so-called vitamin D3 (cholecalciferol), or from ergosterol or directly absorbed from the diet as vitamin D3 and vitamin D2
(ergocalciferol). Either form is then hydroxylated to 25-hydroxycholecalciferol (calcidiol or calcifediol, 25(OH)D) in the liver by the
cytochrome P450 (CYP) 27A1. It is then transformed mainly in the kidney by 25-hydroxyvitamin D3-1a-hydroxylase (CYP27B1) into

la,25-dihydroxyvitamin D (1,25(OH),D or calcitriol).

TaBLE 1: Vitamin D agents and half-lifes.

Agent Half-life
Vitamin D2 (ergocalciferol)

Vitamin D3 (cholecalciferol) 3-4 days
25(0OH)D2 (ercalcidiol) 14 days
25(0OH) D3 (calcifediol/calcidiol) 30 days
1,25(0OH),D (calcitriol) 7-10h

individuals who corrected the deficiency and those who
remained insufficient or deficient.

Yoo et al. [10] reported in 2014 an inverse association
between serum 25(OH)D concentration and primary open-
angle glaucoma (POAG) (n=290) in males only (OR =0.98
with p = 0.04 for 1 ng/mL increase in 25(OH)D). The same
inverse association with IOP was described in all three
categories of participants which they considered. Their re-
sults were obtained in a cross-sectional study of 6,094 South
Korean participants, including 290 open-angle glaucoma,
410 glaucoma suspect, and 5,394 healthy controls. However,
and among other bias factors, the nonconsensual glaucoma
definition used, the limited clinical expertise in glaucoma of
the examiners (nonglaucoma specialists or residents), and
the cross-sectional design of the study limit the conclusions
which can be drawn from this study.

A larger retrospective cross-sectional study of 123,331
South Korean participants [7] found that lower 25(OH)D
levels were significantly associated with an elevated risk of
glaucoma in females only, found no association between IOP
and vitamin D, and suggested that vitamin D may thus have
arole in glaucoma pathogenesis independently of IOP levels.

However, their study population had a large difference in the
numbers of female and male subjects, and the group with
high IOP was significantly smaller than the group with
normal IOP. In addition, the subjects were diagnosed with
glaucoma based only on fundus photographs, without any
gonioscopic description of the angle. This limits the reli-
ability of the assumed patient categorization and thus the
conclusions on the association between vitamin D and the
risk of glaucoma. Since angle closure is known to have an
effect on IOP, it is difficult to hypothesize on the effect of
vitamin D without a detailed gonioscopic description. In
particular, angle-closure glaucoma should be excluded from
vitamin D-glaucoma studies. In addition to the limitations in
glaucoma definition mentioned, the cross-sectional design
of the study and the fact that vitamin D supplementation was
not taken into account preclude the determination of a direct
association between vitamin D and open-angle glaucoma.
There should be clear specification on exclusion or inclusion
of vitamin D supplementation in published studies and data
about whether the vitamin D supplementation provided
effectively corrected vitamin D deficiency and if there were
significant differences in the decreases of the studied out-
come among those individuals who corrected the deficiency
and those who remained insufficient or deficient. If there is a
significant inverse association between glaucoma or IOP and
low vitamin D levels, even if there were supplemented pa-
tients included in the study, this would strengthen the
conclusions of an inverse association between vitamin D
levels and glaucoma or IOP.

A French population case-control study [6] reported an
association between the presence, but not the severity, of
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TaBLE 2: Summary of the reviewed clinical studies and their findings.
Inverse association with
1. IOP . . . .
2. Glaucoma presence No. of patients Type of study Studied population  Tested serum vit D
3. Glaucoma severity
1. N 129 healthy
1 [8] 2. NA 87 low serum vit D Nested case-control and RCT Norway 25(0OH)
3. NA 42 high serum vit D
1.Y POAG 290
2 [10] 2.Y Suspect 410 Cross-sectional South Korea 25(OH)
3. NA Healthy 5394
1.N POAG 150
3 [6] 2.Y Severe 99
3N Moderate 51 Case-control France 25(OH)
1. Controls 164
4 7] 2. Y (in males only) Glaucoma 1627 .
3 NA Healthy 121,704 Cross-sectional South Korea 25(0OH)
1. NA POAG 79*
2.Y Healthy 71
5 9] 3. NA Case-control China 1a,25(0OH)2D3
VDR polymorphisms
BsmI ‘B” and Taql ’t’
1.Y POAG 357
6 [5] 2. N Healthy 178 Case-control African descent 25(0OH)
3.Y

*Unspecified gonioscopic status.

primary open-angle glaucoma and 25(OH)D serum levels.
The 150 glaucoma patients had fifteen percent lower serum
25(OH)D  concentration than the 164 controls
(42.9 + 25.7 nmol/L versus 49.4 + 29.5 nmol/L, p = 0.039), as
well as a greater prevalence of vitamin D insufficiency (90.7%
of the glaucoma patients versus 82.3% of the controls,
p = 0.032). Meanwhile, vitamin D insufficiency was found in
86.3% of all study participants. There was no difference
regarding 25(OH)D serum levels or vitamin D insufficiency
between the 99 patients with severe POAG and the 51 with
moderate POAG. The serum concentration of 25(OH)D did
not correlate with either intraocular pressure or visual field
mean deviation, while POAG patient had treatment for
controlling IOP, which significantly hinders the analysis of
potential IOP lowering effect of 25(OH)D. The regular use of
vitamin D supplementation by patients and controls was
reported by direct inquiry, whatever the dosage, schedule, or
route of administration and regardless of the date of
commencement. Vitamin D supplementation was then
added as a covariable in the statistical analysis. Despite the
fact that the results were statistically adjusted for the
presence of a vitamin D supplementation, the details of this
supplementation are missing, limiting any conclusions
about its efficacy and influence on the studied outcomes. The
case-control design of this study and the small number of
participants limit its robustness as well.

An American case-control study [5] reported an asso-
ciation between 25(OH)D serum level with the severity of
glaucoma in a cohort of 357 POAG patients of African
descent, but not with its presence. The mean (95%

confidence interval [CI]) levels of vitamin D of the subjects
in the control (8.02+6.19pg/ml) and early phenotype
(7.56 +5.74 pg/ml) groups were significantly or marginally
significantly different from the levels observed in subjects
with the advanced phenotype (6.35+4.76 pg/ml; p = 0.0117
and 0.0543, respectively). However, it should be noted that
the serum levels of the 178 normal subjects were not sig-
nificantly different from those of early glaucoma patients
(p = 0.8508). In the latter study [5], the authors found a
small yet significantly different from zero association be-
tween serum levels of 25(OH)D and IOP (correlation co-
efficient: —0.0819, p value: 0.0018). This study confirmed, ina
population of African descent, the hypothesis of the role
played by vitamin D in explaining the higher IOP observed
among African Americans compared to non-African pop-
ulations [13]. However, it relates this possible role to the
severity of an existing glaucoma rather than to the occur-
rence of glaucoma. It should be noted that both studies [5, 6]
used different definitions for glaucoma severity and included
patients with different glaucoma severity. This may explain
the difference found in their results. In the study of Ayyagari
et al. [5], the authors compared 25(OH)D levels in early
(better than —4dB) and advanced primary open-angle
glaucoma (worse than —10dB) patients, while the French
study [6] compared 25(OH)D levels in moderate (better than
—12dB) and advanced glaucoma (worse than —12dB) pa-
tients. Other aspects which might explain the different re-
sults are on the one hand the fact that the populations
studied were very different and on the other hand the
glaucoma classifications used in these studies. At least in an



Journal of Ophthalmology

(unreported) number of cases, glaucoma classification was
based on clinical appreciation only. These aspects weaken
the reliability of the results.

Indeed, selection bias is inherent to case-control studies,
especially when the study groups are relatively small, as in
both cases discussed here, so the conclusions reached by the
authors should be interpreted carefully. However, the sug-
gestion by Ayyagari et al. [5] that, as a result of increased
inflammation and neurodegeneration, the absence of the
neuroprotective effect of vitamin D could explain glaucoma
severity rather than occurrence is certainly interesting. In
this context, it is worth mentioning the work of Uro et al.
[27], which report serum 25(OH)D deficiency associated
with a reduced ganglion cell complex (GCC) thickness in a
cohort of 85 elderly French participants, as measured by
high-definition optical coherence tomography
(721 + 7.4 ym versus 77.5+ 7.5 ym, p = 0.028). Participants
were separated into 2 groups according to serum 25(OH)D
levels. Only 11 participants were in the deficient group
(deficient 25nmol/l or sufficient >25nmol/l); open-angle
glaucoma and age-related macular degeneration patients
were excluded; the mean age was 71.13 y £ 4.71. Of note is
that vitamin D deficiency was not associated with reduced
retinal fiber layer (RNLF) thickness. The authors speculated
that they detected a neuronal loss affecting the GCC, pos-
sibly at an early stage preceding the thinning of the RNFL,
which usually occurs in any optic neuropathy. The same
group had previously published a study of reduced optical
coherence tomography macular thickness in association
with vitamin D deficiency [28]. These observations are in
line with the speculative theory attributing a neurodegen-
erative effect of vitamin D insufficiency [5, 6, 27].

In a case-control study of 73 POAG, and 71 controls in
the Han population of China, Lv et al. [9] reported
1a,25(0OH),D; serum levels in POAG patients (p <0.001)
fifteen percent lower than in healthy controls (26.37 ng/
ml +5.83 versus 30.43 ng/ml+3.91). Of note is that these
levels are within the normal range. Interestingly, they also
found a higher frequency of the vitamin D receptor Bsml
‘B’ (rs1544410) and Taql ’t’ (rs731236) polymorphisms in
the POAG group than in the control group. Participants
who had undertaken vitamin D3 or analogs were excluded
from this study. Based on their findings, the authors
suggested that the presence of these alleles and the vitamin
D deficiency represent risk factors of primary open-angle
glaucoma. However, it should be noted that this suggestion
was made despite the small number of participants in each
group, and the fact that serum 1a,25(OH),D; levels were
within the normal range, and vitamin D deficiency was not
measured. Indeed, circulating 1a,25(OH),D; levels are
normal in vitamin D deficient individuals unless there is a
persistent severe vitamin D deficiency, and the measure-
ments of 1,25D levels in circulation are of poor, if any,
value, since its half-life is of a few hours. Authors do not
report serum 25(OH)D levels which are relevant for vi-
tamin D deficiency. In addition, the VDR polymorphisms
presented in this study may indicate only nonfunctional
associations as they do not affect VDR expression or
actions.

Our knowledge of the effect of vitamin D deficiency on
corneal thickness is limited. Cankaya et al. [29] have ob-
served a lower corneal endothelial cell density and other
endothelial indices in a case-control study of 58 patients with
vitamin D level below 15ng/ml compared to 40 normal
controls. However, central corneal thickness was not sta-
tistically different between the two groups, indicating a
preserved function of the endothelium. One can hypothesize
that the endothelial function and thus the central corneal
thickness could be altered according to the level of vitamin D
deficiency. Of note is that the intraocular level of vitamin D
metabolites is unknown and certainly influences the con-
sequence on the endothelium. This study has major limi-
tations, the main one being its small size, and its results need
to be reproduced and confirmed by other larger studies. If
central corneal thickness is increased as a result of vitamin D
deficiency, this could constitute a major bias that may have
misled the authors, as they have attributed higher IOP to
vitamin D instead of simply increased corneal thickness.
Nevertheless, Kocaturk et al. [30] reported no statistically
significant difference in corneal compensated IOP measured
by ocular response analyzer between three groups with,
respectively, 41 subjects with serum vitamin D < 20 ng/ml, 39
subjects with serum vitamin D> 20 and < 30 ng/ml, and 40
healthy controls with serum vitamin D >30ng/ml. The
method of measurement and the measured vitamin D were
not specified.

2.2. Experimental Studies. An experimental study on seven
monkeys has shown significant reduction of IOP after
1,25(0H),D or its analog 2-methylene-19-nor-(20S)-
la,25-dihydroxyvitamin D3 (2MD) was topically applied
[31] in one eye compared to placebo in the other eye, with
lacrimal duct occlusion. The eftect of 1,25(0OH),D (5mg)
lasted more than 12 hours and was more effective than 2MD
in lowering IOP (20% versus 15%). No control group other
than the contralateral eyes was used in this study. The re-
duction in IOP was not attributed to reduced aqueous
humor formation as measured by fluorometry nor to in-
creased uveoscleral outflow, which was reduced by topical
use of pilocarpine, suggesting an effect of the administered
products on aqueous humor drainage. The authors also
found, based on in vivo and in vitro microarray analysis, that
1,25(OH),D regulates genes that are known to be involved in
the determination of IOP. 1,25(OH),D markedly suppressed
the expression of the angiotensin I converting enzyme
(ACE), the carbonic anhydrase (CAI), and the Ras homolog
gene family, member A (RHOA) and significantly increased
the expression of the chemokine (C-C motif) ligand 20
(CCL20). 1a,25(0H) ,D strongly downregulated the ex-
pression of the cytoskeleton genes (alpha and gamma ac-
tins), the cell adhesion genes (CEACAM and CD44), and the
major extracellular matrix (ECM) genes (RHOA and fi-
bronectin 1. 1,25(0OH),D also increased the expression of
several other ECM genes, viz., the matrix metalloproteinases
3, 11, 13, and 14, while decreasing the expression of their
inhibitor TIMP3. It was found that ECM remodeling in the
trabecular meshwork can decrease outflow resistance and



thus increase aqueous humor outflow. Other genes affected
by 1,25(OH) ,D that could be involved in regulating IOP are
the purinergic receptors P2Y, the G-protein coupled, 2
(P2RY2), and the aquaporin 1 channel (AQP1). Of note is a
clinical case-control study of Caucasian participants with
382 POAG and 363 healthy controls in which there was no
association between common polymorphisms in the AQP1
gene and POAG [32]. This suggests that if vitamin D plays a
causative role in POAG, its effect probably does not involve a
single gene down- or upregulation, but rather follows a more
complex pathway. Undoubtedly, 1,25(OH),D modulates the
expression of genes with multiple benefits on the eye.
Nevertheless, these correlations do not demonstrate that
correction of vitamin D deficiency should help delay the
onset of the defects that 1,25(OH) ,D controls, because
serum 1,25D levels remain normal despite vitamin D de-
ficiency, except in cases of prolonged severe vitamin D
deficiency with 25(OH)D levels below 4 ng/ml. Indeed, it is
impossible to measure the amount of local 1,25D production
within the eye required to mimic the benefits of topical
1,25D. Consequently, it would be very difficult also to know
what would be the levels of circulating 25(OH)D levels that
ensure the required local 1,25D production within the eye.

In an experimental study on human tissue, Lv et al. [33]
reported a protective effect of 1,25(OH),D on human tra-
becular meshwork cells which underwent damage from an
oxidative stress induced by inhibition of the TGFbeta-
SMAD3-VDR pathway. The latter is the primary pathway
regulating extracellular matrix deposition in human tra-
becular meshwork. Again, reshaping the extracellular matrix
of the trabecular meshwork can decrease outflow resistance
and thus increase aqueous humor outflow through the
conventional pathway.

These two experimental studies seem to strongly relate
the effect of vitamin D on IOP to both the conventional
outflow pathway, and thus to the trabecular meshwork, and
the aqueous humor formation, based on the vitamin D
modulation of multiple genes expression. Aqueous humor
drains mainly through the trabecular meshwork; any de-
position within it, increasing outflow resistance, could cause
higher IOP, which in turn is a major risk factor for glaucoma
development and progression.

3. Discussion

Out of the five clinical studies described above which treated
the subject, only two showed an inverse association between
serum level of 25(OH)D and IOP [5, 10], and only one
showed an association between 25(OH)D and both IOP and
glaucoma [10]. The experimental study on monkeys dealt
with topical application of 1,25(0OH),D; it found a 20%
reduction of IOP after treatment, which seems to confirm
the relation between vitamin D and IOP [31]. The study of
human trabecular meshwork suggested a higher aqueous
humor outflow through trabecular meshwork [33].

A total of four clinical studies out of five showed a direct
association between serum levels of 25(OH)D and the
presence of glaucoma [6, 7, 9, 10] (see Table 2). Only two
studies reported on vitamin D and both glaucoma presence
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and severity [5, 6]. Only one of these two reported an as-
sociation between vitamin D and glaucoma severity [5]. The
latter studies suggest that vitamin D has an independent
effect on the occurrence of glaucoma, unrelated to the IOP.
No study could assess vitamin D level as an independent risk
factor for glaucoma incidence or progression. All studies
harbored significant differences in the sample size, study
design, vitamin D measurements (enzyme-linked immu-
nosorbent assay vs. radioimmunoassay), measured forms of
vitamin D (25(OH)D versus 1,25(OH),D), and study
population, which influenced the outcome. Conclusions one
draws should thus be very careful.

However, published studies suggest vitamin D could
have an effect on IOP through gene expression of aqueous
humor production or outflow modulation, or through its
neuroprotective effect. Vitamin D has been linked to in-
flammation modulation through different factors [34-37].
Inflammation factors are known to influence neuro-
degeneration and its severity, and vitamin D has been
suggested to be an influencing factor for inflammation and
degeneration of neuronal tissue [38, 39]. In addition, vita-
min D deficiency was reported in various studies to be
associated with major neurodegenerative diseases, such as
Alzheimer’s disease [40, 41], multiple sclerosis [42], and
clinically isolated syndrome [43]. Supplementation of vi-
tamin D on Alzheimer’s and multiple sclerosis is reported to
be beneficial [40, 42], although larger studies are needed to
confirm this conclusion. Through its role in inflammatory,
immune, and antioxidant properties, vitamin D is thus
expected to play a key role in neuroprotection. Indeed,
vitamin D is believed to exert a protective role against several
ocular diseases or conditions by modulating the immune
system and inhibiting inflammation and angiogenesis [44].
Similar to its effect on other neurodegenerative diseases,
vitamin D deficiency could thus be a significant factor in
glaucoma pathogenesis, including its development, pro-
gression, and severity. The fact that GCC thinning has been
reported in vitamin D deficient patients [27] supports this
hypothesis. It is noteworthy that, in Alzheimer’s disease,
retinal ganglion cell loss and RNFL thinning have been
described with OCT [45, 46]. A cumulative contribution of
multiple factors is not excluded, as is the possibility of
different effect in different ethnicities according to the ge-
netic background. This could explain the different findings
on the effect of vitamin D levels on either IOP or glaucoma
occurrence.

Only one published study, a case-control study [9], deals
with serum 1,25(OH),D levels as measured in humans. In
fact, little is known about the presence of the converting
enzyme from 25(OH)D to 1,25(OH)D in the human eye. In
rabbit, mouse, and human corneal cell lines, Yin et al. [47]
showed that both 25(OH)Dj3 and 1,25(OH),D were present
in the eye, as well as vitamin D receptor and 1-alpha-hy-
droxylase, the enzyme required to convert 25(OH)D to
1,25(0OH), D. Based on a human corneal cell line, Lin et al.
[48] showed that human corneal epithelial cells were capable
of synthesizing vitamin D3 metabolites (25(OH)D; and
24,25(0OH)D;) following UV-B exposure, in the presence of
7-dehydrocholesterol.
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Indeed, the intraocular conversion of circulating 25(OH)
D to 1,25(0OH),D could have important local benefits with
minimal risk of hypercalcemia if there is sufficient pro-
duction to mimic the effects of topical 1,25(OH),D appli-
cation. The systemic conversion of supplemented vitamin D
to 25(OH)D provides the eye with the amount of substrate
required for its local conversion to 1,25D for VDR trans-
activation of the vitamin D responsive genes that are critical
for normal eye function. If correction of systemic vitamin D
deficiency is not adequate, the local levels of 25(OH)D may
not be sufficient for the eye to generate the local 1,25D
needed. This would explain the observed lack of effect of
25(OH)D systemic administration on IOP [8] and inversely
the effect observed on monkey by applying topical
1,25(0OH),D [31]. Meanwhile, in rabbits fed with a vitamin
D-supplemented diet, 25(OH)-vitamin D3 and 1,25(OH),-
vitamin D3 increased in aqueous humor [48].

This question calls for future prospective observational
studies including 25(OH)D dosage in both normal pop-
ulations and glaucoma patients. Since 1,25(OH),D has al-
ready been described as attenuating stress-induced damage
in human trabecular meshwork cells [33], experimental
therapy in glaucoma animal models with systematic, topical,
and/or intraocular supplementation of 1,25(OH),D would
be of interest in order to characterize the effect of
1,25(0OH),D on IOP and eventual glaucoma progression. It
could also pave the way to potential new therapeutic vitamin
D related pathways. Larger prospective population-based
studies of different ethnicities are needed in order to confirm
and further determine the strength of the presumed asso-
ciation in normal and glaucoma patients.

In summary, despite contradicting clinical reports, it
seems that vitamin D metabolites may play a role in glau-
coma, through either a lowering effect of IOP or a neuro-
protection pathway. However, all the clinical studies
discussed in this review had a rather limited number of
participants and significant bias determined by the chosen
study design, precluding the conclusions regarding the in-
volvement of vitamin D in primary angle glaucoma or in
IOP. Experimental studies confirm an association between
vitamin D and IOP and open the way to pathophysiological
explanations of its occurrence. However, the exact molecular
mechanism underlying this potential association is still
unknown. In this context, population-based studies are
needed to give us information on IOP and glaucoma and
their eventual association with vitamin D metabolites.
Targeting vitamin D could represent a new therapeutic
pathway for glaucoma which, given the burden of glaucoma
disease, deserves to be thoroughly investigated.
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