
Cornea & External Disease

Vitamin D Supplementation Impacts Systemic Biomarkers
of Collagen Degradation and Copper Metabolism in
Patients With Keratoconus
Romina Mayra Lasagni Vitar1, Philippe Fonteyne1, Karl Anders Knutsson1,
Federico Bertuzzi1, Laura Galli2, Paolo Rama1, and Giulio Ferrari1

1 Cornea and Ocular Surface Disease Unit, Eye Repair Lab, IRCCS San Raffaele Scientific Institute, Milan, Italy
2 Infectious Diseases, IRCCS San Raffaele Scientific Institute, Milan, Italy

Correspondence: Giulio Ferrari,
Cornea and Ocular Surface Unit, Eye
Repair Lab, IRCCS San Raffaele
Scientific Institute, Via Olgettina 60,
Milan 20132, Italy. e-mail:
ferrari.giulio@hsr.it

Received: September 14, 2022
Accepted: November 25, 2022
Published: December 29, 2022

Keywords: keratoconus; vitamin D;
copper; collagen degradation;
systemic disease

Citation: Lasagni Vitar RM, Fonteyne
P, Knutsson KA, Bertuzzi F, Galli L,
Rama P, Ferrari G. Vitamin D
supplementation impacts systemic
biomarkers of collagen degradation
and copper metabolism in patients
with keratoconus. Transl Vis Sci
Technol. 2022;11(12):16,
https://doi.org/10.1167/tvst.11.12.16

Purpose: To evaluate the impact of vitamin D (Vit D) supplementation on systemic
biomarkers of collagen degradation, inflammation, oxidative stress, and copper
metabolism in adolescent patients with keratoconus (KC).

Methods: This was a prospective observational pilot study. Twenty patients (age range,
16–19 years) presenting KC and Vit D insufficiency (<30 ng/mL) were included. Vit D
supplementation was prescribed by their general practitioner as per the standard of
care. Patients were followed up for 12 months. At each visit, best spectacle-corrected
visual acuity (BSCVA),maximal keratometry (Kmax), and thinnest corneal thickness (TCT)
were evaluated. The primary outcome of the study was the proportion of patients
with Kmax progression of less than 1 D throughout the 12-month follow-up time.
Blood samples were collected at different time points to evaluate Vit D levels and
systemic markers of collagen degradation, inflammation, oxidative stress, and copper
metabolism by ELISA or RT-PCR.

Results: Lower Vit D levels in the plasma were correlated with higher levels of systemic
biomarkers of collagen degradation. Vit D supplementation increased the cell availabil-
ity of copper. Moreover, stabilization of KC progression was found in 60% of patients
(72% of eyes) after 12 months with Vit D supplementation. BSCVA, Kmax, and TCT rates
remained stable during the observation period.

Conclusions: Our findings support that Vit D administration could affect ocular and
systemic biomarkers in KC and illuminate a possible mechanism that can be used to
develop new treatment alternatives.

Translational Relevance: Although KC therapy currently relies exclusively on surgical
procedures, Vit D supplementationmayoffer a non-invasive and inexpensive alternative
with minimal associated side effects.

Introduction

Keratoconus (KC) is a progressive corneal degen-
eration that typically initiates and progresses in early
infancy and adolescence.1–3 In a recent meta-analysis,
Hashemi et al.4 calculated a global prevalence of
138/100,000, but reported that rates worldwide widely
vary fromvalues as low as 0.3/100,000 inRussia to 4.0%
in a large population-based study in Iran and 5.3% in
students of Arab ethnicity in Israel.

Despite extensive efforts, the etiology of KC and
the factors that regulate its progression remain largely
unknown.5,6 A role of specific gene mutations has
been hypothesized,7 as up to 20% of first-degree KC
patients’ relatives are affected.8,9 Interestingly, innate
immune Toll-like receptors have been identified as early
ocular changes in first-degree relatives without any
abnormal corneal parameters.10,11 However, no specific
gene mutation has been consistently detected in most
KC patients; therefore, it is thought that, although
genetic predisposition may play a role, an environ-
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mental factor is also necessary for disease manifesta-
tion.8,12 For example, eye rubbing and severe atopy can
favor disease progression.8,13 In addition, hormonal
imbalance has been associated with KC. Speci-
fically, thyroid dysfunction14–16 and significant sexual
hormone changes (e.g., puberty, pregnancy)17,18 can
trigger KC development and/or favor its progression.

Regardless of the cause, there is unanimous consen-
sus that reactive oxygen species are largely increased
and that collagen is progressively degraded over
time in the KC cornea.19 In addition, it is reason-
able to hypothesize that nutritional and/or metabolic
alterations could also have a role, as vitamins and
metal ions significantly affect extracellular matrix and
specifically collagen remodeling.20 Multiple lines of
evidence support this hypothesis. First, KC preva-
lence is positively associated with vitamin D (Vit D)
deficiency.21 Second, inefficient Vit D transport and
metabolism have been demonstrated in the tear fluid
of KC patients,22 suggesting a key role for this vitamin
in KC pathogenesis. Additionally, copper (Cu) deposi-
tion in the cornea (i.e., Fleischer ring)23–25 and lower
serum levels of Cu compared to age-matched healthy
controls21,26 are frequently reported in KC patients,
suggesting that a Cu imbalance may be involved in KC
development.27

Although KC patients consistently show an
increased incidence of certain systemic diseases and
alteration of specific inflammatory mediators in the
blood,28,29 no medication is available to arrest or
slow down the progression of KC. Therefore, KC
treatment relies exclusively on surgical procedures
(corneal crosslinking, INTAC insertion, and corneal
transplantation).30–33

In this paper, we aimed to evaluate the impact of Vit
D supplementation on systemic biomarkers of colla-
gen degradation, inflammation, oxidative stress, and
Cu metabolism in a cohort of adolescent patients with
KC and Vit D deficiency who were followed up for
12 months.

Materials and Methods

Study Design

Patient Enrollment
This prospective pilot study was conducted at the

Cornea and Ocular Surface Unit of the San Raffaele
Scientific Institute, Milan, Italy. The study was carried
out in accordance with the tenets of the Declara-
tion of Helsinki, and it was approved by the Insti-
tutional Review Board/Ethics Committee (Comitato
Etico Istituto Scientifico Ospedale San Raffaele; proto-
col name, Kera-D; date of approval, November 10,
2021).Written informed consent was obtained from the
patients at enrollment. A schematic representation of
the study design is shown in Figure 1.

We recruited 20 patients (age range, 8–19 years)
presenting KC and Vit D insufficiency (serum levels
< 30 ng/mL).34 Exclusion criteria included bilateral
prior surgical procedures of the cornea (including
crosslinking); diagnosis of end-stage KC, defined as
corneal thickness less than 300 μm and/or extensive
apical leucoma and/or corneal hydrops; or diagnosis of
active keratitis/conjunctivitis. The diagnosis of KCwas
confirmed by corneal tomography/topography (MS-39
AS-OCT; CSO, Firenze, Italy). At the screening visit,
medical history was collected, including the presence
of allergies and rubbing habits. All patients were
instructed not to rub regardless of having the habit
or not. A full ophthalmology exam was performed,
including measuring (1) best spectacle-corrected visual
acuity (BSCVA), (2) maximal keratometry (Kmax),
and (3) epithelial and stromal minimal thickness and
thinnest corneal thickness (TCT) by corneal tomog-
raphy and topography. Patients were treated as per
standard of care in case of Vit D insufficiency with
cholecalciferol supplementation (50,000 IU once a
week for the first 3 months). Maintenance treatment
was then continued with 50,000 IU once a month up
to month 6.

Figure1. Schematic representationof the studydesign. Twentypatients diagnosedwith KC andpresentingVit D insufficiency (<30ng/mL)
were enrolled. They were followed up for 12 months. Full ophthalmology visits were scheduled at months 0, 2, 4, 6, 9, and 12. In addition,
peripheral blood samples were collected to further analyze Vit D levels (at 0, 4, 6, and 12months) and other biomarkers (at 0 and 6months).
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Follow-Up
After the screening visit (M0), patients were

followed up for 12 months. Follow-up visits were
scheduled at 2, 4, 6, 9, and 12 months from
M0. A full ophthalmological exam was performed
at each visit, which included measures of BSCVA
and corneal tomography and topography. Kmax,
TCT, and epithelial and stromal minimal thick-
ness were evaluated. At each visit, patients were
reminded not to rub. The examination was always
performed at the same time of the day (14–15 hours).
When crosslinking (CXL) was performed during the
study, that eye was not further considered for the
analysis.

Primary Outcome
The primary outcome measure was defined as the

proportion of patients with Kmax progression of less
than 1 diopter (D) throughout the 12-month follow-up
time.

Secondary Outcomes
Secondary outcome measures were change of

BSCVA, Kmax, and TCT, as well as Vit D and calcium
serum levels, during the 12-month follow-up time.

Clinical Parameters

BSCVA was recorded in Snellen equivalents and
converted to the logMAR scale. “Counting finger”
and “hand motion” BSCVA measurements were
converted to 2.0 and 3.0 logMAR values, respec-
tively.35,36 The BSCVA rate (logMAR/month) was
calculated as (logMAR Mn – logMAR M0)/n, where
n is the number of follow-up months and M0 is
the screening visit. Therefore, an increased logMAR
rate indicates decreased BSCVA. Kmax (D) was also
obtained using the MS-39 AS-OCT corneal tomogra-
pher/topographer. Kmax rate was defined as (Kmax
Mn – Kmax M0)/n, where n is the number of follow-
up months. An increase in Kmax value will lead to an
increase inKmax rate. TCTwas also obtained using the
MS-39 AS-OCT corneal tomographer/topographer.
The TCT rate was calculated as (TCT M0 – TCT
Mn)/n, where n is the number of follow-up months.
Therefore, an increased TCT rate indicates a reduction
in TCT. In addition, epithelial and stromal thickness
were measured.

Finally, blood samples were collected at M4, M6,
and M12 to monitor serum 25-OH Vit D and calcium
levels through standardized methods: electrochemilu-
minescence immunoassay37 and the o-cresolphthalein
complexone method,38 respectively, using a Cobas C
800 autoanalyzer (Roche, Basel, Switzerland). At M0
andM6, peripheral blood mononuclear cells (PBMCs)
and plasma samples were isolated using a density

gradient medium (Lymphoprep; Stemcell Technolo-
gies, Vancouver, Canada). PBMCs and plasma samples
were immediately stored at –80°C until analysis.

Systemic Biomarker Assessment

Enzyme-Linked Immunosorbent Assay
Plasma samples collected at M0 and M6 were

centrifuged at 1000g for 15 minutes at 4°C. Super-
natants were separated, diluted following the manufac-
turer’s instructions, and immediately assessed.
Highly sensitive enzyme-linked immunosorbent assay
(ELISA) kits were employed following the manufac-
turer’s instructions for the determination of matrix
metalloproteinase-1 (MMP-1) (EH0232; FineTest,
Wuhan, China), MMP-9 (EH0238; FineTest), type
I collagen degradation product (ICTP) (EH1093;
FineTest), tissue metalloproteinase inhibitor-1
(TIMP-1) (EH0294; FineTest), interleukin-1β (IL-
1β) (EH0185; FineTest), ceruloplasmin (EH0662;
FineTest), and vitamin D binding protein (VDBP)
(ab108853, Abcam, Cambridge, UK).

Real-Time Polymerase Chain Reaction
PBMCs samples collected at M0 and M6 were

used. Total RNA extraction, DNAse treatment,
retrotranscription, and real-time polymerase chain
reaction (RT-PCR) were performed as described
elsewhere.39 The following transcripts were evaluated
by the TaqMan Gene Expression Assays (Applied
Biosystems, Foster City, CA): copper transporter
1 (CTR1, Hs00977266_g1), copper chaperone for
superoxide dismutase (CCS, Hs00192851_m1), lysyl
oxidase (LOX, Hs00942480_m1), superoxide dismu-
tase 1 (SOD1, Hs00533490_m1), cubilin (CUBN,
Hs00153607_m1), megalin (LRP2, Hs00189742_m1),
amnionless (AMN, Hs00229558_m1), vitamin D
receptor (VDR, Hs01045843_m1), cytochrome P450
2R1 (CYP2R1, Hs01379776_m1), cytochrome P450
27A1 (CYP27A1, Hs01017992_g1), and cytochrome
P450 24A1 (CYP24A1, Hs00167999_m1), as well as
glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
Mm99999915_g1) as a housekeeping gene. Results
are shown as a relative expression (��CT method).
The fold change in the expression of the different
mRNA was then calculated for each patient as ��CT
M6/��CT M0.

Statistics

Sample Size
Published data suggest that KC progression of at

least 1 D at the apex occurs in more than 80% of
cases.40 We considered a reduction of KC progression
to 50% after 12 months to be clinically significant in
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the Vit D–supplemented group as opposed to 80% in
the untreated population. Hence, considering an alpha
error of 0.05 and beta error of 0.2, with 0.8 power, 16
patients were necessary. Considering a potential loss at
follow up of 20%, we enrolled 20 patients.

Analysis
For the primary endpoint, we considered each

patient separately. For all the other analyses, we consid-
ered each eye from the same patient separately. Data
were expressed as mean ± standard deviation (SD).
The statistical significance of the differences between
two groups for continuous variables was assessed
using the Mann–Whitney unpaired test or Wilcoxon
matched-pairs signed-rank test. Significant changes
within groups were tested by Friedman’s test, followed
by Dunn’s post hoc test. For categorical variables,
Fisher’s exact test was employed. The one-sample t-
test was used to compare the fold change between M0
and M6 for the systemic biomarkers in the presence of
a normal distribution according to the Kolmogorov–

Smirnov test; otherwise, the one-sample Wilcoxon
signed-rank test was employed. Spearman’s correla-
tion coefficient was used to evaluate the linear relation-
ship between continuous systemic parameters. A two-
sided P ≤ 0.05 was considered statistically significant.
Bonferroni correction was applied when appropriate
within each variable. Prism 5.0 (GraphPad Software,
SanDiego, CA)was used for the statistical calculations.

Results

Clinical Outcomes

We recruited 20 patients (mean age, 16.8 ± 1.9
years; range, 12–19 years) diagnosed withKC in at least
one eye who also presented Vit D insufficiency (<30
ng/mL). Eight eyes were excluded from further analy-
sis, as the patients had undergone corneal crosslink-
ing (Fig. 2). Three eyes were diagnosed as forme
fruste KC. Most of the patients were males (85%).

Figure 2. Study flow chart. Twenty patients (40 eyes) were enrolled. From these, 32 eyeswere used for the analysis because CXL has already
been performed in eight eyes. Patients were followed up for 12 months. Two eyes (from two different patients) underwent CXL during the
study and were excluded from the final analysis.
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Table 1. Patient Demographics

KC–Vit D Patients

Parameter M0 M12 P

Patients, n 20 19 —
Gender, n
Male 17 16 —
Female 3 3 —

Age (y), mean (range) 16.8 (12–19) 17.9 (13–22) —
Kmax (D), mean ± SD 52.9 ± 7.4 53.1 ± 7.5 0.02a
TCT (μM), mean ± SD 484 ± 35 484 ± 39 0.81a

Uncorrected visual acuity (logMAR), mean± SD 0.23 ± 0.22 0.18 ± 0.18 0.06a

BSCVA (logMAR), mean ± SD 0.13 ± 0.19 0.09 ± 0.20 0.03a

Allergies, n (%) 7 (35) 7 (37) 1.00b

Statistically significant values (P ≤ 0.05) are shown in bold.
aWilcoxon signed-rank test.
bFisher’s exact test.

In addition, 35% of patients reported allergies. The
patients’ demographics are summarized in Table 1.

As shown in Figure 3A, 12 patients (60%) and 23
eyes (72%) remained stable (Kmax change < 1 D)
by the end of the study (M12). Serum Vit D levels
reached at least 30 ng/mL (reference value for suffi-
ciency)34 during the supplementation phase (M0–M6)
and remained above or equal to 30 ng/mL during the
following 6 months (Fig. 3B). Calcium levels remained
within the normal range (2.10–2.60 mmol/L) through-
out the study (M4, 2.460 ± 0.0752 mmol/L; M6, 2.466
± 0.0809 mmol/L; M12, 2.450 ± 0.0592 mmol/L).

BSCVA, Kmax, and TCT rates did not vary signif-
icantly throughout the study (Fig. 3C, Supplementary
Table S1). Moreover, epithelial and stromal thickness
remained stable (Table 2). The average Kmax slightly
increased after 12 months (M0 = 52.9 ± 7.4 D vs.
M12 = 53.1 ± 7.5 D; P = 0.02); the average change
was 0.2 D/y. Interestingly, average BSCVA (logMAR)
slightly improved after Vit D supplementation (M0
= 0.13 ± 0.19 vs. M12 = 0.09 ± 0.20 logMAR;
P = 0.03) (Supplementary Table S1). Representative
corneal topography images before and after supple-
mentation with Vit D are shown in Figure 3D.

Mechanism

Our data show that supplementation of Vit D
significantly upregulated its metabolism. This involved
increased Vit D transport by means of VDBP (P
= 0.04), increased Vit D activation by means of
CYP27A1 levels (P = 0.02), and augmented Vit D
effects by means of VDR (P = 0.03) (Table 3). Impor-

tantly, we found that Vit D supplementation inhib-
ited systemic collagen degradation (Fig. 4A). Specif-
ically, we observed that ICTP, a collagen degrada-
tion product, and the metalloproteinase MMP-9, a
key collagenolytic enzyme, were significantly reduced
in plasma after Vit D supplementation (P = 0.01
and P < 0.001, respectively). This was accompanied
by a trend toward increasing levels of TIMP-1 (P =
0.0591), the main MMP-9 inhibitor. To quantify the
systemic collagen degradation status, we calculated the
MMP-9/TIMP-1 ratio and found that it was signifi-
cantly lower after Vit D supplementation (P = 0.003)
(Fig. 4B). This suggests that collagen degradation is
inhibited in Vit D–supplemented patients. Indeed, the
levels of MMP-9/TIMP-1 inversely correlated with
Vit D levels (Spearman’s r = −0.4962; P = 0.002)
(Fig. 4C) and VDR (Spearman’s r = −0.3457; P =
0.04) (Fig. 4D).

In addition, Cu metabolism was investigated, as
it is a cofactor of key enzymes involved in collagen
crosslinking (e.g., LOX) and with antioxidant activity
(e.g., SOD). Figure 5A shows that CTR1 (P = 0.008)
and intracellular CCS (P = 0.04) were systemically
upregulated after Vit D supplementation. Moreover,
VDR expression was directly correlated with CTR1
(Spearman’s r = 0.5819; P < 0.001) (Fig. 5B) and LOX
levels (Spearman’s r = 0.5684; P < 0.001) (Fig. 5C).
Interestingly, higher levels of CTR1 were also associ-
ated with increased expression of LOX (Spearman’s r
= 0.4035; P = 0.01) (Fig. 5D); meanwhile, CCS levels
positively correlated with SOD1 expression (Spear-
man’s r = 0.6551; P < 0.001) (Fig. 5E).

Finally, we investigated Vit D and Cu metabolism
in the subgroup of patients who received
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Figure 3. Vit D supplementation stabilizes KC progression. (A) Primary endpoint. Twelve patients and 23 eyes remained stable (Kmax
change < 1 D) by the end of the study (month 12). (B) Vit D levels were measured at months 0, 4, 6, and 12. Vit D supplementation started
following the standard of care after the screening visit (M0). (C) Patients (n = 20) were followed up for 12 months by clinical evaluation of
BSCVA, Kmax, and TCT. Results are expressed in terms of rate (howmuch the parameter changed in the corresponding time). (D) Represen-
tative corneal tomography/topography at M0, M6, and M12 of a KC–Vit D patient. Graphs represent the mean ± SD. Statistical analysis was
performed using Mann–Whitney or Friedman tests, followed by Dunn’s post hoc, non-parametric tests. Bonferroni correction was applied
when appropriate. *P < 0.05, ***P < 0.001.
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Table 2. Comparison of Epithelial and Stromal Thickness Between KC Patients at M0 and M12

KC-Vit D

Variables M0 (N = 20) M12 (N = 19) P

Epithelium
3 mm (μm) 49 ± 7 (47, 52) 50 ± 7 (47, 52) 0.20
6 mm (μm)
Superior 52 ± 5 (51, 54) 55 ± 5 (52, 57) 0.07
Inferior 54 ± 5 (52, 56) 54 ± 6 (53, 56) 0.60
Nasal 55 ± 6 (53, 58) 57 ± 7 (54, 59) 0.06
Temporal 52 ± 4 (51, 54) 53 ± 4 (52, 55) 0.10

8 mm (μm)
Superior 49 ± 5 (48, 51) 48 ± 4 (46, 50) 0.02*
Inferior 51± 5 (49, 53) 51± 5 (49, 52) 0.16
Nasal 57 ± 5 (55, 59) 54 ± 5 (52, 56) <0.001*
Temporal 54 ± 5 (53, 56) 53 ± 5 (51, 55) 0.12

Stroma
3 mm (μm) 453 ± 29 (442, 463) 451 ± 31 (439, 463) 0.01*
6 mm (μm)
Superior 523 ± 30 (512, 534) 526 ± 25 (516, 535) 0.13
Inferior 499 ± 21 (491, 507) 501 ± 26 (492, 511) 0.23
Nasal 508 ± 25 (499, 518) 509 ± 25 (500, 519) 0.58
Temporal 494 ± 28 (484, 505) 479 ± 26 (470, 489) <0.001*

8 mm (μm)
Superior 606 ± 43 (589, 623) 606 ± 34 (590, 621) 0.68
Inferior 573 ± 31 (561, 584) 575 ± 32 (563, 587) 0.82
Nasal 572 ± 30 (561, 583) 579 ± 62 (556, 602) 0.21
Temporal 530 ± 27 (520, 540) 532 ± 25 (522, 541) 0.18

Statistical analysis by Wilcoxon signed-rank test. Statistically significant values (P ≤ 0.05) are shown in bold.

Table 3. Systemic Changes in Proteins Involved in Vit D
Metabolism and Signaling Pathways After Vit D Supple-
mentation

M6/M0 (Fold Change)

Mean SD N P

Vit D transport by VDBP 1.299 0.639 20 0.04
Vit D uptake
Cubilin 1.458 1.805 19 0.28
Amnionless 1.347 0.903 20 0.10

Vit D metabolism
CYP27A1 1.351 0.605 20 0.02
CYP2R1 1.241 0.818 20 0.20
CYP24A1 1.353 1.124 20 0.18

VDR 1.153 0.280 20 0.03
Statistical analysis by one-sample t-test or one-sample

Wilcoxon signed-rank test.

supplementation but worsened (Fig. 6A). Patients who
were stable and those who worsened had similar Vit D
serum levels throughout the study (Fig. 6B). However,

patients who worsened showed a lower expression of
cubilin at M0 (P = 0.006), which remained unchanged
after supplementation (Fig. 6C). In contrast, cubilin
expression was reduced (P = 0.004) in stable patients
at M6. Other proteins involved in Vit D metabolism
showed no significant differences between both groups.
Megalin expression was absent in all of the tested
samples. Ceruloplasmin concentration decreased from
M0 to M6 in patients who worsened (P = 0.05)
(Fig. 6D) and in comparison with stable patients
(P = 0.03), but these results were not significant after
Bonferroni correction. Altogether, these results suggest
that intracellular availability of Vit D is essential to
inhibit KC progression.

Discussion

KC is the most common ectatic degeneration of
the cornea12; it impairs visual acuity as it causes
progressive irregular corneal astigmatism.5 Our data
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Figure 4. Vit D supplementation slows down KC progression by inhibiting collagen degradation systemically. (A) Plasma collagen degra-
dation markers measured by ELISA: ICTP, MMP-9, (MMP-1, TIMP-1, and IL-1β . Results are expressed as fold change between month 0 and
month 6 (M6/M0). (B) To establish the degradation status, we calculated the ratio between MMP-9 and TIMP-1 at months 0 and 6. (C, D)
The MMP-9/TIMP-1 ratio inversely correlated with Vit D levels (C) and VDR expression (D) measured by RT-PCR. M0, n= 20 patients; M6, n=
20 patients. Graphs represent the mean ± SD. Statistical analysis was performed using the one-sample t-test, Wilcoxon signed-rank test, or
Spearman’s correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.

support that KC might be the ocular manifestation of
a systemic disease in which Vit D insufficiency plays
a key role. We have shown that KC remains stable
over 12 months in patients supplemented with Vit
D. KC has been traditionally considered an isolated
ocular disease, whereas recent evidence suggests that
KC is, in fact, a manifestation of a systemic disor-
der. Indeed, it is known that 21% to 70% of KC
patients present a concomitant systemic disease, such
as atopy,41,42 sleep apnea,43 mitral valve prolapse,44,45
hypothyroidism,46 or Down syndrome.47,48 Interest-
ingly, many of these diseases are associated with
Vit D insufficiency.49–53 Moreover, KC typically
progresses during the adolescence growth phase and
has been reported to progress in pregnancy,8,54–56 two
conditions where Vit D deficiency is highly preva-
lent.57–59 Finally, a systemic etiology could also
explain why KC has been reported to recur after

corneal transplantation, although this is still matter of
discussion.60–62

Quantification of KC progression can be challeng-
ing, and no unanimous consensus has been reached on
which parameters should be measured.63 In our study,
we considered as the primary outcome the proportion
of patients with a Kmax progression of less than 1
D during the 12-month follow-up time.64–66 We found
that 60%of VitD–supplemented patients (72%of eyes)
reached the primary endpoint. Interestingly, not only
Kmax but also corneal thickness and BSCVA were
stable at month 12. Of note, the effect on BSCVA was
unexpected and is clinically relevant because it directly
impacts patients’ quality of life.

We believe that our findings show promise, as the
Kmax progression rate is reported to be higher than
88% in pediatric patients.2,40,67,68 In our study, only
28% of KC eyes worsened after 12 months, which
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Figure 5. Vit D supplementation delays KC progression by enhancing Cu availability. (A) Systemic biomarkers related to Cumetabolism by
ELISA or RT-PCR: ceruloplasmin, CTR1, CCS, LOX, and SOD1. Results are expressed as fold change between month 0 and month 6 (M6/M0).
Spearman’s correlation analysis found a positive correlation between (B) CTR1 and VDR expression, (C) LOX and VDR expression, (D) LOX and
CTR1 expression, and (E) SOD1 and CCS levels. M0, n= 20 patients; M6, n= 20 patients. Graphs represent themean± SD. Statistical analysis
was performed using the one-sample t-test or Spearman’s correlation coefficient. *P < 0.05, **P < 0.01.

means that Vit D supplementation promoted a 65%
improvement. Even though the average Kmax slightly
increased after 12 months, the average change (0.2 D/y)
was significantly lower than the one predicted for an
adolescent patient.40

To explain the clinical stability of KC observed
in supplemented patients, we identified a possi-
ble novel mechanism by which Vit D can arrest
KC progression (Fig. 7). Specifically, Vit D supple-

mentation upregulates the expression of both its
own activating enzyme CYP27A1 and VDR, which
mediates Vit D biological activities. Increased avail-
ability and function of Vit D result in reduced MMP-
9 levels and augmented TIMP-1 expression systemi-
cally. Consequently, collagen catabolism is inhibited, as
shown by the decreasedMMP-9/TIMP-1 ratio69,70 and
reduced serum concentration of collagen degradation
products. Our data also suggest that inflammation
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Figure 6. Evaluation of Vit D and Cumetabolism in patients who worsened even after Vit D supplementation. (A) Progression was defined
as a topographic change of Kmax of more than 1 D. (B) Vit D levels in plasma were comparable between the stable and the patients who
worsened. (C) Proteins related to Vit D metabolism were evaluated in the two groups of patients by ELISA or RT-PCR: VDBP, cubilin, amnion-
less, CYP2R1, CYP27A1, CYP24A1, and VDR. (D) Proteins related to Cu metabolism evaluated by ELISA or RT-PCR included ceruloplasmin,
CTR1, and CCS. For stable patients at M0, n = 12, and at M6, n = 12. For worsened patients at M0, n = 8, and at M6, n = 8. Graphs represent
the mean ± SD. Statistical analysis was performed using the Wilcoxon signed-rank test for paired samples or the Mann–Whitney test for
unpaired samples. Bonferroni correction was applied when appropriate. **P < 0.01, ***P < 0.001.
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Figure 7. Vit D arrests KC progression. The increased availability of active Vit D results in the downregulation ofMMP-9 levels while increas-
ing TIMP-1 systemically. This, in turn, inhibits collagen degradation, supported by the lower levels of collagen degradation products (ICTP)
observed. Additionally, Vit D halts KC progression by improving Cu availability, which would result in increased endogenous collagen CXL
by LOX and antioxidant capacity by SOD.

can have a role in the process because MMPs are
upregulated by many inflammatory cytokines, which
are increased in the blood and the tear fluid in KC
patients.71,72

Finally, we found that Cu metabolism is altered in
KC patients. Indeed, previous evidence shows that Cu
levels are reduced in these subjects.21,26 Cu is an essen-
tial cofactor for the enzyme controlling endogenous
CXL (LOX)73 and the free radical scavenger SOD.74–77
The activity of these enzymes is profoundly reduced
in KC patients,78,79 although the reason is unclear. We
report, for the first time, to the best of our knowl-
edge, that the serum levels of the Cu carrier ceruloplas-
min are largely below reference levels in KC adolescent
patients. In this scenario, we found that Vit D supple-
mentation enhances copper availability by increasing
the expression of the principal Cu membrane trans-
porter CTR1 and the chaperone CCS. Moreover, we
found that VDR and LOX expression are positively
correlated, suggesting that Vit D directly promotes
endogenous CXL.

In conclusion, Vit D may also control KC progres-
sion by improving Cu metabolism, which would result

in increased endogenous CXL and antioxidant capac-
ity (Fig. 7). Because there was a subgroup of patients
who worsened after Vit D supplementation, we inves-
tigated whether in this group Vit D metabolism was
altered. Interestingly, these patients showed lower
baseline levels of cubilin—one of the membrane recep-
tors mediating Vit D endocytosis—which remained
unchanged throughout the study. On the other hand,
stable patients couldmodulate cubilin expression based
on Vit D availability. Because Vit D levels were normal
and similar in both patients who were stable and those
who worsened, differential cubilin expression points
to reduced cellular uptake of Vit D in patients who
worsened.

The reason why cubilin expression is impaired
in patients who worsened requires further elucida-
tion. It is well known, however, that the absence
of cubilin or inhibition of its function markedly
reduces cellular uptake of Vit D. Indeed, specific
mutations of the cubilin gene differentially impact its
function.80 Therefore, it is possible that patients who
worsened harbor genetic mutations that impair cubilin
function.
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Corneal CXL is currently the only available treat-
ment to arrest KC progression. This is a surgi-
cal procedure associated with significant postoper-
ative pain,81 rare but potentially sight-threatening
complications,82 and a substantial cost ($US2000–
$US4000/eye).83 Of note, CXL cannot reduce MMP9
and TIMP expression70,84,85 or stabilize corneal thick-
ness.64,86–88 Instead, Vit D supplementation signifi-
cantly reduced the MMP-9/TIMP-1 ratio and colla-
gen catabolism. Furthermore, Vit D supplementation
is a medical treatment with minimal, if any, associated
side effects.89 Among them, severe hypercalcemia is
the most relevant that is related to excessive long-term
Vit D intake. In any case, calcium levels can be easily
determined by a blood draw and monitored during the
supplementation phase. We acknowledge that our pilot
study enrolled a small number and a specific subset
of KC patients (adolescents) where disease progression
is most likely, and then only those with Vit D insuffi-
ciency. Therefore, the role of Vit D in KC patients with
normal cholecalciferol levels remains to be studied.
Finally, this study included a follow-up period of 1 year,
which may be short considering the chronicity of the
disease; therefore, the patients’ KC status after longer
periods remains to be evaluated.

Although a randomized clinical trial is needed to
definitively prove the role of Vit D in KC progression,
our observational pilot study suggests for the first time
that Vit D supplementation has profound implications
on the systemic metabolism of collagen and copper in
KC patients, stabilizing the disease in nearly two-thirds
of the eyes.
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74. Ortak H, Söǧüt E, Taş U, Mesci C, Mendil D. The
relation between keratoconus and plasma levels of
MMP-2, zinc, and SOD.Cornea. 2012;31(9):1048–
1051.

75. Cantemir A, AlexaAI, Ciobica A, et al. Evaluation
of antioxidant enzymes in keratoconus. Rev Chim.
2016;67(8):1538–1541.

76. Tekin S, Seven E. Assessment of serum cata-
lase, reduced glutathione, and superoxide dismu-
tase activities and malondialdehyde levels in ker-
atoconus patients. Eye (Lond). 2022;36(10):2062–
2066.

77. Kiliç R, Bayraktar AC, Bayraktar S, Kurt A,
Kavutçu M. Evaluation of serum superoxide dis-
mutase activity, malondialdehyde, and zinc and
copper levels in patients with keratoconus. Cornea.
2016;35(12):1512–1515.

78. Udar N, Atilano SR, Brown DJ, et al. SOD1: a
candidate gene for keratoconus. Invest Ophthalmol
Vis Sci. 2006;47(8):3345–3351.

79. Bykhovskaya Y, Li X, Epifantseva I, et al.
Variation in the lysyl oxidase (LOX) gene is
associated with keratoconus in family-based and
case-control studies. Invest Ophthalmol Vis Sci.
2012;53(7):4152–4157.

80. Nykjaer A, Fyfe JC, Kozyraki R, et al. Cubilin
dysfunction causes abnormal metabolism of the
steroid hormone 25(OH) vitamin D3. Proc Natl
Acad Sci USA. 2001;98(24):13895–13900.

81. Ghanem VC, Ghanem RC, De Oliveira R. Post-
operative pain after corneal collagen cross-linking.
Cornea. 2013;32(1):20–24.

82. Dhawan S, Rao K, Natrajan S. Complications
of corneal collagen cross-linking. J Ophthalmol.
2011;2011:869015.

83. Godefrooij DA,MangenMJJ, Chan E, et al. Cost-
effectiveness analysis of corneal collagen crosslink-
ing for progressive keratoconus. Ophthalmology.
2017;124(10):1485–1495.

84. Balasubramanian SA, Mohan S, Pye DC, Will-
coxMDP. Proteases, proteolysis and inflammatory
molecules in the tears of people with keratoconus.
Acta Ophthalmol. 2012;90(4):e303–e309.

85. Kolozsvári BL, Berta A, Petrovski G, et al. Alter-
ations of tear mediators in patients with kera-
toconus after corneal crosslinking associate with
corneal changes. PLoS One. 2013;8(10):e76333.

86. Kim TG, Kim KY, Bin Han J, Jin KH. The long-
term clinical outcome after corneal collagen cross-
linking in Korean patients with progressive kerato-
conus. Korean J Ophthalmol. 2016;30(5):326.

87. De BernardoM, Capasso L, LanzaM, et al. Long-
term results of corneal collagen crosslinking for
progressive keratoconus. J Optom. 2015;8(3):180–
186.

88. Aixinjueluo W, Usui T, Miyai T, Toyono T, Sak-
isaka T, Yamagami S. Accelerated transepithelial
corneal cross-linking for progressive keratoconus: a
prospective study of 12 months. Br J Ophthalmol.
2017;101(9):1244–1249.

89. Marcinowska-Suchowierska E, Kupisz-Urbanska
M, Lukaszkiewicz J, Pludowski P, Jones G.
Vitamin D toxicity–a clinical perspective. Front
Endocrinol (Lausanne). 2018;9:550.


