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Role of Thyroxine in the Development of Keratoconus
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Purpose: Keratoconus (KC) is a corneal ectasia whose pathophys-
iology is still mostly unknown. We investigated whether thyroid
gland dysfunction (TGD) is associated with the development of KC.

Methods: We first conducted an epidemiological study, examining
the prevalence of TGD among patients with KC. Then, we compared
tear thyroxine (T4) in TGD and immunohistochemical staining of its
receptors (T4Rs) between patients with KC and controls. The
significance of T4 for corneal metabolism was studied in organotypic
tissue cultures from monkey corneas.

Results: We found that TGD prevalence among patients with KC is
13.6%, which is higher than its prevalence in the general population
(about 2%). Tear T4 was higher in KC, and keratocyte T4Rs were
elevated in KC compared with controls. Furthermore, core proteins
such as collagen and cytokeratins were equally altered both in KC
and in the cultured corneas substituted with T4.

Conclusions: Our data implicate a crucial role of T4 in KC
pathophysiology, which is most likely mediated by T4Rs.
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Keratoconus (KC) is one of the most important corneal
ectatic disorders, with onset at puberty. Major features of
KC are thinning and conical ectasia of the cornea; its
incidence rate is 1 per 50,000 among the general popula-
tion."* No causal pharmacological treatment of KC exists,
although collagen cross-linking using riboflavin and UV-A
light has been introduced recently and may alter the course of
the disease when it is progressing.”*
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Despite extensive clinical investigations and basic
research, the pathophysiological processes underlying KC
have not been fully elucidated with proposed mechanisms to
include proteolytic degradation in the corneal stroma,
oxidative damage, epithelial mechanical injury, immunolog-
ical factors, and genetic factors.'> Hormonal imbalances are
likely to affect the corneal metabolism and may be also
associated with KC. Among the various endocrinologic
dysfunctions assumed so far, thyroid gland dysfunction
(TGD) (hypo- or hyperthyroidism; comprised as TGD) is
frequently associated with eye diseases such as Graves
disease. Patients with KC exhibiting symptoms of TGD
were first observed in the 1930s, when Appelbaum reported
a series of patients with KC with a high prevalence of
hypothyroidism symptoms.® Later, King reported KC after
thyroidectomy.” Thyroxine (T4) is crucial for corneal
dehydration and transparency during embryonic develop-
ment and regulates the synthesis of keratin sulfate pro-
teoglycan in the chicken cornea.®® T4 receptors (T4Rs) have
been found in the lacrimal gland, confirming that the tear-
producing gland is a target organ of T4.'° The T4 level was
found to be elevated in the tears of patients with KC.'' It is
also interesting that KC usually begins at childhood and
puberty, when the level of T4-binding globulin is lowest.'?
The initial clinical signs of KC are irregular astigmatism and
irregularities in the corneal topography.'® All these data
represent evidence of a clinical association between KC and
abnormal thyroid gland function, but the significance of
these observations remains to be established. In this study,
we examined this clinical association and the role of T4 in
KC pathophysiology.

MATERIALS AND METHODS

Study Population and Data Collection

Anonymous human samples were examined according
to the guidelines of the Ethics Commission of the Deutsche
Arztekammer. The ethics committee of the University
approved the use of probes. Written informed consent was
obtained for the use of tissue samples from the cornea bank,
and the methods adhered to the tenets of the Declaration of
Helsinki, which involved that all tissue material used in this
study was handled anonymously at all times.

We studied the demographic, ophthalmologic, and
endocrinologic profiles of 154 patients with KC treated in our
clinic. Our screening included evaluation of the demographic
data, and complete ophthalmologic examination. Corneal
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topography maps were examined using the Rabinowitz—
McDonnell criteria for the clinical diagnosis of KC, based on
the central corneal power, the inferosuperior asymmetry value,
and the difference in central corneal power between both eyes
of a given subject."?

The endocrinologic examination included measuring the
serum concentrations of free T4 (fT4) and thyroid-stimulating
hormone (TSH) using an immunoassay method (ADVIA
Centaur; Bayer Diagnostics, Germany). The normal reference
ranges for TSH and fT4 were determined to be 0.35 to 4.5 mIU/
L and 0.7 to 1.65 ng/dL, respectively (Central University
Laboratory of the Saarland University Medical Center). Clinical
cases with fT4 serum concentrations beyond these reference
ranges were defined as TGD. All examinations were conducted
at the University Hospital Miinster and Saarland University
Medical Center and handled anonymously.

T4 Levels in the Tears

Tear samples were collected from all patients with KC
and TGD, from a group of patients with KC but without
TGD, and from a sex- and age-matched control group of
healthy subjects who were free of ocular pathology and TGD.
The normal subjects were classified as euthyroid after serum
TSH and T4 levels were measured using a previously
described immunoassay method used for patients with KC
(ADVIA Centaur; Bayer Diagnostics).

Tear T4 levels were measured using 50 pL of tear fluid
that was obtained with the aid of microcapillaries from all
groups and then stored at —80°C for up to 2 weeks. Multiple
samples were taken from each patient during a number of
visits. All samples were analyzed using an ELISA T4 Kit
(ADVIA Centaur; Bayer Diagnostics). Standard curves were
prepared using diluted serum samples with known T4
concentrations. Then, 40-pL aliquots of each tear sample
were used for T4 determination, and the assays were repeated
3 times.

Immunohistochemistry

The control group consisted of sections obtained from
20 normal corneoscleral rings (10 of male origin and 10 of
female origin) and 20 central corneal buttons from patients
with KC (10 of male origin and 10 of female origin) who
underwent penetrating keratoplasty (PK). The mean age of
the donors was 32 years (range: 25-56 yrs), and the mean age
of the patients with KC was 48.6 years (range: 22—66 yrs). All
tissues were obtained from the local cornea bank at the
University Eye Hospital, Miinster, Germany.

Scleral tissue was removed from the corneoscleral rings
with a razor blade under a dissecting microscope, and the
central corneal buttons were then cut into 2 equal segments.
These small tissue blocks were frozen in liquid nitrogen to
prepare 12-pum-thick cryostat sections (Jung CM 1500; Leica
Microsystems, Wetzlar, Germany). Sections were collected
on clean gelatin-coated glass slides and dried for 2 hours at
room temperature. All sections were fixed in cold 99%
methanol for 10 minutes at —20°C, washed 3 times for
5 minutes each in phosphate-buffered saline, and blocked
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with 10% fetal calf serum (FCS) for 30 minutes. The primary
antibody to T4Rs was a mouse anti-human monoclonal
antibody (V10283, Biomeda; Biozol, Eching, Germany) used
at a dilution of 1:100. For immunohistochemistry (IHC),
primary antibodies were diluted in 10% FCS (1:100); then,
the sections were incubated overnight at 4°C and processed
using standardized laboratory protocols. Specific binding
for T4Rs was detected by a donkey anti-goat Cy2-conjugated
secondary antibody, a goat anti-mouse Cy2-conjugated sec-
ondary antibody, and a goat anti-rabbit Cy2-conjugated
secondary antibody (all 3 from Jackson ImmunoResearch
Laboratories, West Grove, PA). Finally, the probes were
mounted in antifading solution for fluorescence microscopy
(Mowiol; Merck, Darmstadt, Germany) containing bisBenzi-
mide H 33258 (4°,6-diamidino-2-phenylindole [DAPI]; Sigma,
St. Louis, MO) and observed with under a fluorescence
microscope (Axiophot; Carl Zeiss Meditec, Oberkochen,
Germany) using appropriate filters (395440 nm for DAPI
and 450-490 nm for Cy2). Photographs were taken with
a digital camera attached to the microscope (AxioCam, Carl
Zeiss Meditec).

Animal Tissue

All animal research has been conducted according to
relevant national and international guidelines. No monkey
was killed for the purpose of this study. All tissues (eyes)
were obtained from monkeys after the animals were killed
within the frame of experiments in the Institute of Regener-
ative Medicine (ethics committee approval number: LANUV:
39.32.7.1/39.32.7.2.1 and LANUV: 8.87-50.10.46.09.018).

Corneal Isolation and Culture

Corneas were obtained from 44 cadaver eyes of 22
adult monkeys (Macaca fascicularis) of both sexes from the
breeding colony of the Institute for Regenerative Medicine,
Miinster within 30 minutes after death and enucleation
(approval: 8.87-50.10.46.09.018). The breeding and use of
the monkeys was approved by the state’s ethics within the
frame of research by the Institute of Regenerative Medicine
(approval: 39.32.7.1/39.32.7.2.1). The corneas were removed
by trephination (with a 6-mm trephine) and transferred to
sterile Hanks balanced salt solution (pH 7.4). The corneas
were divided into 3 groups as follows: for IHC (n = 9),
Western blotting (WB; n = 5), and organ cultures (n = 34).
Monkey corneas were used as controls. Before culturing, the
epithelium was mechanically removed using a surgical
scalpel and cultured separately from the stroma and endo-
thelium, to selectively study the T4 effects on each layer (n =
30). In a control group, the total corneas were cultured
without previous epithelial removal. Thirty corneas were
divided into 5 subgroups (n = 6 corneas each) in which
culturing was performed with concentrations of T4 ranging
from 0 to 5000 mg/L. The medium (Dulbecco’s modified
Eagle’s medium + 10% FCS) was exchanged every 3 days
with fresh medium plus the respective hormone concentra-
tion in each group. Cell growth was monitored by phase
contrast microscopy for 14 days, after which all tissues were
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collected and harvested for either IHC or WB analysis. The
aforementioned antibodies were used for the sections and
WB analysis. Before use, each antibody was checked for
whether it cross-reacted with its antigen in noncultured
monkey corneal sections.

Statistical Analysis

The Mann—Whitney test was used for statistical com-
parisons between the study groups. P < 0.05 was considered
statistically significant. Otherwise, the z-test was used except
where stated otherwise. Statistical analysis was performed
with SPSS statistics software (SPSS for Windows, version
11.0; SPSS, Chicago, IL).

RESULTS

Increased Prevalence of TGD in the Study
Population of KC

In the population of 154 patients with KC and TGD
examined (Tablel), 21 patients (6 men and 15 women;
13.6%) had TGD, of which 19 (5 men and 14 women;
12.3%) had hypothyroidism and 2 (1 man and 1 woman;
1.3%) had hyperthyroidism. There were 15 patients with
severe KC and 6 patients with moderate KC. The age at
diagnosis was 25.9 = 7.1 years (mean *= SD) in patients
without TGD (non-TGD) and 36.8 = 10.8 years in TGD
patients. Mean visual acuity without best correction at the last
follow-up in the right and left eyes was 0.30 = 0.32 and

TABLE 1. Demographic Data of Patients With KC
Patients with KC

Women Total
Men (N = 94), (N = 60), (N = 154),
Demographic Mean = SD or Mean = SD or Mean = SD or
Data N (%) N (%) N (%) P
Race
White 75 (79.78) 43 (71.66) 118 (76.62)  0.03
Black 19 (20.22) 17 (28.34) 36(23.38) 042
Age at diagnosis, 26.0 = 7.7 28.6 =79 268 = 7.8 0.24
yrs
Topography
Right eye 41 (43.61) 22 (36.66) 63 (40.90)  0.02
Left eye 35 (37.23) 21 (35.00) 56 (36.36)  0.04
Both eyes 18 (19.14) 17 (28.33) 35(22.72) 032
Contact lens wear 78 (82.97) 50 (83.33) 128 (83.11)  0.18
Operation
Right eye 35 (37.23) 19 (31.66) 54 (35.06)  0.16
Left eye 41 (43.61) 22 (36.66) 63 (40.90)  0.03
Both eyes 76 (80.85) 41 (68.33) 117 (75.97)  0.11
Age at operation, 313 95 352 £ 129 327 = 11.1 0.14
yrIs
Total time of 10.57 =774 9.63 £ 7.77 10.27 = 7.72  0.21

follow-up, yrs

The Student test was applied for mean = SD comparison.
The chi-squared test was applied for frequencies comparison.
P < 0.05 was considered statistically significant.
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0.05 = 0.10, respectively, in the TGD group, and 0.49 =+ 0.36
and 0.44 = 0.34 in the non-TGD group. Corneal hydrops was
present in 9 (5 men and 4 women; 5.8%) of the 154 patients.
All 9 cases affected the right eye. Three (14.3%) of the 21
TGD patients developed acute KC.

A total of 117 (75.9%) patients (76 men and 80.8%; 41
women, 66.6%) received PK, comprising 19 patients (4 men
and 15 women; 86.3%) of the TGD group and 91 patients (62
men and 29 women; 69.9%) of the non-TGD group. The
mean age at the operation was 43.4 = 14.1 years for the TGD
group and 31.8 = 104 for the non-TGD group. The
indication for PK was unacceptable visual acuity in 98
patients (57 men and 41 women; 83.7%) and contact lens
intolerance in 19 patients (14 men and 5 women; 16.2%).

Thyroxine Levels Increased in the Tears of KC
Patients With and Without TGD

The apparently high prevalence of TGD in patients with
KC prompted us to examine the T4 level within the tear fluid.
The T4 tear concentration was significantly higher in all 21
patients with KC and TGD (11.8 = 6.2 nM/L) than in the
normal controls (3.0 = 1.7 nM/L) (P < 0.0001, Mann—
Whitney test), and higher in patients with KC but without
manifest clinical TGD (n = 21; 10.9 = 5.1 nM/L) than in
controls (P < 0.0001, Mann—Whitney test). The T4 tear
concentration did not differ significantly between patients
with KC and TGD and those with KC but without TGD (P <
0.0001, Mann—Whitney test). The immunoassay results are
summarized in Figure 1. The data indicate that even in
nonmanifested TGD, KC is accompanied by disturbances in
the amount of T4 in the tears.

T4R Expression Upregulated in Stromal
Keratocytes of KC Corneas

T4 circulating within either the blood or the tears binds
and activate cellular receptors. We therefore sought to localize
T4Rs within the cornea. Twelve corneas without ectasia and 20
KC comeas were processed for immunostaining. Control
sections processed without the first antibody remained
unstained. T4R expression was apparent in the normal cornea
(Fig. 2) and was localized within the epithelium, absent in
stromal keratocytes, and reappearing within the endothelium.
The distribution of T4R staining was uniform both along the
depth of the epithelium (Figs. 2B, C) and along the eccentricity
of the cornea (data not shown). Individual stromal keratocytes
were only faintly stained for T4Rs (Figs. 2E, F). The
endothelium showed strong expression of T4Rs (Figs. 2H, I).
Figures 2A, D, and G represent DAPI stain. T4Rs were also
detected in all KC corneas, showing a similar localization within
the entire depth of the epithelium (Figs. 3B, C). In addition, the
stromal keratocytes were clearly immunostained (Figs. 3E, F)
and showed brighter positive immunostaining for T4Rs than in
normal corneas. The receptor expression in the endothelium
(Figs. 3H, I) was similar to that for normal keratocytes. T4Rs in
epithelium was similar in KC and normal corneas. In stromal
keratocytes, the T4R expression was significantly higher in KC
corneas (n = 20) than in normal corneas (n = 12). These data
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FIGURE 1. Tear concentration of thyroxine (T4) in patients with
KC and normal subjects. T4 concentration in tears as analyzed by
an immunoassay method (tT4; in nmol/L) in patients with KC and
TGD (TGD, n = 21), patients with KC but without TGD (nTGD,
n = 21), and euthyroidic normal subjects free of ocular pathology
(N, n = 21). tT4 values in the TGD, nTGD, and N groups were
11.8 £6.2,10.9 = 5.1, and 3.0 = 1.7 nmol/L, respectively. tT4
was significantly higher in TGD and nTGD groups than in the N
group (both P < 0.0001, Mann-Whitney test).

show that expression of T4Rs is altered within the corneal
tissue, especially in keratocytes, in KC.

In addition to THC, the results from which were barely
quantifiable, WB was performed with stromal and epithelium
obtained from controls and KC corneas. It seemed that
expression of T4Rs (55- and 52-kDa bands) was similar
within the epithelium, whereas both bands were upregulated
in the stroma of KC corneas (Figs. 3J, K).

To ensure that the antibodies provide similar staining
in the monkey cornea, IHC was performed with sections from
the normal monkey cornea. Both antibodies tested positive in
the monkey cornea (see Figure 1A-D, Supplemental Digital
Content 1, http://links.lww.com/ICO/A444), and their pattern
of staining was very similar to that described in the human
cornea, being localized within the epithelium and endothe-
lium while sparing stromal keratocytes.

T4R Expression Depends on T4 Concentration

To examine whether regulation of the T4Rs depends
on T4, healthy corneas obtained from adult monkey eyes
(n = 44) were cultured for 2 weeks in media containing T4 at
various concentrations. As known from human eye banking,
thinning of the epithelium to a monolayer over the Bowman
membrane (BM) was observed throughout culturing. Check-
ing the cultures by routine microscopy revealed that the cell
proliferation was higher in T4-treated cultures than in control
cultures (data not shown). Sectioning and immunostaining for
T4R expression in cultures without T4 in the medium
revealed that the staining was localized within the thinned
and superficial stroma (Figs. 4B, C). Treatment with 1000
mg/L T4 resulted in comparable T4R staining within the
epithelium, but increased staining within the stromal kerato-
cytes (Figs. 4E, F). Analogously, the endothelium showed
similar expression of T4Rs in corneas lacking T4 (Figs. 4H,
I). However, substitution with 1000 mg/1 thyroxine increased
T4R staining in the stromal keratocytes (Figs. 4K, L). Figures
4A, D, G, and J represent DAPI stain. Other concentrations of
T4 ranging between 0 and 5000 mg/L resulted in similar
staining (data not shown).

normal cornea

epithelium

stroma

FIGURE 2. Expression of thyroxine
receptors (T4Rs) in the normal
human cornea. Nuclei of corneal
epithelial cells were stained blue
(DAPI). Positive immunostaining ap-
peared red (Cy3). Immunostaining
for T4Rs was positive throughout the
epithelium (A-C) and endothelium
(G-1) in the control corneas. There
was no immunostaining in the
stroma (D-F). Scale bar: 100 um.

endothelium
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epithelium

stroma

FIGURE 3. Expression of thyroxine
receptors (T4Rs) in the KC cornea.
Dense immunostaining was evident
in the epithelium (B-C). The stromal
keratocytes were clearly positive for
T4Rs (E-F), whereas the endothelium
also showed clear staining (H-1). ], WB
confirming the expression of T4Rs
both in normal (nc) and KC (kc) tis-
sue. The staining also showed 2
bands corresponding to alpha and
beta subunits at 52 and 55 kDa,
respectively, whereas a 42-kDa strong
band was the ladder control (actin).
Although expression in the epithe-
lium was comparable in diseased (kc)
and normal (nc) tissue, staining for
both bands in the stroma was stron- )
ger in the diseased cornea. K, Bars
showing relative expression measured

by densitometry. Controls showed no
signal as expected (A, D, G).

endothelium

stroma

55 kd [
52 kd [E————

kc nc

To examine whether this higher staining intensity was
caused by upregulation of T4Rs, WB was performed with
both stroma and epithelium being cultured with T4 at
different concentrations. It seemed that T4 increased the
T4R bands compared with controls in the stromal tissue (Figs.
4M, N), whereas the T4R expression remained comparable to
that in control tissue in the epithelium (Figs. 4M, N). These
data indicate a regulatory effect of T4 on stromal monkey
keratocyte T4R expression and support the data obtained on
human probes showing that the regulation of T4Rs differs
between epithelium and stroma.

Different Concentrations of the T4 Alter the
Expression of Collagens Within the Cornea
Next, we examined staining of monkey corneal sections
for different extracellular matrix (ECM) proteins. It seemed
that collagen types 1 to 7 were expressed in layers of different
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intensities in the cornea (see Figure 2, Supplemental Digital
Content 2, http://links.Iww.com/ICO/A445). In addition,
cytokeratin 13 was clearly stained before culturing (see
Figure 2, Supplemental Digital Content 2, http:/links.lww.
com/ICO/A445). Increasing the concentration of T4 in
monkey cornea cultures enhanced the staining for collagen
types 1, 6, and 7 (Fig. 5) but had no effect on the staining for
collagen 5 (Figs. 5C, D). Collagen 1 was especially strongly
expressed (Fig. 5B) compared with the T4-free cultured
cornea (Fig. 5A). Collagen 6 was expressed within the stroma
when cultured in 1000 mg/L T4 (Fig. 5F), with the staining
being stronger than in the culture without T4 (Fig. 5E).
Finally, collagen 7, which showed BM localization in the
noncultured cornea (compare with see Figure 2J, Supplemen-
tal Digital Content 2, http:/links.lww.com/ICO/A445), was
also located in the BM in corneas cultured without T4 (Fig.
5@G) and exhibited clearly enhanced staining in the cornea
cultures with higher concentrations of T4 (Fig. SH).

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.


http://links.lww.com/ICO/A445
http://links.lww.com/ICO/A445
http://links.lww.com/ICO/A445
http://links.lww.com/ICO/A445

Cornea * Volume 35, Number 10, October 2016

Keratoconus and Thyroid Gland Dysfunction

£

8

z

= I

: o
[
=

2 =

Ql g

| £

D

=

o

8

£

8

>

El 2

=21 €

F) o
e
)

Ol ¢

ol ¢

>

S

S

£

o

g

FIGURE 4. Expression of thyroxine receptors

(T4Rs) in the cultured monkey cornea. Nuclei
of corneal cells were stained blue (DAPI). A-C,
Control section cultured for 14 days without
T4. The epithelium and stromal keratocytes
were stained. D-F, Section from T4-substituted
culture (1000 mg/L T4) showing a similar
expression of T4Rs within the epithelium but 100

-
-
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stroma eplthellum
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brighter fluorescence in keratocytes. G-I, Con-

trol section showing staining of the endothe- 250
lium and inner keratocytes. J-L, Section from
a T4-treated cornea (1000 mg/L) showing
similar staining in the endothelium but brighter
fluorescence in keratocytes. M and N, Immu-
noblotting of stroma and epithelium showing
a selective upregulation of T4Rs (bands 52 and
55 kDa) in the stroma cultures exposed to 100,
500, and 1000 mg/L T4. Expression within the
epithelium was not detectably changed (N)
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and remained high in all probes. M

Cytokeratin 13 in the Cornea

Cytokeratin 13 is localized within the epithelium and BM
in the monkey (see Figure 2K, Supplemental Digital Content 2,
http://links.lww.com/ICO/A445). In the cultured monkey cornea,
cytokeratin 13 staining in the BM increased with the T4
concentration (see Figure 3A-D, Supplemental Digital Content
3, http:/links.lww.com/ICO/A446). In WB, the antibody formed
2 bands at 48 and 54 kDa, both of which were enhanced with
higher concentrations of T4 (see Figures 3E, F, Supplemental
Digital Content 3, http://links.lww.com/ICO/A446).

In human normal corneal sections, cytokeratin 13 was
uniformly localized within the epithelium and BM, including

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

=2

mg thyroxin mg thyroxin

the superficial stroma (Figs. 6A, B). Because of the different
degrees of KC disease state (expected in the diseased tissue
obtained from different eyes), we decided to stain several KC
corneas with cytokeratin 13 antibodies (n = 8). Figures 6C—F
show representative sections from 6 KC corneas. The protein
was localized within the entire epithelium, including the
superficial cells, showing abnormal distribution compared
with the healthy corneas. In particular, cytokeratin 13 was
found in basal microlesions (Figs. 6C—F) and epithelial
detachments from the BM. These data show that cytokeratin
13 is associated with anatomical detachment sites between the
basal epithelium and BM.
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FIGURE 5. IHC in the thyroxine (T4)-incubated monkey cornea. Staining for selected collagens in sections through cultured
stroma without T4 and with 1000 mg/L T4. Collagen types 1, 5, 6, and 7 seemed upregulated with T4 substitution. Scale

bar: 100 pm.

DISCUSSION

The epidemiological part of our study revealed that the
prevalence of TGD was significantly higher in patients with
KC than in the general population; the prevalence of
hypothyroidism was 23.3% in @women (14/60) and 5.3%
in men (5/94) in the KC group, whereas it is 2% in women
and 0.2% in men in the general population.'* This finding is
consistent with clinical observations suggesting an associa-
tion between KC and TGD of hypothyroidism,'*'® the
iatrogenic induction of KC after thyroidectomy,” and of
Hashimoto autoimmune thyroiditis.'” Interestingly, we found

significantly higher concentrations of T4 in tear samples of
patients with KC and TGD and those with KC but without
TGD, compared with age-matched controls without ocular
pathology. This indicates that next to the high prevalence of
systemic TGD in our KC population, T4 is specifically altered
in the tear milieu of all patients with KC.

The important role of T4 in cornea and bone
development’®** might be related to its role in collagen
synthesis, because the corneal stroma consists predominantly
of collagens organized into collagenous fibrils. It is therefore
not surprising that T4Rs are also localized within collagen-

19:18.19

-
-

FIGURE 6. IHC for cytokeratin 13 in the normal human cornea and KC cornea. A and B, Staining for cytokeratin 13 in the normal
human cornea with strong staining along the BM and superficial stroma. Diffuse staining was also observed within the epithelium.
C-F, Examples of KC corneas showing a translocation of the cytokeratin staining toward the superficial epithelium, and stronger
expression within the basal epithelium. In addition, the BM showed strong staining, with microlesions and detachments of the
epithelium from the BM being clearly outlined by cytokeratin 13. Scale bar: 100 pm.
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producing stromal keratocytes both in human and monkey
corneas. We found that different collagens were altered
within cultured monkey corneas as the concentration of T4
was increased. Collagenases or other proteases within the
stroma can change to induce thinning and ectasia, and it may
be that T4-T4R is one of the regulators of the homeostasis
between collagen degradation and synthesis in the tissue.® In
addition, T4Rs may influence other components of the
ECM.’ These data suggest a role for T4s in collagen
metabolism in the cornea, as in other tissues characterized
by high collagen content. The direct T4R-regulatory effects
of T4 on cultured monkey corneal stroma that we found are
likely a line of evidence that this hormone can influence
keratocyte metabolism.

KC usually begins at puberty when the thyroid binding
globulin level is lowest, and therefore alters T4 homeostasis
in this age group.'? The increased T4 concentration in the tear
fluid of patients with KC, which we found, is independent of
the manifestation of TGD. These results are consistent with
T4 being elevated 2- to 50-fold in KC tears, especially during
the progressive phase of the disease.'' This excess T4 might
be attributable to the inadequate use of tear T4 by the cornea,
ineffective binding of T4 to epithelial hormone receptors, or
depressed collagen synthesis in corneal stroma, and therefore
a low metabolic demand for T4. Interestingly, the T4 tear
concentration was significantly higher in patients with KC than
in normal subjects without ocular pathology. Analogously,
T4Rs were increased in the keratocytes of patients with KC but
not in the epithelium, which supports the hypothesis that KC is
primarily a stromal disease. The tear T4 concentrations were
elevated even in the hypothyroid patients with KC with low
serum T4 concentrations, which suggests that T4 accumulates
in tears because of inadequate use of tear T4. IHC staining and
WB of T4Rs revealed that this incidence was higher in the
stromal keratocytes in KC than in the normal corneas. This is
supported by the culture experiments with monkey corneas
also showing a T4-dependent stromal keratocyte—targeted
upregulation of T4Rs. It is not surprising therefore that we
found an altered expression of various collagens in corneal
cultures with different doses of T4 in the medium.

ECM components other than collagens also seem to
respond to T4. As an example, we demonstrated that
cytokeratin 13 changed its site of expression in KC corneas,
with diffuse staining throughout the epithelium depth.
Interestingly, cytokeratin staining was strong at basal epithe-
lium breaks and at sites of detachment from the underlying
BM. These data may point to either primary pathophysiolog-
ical involvement in the detachment or to secondary expres-
sion because of the preceding detachment. Data from THC
alone are insufficient to decide on either mechanism.
However, the direct relationship between cytokeratin 13
expression and T4 was demonstrated in the cultured monkey
cornea, together with enhanced expression of T4Rs. These
data support the view that thyroxine-driven T4R upregulation
in keratocytes probably causes the cytokeratin 13 increase, at
least in the cultured cornea. A similar mechanism may operate
in the manifestation of KC with high TH in the tears to induce
T4R upregulation, and subsequently changes in the expres-
sion of cytokeratin 13.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

A limitation of this study is that it remains to be shown
which molecular cell-signaling mechanisms operate to pro-
duce progressive ectasia of the corneal tissue. The origin of
KC was assumed to be the epithelium or stroma, with stromal
proteases and their inhibitors.>* No correlation has been
reported between the stromal proteases and hormone recep-
tors. However, the clinical, IHC, and experimental results
reported in this study implicate T4 in KC pathophysiology,
thereby defining a certain endocrinologic aspect of the
probable multifactorial etiology of KC. Independent of the
underlying mechanisms, early treatment of TGD might
positively influence the progression of KC. Therefore, it is
crucially important to design further studies aimed at
elucidating the roles of T4 and T4Rs in KC to unravel the
signal transduction pathways mediating the onset and pro-
gression of the disease. In addition, studies involving T3
supplementation at least in patients with KC suffering from
evident systemic hypothyroidism may shed light into further
aspects of KC development; such studies are currently
ongoing in our laboratory. Moreover, factors such as contact
lens wear, corneal hypesthesia, dry eye disease, etc might
have influenced the T4 concentration in tears. However, it
was not possible to match the study and control groups for all
these factors that could potentially affect the T4 concentration
in tears. This is another limitation of our study.

In summary, we were able to demonstrate a direct
association between thyroxine and KC. The data obtained on
(1) clinical and epidemiological findings of KC, (2)
histopathological images from KC sections, and (3) labora-
tory experiments of the monkey cornea suggest that TGD
changes could have a role in the development of KC,
thereby requiring further investigation.
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