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SCIENTIFIC REPLIRTS

Endocrine and Metabolic
Pathways Linked to Keratoconus:
Implications for the Role of
e Hormones in the Stromal
e Microenvironment

Tina B McKay?, Jesper Hjortdal? Henrik Sejersen?, John M Asara®, Jennifer Wu* &
Dimitrios Karamichos*

Hormones play a critical role in regulating tissue function by promoting cell survival, proliferation,
and differentiation. Our study explores the influence of endocrine function in regulating metabolism
and inflammatory pathways in Keratoconus (KC), which is a corneal thinning disease associated with
reduced stromal deposition. KC is known to be a multifactorial disease with an elusive pathogenesis.
We utilized a cross-sectional study analyzing clinical features and saliva samples from sixty-four KC
patients and fourteen healthy controls. In order to determine if endocrine function varied between
healthy controls and KC, we measured hormone levels in saliva and found significantly increased
dehydroepiandrosterone sulfate (DHEA-S) and reduced estrone levels in KC patients compared to
healthy controls. We measured significant variations in metabolites associated with pro-inflammatory
processes, including myoinositol and 1-methyl-histidine, by targeted mass spectrometry. We also
measured significantly increased IL-16 and stem cell factor in KC saliva samples compared to healthy
controls, with higher expression of these pro-inflammatory proteins correlating with increased KC
clinical grade, corneal curvature, and stromal thinning. Our results identify a novel mechanism linking
KC and pro-inflammatory markers and suggest that altered hormone levels modulate metabolism,
cytokine, and growth factor expression leading to increased severity of the KC condition.

Hormone production occurs in the major endocrine and exocrine organ systems in the human body, including
the pituitary gland, thymus, pineal gland, thyroid, pancreas, ovaries, testes, adrenal glands, salivary glands, and
sweat glands!. Endocrine secretions are released directly into the bloodstream where they circulate to organs and
tissues via the lymphatic and blood vasculature. Hormones have been reported to play a significant role in various
pathologies, including autoimmune disorders>* and cancer*. The gender-dependence of many of these diseases is
correlated with variations in sex hormones, such as estrogen and testosterone®. These steroid-based hormones are
synthesized in the smooth endoplasmic reticulum or mitochondria from precursors that are secreted systemically.
Dehydroepiandrosterone sulfate (DHEA-S) is a common precursor to other androgens including androstene-
diol, androstenedione, testosterone, and dihydrotestosterone, which are generated following the conversion of
DHEA-S to dehydroepiandrosterone (DHEA) in a tissue-dependent manner®. Studies have shown that DHEA-S
levels do not vary with gender but are significantly reduced with aging’. Supplementation with DHEA-S has been
studied clinically to determine its effects in improving cognitive function, depression, and fatigue®®. Furthermore,
DHEA-S has been shown to modulate patient outcome in inflammatory diseases, such as Lupus'® and Sjogren’s
syndrome!, with females composing 88% and 94% of the patient population, respectively'2. Hormones are also
known to have profound effects on regulating lacrimal gland function and dry eye development'®. Androgen and
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estrogen receptors have been identified in the human cornea!* and retina!® suggesting that hormones regulate
tissue function within the anterior and posterior segments of the eye as well.

The most common corneal dystrophy in the US is Keratoconus (KC), which is a corneal thinning disease
that affects over 1 in 2000 people worldwide and results in corneal ectasia and significantly impaired vision!®17.
Though not considered an overt inflammatory disorder due to the lack of clinical signs, KC has been associ-
ated with upregulated pro-inflammatory cytokines, interleukin-6 (IL-6), tumor necrosis factor-a (TNF-av), and
matrix metalloprotease-9 (MMP-9), isolated in tears from KC patients'®!®. Furthermore, eye rubbing due to ocu-
lar irritation is the most common etiological feature occurring in over two-thirds of KC patients?*?!. These studies
suggest that an inflammatory response may play an important role in the progression of KC leading to thinning
of the stroma.

Normal corneal stromal structure is assembled and maintained at an average thickness of roughly 532-610nm
varying from person to person?>*. In the KC cornea, the central corneal thickness is reduced 8-30% with aver-
ages reported of 447.8 um (£57.8)**. Even slight thinning of the corneal stroma can lead to a bulging phenome-
non that distorts transmission of light to the retina. In KC the eye becomes cone-like at the region with increased
thinning near the corneal apex in the presence of normal intraocular pressure that is maintained by fluid flux.
Variations in hormone levels have been shown to have direct effects on corneal thickness in healthy individuals®.
Reports have been published as to the gender differences within the KC population?*-?%. However, to the authors’
knowledge, investigation into alterations in hormone levels in KC has not been explored. The purpose of our
study was to elucidate the role of hormones and inflammation in the KC pathology by addressing the following
questions: Is there a correlation between KC severity and hormone levels?, 2) Is systemic metabolism altered in
KC that may drive a pro-inflammatory response?, and 3) Which cytokines or growth factors are elevated in KC
leading to a more severe clinical presentation? In order to do so, we utilized a non-invasive method that has never
been used before for the diagnosis or treatment of KC. Saliva screening together with clinical observations was
used here to determine its correlation to KC.

The long-term goal of these studies is to identify biomarkers that contribute or drive KC pathogenesis in
order to assist in early diagnosis and enable development of therapeutics to treat this visually debilitating disease.
Previous studies have identified inflammatory markers in KC'®!%, however, to the authors’ knowledge, no studies
have investigated systemic inflammation and KC severity. Based on the early age of onset?’ and gender domi-
nance?-2 of KC, we hypothesized that altered hormone levels may play a role in KC development, with inflam-
matory factors contributing to a more severe disease phenotype. This impactful work explores how systemic
changes in hormone levels can contribute to stromal deposition defects seen in KC.

Results

KC Patient Demographics. Ina total of 64 KC patients, 44 (69%) were identified as male and 20 (31%) were
identified as female (Fig. 1A). Since KC leads to significant defects in visual acuity, most patients are prescribed
glasses or contact lenses to correct vision®’. We classified the distribution of KC patients based on treatment for
correction for visual acuity deficits due to KC in both genders (Fig. 1B). The distribution of subgroups based on
prescribed treatment modality within the KC male population including, no treatment (36%), glasses (39%), and
contact lenses (25%) did not vary between treatments (Fig. 1B). However, within KC female patients, contact lens
wearers (65%) were considerably higher compared to the glasses-prescribed subgroup (25%) or no treatment
(10%) suggesting a correlation between gender and favored treatment modality (Fig. 1B). The KC population also
showed a significant increase in average age (>8 years) in the females with KC at 34 4= 1.75 years old compared to
their male counterparts (26 £ 1.14 years) (Fig. 1C, p=0.0002). The KC population in our study was male-domi-
nated with increased age of female KC patients. A significant reduction in central corneal thickness (CCt,;,) and
increased maximum corneal curvature (Kmax) are indicative of KC diagnosis and are often proportional to KC
severity or grade. In order to determine if either gender correlated with differential severity of disease, we ana-
lyzed KC grade, CCt,;,,, and Kmax based on gender (Fig. 1D-F). No statistical difference was observed between
gender and severity suggesting that though KC is male-dominated, gender does not directly modulate KC sever-
ity (Fig. 1D-F). Further analysis of clinical features (KC grade, Kmax, CCt,,,) and treatment for visual acuity
(no treatment, glasses, contact lenses) showed no statistical variations between treatment modality and severity
of KC (Supplemental Fig. S1A,B). However, a subpopulation of the contact lens wearers had substantially higher
corneal curvature (Kmax) values compared to the mean of the population (Supplemental Fig. S1C). Contact
lenses may contribute to KC progression by promoting local hypoxia within the central cornea®..

Altered hormone levels in KC. Systemic changes in estrogen and androgen levels have been shown to
directly modulate corneal thickness during pregnancy and development®~2*. Surprisingly, to-date, no studies
have reported their link in KC. In order to determine the role of hormones in KC we quantified concentrations
of estrone, estriol, 173-estradiol, and DHEA-S found in saliva samples (Fig. 2). Our results showed a significant
reduction in estrone (1.3-fold, p = 0.0222) levels in KC saliva samples compared to healthy controls (Fig. 2A)
with no significant differences in estriol or 173-estradiol levels (Fig. 2B,C). DHEA-S levels were significantly
higher (2.5-fold, p=0.0359) in KC samples compared to controls (Fig. 2D). Analysis of hormone levels based
on gender was used in order to determine the differences within HC and KC groups. As expected, we found
a female-dependent elevation of estrone in both the healthy controls and KC patients compared to their male
counterparts (Fig. 2E, 1.6-fold and 1-fold, respectively, p < 0.038). Furthermore, estrone levels were reduced
in KC female patients compared to the healthy female controls. The estrogen-derived hormones, estriol and
1783-estradiol, were not dependent on gender in our population and slight reduction was seen in KC patient sam-
ples from both genders compared to controls (Fig. 2E,G). Our results show that both male and female KC patients
had increased DHEA-S levels (1.8-fold, p= 0.047) compared to the healthy controls supporting a role for elevated
DHEA-S and reduced estrone in KC pathogenesis (Fig. 2H). Our data shows that there were significant variations
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Figure 1. Demographics of the Keratoconus (KC) population based on gender. (A) In a total of 64 patients,
44 (69%) were identified as male with 20 (31%) were identified as female suggesting increased male dominance
in the KC population. (B) Distribution of KC patients based on treatment for correction for visual acuity deficits
due to KC in male KC patients. (C) Average age of KC patients divided by gender. Gender correlations with

(D) severity of KC as clinically diagnosed as KC grade, (E) measure of central corneal curvature (Kmax), and
(F) minimum central corneal thickness (CCt,,;,). Statistical significance was measured using a Mann-Whitney
two-tailed T-test with p < 0.05 considered statistically significant. Error bars represent standard error of the
mean. n = 64 total patients, with the clinical parameters for each KC eye tabulated in (D-F), total number of
eyes > 110.

in estrone and DHEA-S in the female and male KC population, respectively, which attribute to altered endocrine
activity and KC. In order to determine if the systemic concentration of one hormone modulated that of another,
we plotted ratios of hormone levels for KC patients compared to healthy controls. We measured a robust linear
response between estrone and estriol levels in both groups (Supplemental Fig. S2), even though the mean estrone
levels in KC patients were significantly lower than healthy controls (Fig. 2). Moreover, the increased DHEA-S
levels did not correlate with increased estrone, estriol, or 173-estradiol suggesting that systemic levels of estrogens
are independent of DHEA-S production, and therefore increased DHEA-S levels may have a tissue-dependent
response within the cornea that may contribute to the KC pathology.

Hormone Levels and KC Severity. In order to determine if varying degrees of severity of KC can be cor-
related with altered hormone levels, we analyzed estrone, estriol, 173-estradiol, and DHEA-S levels relative to
age, KC grade, maximum curvature (Kmax), and minimum central corneal thickness (CCt,,;,) (Fig. 3). Both
estrone and estriol levels were linear with a slight reduction with increases in age in both healthy controls and KC
patients (Fig. 3A,E). Neither KC grade, Kmax, or CCt,;, correlated with estrone or estriol levels (Fig. 3B-D, F-H).
1783-estradiol levels were more variable with age in KC patients with slightly lower levels in KC grades greater
than 2, high Kmax (>50), and thin central corneal thickness (<425 microns) (Fig. 3I-L). DHEA-S levels also
gave a linear reduction with age in KC patients with no correlation with KC grade, Kmax, or central corneal
thickness (Fig. 3M-P). These results suggest that a complex interplay exists between hormonal levels and severity
of KC with altered endocrine function modulating other factors, such as metabolism or inflammation.

Role of Metabolism in KC. KC has been reported to have significant differences in cellular metabolism
within corneal stromal cells that may give rise to increased oxidative stress and bioenergetics***>. We have pre-
viously identified a significant reduction in adenosine triphosphate (ATP) production via oxidative phospho-
rylation and an increase in aerobic glycolysis favoring lactate production in primary cells isolated from KC
patients®. Elevated lactate levels are associated with hypoxic conditions with a lowering of the extracellular pH
and increased oxidative stress and apoptosis®®, which are both associated with KC**3537:38 1n order to deter-
mine if systemic changes in metabolism contribute to KC development, we quantified the concentrations of
metabolites (Supplemental Fig. S4) found within saliva using shot-gun tandem mass spectrometry*® and found
significant variations in metabolite flux suggesting a potential link to altered systemic metabolism and KC. As
shown in the heat map (Fig. 4), the most dominant metabolites present within human saliva from both healthy
and KC individuals were uric acid, citrate, betaine, and proline (Fig. 4). Furthermore, the greatest variations in
metabolite flux between KC and healthy controls were linked to glucose metabolism. In order to determine if
altered glucose-derived metabolite levels led to variations in metabolic flux in other pathways, we determined
the salivary profile of metabolites derived from the four major classes of biomolecules: nucleic acid, saccharide,
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Figure 2. Salivary hormone levels measured in healthy controls (HC) and Keratoconus (KC) patients.

(A) Estrone, (B) estriol, (C) 173-estradiol, and (D) dehydroepiandrosterone-sulfate (DHEA-S) levels measured
by enzyme-linked immunosorbent assay (ELISA). A significant reduction in estrone levels were measured in
KC with increased DHEA-S levels and no variations in estriol and 173-estradiol levels between HC and KC.
(E-H) Breakdown of hormone levels based on gender. Statistical significance was determined using a Mann-
Whitney two-tailed T-test with p < 0.05 considered statistically significant. Error bars represent standard error
of the mean. n > 6 for all samples, with each n representing a different patient. All patient samples were analyzed
for each hormone present, and only samples with concentrations within the range of the standard curve were
plotted.

lipid, and protein (Fig. 5). We measured significant variations in adenosine monophosphate (AMP) (12.7-fold),
D-gluconate (12.3-fold), and hexose-phosphate (3.9-fold) in KC saliva samples suggesting variations in nucleic
acid and glucose metabolism (Fig. 5C,E,F, p=0.0286). Lipid-derived metabolites, including cholesterol, cho-
lesteryl sulfate, glycerate, and geranyl-pyrophosphate (PP), did not vary between healthy controls and KC samples
(Fig. 5I-L). Moreover, protein metabolism was also not altered in the disease samples suggesting that hormonal
differences in KC primarily modulate glucose metabolism independent of lipid- or protein-breakdown.

Since our results suggested that glucose metabolism was altered in the KC pathology, we investigated the
conversion of glucose to lactate or pyruvate in order to determine if oxidative phosphorylation was modu-
lated (Supplemental Fig. S3A-C). We found substantial increases in lactate:malate (5-fold, p=0.0951) and
lactate:pyruvate (4-fold, p=0.0659) in KC saliva samples suggesting that glucose is converted to the anaero-
bic glycolytic product, lactate, rather than proceeding through the more efficient mode to generate adenosine
triphosphate (ATP) via the citric acid cycle and oxidative phosphorylation. Altered cellular metabolism can
contribute to increased intracellular oxidative stress with glutathione as the primary antioxidant responsible for
reducing reactive oxygen species. Since KC has been correlated with increased oxidative stress within the cor-
nea***>* and in vitro by our group®, we measured salivary concentrations of reduced (GSH) and oxidized glu-
tathione (GSSG) levels in order to determine if systemic GSH levels are affected in KC (Supplemental Fig. 3D,E).
We measured a significant reduction in GSH (p = 0.0384) and a slight reduction in GSH:GSSG (p=0.1055) in
KC saliva samples compared to healthy controls suggesting systemic elevated oxidative stress may be important
in KC (Supplemental Fig. 3D-F).

Systemic pro-inflammatory markers and cytokines in KC.  Estrogens have been shown to directly
modulate expression of pro-inflammatory cytokines, including IL-6 and TNF-q, within corneal epithelial cells*'.
Myoinositol and 1-methyl-histidine are metabolites that have been associated with pro-inflammatory responses
in vivo*2. Since estrone and DHEA-S levels were altered in our KC samples, we sought to determine if the differ-
ences in hormone levels contribute to a pro-inflammatory response. We measured significant increase of myo-
inositol (1.6-fold, p = 0.0286) and 1-methyl-histidine (6.2-fold, p=0.0286) in KC samples with no difference in
histidine levels (Fig. 6, p=0.1143).

In order to determine if systemic changes in pro-inflammatory cytokines and growth factors occurred in KC,
we utilized a microarray capable of probing for 80 proteins present in saliva. The highest abundance of cytokines
and growth factors secreted in human saliva were epidermal growth factor (EGF), interleukin-8 (IL-8), GRO or
chemokine (C-X-C motif) ligand 1 (CXCL1), and epithelial-derived neutrophil-activating peptide-78 (ENA-78)
(Fig. 7). Interestingly, we measured significantly increased stem cell factor (SCF) (1.9-fold, p = 0.0427) and
interleukin-16 (IL-16) (p = 2.1-fold, 0.0137) in KC saliva samples compared to healthy controls (Fig. 7B). SCF is
an important growth factor that is critical for promoting differentiation of different cell types, including progeni-
tor cells to myeloid and erythroid-derived cells**. SCF functions as a ligand for the c-Kit tyrosine kinase receptor
(c-Kit), which is important in propagating pro-survival signals to induce proliferation and differentiation****. Our
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Figure 3. Hormone levels relative to clinical presentation characterized by KC grade, central corneal
thickness (CCt,,;,), maximum curvature (Kmax), and in Keratoconus (KC) patients compared to healthy
controls (HC). (A-D) Estrone, (E-H) estriol, (I-L) 173-estradiol, and (M-P) DHEA-S levels plotted relative
to age at time of collection, clinical severity (KC grade), maximum curvature (Kmax), and minimum central
corneal thickness (CCt,,,) measured in microns. For each patient, the eye with the most severe KC clinical
features was plotted versus hormone concentration. (A,E,LLM) Best-fit linear curve for age-dependence of
hormone concentrations shown with solid lines and the 90% confidence interval with dotted lines (HC in blue
and KC in red).

results suggest that SCF plays a role in KC and potentially provides a link between pro-inflammatory processes
and KC pathobiology.

Furthermore, we analyzed these three elevated systemic pro-inflammatory molecules relative to KC severity,
as measured by clinical standards. We quantified KC severity (KC grade) versus expression of IL-8, IL-16, and
SCE. We found a slight linear response with increasing KC grade and IL-8 levels, but without any correlation
with Kmax and an increase in corneal thickness with the highest IL-8 concentration (Fig. 8D-F). Elevated IL-16
levels correlated with more severe KC features with increased KC grade, maximum curvature, and a slight reduc-
tion in corneal thickness (Fig. 8G-I). IL-16 is a lymphotactic factor able to recruit activated T cells and other
CD4-expressing cells. It appeared that increased SCF levels exhibited the highest linearity with severity of disease,
with elevated SCF expression correlating with higher KC grade, maximum curvature, and thinner corneal stroma
(Fig. 8]-L). This data suggests that a systemic inflammatory process, involving IL-16 and SCE, may contribute to
increased KC severity and reveals a novel connection between elevated hormonal levels and inflammation in KC.

Discussion

Regulation of hormone levels occurs throughout development, from birth to adolescence, puberty to adult-
hood, and then postmenopausal to the elderly*>~%. These stages of development are correlated with significant
variations in levels of DHEA-S and estrogens with climatic increases into puberty and gradual reductions with
aging”*®>!. KC is a corneal-thinning disease that is primarily diagnosed from post-pubescence to adulthood,
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Figure 5. Salivary profile of the major classes of biomolecules measured in healthy controls (HC) and
Keratoconus (KC) patients. (A-D) Nucleic acid-derived, (E-H) saccharide-derived, (I-L) lipid-derived, and
(M-P) protein-derived metabolites were measured by LC/MS-MS. Significantly elevated AMP and D-glucono-
lactone-6-phosphate were measured in KC saliva samples compared to HCs. n = 4, with each n representing a
different patient. The boxplot representation depicts the central rectangle spanning the interquartile range with
a line showing the median. Whiskers above and below the central box represent the maximum and minimum
data points, respectively. Statistical analysis was performed using a Mann-Whitney two-tailed T-test with

p < 0.05 considered statistically significant.
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Figure 6. Pro-inflammatory biomarkers isolated in saliva from healthy controls (HC) and Keratoconus
(KC) patients by LC/MS-MS. Myoinositol and histidine-derivatives have been associated with inflammation.
(A-C) Myoinositol and 1-methyl-histidine salivary levels were significantly higher in KC patients with no
significant variation in histidine. n = 4 for all data, with each n representing a different patient. The boxplot
representation depicts the central rectangle spanning the interquartile range with a line showing the median.
Whiskers above and below the central box represent the maximum and minimum data points, respectively.
Statistical significance was determined using a Mann-Whitney two-tailed T-test with p < 0.05 considered

statistically significant.
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Figure 7. Relative amounts of 80 cytokines and growth factors present in human saliva isolated from
healthy controls (HC) and Keratoconus (KC) patients measured using a microarray. (A) Representative
microarray membranes. (B) Quantification of all cytokines and growth factors detected on the microarray. Data
normalized to the positive control bands present on each membrane. Statistical significance was determined
using the Holm-Sidak method in a T-test, with alpha = 5.00%. n = 7 for HC and n=9 for KC. Y-axis was set to
0, which cut off negative values. Error bars represent standard error of the mean.

with our study showing an average age of 26 (+1.14) years old in males and 34 (£1.75) years old in females. It is
known that KC progression often stabilizes at middle age'® with a younger onset of disease associated with a more
severe disease condition requiring penetrating keratoplasty>2. The factors that contribute to stabilization of the
disease are unknown. Our results suggest that hormonal regulation may play a central role in the KC pathology.
We found significant increases in salivary DHEA-S levels and reduced estrone levels in KC patients independent
of gender. No apparent correlation between hormone concentration and increased severity of KC was detected,
which led us to suspect that perhaps hormone levels modulate other systemic factors that may affect the stromal
microenvironment, such as inflammatory factors and cellular metabolism, which might promote KC progression.

Elevated DHEA levels have been found to increase immune function by blocking endogenous glucocorticoid
activity>»**. Our results showed elevated DHEA-S levels correlated with increased IL-16 and SCE, with higher
IL-16 and SCF corresponding to increased KC severity. IL-16 has been found to be elevated along with other
cytokines in the vitreous of pseudophakic eyes following cataract surgery>® and is known to play a complex func-
tional role in the regulation of the immune response through interaction with T cells and dendritic cells*®. SCF
has a much different role in immune regulation as a ligand for the tyrosine receptor, c-kit, and is involved in
promoting differentiation of lymphoid, myeloid, erythroid, and megakaryocytic cell lineages®. Upregulation of
both IL-16 and SCF suggest an important role for the immune system and cell differentiation patterns in the KC
pathobiology. Interestingly, we did not observe significant upregulation of other pro-inflammatory cytokines
suggesting that IL-16 and SCF are specific factors that may contribute to KC severity. Systemic metabolic features
of KC corresponded with the upregulation of myoinositol and 1-methyl-histidine as potential biomarkers in
agreement with the presence of systemic pro-inflammatory factors.

KC severity is characterized by the clinical grade, maximum curvature, and minimum corneal thickness.
Corneal thickness is a measure of extracellular matrix deposition in the cornea with gradual thinning of the
stroma leading to KC development. We identified a direct link between elevated IL-16 and SCF and thinner KC
corneas, increased curvature, and KC grade suggesting elevated inflammatory factors may contribute to disease
severity. We have previously identified KC as a metabolically-driven disease in primary corneal stromal cells
derived from KC patients with increased oxidative stress and reduced matrix thickness®»*. Our current study, for
the first time to the authors’ knowledge, utilizes human saliva samples to correlate clinical findings with metabolic
changes in KC. Our results suggest that KC is at least partially a systemic disease driven by altered hormones
contributing to stromal thinning in the KC cornea. Further studies are clearly needed with the participation of
larger number of KC patients. This work represents a significant step in assisting with KC prognosis and drug
development.

Methods

Study Design. A cross-sectional, controlled laboratory experimental study was conducted from clinical data
and saliva samples collected from KC patients and healthy controls. Given that KC has a prevalence of 1:2000'°,
our study attempted to isolate the maximum number of saliva samples from two centers (Aarhus University
Hospital, Denmark and Dean McGee Eye Institute, USA). Inclusion/exclusion criteria for data collection were
established at the onset of data analysis to exclude clinical data from patients who had previously received collagen
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Figure 8. Pro-inflammatory cytokines and growth factors, IL-8, IL-16, and stem cell factor (SCF)
correlated with hormone levels and KC severity. (A) IL-8, (B) IL-16, and (C) SCF expression plotted relative to
DHEA-S levels. IL-8, IL-16, and SCF expression relative to (D-F) KC grade, (G-I) Maximum corneal curvature
(Kmax), (J-L) Minimum central corneal thickness (CCt,,,) measured in microns. Best-fit linear line plotted
with 90% confidence intervals (dotted lines). Expression of IL-8, IL-16, and SCF measured using densitometry
from a microarray. n =7 for HC and n=9 for KC. Clinical features (Kmax, and CCt,,;,) were not collected for
all HC and therefore were excluded from (D-L).

crosslinking or undergone penetrating keratoplasty. Robust regression and Outlier removal (ROUT) was utilized
to determine outliers post-hoc, as previously described*. Not all saliva samples yielded values within the standard
curve and were therefore excluded from analysis. Replicates varied between experiments and are defined in the
appropriate figure legends. Sample replicates were analyzed and screened individually with no pooling of samples.

Ethics and Inclusion Criteria. The ethics committee of both the University of Oklahoma and the Central
Denmark Region approved all experimental protocols reported in this study. IRB approvals (#3450 and #1-10-
72-77-14) were obtained by both ethic committees and written informed consent was received from participants
prior to inclusion in the study. Demographics data (age, gender, CCt,,;,, Kmax, KC grade) was provided by a cli-
nician with no identifiers linked to clinical information. This study met the tenets of the Declaration of Helsinki.
Inclusion criteria for healthy controls required absence of KC diagnosis or other corneal diseases. Inclusion crite-
ria for KC patients required diagnosis of KC by a certified ophthalmologist and absence of other ophthalmic con-
ditions. Healthy controls and KC patients were age-matched as closely as possible with average ages of 35+ 3.138
and 29 + 1.064 years, respectively (p = 0.0896, Supplemental Fig. S7A). Kmax and CCt,,, values for controls were
only available for n = 8 patients and are reported in Supplemental Fig. S7B,C.
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Saliva Collection. Patients were requested to rinse mouth with water prior to sample collection. Saliva sam-
ples (~2mL) were collected in plastic tubes by passive droll and frozen immediately®. Prior to processing, saliva
samples were aliquoted and stored at <80 °C until further use.

Salivary ELISAs. The following commercial immunoassay kits were used to detect hormone levels present
in saliva: salivary estrone enzyme immunoassay kit (1-3202), salivary estriol/HS estriol enzyme immunoassay
kit (1-1802), high sensitivity salivary 173-estradiol enzyme immunoassay kit (1-3702), salivary DHEA-S enzyme
immunoassay kit (1-1252) (Salimetrics, State College, PA). Briefly, saliva samples were maintained on ice and
centrifuged at 3000 rpm (4 °C) for 15 minutes to pellet debris and mucins. 100 pL of neat saliva, standard, or
control and the re-constituted conjugate was added to the appropriate well and incubated for 1 hour at room tem-
perature or overnight at 4 °C with rocking. Wells were then washed 4 x with provided wash buffer and incubated
with the TMB solution for 30 minutes covered and at room temperature. The stop solution was then added, mixed
briefly, and read in a plate reader at 450 nm. A 4-parameter non-linear regression curve fit was used to calculate
the concentrations of controls and unknowns extrapolated from the standard curve.

Salivary Metabolite Isolation. Metabolites were isolated as previously described®. Collected saliva sam-
ples were centrifuged at 3000 rpm (4 °C) for 15 minutes to pellet debris and mucins. 500 uL of the supernatant
were added to 4mL of cold 80% methanol and incubated on dry ice for 15 minutes. Samples were then centrifuged
and metabolites isolated (repeated 3 x ), dried using a speedVac, and stored at —80 °C until further use.

Mass Spectrometry Processing. Isolated metabolites were dissolved in 5uL of HPLC-pure water and
injected into a hybrid 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence
UFLC system (Shimadzu) using an Amide HILIC column (Waters) and analyzed with selected reaction moni-
toring (SRM) with positive/negative polarity switching. Peak areas from the total ion current were quantified for
297 metabolites®. Only metabolites that were expressed in n > 3 samples were considered for further analysis.
CIMminer software available from the genomics and bioinformatics group (http://discover.nci.nih.gov/cim-
miner/home.do) was used to generate the heat map following input of raw net intensity data for all metabolites
with n > 3 samples and clustering according to abundance.

Human Cytokine Antibody Array. Manufacturer’s protocol was followed for the cytokine microarray
(ab133998, Abcam, Cambridge, MA). Briefly, saliva sample was centrifuged at 3000 rpm (4 °C) for 15 minutes
to pellet debris and mucins. Following blocking of the membrane, 1 mL of supernatant (neat) was incubated
with the membrane overnight at 4 °C with rocking. Following washing, reconstituted 1x Biotin-Conjugated
Anti-Cytokines was incubated with membrane for 2hours at room temperature followed by washing. 1x
HRP-Conjugated Streptavidin was then incubated with membrane for 2hours at room temperature. Detection
buffer C and D were added to the washed membrane and immediately imaged. Densitometry measurements
were performed and background intensity was subtracted from the raw net intensity. In order to compare values
between microarrays, all values were normalized to the average intensity of the positive control wells (1-4) on the
same membrane. Values for each probe were then averaged and plotted.

Statistical Analysis. Statistical analysis was performed using Graph Pad Prism 6 and a Mann-Whitney
unpaired T-test or Holm-Sidak method in a T-test were used to determine significance. A p-value < 0.05 was
considered statistically significant.

References

1. Greenspan, E S., Gardner, D. G. & Shoback, D. Basic & clinical endocrinology. (Appleton & Lange Stamford, CT, 1997).

2. Elenkov, L. J. & Chrousos, G. P. Stress hormones, proinflammatory and antiinflammatory cytokines, and autoimmunity. Ann N Y
Acad Sci. 966, 290-303 (2002).

3. Cutolo, M. et al. Sex hormones influence on the immune system: basic and clinical aspects in autoimmunity. Lupus 13, 635-638
(2004).

4. Mantovani, A., Allavena, P, Sica, A. & Balkwill, F. Cancer-related inflammation. Nature 454, 436-444 (2008).

5. Whitacre, C. C., Reingold, S. C. & O’Looney, P. A. A gender gap in autoimmunity. Science 283, 1277 (1999).

6. Simpson, E. R. Sources of estrogen and their importance. ] Steroid Biochem Mol Biol. 86, 225-230, doi: 10.1016/5S0960-
0760(03)00360-1 (2003).

7. Morales, A., Haubrich, R., Hwang, J., Asakura, H. & Yen, S. The effect of six months treatment with a 100 mg daily dose of
dehydroepiandrosterone (DHEA) on circulating sex steroids, body composition and muscle strength in age-advanced men and
women. Clin Endocrinol (Oxf). 49, 421-432 (1998).

8. Kritz-Silverstein D., von Mihlen D., Laughlin G. A. & Bettencourt R. Effects of dehydroepiandrosterone supplementation on
cognitive function and quality of life: the DHEA and Well-Ness (DAWN) Trial. ] Am Geriatr Soc. 56, 1292-8, doi:
10.1111/§.1532-5415.2008.01768.x (2008).

9. Hunt, P.]. et al. Improvement in mood and fatigue after dehydroepiandrosterone replacement in Addison’s disease in a randomized,
double blind trial. J Clin Endocrinol Metab. 85, 4650-4656 (2000).

10. Derksen, R. H. W. M. Dehydroepiandrosterone (DHEA) and systemic lupus erythematosus. Semin Arthritis Rheum. 27, 335-347,
doi: 10.1016/S0049-0172(98)80013-9 (1998).

11. Forsblad-d’Elia, H., Carlsten, H., Labrie, F, Konttinen, Y. T. & Ohlsson, C. Low serum levels of sex steroids are associated with
disease characteristics in primary Sjogren’s syndrome; supplementation with dehydroepiandrosterone restores the concentrations.
J Clin Endocrinol Metab. 94, 2044-2051 (2009).

12. Cooper, G. S. & Stroehla, B. C. The epidemiology of autoimmune diseases. Autoimmun Rev. 2, 119-125 (2003).

13. Sullivan, D. A. Tearful Relationships? Sex, Hormones, the Lacrimal Gland, and Aqueous-Deficient Dry Eye. Ocul Surf. 2, 92-123,
doi: 10.1016/S1542-0124(12)70147-7 (2004).

14. Suzuki, T. et al. Expression of sex steroid hormone receptors in human cornea. Curr Eye Res. 22, 28-33 (2001).

15. Wickham, L. A. et al. Identification of androgen, estrogen and progesterone receptor mRNAs in the eye. Acta Ophthalmol Scand. 78,
146-153 (2000).

16. Rabinowitz, Y. S. Keratoconus. Surv Ophthalmol. 42, 297-319 (1998).

SCIENTIFIC REPORTS | 6:25534 | DOI: 10.1038/srep25534 10


http://discover.nci.nih.gov/cimminer/home.do
http://discover.nci.nih.gov/cimminer/home.do

www.nature.com/scientificreports/

23.
24.
25.
26.
27.

28.
29.

30.
31.
32.

33.
34.

35.
36.
37.
38.
39.

40.
. Suzuki, T. & Sullivan, D. A. Estrogen stimulation of proinflammatory cytokine and matrix metalloproteinase gene expression in

42.
43.
44,
45.
46.
47.
48.

49.
. Gray, A., Feldman, H. A., McKinlay, J. B. & Longcope, C. Age, Disease, and Changing Sex Hormone Levels in Middle-Aged Men:

51.
52.
53.

54.

. Kennedy, R. H., Bourne, W. M. & Dyer, . A. A 48-year clinical and epidemiologic study of keratoconus. Am ] Ophthalmol. 101,

267-273 (1986).

. Lema, I. & Duran, J. A. Inflammatory molecules in the tears of patients with keratoconus. Ophthalmology 112, 654-659 (2005).
. Balasubramanian, S. A., Mohan, S., Pye, D. C. & Willcox, M. D. P. Proteases, proteolysis and inflammatory molecules in the tears of

people with keratoconus. Acta Ophthalmol. 90, e303-e309 (2012).

. Karseras, A. & Ruben, M. Aetiology of keratoconus. Br ] Ophthalmol. 60, 522-525 (1976).
. Bawazeer, A. M., Hodge, W. G. & Lorimer, B. Atopy and keratoconus: a multivariate analysis. Br ] Ophthalmol. 84, 834-836 (2000).
. Doughty, M. J. & Zaman, M. L. Human corneal thickness and its impact on intraocular pressure measures: a review and meta-

analysis approach. Surv Ophthalmol. 44, 367-408 (2000).

Li, H. F. et al. Epithelial and corneal thickness measurements by in vivo confocal microscopy through focusing (CMTF). Curr Eye
Res. 16, 214-221 (1997).

Schlatter, B., Beck, M., Frueh, B. E., Tappeiner, C. & Zinkernagel, M. Evaluation of scleral and corneal thickness in keratoconus
patients. ] Cataract Refract Surg. 41, 1073-1080, doi: 10.1016/j.jcrs.2014.08.035 (2015).

Giuffre, G., Di Rosa, L., Fiorino, E, Bubella, D. M. & Lodato, G. Variations in central corneal thickness during the menstrual cycle in
women. Cornea 26, 144-146 (2007).

Fink, B. A. et al. Differences in Keratoconus as a Function of Gender. Am ] Ophthalmol. 140, 459.e451-459.e412, doi: 10.1016/].
2j0.2005.03.078 (2005).

Fink, B. A. et al. The influence of gender and hormone status on the severity and progression of keratoconus. Cornea 29, 65-72
(2010).

Ertan, A. & Muftuoglu, O. Keratoconus clinical findings according to different age and gender groups. Cornea 27, 1109-1113 (2008).
Olivares Jimenez, J. L., Guerrero Jurado, J. C., Bermudez Rodriguez, F. J. & Serrano Laborda, D. Keratoconus: age of onset and
natural history. Optom Vis Sci. 74, 147-151 (1997).

Lass, J. H. et al. Clinical Management of Keratoconus: A Multicenter Analysis. Ophthalmology 97, 433-445, doi: 10.1016/S0161-
6420(90)32569-1 (1990).

Gasset, A. R., Houde, W. L. & Garcia-Bengochea, M. Hard contact lens wear as an environmental risk in keratoconus. Am |
Ophthalmol. 85, 339-341 (1978).

Kiely, P. M., Carney, L. G. & Smith, G. Menstrual cycle variations of corneal topography and thickness. Am ] Optom Physiol Opt. 60,
822-829 (1983).

Harper, C. et al. Diurnal variations in human corneal thickness. Br ] Ophthalmol. 80, 1068-1072 (1996).

Arnal, E., Peris-Martinez, C., Menezo, J. L., Johnsen-Soriano, S. & Romero, E J. Oxidative stress in keratoconus. Invest Ophthalmol
Vis Sci. 52, 8592-8597 (2011).

Karamichos, D. et al. In vitro model suggests oxidative stress involved in keratoconus disease. Sci Rep 4, 4608, doi: 10.1038/srep04608
(2014).

Blokhina, O., Virolainen, E. & Fagerstedt, K. V. Antioxidants, oxidative damage and oxygen deprivation stress: a review. Ann Bot. 91,
179-194 (2003).

Chwa, M. et al. Increased stress-induced generation of reactive oxygen species and apoptosis in human keratoconus fibroblasts.
Invest Ophthalmol Vis Sci. 47, 1902-1910, doi: 10.1167/iovs.05-0828 (2006).

Kenney, M. C. et al. Increased levels of catalase and cathepsin V/L2 but decreased TIMP-1 in keratoconus corneas: evidence that
oxidative stress plays a role in this disorder. Invest Ophthalmol Vis Sci. 46, 823-832 (2005).

Yuan, M., Breitkopf, S. B., Yang, X. & Asara, ]. M. A positive/negative ion-switching, targeted mass spectrometry-based
metabolomics platform for bodily fluids, cells, and fresh and fixed tissue. Nat Protoc. 7, 872-881 (2012).

Buddi, R. et al. Evidence of oxidative stress in human corneal diseases. ] Histochem Cytochem. 50, 341-351 (2002).

human corneal epithelial cells. Cornea 24, 1004-1009 (2005).

Katz-Brull, R, Lenkinski, R. E., Du Pasquier, R. A. & Koralnik, L. J. Elevation of myoinositol is associated with disease containment
in progressive multifocal leukoencephalopathy. Neurology 63, 897-900 (2004).

Zsebo, K. M. et al. Stem cell factor is encoded at the SIlocus of the mouse and is the ligand for the c-kit tyrosine kinase receptor. Cell
63, 213-224, doi: 10.1016/0092-8674(90)90302-U (1990).

McNiece, I. K., Langley, K. & Zsebo, K. Recombinant human stem cell factor synergises with GM-CSE, G-CSE, IL-3 and epo to
stimulate human progenitor cells of the myeloid and erythroid lineages. Exp Hematol. 19, 226-231 (1991).

Challis, J. R., Matthews, S. G., Gibb, W. & Lye, S. J. Endocrine and paracrine regulation of birth at term and preterm 1. Endocr Rev.
21, 514-550 (2000).

Kerrigan, J. R. & Rogol, A. D. The Impact of Gonadal Steroid Hormone Action on Growth Hormone Secretion During Childhood
and Adolescence. Endocr Rev. 13, 281-298 (1992).

Beato, M., Herrlich, P. & Schiitz, G. Steroid hormone receptors: Many Actors in search of a plot. Cell 83, 851-857, doi: 10.1016/0092-
8674(95)90201-5 (1995).

Gould, E., Woolley, C. S., Frankfurt, M. & McEwen, B. S. Gonadal steroids regulate dendritic spine density in hippocampal
pyramidal cells in adulthood. ] Neurosci. 10, 1286-1291 (1990).

Pacifici, R. Estrogen, cytokines, and pathogenesis of postmenopausal osteoporosis. ] Bone Miner Res. 11, 1043-1051 (1996).

Results of the Massachusetts Male Aging Study*. J Clin Endocrinol Metab. 73, 1016-1025 (1991).

Hankinson, S. E. et al. Alcohol, height, and adiposity in relation to estrogen and prolactin levels in postmenopausal women. J Natl
Cancer Inst. 87, 1297-1302 (1995).

Wagner, H., Barr, J. T. & Zadnik, K. Collaborative Longitudinal Evaluation of Keratoconus (CLEK) Study: methods and findings to
date. Cont Lens Anterior Eye. 30, 223-232, doi: 10.1016/j.clae.2007.03.001 (2007).

Khorram, O., Vu, L. & Yen, S. S. Activation of immune function by dehydroepiandrosterone (DHEA) in age-advanced men. J
Gerontol A Biol Sci Med Sci. 52, M1-M7 (1997).

Kalimi, M., Shafagoj, Y., Loria, R., Padgett, D. & Regelson, W. Anti-glucocorticoid effects of dehydroepiandrosterone (DHEA). Mol
Cell Biochem. 131, 99-104 (1994).

. Jakobsson, G., Sundelin, K., Zetterberg, H. & Zetterberg, M. Increased Levels of Inflammatory Immune Mediators in Vitreous From

Pseudophakic EyesVitreous Immune Mediators in the Pseudophakic Eye. Invest Ophthalmol Vis Sci. 56, 3407-3414 (2015).

. Kaser, A. et al. A role for IL-16 in the cross-talk between dendritic cells and T cells. ] Immunol. 163, 3232-3238 (1999).

. McNiece, I. K. & Briddell, R. A. Stem cell factor. ] Leukoc Biol. 58, 14-22 (1995).

. Karamichos, D. et al. Novel in vitro model for keratoconus disease. | Funct Biomater. 3, 760-775 (2012).

. Motulsky, H. J. & Brown, R. E. Detecting outliers when fitting data with nonlinear regression-a new method based on robust

nonlinear regression and the false discovery rate. BMC Bioinformatics. 7, 123, doi: 10.1186/1471-2105-7-123 (2006).

. Navazesh, M. Methods for collecting saliva. Ann N'Y Acad Sci. 694, 72-77 (1993).

SCIENTIFICREPORTS | 6:25534 | DOI: 10.1038/srep25534 11



www.nature.com/scientificreports/

Acknowledgements

The authors thank Min Yuan and Susanne Breitkopf for technical help with metabolomics experiments. We
acknowledge the support of the National Institutes of Health (NEI) Grants 5R01EY023568 (DK), 5R01EY020886
(DK), T32EY023202, P0O1CA120964 (J.M.A.), and Dana-Farber/Harvard Cancer Center Support Grant
P30CA006516 (J.M.A.). This work was supported by the NEI/DMEI Cellular Imaging Core Facility at OUHSC
(P30EY021725) and an unrestricted grant (DMEI) from Research to Prevent Blindness (New York, NY USA).
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Author Contributions

T.B.M. devised experiment design, executed experiments, analyzed data, and wrote the manuscript. D.K.
conceived the project, devised experimental design, provided reagents/equipment, analyzed data, and reviewed/
edited the manuscript. J.H. and H.S. collected saliva samples and provided patient data. J.A. executed the
metabolomics study. J.W. collected KC saliva samples for the metabolomics study.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: McKay, T. B. et al. Endocrine and Metabolic Pathways Linked to Keratoconus:
Implications for the Role of Hormones in the Stromal Microenvironment. Sci. Rep. 6, 25534; doi: 10.1038/
srep25534 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:25534 | DOI: 10.1038/srep25534 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

