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Abstract
Keratoconus is a progressive corneal thinning, ectatic condition, which affects vision. Recent advances in corneal
topography measurements has helped advance proper diagnosis of this condition and increased research and
clinical interests in the disease etiopathogenesis. Considerable progress has been achieved in understanding the
progression of the disease and tear fluid has played a major role in the progress. This review discusses the
importance of tear fluid as a source of biomarker for keratoconus and how advances in technology have helped
map the complexity of tears and thereby molecular readouts of the disease. Expanding knowledge of the tear
proteome, lipidome and metabolome opened up new avenues to study keratoconus and to identify probable
prognostic or diagnostic biomarkers for the disease. A multidimensional approach of analyzing tear fluid of patients
layering on proteomics, lipidomics and metabolomics is necessary in effectively decoding keratoconus and thereby
identifying targets for its treatment.
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Background
Keratoconus is a progressive, asymmetric corneal ectasia.
It is characterized by the thinning and protrusion of the
cornea leading to irregular astigmatism and myopia
thereby affecting the visual performance [1].

on the clinical signs and corneal topography indices [8, 9].
Keratoconus has been reported to affect 1 in 500 to 1 in
2000 individuals and has a greater prevalence in Asians
indicating the role of ethnicity [5, 10–16].
Causative factors

Clinical characteristics and diagnosis

The disease is clinically diagnosed by corneal thinning and
steepening along with the presence of iron oxide hemosiderin deposits in corneal mid periphery (Fleischer’s ring).
Around 50 % of subjects exhibit Vogt’s striae, which are
fine stress lines caused by stretching and corneal thinning
[2]. Although clinical signs are helpful for the diagnosis,
keratoconus is typically confirmed by corneal topography
or tomography [3]. Although keratoconus is bilateral, in
certain scenarios, the clinical and topographic signs are
present in only one eye (unilateral keratoconus) wherein
the other eye is then diagnosed as form fruste keratoconus
[4, 5]. The onset of the disease occurs at puberty and
progresses up to the third decade of life [6, 7]. Hence, a
severity grading has been proposed for keratoconus to
differentiate a normal eye from a keratoconic eye based
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Both genetic and environmental factors contribute to the
disease pathology [17–19]. Although atopy, eye rubbing,
ocular allergies, Down’s syndrome and tapetoretinal degeneration have been associated with keratoconus [13],
the etiology and pathogenesis still remains unclear. Despite the association of various genetic loci in twin and
familial studies, [19] the general consensus remains that
the disease is polygenic and is dependent on ocular surface and tear molecular expression changes [20].
Tear proteomics

Tear fluid has been an important source of information
in understanding ocular physiology [21]. A large number
of proteases and protease inhibitors have been identified
in tears [22]. Zhou et al., have identified over 1500
proteins in the tear fluid majorly involved in carbohydrate catabolism, proteolysis, protein transport besides
immune response and regulation of apoptosis [23]. Disease specific molecular signature from tear fluid analysis
can help in understanding the etiology of the disease
and to help in prognosis. In addition, tear fluid can serve
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as an optimal source of molecular targets for treating
ocular disease conditions [24].
In this review, we attempt to discuss, in a concise manner, the molecular markers for keratoconus that have been
recently discovered and the importance of tear film as a
source of these biomarkers in understanding the etiopathology as well as in prognosis of the disease.

Review
Structure of the tear film

Tear film is essential in maintaining ocular homeostasis
and monitoring ocular surface conditions [25]. The tear
fluid secreted by the lacrimal glands is a complex matrix
comprising of an inner mucin layer, middle aqueous
layer and the outer lipid layer and is composed of lipids,
proteins, peptides, proteases, protease inhibitors and
metabolites. The lipid layer provides lubrication, stability
to the tear film and plays a protective role by preventing
the cornea from drying and shields against pathogens
[22, 26, 27]. Tear fluid helps in nourishing the corneal
epithelium and anterior stroma by delivering nutrients
and metabolic products [28]. Constitution of the tear
film influenced by disease specific changes in the molecular
markers can be of diagnostic value.
Another facet of the tear fluid analysis is the lipidome.
Analysis of the tear fluid lipidome by Rantamaki et al.
shows polar lipids, and the majority of tear lipids being
phospholipids; the composition of tear lipids differs distinctly from those of the meibomian gland [29]. A more
recent and comprehensive analysis of the human tear
fluid identified more than 600 lipid species belonging to
17 major lipid classes [30]. Besides lipidomics, a metabolome analysis of tears from healthy subjects using mass
spectrometry revealed 60 tear metabolites of different
classes [31].
Tear biomarker discovery
Tear fluid as a source of biomarkers

Proteins lipocalin (LCN), lysozyme (LYZ), lactoferrin (LTF),
serum albumin (ALBU), proline rich repeat proteins (PRR)
constitute the most abundant proteins in the tear fluid [32].
Inflammatory proteins were observed in tears of patients
on long term glaucoma medication [33] and tear fluid proteins were also considered as a means for screening diabetic
retinopathy [34, 35]. Tear proteins have been reported to
be altered in patients with keratoconus with and without
contact lens wear when compared to controls [36]. Tear
composition has been shown to be altered in various
inflammatory diseases like dry eye syndrome (DES) [37],
keratoconus [38], primary open angle glaucoma [39] and
Grave’s ophthalmopathy [21, 40]. Tear fluid has been
studied as a source of biomarkers in the diagnosis of
systemic conditions such as breast cancer [41, 42], diabetes [43, 44], multiple sclerosis [45], and severe acute
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respiratory syndrome (SARS) [46]. These reports highlight the importance of tears not only for the study of
ocular conditions but also for readouts of systemic
conditions.
Similar to the tear proteome, the tear lipidome and
metabolome can also undergo changes in keratoconus as
observed in other ocular disease such as DES where
reduced levels of wax esters and saturated fatty acyl
moieties in 93 DES patients were observed [47]. Besides
lipids, the tear metabolome has also been studied to
understand disease pathology. Using nuclear magnetic
resonance (NMR) spectroscopy, levels of about 50
metabolites were found to be varying in the tears of 55
DES patients compared with healthy subjects [48]. Advances in technologies such as mass spectrometry and
NMR have helped in studying and understanding molecular changes in the tear proteome, lipidome and metabolome
relating to an ocular disease condition.
Maintenance and handling of tear fluid for biomarker
discovery

Storage and maintenance of the collected tear fluid
under proper temperature conditions is critical for
successfully discovering a biomarker. Tear fluid from
patients can be non-invasively collected either using a
glass capillary or Schirmer’s strip [49]. However, the
Schirmer’s strip method of collecting tears is considered the most effective with minimum discomfort to
the patient and is often part of the DES ocular surface
disease test that patients already undergo in the clinic.
Since tear composition is complex with various proteolytic enzymes, cytokines, and metabolites, the tear
fluid should be stored at sub-zero temperatures i.e.,
−70 to −80 °C. A reduction in total tear protein
concentration was observed when stored at room
temperature for 4–8 h [50].
Biomarkers of keratoconus
Genetic risk factors/markers of keratoconus

Genetic variation is one of the factors influencing the
incidence of keratoconus [19]. Genetic predisposition
to keratoconus in familial and monozygotic twins has
been well established [51, 52]. Single nucleotide polymorphisms (SNPs) in hepatocyte growth factor RAB 3
GTPase activating protein 1 (RAB3GAP1), interleukin
1β (IL1B), cadherin 11 (CDH11), negative regulator of
ubiquitin like protein 1 (NUB1), collagen type XXVII
A1 (COL27A1) and lysyl oxidase (LOX) were identified
by genome wide association studies (GWAS) as risk
factors for keratoconus [53]. However, the molecular
functions associated with these SNPs are not well
understood. Gene expression signatures of keratoconus
have been reported and offer new insights into the
disease process [20].
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Gene and protein expression markers in cultured corneal
cells and patient corneas

Table 1 Summarized list of biomarkers in keratoconus
Biomarker

Expression

Tissue/Cells

Technique/Method

Ref

Differential gene expression analysis in debrided corneal
epithelia of patients with keratoconus showed dysregulations of LOX and collagens - collagen I alpha 1 (COLIA1)
and collagen IV alpha 1 (COLIVA1) and an elevated
expression of matrix metalloproteinase 9 (MMP9) [54]. A
positive correlation between the reduced collagen expression with clinical severity of keratoconus was observed
indicating their role in structural deformity in keratoconic
corneas [54]. These genes were also associated with
elevated inflammatory cytokine IL-6 in the corneal epithelium and in the tears of keratoconus patients. However,
cyclosporine A (CyA) treatment of tumor necrosis factor
α (TNFα) stimulated corneal epithelial cells and inhibited
the expression of IL-6, TNFα and MMP9 [55]. Cultured
human keratocyte cells (HKCs) stimulated with three
different isoforms of transforming growth factor β (TGFβ
I-III) showed deregulation of SMAD6 and SMAD7, indicating altered TGFβ signaling in the progression of keratoconus [56]. Similarly a significant reduction in levels of
alcohol dehydrogenase (class 1) betapolypeptide (ADH1B)
in cultured keratoconic corneal fibroblasts suggested its
possible role in keratoconus [57].
Reduced levels of beta actin, a protein essential for cell
survival and growth, along with human antigen R (huR)
was observed in keratoconic and normal corneas both at
the transcriptional and translational level suggesting the
deregulation of these molecules as a possible trigger for
keratoconus [58]. Similar reduction in gene expression
of beta actin and alpha enolase was also observed in
superficial keratoconus epithelial cells compared with
normal corneas, suggesting the degradation of these
proteins in keratoconus [59]. Nielsen et al. performed a
proteomic analysis using 2D-gel electrophoresis followed
by mass spectrometry from keratoconus patient epithelia. Compared to controls, the patient epithelium overexpressed gelsolin (GSN), alpha enolase (ENOA), S100A4
and cytokeratin3 (KRT3), which suggests a plausible role
of these proteins in the pathogenesis of keratoconus [60]
while possibly associating the role of structural proteins
and enzymes in keratoconus. These molecules can act as
prognostic or diagnostic biomarkers and may aid in
treatment of the disease. A list of the molecular markers
identified in cultured corneal cells and human corneas
are summarized in Table 1.
The genomic studies thus far have remained inconclusive in terms of a molecular explanation for the phenotypes observed and do not strongly correlate with the
molecular expression data from patient corneas. However,
the gene and protein expression data from the keratoconic
cornea do show deregulation of important factors and
pathways such as collagen synthesis, inflammation, extracellular matrix, structural genes, TGFβ pathway and Wnt

LOX

↓

RT-PCR

47

COLIA1

↓

Patient Corneal
epithelium

COLIVA1

↓

MMP9

↑

RT-PCR

48

TNFα

↑

Patient Corneal
epithelium

IL-6

↑
HKCs

RT-PCR/WB

50

SMAD6

↓

SMAD7

↓

ADH1B

↓

Cornea

Microarray/WB

51

GSN

↑

2D-GE

53

ENOA

↑

Patient corneal
epithelium

S100A4

↑

KRT3

↑

signaling, to name a few. However, in a clinic, it is difficult to obtain corneal tissue for diagnosis and molecular profiling. This makes profiling tears of patients an
attractive prospect.
Tear specific markers for keratoconus
Pre-selected/targeted protein markers (ELISA)

Keratoconus is associated with tissue degradation that
involves extracellular matrix remodeling, collagen deficiency [54] and more recently, increased roles of proinflammatory cytokines, cell adhesion molecules and
matrix metalloproteinases [61]. Enzyme linked immunosorbent assay (ELISA) analysis of capillary collected tears
in 28 [61], 30 [62] and 94 [63] patients with keratoconus
in three different studies showed elevated levels of
inflammatory markers IL-6, TNFα and MMP9. Thus, a
variety of matrix metalloproteinases (MMP) -1, -3, -7,
-13, interleukins (IL) -4, -5, -6, -8, and tumor necrosis
factor (TNF) -α and -β are elevated in keratoconus tears
[64]. Studies also demonstrate higher gelatinolytic and
collagenolytic activities in keratoconus [65]. Hence, patients with elevated MMP9 levels, when treated with
0.05 % CyA for 6 months, showed improved corneal
topography characterized by reduced disease progression, localized flattening and low tear MMP9 [55]. In
another study where tears from 33 keratoconus patients
were analyzed by ELISA, secreted-frizzled related protein 1 (SFRP1), a protein associated with the Wnt signaling pathway, was observed at lower levels compared to
age-matched controls, indicating a novel signaling pathway alteration in keratoconus [66] (Table 2). Tear
cytokine analysis performed to determine the effect of
collagen cross-linking on tear fluid composition showed
alterations in the tear cytokine levels [67]. These discoveries have significant clinical importance in aiding the
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Table 2 Summarized list of tear biomarkers in keratoconus
Protein

Expression

Ref

IL-6

↑

48,55,56

TNFα

↑

MMP9

↑

MMPs-1,3,7,13

↑

IL-4,5,6,8

↑

TNFα, β

↑

SFRP1

↓

58

SCGB2A1

↑

60

MMP1

↑

AZGP1

↓

LTF

↓

Cystatins

↓

LCN

↑

AZGP1

↑

PIP

↑

By ELISA Analysis

57

By LCMS Analysis

61

62

64

development of biomarker kits targeted towards the diagnosis, prognosis and treatment of keratoconus as in the
case of other ocular diseases such as DES. A tear MMP9
point-of-care detection kit was developed for the diagnosis
and management of pre-op and post-op inflammation in
DES [68]. Furthermore, pre-existing information based on
different experimental methodologies enhances the reliability of pre-selected markers. The high specificity and
sensitivity of target specific biochemical assays make them
reliable and clinically relevant for detecting molecular
changes both in a qualitative and quantitative manner.
Mass spectrometry based protein markers

Mass spectrometric analysis for protein biomarkers has
a dual advantage of surveying the unknown species
thereby discovering novel molecular changes from a repertoire of proteins, and quantifying the changes in a
multiplexed manner [69]. Using a nano-LC tandem mass
spectrometry approach, tears of 44 keratoconus patients
were compared with 20 healthy controls that identified
the elevation of cytokeratins, matrix metalloproteinase 1
(MMP1) and mammoglobin B (SGB2A1) [70]. Additionally, lipocalin (LCN), lysozyme C (LYZ), immunoglobulin
alpha & kappa (IGKA & IGKC) and precursors to
prolactin were deregulated in keratoconus [70]. Tear
analysis using a 2-DE/MS approach, identified zinc-α2glycoprotein (AZGP1), immunoglobulin kappa chain,
and lactoferrin (LTF) to be reduced in keratoconus [71].
Using complimentary proteomic approaches of 2DE and
LCMSE (mass spectral data acquired in a data- independent acquisition mode, MSE), Acera et al. have shown a

significant decrease in the levels of cystatins and a higher
tear lipocalin-1 in patients with keratoconus [38].
Moreover, Balasubramanium et al. demonstrated reduction in total tear protein in keratoconus patients [65].
Protein levels of gross cystic disease fluid protein-15/
prolactin-inducible protein (PIP) and zinc-alpha-2glycoprotein have been found to be elevated in tears of
36 patients by proteomic analysis, suggesting their application as prognostic markers for keratoconus [72] (Table 2).
One of the major challenges in tear proteomics is the
wide dynamic range of tear proteins. As discussed earlier,
certain proteins [32] due to their high abundance, are able
to mask the identification of low abundant proteins. A
comparison of the levels of abundant proteins in tears and
serum showed tear fluid to be similar in its protein abundance to serum [23]. Though fractionation by 2DE helps
in resolving the abundance and complexity, it is limited by
other factors such as protein isoelectric point and hydrophobicity [73]. A gel-free approach overcomes such
limitations and coupled with fractionation methods such
as cation exchange chromatography, it aids in resolving
sample abundance and complexity [23].
Metabolic changes as a consequence of disease can
also be diagnosed from tears. Tear metabolome analysis
by LCMS among 45 subjects in 3 clinically defined
groups (healthy, keratoconus patients with RGP lens and
keratoconus with no correction) identified 296 different
metabolites among which more than 40 metabolites
associated with glycolysis, gluconeogenesis and the urea
cycle showed significant changes in keratoconus tears
[74]. Thus, the changes in underlying molecular signaling and secretion pathways due to keratoconus could be
disease specific, affecting numerous biological processes.
Metabolite analysis by targeted mass spectrometry performed on 2D and 3D cultured human corneal keratocytes (KCKs), human corneal fibroblasts (HCFs) and
HKCs detected about 150 metabolites, the majority of
which are involved in the oxidative stress pathway,
implying its importance in keratoconus [75].
Disease specificity of tear biomarkers

Tear proteins LYZ, LTF, LCN were also reported to be
downregulated in DES. Besides, tear cytokines IL -4, -5 and
-6, and TNFα, which were elevated in keratoconus, were
also shown to have similar expressions in DES [76, 77],
indicating certain similar molecular changes among the
two disease conditions. Hence, it is imperative to practice caution while considering tear molecular changes
as biomarkers for a specific disease. Albeit, recent studies have shown that matrix metalloproteinases MMP1
and 9, AZGP1, SFRP1, IGKC and cell adhesion molecules ICAM-1 and VCAM-1 to be specifically regulated
in keratoconus [36, 71], indicating their probable exclusive role in keratoconus. In addition, the reduced

Nishtala et al. Eye and Vision (2016) 3:19

activity of LOX [54] and levels of SFRP1 [66] are
specific to the disease and highlight the molecular pathways that can be targeted for disease correction. Since
collagen cross-linking is the current surgical treatment
available for keratoconus [78], reduction in the natural
collagen cross linkers [54] is perhaps expected. The
molecular pathways leading to the elevation of collagenolytic factors [55] presents another attractive target
for therapy. Since these large sample studies [54, 63]
indicate a broad range in the expression of such factors,
it is imperative to tune future treatment modalities
based on specific molecular targets to the correct
pathways. This could be possible through tear-based
biomarker profiling.
It is now understood that inflammation is one of the
primary drivers of keratoconus [55, 61–63, 71], therefore, it is not surprising that some of the markers
between keratoconus and DES are similar. However, the
amplitude of the deregulation of these markers such as
IL6 and MMP9, in correlation with disease phenotype
can be distinct amongst the different disorders with inflammatory drivers. Large sample cohort studies [54, 63]
would further validate the role of these proteins as specific
and potential biomarkers for keratoconus. Therefore, accumulated information about these markers should be
considered for application in diagnosis e.g., elevated
MMP9 and IL6 [55] along with a reduction in markers
such as LOX, SFRP1 [54, 66] in tears can give a specific
diagnosis of keratoconus. Many of these factors are
deregulated at the corneal tissue (epithelium and stroma)
level as well as the tears, further validating their importance as biological processes specific to this disease as
established by different groups.
With the advent of high throughput technologies such as
multiplex cytokine bead array [77] and quantitative mass
spectrometry by multiple reaction monitoring (MRM) assays, multiple candidate markers can be validated in a relatively shorter time and over a larger cohort of patients.
Zhou et al. have demonstrated quantitation of 47 tear
proteins in a MRM assay [69]. Multiplexed validation
also establishes a unique molecular fingerprint of the
disease and a more appropriate way of diagnosing and
treating keratoconus.

Conclusions
Tear fluid as a source of biomarkers in ocular and systemic conditions has been well studied and is shown to
have translational potential. Moreover, the non-invasive
way of collecting the tears makes it an optimal biological
fluid to study with minimal to no discomfort to the
patient. Studies performed on tear fluid in patients of
keratoconus provided insights into the pathology of the
disease and has revealed probable prognostic as well as
diagnostic biomarkers for the disease. More importantly,
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the recent studies and data from tear analysis establishes
the definitive role of inflammation as a driver of corneal
collagen loss and deformity in keratoconus patients.
Elevated cytokines move in tandem with elevated matrix
degrading enzymes to reduce levels of collagens and
collagen crosslinking enzymes resulting in the disease.
We term this as “Keratoconus Inflammaxis”, a unique
molecular signaling fingerprint identified with this
disease and its related pathology. The advances in technology such as high resolution high sensitivity mass
spectrometry have enabled mapping of the tear fluid in
patients and also the heterogeneity of keratoconus
pathology. A multi-omics approach integrating data from
proteomics, lipidomics and metabolomics is the need of
the hour for studying tear fluid as an important source of
biomarkers in keratoconus to lead to effective prognosis
and treatment of the disease.
Acknowledgements
We thank the Narayana Nethralaya Foundation for funding to AG, KN and NP.
Authors’ contributions
KN and NP wrote the manuscript. RS and RMMAN helped conceptualize
and advised on the manuscript. AG designed and wrote the manuscript.
All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Cornea Department, Narayana Nethralaya, Bangalore, India. 2GROW Research
Laboratory, Narayana Nethralaya Foundation, Bangalore, India. 3Cornea Clinic,
Department of Ophthalmology, Maastricht University Medical Center,
Maastricht, Netherlands.
Received: 8 December 2015 Accepted: 19 July 2016

References
1. Davidson AE, Hayes S, Hardcastle AJ, Tuft SJ. The pathogenesis of
keratoconus. Eye (Lond). 2014;28(2):189–95.
2. Edrington TB, Zadnik K, Barr JT. Keratoconus. Optom Clin. 1995;4(3):65–73.
3. Matalia H, Swarup R. Imaging modalities in keratoconus. Indian
J Ophthalmol. 2013;61(8):394–400.
4. Wei RH, Zhao SZ, Lim L, Tan DT. Incidence and characteristics of
unilateral keratoconus classified on corneal topography. J Refract Surg.
2011;27(10):745–51.
5. Rabinowitz YS. Keratoconus. Surv Ophthalmol. 1998;42(4):297–319.
6. Krachmer JH, Feder RS, Belin MW. Keratoconus and related
noninflammatory corneal thinning disorders. Surv Ophthalmol.
1984;28(4):293–322.
7. Saini JS, Saroha V, Singh P, Sukhija JS, Jain AK. Keratoconus in Asian eyes at
a tertiary eye care facility. Clin Exp Optom. 2004;87(2):97–101.
8. McMahon TT, Szczotka-Flynn L, Barr JT, Anderson RJ, Slaughter ME, Lass JH,
et al. A new method for grading the severity of keratoconus: the
Keratoconus Severity Score (KSS). Cornea. 2006;25(7):794–800.
9. Ishii R, Kamiya K, Igarashi A, Shimizu K, Utsumi Y, Kumanomido T.
Correlation of corneal elevation with severity of keratoconus by means of
anterior and posterior topographic analysis. Cornea. 2012;31(3):253–8.
10. Barr JT, Wilson BS, Gordon MO, Rah MJ, Riley C, Kollbaum PS, et al.
Estimation of the incidence and factors predictive of corneal scarring in
the Collaborative Longitudinal Evaluation of Keratoconus (CLEK) Study.
Cornea. 2006;25(1):16–25.
11. Zadnik K, Barr JT, Edrington TB, Everett DF, Jameson M, McMahon TT, et al.
Baseline findings in the Collaborative Longitudinal Evaluation of
Keratoconus (CLEK) Study. Invest Ophthalmol Vis Sci. 1998;39(13):2537–46.

Nishtala et al. Eye and Vision (2016) 3:19

12. Kennedy RH, Bourne WM, Dyer JA. A 48-year clinical and epidemiologic
study of keratoconus. Am J Ophthalmol. 1986;101(3):267–73.
13. Georgiou T, Funnell CL, Cassels-Brown A, O’Conor R. Influence of ethnic
origin on the incidence of keratoconus and associated atopic disease in
Asians and white patients. Eye (Lond). 2004;18(4):379–83.
14. Nielsen K, Hjortdal J, Aagaard Nohr E, Ehlers N. Incidence and prevalence of
keratoconus in Denmark. Acta Ophthalmol Scand. 2007;85(8):890–2.
15. Jonas JB, Nangia V, Matin A, Kulkarni M, Bhojwani K. Prevalence and
associations of keratoconus in rural maharashtra in central India: the central
India eye and medical study. Am J Ophthalmol. 2009;148(5):760–5.
16. Pearson AR, Soneji B, Sarvananthan N, Sandford-Smith JH. Does ethnic
origin influence the incidence or severity of keratoconus? Eye (Lond).
2000;14(Pt 4):625–8.
17. Abu-Amero KK, Al-Muammar AM, Kondkar AA. Genetics of keratoconus:
where do we stand? J Ophthalmol. 2014;2014:641708.
18. Chang HY, Chodosh J. The genetics of keratoconus. Semin Ophthalmol.
2013;28(5–6):275–80.
19. Jeyabalan N, Shetty R, Ghosh A, Anandula VR, Ghosh AS, Kumaramanickavel
G. Genetic and genomic perspective to understand the molecular
pathogenesis of keratoconus. Indian J Ophthalmol. 2013;61(8):384–8.
20. Ghosh A, Zhou L, Ghosh A, Shetty R, Beuerman R. Proteomic and gene
expression patterns of keratoconus. Indian J Ophthalmol. 2013;61(8):389–91.
21. Pieragostino D, D’Alessandro M, di Ioia M, Di Ilio C, Sacchetta P, Del Boccio
P. Unraveling the molecular repertoire of tears as a source of biomarkers:
beyond ocular diseases. Proteomics Clin Appl. 2015;9(1–2):169–86.
22. de Souza GA, Godoy LM, Mann M. Identification of 491 proteins in the tear
fluid proteome reveals a large number of proteases and protease inhibitors.
Genome Biol. 2006;7(8):R72.
23. Zhou L, Zhao SZ, Koh SK, Chen L, Vaz C, Tanavde V, et al. In-depth analysis
of the human tear proteome. J Proteomics. 2012;75(13):3877–85.
24. von Thun Und Hohenstein-Blaul N, Funke S, Grus FH. Tears as a source of
biomarkers for ocular and systemic diseases. Exp Eye Res. 2013;117:126–37.
25. Dartt DA, Willcox MD. Complexity of the tear film: importance in
homeostasis and dysfunction during disease. Exp Eye Res. 2013;117:1–3.
26. Zhou L, Beuerman RW. Tear analysis in ocular surface diseases. Prog Retin
Eye Res. 2012;31(6):527–50.
27. Haynes RJ, Tighe PJ, Dua HS. Innate defence of the eye by antimicrobial
defensin peptides. Lancet. 1998;352(9126):451–2.
28. Creech JL, Do LT, Fatt I, Radke CJ. In vivo tear-film thickness determination
and implications for tear-film stability. Curr Eye Res. 1998;17(11):1058–66.
29. Rantamäki AH, Seppänen-Laakso T, Oresic M, Jauhiainen M, Holopainen JM.
Human tear fluid lipidome: from composition to function. PLoS One. 2011;
6(5):e19553.
30. Lam SM, Tong L, Duan X, Petznick A, Wenk MR, Shui G. Extensive characterization
of human tear fluid collected using different techniques unravels the presence of
novel lipid amphiphiles. J Lipid Res. 2014;55(2):289–98.
31. Chen L, Zhou L, Chan EC, Neo J, Beuerman RW. Characterization of the human
tear metabolome by LC-MS/MS. J Proteome Res. 2011;10(10):4876–82.
32. Green-Church KB, Nichols KK, Kleinholz NM, Zhang L, Nichols JJ.
Investigation of the human tear film proteome using multiple proteomic
approaches. Mol Vis. 2008;14:456–70.
33. Wong TT, Zhou L, Li J, Tong L, Zhao SZ, Li XR, et al. Proteomic profiling of
inflammatory signaling molecules in the tears of patients on chronic
glaucoma medication. Invest Ophthalmol Vis Sci. 2011;52(10):7385–91.
34. Torok Z, Peto T, Csosz E, Tukacs E, Molnar A, Maros-Szabo Z, et al. Tear fluid
proteomics multimarkers for diabetic retinopathy screening. BMC
Ophthalmol. 2013;13(1):40.
35. Torok Z, Peto T, Csosz E, Tukacs E, Molnar AM, Berta A, et al. Combined
methods for diabetic retinopathy screening, using retina photographs and
tear fluid proteomics biomarkers. J Diabetes Res. 2015;2015:623619.
36. Pannebaker C, Chandler HL, Nichols JJ. Tear proteomics in keratoconus. Mol
Vis. 2010;16:1949–57.
37. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The
pathology of dry eye: the interaction between the ocular surface and
lacrimal glands. Cornea. 1998;17(6):584–9.
38. Acera A, Vecino E, Rodriguez-Agirretxe I, Aloria K, Arizmendi JM, Morales C,
et al. Changes in tear protein profile in keratoconus disease. Eye (Lond).
2011;25(9):1225–33.
39. Pavlenko TA, Chesnokova NB, Davydova HG, Okhotsimskaia TD, Beznos OV,
Grigor’ev AV. Level of tear endothelin-1 and plasminogen in patients with
glaucoma and proliferative diabetic retinopathy. Vestn Oftalmol. 2013;129(4):20–3.

Page 6 of 7

40. Galvis V, Sherwin T, Tello A, Merayo J, Barrera R, Acera A. Keratoconus: an
inflammatory disorder? Eye (Lond). 2015;29(7):843–59.
41. Lebrecht A, Boehm D, Schmidt M, Koelbl H, Schwirz RL, Grus FH. Diagnosis
of breast cancer by tear proteomic pattern. Cancer Genomics Proteomics.
2009;6(3):177–82.
42. Evans V, Vockler C, Friedlander M, Walsh B, Willcox MD. Lacryglobin in
human tears, a potential marker for cancer. Clin Experiment Ophthalmol.
2001;29(3):161–3.
43. Stolwijk TR, Kuizenga A, van Haeringen NJ, Kijlstra A, Oosterhuis JA, van Best
JA. Analysis of tear fluid proteins in insulin-dependent diabetes mellitus.
Acta Ophthalmol (Copenh). 1994;72(3):357–62.
44. Herber S, Grus FH, Sabuncuo P, Augustin AJ. Changes in the tear protein
patterns of diabetic patients using two-dimensional electrophoresis. Adv
Exp Med Biol. 2002;506(Pt A):623–6.
45. Salvisberg C, Tajouri N, Hainard A, Burkhard PR, Lalive PH, Turck N. Exploring
the human tear fluid: discovery of new biomarkers in multiple sclerosis.
Proteomics Clin Appl. 2014;8(3–4):185–94.
46. Loon SC, Teoh SC, Oon LL, Se-Thoe SY, Ling AE, Leo YS, et al. The severe
acute respiratory syndrome coronavirus in tears. Br J Ophthalmol. 2004;
88(7):861–3.
47. Lam SM, Tong L, Reux B, Duan X, Petznick A, Yong SS, et al. Lipidomic
analysis of human tear fluid reveals structure-specific lipid alterations in dry
eye syndrome. J Lipid Res. 2014;55(2):299–306.
48. Galbis-Estrada C, Pinazo-Durán MD, Martínez-Castillo S, Morales JM, Monleón
D, Zanon-Moreno V. A metabolomic approach to dry eye disorders. The role
of oral supplements with antioxidants and omega 3 fatty acids. Mol Vis.
2015;21:555–67.
49. Posa A, Bräuer L, Schicht M, Garreis F, Beileke S, Paulsen F. Schirmer strip vs.
capillary tube method: non-invasive methods of obtaining proteins from
tear fluid. Ann Anat. 2013;195(2):137–42.
50. Sitaramamma T, Shivaji S, Rao GN. Effect of storage on protein
concentration of tear samples. Curr Eye Res. 1998;17(10):1027–35.
51. Edwards M, McGhee CN, Dean S. The genetics of keratoconus. Clin
Experiment Ophthalmol. 2001;29(6):345–51.
52. Rabinowitz YS. The genetics of keratoconus. Ophthalmol Clin North Am.
2003;16(4):607–20. vii.
53. Manolio TA. Genomewide association studies and assessment of the risk of
disease. N Engl J Med. 2010;363(2):166–76.
54. Shetty R, Sathyanarayanamoorthy A, Ramachandra RA, Arora V, Ghosh A,
Srivatsa PR, et al. Attenuation of lysyl oxidase and collagen gene expression
in keratoconus patient corneal epithelium corresponds to disease severity.
Mol Vis. 2015;21:12–25.
55. Shetty R, Ghosh A, Lim RR, Subramani M, Mihir K, Reshma AR, et al. Elevated
expression of matrix metalloproteinase-9 and inflammatory cytokines in
keratoconus patients is inhibited by cyclosporine A. Invest Ophthalmol Vis
Sci. 2015;56(2):738–50.
56. Priyadarsini S, McKay TB, Sarker-Nag A, Karamichos D. Keratoconus in vitro
and the key players of the TGF-beta pathway. Mol Vis. 2015;21:577–88.
57. Mootha VV, Kanoff JM, Shankardas J, Dimitrijevich S. Marked reduction
of alcohol dehydrogenase in keratoconus corneal fibroblasts. Mol Vis.
2009;15:706–12.
58. Joseph R, Srivastava OP, Pfister RR. Downregulation of β-actin gene and
human antigen R in human keratoconus. Invest Ophthalmol Vis Sci. 2012;
53(7):4032–41.
59. Srivastava OP, Chandrasekaran D, Pfister RR. Molecular changes in selected
epithelial proteins in human keratoconus corneas compared to normal
corneas. Mol Vis. 2006;12:1615–25.
60. Nielsen K, Vorum H, Fagerholm P, Birkenkamp-Demtröder K, Honoré B,
Ehlers N, et al. Proteome profiling of corneal epithelium and
identification of marker proteins for keratoconus, a pilot study.
Exp Eye Res. 2006;82(2):201–9.
61. Lema I, Durán JA. Inflammatory molecules in the tears of patients with
keratoconus. Ophthalmology. 2005;112(4):654–9.
62. Lema I, Sobrino T, Durán JA, Brea D, Díez-Feijoo E. Subclinical keratoconus
and inflammatory molecules from tears. Br J Ophthalmol. 2009;93(6):820–4.
63. Lema I, Durán JA, Ruiz C, Díez-Feijoo E, Acera A, Merayo J. Inflammatory
response to contact lenses in patients with keratoconus compared with
myopic subjects. Cornea. 2008;27(7):758–63.
64. Balasubramanian SA, Pye DC, Willcox MD. Effects of eye rubbing on the
levels of protease, protease activity and cytokines in tears: relevance in
keratoconus. Clin Exp Optom. 2013;96(2):214–8.

Nishtala et al. Eye and Vision (2016) 3:19

Page 7 of 7

65. Balasubramanian SA, Mohan S, Pye DC, Willcox MD. Proteases, proteolysis
and inflammatory molecules in the tears of people with keratoconus. Acta
Ophthalmol. 2012;90(4):e303–9.
66. You J, Hodge C, Wen L, McAvoy JW, Madigan MC, Sutton G. Tear levels of SFRP1
are significantly reduced in keratoconus patients. Mol Vis. 2013;19:509-xxx.
67. Kolozsvári BL, Berta A, Petrovski G, Miháltz K, Gogolák P, Rajnavolgyi E, et al.
Alterations of tear mediators in patients with keratoconus after corneal
crosslinking associate with corneal changes. PLoS One. 2013;8(10), e76333.
68. Sambursky R, Davitt 3rd WF, Latkany R, Tauber S, Starr C, Friedberg M, et al.
Sensitivity and specificity of a point-of-care matrix metalloproteinase 9
immunoassay for diagnosing inflammation related to dry eye. JAMA
Ophthalmology. 2013;131(1):24–8.
69. Tong L, Zhou XY, Jylha A, Aapola U, Liu DN, Koh SK, et al. Quantitation of 47
human tear proteins using high resolution multiple reaction monitoring
(HR-MRM) based-mass spectrometry. J Proteomics. 2015;115:36–48.
70. Pertovaara M, Hulkkonen J, Hurme M, Lehtimäki T, Pasternack A. Urinary
matrix metalloproteinase-9 and interleukin-6 and renal manifestations of
primary Sjogren’s syndrome. Rheumatology (Oxford). 2004;43(6):807–8.
71. Lema I, Brea D, Rodríguez-González R, Díez-Feijoo E, Sobrino T. Proteomic
analysis of the tear film in patients with keratoconus. Mol Vis. 2010;16:2055–61.
72. Priyadarsini S, Hjortdal J, Sarker-Nag A, Sejersen H, Asara JM, Karamichos D.
Gross cystic disease fluid protein-15/prolactin-inducible protein as a
biomarker for keratoconus disease. PLoS One. 2014;9(11):e113310.
73. Rabilloud T, Vaezzadeh AR, Potier N, Lelong C, Leize-Wagner E, Chevallet M.
Power and limitations of electrophoretic separations in proteomics
strategies. Mass Spectrom Rev. 2009;28(5):816–43.
74. Karamichos D, Zieske JD, Sejersen H, Sarker-Nag A, Asara JM, Hjortdal J. Tear
metabolite changes in keratoconus. Exp Eye Res. 2015;132:1–8.
75. Karamichos D, Hutcheon AE, Rich CB, Trinkaus-Randall V, Asara JM, Zieske
JD. In vitro model suggests oxidative stress involved in keratoconus disease.
Sci Rep. 2014;4:4608.
76. Grus FH, Podust VN, Bruns K, Lackner K, Fu S, Dalmasso EA, et al. SELDI-TOF-MS
ProteinChip array profiling of tears from patients with dry eye. Invest
Ophthalmol Vis Sci. 2005;46(3):863–76.
77. Massingale ML, Li X, Vallabhajosyula M, Chen D, Wei Y, Asbell PA.
Analysis of inflammatory cytokines in the tears of dry eye patients.
Cornea. 2009;28(9):1023–7.
78. Zotov VV, Pashtaev NP, Pozdeeva NA. Corneal collagen cross-linking for
keratoconus. Vestn Oftalmol. 2015;131(4):88–93.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

