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Abstract As current diagnostic markers for dry eye syn-
drome (DES) are lacking in both sensitivity and specificity, a
pressing concern exists to develop activity markers that
closely align with the principal axes of disease progression.
In this study, a comprehensive lipidomic platform desig-
nated for analysis of the human tear lipidome was employed
to characterize changes in tear lipid compositions from a
cohort of 93 subjects of different clinical subgroups classi-
fied based on the presence of dry eye symptoms and signs.
Positive correlations were observed between the tear levels
of cholesteryl sulfates and glycosphingolipids with physio-
logical secretion of tears, which indicated the possible lacri-
mal (instead of meibomian) origin of these lipids. Notably,
we found wax esters of low molecular masses and those con-
taining saturated fatty acyl moieties were specifically re-
duced with disease and significantly correlated with various
DES clinical parameters such as ocular surface disease in-
dex, tear breakup time, and Schirmer’s I test (i.e., both
symptoms and signs). These structure-specific changes in
tear components with DES could potentially serve as unify-
ing indicators of disease symptoms and signs.lill In addition,
the structurally-specific aberrations in tear lipids reported
here were found in patients with or without aqueous defi-
ciency, suggesting a common pathology for both DES
subtypes.—Lam, S. M., L. Tong, B. Reux, X. Duan, A.
Petznick, S. S. Yong, C. B. S. Khee, M. J. Lear, M. R. Wenk,
and G. Shui. Lipidomic analysis of human tear fluid reveals
structure-specific lipid alterations in dry eye syndrome. J.
Lipid Res. 2014. 55: 299-306.
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Dry eye syndrome (DES) represents one of the most fre-
quently encountered ocular morbidities, which can affect up
to approximately one-third of the population worldwide de-
pending on the criteria and definition used in the various
studies conducted across the continents (1). Recent studies
in China and Japan have, however, revealed a much higher
prevalence than the average value reported globally (2, 3),
indicating that Asian populations might have a greater pre-
disposition to the disease. Despite its prevalence, there is
presently no universal consensus on the diagnostic guidelines
for the disease (4). Current clinical tests lack reproducibility
and are not sufficiently predictive of symptomatology to fa-
cilitate effective disease diagnosis and prognosis (5).

The importance of tear lipids in maintaining ocular sur-
face homeostasis and visual acuity due to their critical roles
in constituting the outermost layer of the tear film has been
extensively reported and discussed (5-8). In particular, with
the recent development in mass spectrometric technology,
lipidomics has been transformed into a principal tool in
biomedical research to decipher fine changes in lipid me-
tabolism in various diseases including the DES (9, 10).
Elucidating single tear components that are specifically al-
tered with disease therefore marks the future of dry eye re-
search by revealing novel molecular targets for improving
current diagnostic and therapeutic platforms. Compared
with tears, meibum-derived lipid markers indicative of DES
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are circumvented by the assumption that meibomian lipids
are fully incorporated into the tear film lipid layer without
proportional alterations of the various lipid classes. More-
over, manually expressed meibum might not provide accu-
rate reflections of the physiological compositions normally
secreted onto the lid margin and subsequently incorpo-
rated into tears. Tear lipid biomarkers can thus potentially
offer a closer reflection of disease pathophysiology and dis-
play better correlation to clinical tests routinely used for dry
eye diagnosis, such as the Schirmer’s I test and the tear
film breakup time. Besides, a comprehensive tear lipidome
would also facilitate pharmaceutical development of artifi-
cial tears for alleviating DES and other ocular diseases.

In this study, we investigated the alterations in tear lipi-
domes from a clinical cohort of 93 subjects in order to elu-
cidate lipid aberrations in tears that are pathologically
relevant for DES. Subjects were classified into asymptomatic
controls, individuals atrisk of developing DES (aqueous-
deficient or nonaqueous-deficient) as well as symptomatic
patients (aqueous-deficient or nonaqueous-deficient) based
on a combination of dry eye symptoms (i.e., ocular surface
disease index) and clinical signs [i.e., Schirmer’s I test, tear
breakup time (TBuT), and Baylor score for corneal stain-
ing]. Changes in tear lipid compositions in the respective
clinical subgroups were compared against controls, and as-
sociations between tear lipid levels with DES clinical signs
were evaluated. In addition, lipid correlates with DES-
related physiological processes (i.e., aging, tear secretion,
and tear drainage) were also reported.

On another note, the entrapment and thus prolonged
stagnation of meibomian gland secretions within the par-
tially obstructed glands in the case of meibomian gland dys-
function (MGD) could result in enhanced modifications by
commensal bacteria residing within the glandular ducts (8),
leading to reduced delivery of meibum (i.e., hyposecretion)
with altered compositions to the lid reservoir. Indeed, it is
still debatable whether the perturbations to tear film physi-
ology associated with MGD result primarily from a dimin-
ished supply of meibum per se to the lid reservoir, or could
mainly be attributed to an altered meibum composition
that would adversely affect tear film integrity and its associ-
ated biophysical properties. To verify if tear lipid composi-
tion indeed varies considerably with MGD, we attempted to
move away from the conventional scheme of classification
by segregating subjects solely based on the absolute amounts
of lipids detected in tears (i.e., low, medium, high). This
classification is based on the assumption that under condi-
tions of MGD, the compromised delivery of meibum to the
lid reservoir would result in a diminished level of total lipids
detected in the tear fluid. Compositional changes in tear
lipids among the three subgroups were evaluated.

MATERIALS AND METHODS

Study group

A total of 93 subjects were recruited for the current study.
Symptomatic patients were recruited from the dry eye clinic,
while age-matched control subjects who did not exhibit dry eye
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symptoms were recruited from the glaucoma clinic. Detailed de-
mographic information for the study group can be found in the
supplementary section (supplementary Table I). Subjects were
classified into different clinical subgroups based on a combina-
tion of dry eye symptoms and signs (supplementary Fig. III).
Written informed consent was obtained from all participating
subjects and the procedure for the project was specifically ap-
proved by the SingHealth Centralised Institutional Review Board
(CIRB reference number: 2008/611/A). We adhered to the te-
nets of the Declaration of Helsinki for all human research con-
ducted in this study. The detailed clinical procedures have been
reported elsewhere (11).

Lipid extraction and mass spectrometric analyses

The detailed procedures for tear sample collection and lipid
extraction have been reported elsewhere (11). A comprehensive
lipidomic platform largely based upon principles of HPLC/MS/
MS, which had been specifically developed for analysis of human
tear lipids (12), was employed to measure changes in tear lipid
components among the different clinical subgroups. In particular,
development of a mass spectrometric method for quantitation of
wax esters (WEs) in tears that has been reported in detail previ-
ously (13). In the current study, care was taken to minimize techni-
cal artifacts by randomizing samples from different clinical
subgroups throughout the mass spectrometric runs. For all LC/
MS analyses, individual peaks were manually examined and only
peaks above the limit of quantitation and within the linearity range
were used for quantitation and subsequent statistical analyses.

Statistical analysis

Correlation analyses between lipid levels in tears and meibum
and common dry eye clinical indicators were investigated using
Spearman’s correlation. An eclipse demarcates the 95% confi-
dence region of correlating parameters. The levels of various
lipid classes and species in different clinical subgroups were com-
pared against the control group using one-way ANOVA with a
post hoc Dunnett’s test. False discovery rate was controlled based
on g-values calculated using R 3.0.1 (supplementary Table II).
Compositional changes in lipid levels among subgroups with dif-
fering total lipid amounts were compared using one-way ANOVA
with a post hoc TukezHSD test. For all analyses, ***P < 0.001;
*¥*P<0.01; ¥P<0.05; "0.05 < P<0.10.

RESULTS

Associations of tear lipid levels with DES-related
physiological processes

Aging is known to associate with physiological changes
that predispose individuals to DES, such as lower tear film
stability and compositional alterations in meibum (14).
We found the entire class of O-acyl-w-hydroxy-fatty acids
(OAHFAs) to be positively correlated with increasing age
(Fig. 1A). Several individual species of OAHFAs in tears
were also positively correlated with age (see supplemen-
tary Fig. IA, B). On the other hand, several phospholipids
containing PUFAs were decreased with increasing age, in-
cluding both diacyl and ether/plasmalogen species (Fig. 1A,
supplementary Fig. IC), which might be indicative of in-
creased oxidative stress with advancing age, in corrobo-
ration with the previous observation of enhanced oxidation
in meibum with aging, based on the ratio of aldehydes to
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Association between tear lipid levels and dry eye-associated physiological processes. A: Correlations between selected classes/species

of tear lipids with age. OAHFAs were positively correlated with age, while several highly unsaturated PE species were negatively correlated.
Oleic acid-based WEs (FA 18:1) were positively correlated with age with marginal significance. B: Positive correlations were found between CSs,
GluCers, GM3s, and LPCs with the Schirmer’s I test (Schir I) that provides a surrogate measure of lacrimal reflex response. C: Absolute levels
of total lipids and molar fractions of PA and PG were negatively correlated with Schir I, which might be associated with afflicted lipid clearance
from the lid reservoirs under an overall AqD. The ellipse demarcates the 95% confidence region of the correlating parameters.

hydroperoxides (15). Remarkably, the levels of oleic acid
(FA 18:1)-based WEs were elevated with increasing age,
with several individual oleic acid-containing species exhib-
iting similar upward trends (Fig. 1A, supplementary Fig. ID).
Because oleic acid-based species represent the major WE
species in tears (Fig. 2B), increased levels of such species
are expected to alter the composition and nature of tear
lipids considerably. This finding is in agreement with sepa-
rate studies on human meibum using infrared spectros-
copy and nuclear magnetic resonance spectroscopy, in
which the authors reported an increase in double bonds
in meibum with age (16), and a resultant decrease in hy-
drocarbon chain order (decreased viscosity) with ad-
vancing age (17). The increase in lipid disorder probably
represents a natural phenomenon of aging, facilitating
meibum outflow and its subsequent spreading across the
ocular surface in forming an expanded film.

The Schirmer’s I test (Schir I) provides a proximal mea-
sure of total tear secretion (basal and reflex) (18), a physio-
logical process instrumental in determining DES onset
and progression. The normalized levels of cholesteryl

sulfates (CSs), glucosylceramides (GluCers), NeuAca2-
3GalB1-4GlcB-Cers (GM3s), and lyso-phosphatidylcholines
(LPCs) were positively correlated with Schir I (Fig. 1B),
indicating that the release of these lipids is elevated with
increased tearing. In addition, contrary to other lipid
classes found in tears, absolute concentrations of CSs, Glu-
Cers, GM3s, and LPCs were reduced as tear secretion de-
creased (supplementary Fig. IIB), implying the possible
nonmeibomian origin of these lipids. These amphiphilic
lipids possibly originate from the lacrimal glands and
might represent suitable indicators of lacrimal function.
Nagyova and Tiffany (19) have suggested that the lacrimal
protein lipocalin might facilitate the lowering of surface
tension by complexing with specific lipids and spreading
out as a monolayer at the surface of the tear film. Using
TLC, separate groups concluded that glycolipids might be
involved in binding to tear lipocalins (18). It has been sug-
gested that the lacrimal gland might be a probable source
of such lipids and that the protein lipocalin might be se-
creted from the gland already fully charged with these lipids
(20). Correspondingly, our results showed that GluCer is
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Fig. 2. Structure-specific changes in WEs with DES. WEs were stratified into three categories based on molecular masses: low (490.5-588.6);
medium (590.6-672.6); and high (674.6-716.6). The pie chart illustrates the relative abundances of WEs categorized based on molecular
masses (i.e., low, medium, and high) (A) and fatty acyl moieties in their structures (B). Subclasses of WEs of low molecular masses (C) or those
containing saturated acid moieties (D-F) were significantly reduced in symptomatic dry eye patients with or without AgD (cutoff: Schir I <
5.5 mm). G: Heatmap illustrates changes in the levels of individual WE species in various clinical categories compared with normal controls.
Values are plotted as ratios of levels of individual WE species in the respective clinical categories to that in normal individuals. Red indicates
an increase compared with normal while blue indicates a decrease. R, individuals at risk; R (AgD), individuals at risk with AqD; P, Patients
(nonaqueous-deficient); P (AgD), patients with AqD; N, normal. *¥#¥P< 0.001; *¥P< 0.01; ¥*P< 0.05; #0.05 < P<0.10.

strongly positively correlated with increasing Schir I (Fig. 1B).
Also, the propensity of GluCers to aggregate forming
highly ordered gel domains has been shown to increase
the order of fluid membranes (21). In addition, the trapping
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of ocular pathogens by soluble sialyated and/or glycated
proteins has been shown to modulate the accessibility of such
microbes to the epithelial glycocalyx, thereby protecting the
cornea from infections (22). Similarly, soluble GluCer and



GM3 could help to entrap invading microbes and there-
fore preventing microbial adherence to epithelial mucins.
Thus, apart from possibly reducing surface tension of the
tear film, the enhanced release of GluCer and GM3 with
tearing might facilitate microbe clearance via drainage
through the ocular punta.

In contrast to the CSs, GluCers, GM3s, and LPCs that ex-
hibited positive trends with increasing tear secretion, the
absolute concentrations (pmolml l) of total lipids displayed
a significantly decreasing trend with increasing Schir I
(Fig. 1C). The higher lipid level with low Schir I'is consistent
with earlier work, which noted increased casual lipid levels
at the lid margin with aqueous deficiency (AqD) (23). This
might be attributed to an afflicted lipid clearance with re-
duced tear flow, as no known reflex control of meibomian
gland secretion has been reported thus far (23). In particu-
lar, molar fractions of phosphatidic acids (PAs) and phos-
phatidylglycerols (PGs) were negatively correlated with
Schir I (Fig. 1C), and found in significantly higher levels
(P<0.05) in aqueous-deficient patients (i.e., Schir I < 10 mm)
than normal subjects. The enhanced levels of specific phos-
pholipid classes might be associated with modifications by
various ocular surface enzymes, such as phospholipases,
due to the prolonged stagnation of tear lipids at the ocular
surface and lid reservoir under an overall AqD.

Levels of WEs were altered in DES in a manner
dependent on their molecular masses and fatty
acyl chain saturation

While the category of low molecular mass WEs constitutes
only a minor fraction (approximately 7%) of the total waxes
(Fig. 2A), their levels were found to steadily decrease with
DES onset, reaching statistical significance in patients (AqD
and nonAgD) (Fig. 2C). In agreement with their reduced
levels in patients, low molecular mass WEs were negatively
correlated with the ocular surface disease index, while posi-
tively correlated with TBuT and Schir I (Fig. 3). These obser-
vations cumulatively suggest that reductions in low molecular
mass WEs were associated with DES pathogenesis. Individual
species displayed similar trends to that observed for the en-
tire category of low molecular mass WEs (Fig. 2G; supple-
mentary Fig. VA). On the other hand, species of WEs
containing saturated fatty acyl moieties in tears were found
in considerably lower proportion compared with their un-
saturated counterparts (Fig. 2B). Intriguingly, among me-
dium to high molecular mass WEs, only species with saturated
FA chains were specifically and significantly decreased in
DES patients (both AqD and nonAqD), while the levels of
species with unsaturated FAs were increased, albeit not reach-
ing statistical significance (Fig. 2D-G). In addition, only spe-
cieswith saturated FA chains were specifically and significantly
correlated with Schir I and TBuT (positive correlations); as
well as OSDI (negative correlations) (Fig. 3). These observa-
tions indicate that reductions in WEs containing saturated FA
chains are associated with disease pathology. On the other
hand, several high molecular mass WEs with unsaturated FA
chains were positively correlated with the Baylor score for
corneal staining (supplementary Fig. VB), implying that the
saturation status of WE fatty acyl moieties might exert critical

roles in the manifestations of dry eye disease signs and symp-
toms. The subclasses of WEs containing the respective satu-
rated FA moieties (i.e., FA 16:0, FA 17:0, and FA 18:0)
displayed trends consistent with those of individual species
(Fig. 2D-F).

Compositional changes in tear lipids with varying total
lipid levels in tears

Rather surprisingly, we did not observe significant reduc-
tions in total tear lipids (umolml_l) in both DES subtypes
(AgD and nonAgD) according to the classification scheme
based on clinical parameters (supplementary Fig. Il partI).
This is contrary to the common perception that evaporative
dry eye (i.e., nonAgD) results from compromised tear film
stability due to insufficient delivery of meibomian lipids to
the lid margin (4). As no current clinical tests for DES are
sufficiently predictive of symptomatology to render them as
leading disease indicators, it is possible that these clinical
signs do not truly reflect physiological processes aligned
with the principal axes of DES pathogenesis (10). Meibo-
mian gland secretions could undergo enhanced modifica-
tions by host- and/or bacterial-derived enzymatic activities
in the gland ducts if secretions become entrapped and stag-
nate behind partially obstructed glands (24), leading to re-
duced delivery of meibum (i.e., hyposecretion) with altered
compositions into tears. Thus, nonAqD dry eye might have
resulted from an altered composition of tear lipids accom-
panying hyposecretion, instead of an overall insufficiency in
lipids per se. To test this hypothesis, we attempted to move
away from the conventional scheme of classification by seg-
regating subjects solely based on the absolute amounts of
lipids detected in tears (see supplementary Figs. VI-VIII).

Interestingly, we found significant compositional changes
in a number of lipid classes as total lipid amount in tears
varied from low to medium to high. For instance, the ele-
vated levels of diacylglycerides in the low-lipid category
(supplementary Fig. VIIIA) could be attributed to enhanced
activities of esterases and lipases from lid commensal bacte-
ria in MGD subjects, leading to irritation or other DES-
associated symptoms (25). The molar fraction of cholesteryl
esters (CEs) was significantly lower in the low-lipid group
(supplementary Fig. VIIIB), with a corresponding marginal
increase in the level of free cholesterol (Cho) (data not
shown), suggestive of an enhanced breakdown of CEs to
free Cho. The hydrolysis of CEs releasing free Cho was pre-
viously reported to promote the growth of ocular flora in
chronic blepharitis (26). Molar fractions of phosphatidyl-
cholines (PCs) (supplementary Fig. VIIIC), which are ma-
jor membrane lipid constituents, were also significantly
elevated in the low-lipid category. Elevated levels of these
lipids might have resulted from increased cellular debris in
entrapped meibum associated with MGD.

DISCUSSION

As an evolutionary adaptation to a nonaquatic environ-
ment, humans developed a structurally and biochemically
intricate preocular tear film stabilized by compositional
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Fig. 3. Correlations between structural-specific aberrations in WEs and clinical signs of DES. The levels of low molecular mass WEs and
those containing saturated acid moieties were negatively correlated with OSDI but positively correlated with both TBuT and Schir I. The
ellipse demarcates the 95% confidence region of the correlating parameters.

and hydrodynamic factors (26). Thus, even minor aberra-
tions in tear components could have a detrimental impact
on the overall structural integrity and stability of the tear
film. A notable finding in our study is the structurally-
specific reductions in low molecular mass WEs, as well as
species with saturated fatty acyl moieties in DES (Fig. 4).
Consistent with our finding, Dougherty, Osgood, and Mc-
Culley (10) reported lower levels of saturated FAs in
meibum WEs from chronic blepharitis patients, with cor-
responding increases in species containing monounsatu-
rated FAs. The saturation of the fatty acyl component of
WEs, instead of the alcohol moiety, is shown to be critical
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in determining the stiffness of WE films (27). The pres-
ence of a saturated FA component generally makes the
film stiffer, eliciting greater resistance to spreading out
again after being compressed (27). On the other hand,
having a saturated FA component translates to a smaller
surface area taken up by the WE molecule as a whole, indi-
cating a greater fluidly in sliding over each other to lift
from the surface (27). WEs containing saturated FAs might
thus facilitate the formation of a stable multilayered lipid
film after a blink. By virtue of their saturated FA compo-
nents that confer fluidity in sliding across different planes,
such species might intercalate between different layers of
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an expanded multilayered film, thereby providing a specific
degree of stiffness and resistance to collapsing after an in-
tact film is formed. On the other hand, low molecular mass
WESs would have comparatively higher polarity, thus serving
as transitional lipids in bridging the interaction between the
amphiphilic lipid sublayer with the bulk of the other non-
polar lipids. Hence, a reduction in WEs of low molecular
mass or those containing saturated FAs could possibly exert
an adverse effect on overall tear film stability.

Surprisingly, we did not observe a significant reduction
in total lipid levels, even in nonAqD DES patients. It has
been reported that in MGD patients with some, but not all,
of the glands blocked, there were adequate lipids (17-53
times the amounts required) on the lid margin to form a
multilayered tear film lipid layer. The quality, instead of
quantity, of meibum could thus potentially contribute to

MGD in such patients (28). In agreement with this hypoth-
esis, we found appreciable compositional changes in tear
lipids as the absolute amounts of lipids in tears varied
(Fig. 4). In particular, proportional increases in major phos-
pholipid classes [i.e., PC and phosphatidylethanolamine
(PE)] were observed in the low-lipid category. In addition,
elevated levels of PA and PG were also detected in aqueous-
deficient individuals. Due to their polar nature, phospho-
lipids can easily transverse the tear film aqueous layer and
adhere to the ocular epithelial and mucin components,
thereby creating “unwettable” regions that hinder the sup-
ply of nutrients to the avascular cornea, which might lead
to reduced TBuT and corneal epithelial damage. Indeed,
elevated molar fractions of PA and PG were significantly
correlated with increasing Baylor score (supplementary
Fig. ITA), indicative of corneal epithelial damages with
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enhanced levels of these lipids. It has been shown that both
lipocalin (29) and phospholipid transfer protein (30) in
human tears serve to scavenge lipids from corneal surfaces
to ensure a “wettable” cornea. Specifically, it was stated that
phospholipid transfer protein knockout mice developed
appreciable DES and elevated corneal epithelial permeabil-
ity (30), which is also in accordance with the accumulation
of phospholipids in DES observed in our study.

CONCLUSION

This study has underscored the pathological relevance
of structural-specific alterations (in terms of molecular
mass and degree of unsaturation) in tear lipid compo-
nents, particularly the WEs, to the pathogenesis of DES.
Remarkably, our comprehensive analysis of tear lipid aber-
rations in DES did not reveal an actual “lipid deficiency”
on the lid margins in both DES subtypes (i.e., with or with-
out AqD), but suggested that compositional alterations
possibly leading to impeded spreading and/or compro-
mised stability of the tear film might instead represent the
key to disease pathogenesis.Hl
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