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Abstract

Purpose: Sphingolipids (SPL) play roles in cell signaling, inflammation, and apoptosis. Changes
in SPL composition have been reported in individuals with MGD, but associations between
clinical signs of MGD and compositional changes in meibum SPLs have not been examined.

Methods: Forty-three individuals underwent a tear film assessment. Groups were split into those
with good or poor quality meibum. Meibum was collected then analyzed with liquid
chromatography-mass spectroscopy to quantify SPL classes. Relative composition of SPL and
major classes, Ceramide (Cer), Hexosyl-Ceramide (Hex-Cer), Sphingomyelin (SM), Sphingosine
(Sph) and Sphingosine 1-phosphate (S1P) was calculated via mole percent.

Results: 22 and 21 individuals were characterized with good and poor quality meibum,
respectively. Individuals with poor quality were older (60 + 8 vs 51 + 16 years) and more likely to
be male (90% vs 64%). Relative composition analysis revealed that individuals with poor meibum
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quality had SPL composed of less Cer (33.36% vs 49.49%, p<0.01), Hex-Cer (4.88% vs 9.15%,
p<0.01), and S1P (0.16% vs 0.31%, p=0.05), and more SM (58.67% vs 38.18%, p<0.01) and Sph
(2.92% vs 2.87%, p=0.97) compared to individuals with good quality meibum. Assessment of the
ratio of Cer (pro-apoptotic) to S1P (pro-survival) showed that individuals with poor meibum
quality had a relative increase in Cer (495.23 vs 282.69, p=0.07).

Conclusion: Meibum quality, a clinically graded marker of MGD, is associated with
compositional changes in meibum sphingolipids. Further investigation of the structural and
bioactive roles of sphingolipids in MGD may provide future targets for therapy.

Keywords

ceramide; sphingomyelin; dry eye; inflammation; meibomian gland dysfunction; sphingolipid;
sphingosine 1-phosphate; tear film

Introduction

Dry eye (DE) is a multifactorial process manifesting with a variety of symptoms and signs
caused by tear film modification in any of the three major tear constituents (mucin, aqueous,
and lipid) and potential ocular surface damage and inflammation.-2 The prevalence of DE
varies based on disease definition, geographic location, and among races, but the
International Dry Eye Workshop estimated the overall prevalence to be between 5-30% in
patients 50 years of age or older.3 DE is classified into two subgroups; aqueous deficiency
dry eye (ADDE) and evaporative dry eye (EDE), with EDE found to be the more prevalent
type of DE in both clinic and population based studies.3 ADDE is caused by inflammation
of the lacrimal gland leading to decreased tear production, whereas EDE is related to
disruption of the tear film lipid layer (TFLL) leading to evaporation of tears.*

Meibomian glands (MG), which are modified holocrine glands, secrete meibomian lipids or
meibum, that then spreads across the ocular surface to form the TFLL.# EDE is often driven
by meibomian gland dysfunction (MGD), most commonly obstructive MGD.5-7 While the
exact mechanisms behind obstructive MGD have not been fully elucidated, the central theme
involves hyperkeratinization of the MG ductal epithelium.® Another theory posits that age-
related MG atrophy is related to altered expression of the nuclear receptor, peroxisome
proliferator-activated receptor gamma (PPAR-y), as well as by the depletion of meibocyte
stem cells with aging or other environmental stress.® PPARy, which is thought to be a
master regulator of meibocyte differentiation and function, was also found to regulate
meibocyte lipid synthesis, suggesting that age-related MG atrophy and decreased lipid
synthesis occur through a PPARy-mediated pathway, in the absence of gland
hyperkeratinization or obstruction.%10

Regardless of the underlying mechanisms leading to disruption of MG function, clinically,
patients with MGD are noted to have alterations in the quality and quantity of meibum,
leading to tear film instability and clinical symptoms including dryness and irritation.>11-13
Meibum is composed of synthesized lipids (wax and sterol esters, diglycerides, triglycerides,
hydrocarbons, and trace amounts of monoglycerides and fatty alcohols), membrane derived
lipids (cerebrosides, phospholipids including phosphatidylcholine and sphingomyelin, and
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trace amounts of ceramides) and bacterial degradation products (free-fatty acids).6 Non-
polar lipids (wax and sterol esters) comprise the largest portion of meibum (77%) and act as
a lubricant and barrier to water. Polar lipids (phospholipids derived from the plasma
membranes of acinar and ductal epithelial cells) constitute a lower percent (8%) of meibum
and act as surfactants to help spread the TFLL across the ocular surface and also serve as
structural supports for the non-polar lipids.6

Compositional changes in meibum, notably, an increase in polar lipids, have been noted in
several ocular surface diseases including MGD.8:11.14.15 Sphingolipids (SPL), which have
been reported to comprise 30% of the polar lipids in meibum, are ubiquitous membrane
lipids found in almost all cell types.1? Prior studies'6-19 have focused on the structural role
of polar lipids. McCulley and Shinel® and Greiner et al'” concluded that polar meibum
lipids sit between the aqueous-mucin phase and non-polar meibum lipids, and provide
crucial structural support to the non-polar lipids. /n vitro studies have demonstrated that
increasing meibum concentration of ceramide (Cer), a key SPL metabolite, led to an
increased meibum melting temperature, increase in its rigidity at physiologic temperatures,
and destabilization of the TFLL, thus further supporting its important structural role.1518
Beyond their structural role, SPL derivatives are bioactive and regulate important cellular
functions such as apoptosis, proliferation, cell migration, and inflammation,20-22 processes
that are likely relevant to MGD as well. In fact, changes in SPL bioactivity are thought to
underlie eye diseases such as optic neuritis associated with multiple sclerosis, uveitis,
autoimmune conjunctivitis, age-related macular degeneration, retinitis pigmentosa, and
diabetic retinopathy.23 As such, compositional changes in meibum SPL likely affect both the
structural and bioactive roles of SPL, and contribute to the clinical manifestations of MGD.
Based on the above, we hypothesized that clinically graded markers of MGD associate with
compositional changes in meibum SPL. In this study, we analyzed SPL composition in the
meibum of individuals with and without clinical markers of MGD, focusing specifically on
the major SPL species: ceramide (Cer), hexosyl ceramide (Hex-Cer), sphingosine 1-
phosphate, (S1P), sphingomyelin (SM), and sphingosine (Sph).

METHODS
Study Population:

Miami Veterans Administration Medical Center (VAMC) and University of Oklahoma
Health Sciences Center Institutional Review Board (IRB) approval allowed the prospective
evaluation of patients. Informed consent was obtained from all patients, and the study was
adherent with the principles of the Declaration of Helsinki. Patients with a wide variety of
DE signs (none to severe) and no overt eyelid or corneal abnormalities were prospectively
recruited from the Miami VAMC between October 2013 and August 2016. Patients were
excluded if they wore contact lenses, had undergone refractive surgery, used ocular
medications other than artificial tears, had active corneal infection or inflammation, had
cataract surgery within the last 6 months, or any prior glaucoma or retinal surgery. Patients
with human immunodeficiency virus, sarcoidosis, graft-versus-host disease, or a collagen
vascular disease were also excluded.

Ocul Surf. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paranjpe et al. Page 4

Data Collected:

Demographics, past medical history and medication information were collected by self-
report and verified by medical records.

Ocular surface evaluation:

All individuals underwent a standardized tear film assessment of both eyes including
measurement of (1) tear osmolarity (TearLAB, San Diego, CA), (2) tear breakup time
(TBUT), evaluated after 5ul of fluorescein was placed on the superior conjunctivae, (3)
corneal staining with fluorescein using the National Eye Institute scale?, (4) Schirmer’s
strips with anesthesia, and (5) meibomian gland (MG) assessment including characterization
of meibum quality, inferior meibomian gland plugging (MG plugging), and meibomian
gland dropout (MG atrophy). We graded MG plugging from 0 to 3, defined as: 0, none; 1,
less than 1/3 lid involvement; 2, between 1/3 and 2/3 lid involvement; 3, greater than 2/3 lid
involvement.2425 MG atrophy was assessed by the contact meibography technique using
retroillumination and was quantified using a five-point scale (0, area of loss 0%; 1, area of
loss <25%; 2, area of loss 25%-50%; 3, area of loss 51-75%; 4, area of loss >75%).26 The
quality of forcefully expressed meibum was graded on a scale of 0 to 4 (0, clear; 1, cloudy;
2, granular; 3, toothpaste; 4, no meibum extracted).2’

Classification of MGD:

We characterized individuals as MGD or control for each analysis separately and used the
score of the worse eye for each clinical marker (meibum quality, inferior MG plugging, or
MG atrophy). Our primary predictor variable was clinically graded meibum quality.
Individuals were first divided into two clinical groups, control, or those with good meibum
quality (grade 0 or 1) and MGD, or those with poor meibum quality (grade, 2, 3, or 4). We
then re-classified individuals using our other predictor variables including clinically graded
inferior MG plugging scores and MG atrophy (meiboscale scores) independent of meibum
quality. Individuals with MG plugging scores of 0 or 1 were defined as the control group and
those with MG plugging scores of 2 or 3 were defined as the MGD group. Individuals with
less than or equal to 25% MG atrophy (meiboscale score 0-1) were defined as the control
group and those with greater than 25% MG atrophy (meiboscale score 2-4) were defined as
the MGD group.

Sample collection:

A drop of proparacaine was placed on the ocular surface and on two cotton tip applicators.
One applicator was placed behind and one in front of the interior tarsal plate and pressure
was applied to forcefully express meibum from the inferior orifices. We placed the two
cotton applicators centrally and applied pressure while moving the tips back and forth. On
average, we tried to express meibum from at least five glands from each eye and collect all
expressed meibum. The expressed meibum was collected by swiping the cotton tip
applicator across the inferior lid margin. The procedure was first performed in the right eye
and then repeated in the left eye with the same applicator. The cotton tip applicator was then
broken and the tip placed in an Eppendorf tube and immediately placed in —80°C. Our
meibum collection technique is unique. Most published collection methods used a metal
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spatula.1l We used cotton swabs that roll over the lid margin to collect meibum. We adopted
this technique to minimize patient discomfort. However, our ‘meibum samples’ may consist
not only of expressed meibum, but also of meibum plugs and other components including
marginal epithelial cells, cellular debris, tears, and/or microbes.

Extraction and Analysis of Sphingolipids:

Sphingolipids were analyzed in the Lipidomics core at the Virginia Commonwealth
University, Richmond, following previously published protocols.28-33 Internal standards
were purchased from Avanti Polar Lipids (Alabaster, AL). Internal standards were added to
samples in 20 L ethanol:methanol:water (7:2:1) as a cocktail of 500 pmol each. Standards
for sphingoid bases and sphingoid base 1-phosphates were 17-carbon chain length analogs:
C17-sphingosine, (2S,3R,4E)-2-aminoheptadec-4-ene-1,3-diol (d17:1-So); C17-
sphinganine, (2S,3R)-2-aminoheptadecane-1,3-diol (d17:0-Sa); C17-sphingosine 1-
phosphate, heptadecasphing-4-enine-1-phosphate (d17:1-So1P); and C17-sphinganine 1-
phosphate, heptadecasphinganine-1-phosphate (d17:0-SalP). Standards for N-acyl
sphingolipids were C12-fatty acid analogs: C12-Cer, N-(dodecanoyl)-sphing-4-enine (d18:1/
C12:0); C12-Cer 1-phosphate, N-(dodecanoyl)-sphing-4-enine-1-phosphate (d18:1/C12:0-
CerlP); C12-sphingomyelin, N-(dodecanoyl)-sphing-4-enine-1-phosphocholine (d18:1/
C12:0-SM); and C12-glucosylceramide, N-(dodecanoyl)-1-B-glucosyl-sphing-4-eine. The
MS grade solvents (chloroform, # EM-CX1050; and methanol, # EM-MX0475, as well as
formic acid (ACS grade, # EM-FX0440-7), were obtained from VWR (West Chester, PA).

For LC-MS/MS analyses, a Shimadzu LC-20 AD binary pump system coupled to a
SIL-20AC autoinjector and DGU20AS3 degasser coupled to an ABI 4000 quadrupole/linear
ion trap (QTrap) (Applied Biosystems, Foster City, CA) operating in a triple quadrupole
mode was used. Q1 and Q3 was set to pass molecularly distinctive precursor and product
ions (or a scan across multiple m/z in Q1 or Q3), using N2 to collisionally induce
dissociations in Q2 (which was offset from Q1 by 30-120 eV); the ion source temperature
set to 500 °C.

Samples were collected into 13 x 100 mm borosilicate tubes with a Teflon-lined cap (catalog
#60827-453, VWR, West Chester, PA). Then 1 mL of CH30H and 0.5 mL of CHCI3 were
added along with the internal standard cocktail (500 pmol of each species dissolved in a
final total volume of 20 pl of ethanol:methanol:water 7:2:1). The contents were dispersed
using an ultra sonicator at room temperature for 30 seconds. This single-phase mixture was
incubated at 48°C overnight. After cooling, 75 pl of 1 M KOH in CH30H was added and,
after brief sonication, incubated in a shaking water bath for 2 hours at 37°C to cleave
potentially interfering glycerolipids. The extract was brought to neutral pH with 6 pl of
glacial acetic acid, then the extract was centrifuged using a table-top centrifuge, and the
supernatant was removed by a Pasteur pipette and transferred to a new tube. The extract was
reduced to dryness using a Speed Vac. The dried residue was reconstituted in 0.5 mL of the
starting mobile phase solvent for LC-MS/MS analysis, sonicated for 15 seconds, then
centrifuged for 5 minutes in a tabletop centrifuge before transfer of the clear supernatant to
the autoinjector vial for analysis. The sphingoid bases, sphingoid base 1-phosphates, and
complex sphingolipids were separated by reverse phase LC using a Supelco 2.1 (i.d.) x 50
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mm Ascentis Express C18 column (Sigma, St. Louis, MO) and a binary solvent system at a
flow rate of 0.5 mL/min with a column oven set to 35°C. Prior to injection of the sample, the
column was equilibrated for 30 seconds with a solvent mixture of 95% Mobile phase Al
(CH30H/H,O/HCOOH, 58/41/1, viviv, with 5 mM ammonium formate) and 5% Mobile
phase B1 (CH30OH/HCOOH, 99/1, v/v, with 5 mM ammonium formate), and after sample
injection (typically 40 pL), the A1/B1 ratio was maintained at 95/5 for 2.25 minutes,
followed by a linear gradient to 100% B1 over 1.5 minutes, which was held at 100% B1 for
5.5 minutes, followed by a 0.5 minute gradient return to 95/5 A1/B1. The column was re-
equilibrated with 95:5 A1/B1 for 30 seconds before the next run. The species of ceramide
(Cer), hexosyl-ceramide (Hex-Cer), sphingomyelin (SM), sphingoid lipids such as
sphingosine (Sph), dihydro-sphingosine (Dh-Sph), S1P, and Dh-S1P were identified based
on their retention time and /m/z ratio and quantified as described in previous publications.
29-31,33-38 The detailed MS parameters and species identification chart is shown in
Supplemental Tables S1 and S2 and Supplemental Figures S1, S2, and S3.

Statistical Analysis:

Descriptive statistics were performed to summarize patient baseline demographics and
clinical information. Associations between these predictor variables and various outcome
variables including the amount of total and major sphingolipid species as well as
sphingolipid composition, as determined by mole percent were assessed via parametric
(independent samples T-test) or non-parametric (Spearman’s rank order correlation and
Mann-Whitney U) tests, as appropriate. Specifically, we employed non-parametric tests to
compare the median and interquartile ranges of lipids in the MGD and control groups.
Multiple linear regression analyses were carried out to assess the impact of demographic
factors and clinical signs of MGD on our outcome variables. All statistical analyses were
performed using SPSS 22.0 (SPSS, Inc., Chicago, IL).

RESULTS

Forty-three individuals participated in the study (mean age 55 + 13.5 years; 77% men; 40%
white, 54% black, 6% other; 26% Hispanic, 74% Non-Hispanic). While we graded three
clinical parameters of MGD, we focused on meibum quality as our primary metric. After
dividing individuals into two groups based on meibum quality, we found that individuals
with poor meibum quality (n=21) were older (60 * 8 years) than those with good quality
(n=22) (51 + 16 years) and more likely to be male (90% vs 64%) (Table 1).

We first quantified total SPL and major SPL classes (Cer, Hex-Cer, SM, S1P, and Sph) in
meibum collected from all 43 patients (Table 2). SM and Hex-Cer are not thought to be
bioactive, whereas the major bioactive sphingolipid species are Cer, Sph, and S1P. Cer and
Sph are generally pro-apoptotic lipids, whereas S1P is an anti-apoptotic lipid (Figure 1).22
We found that the IQR (25t percentile - 75™ percentile) for total SPL (328.58 pmol), SM
(200.13 pmol), Cer (174.98 pmol), Hex-Cer (28.90 pmol), Sph (5.13 pmol), and S1P (1.16
pmol) was fairly wide, reflecting the variance in amount of sample collected (Table 2).

We next compared amounts of SPL, Cer, Hex-Cer, SM, Sph, and S1P between the two
groups. We found that individuals with poor meibum quality had lower levels (pmol) of SPL,
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Cer, and Sph, significantly lower levels of Hex-Cer, and S1P and a higher level of SM (Table
3 and Figure 2A-F). Multiple linear regression models showed that age, race, gender, and
ethnicity had no statistically significant impact on SPL, Cer, Hex-Cer, SM, Sph, or S1P
levels.

Next, we compared the relative composition of SPL in the two groups.Comparing relative
composition of the major SPL species via mole percent allowed for a normalized metric that
was not dependent on the volume of meibum extracted. First, we found that as meibum
quality worsened, the relative composition of Cer (rho= -0.38, p=0.013), Hex-Cer (rho=

- 0.58, p<0.01), Sph (rho=-0.05, p=0.76), and S1P (rho=-0.29, p=0.06 decreased, and the
relative composition of SM (rho=0.41, p<0.01) increased. Next, we compared the mole
percent of Cer, Hex-Cer, SM, Sph, and S1P. We found that individuals with poor meibum
quality had SPL composed of less Cer (33.36% vs 49.49%, p<0.01), less Hex-Cer (4.88% vs
9.15%, p<0.01), less S1P (0.16% vs 0.31%, p=0.05) and more SM (58.67% vs 38.18%,
p<0.01) and more Sph (2.92% vs 2.87%, p=0.97) as compared to individuals with good
meibum quality (Table 4 and Figure 3A and 3B).

Each sphingolipid class is composed of lipids of different fatty acid chain lengths. In
humans, six isoforms of ceramide synthase (CerS) have been identified and each produces a
different subset of Cer, containing fatty acid chains of 14 to 32 carbons.3? We investigated
the mole percentages of major Cer species and found some significant differences between
the two groups. Specifically, individuals with poor meibum quality had significantly higher
median mole percentage of Cer C24:1 (p<0.01), Cer C24:0 (p<0.01), and Cer C26:0
(p=0.01); and significantly lower median mole percent of Cer C18:0 (p<0.01), Cer C20:0
(p<0.01), and Cer C22:0 (p<0.01) (Table 5 and Figure 4A).

We also compared mole percentages of major Hex-Cer and SM species between the groups
and again found significant differences in a number of species between individuals with
good versus poor quality meibum. Specifically, individuals with poor quality meibum had
higher mole percentages of Hex-Cer C16:0 (p=0.01) and C26:0 (p=0.03) and lower mole
percent of Hex-Cer C18:1 (p<0.01) and Hex-Cer C26:1 (p<0.01) (Figure 4B). Patients with
poor meibum quality also had a significantly higher mole percent of SM C24:1 (p=0.013)
and C26:1 (p=0.017) and a significantly lower mole percent SM C14:0 (p<0.01), SM C18:1
(p=0.01), and SM C18:0 (p<0.01) compared to those with good meibum quality. (Figure
4C).

Finally, we analyzed the ratio of mole percent of Cer to Hex-Cer, Cer to SM, and Cer to S1P.
We found that in individuals with poor meibum quality, the Cer:Hex-Cer ratio (7.07 vs 5.57,
p=0.03) and Cer:S1P (495.23 vs 282.69, p=0.07) increased, whereas the Cer:SM (1.19 vs
2.40, p=0.09) decreased (Table 4).

We then repeated our analysis examining our secondary predictor variables MG atrophy and
MG plugging independent of meibum quality. Overall, we found similar results when
examining these other facets of MGD. (Figure 2A-F and Figure 3C-F) Multiple linear
regression models demonstrated that meibum quality was the only clinical sign of MGD that
predicted relative composition (mole percent) of SM, Hex-Cer, and Cer (r2 0.111-0.402,
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p<0.05 for all). The models also showed that demographic factors did not influence mole
percent of SM, Hex-Cer, Cer, Sph, or S1P.

DISCUSSION

In this study, we demonstrated that clinical signs of MGD correlated with compositional
changes in commonly known sphingolipids in human meibum, which through structural and
bioactive roles could potentially alter the composition of the TFLL and signal for apoptosis
of MG cells. In assessing relative composition of meibum SPLs, we found that individuals
with poor meibum quality had meibum that was composed of less Cer, less Hex-Cer, less
S1P, more Sph, and more SM. We also found that longer-chain species of Cer, Hex-Cer and
SM were increased in individuals with poor quality meibum versus those with good quality
meibum. Finally, we analyzed the ratio of Cer and S1P composition, a ratio reflecting the
relationship between pro-apoptotic (Cer) and anti-apoptotic (S1P) lipids, and found that the
Cer to S1P ratio was increased in individuals with poor quality meibum versus those with
good quality meibum.

SPL metabolism is complex and consists of many enzymes, alternate pathways, and
feedback loops, with ceramides as a central hub (Figure 1).22 Ceramides are produced
through a de novo pathway or through the breakdown of SM by sphingomyelinases
(SMases).23:32 Once Cers are synthesized, there are several different possible fates. Cers can
be converted to Sph and then S1P, to Hex-Cer, or back into SM (Figure 1).22 The changes in
relative SPL composition we observed may have both structural and functional effects.

Structurally, SPLs are part of the polar lipid monolayer that interfaces between the non-polar
lipids and aqueous-mucin phase, and help maintain the integrity of the tear film.16 Our
findings of less Cer, Hex-Cer, S1P, and more Sph and SM in individuals with signs of MGD
may point to TFLL destabilization as a result of alterations in the typical composition of
these SPL metabolites. Interestingly, our findings have not been consistently reproduced in
prior MGD studies where different percentages of SPL metabolites have been found in a
variety of MGD models.11:14.15.18,40

In an /n vitro study using meibum from healthy individuals, artificially increasing the
percentage of Cer increased rigidity, melting temperature, and tear film disruption.18 A
similar detrimental effect of increased Cer percentage in meibum was demonstrated in a
rabbit model of MGD. In this study, rabbits treated with epinephrine had a higher percentage
of Cer in meibum as compared to untreated controls, which was associated with increased
epidermal tissue in meibum, a sign of hyperkeratinization of the meibomian glands.1* Yet,
not all studies found an inverse relationship between Cer and stablity. In a computer
simulation model, the presence of both SM and Cer in the polar lipid layer led to increased
TFLL surface tension and enhanced structural stability.41

Human MGD is a more challenging disease to study given the disconnect between
symptoms and signs of disease.*2 With this caveat, increases in relative composition of both
SM and Cer were found in meibum of individuals with DE symptoms defined as Ocular
Surface Disease Index (OSDI) score >21 as compared to individuals without symptoms
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(OSDI <12.9).40 In another study of individuals with chronic blepharitis and
keratoconjunctivitis sicca (epithelial erosions, decreased tear meniscus), meibum was
composed of less SM compared to controls.1! Taken together, it is difficult to interpret the
effect of Cer or SM in isolation, but these data indicate that there may be an optimal
composition of these SPLs metabolites in meibum and that alterations in composition can
lead to poor meibum quality.

Further information of the structural role of SPL can be gleaned by examining fatty acid
chain lengths.3943-45 |n humans, six isoforms of ceramide synthase (CerS1-CerS6) have
been identified and each produces a different subset of Cer containing fatty acid chains of 14
to 32 carbons.39 In general, sphingolipids in mammalian cells are mainly composed of
saturated (eg. C16:0) and mono-unsaturated (C18:1) fatty acids.*® The solublity of these
lipids increases with an increase in unsaturation of the chain, whereas the solubility
decreases as the fatty acid chains get longer, which may disrupt TFLL integrity. We found
that individuals with clinical signs of MGD had increased relative composition of longer-
chain lipids (24 and 26 carbon fatty acid chains), which are less soluble, and may contribute
to tear film destabilization.

Regarding functional roles, SM and Hex-Cer are mainly found as cell membrane
constituents and are not thought to be bioactive, whereas Cer, Sph, and S1P are bioactive
SPLs and induce cellular signaling upon interaction with intracellular signaling proteins and
cell surface receptors. The ratio of Cer and S1P composition is considered the most
important metric when assessing the bioactive role of SPLs. The interconversion of Cer and
S1P is known as the “sphingolipid rheostat” and shifts in the equilibrium of these two lipids
in response to cellular stress favor either pro-apoptotic or anti-apoptotic signals from these
bioactive sphingolipids.4”48 Furthermore, because Cer and S1P are interconvertible,
Kawabori et al* proposed that the composition of these lipids relative to each other, rather
than their absolute amounts determine cell fate. We noted that while both Cer and S1P
composition was lower in individuals with poor meibum quality, there was an increase in the
Cer:S1P ratio in these individuals, possibly indicating a relative increase in pro-apoptotic
lipids (Cer). It should be noted, however, that we only assessed lipid composition at one time
point, so it is difficult to definitively make conclusions about directionality in the Cer and
S1P equilibrium. Interestingly, many inflammatory mediators implicated in MGD>13 are
also involved in SPL metabolism. The relationship is complex, where inflammatory
mediators IL-1 and TNFa enhance both the breakdown of SM (non-bioactive) into Cer (pro-
apoptotic) and the conversion of Sph (pro-apoptotic) into S1P (anti-apoptotic).22

Our study findings must be considered in light of its limitations. First, we used forceful
expression to obtain our samples and therefore the extracted meibum may not be fully
representative of the physiological meibum available to the ocular surface during normal
blinking. Furthermore, some of our findings may be attributable to increased cellular rupture
or presence of epithelial cells as a result of forceful expression. However, while we found
increased SM, a common constituent of plasma membranes, in individuals with poor quality
meibum, we concomitantly found a decreased Hex-Cer, another constituent of plasma
membranes, in the same subset of individuals. Thus, attributing the noted changes to cellular
rupture alone does not fully explain our findings. Additionally, our technique for collecting
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meibum was designed to minimize discomfort, but may have allowed for mixing of our
“meibum samples” with marginal epithelial cells and cellular debris, tears, and microbes.
Other limitations of this study include a unique study population, a focus on specific clinical
signs of MGD, and a lack of assessed inflammatory mediators.

In conclusion, we found an association between clinically observable signs of MGD and
compositional changes in meibum SPLs. In short, we found an increase in the relative
composition of SM and a concomitant decrease in Cer, along with an increase in longer-
chain fatty acid species and an increase in the Cer to S1P ratio. We postulate that these
changes may have both structural and functional implications. Further investigation of the
structural and functional roles of SPLs in MGD is needed to improve our understanding of
MGD pathophysiology, which may potentially aid in the development of therapeutics that
target SPL pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overview of sphingolipid metabolism and biological roles of bioactive sphingolipid species.
Figure adapted from Hannun & Obeid (2008)22. Only enzymes thought to be potential
therapeutic targets shown in this figure. Ceramide is synthesized through a de novo pathway
catalyzed by serine palmitoyltransferase and ceramide synthase (CerS) or through the
breakdown of sphingomyelin by sphingomyelinases (SMase). Sphingosine can be generated
from ceramide by ceramidases and further converted into sphingosine 1-phosphate (S1P) by
sphingosine kinase (SphK). Ceramide and sphingosine are overall pro-apoptotic lipids,
whereas S1P has overall anti-apoptotic effects. Sphingomyelin and hexosylceramide are not
known to be bioactive sphingolipids.
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LC-MS/MS analyses of human meibum conducted in triple quadrupole mode. Sphingoid
bases, sphingosine 1-phosphate bases, and complex sphingolipids were separated by reverse
phase LC using a C18 column, as described in the methods section. Amounts (pmol) of
lipids were compared across groups defined by clinical parameters. Median amount and
interquartile range are shown. A. Amount of total sphingolipids across clinical parameters.
B. Amount of ceramide across clinical parameters C. Amount of hexosyl ceramide across
clinical parameters. D. Amount of sphingomyelin across clinical parameters. E. Amount of
sphingosine across clinical parameters. F. Amount of sphingosine 1-phosphate across
clinical parameters. *Denotes statistical significance with p-value <0.05.
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Figure 3.
LC-MS/MS analyses of human meibum conducted in triple quadrupole mode. Ceramide

(Cer), hexosyl ceramide (Hex-Cer), and sphingomyelin (SM) were separated by reverse
phase LC using a C18 column, as described in the methods section. The mole percent of
Cer, Hex-Cer, and SM were compared across groups defined by clinical parameters. A and
B. Comparison of mole percent of Cer, Hex-Cer, and SM with meibum quality. C and D.
Comparison of mole percent of Cer, Hex-Cer, and SM with meibomian gland dropout. E
and F. Comparison of mole percent of Cer, Hex-Cer, and SM with inferior meibomian gland

plugging.
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Figure 4.
LC-MS/MS analyses of human meibum conducted in triple quadrupole mode. The species

of ceramide (Cer), hexosyl-ceramide (Hex-Cer), and sphingomyelin (SM) were identified
based on their retention time and //z ratio and quantified as described in previous
publications.39:31 The mole percent of species of Cer, Hex-Cer, and SM were compared
across groups defined by clinical parameters. *Denotes statistical significance with p-value
<0.05. Boxplots depicting the median, interquartile range, and range are shown. A. The mole
percent of Cer species compared to meibum quality. B. The mole percent of Hex-Cer species
compared to meibum quality. C. The mole percent of SM species compared to meibum
quality.
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Table 1.
Characteristics of groups based on meibum quality.
Good Meibum Poor Meibum P-
Quality (N=22) Quality (N=21) Value
Age (mean = SD) 51 * 16 years 60 + 8 years 0.02
Sex (mean) Male: 64% Male: 90% 0.07
Female: 36% Female: 10%
Race (mean) White: 50% White: 29% 0.32
Black: 41% Black: 67%
Other: 9% Other: 4%
Ethnicity (mean)  Hispanic: 27% Hispanic: 24% 0.80

Non-Hispanic: 73%  Non-Hispanic: 76%

SD=standard deviation
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Table 2.

Amount (pmol) of sphingolipid species.

Species Name  Median (N=43) IQR

Cer 73.94
Hex-Cer 10.39
SM 76.48
Sph 5.16
S1P 0.21
SPL 187.00

174.98
28.90
200.13
5.13
1.16
328.58

SPL=total sphingolipid, Cer=ceramide, Hex-Cer=hexosyl ceramide, SM=sphingomyelin, Sph=sphingosine, S1P=sphingosine 1-phosphate,

IQR=interquartile range
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Table 3.

Amount (pmol) of major sphingolipid classes versus meibum quality.

Good Quality (N=22) Poor Quality (N=21) P-Value

Sphingolipid

Species Median  IQR Median  IQR

SPL 20575 4068 187 25758 061
Cer 83.22 21571 49.7 6131 02
Hex-Cer 24.4 3985 698 8.67 0.03
SM 58.05 21105 13473 18485 023
Sph 6.05 426 222 5.71 013
s1P 1.03 114 0.15 0.33 0.04

SPL=total sphingolipid, Cer=ceramide, Hex-Cer=hexosyl ceramide, SM=sphingomyelin, Sph=sphingosine, S1P=sphingosine 1-phosphate,

IQR=interquartile range
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Relative composition of major sphingolipid classes versus meibum quality.

Table 4.

Sphingolipid  Good Quality (N=22)

Poor Quality (N=21)

P-Value

Species Mole Percent Mole Percent
Mean SE Mean SE

Cer 49.49 19.25 33.36 16.98 <0.01
Hex-Cer 9.15 2.89 4.88 2.19 <0.01
SM 38.18 21.84 58.67 20.82 <0.01
Sph 2.87 2.26 2.92 4.37 0.97
S1P 0.31 0.23 0.16 0.25 0.05
CerHex-Cer* 5.57 0.47 7.07 0.45 0.03
Cer:SIP™ 282.69 67.43 49523 9308  0.07
Cersm* 2.40 0.51 1.19 0.47 0.09

Page 20

Cer=ceramide, Hex-Cer=hexosyl ceramide, SM=sphingomyelin, Sph=sphingosine, S1P=sphingosine 1-phosphate, SE=standard error of the mean

*
Ratios were first calculated for each individual and then mean ratios were compared between groups
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Table 5.

Composition of major ceramide species versus meibum quality.

Fatty Acid Good Quality Poor Quality  P-Value

Chain (N=22) (N=21)
Length Median Mole  Median Mole

Percent (%0) Percent (%)
Cer C14:0 0.48 0.74 0.13
Cer C16:0  20.70 25.79 0.06
CerC18:1 257 2.65 0.63
CerC18:0 23.74 19.63 <0.01
Cer C20:0  16.76 8.92 <0.01
Cer C22:.0 2244 12.89 <0.01
Cer C24:1 3.91 7.60 <0.01
CerC24:.0 194 14.96 <0.01
CerC26:1  0.32 1.05 0.07
CerC26:0 0.36 5.56 0.01

Cer=ceramide
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