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Shotgun Lipidomic Analysis of Human Meibomian
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Mass Spectrometry

Jianzbong Chen,"* Kari B. Green-Church,” and Kelly K. Nichols’

Purroste. The purpose of this investigation was to determine
the major molecular components of the lipids in normal human
meibomian gland secretions (meibum).

MEerHODS. The meibum samples were studied by direct infusion
electrospray ionization (ESI), quadrupole time-of-flight mass
spectrometry, and tandem mass spectrometry (MS/MS) analy-
sis, in both positive and negative detection modes.

Resurts. Hundreds of peaks were detected, among which the
molecular compositions and subclasses of approximately
160 major peaks were confidently identified. The composi-
tions and subclasses of these peaks were determined from
collision-induced dissociation fragmentation patterns, high-
resolution and high-mass-accuracy spectra, and references
of literature reports. The major peaks detected in positive
mode were those of nonpolar lipids, including wax esters,
cholesteryl esters, triacylglycerols, and diesters, whereas in
negative mode, the major peaks detected were those of
polar lipids, including free fatty acids and (O-acyD)-w-hy-
droxy fatty acids.

Concrusions. The analysis of intact lipids in meibum with direct
infusion ESI-MS/MS analysis has the advantages of minimal
sample preparation (no chromatography or pre-separation
needed), mild experimental conditions, high throughput, and
high sensitivity. (Invest Ophthalmol Vis Sci. 2010;51:6220 - 6231)
DOI:10.1167/i0vs.10-5687

ipids secreted from the meibomian glands (meibum)

form the outmost layer of tear film covering the ocular
surface. A primary function of this superficial lipid layer is to
prevent evaporation of the aqueous component in the tear
film." Changes in lipid profiles of meibum likely lead to
ocular surface diseases such as dry eye disease, which is a
prevalent condition affecting over 12 million Americans, or
6% to 27% of people worldwide.? Therefore, it is important
to know the identities of the components in meibum to
better diagnose and manage ocular surface disease, with the
additional goal of future therapeutic development.

The conventional methods applied to the analysis of
meibum samples include thin layer chromatography (TLC),

From the 'Applied Biotechnology Branch, Air Force Research
Laboratory, Dayton, Ohio; *Mass Spectrometry and Proteomics Facility,
The Ohio State University, Columbus, Ohio; and 3College of Optome-
try, The Ohio State University, Columbus, Ohio.

Supported by National Institutes of Health Grant NEI RO1EY015519.

Submitted for publication April 12, 2010; revised June 7 and July
8, 2010; accepted July 9, 2010.

Disclosure: J. Chen, None; K.B. Green-Church, None; K.K.
Nichols, None

Corresponding author: Kelly K. Nichols, The Ohio State Univer-
sity, 320 West 10th Avenue, Room 101, Columbus, OH 43210;
nichols.214@osu.edu.

6220

nuclear magnetic resonance spectroscopy, gas chromatogra-
phy (GO), and gas chromatography-mass spectrometry (GC-
MS).? With these methods, progress has been made in identify-
ing the lipid components in meibum. Previously, the major
components of meibum have been reported to be wax esters
(WEs),*"# cholesteryl esters (CEs),*"® diesters (DEs),*>7 and
triacylglycerols (TGs).*"® The major fatty acid and fatty
alcohol moieties of these lipids have also been deter-
mined.”® However, limitations still exist with these meth-
ods, including low sensitivity, low resolution, possible deg-
radation due to prolonged exposure time, low sample
recovery due to derivatization, isomerization, and/or decom-
position due to sustained high temperature analysis and long
analysis time.> Furthermore, these methods are mainly based
on hydrolysis and derivatization followed by GC-MS analysis
of all the meibum lipids or a certain subclasses; thus infor-
mation of the fatty acid or fatty alcohol moieties only has
been obtained and the more important qualitative and quan-
titative information of individual intact lipids was missing.

To circumvent these limitations, atmospheric pressure
chemical ionization (APCD-MS coupled with reversed-phase
or normal phase high-performance liquid chromatography
(HPLC) separation was recently applied for the direct anal-
ysis of the meibum lipids including WEs'>'" and CEs'?
without derivatization. However, the high energy and the
high temperature involved with APCI could cause the dis-
sociation of some lipid species. For instance, saturated CE
peaks are spontaneously fragmented with APCI-MS.'? This
creates a challenge in providing accurate identification and
quantitation. In addition, a large number of samples are
required for APCI-MS analysis because only high flow rate
(>0.2 mL/min) is compatible with this method. In contrast,
electrospray ionization (ESD) is a “softer” ionization method"® and
can be operated at low flow rate; thus it is more compatible
for the analysis of unstable lipids as well as limited or small
volume samples. The application of ESI-MS to meibum sam-
ples has been reported recently.''-!%>

In this work, direct ESI-MS and MS/MS analyses were
performed for individual meibum samples collected by cap-
illary tube after meibomian gland expression. After minimiz-
ing the interference peaks and increasing the signal-to-noise
ratio, we confirmed the previously reported major lipid
species, including WEs, CEs, DEs, TGs, and free fatty acids
(FFAs) in meibum samples. More importantly, we also de-
termined the major molecular components of these lipid
species. To the best of our knowledge, this is the most
detailed report of the major species in meibum on the
molecular level. Furthermore, we also observed a set of
peaks reported recently as those of (O-acyD-w-hydroxy fatty
acids (OAHFAs).'® These OAHFAs may play important role
in maintaining the stability of tear film.
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METHODS AND MATERIALS

Chemicals

Chloroform (HPLC grade, >99.9%, with amylene as the stabilizer,
either Burdick & Jackson or Sigma brand), methanol (HPLC grade,
>99.9%, Riedel-de Haen), ammonium acetate (>98%, Sigma), WE and
CE standards, stearic acid, and triolein were purchased from Sigma-
Aldrich (St. Louis, MO).

Sample Collection and Preparation

The study protocol was approved by the Ohio State University Insti-
tutional Review Board in accordance with the Declaration of Helsinki.
For this investigation, 45 subjects donated meibum samples on up to
five occasions per protocol. The subjects were predominantly female
(68.9%) and white (91.1%), with an average age of 39.0 = 14.4 years
(range, 24 to 65)."7 Samples were collected between May 2008 and
November 2009.

To collect the meibum, the subject was positioned in the slit lamp,
and the lid margin was viewed at X 16 magnification. The lower lid was
palpated with the index finger or cotton swab, and direct pressure was
used to express meibum from the meibomian glands. A 0.5 pL X 32
mm (0.0220” OD, 0.00560" ID) glass capillary (Drummond, Broomall,
PA) was used to collect the expressed meibum by “tapping” the tube
vertically into the meibum pool. Approximately 1 to 5 mm (volume of
approximately 16 to 80 nL) was collected from each eye. Each capillary
with meibum was put in a capped glass vial and stored under air at
—20°C for up to several months.

The stock solutions were prepared by pushing meibum samples
into a sample vial with a 0.00497” OD stainless steel wire (Hamilton,
Reno, NV) and dissolving in chloroform-methanol solvent mixture (2:1,
v/v). The typical amount of the solvent mixture for dissolving each mm
long meibum collected in the capillary was 100 uL unless otherwise
indicated. The concentration of the stock solution was estimated to be
160 pg/mL assuming the density of meibum as 1 g/mlL, similar to
published densities of common oils and fats, which range from 0.86 to
0.97 g/mL.'"® All samples were prepared with glass vials and glass
syringes and without contact with any plastics. Stainless steel tubing
was used to connect the syringe to the mass spectrometer. The analysis
of these samples resulted in over 130 instrument analyses (approxi-
mately 100 in positive mode and 30 in negative mode). Depending on
the analysis and instrument settings, some meibum samples were used
for more than one run.

The stability of the samples prepared in the solvent mixture with-
out additives was tested by comparing the spectra for the fresh samples
and the same samples stored under air at 4°C for 6 months (data not
shown). No significant difference was found, indicating the samples
were quite stable even when prepared in the solvent mixture. The raw
meibum samples stored in capillary at —20°C should be more stable.
Indeed, no significant differences were found for the analysis of fresh
meibum samples and those stored for several months.

Electrospray Time-of-Flight Mass
Spectrometry Analysis

A quadrupole time-of-flight mass spectrometer (Q-TOF II; Waters,
Milford, MA) was used for all analyses. For positive mode, the working
solutions were typically diluted 10-fold from meibum stock solutions
(final concentration was ~16 ug/mL). A solvent mixture containing
either ammonium acetate (1 mM) or sodium ijodide (typical concen-
tration 8 ug/mL) was used as a solution additive. The working solu-
tions were directly infused into the mass spectrometer at the flow rate
of 10 to 40 puL/min. The spectra were acquired in the m/z range of
50-2000. The desolvation gas flow rate was 500 L/h. For positive
mode, the cone voltage was set at either 15 V (for samples with
ammonium acetate additive) or 50 V (for samples with sodium iodide
additive). The source and desolvation temperatures were set at 100°C
and 100-150°C, respectively. The capillary voltage was set at 3-3.2 kV.
The instrument was calibrated with clustering ions of sodium iodide.
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After the calibration, the sodium iodide was washed away thoroughly.
The MS analysis was performed with collision energy of 5 to 7 €V to
increase resolution without causing significant fragmentation. The
MS/MS analysis was performed with collision-induced dissociation
(CID) of the isolated peaks of interest; high-mass and low-mass resolu-
tions were set at 15; the collision energies were set depending on the
species and ranged from 10 to 60 eV.

The major lipid peaks were identified from the MS/MS analysis of
either sodiated peaks (for CEs and TGs) or ammoniated peaks (for
WEs and DEs) by comparing the product ion pattern of standards or
literature reports. The other related peaks were identified from
high-resolution and high-mass accuracy MS spectra. The sodium
iodide additive was found to increase signal-to-noise ratio signifi-
cantly by converting almost all different forms of adducted peaks to
sodiated forms. The simplified spectra were calibrated with the
major peaks identified from MS/MS analysis. The lipid classes for the
low-intensity peaks in MS spectra were determined within the mass
accuracy of = 5 ppm.

For negative ion mode, the mass spectrometer was first cali-
brated with sodium iodide. The working solutions were either the
stock solutions (~160 ug/mL) or its 10-fold diluted solution of
meibum samples with 1 mM ammonium acetate or 0.1% ammonium
hydroxide additive. The solutions were directly infused into the
Q-TOF for MS and/or MS/MS analysis. The parameters for MS anal-
ysis were similar to those for positive mode except that the capillary
voltage was set as 3.0 kV and the cone voltage was typically set at
50 V. The collision energy for MS/MS analysis was typically set as 30
eV. To get better mass accuracy for the major peaks, MS analysis was
also performed with the addition of trace amount of sodium iodide
(~8 pg/mL) in the meibum samples. The spectra were internally
calibrated with the clustering peaks of sodium iodide. Because of
the suppression of signal by sodium iodide, only major peaks were
observed with high signal-to-noise ratio. After these major peaks

TaBLE 1. Summary of the Major Molecular Lipid Components in
Human Meibum*

Species Composition
Wax esters C,H,,0, (n = 39-41, 43), n: 0
C,H,,_,0, (n = 38- i, 1
C,H,, 0, (n = 34, 38-50), n: 2
C,H,,_c0, (n = 40-50), n: 3
C,H,, 40, (n = 44), n: 4
CHz, 100, (1 = 49, n: 5
Cholesteryl C,,_H,, COOC, H,s (n = 20-29), n: 0
esters c,, 1H2 ,COOC,H 5 (n = 20-26, 28, 30, 32),
01
c,, \H,,_sCOOC,-H,s (n = 20, 22, 24), n: 2
Diesters
a, o Type I C,H,, O4 (n = 64-67), n: 2
C,H,, 0, (n = 64, 66-68, 70), n: 3
C,H,,_1004 (n = 66, 68, 70, n: 4
o Type ISt (C,H,,,_s0)0C,-H,s (n = 46-51), n: 1
(C,H,,_,0)0C, Hs (n = 44, 46, 48-52), n: 2
(C,H,,_0)OC, H,s (n = 48, 50, 52), n: 3
Triacyglycerols C,H,,, _sOq (n = 55,57), n: 2

C,H,, 1006 n = 55,57), n: 3

C,H,,0, (n = 12, 14-18, 20-29), n: 0

C,H,, ,0,(n = 16—18, 20, 22, 24, 206, 28, 30,
32), n: 1

C,H,, 40, (n = 18), n: 2

C,H,, 04 (n = 42-50), n: 1

C,H,, ¢O; (n = 42, 44, 46, 48-52), n: 2

C,H,, 5O, (n = 48, 50, 52), n: 3

C,H,, 1004 (n = 50, 52), n: 4

Free fatty acids

(O-acyD-w-
hydroxy
fatty acids

* The assignments were considered only when the corresponding
mass accuracies were within = 5 ppm for positive mode and within *
12 ppm for negative mode (free fatty acids and (O-acyl)-w-hydroxy fatty
acids).



6222 Chen et al.

were confidently determined to be polar lipids, selected peaks
along with the iodide anion peak (which might be from the envi-
ronment or carryover that was difficult to wash away completely)
were applied as the internal standards to calibrate spectra for
samples with no sodium iodide added. The peaks in the calibrated
spectra were identified based on accurate masses along with MS/MS
analysis and literature reports. The mass accuracies for the peaks
assigned in MS analysis were within =5 ppm for positive mode and
+12 ppm for negative mode.

Although quantitative analysis was not the focus of this study, an

estimate is provided of the percentages of the major lipid classes by
comparison to available standards. Behenyl oleate, cholesteryl ner-
vonate, triolein, and stearic acid were chosen as the representative
standards for the lipid subclasses of WEs, CEs, TGs, and FFAs.
Meibum samples were analyzed directly or with the spiking of these
standards of known concentrations. For positive mode analysis, a
mixture of these standards with the concentrations of 40 to 150
ng/mL was spiked in a typical meibum sample with the lipid con-
centration of 16 pg/mL. For negative mode analysis, 2.5 ug/mL
stearic acid was spiked in the meibum sample with the concentra-
tion of 160 pg/mL. By comparing the intensity changes for these
representative lipid species in the mass spectrometry spectra of the
meibum sample with and without spiking, their percentages of total
lipids in meibum were estimated. Assuming that the peak intensities
for the lipid species of the same subclasses were proportional to
their concentrations, the percentages of total lipids for these sub-
classes in meibum were also estimated.
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REsuLTS AND DISCUSSION

The present findings indicated that for positive mode analysis,
the MS spectra of the meibum samples contained less fragmen-
tation when sodium iodide was applied as the sample additive.
Different forms of adducted peaks were converted primarily to
the sodiated form, which simplified the spectra. MS/MS analy-
sis of sodiated CEs and TGs also showed many product ions
consistent with those of standards and literature reports. How-
ever, for WEs and DEs, the sodiated peaks were often very
stable and difficult to dissociate. In contrast, the MS/MS anal-
ysis of ammoniated WEs and DEs yielded more product ions
for easier identification. MS/MS analysis of ammoniated TGs
and CEs also generated many characteristic product ions.
However, the product ions for CEs were quite weak except
a high-intensity diagnostic peak m/z 369.4. For eye disease
studies, meibum samples can be analyzed by MS with so-
dium iodide as the solution additive to find differentially
expressed lipids. The identities of these lipids can be deter-
mined by MS/MS analysis of the same solution or a meibum
sample prepared with ammonium acetate additive.

In contrast, for negative mode the MS spectra were less
complicated because only the deprotonated form of lipids was
observed.

Table 1 lists the molecular components of major lipid
peaks determined from the MS/MS and MS analyses. For
positive mode MS analysis (Fig. 1), the relative intensities of
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FIGURE 1. MS spectrum acquired in positive mode for a meibum sample. The meibum sample (~16 pg/mL) was dissolved in chloroform/methanol
mixture (2:1) with 8 ug/mL sodium iodide additive. The lipid peaks were present in sodiated form. The m/z region corresponding to each major
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lipid subclass is indicated with the composition of the major peaks being labeled.
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all the signal peaks in the range of m/z 100 to 1200 were
very similar between individual meibum samples. The rela-
tive intensities of the peaks above m/z 1200 may depend on
several factors, such as lipid concentration, solvent, and
temperature (data not shown). These peaks were primarily
sodium ion- or proton-linked homo- or heterodimers of WEs,
WEs and CEs, and possibly CEs. On the other hand, for
negative mode MS analysis, the peaks were mainly in the
range of m/z 200 to 800 (Fig. 2).

‘WEs

WEs have been reported in the literature as the lipid species
with the highest percentage (13% to 68%) in meibum.*~® The
present MS analysis of meibum samples showed several sets of
major peaks matching the composition of WEs within the
range m/z 500 -735. These sets of peaks in the order of relative
intensities from high to low include C,H,, ,O, (subset 1),
C,H,, 4O, (subset 2), C, H,,O, (subset 3), C, H,, O, (sub-
set 4), C H,, 4O, (subset 5), and C,H,, ,,0, (subset 6)
containing 1, 2, 0, 3, 4, and 5 double bonds, respectively (Table
1). Similar results have also been reported by Butovich et al.*®

The identities of these peaks were confirmed by the similar
MS/MS spectra patterns of most of these peaks with those of
WE standards (Fig. 3). All the CID spectra of these unsaturated
WEs showed the characteristic protonated unsaturated fatty
acid peaks with one or two water molecule losses, similar to
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previous reports for unsaturated WEs with one or more double
bonds in the fatty acid moiety.'*'® Some peaks were the
mixture of more than one isobaric species. For instance, the
example shown in Figure 3 suggests the peak m/z 591.7 is
composed of two major species with the corresponding fatty
acid/fatty alcohol moieties being 18:1/22:0 and 16:1/24:0. The
fatty acid moieties for the other WEs were found to be mainly
C18:1 but with a considerable amount of C16:1, which are
consistent with their high percentages of total fatty acids
(57.39% and 11.66%, respectively) in WEs reported by
Nicolaides et al.,” where the reported percentages of the fatty
acid components were summed from those for different types
of fatty acids including normal, iso, and anteiso with different
double bond positions. However, the fatty acid C16:1-based
WEs were not reported by Butovich et al.'*'® On the other
hand, it was found in this study that the unsaturated WEs with
two double bonds were primarily composed of at least two
different species, with one mainly containing C18:1 fatty acid
moiety, and the other containing C18:2 fatty acid moiety at a
much smaller percentage. The corresponding fatty alcohol
moieties for the high-intensity unsaturated WEs include C26:0,
C24:0, C25:0, C26:1, C28:1, and C30:1, again consistent with
the reported high percentages of these fatty alcohols in WEs
(account for 23.35%, 18.59%, 15.04%, 5.94%, 4.33%, 5.13%,
respectively, calculated in a similar manner as discussed above
for the percentage of C18:1 and C16:1 fatty acid moieties in

Fatty acid (O-acyl)-w-hydroxy fatty acid
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FIGURE 2. MS spectrum acquired in negative mode for a meibum sample. The meibum sample (~16 pg/mL) was dissolved in chloroform/

methanol mixture (2:1) with 0.1% ammonia hydroxide additive. The m/z region corresponding to each major lipid subclass is indicated with the

composition of the major peaks being labeled.



6224 Chen et al. IOVS, December 2010, Vol. 51, No. 12
(@) [C17Hy;COOH,I* [M+H]*
100- 283.30 591.69
behenyl oleate
C17Hy;COl
e 9
CH;(CH,);CH=CH(CH,)¢CH,-C-OCH,(CH,),CH
18:1/22:0
[CnHuCO-HzOl*
247.28
213.22 592.68
O s 14313 45715 B w0 2 284.30 ,
5 ‘ P OO 1 A T " [M+NH,]
[M+H]*
(b) 100, 591.66
[C15H;gCOOH,]* wax esters in meibum
255.25
5
Cy7H33-C-0-CyoHys
[C;H3CO-H,01
T [eahgcor 18:1122:0
H. + !
[CraHasCOTt 1 [C, Hy,COOH,
R
ol ]
° S and  CysHpg-C-O-CyyHyg
1
1
(CoHuCOHOr | 16:1/24:0
219.23 1
1
'
18517 499,19
1113 143'1\2 157.14 209.21
d N ‘UJI‘M[\ Ll L L ‘ IL‘W U S [MﬂgH‘]m,Z

A L - S _ e oy b
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

FIGURE 3. MS/MS spectra of ammoniated WE peaks: (a) a standard (behenyl oleate 18:1/22:0, ~30 ug/mL) and (b) a WE mixture in meibum (total
lipid concentration ~16 pg/mL). The solutions were prepared in chloroform/methanol mixture (2:1, v/v) with 1 mM ammonium acetate additive.
The WE mixtures in meibum are composed of species with the composition of fatty acid/fatty alcohol moieties being 18:1/22:0 and 16:1/24:0.

WEs).” C32:1 fatty alcohol observed in this work was not
reported by Nicolaides et al.,” possibly because of the difficulty
in detecting it with GC-MS.

There were also some peaks with lower intensities match-
ing the theoretical m/z of saturated WEs. The fragmentation
patterns for these putative saturated WEs in meibum were
similar to those of standards. Several isobaric species were
often found for a single peak. For example, fragmentation of
protonated saturated WE C41:0 shows that it is composed of at
least three species with the fatty acid/fatty alcohol moieties as
C17:0/C24:0, C16:0/C25:0, and C15:0/C26:0 (data not shown).
In most cases, the highest intensity fatty acid moiety from the
fragmentation of saturated WEs is C17:0. With the decrease of
the molecular weights of the saturated WEs, the relative inten-
sities of the fragment peaks m2/z 257.3 (C16:0) and m/z 243.3
(C15:0) increased. It is noteworthy that of the total lipids in
WEs, the percentages of C17:0, C16:0, and C15:0 fatty alcohol
moieties previously reported as 10.43%, 6.17%, and 1.48%,
respectively,” were consistent with the present observations.

Behenyl oleate (1m/z 613.6) was estimated to account for
0.8% of the total lipids in meibum. From the ratio of the
intensity for behenyl oleate to the sum of the intensities for all
WEs (Fig. 1), WEs were estimated to account for 28% of total
lipids in meibum.

CEs

Sterol esters have been reported as the lipid species with the
second highest percentage (8% to 39%) in meibum samples.*~®

The dominant sterol was suggested to be cholesterol from
GC-MS analysis of hydrolyzed human meibomian lipids.?° The
only other sterol detected in that report was lathosterol, an
isomer of cholesterol with almost the same structure as cho-
lesterol except the different position of the double bond. The
amount of lathosterol was only approximately 2.5% of choles-
terol.?° It is beyond the scope of this study to examine each
peak to find out if they are CEs or lathosteryl esters or some
other related sterol esters. In simplicity, only CEs are discussed
in this work.

As presented here, in the region m2/z 670-900, the major
peaks other than those determined to be WEs match sodi-
ated CEs, corresponding to the composition of
C,,_,H,,, ,COOC,,H 5 (subset 1), C,,_ H,, ;COOC, H
(subset 2), and C,,_,H,,, ;COOC,-H 5 (subset 3) with zero
to two double bonds, respectively (Table 1). The identities
of the CEs were further confirmed with CID. The initial
analysis based on ammoniated CEs showed few product ions
except the peak m/z 369.4, which is the water loss choles-
terol peak. The CID of sodiated CEs were found to provide
more product ions for the identification of CEs. The putative
sodiated CE peaks in meibum samples showed a similar
pattern to CE standards including the diagnostic cholesterol
water loss peak (m/z 369.4) and its complementary frag-
ments (Fig. 4).

For all the samples analyzed, CE peaks were always ob-
served, consistent with Butovich;'? however, this is differ-
ent from the observation of cholesteryl absent sterol esters
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FIGURE 4. MS/MS spectra of CE peaks: (a) a standard (cholesteryl nervonate) and (b) a CE in meibum. The two working solutions were prepared
from diluting the stock solutions. The final concentrations of cholesteryl nervonate in (a) and the total lipids in (b) were 2 to 3 ug/mL. The final
solutions contained 96:4 (v/v) methanol/chloroform with 7 to 8 pug/mL sodium iodide additives.

in some normal samples reported by Shine and McCulley.>!
The highest intensity CEs detected in the present studies
contain the fatty acid moieties C24:0, C25:0, and C26:0,
consistent with the classic work by Nicolaides et al.,” where
the same top three fatty acid moieties with the greatest
frequency were determined in the sterol esters in human
meibum. These high-intensity peaks are different from the
peaks claimed as C26:1, C25:0, and C28:1 by Butovich,'?
likely because of the challenge in detecting intact saturated
CEs with their methods.

Cholesteryl nervonate (m/z 757.7) was estimated to ac-
count for 1% of the total lipids in meibum. From the ratio of the
intensity for cholesteryl nervonate to the sum of the intensities
for all CEs (Fig. 1), CEs were estimated to account for 13% of
total lipids in meibum.

TGs

TGs have been reported to account for 2% to 6%*~7 or 11% to
43%8 of all the lipids in meibum, with the former range more
consistent between different analyses. In the present work, the
peaks including m/z 907.777 match the composition of TGs
with two or three double bonds (Table 1). The identities of the
TGs were further confirmed with CID (Fig. 5), which show
similar fragmentation patterns to previous reports of sodiated**
and ammoniated®>?* TGs. Based on the fragmentation of these
peaks, the most abundant TG is likely triolein, with the com-
position of C54:3. The fatty acid chains contained in other TGs
were primarily C18:1, C16:0, C16:1, C17:0, and C18:2. These
fatty acid moieties are consistent with previously reported high

percentages of total fatty acids in TGs found in human meibum:
44.74%, 15.34%, 9.57%, 3.85%, and 2.27%, respectively.” A
high-intensity C18:1 fatty acid moiety (44.33%) in TGs in nor-
mal human meibum has also been reported.””

Triolein (mm/z 907.8) was estimated to account for 0.01% of
the total lipids in meibum. From the ratio of the intensity for
triolein to the sum of the intensities for all TGs (Fig. 1), TGs
were estimated to account for 0.05% of total lipids in meibum.

DEs

DEs have been reported previously to make up 2% to 18% of
lipids in meibum*>7; however, they were not detected by two
other groups.®® The identification of DEs in these reports
were based on ratios of different forms of moieties for each
DE band, determined after hydrolysis, derivatization, and
GC-MS analysis.’

In this study, the peaks in the ranges of m2/z 1075 to 1200
and m/z 975 to 1075 matched the composition of two types
of DEs: w type I-St and «,o type II, respectively” (Table 1). The
former is composed of a cholesteryl group, a whydroxy fatty acid
moiety, and a fatty acid moiety, and the latter is composed of two
fatty acid moieties and one a,w diol moiety. The compositions for the
putative o type ISt DE peaks correspond to (C,,H,,, s0)OC,-H,s,
(C,H,,,_,0)0C,,H,s, and (C,H,,, ,0)OC,,H s, containing one
to three double bonds, respectively. On the other hand, the compo-
sitions for the putative o, type II DE peaks correspond to
C,H,, 04 CH,, O and C H,, ,,0, containing two to four
double bonds, respectively.
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FIGURE 5. MS/MS spectra of sodiated TG peaks in a meibum sample. The precursor ion in (a) is composed of at least two TG species with the
compositions of 18:1/18:1/16:0 and 18:1/18:0/16:1 (the order may not be necessarily corresponding to the actual compositions), while that in
(b) is a triolein peak. The meibum solution was the same as that in Figure 4.

CID analysis of the major peaks of each type of DEs further
supports their identities. No DE standards are commercially
available at this time. However, the composition of the DEs can
be inferred from the fragmentation patterns. For the putative w
type I-St DE peaks, the MS/MS analysis showed dominant frag-
ments corresponding to the cholesterol water loss peak and
the complementary cholesteryl group loss peak (Fig. 6). The
molecules of the three dominant peaks (ammoniated, m/z
1117.07, m/z 1145.10, and m/z 1173.14) for this type of DEs
are likely composed of a C18:1 fatty acid moiety and a C30:1,
C32:1, or C34:1 w-hydroxy fatty acid moiety, in addition to the
cholesteryl moiety. It is consistent that C30:1, C32:1, and
C34:1 whydroxy fatty acids are among the most abundant
w-hydroxy fatty acids, reported earlier for steer meibum con-
stituting 6.9%, 40.3%, and 23.6% of the total o hydroxyl fatty
acids, respectively.?® The C18:1 and C16:1 fatty acids have also
been reported to be the highest content (the sum was 56.2% to
59.5%) of fatty acids in w type I-St DEs’ in steer meibum. The
corresponding information of w-hydroxy fatty acids is not avail-
able for human meibum. However, the lipid profile for steer
meibum is quite similar to human meibum. The identities of
the o, w type Il DE peaks were also confirmed with CID analysis
(Fig. 7) in the meibum samples. The composition of the two
most abundant DEs are proposed to contain a C32:1 a,w diol
moiety, consistent with the high abundance of this diol moiety
(54.4% of the total a,w diols) reported earlier in human
meibum DEs.?” The C18:1 and C16:1 are the main fatty acid
moieties observed in DEs, which is also consistent with the

two fatty acid moieties reported as the most abundant (the sum
was 41.7% to 65.8%) in a,w type II DEs in steer meibum.”

Free Sterols

Free sterols have been reported to account for 0% to 5% of total
lipids in human meibum.*>7® In this study, for samples with
ammonium acetate additive or without any additive, a peak
m/z 369.4 was often seen corresponding to the molecular
weight of protonated cholesterol water loss peak. However,
when sodium iodide was applied as the additive, the peak was
small (data not shown). The results indicate that most of the
cholesterol is present in the form of CEs with very little amount
of free cholesterol. The protonated and ammoniated CE peaks
easily dissociate and generate the n/z 369.4 peak, while sodi-
ated CE peaks are very stable and are difficult to dissociate
under typical MS conditions. Cholesterol and CE standards
showed similar ionization efficiency during ESI-MS analysis,
which suggests the amount of free cholesterol in meibum is
probably less than previously reported. Some of the free sterols
demonstrated in previous reports could be from dissociation
during sample processing.

FFAs

The percentages of reported FFAs in meibum varies widely
with values including 2.1%,” 0% to 24%,® 10.4%,% 1.0%,° 2.8%,’
and 0.52%.%® In the present work, a series of peaks was ob-
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FIGURE 6. MS/MS spectra of ammoniated w type ISt DE peaks. The proposed composition for the two precursor ions are shown. The meibum

solution was the same as that in Figure 3.

served in negative mode with the m/z corresponding to FFA
peaks. The MS/MS analysis of the major peaks of this series
showed the characteristic water loss peak as previously re-
ported (data not shown).>®> Most of these FFAs are saturated
(Fig. 2). With the addition of trace amount of sodium iodide as
the additive for the internal calibration, the major FFA peaks
were determined from accurate masses. The most intense FFA
peaks found were C18:0, C16:0, and C18:1 in all cases. Part of
the unsaturated fatty acids including C18:1 and C16:1 could be
from the in-source dissociation of a series peaks around m/z
757, as discussed below in the section on polar lipids. The
same three types of fatty acids were also reported to be of the
highest quantity (26.17%, 19.43%, and 27.69% of total FFAs) in
meibum.” The high percentage of C18:1 was also reported by
Dougherry et al.*®* The reported relatively high amount of
C18:1 could result from the hydrolysis of the lipids correspond-
ing to the series of peaks around 7m/z 757 during their sample
preparation.

The spectra for samples with sodium iodide additive
often show suppressed signal for low-intensity peaks. To
circumvent this problem, samples were analyzed with no
intentional addition of sodium iodide, and the spectra were
then calibrated with a series of peaks with known compo-
sitions: the iodide peak, the peaks corresponding to FFAs
C18:0, C18:1; and the three major OAHFA peaks around m/z
757 (see discussion of polar lipids for details). In this way,
more FFA peaks were determined with the mass accuracy
within =10 ppm (Tables 1 and 2).

McCulley and Shine*° hypothesized the FFAs were from the
degradation of sterol esters, WEs, and TGs by lipases derived

from bacteria, lysosomes, and peroxisomes. However, com-
pared to the relatively low percentage of saturated fatty acid
moiety reported in all lipids as being only 51.63% or 44.8%,>"
the greater amount of saturated FFAs observed in both this
study and the work by Nicolaides et al.” (62.96% of total FFAs)
suggested that a small amount of FFAs probably do exist in
meibum.

Stearic acid (m/z 907.8) was estimated to account for 0.4%
of the total lipids in meibum. From the ratio of the intensity for
stearic acid to the sum of the intensities for all FFAs (Fig. 2),
FFAs were estimated to account for 3% of total lipids in
meibum.

Polar Lipids

The presence of polar lipids in human meibum is controver-
sial. Nicolaides et al.” reported that the polar lipids account
for up to 16% of the total lipids in meibum. The specific
subclass(es) for these polar lipids was not mentioned in
their work. Nicolaides®® did briefly hypothesize the pres-
ence of polar WEs and polar wax DEs in meibum. Tiffany®
observed some lipids in meibum that did not migrate on a
TLC plate and claimed them as phospholipids. The relative
amounts of phospholipids quantified in four samples were
0%, 5%, 0.8%, and 1.1% of the total lipids, respectively.
Tiffany noted that the components of the spot included
phospholipids, glycolipids, and possibly some protein. The
detection method and the large variation of the amount de-
tected for the phospholipids cast doubts on the reliability of
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FIGURE 7. MS/MS spectra of ammoniated «,w type II DE peaks. The proposed composition for the two precursor ions is shown. The meibum

solution was the same as that in Figure 3.

the identification and quantitation. Several more recent reports
on polar lipids were reported by McCulley and Shine.®333% In
their work, the polar lipid fraction from TLC was removed and
separated with normal phase HPLC; phospholipids and sphin-
golipids were confirmed based on an earlier report.*>3¢ A
detection wavelength of 220 nm, different from the original
designed 205 nm in literature,>> has been used by those au-
thors. The change shifts the absorbance from maximum to
close to the baseline of the absorbance peak.>” This may
introduce uncertainty in the detection of phospholipids and
sphingolipids. In fact, no discernable presence of common
phospholipids has been observed by Butovich et al.,'" includ-
ing the lack of the diagnostic peak of m,/z 184.1 based on the
comparison of CID experiments of meibum with phospholipid
standards.

In this article, an attempt has also been made to identify
polar lipids in human meibum samples with advanced mass
spectrometry technology. In positive mode, most of the major
peaks found were those of nonpolar lipids, and no phospho-
lipid and sphingolipid peaks were detected with high confi-
dence, which is consistent with the observation by Butovich
et al.'' The meibomian gland secrets through a holocrine
mechanism; therefore it is expected to observe all cell con-
tents including phospholipids.’ The apparent small amount
of phospholipids in meibum could be due to recycling
during the disintegration of the cells, similar as proposed for
seibum.?® There are several factors that can impact the
detection of phospholipids, including the efficiency of gen-
erating ions (dependent on the polar head group, the chain

length, and saturation). Ion-suppression effects make it very
difficult to detect low abundant species in a complex mix-
ture, especially in the presence of high abundant species. It
is possible that recent mass spectrometry techniques have
not been optimized appropriately to detect small amounts of
phospholipids.

On the other hand, in negative mode a series of peaks
around m/z 757 match the compositions of OAHFA'® (Fig.
2). By adding sodium iodide additive in the meibum sample
as an internal calibration standard, the accurate m/z values
determined for the major peaks of this series include
757.7040, 755.6925, 729.6736, 701.6447, and 785.7322.
These values match the following compositions: C5,Hg;04
(—4.5 ppm), CsoHy 04 (1.1 ppm), CygHgoO4 (—3.4 ppm),
C46HgsO4 (0.1 ppm), and C5,Hy,04 (—8.3 ppm), respec-
tively. Similar set of peaks was also reported by Butovich et
al.'® and assigned as OAHFA based on their fragmentation
pattern, which appeared similar to that of a synthesized
(O-oleoyl)-16-hydroxypalmitic acid. As addressed in the dis-
cussion of FFAs, a series of peaks were applied as the
internal standards to calibrate spectra for samples with no
internal standard additive. With the same calibration, the
major peaks and other related ones around theoretical m/z
757 were found to match the composition of C,H,, 5O,
C,H,, -0, CH,, 5,04 and C, H,, ,,0, with high mass
accuracy (Tables 1 and 3).

MS/MS analysis was performed for the peaks corresponding
to the compositions of OAHFAs C50:2, C48:2, C52:2, C49:1,
and C50:3 (Fig. 8). All the major peaks of this series are
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TABLE 2. Major Free Fatty Acids in Meibum Detected in Negative Mode

Composition Theoretical m/z Experimental m/z Mass Error (ppm)
C,,H,50, (12:0) 199.1699 0.5

C,H,-0, (14:0) 227.2011 227.1997 6.2
C,5H,0, (15:0) 241.2168 241.2155 —5.4
Cy6H,00, (16:1) 253.2168 253.2164 -16
Cy6H,, 0, (16:0) 255.2324 255.2328 1.6
C,-H,,0, (17:1) 267.2324 267.231 -5.2
C,-H,,0, (17:0) 269.2481 269.2474 -2.6
CiH,,0, (18:2) 279.2324 279.2328 1.4
C,5H;330, (18:1) 281.2481 281.2484 1.1
C1gH,50, (18:0) 283.2637 283.2641 1.4
CuoH550, (20:1) 309.2794 309.2789 -16
CroH,00, (20:0) 311.2950 311.2964 45
C,,H,,0, (21:0) 325.3107 3253111 1.2
C,,H,,0, 22:D 337.3107 337.3136 8.6
CyH 50, (22:0) 339.3263 339.3274 3.2
C,3H 50, (23:0) 353.3420 353.3445 7.1
C,H,50, (24:1) 365.3420 365.3459 10.7
C,,H,-0, (24:0) 367.3576 367.3593 4.6
C,5H 400, (25:0) 381.3733 381.3736 0.8
C,6H50, (26:D 393.3733 393.3734 0.3
Cy6Hls5;0, (26:0) 395.3889 395.3894 1.3
C,-H,,0, 27:0) 409.4046 409.4044 -05
C,eH 0, (28:1) 421.4046 421.4058 2.8
CosHs50, (28:0) 423.4202 423.4225 5.4
C,oH,-0, (29:0) 437.4359 437.4308 -11.7
C;0H5-,0, (30: D) 449.4359 449.4363 0.9
Cy,Hg,0, B2:D) 477.4672 477.4713 8.6

composed of more than one species based on the MS/MS
analysis. The same strong product ion corresponding to fatty
acid C18:1 was observed for all the major peaks, similar to
earlier studies.'® The other product ions include the ones
corresponding to fatty acid C16:1 (for OAHFAs C50:2, C50:3,
C48:2), C17:0 (for OAHFA C49:1), C18:2 (for OAHFA C50:3),
or C20:1 (for OAHFA C52:2) and the corresponding w-hydroxy
fatty acids. The peaks m/z 493.46 and m/z 521.49 shown in
Figure 2 were likely generated from the in-source dissociation
of this set of peaks.

In addition to FFAs and OAHFAs shown in Figure 2, a
peak m/z 465.30 also showed high intensity. The MS/MS of

this peak showed only one dominant product ion m/z
96.97. The identity of this peak has not been determined at
this time.

Polar lipids have been shown to conduct the initial phase
of the lipid spread on an aqueous phase by in vitro stud-
ies,>®3°-43 which could also be true for the formation of
tear film. In an early model of the tear film, polar lipids
including several types of phospholipids and sphingolipids
were incorporated in the structure.® Although the recent
reports and the present work cast doubt on the significant
presence of these types of polar lipids reported,®>3% the
newly found polar lipids discussed above could instead play

TABLE 3. Major (O-AcyD-w-Hydroxy Fatty Acids in Meibum Detected in Negative Mode

Experimental m/z Mass Error (ppm)

Composition Theoretical m/z
CoH-O4 (42:2) 645.5822
CoHo504 (42:D 647.5978
C43Hg, 04 (43:1D) 661.6135
C4Hg,04 (44:2) 673.6135
C 4 Hg304 (44:1D) 675.6291
C4sHgsO4 (45:D 689.6448
C46HgsO0,4 (46:2) 701.6448
C46Hg,04 (46:1D) 703.6604
C4-HgoO4 (47:D) 717.6761
CsHg,04 (48:3) 727.6604
C4sHgoOy4 (48:2) 729.6761
C4sHo, 04 (48: D) 731.6917
C4oHo, 04 (49:2) 743.6917
C4oHo304 (49:D 745.7074
CsoHgyO4 (50:4) 753.6761
C50Hy,04 (50:3) 755.6917
CsoHo304 (50:2) 757.7074
Cs50Hos04 (50:1) 759.723
C5,Hys0,4 (51:2) 771.723
Cs5,Hy304 (52:4) 781.7074
C52H9~;O4 (52:3) 783.723
C5,Hy- 04 (52:2) 785.7387

645.5825 0.5
647.5988 15
661.6115 =3.0
673.6158 3.4
675.6322 4.6
689.6437 -1.6
701.6462 2.0
703.6592 -17
717.676 —0.1
727.6647 59
729.6762 0.1
731.6877 =55
743.6918 0.1
745.7062 -1.6
753.6766 0.7
755.6908 —-1.2
757.7078 0.5
759.7161 -9.1
771.7155 -9.7
781.7084 1.3
783.7222 —1.0
785.7384 —0.4
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FIGURE 8. MS/MS spectra of three (O-acyD-w-hydroxy fatty acid peaks in negative mode. The experimental condition is the same as described in

Figure 2.

an important function in maintaining the structure of tear
film in a way similar as proposed by McCulley and Shine.®

CONCLUSIONS

This study reported that ESI-MS and MS/MS are excellent tools
for lipidomics studies of meibum samples. One advantage of
this technology is that it can keep labile lipids intact. For
instance, saturated CE peaks can be easily observed in this
work in contrast to APCL'? It was also demonstrated that
various types of lipids can be detected under the same condi-
tion, which makes it easier to compare the relative changes
between different samples and to save time in optimizing the
experimental conditions. In contrast, the previous identifica-
tions of different subclasses of lipids with APCI could be
realized only with different conditions.'"'* Furthermore, a
very small amount of analyte is needed for ESI, which makes
ESI-MS the preferred choice for studies with limited lipid sam-
ple volume.

With direct infusion ESI-MS and MS/MS analysis of intact
lipids in meibum samples it was possible to identify the major
species therein. The molecular components identified in this
work are generally consistent with the classical work by Nico-
laides et al.”****” However, Nicolaides et al. identified the
building blocks of only each subclass and hypothesized that
the esterification of fatty acids by fatty alcohols was a random
process and no one of the molecules is more important than
any of the others.” In contrast, the present results showed
that the esterification of fatty acids actually prefers certain
types of fatty alcohols, and thus certain types of molecules are

much more abundant than the others. For instance, contrasted
to the expectation that 2760 species of WEs were of equal
importance in the composition of meibum based on the types
of fatty acid and fatty alcohol moieties,” this study observed
only approximately 20 WEs to be abundant. This suggests that
studying the intact lipids in meibum instead of the building
blocks could make it easier to find differentially expressed
lipids.

Direct infusion ESI-MS and MS/MS analysis is a good method
for the initial study of meibum samples. However, considering
the normal, iso, and anteiso isomers of fatty acids/fatty alcohols
and the position of double bonds, it is challenging to fully
identify and quantify the various types of lipids in meibum. To
better understand the lipid compositions of meibum samples,
the ESI-MS and MS/MS analysis may eventually need to be
coupled with HPLC separation. Various types of lipid isoforms
with little difference in their fragmentation patterns may be
identified with the additional HPLC retention time information,
and good HPLC separation may also increase the quantitation
reliability by decreasing the ion suppression effect. Further
lipidomic studies in patients with ocular surface disease are
warranted for comparison to meibum from normal patients
presented here.
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