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Cholesteryl esters as a depot for very long chain fatty

acids in human meibum

Igor A. Butovich'
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Southwestern Medical Center, Dallas, TX 75390

Abstract Human meibomian gland secretions (also known
as meibum) were analyzed for the presence of cholesteryl
esters (Chl-E) using HPLC in combination with atmospheric
pressure chemical ionization mass spectrometry. A special
procedure based on detection of the in-source generated
ion m/z 369 was developed to monitor all Chl-E simulta-
neously. The structures of the detected compounds were
studied using in-source and postsource fragmentation of
the precursor (M+H) " ions. In concordance with previous
studies, Chl-E were found in all of the tested samples and
comprised ~31% of the entire lipid pool (w/w, dry weight).
There were at least 20 different saturated and unsaturated
Chl-E species observed, whose fatty acid residues ranged
from C18 to C34. Monounsaturated fatty acids were the
most visible components of the Chl-E pool. The eleven most
prominent compounds were: C20:0-, C22:1-, C22:0-, C24:1-,
C24:0, C25:0-, C26:1-, C26:0-, C28:1-, C28:0-, and C30:1-Chl-E.
Other Chl-containing compounds were detected but not
identified at the time.fllf Therefore, Chl-E are a depot for
very long chain saturated and monounsaturated fatty acids
in human meibum.—Butovich, I. A. Cholesteryl esters as a
depot for very long chain fatty acids in human meibum.
J- Lipid Res. 2009. 50: 501-513.
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Meibomian glands that are located at the margins of
human upper and lower eyelids produce secretions (also
known as meibum) formed of a complex mixture of var-
ious nonpolar and polar lipids (1-31). The primary role
of meibum is to form the bulk of a so-called preocular tear
film lipid layer (TFLL), which covers the entire ocular sur-
face and fulfills various roles including antievaporatory,
antibacterial, lubricating, nutritional, and others. The lipid
composition of TFLL is critical for maintaining the stability
of the preocular tear film, deterioration of which has been
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associated with various ocular diseases and pathological
conditions. Human meibum has been shown to have a
large number of diverse lipid species, including wax esters
(WE) (8, 5-7, 12, 16-20, 25, 26), cholesteryl esters (Chl-E)
(3, 5,7, 11, 12, 18, 20, 25, 26), mono-, di-, and triacyl glyc-
erols (3, 5-7, 14, 16-18, 20, 21, 25, 26), hydrocarbons (6),
free fatty acids (31), sterols (1, 3-7,9, 11-13, 16-20), phos-
pholipids (2, 6, 7, 15, 19, 21, 22, 25, 26), ceramides (6, 21),
and many other poorly identified lipid compounds. His-
torically, the main methods used to characterize meibomian
lipids were TLC (3-5, 15, 20-22), gas-liquid chromatography
(6-10, 13), and gas chromatography-electron ionization
GC-MS (11, 15, 20-22, 30, 31), HPLC with UV detection
(15, 20-22), infrared spectrometry (27, 28), and, more re-
cently, various types of modern mass spectrometry (MS)
techniques with or without HPLC (16, 17, 19, 23, 25, 26).
Recently, we developed and implemented normal phase
(NP) HPLC-MS protocols that allowed us to evaluate the
lipid composition of human meibum (25, 26). This ap-
proach has proven to be well-suited for analyses of very
hydrophobic components of human meibum, which in
our hands was found to be consisted primarily of WE,
Chl-E, and triacyl glycerols, with all other compounds being
minor constituents. For example, the overall content of
free Chl in dry human meibum was estimated to be less
than 1% (w/w). Our previous NP HPLC-MS and MS" ex-
periments allowed us to detect a large number of various
Cig.1-based WE with saturated fatty alcohol components
ranging from Cg. to Cgp.9, and smaller amounts of linoleic
acid (Cig.0) and stearic acid (Cig.g)-based WE with similar
types of fatty alcohols in their structures (25, 26). However,
the exact nature of Chl-E was not established at the time
because: 1) all tested Chl-E coeluted under the conditions
of NP HPLC used in our earlier experiments, and 2) low

Abbreviations: APCI, atmospheric pressure chemical ionization;
Chl-E, cholesteryl ester; CID, collision-induced dissociation; LCFA, long-
chain fatty acid; MS, mass spectrometry; NP, normal phase; RP, reversed-
phase; RT, retention time; SIM, single ion monitoring; SRM, single
reaction monitoring; TFLL, tear film lipid layer; TIC, total ion chro-
matogram; VLCFA, very long chain fatty acid; WE, wax ester.
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stability of Chl-E ions resulted in very low intensity signals of
these compounds. Nevertheless, every tested sample of hu-
man meibum produced a strong signal m/z 369, more than
99% of which coeluted with authentic Chl-E standards, but
not with standard Chl, and which consistently was one of
the strongest MS peaks in the MS spectra. When fragmen-
ted in MS" experiments, its product ions matched per-
fectly those of authentic Chl (26). Therefore, this signal
was attributed to Chl-E. Our experiments with several
authentic Chl-E showed that the signal m/z 369 originated
from a Chl-E after it underwent a neutral loss of its fatty
acid component, and/or from free Chl upon its dehydra-
tion, both happening spontaneously in the ion source of
a mass spectrometer. This dual origin of m/z 369 signal
could be advantageous when analyzing meibum samples

as it can be used for easy and simultaneous monitoring of
the elution profiles of various Chl-E and free Chl

Earlier, human meibum was repeatedly reported to have
large quantities of long chain and very long chain fatty
acids (LCFA and VLCFA) of the Ci6 and above family es-
terified into various lipid species. Typically, the analyses
were performed using GLC or GC-MS after transesterifica-
tion of the entire lipid pool (7, 29, 30), which precluded
researchers from identifying the intact lipid species pres-
ent in meibum. As 1) WE and Chl-E were estimated to
comprise more than two-thirds of the entire lipid pool of
human meibum (7), and 2) WE detected in our experi-
ments (25, 26) were mostly Cyg-based, there was a dis-
tinctive possibility that it is the Chl-E that have VLCFA in
their structures.
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Fig. 1. Representative chromatograms of human meibum (A), its components producing characteristic
analytical ion m/z 369 (B, C), and a collision-induced dissociation (CID) spectrum of ion m/z 369 (D). TIC,

total ion chromatogram.
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Therefore, in this paper we will discuss the results of
HPLC-MS" experiments conducted to test the hypotheses
that Chl-E of human meibum is a depot for VLCFA, and
that those compounds are the major components of hu-
man tear film.

MATERIALS AND METHODS

Reagents and equipment

Lipid standards were purchased from Nu-Chek Prep, Inc.
(Elysian, MN) and Sigma Chemical Co. (St. Louis, MO). epi-
Cholesteryl oleate was synthesized in-house using authentic epi-
cholesterol (Steraloids, Inc., Newport, RI) and oleoyl anhydride.
Solvents were of HPLC or spectroscopy grade. An Alliance 2695
HPLC Separations Module (Waters Corp., Milford, MA) operated
under the Waters’ Empower Pro (built 1154) software was used
throughout. A reversed-phase (RP) Hypersil Gold HPLC column
(150mm X 2.1 mm, 5 pm) from Thermo Electron (San Jose, CA)
was used in HPLC experiments. An LCQ Deca XP Max ion trap
mass spectrometer (Thermo Electron, San Jose, CA) was used as
a detector in HPLC-style experiments and as a standalone unit in
direct infusion experiments. All the experiments were carried out
using an atmospheric pressure chemical ionization (APCI) ion
source operating in the positive ion mode. An Xcalibur software
(v. 1.4., Thermo Electron) was used to operate the mass spectrom-
eter and collect and analyze the raw data. A SigmaPlot for Win-
dows (v. 11.0; Systat Software, Inc., San Jose, CA) was used for
curve-fitting purposes.

Sample collection

Meibum samples from five healthy volunteers were expressed
from their meibomian glands, treated, and stored exactly as de-
scribed earlier (25, 26). The procedures were approved by the
Institutional Review Board and were performed in accordance
with the principles of the Declaration of Helsinki. No conclusions
about the effects of sex, age, diet, etc. on the meibum composi-
tion were to be made.

RP HPLC analyses of standard lipids and human meibum

Our current gradient RP HPLC procedure was partly based on
a previously published isocratic HPLC routine (32). The analyses
were performed at 35°C using a gradient of 5 mM aqueous
ammonium formate (solvent A), acetonitrile (solvent B), and
propan-2-ol (solvent C). The flow rate was maintained at
0.2 ml/min throughout the procedure. Before an injection, the
column was pre-equilibrated with a solvent mixture A: B: C = b:
45: 50 (v/v/v). The elution started with the same solvent mixture
linearly changing to A: B: C = 5: 5: 90 (v/v/v) over the period
of 35 min. Then, the solvent composition was maintained for
10 min, after which it was changed to the initial solvent mixture
A: B: C = 5: 45: 50 (v/v/v) within the next 1 min. Finally, the
column was reequilibrated for another 14 min with the same sol-
vent. This completed the 1-h chromatographic routine.

The standard lipids were dissolved in either chloroform (to
make 1 mg/ml stock solutions of each), or n-hexane: propan-2-
ol = 50: 50 (v/v) (for diluted injection solutions in the concen-
tration range between 20 and 100 wM). Between 0.5 and 1 mg of
dry human meibum was dissolved in the n-hexane: propan-2-ol
solvent mixture to give, typically, 0.1 mg/ml injection solution.
Injection volumes for lipid standards and meibum were between
1 and 10 pl. It was found that larger sample volumes could de-
grade the quality of separation and shift (typically, reduce) the
retention times (RT) of the analytes.
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Fig. 2. Single ion monitoring (SIM) chromatogram of a precursor
ion m/z 369 (MS1) and a selected reaction monitoring chromato-
gram of a product ion m/z 243 (MS2, transition 369 — 243).

MS detection of analytes

The entire flow of the effluent was directed to the APCI ion
source operated in the positive ion mode. The following MS
parameters were used: vaporization temperature (depending
on the application), either 250°C or 350°C; sheath gas (ni-
trogen), 40 arbitrary units; source voltage, between 2.5 and
3 kV; source current, 2 to 5 wA; capillary temperature, either
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Fig. 3. Reversed-phase (RP) SIM chromatograms of an equimolar
test mixture of six standard cholesteryl esters.
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250°C or 350°C; capillary voltage, (+10V); tube lens offset,
(=10 to —40 V).

Total ion chromatograms (TIC) were recorded in the m/z
range of 205 to 2,000. For single ion monitoring (SIM) MSI ex-
periments, the range was modified accordingly to the analyte’s
expected m/z value. In MS2 (MS/MS) experiments, the normal-
ized collision energy was optimized for each of the analytes,
and typically fell in the range of 35% to 40%. The monoisotopic
masses of the analytes were determined in zoom scan experi-
ments in the range of m/z =10 amu.

To quantify individual meibum lipids, standard curves were
obtained for a number of lipid standards (see Results). The chro-
matograms were smoothed by using the Gaussian 3- to 9-point
routine and then were integrated using the Xcalibur’s built-in
routine using the Avalon peak detection algorithm and assuming
a flat baseline. This assumption was proven to be valid based on
the analyses of individual lipid standards and their mixtures (see
later discussion). Note that overly aggressive averaging of the
mass spectra during an HPLC-MS experiment and/or excessive
postprocessing smoothing somewhat degrades separation of the
HPLC peaks. Thus, one needs to find a compromise between
the peak resolution and noise. The best setting for spectra aver-
aging for meibum samples appear to be between 2 and 5.

RESULTS

A representative TIC of a meibum sample is presented
in Fig. 1A. The absence of clearly defined HPLC peaks is
typical of HPLC-MS experiments as natural lipid extracts

are usually complex and produce a large number of over-
lapping peaks, which create a diffused pattern similar to
shown in Fig. 1A. However, extraction of a particular signal
m/z 369 from the TIC led to a much better defined chro-
matogram (Fig. 1B). In a subsequent SIM MSI experi-
ment, an even better resolved elution pattern with more
than 20 clearly identifiable HPLC peaks and shoulders
producing a signal with m/z 369 was observed (Fig. 1C).
Further HPLC-MS2 experiments revealed that upon
collision-induced dissociation (CID), ion m/z 369 pro-
duced a family of product ions presented in Fig. 1D, which
matched the fragmentation pattern of free cholesterol re-
ported earlier (26). Importantly, every single HPLC peak
depicted in Fig. 1B, C produced identical fragmentation
patterns. This provided us with an additional valuable tool
for determination of whether all the HPLC peaks visible
in Fig. 1B, C were indeed Chl-E: when plotted together,
HPLC traces of ions m/z 369 and 243 produced identical
chromatograms (Fig. 2) in terms of both RT and relative
peak intensities meaning that all the compounds detected
as m/z 369 were derivatives of Chl (or its isomeric form
epiChl). TIon m/z 243 is, apparently, a product of neutral
losses of the eight-carbon side chain of Chl and a methyl
group. The higher resolution of chromatograms obtained
in SIM experiments was, apparently, due to the higher (up
to 30%) overall number of scans achieved in SIM experi-
ments compared with the full-scan (TIC) experiments.
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Scheme 1. Chemical structures of representative cholesteryl esters.
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In an attempt to differentiate between Chl-E and epiChl-
E, two authentic model compounds, cholesteryl oleate
(C18.1-Chl) and epi-cholesteryl oleate (Cig.3-¢piChl), were
analyzed side-by-side using HPLC-MS. Repeatedly, Cig.1-
epiChl eluted 0.5—1 min faster than C;g.;-Chl. As their CID
spectra were found to be similar to each other (not shown),
one needed to rely on the difference in their RT when
assigning the structures. The RT of ~11.8 min of one of
the components of human meibum (Figs. 1 and 2) was
close to the RT of authentic Cyg.;-Chl (~11.5 min). The
meibum peak produced ions m/z 369 and 651 isobaric
to [M+H]" ion of Cy4-Chl (see later discussion). There-
fore, the meibum component was tentatively identified
as Clgzl-chl.

To further elucidate the structures of meibomian Chl-E,
an equimolar mixture of several authentic Chl-E and
free Chl was tested to determine their RT (Fig. 3). The
Chl-E ranged from a modestly long cholesteryl undecanate

TABLE 1. Characteristic ions and retention times (RT) of standard
cholesteryl esters

RT, min®

Characteristic ions and

Name of compound their nature” Saturated Unsaturated

Chl 369 (M —H,O+H)"
555 (M+H)"

572 (M+NHy)* 8.2

593 (M+K)"

569 (M+H)"

586 (M+NH,)* 8.8

607 (M+K)"

623 (M+H)*

640 (M+NH, )" 10.0
661 (M+K)"

625 (M+H)"

642 (M+NH, )" 11.6

663 (M+K)"

651 (M+H)"

668 (M+NH, )" 11.5
689 (M+K)"

653 (M+H)*

670 (M+NH, )" 13.4

691 (M+K)*"

681 (M+H)*

698 (M+NH,)*" 14.9

719 (M+K)*

707 (M+H)*

724 (M+NH,)" 14.9
745 (M+K)"

709 (M+H)*

726 (M+NH,)" 16.8

747 (M+K)*

735 (M+H)*

752 (M+NH,)" 16.7
773 (M+K)"

737 (M+H)*

754 (M+NH,)" 18.7

775 (M+K)™"

4.4 (no fatty acid chain)

Ci1:0-Chl

Ci20-Chl

Ci6:1-Chl

Ci6:0-Chl

Cis1-Chl

Cis:0-Chl

Cap:0-Chl

Cao,-Chl

Caz.0-Chl

Ca4,1-Chl

Ca4,0-Chl

“ Potassium adducts of unsaturated Chl-E (M+K") were more visi-
ble than the adducts of saturated cholesteryl ester (Chl-E).

RT of lipids may change within =1 min depending on the un-
controllable fluctuations in the solvent composition and/or the equili-
bration state of HPLC columns. The change affects all compounds so
that their retention time (RT) all shift in one and the same direction.
The change affects slower moving compounds more than those that
clute faster. Therefore, standard cholesteryl ester (Chl-E) should be
used to verify the RT of unknowns.
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Fig. 4. Collision-induced dissociation atmospheric pressure chemi-
cal ionization (APCI) mass spectra of proton adducts of Coy.;-Chl
(m/z 735, A), Co9.1-Chl (m/z 707, B), C;181-Chl (m/z 651, C), and
Ci6:1-Chl (m/z 623, D).

(C11.0-Chl) to the longest Chl-E available commercially,
cholesteryl nervonate (Cgy4.;-Chl) (Scheme 1). It became
clear that various Chl-E eluted according to their overall
hydrophobicity: extension of their chains by two methy-
lene groups increased their RT by ~1.5-2.0 min, while in-
troduction of a double bond while maintaining the carbon
chain length reduced RT by approximately the same time
(Table 1). In the studied range of standard Chl-E concen-

m/z 623 Isotopic mass = 735.70
C51Hg10,
m/z 369
m/z 717
OHH
(0] =
H H Caa
m/z 447

Scheme 2. APCI MS collision-induced dissociation pattern of
cholesteryl nervonate.
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trations, a simple polynomial equation adequately repre-
sented the experimental data:

y =k + ko X (N —2M) + ks X (N —2M)?  (Eq. ])

where y is RT; N, a number of carbon atoms in the fatty
acid chain of a Chl-E (between 11 and 24); M, a number
of double bonds in the fatty acid chain (0 or 1); while ky,
ko, and ks were regression coefficients that were found to
be 4.4, 0.142, and 0.019, respectively. The - (the coeffi-
cient of determination) value was 0.999. It is clear that
the regression coefficient k; has a physical meaning of
RT of free Chl. Note that the regression coefficients will
slightly change if the RT change due to inadvertent fluc-
tuations in the solvent composition and temperature,
and/or equilibration state of the column (see a footnote
to Table 1).

Importantly, in an RP HPLC-MSI1 experiment the test
ChI-E were visible as a mixture of proton (M+H)", ammo-
nium (M+NH,)", and potassium (M+K)" adduct ions,
although their intensities were very low compared with
the major product ion m/z 369. Chl-E with unsaturated
fatty acids were easily detectable, while signals of those with
saturated fatty acid residues were weaker.

In RP HPLC-MS2 experiments, proton adducts of stan-
dard monounsaturated Chl-E produced characteristic prod-
uct ions, which were useful in determining of the nature
of their sterol moieties and of the overall lengths of the
fatty acid chains in Chl-E. For example, an [M+H]" ion
of Ca4.1-Chl (m/z 735) dissociated releasing a series of
characteristic ions depicted in Fig. 4A, Scheme 2. Ion
m/z 623 apparently originated from a neutral loss of a
CgHig (112 amu.) side chain of Chl. The same loss of the
CgH;6 fragment was observed for every tested Chl-E: Cog-
Chl (m/z 707, [M+H]"), Cy5:-Chl (m/z 651, [M+H]"), and

C16.1-Chl (m/z 623, [M+H]"), and produced ions with m/z
values of, respectively, 595, 539, and 511 (Fig. 4B—D).
An important ion in the Coy4,-Chl CID spectrum is ion
m/z 447. It apparently originated upon fragmentation of
the Chl moiety of the compound without affecting its fatty
acid chain (Scheme 2). Indicatively, similar ions were
detected for every tested monounsaturated Chl-E. Thus,
Cg9.1-Chl, Cy5,-Chl, and Cjg,1-Chl produced related prod-
uct ions m/z 419, 363, and 335.

Another group of characteristic product ions were a
ubiquitous ion m/z 369 and its fragments 287, 273, 259,
233, and others formed spontaneously from the precursor
[M+H]" ion. These were used to identify Chl-E in human
samples. All of the standard Chl-E tested in MS2 and
MS3 experiments produced ion m/z 369 and its product
ions, which were identical to those reported for authentic
Chl (26).

Unexpected was product ion m/z 367 detected in
human samples. This ion, which appeared among the
product ions in the CID spectra of the [M+H]" of the Chl-
E-like compounds (e.g., Co4.;-Chl and Cgg;-Chl) in MS2 ex-
periments, was tentatively identified as a cholestatriene (a
product similar to cholestadiene with an additional double
bond [Chl-H,O—2H+H]") (Fig. 5). Note that in an MS3
experiment, most of its prominent product ions had m/z
values 2 amu lower than those originated from ion m/z 369.
Both of the spectra were obtained in one experiment while
analyzing the same sample.

Spontaneous fragmentation of Chl-E with saturated fatty
acids in MS1 experiments, on the other hand, did not
produce any clearly identifiable fragments except for ion
m/z 369, primarily because of the very low intensity of their
(M+H)" ions (not shown). Therefore, the only practical
way of monitoring elution of the saturated Chl-E from an
HPLC column was to monitor ion m/z 369.
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Fig. 5. Collision-induced dissociation mass spectra of ions m/z 367 (spectrum A) and 369 (spectrum B)
generated from a meibum ion m/z 763 (a proton adduct of Cgs.1-Chl) in MS3 experiments [m/z 763
(MS1) — m/z 369 (MS2) — products (MS3) and m/z 763 (MS1) — m/z 367 (MS2) — products (MS3)].
Similar ions were observed in CID spectra of other monounsaturated cholesteryl ester (Chl-E) from meibum.
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Fig. 6. Reconstructed chromatograms of Chl-E found in human meibum. Trace A: all Chl-E detected by
monitoring ion m/z 369. Individual Chl-E (traces B-G) were monitored as [M+H]" ions. Trace B: Cgy.;-Chl;
trace C: C24:1-Ch1; trace D: CQG:]-Chl; trace E: ng:l-Chl; trace F: C30:1-Chl; trace G: C32:1-Ch1.

A systematic drift of the baseline due to changes in sol- fering ions. After extraction of chromatograms of ion
vent compositions, which is often observed in gradient m/z 369 from TIC, or during SIM experiments, the base-
HPLC-MS experiments, was not an issue in our experi-  line remained conveniently flat, which facilitated deter-
ments, as our solvent mixture did not produce such inter-  mination of correct RT and peak areas.

TABLE 2. Theoretical and experimental masses of Chl-E found in human meibum*

Retention Molecular Theoretical m/z
HPLC peak # Compound time (min) formula (M+H)" of (M+H)" Experimental m/z
3 Cy1-Chl 11.8 CysH7900 651.6 651.3
4 Cog:1-Chl 18.4 Cy47Hg505 679.6 679.3
6 Cooo-Chl 15.3 Cy7Hgs09 681.6 681.3
6 Co9.1-Chl 15.2 C4oHg709 707.7 707.3
7 Co1.0-Chl 16.2 C4sHg709 695.7 695.3
8 Coo.o-Chl 17.2 Cy49HggO9 709.7 709.3
8 Co4.1-Chl 17.1 Cs51Hg; Oy 735.7 735.3
9 Cas.0-Chl 18.2 C50Ho109 723.7 723.4
10 Cog.1-Chl 19.0 Cs3Ho509 763.7 763.4
10 Co4.0-Chl 19.1 Cs51Hg309 737.7 737.3
11 Cos,0-Chl 20.3 CsoHg505 751.7 751.4
12 Cosg.1-Chl 21.1 Cs55HgoO9 791.8 791.4
12 Cog.0-Chl 21.1 Cs3Ho709 765.7 765.4
13 Co7.0-Chl 22.1 Cs54HgoO9 779.8 779.5
14 Cs0.1-Chl 23.0 Cs57H ;0309 819.8 819.5
14 Cog.o-Chl 23.5 Cs5H10109 793.8 793.4
15 Cao,0-Chl 24.1 Cs6H10509 807.8 807.5
16 Cs9.1-Chl 25.0 Cs9H 10709 847.8 847.6
17 Cs0.0-Chl 25.0 Cs7H11109 821.8 821.5
18 C34:1-Chl (minor) 26.9 CmH]]]OQ 875.9 875.5
Cs6.1-Chl and above Not detected CesH11509 903.9 Not detected

“ All reported RT and m/z were determined from the same chromatogram.
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With this information in hand, a more accurate struc-
tural evaluation of Chl-E present in human meibum be-
came possible.

A side-by-side comparison of SIM chromatograms of
human meibum samples (Fig. 6) with those of Chl-E stan-
dards (Fig. 3) showed that meibum contained noticeable
amounts of compounds, which coeluted with very long
chain Cg4.1-Chl and Cgs.;-Chl, while the shortest Chl-E de-
tected in appreciable quantities in meibum was tentatively
identified as C;g.;-Chl. To determine whether the natural
Chl-E in meibum were in fact C;g.i-, Cog.1-, and Co4.1-Chl,
the meibum was analyzed for the presence of the corre-
sponding proton adduct ions m/z 651, 707, and 735. To
stabilize (M+H) " ions, the vaporization and capillary tem-
peratures were maintained at 250°C. Those ions were
indeed detected in all of the tested samples. To find if
meibum had other Chl-E, we computed theoretical m/z
values for a range of Chl-E with C;4 to Css LCFA and
VLCFA as acyl components (Table 2). The RT for those
hypothetical compounds were estimated using Equa-
tion 1. Many of such saturated and monounsaturated

compounds were found to be present in meibum (Figs. 1
and 6) (Table 2) (Scheme 3). The identification of com-
pounds was performed on the basis of their m/z values,
fragmentation patterns, and RTs. For instance, ion m/z 763
with RT ~19 min when fragmented at a normalized colli-
sion energy of 38%, produced fragments m/z 369 and 651,
which were consistent with a Cgg.1-Chl. Other parent ions
were analyzed in a similar fashion. The longest Chl-E de-
tected in the meibum samples was a Csy,1-Chl.

When plotted using equation 1, the data from Table 2
produced regression coefficients k; = 4.26, kg = 0.273,
and ks = 0.014, respectively (r2 = 0.995). Note that the
RT for each of the compounds in Table 2 can be, and
were, determined from one and the same chromatogram.
The elution pattern of the meibum compounds followed
the same rule as the authentic Chl-E. Thus, it provided
an additional evidence that all of the compounds from
Table 2 are indeed saturated and monounsaturated Chl-E.

Further analysis of the meibum (Fig. 7) revealed a group
of even slower moving (thus, more hydrophobic) Chl-E-
like compounds than the VLC-ChI-E discussed above.

ki
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Scheme 3. Proposed structures of major unsaturated cholesteryl esters in human meibum.
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Fig. 7. Partial chromatogram of meibum recorded SIM experi-
ment (m/z 369) at vaporization and capillary temperatures of
250°C (solid line) and 350°C (broken line).

Their RT were approximately 29, 30, and 32 min. Note that
these compounds became visible only after the vaporiza-
tion temperature of the APCI ion source was increased to
350°C vs. 250°C (compare Fig. 7 with Figs. 1 and 6). All
those unidentified Chl-E-like compounds spontaneously
produced ion m/z 369, which fragmented exactly as free
Chl and standard Chl-E in MS2 experiments did. Their
long RT would require Chl to be esterified to VLCFA with
more than 34 carbon atoms. However, after computing
hypothetical Chl-E structures and their corresponding
m/z values, no such (M+H)™ ions above the noise level
were detected in human meibum.

As the characteristic MS peak of any Chl-E (m/z 369)
was constantly one of the major ions in any of the tested
meibum samples (25, 26), its quantitation was necessary to
expand our views on the actual composition of human
meibum. The most aggravating factors in such an under-

1004 MS1, m/z 369 extracted
3 from TIC ©

taking were: ) absence of commercial VLC-ChI-E stan-
dards with fatty acids longer than Co4; and 2) relatively
low stability of Chl-E (M+H) " and (M+NH,) * jons under
the conditions of APCI MS analysis. Thus, an alternative
approach to the sample quantitation had to be developed.
Considering that all tested Chl-E were easily releasing their
characteristic ion m/z 369, this was used in an attempt to
quantify its precursors.

An equimolar mixture of several authentic Chl-E and
free Chl (100 uM each) was prepared and analyzed by
RP HPLC-MS as described above. Conveniently, all tested
Chl-E produced HPLC peaks of the same size: after inte-
gration, their relative areas were astonishingly close to
each other at 15.1 = 1.4% (mean * SD) with free Chl
being approximately 7% of the TIC (all peaks being
100%) (Fig. 3).

These numbers were similar for four different detection
techniques implemented in the experiment: /) recording
TIC with subsequent extraction and plotting of ion m/z 369
spontaneously generated in-source in an MS1 experiment
[(ChI-E+H)" — m/z 369)]; 2) recording a chromatogram
of ion m/z 369 in a SIM MSI experiment; 3) recording a
TIC of all product ions of ion m/z 369 in a single reaction
monitoring (SRM) MS2 experiment (m/z 369@38% — X
product ions); and 4) extracting and plotting a signal of
a product ion (e.g., m/z 243.2) in a SRM MS2 experiment
(m/z 369@38% — 243) (all shown in Fig. 8). Therefore,
neither the length, nor the degree of saturation of a fatty
acid chain of a Chl-E had a noticeable effect on the in-
tensity of the generated characteristic ion m/z 369 or its
products. As standard Chl-E of different structures taken at
equimolar concentrations produced MS and HPLC peaks
of very similar (if not identical) intensities, this allowed us
to determine the ratio of Chl-E of human meibum by com-
paring relative intensities of their m/z 369 signals.

The next step was to generate a standard curve for Chl-E
and free Chl. As an example, three types of standard curves
for Cg4.1-Chl are shown in Fig. 9. Curve 1 was obtained
using (M+H)" adduct to monitor the compound. Curve

¢ A MW

14.8
16

13.6

100, MS1, SIM of m/z 369

0.6
120

«©
©

Fig. 8. Comparison of four analytical techniques pro-
posed for analysis of cholesteryl esters by HPLC APCI
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C m/z 369 extracted from a TIC in an MSI experiment;
B: SIM of ion m/z 369 in an MS1 experiment; C: moni-
toring of (m/z 369@38% — X all product ions) in a sin-
gle reaction monitoring (SRM) MS2 experiment; D:
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6 1 (m/z 369@38V)

HPLC peak area x 108, arb. u.

C,44-Chl, ng

Fig. 9. Standard curves for determination of cholesteryl nervonate
using HPLC APCI MS. The measured intensities of the follow-
ing analytical ions were used to quantify the compound: proton
adduct of the compound (M + H)", m/2 735 (triangles, Curve 1);
fragment ion m/z 369, spontaneously generated in-source and ex-
tracted from TIC (circles, Curve 2); fragment ion m/z 369, sponta-
neously generated in-source and monitored in a SIM experiment
(squares, Curve 3).

2 was built using the spontaneously in-source-generated
characteristic fragment ion m/z 369, while curve 3 was ob-
tained by monitoring ion m/z 369 in an MS1 experiment
and integrating the resulting HPLC peaks. Among the
three, the last chart showed the highest magnitude and
the highest degree of linearity with r* > 0.999. Thus, this
was used to quantify Coy,1-Chl in human meibum. The ap-
parent Coy.1-Chl to dry meibum weight ratio was found to
be approximately 3.1%, which puts this particular com-
pound on the list of major meibum constituents. Similar ex-
periments were performed to quantify some other Chl-E
and free Chl of human meibum. Based on these data, to
estimate the weight ratio of other Chl-E, it seemed to be suf-

ficient to integrate HPLC traces obtained by monitoring
ion m/z 369 in an MS1 SIM experiment (Fig. 10A, B).
Moreover, because of the high degree of symmetricity of
the HPLC peaks of standard Chl-E, their heights (H) have
been found to strongly correlate with the peaks’ areas (A)
(Fig. 10C). Thus, either parameter (H or A) could be used
to estimate the molar ratio of Chl-E in meibum.

As 1) saturated Chl-E gave very weak signals of (M+H) *
(M+NH,)", and/or (M+K)"; 2) all tested standard Chl-E
in the tested range of standard Chl-E from Cjy.9 to Coy,
showed virtually identical efficacy in spontaneous produc-
tion of ion m/z 369 in MS1 experiments; and 3) many of
the necessary Chl-E standards are currently unavailable
from any commercial source, monitoring of ion m/z 369
in MS1 experiments or its products in MS2 experiments
looked like a reasonable, if not the only, choice. The noted
absence of Chl-E standards with VLCFA above Cy, makes it
impossible to check the efficiency of ionization of longer-
chain Chl-E. However, it looks reasonable to assume that
if the efficiency did not change for the tested standards
Ci1.0—Ca4.1, it will remain relatively unchanged for com-
pounds with VLCFA in the range of Co4—Cse. This should
be verified in the future when longer-chain Chl-E stan-
dards become available.

The apparent composition of human Meibomian Chl-E
and free Chl estimated as shown in Figs. 9-11 is presented
in Table 3. Routinely, there were more than 20 individual
Chl-E species detected. Their molar ratios were calculated
from SIM chromatograms (Figs. 1B, 2, 11) assuming that
each individual Chl-E species produced ion m/z 369 with
similar (if not identical) efficiency (Figs. 8 and 10). Then,
the actual mass ratio of Cg4.;-Chl in human meibum was
calculated using meibum preparations and the calibra-
tion curve presented in Fig. 10B. This gave us a reference
point to calculate the mass ratios of other Chl-E found
in meibum by using their molar ratios to Cgy4,;-Chl-E
(Table 3). The same procedure was repeated with other
authentic C;g.1-Chl, Gi5.9-Chl, and Cgs.1-Chl-E with a simi-
lar outcome. However, considering that Co4.;-Chl-E was

A B C
6 Cq1- Coo.4, Co4- :
5l 11:.0 Cyqgq- 22:11 2241 . =]
L\‘ 016,11(8'1 o 3 o C11:0-Chl o S 6
5 54 4ul i | i C1g:0 1l :ll g 201 o Cqe:1-Chl g 3 o
g 3 4 o v Cqg:1-Chl " 51
© 4 4 1<) a C18:0-Chl - °
- - 1.5 X 4
v < o Co2:1-Chl ./ i) T °
S 3 © =
= o x  C24:1-Chl - o> 3
S © 1.0 Q2
52 3 ¥
— 2 -4
® 8 0.5 3
=11 S - S 11
o o
0 T T
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Fig. 10. Quantitative analysis of standard cholesteryl esters using HPLC APCI MS. A: HPLC analyses of a mixture of six authentic
cholesteryl esters (100 pM each; detection of ion m/z 369. B: A single standard curve for all six model cholesteryl esters. Confidence
interval 95% is shown (dotted line). All 30 data points (six esters, five concentrations) were used to compute the standard curve and the
confidence interval. C: A correlation between peak areas and peak heights for six standard cholesteryl esters.
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Fig. 11. Determination of molar percentage of individual Chl-E
components of human meibum in a SIM experiment. Analytical
ion: m/z 369. Individual HPLC peaks 1 to 20 were integrated using
Xcalibur’s built-in Avalon routine.

the closest of the standard Chl-E to being an “average”
meibomian Chl-E, the data presented in Table 3 are based
on its absolute quantitation in meibum. Samples collected
from five healthy volunteers were analyzed 3 to 9 times
each. The detected unsaturated Chl-E had predominantly
C22:1 to C32:1 chains. An interesting compound was
Cg5.0-Chl, which produced a large peak with RT ~20 min
(Table 3). Note that some of the HPLC peaks in Figs. 1, 2,
and 11 are formed by two (or more) coeluting compounds.
The overall content of Chl-E in dry meibum was found to be
very close to the earlier reported ~31% (w/w) (7).

DISCUSSION

Complete lipidomic analysis of human meibomian gland
secretions is a challenging task because of the small size
of samples and the great diversity of the meibomian lipid
species. Unlike other “omics” where researchers can count
on a few fairly universal and standardized techniques (e.g.,
protein and gene sequencing), those working in lipidomics
cannot. The lipids are too diverse chemically to be ana-
lyzed by using just one routine, and a cautious multi-step,
approach to the lipid analyses needs to be taken. Currently,
HPLC-MS is the most powerful tool in lipidomic analysis. It
combines high sensitivity, high selectivity, and the ability to
perform structural analysis of the compounds in MS/MS
and MS"-capable instruments. Compared with plain MS,
HPLC-MS offers an additional analytical tool, determi-
nation of the RT of analytes, which greatly increases the
chances of correct identification of unknowns by helping
to separate isobaric compounds that are abundantly pres-
ent in biological samples. Therefore, we utilized HPLC-
MS" to analyze human meibum for the presence of Chl-E
and to elucidate their structures.

Chl-E were found in every single sample analyzed so far
regardless whether it was a normal donor or a dry eye
patient. This contradicts an earlier report on the complete
absence of Chl-E in meibum of certain normal donors
(13). Our observation is also different from an earlier
paper where no traces of Chl-E could be found in the
presented data (31). However, our current observations
are in line with other publications where Chl-E were re-
ported to be the major components of human meibum
(3, 5, 7, 11, 12, 16-20). This has also been predicted in
our recent publications on the topic (25, 26). Yet, struc-
tural characterization of meibomian Chl-E had not been

TABLE 3. Estimated qualitative and quantitative composition of Chl-E found in normal human meibum

Molar ratio in meibum of 5 normal Mass ratio Mass ratio
Compound volunteers” Median * SD (mg/mg Chl-E fraction)” (mg/mg dry meibum)’
Chl 1.2 0.3 0.005 0.002
Unknown 0.4 £ 0.1 0.003 0.001
Cg.1-Chl 48 £ 1.4 0.026 0.008
Cop.1-Chl 3.1+ 0.7 0.025 0.009
Unknown 1.9 = 0.6 0.009 0.003
Ca9.1-Chl + Cgp.o-Chl 7.7+ 1.8 0.073 0.023
Co1.0-Chl 4.0 = 1.0 0.036 0.011
Co4.1-Chl + Cgo.o-Chl 10.0 £ 0.8 0.11 0.034
Cos.0-Chl 3.7 £ 0.6 0.04 0.012
Cop.1-Chl + Coy.0-Chl 13.1 = 0.7 0.136 0.043
Cos.0-Chl 129 = 1.4 0.127 0.039
Cog.1-Chl + Cog.0-Chl 151 £ 1.3 0.164 0.051
Co7.0-Chl 7.0 =09 0.068 0.021
Csg0.1-Chl + Cog.o-Chl 71 +1.0 0.083 0.026
Cag.0-Chl 1.4+ 0.5 0.025 0.008
Cs9.1-Chl + Cg.0-Chl 24 + 1.2 0.054 0.017
Cs4.1-Chl 0.7+ 04 0.016 0.005
Unknown 1.6 = 0.7 n/a n/a
Unknown 1.7 = 0.3 n/a n/a
Total ~100 1 0.313

“Determined from individual chromatograms by using HPLC-MS at vaporization/capillary temperature of

250°C. Each sample was analyzed 3 to 9 times.

’Determined by using standard curves for C;g,1-Chl, C;g,-Chl, Cgo.1-Chl, and Co4,1-Chl and the molar ratios

from this table.
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performed at the time. In this paper, for the first time we
present results of structural elucidation and quantitation
of major Chl-E species found in human meibum.

There were more than 20 distinctively different Chl-E
species detected in human meibum (Figs. 1, 2, and 6)
(Tables 2 and 3). The shortest positively identified Chl-E
was Cig5.1-Chl, while the longest was Cg4.;-Chl. The most
abundant species were Cogo.;-Chl to Cs.1-Chl, with Cog.1-
Chl, Cg5.0-Chl and Cgg,;-Chl being on the top of the
list. We assume that most (if not all) of the intact unsatu-
rated Chl-E posses cis-double bonds as the trans-isomers
are typically associated with oxidation or temperature-
induced isomerization of natural cisisomers. The plots
have virtually identical slopes for the Chl-E with 11 to
24 carbons in their fatty acid residues (k; = 4.4; ko =
0.2695; kg = 0.0143) for saturated compounds and (k; =
4.4; ke = 0.2587; kg = 0.0144) for monounsaturated
ones. Therefore, equation 1 is useful in determination
of approximate RT of unknown or expected Chl-E and
to reject false isobaric positives, which are unlikely to fit
the equations.

Interestingly, at least half of the Chl-containing com-
pounds detected in human meibum eluted later than the
longest Chl-E standards, Coe and Cgy Chl. However, for
some of them (e.g., compounds eluting as HPLC peaks
19 and 20), no matching m/z signals that would be ex-
pected of Chl-E were found. This may be caused either by (ex-
pected) low stability of their (M + H)" and/or (M + NH,)*
ions, or by the different chemical nature of these com-
pounds. Experiments are in progress to address this issue.

The chemical nature of identified Chl-E partly answers
a question of which particular lipid class (or classes) the
LCFA and VLCFA reported in a recent study by Joffre
etal. (29, 30) were esterified into. In their study, the source
of Cgg to Cgg fatty acids in human meibum remained un-
known as the entire meibum samples were transmethylated
immediately after collection in a reaction with methanolic
boron trifluoride and then analyzed by GC-MS. This
allowed the researchers to detect various methyl esters
of LCFA and VLCFA, but precluded them from making a
definite conclusion about their sources. According to our
earlier data, WE could not be such a source as the vast
majority of them were based on a C;g,; (oleic) acid, fol-
lowed by Cjg.9 and Cyg.o-based WE (25, 26). Neither such
source could be di- or triacyl glycerols, which in the same
studies were found to be far less prominent components
of human meibum than WE and Chl-E. Phospholipids,
ceramides, monoacyl glycerols, and alike were detected in
even lesser concentrations (if any). Therefore, they could
not be a major source of the LCFA and VLCFA either.
Our current findings show that such a source is Chl-E.
Interestingly, our data show that the longest fatty acid
detected in Chl-E of human meibum has up to 34 car-
bons, far longer than 26 carbons reported by Joffre et al.
(29, 30) and, possibly, even longer than that if the Chl-
containing HPLC peaks 19 and 20 are indeed Chl-E. Also,
a large portion of the LCFA and VLCFA were monoun-
saturated. This discrepancy has most likely to do with
the well-known fact that long chain fatty acids are unstable
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under the conditions of GC-MS analysis and quickly de-
compose at high temperatures at which the GC columns
typically operate. This especially concerns unsaturated
LCFA and VLCFA, which are even less stable than the sat-
urated ones. The VLCFA also suffer from low volatility,
which is inversely proportional to their length and molecular
mass. Therefore, the notable absence of VLCFA beyond Cgg
for saturated compounds, and anything beyond C; g for un-
saturated VLCFA in the data by Joffre et al. (29, 30) can be
related to these limitations of the GC-MS technique. The
exact location and geometry of the double bonds in the
structures of monounsaturated Chl-E from meibum remain
to be investigated. However, we were able to match some of
the meibomian Chl-E with authentic Chl-E standards (see
previous discussion) and expect other compounds to follow
the trend and be based on 7n-9 monounsaturated fatty acids.

The presence of large quantities of VLC Chl-E in meibum
may have important implications in the physiology and
biophysics of the ocular surface and tear film as these
compounds are extremely hydrophobic and create self-
assembling liquid-crystal-like structures whose properties
can be modulated in a broad range by mixing with each
other and with other lipid molecules and ions (33). There-
fore, qualitative and quantitative characterization of Chl-E
in meibum seems to be a critical step in determining how
tear film is organized and functions.

It is noteworthy to mention that neither individual WE,
described in our recent reports on the topic (25, 26), nor
Chl-E studied in this paper, had been identified and
reported in earlier publications on the topic. This empha-
sizes a necessity of choosing a proper technique in separat-
ing, detecting, and analyzing lipids that are tremendously
diverse in their chemical and physical properties. As WE
and Chl-E combined represent ~60% of meibum (7), this
vast pool of lipids must be taken into consideration while
designing a model of tear film and TFLL.

The analyses described are not intended to cover all
species of Chl-E present in meibum in all the details, much
less so other steroid-based compounds, which may appar-
ently be there. However, this paper presents compelling
evidence that among various lipid classes tested so far,
Chl-E are the most likely and prominent depot for mono-
unsaturated LCFA and VLCFA. This needs to be taken
into account when studying biochemistry and biophysics
of tear film and TFLL.A%
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