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Abstract Ion mobility-mass spectrometry (IM-MS) has
proven to be a highly informative technique for the charac-
terization of lipids from cells and tissues. We report the com-
bination of hydrophilic-interaction liquid chromatography
(HILIC) with traveling-wave IM-MS (TWIM-MS) for compre-
hensive lipidomics analysis. Main lipid categories such as
glycerolipids, sphingolipids, and glycerophospholipids are
separated on the basis of their lipid backbones in the IM di-
mension, whereas subclasses of each category are mostly
separated on the basis of their headgroups in the HILIC di-
mension, demonstrating the orthogonality of HILIC and IM
separations. Using our previously established lipid calibrants
for collision cross-section (CCS) measurements in TWIM,
we measured over 250 CCS values covering 12 lipid classes
in positive and negative modes. The coverage of the HILIC-
IM-MS method is demonstrated in the analysis of Neuro2a
neuroblastoma cells exposed to benzalkonium chlorides
(BACs) with C10 or C16 alkyl chains, which we have previ-
ously shown to affect gene expression related to cholesterol
and lipid homeostasis. We found that BAC exposure resulted
in significant changes to several lipid classes, including glyc-
erides, sphingomyelins, phosphatidylcholines, and phospha-
tidylethanolamines.ll Our results indicate that BAC exposure
modifies lipid homeostasis in a manner that is dependent
upon the length of the BAC alkyl chain.—Hines, K. M., J.
Herron, and L. Xu. Assessment of altered lipid homeostasis
by HILIC-ion mobility-mass spectrometry-based lipidomics.
J- Lipid Res. 2017. 58: 809-819.
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Lipids play important roles in maintaining membrane
structures and mediating signaling pathways (1, 2). Dys-
regulated lipid biosynthesis and metabolism have been
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implicated in a number of human diseases, such as ath-
erosclerosis (3), nonalcoholic fatty liver (4), diabetes (5),
Alzheimer’s disease (6), and cancer (7, 8). Advances in lipi-
domic techniques and strategies, led by the LIPID MAPS
consortium, have greatly enhanced our understanding of
the distribution and biological roles of lipids (9-13). Mod-
ern mass spectrometry (MS), coupled with electrospray
ionization (ESI), is the key to qualitative and quantitative
lipidomic analysis. Typical MS-based lipidomic strategies
are shotgun (i.e., direct infusion) lipidomics (9, 14) and
liquid chromatography (LC)-MS lipidomics (11, 15, 16).
Shotgun lipidomics relies on partial intrasource separation
of lipid classes through varying the pH of the lipid solution
and identification of lipid species by their characteristic
fragmentation in tandem MS analysis (9, 17). This approach
has the advantage of being high-throughput, but it also has
several disadvantages: a) suppression of low-abundant spe-
cies by major polar lipids such as phosphatidylcholines; )
difficulty in analysis of lipid species that are poorly ionized
by ESI; and ¢) inability to provide structural information on
isobaric and isomeric species. The LC-MS-based strategy
utilizes targeted analysis of each lipid class under condi-
tions that are optimized for that particular class (11, 15, 16,
18). This strategy has the advantages of being specific, sen-
sitive, and comprehensive, but it also has limitations, such
as being time consuming and less cost effective. To increase
the throughput of the LC-MS lipidomics while maintaining
the specificity and sensitivity, we desire improved chro-
matographic techniques and additional dimensions of sep-
aration that are orthogonal to LC and MS.

Abbreviations: BAC, benzalkonium chloride; CCS, collision cross
section; Cer, ceramide; DG, diacylglycerol; DHCR?7, 3B-hydroxysterol-
A7—reductase; DMS, differential mobility spectrometry; DTIM, drift tube
ion mobility; HexCer, hexosyl ceramide; HILIC, hydrophilic interaction
liquid chromatography; IM-MS, ion mobility-mass spectrometry; IM-
XIC, ion mobility-extracted ion chromatogram; LysoPC, lysophosphati-
dylcholine; LysoPE, lysophosphatidylethanolamine; PA, phosphatidic
acid; PC, phosphatidylcholine; PCA, principal components analysis; PE,
phosphatidylethanolamine; PEp, plasmalogen phosphatidylethanol-
amine; PG, phosphatidylglycerol; PI, phospatidylinositol; PS, phosphati-
dylserine; TAG, triacylglycerol; TIC, total ion chromatogram; TWIM,
traveling wave ion mobility.
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Ion mobility spectrometry (IMS) provides such orthogo-
nal separation (19-24). IMS separates ions on the basis of
the mobility of the ions as they travel through a neutral
background gas (most commonly helium and nitrogen),
which is governed by the collision frequency between the
ions and the neutral gas, i.e., the ion-neutral collision cross-
section (CCS; ). The CCS is determined by the size and
shape of the ion in the gas phase and the specific neutral
gas. When ion mobility is coupled with mass spectrometry,
a two-dimensional separation is achieved on the basis of
the CCS-to-charge (£)/z) and the mass-to-charge (m/z), re-
spectively. Several ion mobility (IM)-MS techniques have
been applied to lipidomic analysis, including drift tube
ion mobility (DTIM) (25-27), traveling wave ion mobility
(TWIM) (28, 29), and differential mobility spectrometry
(DMS) (30-32). In DTIM-MS, the ions travel through the
neutral gas-filled drift tube under a low and static electric
field, which leads to separation of ions on the scale of mi-
cro- to milliseconds (21). DTIM offers high-IM resolving
power and allows direct measurement of CCS. Using
DTIM-MS, the Woods and McLean laboratories have inde-
pendently reported separation of different polar lipid
classes on the basis of their headgroups and the acyl chain
composition (25-27). DMS, also called field asymmetric
ion mobility spectrometry, separates ions on the basis of
their different mobilities in the high and low electric fields
of an asymmetric voltage waveform (33). Recently, the
groups of Ekroos (31) and Dennis (32) successfully applied
DMS to both shotgun and LC-based lipidomics, achieving a
more specific and sensitive analysis. DMS offers the highest
resolving power (30, 33), but in comparison with the time-
dispersive DTIM and TWIM, it has the drawbacks of the
following: a) the separation is mobility selective, i.e., only
ions with certain mobilities can pass through the device,
and b) the separation in DMS does not correlate with the
CCS of the ions, i.e., no structural information can be ob-
tained directly and the behavior of certain ions cannot be
predicted by CCS values. TWIM also separates ions on the
basis of their CCSs, similar to DTIM, but it uses a migrating
low-voltage wave to push the ions through the inert gas (34,
35) instead of a static electric field as in DTIM. TWIM of-
fers higher sensitivity than does traditional DTIM and a
faster duty cycle, but has slightly lower IM resolution and
does not allow direct measurement of CCS values. How-
ever, CCS of unknown ions can be indirectly calculated by
calibrating against appropriate ions with known CCS values
(29). Calibrants that are of similar physical properties to
the analytes are desired to achieve the highest accuracy of
CCS measurements in TWIM. Recently, we established a
series of phospholipid calibrants for measurement of lipid
CCSs using TWIM, which gave CCS values that are within
2% of the values measured on DTIM (close to the errors of
DTIM measurements) (36). The commercial TWIM plat-
form is well integrated with different chromatographic
separation techniques and MS analysis and is used in this
study.

The chromatographic resolution of lipid classes was pre-
viously achieved by normal-phase separations using a silica
or amino stationary phase and a mobile phase comprised
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of complex organic solvents (11, 15, 16, 37, 38). Lipid sepa-
rations based on reverse-phase liquid chromatography
have also been developed and typically use C8 or C18 col-
umns with a highly organic gradient separation (11, 15,
37). The order of separation of lipids in normal- and re-
verse-phase chromatography are distinct but complimen-
tary in that lipids separate by headgroup in normal-phase
chromatography and by acyl chain length and unsatura-
tion in reverse-phase chromatography. However, gradients
for these separations tend to be long (30 min or longer),
and sometimes two separate separations need to be per-
formed to have complete coverage. LC separations by
hydrophilic-interaction liquid chromatography (HILIC),
which combines a hydrophilic stationary phase and reverse-
phase mobile phase, were initially widely adopted for the
analysis of small polar metabolites because of their in-
creased retention on HILIC columns in relation to reverse-
phase CI8 columns (39-41). Recently, HILIC has been
applied to the separation of phospholipid species as an al-
ternative to lipid separations by normal- and reverse-phase
chromatography (32, 42-45). HILIC separations offer the
benefits of both reverse-phase and normal-phase lipid sep-
arations in that lipid species are first resolved on the basis
of polar headgroup, similar to a normal-phase separation,
and then by acyl chain length and unsaturation within a
lipid class, as seen in reverse-phase separations (32, 43).

In this work, we report the establishment of a three-
dimensional HILIC-IM-MS method for comprehensive
lipidomics analysis, which achieves the resolution of
isobaric lipid species by structure and hydrophilicity. Using
this lipidomics methodology in combination with lipid
CCS calibrants, we have determined over 250 lipid CCS val-
ues in positive and negative ionization modes. Application
of the lipidomics method is demonstrated in assessing the
changes to lipid homeostasis in a neuroblastoma cell line
that was exposed to different small molecules, including
the environmental chemicals, benzalkonium chlorides
(BAGs), and a known inhibitor of cholesterol biosynthesis,
AY9944.

MATERIALS AND METHODS

Reagents

HPLC grade solvents (water, acetonitrile, methylene chloride,
chloroform, and methanol), ammonium acetate (Optima LC/
MS), and sodium chloride were purchased from Thermo Fisher
Scientific. BAC with alkyl chain lengths of 10 and 16 (BAC-C10
and BAC-C16, respectively), butylated hydroxytoluene (BHT),
and triphenylphoshine (PPh;) were purchased from Sigma-Al-
drich. AY9944 [trans-1,4-bis(2-chlorobenzylaminomethyl) cyclo-
hexane dihydrochloride] (purity of >99%) was prepared as
described previously (46). AY9944, BAC-C10, and BAC-C16 were
each dissolved in dimethyl sulfoxide (DMSO) to make a 1-mM
stock solution and stored at —80°C. The following extracts were
purchased from Avanti Polar Lipids: ceramide (Cer, 860052P),
cerebroside (hexosyl Cer, HexCer, 131303P), sphingomyelin
(SM, 860062C), L-a-phosphatidic acid (PA, 840101C), L-a-
phosphatidylcholine (PC, 840051C), L-a-lysophosphatidylcholine
(LysoPC, 830071P), L-a-phosphatidylethanolamine (PE, 840022C),



L-a-lysophosphatidylethanolamine (LysoPE, 850095P), L-a-
phosphatidylglycerol (PG, 841138C), L-a-phosphatidylinositol
(PI, 840042C), and L-a-phosphatidylserine (PS, 840032C). Dia-
cylglycerides standards were purchased from Nu-Chek Prep:
1,3-dimyristoyldiacylglyceride (1,3-DG 14:0, D-142), 1,3-dipalmi-
toyldiacylglycerol (1,3-DG 16:0, D-152), 1,3-distearoyldiacylglycer-
ide (1,3-DG 18:0, D-162), 1,3-dioleoyldiacylglyceride (1,3-DG
18:1, D-237), cis1,3-dilinoleoyldiacylglyceride (cis-1,3-DG 18:2,
D-252), 1,3-diarachidoyldiacylglyceride (1,3-DG 20:0, D-172), and
1,3-diarachidonoyldiacylglyceride (1,3-DG 20:4, D-297). Stock so-
lutions of lipid standards and standard extracts were prepared at
1 mM in chloroform. For the analysis, a 5-pM mixture of lipid
standards in buffer B was prepared by dilution from the stock
solutions.

Cell culture, treatment, and lipid extraction

Neuro2a cells were purchased from the American Type Cul-
ture Collection (Rockville, MD). Cultures were maintained in
DMEM high-glucose media (ThermoFisher Scientific Gibco),
supplemented with L-glutamine (GE Healthcare Hyclone),
10% FBS (GE Healthcare Hyclone), and penicillin/streptomycin
(ThermoFisher Scientific Gibco) at 37°C and 5% CO,. For the
experiment, cells were seeded at a density of 1.0 x 10° cells per
100-mm plate and left to adhere overnight. The next day, the me-
dia were replaced with DMEM high-glucose media containing
N2-supplement (ThermoFisher Scientific Gibco), L-glutamine,
penicillin/streptomycin, and one of the following treatments:
0.1% DMSO, as vehicle control; 100 nM BAC-C10; 100 nM BAC-
C16; or 100 nM AY9944, a known inhibitor of cholesterol biosyn-
thesis. After 48-h of treatment, cells were harvested and pelleted
by centrifugation. Cell pellets were lysed by sonicating cold in 150
pL of 1x PBS for 30 min. The experiments were performed in
triplicate for each condition. Protein weight was measured with
the BioRad-DC Protein Assay Kit. The average protein weight of
the Neuro2a cell pellets was 0.76 + 0.10 mg with no statistical sig-
nificance between treatment groups (Student’s #test, P= 0.1). To
extract the lipids, we added 1 ml of NaCl aqueous solution (0.9%)
and 4 ml of Folch solution (2:1, chloroform: methanol, contain-
ing 1 mM BHT and 1 mM PPh;) to the cell lysates. The mixture
was briefly vortexed and centrifuged for 5 min. The lower organic
phase was recovered and dried using the speed vacuum (Thermo
Fisher Savant). Dried extracts were redissolved in 300 pL of meth-
ylene chloride. For analysis, 100 pL of the lipid extract was trans-
ferred to an autosampler vial, dried under Ar, and reconstituted
with 200 pL of buffer B.

Liquid chromatography and ion mobility-mass
spectrometry

Chromatographic separation was performed using a Waters
Acquity FIN ultraperformance liquid chromatography (Waters
Corp., Milford, MA) with a hydrophilic interaction column (HILIC;
Phenomenex Kinetex, 2.1 x 100 mm, 1.7 pm) maintained at 40°C.
The solvent system consisted of 50% acetonitrile/50% water with
5 mM ammonium acetate (buffer A) and 95% acetonitrile/5%
water with 5 mM of ammonium acetate (buffer B) (32). Using a
0.5 ml/min flow rate, the linear gradient conditions were 0-1
min, 100% B; 4 min, 90% B; 7-8 min, 70% B; and 9-12 min, 100% B.
Injection volumes were 5 and 15 L for positive and negative
mode analyses, respectively.

IM-MS analysis was performed on a Waters Synapt G2-Si HDMS
(Waters Corp., Milford, MA) equipped with an ESI source. ESI
capillary voltages of +3.0 and —2.0 kV were used for positive- and
negative-mode analyses, respectively. Other ESI conditions were
as follows: sampling cone, 40 V; extraction cone, 80 V; source
temperature, 100°C; desolvation temperature, 350°C; cone gas,
10 L/h; and desolvation gas, 1000 L/h. Mass calibration was

performed with sodium formate for the range of m/z 50-1200.
Collision cross-section calibration was performed using a set of PC
and PE CCS standards as previously described (36). Briefly, PC
(positive mode) standards covering the range m/z 454-980 and
213-330 A® and PE (negative mode) standards covering the range
m/z 410-786 and 199-274 A% were used to fit a curve of the form
O = A(¢%4+ 1,)®, where ) is the corrected CCS value, 4 is the cor-
rected drift time value, and A, {,, and B are fit parameters. For the
analysis of cell extracts, IM separation was performed with a travel-
ing wave velocity of 550 m/s and height of 40 V. Additional ex-
periments with standard lipid extracts were performed at 500 m/s
and 40 V in triplicate over three days. Untargeted MS/MS was
performed with a collision energy ramp of 35-45 eV applied to
the transfer region of the instrument. Data were acquired over
m/z50-1200 with 1 s scan time. Leucine enkephalin was acquired
as a lockspray signal for postacquisition correction of m/z and
drift time.

Data analysis

Data alignment, peak detection, and normalization were per-
formed in Progenesis QI (Nonlinear Dynamics). The chromato-
graphic region from 0.4 to 9 min was considered for peak detection.
Adducts considered for deconvolution included [M+H]", [M+Na]",
[M+H*HQO]+, [M+H*2H20]+, and [M+NH,]". Features with de-
convoluted adducts are denoted with n, whereas features that
could not be assigned a neutral mass are denoted with m/z The
reference sample for alignment was automatically selected by
Progenesis QI, and data were normalized to all compounds. The
normalization was performed by a median and mean absolute de-
viation approach on all detected abundances, which effectively
corrects for technical variation (such as sample loading size) and
minimizes influence by noise in the data and bias in the calcula-
tion. Features corresponding to the m/z of AY9944, BAC C10, and
BAC C16 were excluded from the analysis. The resulting data set
was filtered by ANOVA Pvalue < 0.05 and fold-change = 1.5. Ad-
ditional statistical analysis was performed in EZInfo (Umetrics).
Identifications were made against the METLIN and LipidMAPS
databases within 15 ppm mass accuracy. CCS values for lipid stan-
dard extracts were obtained using the DriftScope (v2.8; Waters
Corp.) chromatographic peak detection algorithm with lock mass
correction.

RESULTS

HILIC-IM-MS method for comprehensive lipidomics

IM-MS has become a widely used platform for the analy-
sis of biomolecules such as lipids because of its ability to
resolve same-mass ions on the basis of structure. For the
analysis of complex samples, this structural separation af-
fords improvements in analyte specificity, i.e., signals cor-
responding to lipids can be isolated from other classes of
biomolecules and chemical noise because of the low gas-
phase density of lipid ions (24). Figure 1 demonstrates the
improvement in analyte specificity and signal-to-noise ratio
in the analysis of the lipids of Neuro2a neuroblastoma cells
by LC-IM-MS. The lipid signals, outlined in Fig. 1A, occupy
a distinct region of m/zdrift time space covering m/z
~400-1050 and drift time 4-11 ms. The total ion chromato-
gram (TIC) from the LC dimension, shown in Fig. 1B, re-
veals several peaks but suffers from a high background in
the early portion of the chromatogram. By excising the
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region containing the lipid signals (highlighted in Fig. 1A)
away from the remaining signals, the background in the
TIC (Fig. 1B) is visibly reduced, as shown in Fig. 1C. A num-
ber of peaks observed in Fig. 1B, such as those at 4.5 and
4.9 min, are significantly reduced in intensity in the ion
mobility-extracted ion chromatogram (IM-XIC) (Fig. 1C),
which indicates that the species at these retention times are
not present in the highlighted region of Fig. 1A and are
not lipids. In regions of the chromatogram where lipids are
known to elute, such as 2.4, 5.4, and 7.9 min, no peak is
clearly visible in Fig. 1B. The presence of such peaks is ap-
parent only upon the removal of chemical noise by extract-
ing out the lipid region of the IM-MS data, as shown in Fig.
1C.

Using the lipid CCS calibrants we established recently
(36), we generated over 250 lipid CCS values (positive, n =
165; negative, n = 93; relative standard deviation (RSD) <
0.5% CCS) from a mixture containing 12 lipid classes: Ly-
soPE, LysoPC, 1,3-DG, Cer, HexCer, PA, PC, PE (including
plasmalogen PE, PEp), PG, PI, PS, and SM (Fig. 2A, B;
supplemental Tables S2, S3). In addition to the broad reso-
lution of lipid species from chemical noise and nonlipid
species, IM-MS is also able to resolve class-specific differ-
ences in lipid species. Sphingolipids (square data points in
Fig. 2A), such as ceramides, sphingomyelins, and hexosyl
ceramides, tended to have larger CCS values than did
glycerophospholipids (circle data points in Fig. 2A). The
trendline of each class of lipids was obtained by fitting to
power function, which shows the order of packing efficien-
cies of different lipid classes in the gas phase (supplemen-
tal Fig. S1, supplemental Table S1). Within the sphingolipid
classes, CCS trend is dependent upon the presence and
type of headgroup such that the trendlines lowered in the
order of Cer > SM > HexCer. CCSs among the phospholip-
ids were likewise dependent upon the type of headgroup.
In positive mode, glycerophospholipid CCS trendlines
were observed to decrease in the order of PC > PEp > PE >
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PG > PI. Two additional classes were observed only in nega-
tive mode (PAs and PSs), where CCS trendlines decreased
in the order of PEp = PS > PE = PG > PA > PI. We suggest
that these trendlines can be used to estimate the CCS of
unknown lipid species in order to facilitate their identifica-
tion (see discussion below regarding Fig. 3).

As shown in Fig. 2A and B, the region of the IM-MS plot
from m/z600-950 and 250-310 A” is densely occupied with
several distinct classes of lipid species. Although there are
large differences in CCS between several lipid classes (e.g.,
~2.5% difference between similar-mass SM and PC), the
majority of lipid classes are more narrowly resolved. We ob-
served several examples of lipids from different classes that
were close in m/zand in CCS, particularly in negative mode
where most ions were observed as [M—H] . Several nomi-
nally isobaric PA and PG species observed in negative mode
were not well resolved by CCS, such as PG 32:1 (m/z719.49
and 262.5 A%) and PA 38:6 (m/z 719.47 and 260.9 A%,
which differ in drift time by 0.05 ms and in CCS by 0.62%.
Other examples include PE and PG species, such as PE
38:3 (m/2'768.5 and 271.7 A?) and PG 36:4 (m/z769.5 and
971.3 A%), which differ by —0.5 A* (0.2%) in negative mode.

To improve our ability to accurately identify a large num-
ber of lipid species, we have chosen to perform chromato-
graphic separation by HILIC prior to IM-MS analysis (32).
Figure 2C shows the IM-XIC from the analysis of a mixture
of the 12 lipid classes shown in Fig. 2A and B. HILIC condi-
tions are similar to normal-phase chromatography in that
lipids are separated on the basis of their headgroup polar-
ity, such that the order of elution is as follows: DGs = Cer <
HexCer < PG < PI < PE < PA < LysoPE < PS = PC < SM <
LysoPC. As shown in Fig. 2C, the lipid species that were
prone to similar-mass and similar-CCS overlap (i.e., PGs,
PAs, PEs) are well separated in the chromatographic di-
mension with retention times of 2.1, 5.2, and 6.0 min,
respectively. We also observed separation by fatty acid com-
position within a chromatographic peak, such that longer
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and unsaturated fatty acids elute prior to shorter or fully
saturated fatty acids, respectively. For example, PE 34:2
elutes at 5.45 min, and PE 38:4 elutes at 5.30 min (supple-
mental Table S2).
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Fig. 3. In negative ionization mode, PC [M+Ac] and PS [M—H]"
species are isobaric, as shown in the table within the figure. Un-
known lipid signals (gray circles) from 6-7 min in the HILIC
chromatogram were plotted onto trendlines fit to CCS values of
known PS (long dashed line) and PC (short dashed line) species.
The unknown lipids were determined to be PCs because their CCS
values fall onto the PC trendline.

Only a few regions of the chromatogram contain mul-
tiple lipid species, namely, the early portion of the chromato-
gram containing DGs, ceramides, and hexosyl ceramides
and the portion from 6-7 min containing PAs, LysoPEs,
PSs, and PCs. In positive mode, these lipids mostly occur in
distinct m/z regions, with LysoPEs having the smallest
masses and PSs have the largest masses. In negative mode it
is possible to observe isobaric PS and PC species in the
form of [M—H] and [M+CH;COO], respectively, but
these lipid classes are well separated in the IM dimension.
PCs tend to have the largest CCSs in positive mode; thus
the addition of the acetate adduct further increases PC
CCS values in relation to other glycerophospholipids such
as PSs. Figure 3 demonstrates the ability to distinguish PS
[M—H] species from PC [M+CH3;COO] in a Neuro2a
lipid extract. The data points in Fig. 3 represent lipid
species found in the Neuro2a lipid extracts that could be
either PS or PC species with the same mass accuracy. For
example, the data point at m/z 788.5 and 282.0 A? returned
database matches to PS (18:0/18:1) and PC (16:1/16:1)
with 2 ppm mass accuracy. The overlay of the unknown
data points onto trendlines fit to the CCSs of PC and PS
standards (see Fig. 2, supplemental Fig. S1) indicated that
these species are in fact PCs rather than PSs because the
CCSs of the unknown lipids fall on the CCS trendline of
known PCs. For example, the CCS value for m/z 816.56 in
the Neuro2a sample (Fig. 3) was 287.5 A2, and the CCS
value of PC 34:2 (m/z816.58) in the lipid mix was 287.7 A®
(—0.07% different), which are within the accepted window
of error (2% different) for positive identifications by CCS.
Although the HILIC method does not fully resolve all
lipid classes in the chromatographic dimension, enough
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separation is achieved in the IM dimension to successfully
identify isobaric lipid classes, and all major lipids species
are resolved in at least one of the two orthogonal dimen-
sions of separation.

The effects of BAC on the Neuro2a lipidome

The HILIC-IM-MS method described above was used to
characterize alteration in the lipid profiles of Neuro2a
cells exposed to 100 nM of AY9944 or BACs with differ-
ent alkyl chain lengths: BAC-C10 or BAC-C16 (Flg 4A).
AY9944 is a known inhibitor of 33-hydroxysterol- -A"-reductase
(DHCR?7), the last step of cholesterol biosynthesis (46). We
recently found that BACs, a class of environmental toxins,
also inhibit cholesterol biosynthesis, but their activities
appear to vary with the length of the alkyl chain (47). Spe-
cifically, BAC-C10 acts as a potent inhibitor of DHCR7,
whereas BAC-C16 does not, but BAC-C16 induced signifi-
cantly more changes to genes associated with lipid homeo-
stasis (47). Here we aim to elucidate the effects of these
compounds on the lipidome of Neuro2a cells. Figure 4
summarizes the results of the lipid-profiling experiment.
As seen in the principal components analysis (PCA) of the
data, the largest difference was observed in the BAC-C16
treated samples, which separated from the control, AY9944,
and BAC-C10 samples along principal component 1 (ac-
counting for ~60% of variance). As expected, the Neuro2a
cells responded similarly to treatment with AY9944 and
BAC-C10, with no clear delineation between the treatments
in the PCA (Fig. 4B). However, clear separation was observed

between the control group and the AY9944 and C10 group
along principal component 2, which accounted for 22.6%
of the variance in the dataset.

Significantly changed lipid species were identified by re-
tention time, m/z, and CCS (Table 1). All identified lipid
species display CCS values that are well within 2% error of
our collection of CCS values from lipid standards (if avail-
able) (Table 1). Figure 4C highlights several features that
contributed to the group separations observed in the PCA.
The most significant features by ANOVA P value were
4.0_398.3n and 4.0_400.3n (P=1.4x 10" and P= 9.6 x
1077 respectively), which were greater than 30-fold more
abundant in AY9944 and BAC-C10 samples than were the
controls and BAC-C16 samples. Several triacylglycerol
(TAG) species, including TAG 52:2, were decreased in all
treatments in relation to the control. Among the treat-
ments, BAC-C16 treatment had a greater effect (0.4-fold,
P=5.3x10"°% on TAG 52:2 levels than AY9944 (0.8-fold,
P=472 x10"°) or BAC-C10 (0.7fold, P=2.9 x 10"°) treat-
ment. Similar fold-change decreases were observed for
TAG 54:3, TAG 54:2, and TAG 56:3, as well as a number of
DG species including DGs 34:1 and 36:2 (Table 1). Sphin-
golipid levels also appeared to be affected by treatment
with AY9944 and the BACs. Ceramides (d18:1/16:0) and
(d18:1/24:1) were both decreased in the treatment groups
in relation to controls (Table 1). Sphingomyelins of the
same composition showed similar fold-change decreases
across the treatment groups in relation to the control.
Of interest, no significant change was observed in SM
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Fig. 4. Results from lipidomic analysis of Neuro2a cells exposed to AY9944, BAC-C10 (C10), and BAC-C16 (C16) (A). (B) In the PCA,
treatment groups separate from controls along PC2, and BAC-C16 is separated from AY9944, BAC-C10, and controls along PC1. (C) Group
separation in the PCA is the result of molecular features such as TAG 52:2, PE (16:1/16:1), PC 36:5, and an unknown feature 4.0_400.3n.

N = 3 for each condition.
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TABLE 1.

Altered lipids in NeuroZ2a cells after treatment with AY9944 (AY), BAC-C10 (C10), or BAC-C16 (C16)

Fold-change’ )4
Retention Mass Error Abundance
Annotation® Time (min) m/z (ppm) CCS (A% ACCS (%)° in Control AY Cl10 Cl6 AY C10 C16
TAG 52:2 0.4 876.802 1.7 318.6 — 17024 +346 0.8 0.7 04 47x107° 29x107° 58x107°
TAG 54:3 0.4 902.819  —16 393.4 — 8865+192 0.8 0.7 04 58x10°* 0.01 3.3x10°°
TAG 54:2 0.4 904.831 2.3 326.3 — 9611+246 0.8 0.7 05 0.01 3.7x107° 87x107°
DG 34:1 0.4 577.520  —0.9 256.6 18257+317 08 08 0.6 0.01 41x107" 48x10*
DG 36:2 0.4 603.535 1.0 260.8 -1.0 8231+129 08 0.7 05 50x10° 41x10° 25x107°
Cer(d18:1/16:0) 0.5 520510  —0.7 252.7 — 11200 +2419 05 04 05 0.03 0.02 0.03
Cer(d18:1/24:1) 0.5 630.619 0.1 973.7 —1.1 6701 +1216 0.7 0.6 0.5 0.08 0.04 0.02
PG 32:1 (-) 2.5 743.484 0.7 261.6 -0.3 1862+120 14 1.1 27 0.01 0.29 88x107°
PG 34:2 (—) 2.4 769.522 2.0 266.7 —0.2 4401515 13 1.0 4.2 0.42 094  30x107°
4.0_400.3n 4.0 383.331 — 204.4 — 189+20 617 533 1.3 6.7x10° 21x107° 0.03
4.0_398.3n 4.0 381.317 — 201.8 — 435+98 401 326 13 1.0x10* 63x10° 20x107°
PE 36:3 5.4 742539  —0.9 264.7 —0.7 10377 +444 08 07 15 0.01 32x107° 4.6x10*
PE 16:1-18:2" 5.4 714508  —1.0 265.4 — 2740 + 47 08 09 32 34x10" 381x107° 15x107°
PE 16:1-16:1" 5.5 688.494  —3.4 961.2 -1.0" 31928 + 25 08 09 36 33x10° 1.7x107° 83x107’
PC 36:5 6.4 780.554 0.2 281.7 —0.8 6598 +361 1.0 1.2 2.1 0.40 0.10 89x107"
PC 36:3 6.4 784.586 1.1 288.5 1.0 1012 + 91 09 1.1 1.8 0.35 0.57 24x107°
SM(d18:1/16:0) 7.4 703.574 0.7 279.5 —0.6 12784 +3775 0.3 0.3 05 0.04 0.03 0.08
SM(d18:1/18:1) 7.3 729.590 0.2 281.5 —0.6 1487+136 06 05 1.0 0.02 0.00 0.72
SM(d18:1/24:1) 7.1 813.682 3.5 299.7 -0.3 0939+9235 04 0.3 05 0.04 0.02 0.06
LysoPE 16:1 (—) 6.6 450.262  —0.9 207.5 — 631+133 07 08 1.7 0.12 0.20 0.01
LysoPC 16:1 7.9 494.326 3.0 293.8 0.2 3031+262 1.0 1.3 17 0.59 0.31 1.6x107°

Long dashes in cells indicate not available.

“ Results are from positive-mode analysis unless otherwise specified by (—).
? Fatty acid composition determined from additional MS/MS experiments.

‘ Relative to CCS values in supplemental Tables S2 and S3.
“Relative to drift tube CCS from Ref. 36.

‘ Fold-change relative to control.

/Student’s test against control.

(d18:1/18:1) between the control and BAC-C16 treatment
groups, but levels were decreased in AY9944 and BAC-C10
treatment (Table 1).

The separation of the BAC-C16 treatment group away
from the other treatment groups and controls is mainly at-
tributed to the elevated phospholipid levels in the BAC-
C16 group. Species from several classes of phospholipids
were affected by BAC-C16 treatment. Figure 4C shows ex-
amples of the altered phospholipid levels for PE 16:1-16:1
(confirmed by MS/MS) and PC 36:5. The levels of PE 16:1-
16:1 were slightly decreased with AY9944 or BAC-C10 treat-
ment in relation to the control (0.8- and 0.9-fold), whereas
a 3.6-fold increase in abundance was observed with BAC-
C16 treatment (P= 8.3 x 1077). A similar pattern in abun-
dance profiles was observed for PE 16:1-18:2, as shown in
Table 1. However, the fold-change increase in BAC-C16
observed for PE 36:3 was nearly half those of PE 16:1-16:1
and PE 16:1-18:2 (1.5-fold vs. >3-fold). Eleven additional
PE species were elevated in BAC-C16 treatment in relation
to controls with fold-changes = 1.5 (supplemental Table
S4). On the basis of these observations, we examined the
expression profiles of LysoPEs in the Neuro2a cells to de-
termine whether the increased levels of PEs was due to de-
creased metabolism of PEs to LysoPEs (supplemental Table
S5). However, we found that LysoPEs are consistently
higher in BAC-Cl6-treated cells than in control cells.

In addition to PC 36:5 (Fig. 4C; 2.1-fold, P=8.9 x 1075),
10 other PCs were significantly elevated in BAC-C16 sam-
ples, including PCs 36:4, 36:3, p34:2, p34:1, 32:2, and p32:1
(supplemental Table S6). The fold-change increases for
PCs ranged from 1.7- to 3.2-fold in relation to controls.

Among the LysoPCs, LysoPC 16:1 was increased in BAC-
C16 treatment (1.7-fold, P=1.6 x 10"°), whereas no signifi-
cance (P> 0.05) was found between AY9944 or BAC-C10
treatment in relation to the control. A slight decrease was
observed for the most abundant LysoPC, LysoPC 18:1, in
the BAC-Cl16-treated cells (0.8-fold, P = 0.019) in relation
to the controls (supplemental Table S6). Altered PG levels
were also observed in the BAC-C16 group (Table 1, supple-
mental Table S7). Eleven PGs were increased in relation to
controls, ranging from 1.5- to 4.2-fold. The elevated PGs
had fatty acid compositions similar to those of the elevated
PEs and PCs, such as PG 32:2 and PG 34:3.

DISCUSSION

Untargeted lipidomics by HILIC-IM-MS

Structural separations by ion mobility are highly infor-
mative in the analysis of lipids from complex samples,
where many isobaric or nearly isobaric lipids are observed.
A number of studies, including our own data presented in
Fig. 2, have shown that the largest structural differences in
lipids are found between sphingolipids (i.e., Cer, HexCer,
SM) versus glycerophospholipids (PC, PE, PA, etc.) be-
cause of the different backbones of the lipid, i.e., sphingo-
sine versus acylglycerol (25-27, 29, 48-50). IM can also
resolve additional lipid classes within each group on the
basis of their different headgroups. There is strong consen-
sus between the literature and our results that PCs have
larger gas-phase conformations than other phospholipids
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such as PEs, likely due to the bulky nature of the quater-
nary ammonium in the choline headgroup in relation to
the smaller and more linear ethanolamine headgroup (49,
50). Within the PEs, we observe a clear separation between
PEs with two ester linkages and PEs with one vinyl ether
linkage (plasmalogen PEs, PEp), with the plasmalogen PEs
having slightly larger CCS values than PEs with the same
fatty acid compositions in positive mode (supplemental
Table S1) and slightly smaller CCS values in negative mode
(supplemental Table S2). The decrease in CCS we ob-
served between PEs and plasmalogen PEs in negative mode
is consistent with the observations of Paglia et al. (50), who
reasoned that the decrease in CCS was the result of the ad-
ditional double bond in the PEp. This reduction in CCS
with the addition of double bonds is a common phenome-
non in all lipid classes, with each double bond contributing
a 1-5% decrease in CCS (28, 49).

The formation of lipid ions by electrospray ionization is
largely determined by the lipid backbone headgroup, or
both, which may be neutral, basic, or acidic. We found very
clear preferences in the formation of adducts between vari-
ous lipid classes in positive ionization mode. PIs and PGs,
which do not have any amines and are rich in oxygens,
tend to form sodium adducts or appear as water loss
fragments in positive mode. PCs and SMs, both of which
contain a quaternary amine in the choline headgroup, pre-
dominately form protonated adducts. The influence of ad-
duct formation on lipid CCS values has been described by
Jackson et al. (25), who reported that sodiated lipids dis-
play more compact gas-phase structure than do protonated
lipids. Interestingly, we observed that ion mobility resolu-
tion of phospholipid classes is lower in negative mode than
in positive mode (Fig. 2A, B). We attribute this phenome-
non to the diversity of adducts (i.e., protonated, sodiated,
water loss) formed in positive mode, whereas negative-
mode lipid ions are predominately formed by the loss of
a proton. This less efficient separation of phospholipid
classes in negative-mode IM-MS analysis can make it chal-
lenging to use CCS alone to distinguish similar-mass lipid
species of different classes in this mode, such as the similar-
mass PGs and PAs described above.

Conventionally, identification of unknown lipid species
relies heavily on MS/MS experiments in both positive and
negative modes. Although there are many unique lipid spe-
cies, the fragments they yield may not be unique, given the
common fragmentation pathways shared within a lipid
class or among all lipids. For example, in negative-mode
MS/MS analysis, two different lipids may yield the same
fatty acid fragments, even though they belong to distinct
lipid classes. Although it has become common to use the
IM dimension as a filter in untargeted MS/MS analysis, the
large number of similar-mass lipid precursors within a nar-
row range of drift times may lead to convoluted assign-
ments without an additional separation to resolve different
lipid classes (32). We have demonstrated here that the ad-
dition of HILIC chromatography prior to IM-MS achieves
resolution of at least 12 lipid classes. The overlap of similar-
mass lipid precursors and fragments belonging to differ-
ent lipid classes is minimized, and the few lipid classes that
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coelute and occupy similar mass ranges, such as ceramides
and DGs, as well as PCs and PSs, can be easily resolved in
the IM dimension, as demonstrated in Fig. 3. We note that
the workflow developed here is more suited for untargeted
discovery-type experiments. Adaptation of the method for
absolute quantitation is possible, given that internal stan-
dards for each class of lipids were added at the beginning
of the sample processing, and the data were normalized by
the combination of the internal standards. However, for
the most sensitive and accurate quantitation, a targeted
analysis would still be preferred after the initial discovery
experiments.

CCS measurements of lipids by TWIM-MS calibration

We have recently demonstrated that the choice of cali-
brant has a significant impact on the CCS values generated
for phospholipids on TWIM-MS platforms (36). The lipid
CCS values reported here were generated from lipid stan-
dard CCS calibrants describe previously (36). The differ-
ence between the calibrated CCSs of PEs and PCs identified
in the lipid mix and the drift tube CCS of the correspond-
ing PE and PC calibration standards was less than 1% in
both positive and negative modes. Table 1 contains the
CCS values for lipids identified in the NeuroZ2a cells, which
are up to 1.1% different from the same lipid species identi-
fied from the 12-lipid mix in supplemental Tables S2 and
S3. However, our CCS values tended to be smaller (average
of -3.7% and -4.4% different in positive and negative modes,
respectively) than previously published lipid CCS values
calibrated with nonlipid calibrants, such as poly-DL-alanine
(50, 51). This observation is consistent with trends we ob-
served for calibration with lipid standards versus calibra-
tion with poly-DL-alanine (36).

The calibration approach of determining CCS values is
the most rapid method for obtaining structural data for
large datasets such as those encountered in untargeted lipi-
domics regardless of the IM platform (i.e., traveling wave
or drift tube). The ability to rapidly determine CCS values
presents an opportunity to build comprehensive databases
of CCS measurements. However, the 3-4% variability in
calibrated CCS values obtained from calibrants other than
lipids presents a challenge for the use of CCS values in lipi-
domics databases. For example, the difference in CCS
between two different types of glycerophospholipids in
positive mode is on the order of 1-2% for species with simi-
lar mass and unsaturation, such as PC 36:3 and PEp 40:2
(m/z 784.6; 285.5 A* and 290.0 A®, respectively). In addi-
tion, similar-mass PCs and HexCers, such as PC 38:4 and
HexCer (d18:1/24:1), tend to be 2.5% different in CCS
despite belonging to different classes of lipids. In both in-
stances, the CCS difference between lipid classes is smaller
than the calibration errors using poly-DL-alanines, which
prevents the use of these values as discriminating data for
identification. It is critically important that calibrated CCS
values approach those of drift tube measurements as closely
as possible in order to develop comprehensive lipid CCS
databases that can be used for assignment of identifications
in untargeted lipidomics, and our lipid CCS calibrants
most closely satisfy these criteria.



An area that could be improved in this work, as in the
lipid CCS field in general, is to annotate the lipid species
with detailed fatty acid composition and positional isomers,
which is largely limited by the available of authentic stan-
dards at the moment. In the cases in which we obtained the
acyl chain identity based on standards or MS fragmenta-
tion spectra, the acyl composition of each lipid species was
mostly a single combination of fatty acids (known fatty acid
compositions are noted in Table 1 and supplemental
Tables S2, S3). However, the positional isomers were not
differentiated in this work. Previous work by Baker and co-
workers (49) reported that positional isomers of phospho-
lipids could be differentiated by IM separation, but the
difference between the drift times of each pair of isomers is
less than 1%, which is beyond the resolution of our instru-
ment. In another study by Groessl et al. (52), the effect of
E/Z isomers on the CCS of PC(18:1/18:1) was also found
to be less than 0.5%.

BAC exposure alters lipid homeostasis

The lipidomic results on BAC-exposed Neuro2a cells are
consistent with our previous studies on the biological activi-
ties of individual BACs (47). Because BAC-C10 acts as a po-
tent inhibitor of DHCR?7, we anticipated that the effects of
AY9944 and BAC-C10 treatments on the NeuroZ2a lipidome
would be similar. We indeed observed tight clustering of
the AY9944 and BAC-C10 groups in the PCA, which was the
result of highly elevated (fold-change > 10) levels of species
at 4.0 min in the chromatogram that were not observed in
the control or BAC-C16 group. These features consisted of
two pairs of signals at m/z 381.3 and 383.3 (4.0_398.3n and
4.0_400.3n in Table 1) and m/z 363.3 and 365.3 differing
by 18 Da, which are similar to the pattern of water loss
fragments (i.e., [M+H—H,O]" and [M+H—2H,0]", re-
spectively) observed for oxysterols (46, 53). The prominent
biochemical features of DHCR7 inhibition are decreased
cholesterol levels and elevated levels of 7-DHC, 7-dehy-
drodesmosterol (7-DHD), as well as the 7-DHC-derived
oxysterols 43-OH-7-DHC, 4a-OH-7-DHC and DHCEO (46,
53, 54). We have previously shown that 7-DHC, 7-DHD,
and DHCEO are significantly elevated in AY9944- and
BAC-C10-treated Neuro2a cells (47). It is likely that the ob-
served oxysterols are 7-DHC- or 7-DHD-derived oxyster-
ols, given that the mass difference between the tentative
oxysterols is the same as the mass difference between
7-DHC and 7-DHD (i.e., 384.3 Da and 382.3 Da, respec-
tively). However, their appearance at 4.0 min in the chro-
matogram is inconsistent with oxysterols, which are not
retained (elute in the solvent front) under HILIC condi-
tions. It is plausible that the oxysterols were conjugated
to a larger, more polar compound, which resulted in the
uncharacteristic retention time. For example, glucuroni-
dation and sulfation of oxysterols have been observed
(55, 56). On the basis of our results, the addition of a
carbohydrate unit (i.e., Cer to HexCer) results in a 0.2 min
increase in HILIC retention time (Fig. 2). A larger increase
in retention time may be likely depending on the polar-
ity and size of the modification and its location on the
oxysterol.

We observed alterations in sphingolipid levels across all
treatment groups. The ~2-fold reduction in ceramide lev-
els observed in AY9944-, BAC-C10-, and BAC-C16-treated
NeuroZ2a cells is of particular interest given the impor-
tance of ceramides, and sphingolipids in general, in brain
development and function (56-58). We observed similar
decreases in sphingomyelins, which are synthesized from
ceramides, with the same fatty acid composition. How-
ever, SM (d18:1/18:1) was an exception in that no sig-
nificant reduction was observed in BAC-C16 treatment
and no change was observed for Cer (d18:1/18:1) in any
of the treatment groups. Collectively, these results suggest
that the alteration in sphingolipid homeostasis is depen-
dent upon both the individual BAC and the sphingolipid
composition.

Treatment of Neuro2a cells with BAC-C16 had a large
effect on glycerophospholipid metabolism resulting in
elevated levels of several classes of lipids, including PEs,
LysoPEs, PCs, and PGs, with the largest effect observed for
PEs (supplemental Tables S4-S7). These same lipid classes
were only mildly affected by AY9944 and BAC-C10. Changes
in glycerolipid levels also appeared to correlate with
BAC length, for which BAC-C16 treatment resulted in a
greater fold-change reduction in TAGs and DGs than did
BAC-C10 treatment (Table 1). In the context of elevated
phospholipid levels, the decreased DG levels in BAC-C16
treatment suggest increased glycerophospholipid biosyn-
thesis from DGs rather than decreased DG synthesis. In
our previous study, gene expression analysis revealed
that fatty acid synthase was significantly upregulated in
BAC-Cl6-treated Neuro2a cells (47), which is consistent
with the elevated phospholipid levels observed in BAC-C16
treatment.

BACs have been widely used as disinfectants in prod-
ucts ranging from cleaning products to medical products
for more than 50 years (59). Their mechanism of disinfec-
tion stems from the ability of the positively charged qua-
ternary ammonium headgroup to disrupt the negatively
charged lipid membranes of microbes. Several adverse
health effects related to BAC exposure have been re-
ported, including occupational asthma and ocular dis-
eases (60, 61). We demonstrated here that treatment of
neuroblastoma cells with BAC-C16 and BAC-C10 resulted
in major revisions to lipid homeostasis affecting sterol,
sphingolipid, glycerolipid, and phospholipid metabo-
lism. The effects of BAC exposure appear to be moder-
ated by their alkyl chain length, with BAC-C16 and
BAC-C10 resulting in alterations to distinct lipid metabo-
lism pathways. The effects of BAC-C10 on lipid homeo-
stasis are similar to those of AY9944, a known inhibitor
of cholesterol biosynthesis, which recapitulates the bio-
chemical defects of Smith-Lemli-Opitz syndrome in rats
(46). Many of the lipid species affected, such as PEs and
SMs, play significant roles in neurological development
and function (62, 63). These results in conjunction with
our previous findings, suggest that BAC exposure could
lead to or contribute to the pathogenesis of developmen-
tal disorders if exposure occurs during developmental
stages (47).
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CONCLUSIONS

We have developed a comprehensive approach for lipi-
domics by coupling HILIC chromatographic separation
with ion mobility-mass spectrometry. This method success-
fully resolved similar-mass lipid species, a major challenge
in lipidomics analysis, on the basis of polar headgroups and
fatty acid composition in the HILIC dimension and by lipid
backbone and headgroup in the IM dimension. CCS values,
calibrated by our previously established lipid calibrants,
and retention times are reported for over 250 lipid signals
from the analysis of 12 lipid classes, with RSDs < 0.5% CCS
for triplicate analyses. The method reported here, combin-
ing lipid CCS calibrants, HILIC chromatography, and ion
mobility-mass spectrometry, represents a comprehensive
approach to the resolution and structural analysis of lipids
from tissues and cells. We applied HILIC-IM-MS to charac-
terize the effects of benzalkonium chloride exposure on
the lipidome of the Neuro2a neuroblastoma cell line. We
found that lipid homeostasis was differentially altered in
BAC-C10 and BAC-C16 exposure, and this disruption of
lipid metabolism pathways at noncytotoxic levels of BAC
exposure could have significant implications in human en-
vironmental health HE
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