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Abstract

Non-Alcoholic Fatty Liver Disease (NAFLD) is among the commonest
causes of liver disease in the United States. Its progression to Non-Alcohol
Steatohepatitis (NASH) increases risk for developing cirrhosis and liver cancer.
Hepatocellular accumulation of triglycerides and cholesterol, the main lipids
associated with NAFLD, is considered benign. In contrast, aberrant expression
of sphingolipids and phospholipids that have structural and functional roles in
cell membrane integrity and intra-cellular signaling, may mediate progression
of NAFLD to NASH. This study utilized an established experimental model of
NAFLD gen-erated after 16 weeks of High Fat Diet (HFD) feeding of adult (8
weeks old) male C57BL/6 mice. Fresh frozen liver tissue samples were used
for lipidomics analysis by matrix-assisted laser desorption ioniza-tion-imaging
mass spectrometry in the negative and positive ion modes. In HFD fed mice,
histopatholog-ical changes of NAFLD were associated with pronounced
alterations in hepatic lipid profiles marked by increased expression of
phosphatidylcholines (54%), phosphatidylinositols (50%), phosphatidylglycerols
(50%), and phosphatidylinositol monomannosides (100%); sphingolipids
including ceramides (63%), sphingomyelins (54%), sulfatides (57%), mannose
inositol phosphoceramides (100%), and glycosphin-golipids (50%); and
glycerolipids including triacylglycerols (56%). In addition, NAFLD was associated
with increased levels of hepatic arachidonic acid containing phosphatidylserine,
phosphatidylinositol, and phosphatidylethanolamine species and depletion of
docosahexaenoic acid containing phosphatidylserine. Correspondingly, PCA
plots sharply distinguished between the HFD and low-fat diet control groups. Ex-
perimental NAFLD is associated with a broad array of increased hepatic lipids
expression. These results establish a platform for evaluating mechanisms and
consequences of hepatic lipidomic abnormalities that occur with progression
from of NAFLD to NASH.

Keywords: Non-alcoholic Fatty Liver Disease; Steatohepatitis; Lipidomics;
Mass Spectrometry; High Fat Diet; Mouse Model

Introduction

CER: Ceramide; DHB: Diaminobenzidine; ER: Endoplasmic
Reticulum; GSL: Glycosphingolipids; HBSS: Hanks Balanced Salt
Solution; HCCA: a-Cyano-4-hydroxycinnamic Acid; HFD: High
Fat Diet; IMS: Imaging Mass Spectrometry; ITO: Indium Tin Oxide;
LFD: Low Fat Diet; m/z: Mass-to-Charge ratio; MALDI: Matrix-
Assisted Laser Desorption/ionization; MS: Mass Spectrometry;
NAFLD: Non-Alcoholic Fatty Liver Disease; NASH: Non Alcoholic
Steatohepatitis; OCT: Optimal Cutting Temperature Compound;
PA: Phosphatidic Acids; PC: Phosphatidylcholines; PCA:
Principal Component Analysis; PE: Phosphatidylethanolamines;
PG: Phosphatidylglycerols; PI:  Phosphatidylinositols; ~ PIM:
Phosphatidylinositol Monomannosides; PS: Phosphatidylserines;
SM: Sphingomyelin; TG: Triglycerides; TMA: Tissue Microarray;
TNF: Tumor Necrosis Factor; TOF: Time of Flight

Nonalcoholic Fatty Liver Disease (NAFLD) encompasses a broad
spectrum of pathological states that begin with benign or simple
steatosis, but in a subset of individuals, leads to Non-Alcoholic
Steatohep-Atitis (NASH) with eventual progressive development of
fibrosis, cirrhosis, and finally end-stage liver disease [1,2]. NAFLD
is linked to metabolic risk factors such as obesity, type 2 diabetes
mellitus, insulin resistance, and cardiovascular disease [1]. Current
estimates are that in the United States, approximately 64 million
people have NAFLD, many of whom have not yet been diagnosed
[3]. The burdens posed on quality of life and personal as well as
healthcare economics continue to grow, in part due to presently lim-
ited effective therapeutic options [4].

The pathogenic mechanisms of NAFLD development and
progression of are linked to a wide range of cellular and molecular
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pathologies including insulin resistance, metabolic derangements
altering lipid metabolism, inflammation, oxidative stress, DNA
damage, and mitochondrial dysfunction [5-7]. However, the main
drivers of this cascade are insulin resistance through metabolic
pathways and dysregu-lated lipid metabolism. Dietary fat, sugars,
adipose tissue lipolysis, and de novo lipogenesis increase he-patic
lipid content [8,9]. Insulin resistance is permissive to lipolysis and
negatively affects the ability of the adipose tissue to store fat resulting
in increased free fatty acids in the blood [10,11]. Hepatic de novo
lipogenesis is also augmented with metabolic syndrome due to
insulin resistance and ER stress [12,13]. Lipid accumulation in the
liver primarily consists of triglycerides, which may not be hepatotoxic
and serve as a protective mechanism to prevent fatty acid mediated
liver injury [14,15]. On the other hand, long chain saturated fatty
acids have been shown to be elevated in NASH patients and cause
injury in liv-er cells by triggering formation of reactive oxygen species
and lipid peroxidation that contribute to hepat-ic lipotoxicity [11,16].

There is a growing recognition that multiple lipid classes are
involved in the pathophysiology of NAFLD. Hence, the role of
specific lipid classes, rather than total hepatic fat or triglyceride
content, in the development and progression of NAFLD is emerging
[17,18]. Previous studies conducted on experi-mental models
of diet induced obesity with NAFLD showed increased hepatic
ceramide levels through activation of de novo biosynthesis and
sphingomyelin degradation pathways resulting in insulin re-sistance,
lipotoxicity, ER/mitochondrial stress, and inflammation [7,19,20].
Along with fatty acids and ceramides, diacylglycerols play key roles
in mediating inflammatory pathways leading to lipotoxicity and
oxidative stress, thus contributing to NAFLD progression [21,22].
In addition, metabolic studies provid-ed insights into NAFLD
associated alterations in phospholipid profiles. Phosphatidylcholine
(PC) and Phosphatidylethanolamine (PE) are the two most abundant
phospholipids in plasma membranes of all mammalian cells and a
change in their absolute concentrations is a key determinant of liver
health and disease. The circulating PC levels significantly increased
[23], while hepatic PC content decreased [18] in NAFLD and NASH
patients relative to healthy control subjects implicating an important
pathophysiolog-ical role for this lipid class. Furthermore, relatively
small alterations in hepatic PC/PE molar ratio can im-pair membrane
integrity and contribute to the development of NAFLD [24,25].

Recent advancements in lipidomics analysis have enabled
characterization of membrane phos-pholipids, sphingolipids, and
glycerolipids and the study of altered membrane lipid profiles in
relation to pathophysiological conditions [26,27]. Since NAFLD is
defined by imbalances in lipid homeostasis, lip-idomics approaches
are applicable to investigations of how lipid metabolism is altered
with disease. Pre-vious studies mainly focused on ceramides yet the
contributions of other sphingolipids such as sphingo-myelins and
sulfatides, and the various subtypes of phospholipids are less well-
known . The goal of this study is to use an experimental mouse model
of high fat diet induced NAFLD to characterize alterations in hepatic
lipid profiles using MALDI imaging mass spectrometry.

Materials and Methods

Materials
HPLC grade solvents, 2,5-Dihydroxybenzoic Acid (DHB),

a-Cyano-4-Hydroxycinnamic Acid (HCCA), polyvinyl alcohol 6-98,
Polypropylene Glycol (average MW 2,000 g/mol (PPG 2000)), and
sodium azide were purchased from Sigma Aldrich (St. Louis, MO).
Hanks Balanced Salt Solution (HBSS) was purchased from Lonza
(Allendale, NJ). Tissue Microarray (TMA) mold and coring tools
were purchased from Arraymold Kit (Salt Lake City, UT). Peptide
calibration standards were purchased from Bruker Daltonics
(Billerica, MA). Male C57BL/6 mice were purchased from Jack-son
Laboratories. High fat diet (F3282) was purchased from BioServ
(Marlborough, MA).

Experimental Model: Eight-week-old C57BL/6 male mice (n=6
per group) were pair-fed with high fat or low fat (chow) diets for 16
weeks. The HFD consisted 60% kcal fat from lard, whereas the normal
chow diet contained 18% kcal fat (Supplementary Table 4). Mice
were housed under humane con-ditions with free access to food.
Food intake was monitored daily and body weight was measured
weekly. Mice were sacrificed by isoflurane inhalation and cervical
dislocation and their livers were harvested im-mediately. Liver tissue
samples were frozen on dry ice and stored at -80°C for later MALDI-
IMS analy-sis. This study was approved by the Institutional Animal
Care and Use Committee at Lifespan-Rhode Is-land Hospital, and
the experimental protocol followed the guidelines established by the
National Institutes of Health.

MALDI-IMS

Frozen liver tissues were used to generate a TMA to enable
simultaneous analysis of all samples under identical conditions.
Frozen livers (n=6 per group) were cored using a 1.5-mm diam-eter
Arraymold coring tool and transferred into a TMA mold made with
modified OCT. TMA enabled simultaneous acquisition and analysis
of all samples in a single imaging data set. Modified OCT was used
as the embedding compound because it does not interfere with mass
spectrometry signals [28]. Two con-secutive cryosections (8 pm
thick) of the TMA block were mounted onto an Indium Tin Oxide
(ITO)-coated slide side by side. 200 + 13 mg/cm? of DHB was applied
onto the slide by sublimation as de-scribed previously [29]. One TMA
section was imaged in the negative ion mode and the other one was
imaged in the positive ion mode with an Ultraflextreme MALDI-
time-of-flight (TOF/TOF) mass spec-trometer (Bruker Daltonics,
Billerica, MA). A Smartbeam II Nd:YAG laser, providing a laser
focus down to 25 um in diameter, was selected for the acquisition of
imaging data, with a laser raster step size of 75 um and 500 laser shots
summed per array position (i.e., per pixel). External mass calibration
was carried out in a cubic enhanced mode using matrix (HCCA) and
peptide mixture to obtain at least five calibration points over the mass
range between 377 and 2463 Da. Consecutive negative and positive
ion mode IMS measurements were acquired from 600-1200 Da mass
range in a reflectron mode. Ions were accelerated at 25 and 20 kV
with 90 and 140 ns of pulsed ion extraction delay with the extraction
voltage at 22 and 17 kV in the positive and negative ion modes,
respectively.

Data Analysis

The pre-processing of MALDI imaging data was performed by
normalization of all mass spectra to Total Ion Count (TIC) with
FlexImaging software version 4.0 (Bruker Daltonics). TIC isa standard
normalization method where all mass spectra are divided by their TIC
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Figure 1: Principal Component Analysis (PCA) of hepatic lipids detected
by MALDI-IMS in the (A-D) positive and (E-H) negative ionization modes.
MALDI-IMS spectra acquired between 600 and 1200 Da mass range were
compared between HFD fed (red) mouse livers and LFD controls (blue).
PCA plots were generated in ClinProTools. Panels A and E represent the
3-dimensional PCA plots. B-D and F —H correspond to 2-dimensional
plots of A and E, respectively. Note the clear separation of HFD and LFD
clusters in 3 dimensional plots. The contributions of PC1, PC2, and PC3 were
approximately 50%, 12%, and 10%, respectively.

(the sum of all intensi-ties) to enable all spectra in a dataset to have
the same integrated area under the spectrum [30]. The com-plete
MALDI-TOF MS spectra obtained from each sample within the TMA
(90 spectra per sample) was imported into ClinProTools software
for post-processing including the generation of lipidomic profiles.
Normalizing, baseline subtracting, peak defining, recalibrating, and
comparison of multiple spectra were performed automatically by
the Clin ProTools software. Tentative lipid assignment was made
by compar-ing mass-to-charge (m/z) values of precursor ions with
previously identified lipids in our laboratory or other published
reports. The average intensity of lipid ions per group was used to
compare HFD mediated alterations relative to LFD samples. Data
bar plots were used to visualize the mean percent changes in lipid
ion expression. Inter-group comparisons were made by T-tests with
a 5% false discovery (GraphPad Prism 8, San Diego, CA, USA).
Principle Component Analysis (PCA) generated in ClinProTools
was used to compare lipid ion expression patterns between HFD
and LFD. Chi-square analysis with Yates’ correc-tion (GraphPad
Prism 8, San Diego, CA, USA) was used to determine whether HFD
differentially altered expression of major lipid classes (phospholipids,
sphingolipids, and glycerolipids) and their subclasses. P-values less
than 0.05 were considered as statistically significant.

Results

Hepatic Lipid Profiles

The peak statistics reports obtained from Clin ProTools identified
241 jons in the negative ion mode and 151 ions in the positive ion
mode between the mass-to-charge ratio of 600 and 1200 Da. Putative
lipid annotations made by previous identifications performed in our
laborato-ry, published literature [31-52], or Lipid Maps database
search (http://www lipidmaps.org/tools/ms/) and are listed in
Supplementary Table 3. The lipids detected in the positive ionization
mode formed in proton ([M+H]*), sodium ([M+Na]*), potassium
([M+K]"), and ammonium ([M+NH,]*) adducts, while the nega-tive
ionization mode formed only deprotonated adducts ([M-H]). Lipid
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Figure 2A-2C: Data bar plots demonstrating effects of HFD on hepatic
phospholipid ion expression as detected by MALDI-IMS in the positive and
negative ion modes. Plots represent percent change differ-ences in mean
levels of A) phosphatidylcholines (PCs), B) phosphatidylethanolamines
(PEs), C) phospha-tidylserines (PSs).

classes include 1) phospholipids (n=170; 43.4%), including 54 (13.8%)
Phosphatidylcholines (PCs), 19 (4.8%) Phosphatidylethanolamines
(PEs), 21 (54%) Phosphatidylserines (PSs), 43 (11%)
Phosphatidylinositols (PIs), 4 (1%) Phosphatidyl-Glycerols (PGs),
6 (1.5%) Phosphatidic Acids (PAs), 2 (0.5%) Phosphatidylinositol
Monomannosides (PIMs), and 21 (5.4%) Phospholipids (head
group unidentified); 2) sphingolipids (n=81; 20.7%), includ-ing 50
(12.8%) Sphingomyelins (SMs), 15 (3.8%) Sulfatides (STs), 4 (1%)
Ceramides (CERs), 3 (0.8%) Hexosylceramides (HexCers), and 4
(1%) Lactosylceramides (LacCers), 2 (0.5%) Mannose Inositol Phos-
Phoceramides (MIPCs), and 3 (0.8%) Glycosphingolipids (GSLs); 3)
Glycerolipids (n=56; 14.3%), includ-ing 43 (11%) Triacylglycerols
(TGs) and 13 (3.3%) Diacylglycerols (DGs); and 4) miscellaneous
ions (head group unidentified) (n=24; 6.1%) or unidentified (n=61;
15.6%) (Supplementary Table 1).

Differential Expression of Lipid lons in HFD- and LFD-
Exposed Mouse Livers

To optimize the comparison of lipid ion expression in HFD
and control samples, 6 standardized paired samples from each
group were put into a TMA block and sectioned on an ITO coated
slide for simultaneous imaging under identical conditions for data
acquisition. The hepatic lipid composition of LFD and HFD fed mice
were similar with 290 ions expressed in both groups. However, livers
of HFD fed mice expressed 24 li-pids that were not detected in the
livers of LFD fed mice, and LFD fed mouse livers expressed 39 lipids
that were not detected in HFD fed mouse livers (Supplementary
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Table 1: Effects of HFD on lipid classes expressed in mouse livers.

Lipid Class Increased (number (%)) Decreased (number (%)) No Change (number (%)) Total (number)

Phospholipids 72 (51.1%) 55 (39%) 14 (9.9%) 141
Phosphatidylcholines (PCs) 27 (54%) 18 (36%) 5 (10%) 50
Phosphatidylethanolamines (PESs) 6 (42.9%) 6 (42.9%) 2 (14.3%) 14
Phosphatidylserines (PSs) 7 (41.2%) 8 (47.1%) 2 (11.8%) 17
Phosphatidylinositols (PIs) 20 (50%) 17 (42.5%) 3 (7.5%) 40
Phosphatidylglycerols (PGs) 2 (50%) 1 (25%) 1 (25%) 4
Phosphatidic acids (PASs) 1 (33.3%) 1 (33.3%) 1 (33.3%) 3
P e 2 oo : : z
;ZZ";?;‘EE’S;E#;L " 7 (63.6%) 4 (36.4%) 0 11
Sphingolipids 39 (56.5%) 22 (31.9%) 8 (11.6%) 69
Sphingomyelins (SMs) 23 (53.5%) 14 (32.6%) 6 (14%) 43
Sulfatides (STs) 8 (57.1%) 5 (35.7%) 1(7.1%) 14
Ceramides (CERs) 1 (33.3%) 2 (66.7%) 0 3
Hexosylceramides (HexCers) 2 (100%) 0 0 2
Lactosylceramides (LacCers) 2 (66.7%) 0 1 (33.3%) 3
phosphoceramides (VIPCS) 2 (100%) 0 0 2
Glycosphingolipids 1 (50%) 1 (50%) 0 2
Glycerolipids 16 (51.6%) 15 (48.4%) 0 31
Triacylglycerols (TGs) 15 (55.6%) 12 (44.4%) 0 27
Diacylglycerols (DGs) 1 (25%) 3 (75%) 0 4
Miscellaneous ions 35 (71.4%) 12 (24.5%) 2 (4.1%) 49
Sphingolipids or Phospholipids 13 (68.4%) 6(31.6%) 0 19
Unidentified (UNK) 22 (73.3%) 6(20%) 2 (6.7%) 30

HFD-mediated alterations in subclasses of lipid ions expressed in mouse livers. These results represented in the data bar plots shown in Figs. 1-3. The differences in

mean lipid ion abundance lower than 5% for HFD versus LFD were considered as unchanged.

Table 2). HFD mouse livers differentially expressed 13 phospholipids,
4 sphingolipids, 10 glycerolipids, and 21 unidentified lipids that
were not observed in LFD fed controls. LFD livers expressed 12
phospholipids, 8 sphingolipids, 15 glycerolipids, and 17 unidentified
lipids that were not observed in HFD mouse livers. Chi-square
analysis with Yates’ correction determined that the differential
expression of phospholipids (X?=21.15, 1df; P<0.0001), sphingolipids
(X?=7.92, 1df; P=0.005), glycerolipids (X?=21.01, 1df; P< 0.0001),
and unidentified lipids (X*=34.06, 1df; P< 0.0001) were statistically
significant. These differentially expressed lipids demonstrate that the
lipid compositions of LFD and HFD mouse livers were not identical.

HFD Effects on hepatic lipid profiles determined by
Principle Component Analysis (PCA)

PCA was used to reduce the dimensionality of the MALDI-
IMS data set, while retaining the in-formation present within the
mass range of 600 and 1200 Da. PCA plots from positive ion mode
(Figures 1A-D) and negative ion mode (Figures 1E-H) data sets
including the full spectra acquired between 600 and 1200 Da show
the distinction between HFD and LFD fed mouse liver lipid profiles.
The 3-dimensional (Figures 1A and 1E) and 2-dimensional (Figures
1B and 1F) PCA plots demonstrated clear separation of the groups
on the PC1xPC2 plane. Although some data points from HFD and
LFD do not show much varia-tion on PC1 x PC3 (Figures 1C and 1G)

and PC2xPC3 (Figures 1D and 1H) planes, their separation was con-
firmed in the 3-D plots. The separated clusters of two experimental
groups represent differential effects of HFD on hepatic lipid ion
profiles.

HFD Effects on hepatic lipid expression demonstrated by
data bar plots

Comparative lipid analysis of the livers of HFD and LFD (n=6 per
group) fed mice revealed relative effects of HFD on phospholipids,
sphingolipids, and glycerolipids detected between a 600-1200 Da
mass range in positive and negative ion modes. Data presentation was
simplified by including only the lipids detected in both control and
HFD samples. To evaluate the effects of HFD on lipid expression, the
mean peak intensities (reflecting lipid abundance) were compared by
t-test analysis with a 5% false discovery rate correction. The percent
change differences in mean lipid ion abundance were graphed in
data bar plots to visualize relative effects of HFD on hepatic lipid ion
expression. Data bar plots were separated by lipid subclass and lipids
were detailed in the ascending order based on the total number of
carbon atoms and double bonds in the structure. HFD-associated
reductions in lipid ion expression were represented by the blue bars
to the left, whereas HFD-associated increases in lipid expression
were indicated by red bars to the right (Figures 2-4). The differences
lower than 5% were considered as unchanged. Significant (p< 0.05)
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Figure 2D-2H: D) phosphatidylinositols (Pls), E) phosphatidylglycerols
(PGs), F) phosphatidic acids (PAs), G) phosphatidylinositol monomannosides
(PIMs), and H) phospholipids (PLs) with head groups unidentified. The scale
bars depict HFD mediated responses ranged between -167% and 167%
relative to controls. P values obtained by T-test analysis of comparing the
mean levels of each phospholipid ion in LFD and HFD groups are shown
to the right of each data bar plot. Results are organized with respect to
increasing total number of carbon atoms and double bonds of phospholipids.
HFD mediated reductions in phospholipid expression are represented by
the blue bars to the left of the vertical axis, and increases by the red bars
to the right correspond to mean percentage increases in phospholipid ion
expression.

or trend (0.05< p< 0.1) effects obtained by t-test analysis were shown
next to the corresponding data bars. The overall effects of HFD on the
expression levels of different lipid classes are summarized in Table 1.

Phospholipids: The phospholipid bar plots included 50
Phosphatidylcholines  (PCs), 14 Phospha-Tidylethanolamines
(PEs), 17 Phosphatidylserines (PSs), 40 Phosphatidylinositols
(PIs), 4 Phosphatidyl-Glycerols (PGs), 3 Phosphatidic Acids
(PAs), 2 Phosphatidylinositol Monomannosides (PIMs), and 11
Phospholipids (PLs) (Figure. 2). HFD increased expression of 72
(51.1%) phospholipid ions, reduced expres-sion of 55 (39%) ions, and
had no effect on 14 (9.9%) ions, relative to LFD fed controls (Table 1).

Phosphatidylcholines were the most abundant phospholipids
detected as proton, sodium, or potas-sium adducts in positive ion
mode in the mouse livers (Figure 2A). HFD had dramatic effects on
PC expres-sion that ranged from a 58% decrease to a 167% increase.
Among 50 PC species expressed both in LFD and HFD mouse livers,
27 PCs (54%) were expressed at higher levels and 18 (36%) were
expressed at lower levels in HFD livers relative to control, while 5 PCs
(10%) had no change with HFD feeding (Table 1). HFD mediated
changes were statistically significant for 23 PCs and trend effects were
observed for 13 PCs, whereas the remaining 14 PCs failed to reach
significance due to low levels of percent difference between HFD and
LED livers (Figure 2A).
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Figure 3: Data bar plots demonstrating effects of HFD on hepatic sphingolipid
ion expression as detected by MALDI-IMS in the positive and negative ion
modes. Plots represent percent change differ-ences in mean levels of A)
sphingomyelins (SMs), B) sulfatides (STs), C) ceramides (CERs), and D)
gly-cosphingolipids (GSLs). The scale bars depict HFD mediated responses
ranged between -257% and 257% relative to controls. P values obtained
by T-test analysis of comparing the mean levels of each sphin-golipid ion
in LFD and HFD groups are shown to the right of each data bar plot. Results
are organized with respect to increasing total number of carbon atoms and
double bonds of sphingolipids. HFD mediat-ed reductions in sphingolipid
expression are represented by the blue bars to the left of the vertical axis,
and increases by the red bars to the right correspond to mean percentage
increases in sphingolipid ion ex-pression.

Phosphatidylethanolamines were detected in both positive
and negative ion modes with half of them ionized as deprotonated
adducts, 6 PEs as protonated adducts, and 1 PE as a sodium adduct
(Figure 2B). Within 14 PE ions, 12 of them were putatively annotated
as parent ions and 2 were C13 isotopes. HFD increased hepatic
expression of 6 PEs (42.9%), reduced 6 PEs (42.9%), and had no
effect on 2 PEs (14.3%) (Table 1). These alterations were statistically
significant except for 4 PE species that showed less than 10% change
with HFD feeding.

Phosphatidylserine species were detected exclusively in the
negative ion mode as deprotonated adducts. HFD increased hepatic
expression of 7 PSs (41.2%), reduced 8 PSs (47.1%), and had no effect
on2PSs(11.8%) (Table 1). HFD-induced increases or reductions were
statistically significant for 11 PS ions and trend effects were observed
for 3 PS ions (Figure 2C). It is noteworthy that hepatic expression
of docosahexaenoic acid containing PS, PS (40:6), was significantly
decreased (30%, P=0.01) in HFD-exposed livers relative to controls.
In contrast, arachidonic acid containing PS, PS(38:4), and its C13 iso-
tope were increased (70% and 52%, respectively, P<0.0001) by HFD
feeding.
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Figure 4: Data bar plots demonstrating effects of HFD on hepatic glycerolipid
ion expression as detected by MALDI-IMS in the positive ion mode. Plots
represent percent change differences in mean levels of A) triacylglycerols
(TGs) and B) diacylglycerols (DGs). The scale bars depict HFD mediated
responses ranged between -167% and 167% relative to controls. P values
obtained by T-test analysis of comparing the mean levels of each glycerolipid
ion in LFD and HFD groups are shown to the right of each data bar plot.
Results are organized with respect to increasing total number of carbon atoms
and dou-ble bonds of glycerolipids. HFD mediated reductions in glycerolipid
expression are represented by the blue bars to the left of the vertical axis,
and increases by the red bars to the right correspond to mean per-centage
increases in glycerolipid ion expression.

Phosphatidylinositols were also detected in the negative ion
mode as deprotonated adducts and putatively annotated as oxidized
(OS-PI), Phosphorylated (PIP), or unconjugated forms (PI). Among
40 ions, HFD increased 20 PIs (50%), decreased 17 PIs (42.5%), and
had no change on 3 PIs (7.5%) (Table 1). T-test analysis revealed that
the alterations in 16 of 20 PIs expressed at higher levels and all 17 PIs
expressed at lower levels in HFD livers were statistically significant
or had trend effects (Figure 2D). In ad-dition, hepatic expression of
arachidonic acid containing PI, PI(38:4), increased (78%, P<0.0001)
in HFD fed mouse livers relative to controls. In contrast, HFD had
a trend reduction effect on oxidized PI expres-sion relative to the
control (-47%, P=0.07).

Phosphatidylglycerols and phosphatidic acids expressed fewer
species than other phospholipids, only 4 PG and 3 PA species
were detected in mouse livers. HFD caused an increase in hepatic
expression of PG(32:0) (44%, P=0.03), PG(36:6) (61%, P=0.0001),
and PA(40:4) (85%, P=0.0004), while the other 2 PGs and 2 PAs did
not change significantly (Figures 2E,2F).

Two Phosphatidylinositol Monomannosides, PIM1(37:1) and
PIM1(37:2), were detected in the negative ion mode. HFD increased
hepatic expression of both PIMs by 37% and 39% relative to control
samples (P=0.001) (Figure 2G).

We detected 11 phospholipids with head groups that could not be
further identified. HFD in-creased 7 PLs (63.6%) and decreased 4 PLs
(36.4%) (Table 1). T-test analyses showed significant differ-ences for
6 PLs expressed at higher levels and for only 1 PL expressed at a lower
level in HFD-exposed livers relative to controls (Figure 2H). Another
cluster of lipids containing 19 ions were assigned as phos-pholipids

or sphingolipids. Similar to phospholipids, HFD increased 13 lipids
and decreased only 1 lipid significantly. In addition, 30 ions remained
unidentified after Lipid Maps and literature search (data not shown).
HFD had similar effects on these unassigned peaks, significantly
increased expression of 10 ions whereas it decreased only 1 ion in
mouse liver samples.

Sphingolipids: The sphingolipid bar plots included 43
Sphingomyelins (SMs), 14 Sulfatides (ST's), 10 Ceramides (CERs), and
2 Glycosphingolipids (GSLs) (Figure 3). HFD increased expression
of 39 (56.5%) sphingolipid ions, reduced expression of 22 (31.9%)
ions, and had no effect on 8 (11.6%) ions, relative to LFD fed controls
(Table 1).

Sphingomyelins (SMs) were mainly detected in the positive ion
mode as sodium, potassium, or proton adducts except for SM(32:0)
which ionized in deprotonated form. Sphingomyelin data bar plot
revealed that HFD increased expression of 23 (53.5%) ions of the 43
ions detected, reduced expression of 14 (32.6%) ions, and had no effect
on 6 (14%) ions (Table 1). HFD induced dramatic increases ranged
between 50% to 257% and were observed for SM(34:1), SM(40:2),
SM(42:0), SM(43:2), SM(32:0), SM (40:1), SM(38:0), SM(42:2),
SM(43:1), SM(40:0), SM(40:0), and SM(42:3). In contrast, the degree
of HFD-induced reductions in hepatic SM expression was lower
ranging between -8 and -59%. T-test analy-sis revealed that increased
hepatic expression of 15 SMs and reductions in 6 SM species were
statistically significant (Figure 3A).

Sulfatides (STs) and Hydroxylated Sulfatides (ST-OHs) were
detected as deprotonated adducts in the negative ion mode. HFD
increased hepatic expression of 7 STs and 1 ST-OH, reduced 3 STs
and 2 ST -OH, and had no effect on 1 ST-OH ion. T-test analysis
showed that HFD-associated changes in hepatic ST levels were
statistically significant (Figure 3B).

Among the 10 ceramides detected in positive and negative ion
modes as protonated, potassiated, or deprotonated forms, HFD
significantly increased expression of GlcCer(34:1), Hex3Cer(28:0),
Hex3Cer (30:1), MIPC(34:0), and MIPC(d36:0(20H)), while it
decreased Cer(36:2) expression in the liver. Lacto-syl ceramide
ions including LacCer(38:3), LacCer(38:2), and the C13 isotope
of LacCer(38:2) were ex-pressed at higher levels in HFD fed livers
relative to LFD controls, but t-test analysis failed to reach sta-tistical
significance (Figure 3C).

Two Glycosphingolipids (GSLs) were detected at m/z 1063 and
1078 Da in the negative ion mode. Putative annotation by Lipid Maps
searching resulted in several potential isobaric glycosphin-golipid
species (Figure 3D and Supplementary Table 3). HFD significantly
increased expression of m/z 1063 relative to control but had no
significant effect on the expression of 1078 in liver.

Glycerolipids: As glycerolipids, we detected 27 Triacylglycerols
(TGs) and 4 Diacylglycerols (DGs) expressed in both HFD and
LFD fed mouse livers. Since the lipidomics analysis was focused
be-tween 600-1200 Da mass range, we didn’t detect low mass
Monoacylglycerols. TG species were detected as proton, potassium,
sodium, or ammonium adduct forms in the positive ion mode. HFD
increased hepat-ic expression of more than half of the TG species
with 9 TGs increased significantly and 5 TGs with a statistical trend
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Figure 5: Combined effects of HFD-associated changes on hepatic lipid ion
expression. HFD's overall effects on the hepatic expression of different lipid
subclasses relative to controls were evaluated statistically by Chi-square
analysis. The percentages of A) phospholipids, sphingolipids, and glycer-
olipids; B) phosphatidylcholines (PCs), phosphatidylethanolamines (PEs),
phosphatidylserines (PSs), phosphatidylinositols (Pls), phosphatidylglycerols
(PGs), and phosphatidic acids (PAs); C) sphingomye-lins (SMs), sulfatides
(STs), ceramides (CERs), and glycosphingolipids (GSLs); and D)
triacylglycerols (TGs) and diacylglycerols (DGs) that were increased (INC),
decreased (DEC), or unchanged (NOC, <5% change) in HFD fed mouse
livers relative to control samples are shown on the graphs. P values obtained
from Chi-square tests are shown in the panels.

effect (Figure 4A). HED reduced hepatic expression of 11 TGs, 5 of
which were determined to be statistically significant. In contrast to
TGs, HFD had mainly inhibitory effects on DGs (Figure 4B).

Out of 4 DG species, 3 of them had lower expression and 1 had
higher expression in HFD mouse livers relative to controls. The
reduction in DG(36:3) expression was statistically significant.

HFD Effects on Hepatic Lipid Expression Analyzed by Chi
Square Analysis: The overall HFD mediated changes (increased,
decreased, or unchanged)
determined by Chi-square analysis (Figure 5). HFD increased the
majority of phospholipids (51.1%), sphingolipids (56.5%), and
glycerophospholipids (51.6%) (Table 1). Chi-square analysis revealed
that these changes on hepatic lipids were statistically significant (X?
= 14.29, 4 df; P = 0.006) (Figure 5A). Regarding phospholip-ids,
HFD increased PCs (54%), PIs (50%), PGs (50%), PIMs (100%),
and head group unidentified PLs (64%); reduced most of the PSs
(47%); and had equal effects on PEs (43%) and PAs (33%) (Table 1).
Chi square analysis demonstrated that HFD mediated changes in
hepatic expression of total phospholipid sub-classes were statistically
significant (X*=45.65, 10 df; P <0.0001) (Figure 5B). HFD dramatically
in-creased expression of all sphingolipid classes, including CERs
(63%), SMs (54%), ST (57%), MIPCs (100%), and GSLs (50%). Chi
square analysis revealed significant overall (including all subtypes)
effects of HFD on hepatic sphingolipid expression (X?=30.80, 6 df;
P< 0.0001). Regarding glycerolipids, HFD increased the majority of
TGs (55.6%) and decreased DGs (55.6%). Chi square analysis of HFD
effects demonstrated significant difference in the relative responses
on the total pool of TGs and DGs (X?=19.87, 2 df; P < 0.0001).

in hepatic lipid subclasses were

Discussion

This study utilized a chronic High Fat Diet (HFD) mouse model
to mimic diet induced Non-Alcoholic Fatty Liver Disease (NAFLD),
which is considered tobe a hepatic manifestation of metabolic syn-
drome. To investigate HFD mediated hepatic lipid abnormalities in
NAFLD, we used C57BL6 because this strain is widely used in diabetes
research and is highly susceptible to the development of insulin re-
sistance and type II diabetes when placed on a HFD [53]. In our model,
HED feeding for 16 weeks result-ed in increased macro-vesicular
and micro-vesicular steatosis with disorganization of hepatic chord
archi-tecture as demonstrated by histopathological examination of
Hematoxylin and Eosin stained livers (Supplementary Figure 1).
Although previous studies linked NAFLD with accumulation of
triglycerides as well as toxic fatty acids and ceramides, global changes
in the hepatic lipidome including specific types and amounts of lipids
have not been extensively investigated. The goal of this study was to
perform a comprehensive lipidomics analysis to characterize HFD
mediated alterations in hepatic lipid profiles in-cluding subclasses of
phospholipids, sphingolipids, and glycerolipids and identify clustered
responses to chronic HFD in an experimental model of NAFLD.

The composition of hepatic lipids detected by MALDI-IMS was
similar to previous reports [18,47,54]. These include phospholipids
consisting of Phosphatidylcholines (PCs), Phosphatidylethanola-
Mines (PEs), Phosphatidylserines (PSs), Phosphatidylinositols
(PIs), Phosphatidylglycerols (PGs), Phos-Phatidic Acids (PAs),
and Phosphatidylinositol Monomannosides (PIMs), Sphingolipids
Including Sphingo-Myelins (SMs), Sulfatides (STs), Ceramides
(CERs), and Glycosphingolipids (GSLs), and Glycerolipids
Comprised Of Triacylglycerols (TGs) and Diacylglycerols (DGs). In
addition, fatty acids, cholesterol, and monoacylglycerol species that
are abundantly expressed in liver were not detected in this study due
to their relatively small mass (<600 Da).

Chronic HFD feeding caused distinct features in hepatic lipid
composition and profiles as demon-strated by clearly separated
clusters of HFD and control groups in PCA plots and lipids
exclusively ex-pressed in HFD or control livers. The magnitude and
direction of responses to HFD were revealed by data bar plots. The
overall conclusion drawn from data bar plots was that HFD caused
prominent increases in the hepatic expression of the majority of
phospholipids, sphingolipids, and glycerolipids, while modest
reductions occurred in fewer lipid sub-clusters. The dramatic
increases or moderate declines in hepatic lipids could have reflected
1) alterations in membrane integrity and permeability mainly due to
impaired phospholipid homeostasis, 2) increased insulin resistance
and inflammation in response to accumulation of toxic sphingolipids,
or 3) impaired cellular signaling functions that mediate proliferation,
survival, and apoptosis.

Recent studies provided evidence for altered phospholipid
metabolism in NAFLD, implicating an important pathophysiological
role for this lipid class. PCs and PEs are the major structural
components of the plasma membrane and are important sources
of DGs and fatty acid derived secondary messengers [55]. The PC/
PE ratio is a critical modulator of membrane integrity and plays a
key role in the progres-sion of NAFLD [24]. Several studies reported
increased concentration of PCs and PEs in the systemic circulation
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of NAFL and NASH patients [23,56], whereas Puri et al. showed a
significant decrease of PC and PE levels in the livers of NAFLD
patients [18]. Our results from MALDI-IMS analysis of mouse livers
demonstrated that hepatic expression of the majority of PCs (54%)
was elevated by HFD feeding, while differing effects were observed
for PE species (43% increase and 43% decrease). Inconsistent re-sults
in the literature could be attributed to the sensitivity of the detection
methods. Puri et al. used thin layer chromatography to separate
phospholipids, whereas we utilized mass spectrometry analysis
that pro-vides a better sensitivity and accuracy. HFD-associated
reductions in hepatic PC and PE content could negatively impact
hepatic membrane integrity and the permeability required for cell
survival, growth, and proliferation. Conceivably, HFD-associated
increases in PC and PE species may reflect compensatory responses
linked to hepatocyte proliferation and regeneration.

With high throughput lipidomics analysis, there is a growing
recognition that a multitude of phos-pholipids are potentially
involved in the pathogenesis of chronic liver disease. In addition
to PC and PE, we found HFD mediated alterations in PS and PI.
These phospholipids are associated with inflammation and cellular
apoptosis [57,58] and could therefore be related to the severity and
progression of NAFLD. About half of the PS and PI species were
significantly higher in livers of HFD fed mice, whereas the other half
was lower relative to controls. Other studies reported increased levels
of circulating PS and PI in NAFL and NASH patients [56,59]. PS
has an important role in membrane stability and cellular apopto-sis.
Typically, it is found in the inner cytosolic membrane and participates
in intracellular signal transduc-tion [60]. However, PS is externalized
to the cell surface in response to stimuli signaling for cell death. PI
and its phosphorylated metabolites are second messengers involved
in Mitogen Activated Protein Kinase (MAPK) and Protein Kinase B
(PKB)/Akt signaling pathways [61]. In addition, PIs regulate vesicular
traf-ficking, modulate lipid distribution and trafficking via lipid
transfer proteins, and control membrane fluid-ity and permeability
[61]. Conceivably, HFD-mediated alterations in hepatic PS and PI
content could im-pair a number of physiological functions including
PI3 kinase activation of Akt pathways, membrane sta-bilization, and
apoptosis.

Analysis of the fatty acid composition of phospholipids revealed
that HED feeding significantly DECREASED Docosahexaenoic Acid
(DHA) containing PS, PS(40:6). Based on their anti-inflammatory and
anti-oxidant properties, growing evidence supports the therapeutic
potential of omega-3 fatty acids, main-ly DHA, on metabolic diseases
[62,63]. Mechanistic studies demonstrated that DHA containing
PS suppressed hepatic SREBP-1 mediated lipogenesis and activated
PPARa mediated fatty acid f-oxidation in the liver [64]. In addition,
arachidonic acid containing PS, PI and PE were significantly
increased by HFD. Arachidonic acid is liberated by phospholipase A2
for the production of eicosanoids that are in-volved in inflammatory
processes [65]. These studies suggest that HFD mediated increases in
arachidonic acid containing phospholipids and reductions in DHA
containing PS may contribute to inflammation and oxidative stress
in the liver.

Sphingolipids are bioactive lipids involved in regulating major
biological functions including cell survival, proliferation, apoptosis,

differentiation, migration, and immune responses [66,67]. The role of
sphingolipids, especially ceramides, as mediators of insulin resistance
and hepatotoxicity has been demonstrated in experimental models of
chronic HFD feeding [7,72-75]. Our findings are in agreement with
previous reports showing that HFD feeding resulted in increased
levels of sphingolipids including ceramides (62.5%), sulfatides
(57.1%), and sphingomyelins (53.5%). Increased ceramide species
reflect the activation of the de novo ceramide synthesis pathway.
Furthermore, degradation of sphingomyelins and sulfatides yields
ceramides that promote insulin resistance, inflammation, formation
of reactive oxy-gen species, and apoptosis [70,71]. In the present
study, increased expression of ceramide may have re-sulted mainly
from de novo synthesis since only 32.6% of SMs were decreased after
chronic HFD expo-sure. The prominent upregulation of ceramides
may have contributed to hepatic insulin resistance and injury as
observed previously with chronic HFD feeding.

The HFD-induced upregulation of hepatic SMs is consistent
with previous reports that demon-strated accumulation of long
chain SM species, especially C16:0 and C18:0, in the liver, adipose
tissue, or plasma following HFD or saturated fatty acid treatment
[54,68,69]. These responses may indicate that with chronic HFD
exposure, compensatory processes become activated to promote
cell proliferation, dif-ferentiation, and liver regeneration [67].
On the other hand, reduced SMs (46.5%) could be associated with
increased sphingomyelin hydrolysis via the sphingomyelinase
pathway, yielding ceramides. Previ-ous studies reported that HFD
mediated ceramide accumulation in liver was accompanied with
increased sphingomyelinase activity [7,69]. In our mouse model,
HFD prominently increased SM expression, which may have been
hepatoprotective, whereas both reduced SMs and increased ceramides
could exac-erbate liver injury.

Recent studies have reported that Glycosphingolipids (GSLs), in
particular gangliosides such as GM3, participate in the pathological
conditions of insulin resistance and hepatic steatosis. GSLs serve as
regulators of transmembrane signaling to modulate cell proliferation,
differentiation,and development. Insulin resistance induced by Tumor
Necrosis Factor-Alpha (TNF-a) in adipocytes was accompanied
by increased GM3 ganglioside [66]. Furthermore, genetic obesity
models produced higher levels of GM3 synthase mRNA in adipose
tissues relative to their lean counterparts indicating that GM3 may
participate in the pathological conditions of insulin resistance in type
2 diabetes [66]. Mechanistic studies showed that certain gangliosides
inhibit insulin receptor tyrosine kinase activity leading to inhibition
of insulin-dependent cell growth and differentiation [67]. On the
other hand, inhibition of GSL synthesis ameliorat-ed hepatic steatosis
in obese mice by inhibiting fatty acid and TG synthesis and increasing
B-oxidation pathways [68]. Although our lipidomics analysis detected
only two GSLs, one of them significantly was increased by HFD
feeding suggesting a potential role in HFD-mediated hepatic insulin
resistance and ste-atosis. This elevated GSL may have contributed
to liver pathology by increasing lipotoxicity and reducing insulin
sensitivity through inhibition of insulin receptor phosphorylation.

This study further validates the existing evidence that
accumulation of TGs, DGs, and free cho-lesterol is considered to be
the hallmark of NAFLD [8]. Our findings support this concept by
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detecting increased hepatic expression of TG species (55.6%) in HFD
livers relative to controls. Liver fat accumulation occurs when the
rate of hepatic triglyceride synthesis (hepatic fatty acid uptake and
esterification into TG as well as de novo TG synthesis) exceeds the
rate of triglyceride metabolism (fatty oxidation and TG export as Very
Low Density Lipoproteins (VLDL)). Numerous studies conducted on
vari-ous rodent models of obesity and obese humans have identified
a correlation between hepatic lipid con-tent and the development of
insulin resistance in liver. However, due to our focused lipidomics
analysis with a mass range of 600-1200 Da, unlike TG, fewer DG
species, were detected in the mouse livers. Our findings indicate
that HFD resulted in a significant reduction in hepatic expression of
DG(36:3); however, this may not represent the behavior of the entire
DG profile. Further analysis to understand HFD mediated alterations
on hepatic DG expression focused on a lower mass range (400-600
Da) awaits investigation.

In conclusion, this study demonstrates major abnormalities in
hepatic phospholipid, sphingolipid, and glycerolipid expression in
an experimental model of HFD induced NAFLD. A strength of the
present study is the relative quantitative measurement of 17 lipid
subclasses and 392 individual lipid ions in tan-dem. Our findings
provide new insights into the lipid status of HFD mediated hepatic
steatosis that could help clarify the molecular pathophysiology of
NAFLD. The altered expression of hepatic phospholipids is likely
to contribute to impaired membrane integrity and permeability
leading to the progression of NAFLD, while altered sphingolipids
may promote insulin resistance, inflammation, and liver injury. Fur-
ther mechanistic studies of hepatic gene expression is influenced by
phospholipid and sphingolipid me-tabolism would be necessary to
explore potential mechanisms of action. Such studies may determine
the therapeutic effects of either abstinence or pharmacologic
treatment as a means to restore hepatic lipid ho-meostasis.
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