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Abstract

To further understand the role of lipogenesis and lipotoxicity in the development of obesity and
diabetes, lipidomes of various organs from ob/ ob mice and their wild type controls were analyzed
by shotgun lipidomics at 10, 12, and 16 weeks of age. We observed that the amounts of fatty acyl
(FA) chains corresponding to those from de novo synthesis (e.g., 16:0, 16:1, and 18:1 FA) were
substantially elevated in ob/ ob mice, consistent with increased expression of genes and proteins
involved in biosynthesis. Polyunsaturated fatty acid species were moderately increased in the
examined tissues of ob/ ob mice, since they can only be absorbed from diets or elongated from the
ingested n-3 or n-6 FA. Different profiles of FA chains between ob/ ob mouse liver and skeletal
muscle reflect diverging lipogenesis pathways in these organs. Amounts of vaccenic acids (i.e.,
18:1(n-7) FA) in 12- and 16-week ob/ ob mouse liver were significantly increased compared to
their controls, indicating enhanced de novo synthesis of this acid through 16:1(n-7) FA in the liver
starting at 12 weeks of age. Coincidentally, synthesis of triacylglycerol from monoacylglycerol in
the liver was also increased in ob/ ob mice starting at 12 weeks of age, as revealed by simulation
of triacylglycerol synthesis. Moreover, levels of lipotoxic lipid classes were significantly higher in
ob/ ob mice than their age-matched controls, supporting the notion that elevated lipotoxic
components are tightly associated with insulin resistance in ob/ ob mice. Taken together, the
current study revealed that lipogenesis and lipotoxicity in ob/ ob mice likely contribute to insulin
resistance and provides great insights into the underlying mechanisms of diabetes and obesity.

Keywords
Lipidomics; Lipogenesis; Lipotoxicity; ob/ ob Mice; Obesity; Shotgun lipidomics

"Corresponding author. xhan@sbpdiscovery.org (X. Han).
2Current address: Biomarker R &D Department, Shionogi & Co. Ltd., Toyonaka, Osaka 561-0825, Japan.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hayakawa et al. Page 2

1. Introduction

Prevalence of obesity and overweight is increasing at an alarming rate worldwide [1,2]. It is
a critical public health concern in modern society associated with significant morbidity and
mortality due to obesity-related complications, including insulin resistance, diabetes,
cardiovascular, fatty liver diseases, inflammatory disorders, and certain cancers [3-9].
However, it is not yet fully understood how obesity leads to the development of these
complications. Most believe that a combination of excessive food intake and lack of physical
movement are primary drivers of obesity [10], but other potential causes include genetics,
medical reasons, or psychiatric illnesses [11]. Some reports have also revealed other possible
reasons for recently increasing obesity rates such as insufficient sleep [12], environmental
pollution leading to fat accumulation [13], medications such as steroids which cause weight
gain [14], and decreased variability of indoor ambient temperatures because of air-
conditioners [15].

With the discovery of leptin which is produced predominantly in adipose tissue and
regulates appetite by signaling on the central nervous system when food intake is adequate
[16], the pathophysiology of obesity including regulation of appetite and food intake, storage
patterns of adipose tissue, and development of insulin resistance has been further
understood. Because storage of excess fat in peripheral tissues is a major factor contributing
to obesity and type Il diabetes, many investigators have related increased de novo
lipogenesis and reduced fatty acid (FA) oxidation to adipose accretion in obesity, and are
therefore studying the key lipid metabolizing enzymes [17-19] in order to primarily
understand how obesity occurs and prevent its development. On the other side, extensive
literature has stated that an increased adipose tissue mass leads to elevated nonesterified
fatty acids (NEFA), which could mediate many adverse metabolic effects, including insulin
resistance [17-19]. Especially, the overconsumption of n-6 polyunsaturated fatty acids
(PUFA) and reduced intake of n-3 PUFA in daily diets, resulting in a high ratio of n-6 to n-3
PUFA, may also contribute to the increased pathogenesis of obesity by promoting chronic
inflammation [20-22], since n-3 PUFA has shown anti-inflammatory effects in both healthy
populations and in chronic inflammatory conditions, although more research is needed to
fully evaluate the anti-inflammatory role of n-3 PUFA in the dietary management of obesity
[23].

It has been reported that leptin significantly reduces hepatomegaly and liver triglyceride
(TAG) levels by repression of the SCD-1 gene (stearoyl-CoA desaturase-1), which is the rate
limiting enzyme for biosynthesis of monounsaturated fatty acids (MUFA) [24]. Therefore,
leptin deficiency or leptin resistance in obesity leads to activation of SCD-1 and elevation of
FA biosynthesis. It is known that increased synthesis and reduced oxidation of FA in adipose
tissue lead to fat accumulation. Accumulation of certain lipids in non-adipose tissues could
lead to cell dysfunction or cell death, and these processes have been generally described as
lipotoxicity [25]. It is possible that excessive levels of “bad” lipid classes due to increased de
novo lipogenesis or abnormal accretion of lipid metabolites contribute to lipotoxicity and
development of insulin resistance, diabetes, and cardiovascular diseases [26,27]. Excessive
lipid deposition and its pathogenic consequences have been well reported for liver, heart,
pancreas, and muscle tissues [28-33]. However, temporal and spatial analyses of cellular
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lipidomes in different tissues of ob/ ob mouse samples and lipotoxic deposition in these
tissues have never been compared and reported systematically. Therefore, we believed that
the accumulation of toxic lipid metabolites (such as NEFA, diacylglycerols (DAG), ceramide
(Cer), or lysophospholipids) in muscle, liver, heart or other non-adipose tissues due to
increased de novo lipogenesis could contribute to cell dysfunction or death, and develop into
insulin resistance in obesity or other metabolic syndrome. In this study, in order to explore a
potential link between lipid metabolites and obesity, cellular lipidomes from different organs
of leptin deficient ob/ ob obese mice and their age-matched wild type controls were analyzed
by multidimensional mass spectrometry-based shotgun lipidomics (MDMS-SL) [34-36]. We
also measured the expression of a few genes which are relevant to de novo synthesis of long-
chain fatty acids to confirm the increased lipogenesis in ob/ ob obese mice-.

2. Materials and methods

2.1. Materials

All synthetic phospholipids (dil4:1 phosphatidylcholine (PC), dil16:1
phosphatidylethanolamine (PE), di14:0 phosphatidic acid (PA), di 14:0 phosphatidylserine
(PS) and di15:0 phosphatidylglycerol (PG)), lysophospholipid (17:0 LPC, 14:0 LPE)
species, N-dodecanoyl sphingomyelin (N12:0 SM), and N-heptadecanoyl ceramide (N17:0
Cer) used as internal standards were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Triheptadecanoylglycerol (T17:1 TAG) and 1,3-dipentadecanoin (1,3-D15:0 DAG)
were purchased from Nu Chek, Inc. (Elysian, MN). Palmitic acid-d4 was obtained from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). All of the solvents were purchased
from Burdick and Jackson (Honeywell International Inc., Muskegon, MI). All other
chemical reagents of at least analytical grade or the best grade available were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO), Fisher Scientific (Pittsburgh, PA), or as
indicated.

2.2. Animal model and tissue collection

Leptin-deficient ob/ ob (Lep™/ Lep~) mice and wild-type (Lep*/ Lep*) littermates (male) at 7
weeks of age were purchased from Jackson Laboratories (Bar Harbor, ME). Their genotypic
information was provided by the vendor following the protocols of end point analysis,
pyrosequencing, and restriction enzyme digest. Before being sacrificed, the mice were kept
separately under a 23°C temperature and lighting-controlled house (12 h each of light and
dark) with free access to a standard chow (Teklad Diet 2916, Harlan Laboratories,
Indianapolis, IN) and water. Their body weights ranged from 22.2 to 27.3 g for WT and
from 47.8 to 55.1 g for ob/ ob mice at 10 weeks of age, from 24.3 to 29.4 g for WT and from
51.7 to 59.1 g for ob/ ob mice at 12 weeks of age, and from 25.9 to 32.2 g for WT and from
55.8 to 64.7 g for ob/ ob mice at 16 weeks of age. At their age of 10, 12, and 16 weeks,
respectively, eight mice (four WT and four ob/ ob in each age period) were euthanized by
asphyxiation with carbon dioxide followed by cervical dislocation. Heart, liver, kidney, and
thigh skeletal muscle tissue samples were excised quickly, perfused with ice-cold phosphate
buffered saline (PBS) to remove blood, blotted with Kimwipes (Kimberly-Clark, Roswell,
GA\) to remove excess PBS buffer, and immediately freeze-clamped at the temperature of
liquid nitrogen. All tissue samples were stored in a freezer at —80°C until lipid extraction
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and analysis. Animal procedures were conducted in accordance with the “Guide for the Care
and Use of Laboratory Animals” (National Research Council of National Academies, 2010)

and approved by the Institutional Animal Studies Committee at the Sanford Burnham Prebys
Medical Discovery Institute.

2.3. Preparation of lipid extracts and lipid derivatization

Mouse tissue wafers of interest were pulverized into a fine powder by a stainless steel
Biopulverizer at the temperature of liquid nitrogen. Tissue fine powders (15-20 mg) were
weighed from each sample and homogenized in 10x diluted PBS, and a protein assay on the
homogenates was performed. All determined lipid levels were normalized to the protein
content of individual samples. Lipid extraction from these mouse tissue homogenates was
performed by a modified Bligh and Dyer method as previously described in details [37,38].
Generally, the bottom chloroform layers were collected; the solvents of the collected extracts
were evaporated under nitrogen; and the residues after evaporation were resuspended in 200
pL of chloroform/ methanol (1:1, v/ v) per mg of protein for most of lipids analysis. All of
the lipid extracts were flushed with nitrogen, capped, and stored at —20°C. Part of the lipid
extracts (equal to 0.1 mg protein) were derivatized with N,N-dimethylglycine for analysis of
DAG [39], and another part (equal to 0.05 mg protein) was reacted with N-[4-
(aminomethyl)phenyl] pyridinium in order to measure the levels of NEFA, including their
isomers as previously described [40,41].

2.4. Mass spectrometric analysis of lipids

MDMS-SL analyses were performed with a triple-quadrupole mass spectrometer (Thermo
Fisher Scientific TSQ Vantage, San Jose, CA) equipped with an automated nanospray device
(Triversa Nanomate, Advion Biosciences, Ithaca, NY) and operated with Xcalibur software
as previously described [36,42]. Identification and quantification of all of the reported lipid
molecular species, including NEFA, DAG, TAG, Cer, LPC, LPE, PC, PE, PS, PI, PA, SM
[36,39,43] were performed using an in-house automated software program following the
principles for quantification by MS as previously described in details with different MS/MS
scans specific to each class of lipids [44,45]. FA chains of lipids were identified and
quantified by neutral loss scans or precursor ion scans of corresponding acyl chains and
calculated using the same in-house software program [36,39,44,46,47]. Quantification of
individual lipid species was conducted in comparison to the selected internal standards of
the classes. Tandem MS analyses of NEFA derivatives in the product ion mode for their
isomer composition calculations were performed by using a Q-Exactive mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) equipped with an automated nanospray device
under the same experiment parameters as described previously [40].

2.5. Gene expression by real-time RT-PCR

Total RNA was isolated from mouse skeletal muscle with an RNeasy fibrous tissue kit
(Qiagen, Hilden, Germany) and real-time RT-PCR for the tissue samples was performed
with an SYBR Green kit from Applied Biosystems by Life Technologies (Thermo Fisher
Scientific, Carlsbad, CA) using specific primers. Target gene mRNA levels were normalized
to cyclophilin using the AACt method and expressed as relative to the control.
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2.6. Statistical analysis

All data were presented as the means + SD of four separate animals for each group.
Statistical significance was determined by a two-tailed Student t-test in comparisons with
control, in which *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. The levels of lipotoxic components markedly increased in ob/ ob mouse tissues

It has previously been reported that lipotoxicity plays a potential role in heart failure,
obesity, and diabetes [48]. As anticipated, MDMSSL analysis of lipid extracts from the liver,
heart, kidney, and skeletal muscle tissues of ob/ ob mice in comparison to their WT controls
at 12 weeks of age revealed that the levels of lipotoxic lipid classes, including NEFA, DAG,
TAG, Cer, LPC, and LPE, were significantly higher in the ob/ ob mice than their WT
controls (Table 1). Additionally, NEFA levels in every examined tissue of ob/ ob mice were
significantly higher than in that of their control counterparts. TAG levels were also higher in
most ob/ ob mouse tissues. Levels of the majority of the lipotoxic lipid classes were
significantly higher in the liver and heart of ob/ ob mice. Intriguingly, in contrast to the
accumulation of lipotoxic components, MDMS-SL analysis showed that the levels of
majority membrane lipids such as SM, PC, PE, and PS in ob/ ob mouse tissues were
comparable to their WT controls (data not shown).

3.2. Lipotoxic components in ob/ ob mouse tissues accumulated in an age-dependent
manner

A temporal comparison of the levels of lipotoxic components in the investigated tissue
samples showed that the majority of them were increased in ob/ ob mice compared to their
age-matched controls at 10, 12, and 16 weeks of age. Additionally, the ratios of levels in ob/
ob vs. WT controls were also different (Fig. 1). Most of the ratios of quantified lipotoxic
lipid levels in the liver, muscle, and heart were higher at 16-week old than at 12-week old.
For example, in the liver, the differences of total NEFA, DAG, TAG, Cer, LPC, and LPE
levels between ob/ ob and WT mice were 2.8, 16.7, 56.7, 1.5, 1.7, 1.4-fold at 16 weeks of
age versus 2.3, 4.6, 15.2, 1.8, 1.2, 1.4-fold at 12 weeks, respectively. In muscle and heart
tissues, the ratios of some of the lipotoxic lipids were higher at 16 weeks compared to those
at 12 weeks of age such as Cer and LPC, but others were not significantly different like LPE.

3.3. Ratios of fatty acyl chains in NEFA, DAG, and TAG pools of ob/ ob mouse liver and
skeletal muscle relative to their WT control counterparts showed very different profiles

Dietary fatty acids are absorbed into the fatty walls of intestinal villi, some of which are
reacylated again into TAG via DAG by diacylglycerol acyltransferase (DGAT) [49]. In order
to understand the TAG synthesis process in different ob/ ob mouse tissues, we also
investigated NEFA, DAG, and TAG FA chain profiles from liver and skeletal muscle of ob/
ob mice and their WT controls at 12 and 16 weeks of age. Ratios of these FA chains in ob/
ob mice compared to corresponding WT mice were calculated (Fig. 2). A significant
increase of the majority of determined FA chains in the liver of ob/ ob mice vs. their controls
was observed at 16 weeks of age, but the significant increases for the muscle tissues were
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determined in 12-week-old mice. For the majority of the FA chains, the TAG pool showed
the greatest increase in magnitudes (133.5 folds in the muscle and 142.7 folds in the liver),
whereas the NEFA pool showed the smallest increases in both investigated organs.

3.4. Levels of de novo synthesized fatty acyl chains were significantly different in
different lipid classes

FA chains are primarily biosynthesized in the liver and to a lesser extent in adipose tissue
although a large proportion of FAs in mammalian are supplied from diet. De novo FA
synthesis involves a few key enzymes: acetyl-CoA carboxylase (ACC), fatty acid synthase
(FAS), SCD or FADS, and Elovl. Acetyl-CoA is carboxylated by ACC to form malonyl-
CoA, and then the product is further converted into longer-chain FA like palmitic acid (16:0
FA) by FAS. Palmitic acids can be elongated to longer-chain FA with 18, 20, 22, or 24
carbon atoms by Elovl. Meanwhile, palmitic acid and other long-chain saturated FAs can be
desaturated into the corresponding A7, A9, or A10 MUFA by SCD or FADS [50]. In this
study, we investigated levels of FA constituents that come mainly from de novo synthesis,
including FA 16:0, 18:1, and 18:0, in different lipid classes present in the liver and skeletal
muscle of 16-week old ob/ ob mice and their controls (Fig. 3). The levels of 16:0, 18:1, and
18:0 FA chains were substantially elevated in most lipid classes in the liver of ob/ ob mice
compared to WT. For example, 16:0 FA was increased in NEFA, TAG, DAG, and LPC with
an increase of 81.4 folds in the TAG pool as an example; 18:0 FA was significantly elevated
in every examined class, especially in the TAG pool in which an increase of 111.7 folds was
demonstrated; and increases in 18:1 FA content were observed in all examined lipid classes
except PE with the increase reaching 42.1 folds in the TAG pool in ob/ ob mouse liver
relative to controls. However, in skeletal muscle of ob/ ob mice at 16 weeks of age, the levels
of 16:0, 18:1, and 18:0 FAs were only elevated in the lipid classes of NEFA, DAG, and TAG
compared to their WT controls. Moreover, increased magnitudes of lipids in the muscle were
not as high as in the liver (Fig. 3).

Due to deficiency in A12 and A15 desaturases, mammalians cannot synthesize FA with
double bonds beyond carbon 10, including a-linolenic acid (an n-3 FA) and linoleic acid (an
n-6 FA). These FAs are required for maintaining normal functions of all body tissues, but
cannot be synthesized de novo and must be ingested from diet [51]. Therefore, these families
of FA (including both n-3 and n-6 FA) are called essential fatty acids. We also investigated
the essential NEFA pools, including a-linolenic acids and linoleic acids, in the liver and
skeletal muscle of 16-week old ob/ ob mice and their controls (Fig. 2). The results for the
liver showed that levels of a-linolenic acids and linoleic acids were 0.90 + 0.06 and 8.42

+ 0.68 nmol/ mg protein in ob/ ob mice compared to 0.59 + 0.13 and 6.35 + 0.95 nmol/ mg
protein in controls, respectively. Levels of essential NEFA were increased only 1.3—-1.5 times
from control to ob/ ob mice. However, in the muscle, a-linolenic acids and linoleic acids
were increased to 0.89 £ 0.15 and 9.89 £+ 0.87 nmol/ mg protein in ob/ ob mice from 0.29

+ 0.04 and 3.93 £ 0.49 nmol/ mg protein in their controls, respectively, with an elevated ratio
of 2.5-3.1 times.

Based on these results, we measured expression of a few genes which are relevant to de novo
synthesis of long-chain fatty acids including fatty acid desaturase (FADS), stearoyl-CoA
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desaturase (SCD), and very long chain FA elongase (Elovl) in skeletal muscles of ob/ ob and
control mice at 16 weeks of age (Fig. 4). Significantly increased expression of the measured
genes (FADS1, FADS7, SCD4, and Elovl7) in ob/ ob mice indicated that both FA elongation
and desaturation were induced in skeletal muscle along with de novo lipogenesis of longer-
chain FAs.

3.5. Levels of 18:1 NEFA isomers in liver, heart and skeletal muscle of ob/ ob mice varied
relative to their control counterparts

Naturally-existing 18:1 NEFA includes three isomers, i.e., oleic acid (n-9), vaccenic acid
(n-7), and petroselinic acid (n-12). In de novo synthesis of NEFA species, both palmitic acid
(16:0 NEFA) and its metabolite produced by SCD-1 desaturation, 16:1(n-7) NEFA, can be
further elongated by Elovl6 or Elovl5 to yield stearic acid (18:0 NEFA) and vaccenic acid,
respectively. The resulting stearic acid can also be metabolized by SCD-1 to yield oleic acid
[50], which is by far the most abundant MUFA in animal organs, both in structural lipids and
deposited fats. Petroselinic acid is a main constituent of some plants, including carrots,
parsley, and coriander [52], making it primarily dietary. In order to better understand which
de novo synthesis pathway is activated in ob/ ob mice, we measured the percentage
compositions of different 18:1 NEFA isomers in the liver, heart, and skeletal muscle of ob/
ob mice and their controls at 10, 12, and 16 weeks of age [40] (Fig. 5). At 12 and 16 weeks
of age, the composition of vaccenic acid in the liver of ob/ ob mice was significantly
increased, whereas oleic acid composition was decreased as compensation for the vaccenic
acid. However, in other organs, like heart and skeletal muscle, the 18:1 FA isomer did not
show apparent differences between ob/ ob and WT mice.

3.6. Bioinformatics simulation of TAG synthesis pathways

TAG species are mainly de novo synthesized through reacylation of DAG species by DGAT
activities. The DAG species are mainly produced through dephosphorylation of PA,
reacylation of MAG, and, to a much less degree, through hydrolysis of phospholipids such
as P1. We recently successfully developed a dynamic simulation approach for understanding
the remodeling processes of TAG based on these known biosynthesis pathways of TAG and
MDMS-SL-derived data [46]. The parameters K1, K2, and K3, which are the probabilities
of individual DAG pools being reacylated to TAG, were assigned to the contributions of the
PA, MAG, and PI pathways, respectively. Therefore, the parameters derived from the
simulation could be used to assess the relative contributions of different biosynthesis
pathways to the TAG pool. From the lipidomics data of ob/ ob mice and their controls
measured by MDMS-SL, we simulated the TAG biosynthesis pathways in the liver and
muscle of mice at 10, 12 and 16 weeks of age (Fig. 6). In the liver, we found that the
contribution of the PA pathway (i.e., K1) to the TAG pool decreased significantly in ob/ ob
mice compared to their controls at 12 and 16 weeks of age (0.12 vs. 0.34 and 0.15 vs. 0.84,
respectively). However, this pathway did not show significant changes between the ob/ ob
and control mice at 10 weeks of age. It was further indicated that the other biosynthesis
pathway of TAG, the MAG pathway (i.e., K2), in ob/ ob mice was markedly elevated at 12
and 16 weeks old. In the skeletal muscle, the K1 value (i.e., the PA pathway) ranged from
0.11 to 0.21, and it did not show any changes in the TAG biosynthesis pathways between ob/
ob mice and their controls at any age.

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2018 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hayakawa et al.

Page 8

4. Discussion

4.1. Theincreases of lipotoxic lipids in ob/ ob mice were age and organ-dependent

These significantly elevated lipotoxic lipid levels in different ob/ ob mouse organs, including
the liver, heart, muscle and kidney, comparing to their WT controls (Table 1) showed that
excessive food intake led to the accumulation of NEFA in ob/ ob mice, which were
subsequently converted into excessive TAG for storage. Alternatively, the high amounts of
NEFA were converted into other lipid intermediates, raising levels of DAG, Cer, LPC, and
LPE. These excessive lipid intermediate products could impair cellular function and cause
lipotoxicity [30,53-55]. However, the levels of most membrane lipids were comparable in
the investigated organs of the WT and ob/ ob mice (data not shown). These observations not
only indicate that excessive amounts of lipotoxic intermediates, like LPC or LPE, originated
from the excessive caloric intake rather than from degradation of membrane lipids, but also
suggest that the accumulation of lipotoxic lipids is largely present in cytosol, in lipid
droplets, or bounded to proteins. Thus, these intermediates might not impact much cellular
membrane integrity, since it is widely accepted that lipid droplets are formed in the
endoplasmic reticulum (ER) and bud from it [56]. Therefore, the cells in the organs were
still functional although the contents of lipid droplets as cellular organelles were
significantly elevated in this age period [57].

Lipidomic analysis of the ob/ ob mouse liver, muscle, and heart showed that the elevation of
most quantified lipotoxic lipids comparing to WT counterparts was higher at 16-week old
than 12-week old, and suggested that, in general, significantly elevated lipotoxic lipid levels
at 16 weeks of age cause the inhibitory action on insulin signaling [58], since insulin levels
and ratios of insulin vs. glucose in ob/ ob mice increase starting at around 13 or 14 weeks of
age [59,60], indicating a transition from a normal insulin state to an insulin-resistant state.
These findings are confirmed by the presently reported blood insulin-to-glucose ratios in ob/
ob mice, which were nearly 10 times higher in ob/ ob mice at 14 weeks than that at 11
weeks of age, and 45-fold greater than their WT controls [61]. It should also be emphasized
that since ob/ ob mice at 12-week old are at the transition state of insulin resistance, it could
be expected that many metabolic phenotypes are varied greatly during this state, which
might explain the big variation occurred in the phenotype measurement as well as lipidomics
results at this age (Table 1).

The lipidomics results indicating tissue-dependent increases in ratios of lipotoxic lipids at
different ages suggested that either the accumulation of the lipotoxic lipids converted from
excessive NEFA in non-adipose tissues, or the utilization of NEFA, or a combination of both
were different in the investigated organs. Most of the accumulation, likely due to both de
novo synthesis and storage, happened in liver tissues. Although the heart and skeletal muscle
also showed a various degree of lipotoxic lipid accumulation, the accumulation of lipotoxic
lipids in the kidney of ob/ ob mice was not apparent in comparison to their controls. It was
reported that lipid-derived metabolites impair insulin signaling and activate inflammatory
pathways, which leads to adipose tissue insulin resistance, release of excess NEFA into the
circulation, and ectopic fat deposition in liver tissues [62]. Therefore, the liver behaves as the
metabolic sensor of insulin resistance and a main target of lipotoxic status [63] and shows
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the major accumulation of lipotoxic lipids. Excess NEFA content in plasma promotes
skeletal muscle insulin resistance together with an increase of intramyocellular lipids [64],
and the insulin resistance in skeletal muscle also more correlates with most lipotoxic lipid
metabolites, such as Cer and/ or DAG [65,66]. Skeletal muscle is the target of circulating
inflammatory cytokines, which causes its insulin resistance [67]. It has been reported that
increased amounts of lipid deposits are detected in the myocardium of metabolic syndrome
patients, and increased protein levels of SREBP-1c and PPARy, suggesting activation of
lipogenesis in those patients [68].

4.2. Elevation of lipogenesis in the skeletal muscle of ob/ ob mice

In the investigated tissues, the TAG pool mostly showed the greatest increases in ratios of
ob/ ob comparing to WT mice (Figs. 2 and 3). This result is likely due to the storage of TAG
de novo synthesized from NEFA and DAG. Levels of all excessively absorbed or
synthesized NEFA and DAG were also significantly elevated in ob/ ob mice, but a large
portion of these was reassembled into the TAG pool, which was differentially stored in the
organs. Significant increases of TAG in the liver and skeletal muscle of ob/ ob mice at their
different ages potentially indicate different TAG de novo synthesis pathways in these two
organs as derived from dynamic simulation (see Subsection 3.6 and below). Alternatively,
synthesized TAG was preferentially stored in the liver, but was also metabolized in the
skeletal muscle to serve as fuel for muscular contraction. Whether this storage/mobilization
process depends on insulin sensitivity or contributes to insulin resistance is unknown.

The measurement of biosynthesized FA constituents showed their different profiles and
increased degrees between the liver and skeletal muscle (Fig. 3), which likely resulted from
a combination of differential lipogenesis pathways and utilization in the liver compared to
the skeletal muscle of ob/ ob mice. As to the essential NEFA, since they can only be
ingested from food, the measurements of the FA profiles showed differences between the
liver and skeletal muscle, which also reflect differential utilization of NEFA for further de
novo biosynthesis and/ or energy deposition. As for other PUFA species, most were also
elevated in a small degree in the investigated tissues of ob/ ob mice comparing to their
controls, since they were mostly absorbed from diets or elongated from the ingested a-
linolenic and linoleic acids (Fig. 2).

The gene expressions, including FADS, SCD, and Elovl, in skeletal muscle tissues
confirmed that both FA elongation and desaturation were elevated together with de novo
lipogenesis of longer-chain FAs. We believed that these pathways of lipogenesis in skeletal
muscle contributed to the differences in their FA content composition compared to other ob/
ob mouse organs. It has also been reported that the SCD activity and levels of MUFA are
increased in ob/ ob mouse heart tissues [59], indicating similarly induced lipogenesis
pathways in ob/ ob mouse heart.

4.3. Composition of 18:1 NEFA in the liver for early diagnosis of diabetes

It has been reported that the composition of MUFA in the liver was pathophysiologically
crucial in the process of obesity or metabolic syndrome [69,70]. Most MUFA are de novo
synthesized through regulation of the genes FAS, SCD, FADS, and Elovl [71]. SCD-1

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2018 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hayakawa et al.

Page 10

specifically was repressed by leptin and its RNA levels were highly elevated in ob/ ob mouse
livers [72,73]. Mice lacking SCD-1 were resistant to obesity, as shown from the studies with
SCD-17/~ knockout mice [24,74]. In our experiment, since the fed diets did not contain
16:1(n-7) NEFA or vaccenic acids, these increases of vaccenic acid composition in the liver
of ob/ ob mice indicate that the de novo synthesis pathway from palmitic acid to 16:1(n-7)
NEFA [40] by SCD-1 desaturation and subsequent production of vaccenic acid by ElovI5
was more activated in the liver of ob/ ob mice starting at 12 weeks of age. This activation
occurred earlier than both signs of hyperglycemia and inhibitory actions on insulin
signaling, which started around 13 weeks of age [60,75]. Therefore, it is possible that the
composition of 18:1 NEFA in the liver could be used for early diagnosis of diabetes.
Vaccenic acid produced from 16:1(n-7) NEFA by Elovl5 was previously shown to down-
regulate gluconeogenesis in the liver [76]. The elevated vaccenic acid composition in the
liver is likely a mechanism of self-protection for ob/ ob mice to decrease glucose production
in response to fat accumulation and possible hyperglycemia.

A similar composition of different 18:1 NEFA isomers present in the skeletal muscle and
heart of ob/ ob mice compared to WT indicate potentially different lipogenesis pathways in
these tissues compared to the liver. Moreover, the data suggest that the de novo biosynthesis
pathways from palmitic acid to both vaccenic acid and oleic acid were activated equally in
the muscle and heart. Therefore, the levels of total 18:1 NEFA elevated in the ob/ ob mouse
tissues without the changes of isomer composition.

4.4. Altered TAG biosynthesis in the liver and skeletal muscle

Excess energy intake largely stored in adipose tissues as well as other peripheral organs, has
been frequently considered a causal factor of pathophysiological complications associated
with metabolic syn drome [77], and the main biological role of TAG species is to serve as an
energy storage depot. Therefore, it is important to elucidate the TAG biosynthesis pathways
leading to differential accumulation of TAG in the organs of ob/ ob mice relative to WT
controls.

The simulation of the TAG biosynthesis pathways through our lipidomics data of liver
tissues in ob/ ob mice and their controls (Fig. 6) indicate that the PA pathway decreased and
the MAG pathway was markedly elevated at 12 and 16 weeks of age, consistent with
previous observations [78] that the deposition of excess energy into the TAG pool dominated
in mouse liver due to excessive digestion and uptake of FAs in ob/ ob mice.

Significant increases of the PA pathway in the liver of 16-week old control mice compared
to 12-week old mice (Fig. 6) was also consistent with the decrease of TAG levels from 62.13
nmol/ mg protein (Table 1) at 12 weeks old to 20.67 nmol/ mg protein at 16 weeks of age.
The TAG deposition from food intake was decreased at 16 weeks old in control mice.
Therefore, an important reason leading to obesity could be that much more intake energy
was deposited in the liver through the MAG biosynthesis pathway in ob/ ob mice, although
most of excessive energy was stored in the adipose tissue as the form of TAG.

In skeletal muscle, the TAG biosynthesis pathways did not show any changes between ob/
ob mice and their controls at any age. However, it still demonstrated that, even at a less
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degrees, de novo synthesis of TAG through the PA pathway existed in skeletal muscles
tissues.

5. Conclusions

In the current work, cellular lipidomes of the heart, liver, kidney, and skeletal muscle were
measured in ob/ ob mice relative to their WT controls at 10, 12, and 16 weeks of age by
MDMS-SL. The levels of lipotoxic lipid classes, including NEFA, lysophospholipids, Cer,
DAG, and TAG in ob/ ob mice were significantly higher than in the controls, but the ratios of
these lipids were different in an age and organ-dependent fashion. The amounts of FA chains
(i.e., 16:0, 18:0, and 18:1 FA) representing de novo synthesis of fatty acids were
substantially elevated in ob/ ob mice, consistent with increased expression of FA elongase
and desaturase genes in the muscle. Different profiles of FA chains indicate that lipogenesis
pathways in ob/ ob mouse liver and skeletal muscle are different, in addition to differential
utilization of the biosynthesized lipids. It is the first time to find a significant elevation of
lipogenesis in the skeletal muscle of ob/ ob mice. Most of PUFA species were moderately
elevated in the investigated tissues of ob/ ob mice, since n-3 and n-6 FA cannot be
biosynthesized by mammalians and were mostly absorbed from diets or elongated from the
ingested a-linolenic and linoleic acids. Measurement of NEFA isomers showed that the
composition of vaccenic acids in the liver of ob/ ob mice at 12 and 16 weeks of age was
significantly increased compared to their lean controls, indicating that the de novo synthesis
pathway from palmitic acid to 16:1(n-7) NEFA and then to vaccenic acid was more activated
in the liver starting at 12 weeks of age. Coincidentally, the MAG to TAG biosynthesis
pathway in the liver was also more activated in ob/ ob mice starting at 12 weeks of age as
determined by TAG synthesis simulation. These results are consistent with increased
deposition of excess energy in mouse liver due to excessive intake of food in ob/ ob mice.
Collectively, through the temporal and spatial analyses of cellular lipidomes of peripheral
organs, the tight association of de novo lipogenesis and lipotoxicity with insulin resistance in
these investigated ob/ ob mouse organs provides great insights into the possible
mechanism(s) underlying obesity, diabetes and related complications.
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MDMS-SL multi-dimensional mass spectrometry-based shotgun lipidomics
MS mass spectrometry

NEFA non-esterified fatty acid

PBS phosphate buffered saline

PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine
PG phosphatidylglycerol

PI phosphatidylinositol

PS phosphatidylserine

PUFA polyunsaturated fatty acids
SM sphingomyelin

TAG triacylglycerol or triglyceride
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Fig. 1.

Temporal comparison of the increased ratios of lipotoxic lipid levels in the liver, muscle and
heart of ob/ ob mice vs. their controls. Ratios were calculated by the lipid mass levels
(accumulation of which represents lipotoxicity, and could lead to cell dysfunction or cell
death) in ob/ ob vs WT mouse liver (Panel A), thigh skeletal muscle (Panel B), and heart
(Panel C) at 10 (open bars), 12 (shaded bars), and 16 weeks (solid bars) of age by MDMS-
SL as described in MATERIALS AND METHODS. NEFA, TAG, DAG, Cer, LPC, and LPE
stand for non-esterified fatty acid, triacylglycerol, diacylglycerol, ceramide,
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lysophosphatidylcholine, and lysophosphatidylethanolamine, respectively. The statistical
symbols indicate the statistical differences between 10 and 16 weeks (the symbols before the
slash) and between 12 and 16 weeks (the symbols after the slash).
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Fig. 2.
Te?nporal comparison of ratios of fatty acyl chains in liver and thigh skeletal muscle of ob/
ob mice vs. controls. Ratios were calculated by mass levels of non-esterified fatty acid
(NEFA), diacylglycerol (DAG), and triacylglycerol (TAG) in mouse liver (Panel A) and
thigh skeletal muscle (Panel B) at 12 (open bars) and 16 weeks (solid bars) of age by
MDMS-SL as described in MATERIALS AND METHODS. Fatty acyl (FA) chain content
in DAG and TAG was calculated from mass levels of individual species. Statistical
significance was determined by a two-tailed Student t-test in comparisons with control, in
which *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 3.
Cc?mparison of the mass levels of fatty acyl chains (16:0, 18:0 and 18:1) in different lipid
classes in the liver and skeletal muscle between ob/ ob mice and their controls. The mass
levels of lipids were determined in mouse liver (Panels A to C) and thigh skeletal muscle
(Panels D to F) of ob/ ob mice (solid bars) and their controls (open bars) at 16 weeks of age
by MDMS-SL as described in MATERIALS AND METHODS. The content of 16:0 (Panels
A and D), 18:1 (Panels B and E), and 18:0 (Panels C and F) fatty acyl (FA) chains in the
indicated lipid classes (except non-esterified fatty acid (NEFA)) were calculated from the
mass levels of individual species of the corresponding lipid classes. TAG, DAG, PC, PE,
LPC, and LPE stand for triacylglycerol, diacylglycerol, phosphatidylcholine,
phosphatidylethanolamine, lysophosphatidylcholine, and lysophosphatidylethanolamine,

respectively.
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Fig. 4.
Comparison between ob/ ob mice and their controls of expression levels of genes involved in

de novo fatty acid synthesis in skeletal muscle. Expression of fatty acid desaturase (FADS),
fatty acid elongase (Elovl), and stearoyl-CoA desaturase (SCD) genes in thigh skeletal
muscle of ob/ ob mice (Solid bars) and their controls (open bars) at 16 weeks of age was
measured by real-time RT-PCR as described in MATERIALS AND METHODS. Data are
presented after normalization to cyclophilin expression.
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Fig. 5.

Tegr'nporal comparison of 18:1 fatty acid isomers in liver, heart, and skeletal muscle of ob/ ob
mice to their controls. The composition of non-esterified 18:1 fatty acid (18:1 NEFA)
isomers was determined in mouse liver (Panel A), heart (Panel B), and thigh skeletal muscle
(Panel C) of ob/ ob mice (solid bars) and their controls (open bars) at 10, 12, and 16 weeks
of age by MDMS-SL as described in MATERIALS AND METHODS. These isomers
include vaccenic (n-7), oleic (n-9), and petroselinic (n-12) acids as indicated.

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2018 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hayakawa et al.

Page 23

5 1
s A
5 T
<k
‘éé 0.8-
28
o<
T — 0 6_
o -
a8
5¢
S~ 0.4
=e
3%
o® =%
[T
> -
s 0
o 10 weeks 12 weeks 16 weeks

0.25

0.2+

0.15+

0.1

0.05+

Relative contribution of PA dephosphorylation

pathway to TAG pool in the skeletal muscle

10 weeks 12 weeks 16 weeks

Fig. 6.

Tegr'nporal comparison of the relative contributions of different triacylglycerol biosynthesis
pathways to fat pools in liver and muscle between ob/ ob mice vs. their controls.
Comprehensive cellular lipidomes of mouse organs were determined by MDMSSL as
described in MATERIALS AND METHODS. The contributions of different triacylglycerol
(TAG) biosynthesis pathways to TAG pools in mouse liver (Panel A) and thigh skeletal
muscle (Panel B) of ob/ ob mice (solid bars) and their controls (open bars) at 10, 12, and 16
weeks of age were simulated using lipidomics data as previously described in detail [46].
These pathways represent the diacylglycerol generation, including phosphatidic acid
dephosphorylation (K1), monoacylglycerol reacylation (K2), and hydrolysis of phospholipid
head groups (K3). It was found that the pathway K3 was negligible in the current study.
Thus, K1+ K2=1.
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