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Association of muscle lipidomic profile with high-fat diet-induced insulin
resistance across five mouse strains

Abstract

Different mouse strains exhibit variation in their inherent propensities to develop metabolic disease. We
recently showed that C57BL6, 129X1, DBA/2 and FVB/N mice are all susceptible to high-fat diet-induced
glucose intolerance, while BALB/c mice are relatively protected, despite changes in many factors linked
with insulin resistance. One parameter strongly linked with insulin resistance is ectopic lipid
accumulation, especially metabolically active ceramides and diacylglycerols (DAG). This study examined
diet-induced changes in the skeletal muscle lipidome across these five mouse strains. High-fat feeding
increased total muscle triacylglycerol (TAG) content, with elevations in similar triacylglycerol species
observed for all strains. There were also generally consistent changes across strains in the abundance of
different phospholipid (PL) classes and the fatty acid profile of phospholipid molecular species, with the
exception being a strain-specific difference in phospholipid species containing two polyunsaturated fatty
acyl chains in BALB/c mice (i.e. a diet-induced decrease in the other four strains, but no change in BALB/c
mice). In contrast to TAG and PL, the high-fat diet had a minor influence on DAG and ceramide species
across all strains. These results suggest that widespread alterations in muscle lipids are unlikely a major
contributors to the favourable metabolic profile of BALB/c mice and rather there is a relatively conserved
high-fat diet response in muscle of most mouse strains.
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Different mouse strains exhibit variation in their inherent propensities to develop metabolic disease. We
recently showed that C57BL6, 129X1, DBA/2 and FVB/N mice are all susceptible to high-fat diet-induced
glucose intolerance, while BALB/c mice are relatively protected, despite changes in many factors

linked with insulin resistance. One parameter strongly linked with insulin resistance is ectopic lipid
accumulation, especially metabolically active ceramides and diacylglycerols (DAG). This study examined
diet-induced changes in the skeletal muscle lipidome across these five mouse strains. High-fat feeding
increased total muscle triacylglycerol (TAG) content, with elevations in similar triacylglycerol species
observed for all strains. There were also generally consistent changes across strains in the abundance

of different phospholipid (PL) classes and the fatty acid profile of phospholipid molecular species, with
the exception being a strain-specific difference in phospholipid species containing two polyunsaturated
fatty acyl chains in BALB/c mice (i.e. a diet-induced decrease in the other four strains, but no change in
BALB/c mice). In contrast to TAG and PL, the high-fat diet had a minor influence on DAG and ceramide
species across all strains. These results suggest that widespread alterations in muscle lipids are unlikely
a major contributors to the favourable metabolic profile of BALB/c mice and rather there is a relatively
conserved high-fat diet response in muscle of most mouse strains.

Much of our insight into the role of specific genes in different disease states has been derived from studies in
transgenic and knockout mouse models. However, with the increased use of genetically manipulated mice, it
has become clear that the genetic background of the mice is a critical factor that needs to be carefully consid-
ered. For example, with respect to metabolic diseases, previous studies from our group and others have demon-
strated that various mouse strains differ substantially in their metabolic profile and their susceptibility to develop
lipid-induced obesity and insulin resistance!~. Specifically, we showed that when five commonly used mouse
strains (C57BL/6, 129X1/Sv], BALB/c, DBA/2 and FVB/N) were exposed to a lard-based high fat diet (HFD), BL6,
129X1, DBA and FVB mice became glucose intolerant and insulin resistant to varying degrees, but the deteriora-
tion in glucose metabolism and insulin action was absent in BALB/c mice*.

Many factors have been suggested to be responsible for inducing defects in glucose homeostasis and insulin
sensitivity, including inflammation, activation of stress pathways and ectopic lipid accumulation®~’. We recently
showed that differential diet-induced changes in hepatic lipid composition was one factor that appeared to be
partly responsible for the protection against lipid-induced glucose intolerance and insulin resistance observed in
BALB/c mice®. Another tissue that plays a major role in whole-body insulin sensitivity is skeletal muscle, being
one of the main sites of peripheral insulin-stimulated glucose uptake (as reviewed in’). There are strong associa-
tions between skeletal muscle lipid accumulation and insulin resistance in both humans and animals'®-'%, but the
precise lipid species that are involved in impairing muscle insulin action are not fully resolved.
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Species | C57BLI6 129X1/Sv] BALB/c DBA/2 FVB/N
Class Abbr. In Cl.

nClass | CHOW | HED 1 |t |cHOW  |HFD |t |cHOW  |HFD L |+ |cHOW  |HED L |+ |cHOW  |HED e
Ceramide CER |9 0074001 [0.07£001 |0 |0 |0.05£0.01 |[0.0640.01 |0[0 [0.0740.01 [00740.01 |0 [0 [00740.01 |0.074£001 |0 |0 |0.0540.01 |0.06+0.01 [0 |0
Sphingomyelin M |27 028003 |0284003 |1 |3 0274001 0304002 |1|5 [0.31£002 [0314001 |1 |1 |034+0.03 [02904£001 |3 |2 0324001 0304001 |2 |0
Diacylglycerol DAG |14 1554027 1804042 |0 |0 1914024 |1.724£013 |0|0 2124031 |1.924£022 |0 |0 |2.07+£035 |1.88+0.15 [0 |0 |1.434004 |1.794£0.11 |0 |0
Triacylglycerol TAG |32 7814170 |12.1042.82|0 |4 |12.64+1.72|31.614+1.78|0 | 13[13314127|23.48£2.28|0 |6 |17.5742.04|45.164+6.08|0 |12|12.9040.67|21.07-£1.58 |0 |4
Cholesterolester | CE |9 0.0840.03 |0.04+£001 |0 |0 |0.0440.01 |0.1440.02 |0|3 [0.0240.01 [0.06+0.01 |0 |1 [0.07+0.03 |0.05+£001 |0 |0 |0.0640.02 |0.1020.001[0 |0
Phospholipids PL |9 14.7541.49 | 141242035 |15 |15 | 12.6440.59 | 13.96 £ 0.41 | 6 | 18] 14.9441.23 | 14.75+0.28 | 15|12|15.9740.63 | 15.46:£049 | 15|11 |13.0240.35 | 13.73+£0.35 |7 |15
Phosphatidyl
P PC |35 112741.1310.844£026 |8 |7 |9.97+0.58 |103840.32 5|7 |12.08+0.97|11.3840.24 |11|6 |12.1140.45|11.61+£037 [7 |4 |9.960.18 | 10204029 |6 |5
xiﬁihowhandﬂ PC(0) |13 0284003 |031£0.01 |2 |2 026001 |031£0.02 |0[2 0332001 0342001 |2 |2 0404002 |0.374001 |2 |2 0224001 [0.274£0.01 |1 |1
Phosphatidyl
e PE |26 3154034 |2934£013 |4 |6 2394008 |3.2640.12 |1|5 |2.554027 |3.0240.07 |2 |3 |3.514030 3464009 |4 |3 |274+0.16 [3.1640.17 |0 |6
iﬁ‘:’i‘i}a‘x‘:ﬁ}fud"l PE(O) | 16 0534009 |048£0.03 |1 |0 0394004 |0.7040.05 |0|3 [0.34£008 |0.5140.03 |0 |0 |0.66:0.08 [0.57£0.02 |2 |1 0474005 0574001 |0 |2
Phosphatidyl serine |PS |6 0334007 0354001 |0 |0 0294001 [03240.02 |0|1 [03040.01 [03540.01 |0 [1 [0354+0.04 0404003 |0 |1 0324002 0374001 |0 |1

Table 1. Lipid classes in muscle in CHOW- and HFD-fed mice and directional changes in lipid species with
high-fat feeding. Total levels in each lipid class are shown as nmol/mg tissue and represent mean + SEM, with
n=4. Arrows show how many lipid species in each lipid class are either significantly decreased (|) or increased
(1) after high-fat feeding. Significant changes (p < 0.01) after high-fat feeding are highlighted; bold highlights
depict an increase while italic highlights depict a decrease after high-fat feeding.

Given the disparate metabolic response of different mouse strains to the same dietary stimulus and the fact
that HFD-fed BALB/c mice have preserved glucose homeostasis, in spite of excess adiposity and changes in other
factors linked with insulin resistance®, we undertook detailed lipidomic profiling of skeletal muscle, to investigate
if alterations in specific myocellular lipid species were correlated with insulin action across different strains of
mice.

Results

Metabolic characterization. We have previously reported a comprehensive metabolic analysis of the mice
used in this study*. Whereas all mouse strains exhibited a significant increase in whole-body fat mass, BALB/c
mice were the only mouse strain that did not exhibit an increase in fasting blood glucose, fasting plasma insulin
or area-under-the-curve (AUC) during an intraperitoneal glucose tolerance test, nor a deterioration of insulin
sensitivity*. Taken together, the metabolic characterisation indicated that, in contrast to the other strains, BALB/c
mice were largely spared from the HFD-induced deterioration of glucose tolerance and insulin sensitivity, despite
a similar increase in whole-body adiposity*.

Total abundance of various lipid classes in muscle and changes with high-fat feeding. Table 1
shows the total levels of various lipid classes in control and high-fat diet-fed mice, the number of lipid species in
each class, as well as the amount of lipid species that were significantly increased or decreased by high-fat feed-
ing. All five mouse strains exhibited a significant increase in TAG accumulation in muscle after high-fat feeding
(Table 1). In contrast, total DAG, ceramide (Cer) and sphingomyelin (SM) levels remained unchanged, while total
cholesterol ester (CE) increased significantly in 129X1, BALB/c and FVB/N mice. There was a small, but signifi-
cant increase in total PL with HFD in 129X 1 mice, while total PL abundance, as well as total PC levels, remained
unchanged in the other strains. Minor increases in PE and PE-O (ether-linked PE) were observed in 129X1 and
BALB/c mice, whereas PE-O showed a small decrease in DBA/2. PS abundance remained unchanged with HFD
in all five mouse strains (Table 1).

High-fat diet-induced changes in triacylglycerol and diacylglycerol species. With the mass
spectrometry method employed, we could not specifically distinguish the three fatty acids in each TAG species,
reporting here only total fatty acyl chain length for each species, along with the number of double bonds. Relative
abundance of different TAG species as well as high-fat diet induced changes were similar in the muscle of the
different mouse strains, with TAG species 50:1, 50:2, 50:3, 52:2, 52:3, 52:4, as well as 54:3, 54:4 and 54:5 being the
most abundant, and the most responsive to the HFD in each mouse strain (Fig. 1).

Diacylglycerol content has been associated with inhibition of insulin signalling in muscle'* as well as other tis-
sues'>17. As mentioned above, total muscle DAG content was not affected by high-fat feeding in any mouse strain
(Table 1). In line with this, we observed only minor changes in specific DAG species with high-fat feeding (Fig. 1).

High-fat diet-induced changes in ceramide and sphingomyelin species. Cer 18:0, a Cer species
that is associated with muscle insulin resistance!'®!?, was the most abundant Cer species in muscle, but there was
no significant change in the abundance of Cer 18:0 or any other detected Cer species (Fig. 2) after high-fat feeding
in any of the five mouse strains. Ceramides and SM are closely interconnected, therefore, it was not surprising that
similarly SM 18:0 was the most abundant SM species in muscle across strains, followed by SM 16:0 and SM 24:1
(Fig. 2). However, similar to total SM content, we did not observe any major changes in SM species with high-fat
feeding, apart from a reduction in SM 19:0 across all strains.

SCIENTIFICREPORTS |7: 13914 | DOI:10.1038/541598-017-14214-1 2
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Figure 1. Skeletal muscle triacylglycerol (TAG) species (A) and diacylglycerol (DAG) species (B) in C57BL/6,
129X1, BALB/c, DBA/2 and FVB/N mice fed either a chow control diet (black bars) or a high-fat diet (grey
bars). Shown are means & SEM, n =4 per group, *p < 0.01 as determined by statistical analyses outlined in
Materials and Methods.

High-fat diet-induced changes in muscle phospholipid composition. The most abundant PC spe-
cies in muscle of all five mouse strains were PC 16:0/18:1, PC 16:0/18:2, PC 16:0/20:4 as well as PC 16:0/22:6
(Fig. 3). Interestingly, while several PC species were substantially increased with high-fat feeding in all strains (e.g.
PC 16:0/20:4, PC 18:0/20:4, PC 16:0/22:5, PC 18:0/22:5), most 22:6(n-3)-containing PC species showed a signif-
icant reduction (e.g. PC 16:0/22:6, PC 16:1/22:6, PC 18:1/22:6, PC 18:2/22:6) across all strains, potentially due to
the low abundance of polyunsaturated n-3 fatty acids in the HFD?. The most abundant PE species in muscle were
PE 18:0/20:4, PE 16:0/22:6 and PE 18:0/22:6. PE 18:0/20:4 was increased with high-fat feeding in all strains, while
there were more variable diet-induced alterations in PE species containing 22:6 (Fig. 3).

While metabolically active lipid intermediates such as Cer and DAG are considered the major antagonistic
lipids for insulin action, there is also evidence of a role for phospholipid composition*-?%. For example, low
abundance of PE in skeletal muscle (ie. a high PC/PE ratio), especially in the membrane of the sarcoplasmic retic-
ulum, is associated with improved insulin action and glucose uptake?>**. We examined the PC/PE ratio in muscle
of control and HFD-fed mice (Fig. 4A) and found that the ratio was significantly decreased with fat-feeding in
129X1 and BALB/c, but remained unchanged in the other strains.

It is not only the PL class that can potentially play a role in muscle function and insulin action, but also the
fatty acid composition. For example, studies have shown that increased content of polyunsaturated fatty acids
(PUFA) within cell membranes increases membrane fluidity and the action of insulin??%. In the five mouse
strains examined, there was a relatively consistent pattern in the n-6 and n-3 PUFA across strains, with n-6 con-
taining phospholipids increasing with HFD, while n-3 containing phospholipids were reduced (Fig. 4B,C). There
was no strain-specific pattern in diet-induced changes in abundance of phospholipids containing ‘at least one
PUFA (Fig. 4D), however high-fat feeding caused a marked decrease in PL where both fatty acids were PUFA in
BL6, 129X1, DBA/2 and FVB/N mice, but not in BALB/c mice (Fig. 4E).

SCIENTIFICREPORTS |7: 13914 | DOI:10.1038/541598-017-14214-1 3
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Figure 2. Skeletal muscle ceramide (Cer) species (A) and sphingomyelin species (B) in C57BL/6, 129X1,
BALB/c, DBA/2 and FVB/N mice fed either a chow control diet (black bars) or a high-fat diet (grey bars).
Shown are means & SEM, n=4 per group, *p < 0.01 as determined by statistical analyses outlined in Materials
and Methods.

Discussion

There is substantial evidence that aberrant accumulation of lipids in non-adipose tissue is strongly associated
with insulin resistance, but the precise species involved and their role in different tissues is not fully resolved.
The large natural variation in diet-induced metabolic deterioration across different mouse strains'~** provides a
potential avenue to pinpoint relevant lipid species with a role in insulin action. In the current study we examined
if diet-induced variation in muscle lipid composition may partly explain the divergent metabolic response of
BALB/c mice compared to other common inbred strains*. Overall we found that most changes in muscle lipid
species induced by high-fat feeding were similar between BALB/c mice and other strains, suggesting that wide-
spread changes in myocellular lipids are unlikely responsible for the favourable metabolic phenotype in BALB/c
mice.

Consistent with many previous studies**%, we observed a robust increase in TAG levels in the muscle of all
mouse strains in response to high-fat feeding. TAGs are considered to be largely inert and other more bioac-
tive lipid intermediates are thought to play a more causal role in insulin resistance. For the past 2 decades, evi-
dence has accumulated in human and animal studies implicating Cer in the generation of insulin resistance-4.
While there is evidence that pharmacological reduction of total Cer synthesis can have beneficial metabolic out-
comes®*, until recently most sphingolipid species were thought to have similar metabolic effects. It is now clear,
however, that Cer and SM species vary between tissues, and have distinct effects on metabolic processes® 4.
There was a divergent pattern in the hepatic sphingolipid profile of mice from this study, with the favourable met-
abolic phenotype of BALB/c mice associated with an altered balance of long chain (e.g. C16:0) vs. very long chain
(e.g. C24:0) sphingolipids®. In skeletal muscle, C18:0 is the dominant form of Cer, accounting for ~60-80% of the
total. Studies in humans have linked C18:0 with insulin resistance'®"” and in muscle of fat-fed mice, accumulation
of ‘long-chain’ Cer, especially Cer16:0 and Cer18:0, has been shown to be associated with the development of
insulin resistance?®4!. Across the strains in the current study muscle Cer were not strongly associated with insulin
resistance induced by our high-fat diet.

25-28
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bars) or a high-fat diet (grey bars). For (D + E), results are ‘Mean HFD value — Mean CHOW value’ (n=4 per
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(A-C), shown are means &= SEM, n =4 per group, *p < 0.01 as determined by statistical analyses outlined in
Materials and Methods.
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Besides Cer, accumulation of diacylglycerols has been previously associated with insulin resistance in both
rodents and humans, particularly hepatic insulin resistance'®*2. Diacylglycerols, accumulate in the insulin resist-
ant state’®*-%°, and are thought to activate protein kinase C (PKC) isoforms that inhibit insulin receptor substrate
1 (IRS1), thus blocking insulin action***. The total DAG levels, as well as specific DAG species, were essentially
unchanged by the HED in our study and could not explain the disparate metabolic response of BALB/c mice.
There are a number of other models where insulin resistance develops independently of changes in DAG lev-
els**, and a recent study where an enzyme involved in phosphatidylethanolamine synthesis was disrupted in
muscle, showed marked increases in muscle DAG without any change in insulin sensitivity*®. One caveat to our
study and many others is that the subcellular distribution of different lipids has not been measured. It is possible
that localised changes in specific lipids (e.g. Cer, DAG) may be more important for regulating insulin action and
metabolic function than changes in bulk content, as has been suggested for DAG in other studies*->!.

In addition to changes in the levels of active lipid intermediates (ie. Cer and DAG), membrane fatty acid
composition of skeletal muscle has been linked with the regulation of glucose metabolism and insulin action??*,
The physicochemical properties of a membrane bilayer are to a large extent determined by the nature of the
fatty acids present in that membrane, with more polyunsaturated fatty acids being associated with increased
membrane fluidity, increased number of insulin receptors, and an improvement in the action of insulin®"%2-,
Here we showed that mouse strains that are susceptible to diet-induced insulin resistance (BL6, 129X1, DBA/2
and FBB/N) all exhibit a HFD-induced reduction in phospholipids that contain a PUFA in both the snl and sn2
position, whereas this reduction was not observed in the insulin-sensitive BALB/c mice. Differential PL acyla-
tion could be potentially related to strain-specific differences in the biosynthesis of new PL (e.g. in the Kennedy
pathway) or through altered dynamics of PUFA incorporation during acyl remodelling of the muscle membrane
bilayer in the Lands cycle®®. It should be noted however, that the number of double-PUFA phospholipids was only
a small fraction of the total phospholipid pool (1.0-2.6%), so the relevance of these changes to the phenotype
of BALB/c mice is unclear. However it is interesting to note that there were no strain-specific differences with
regards to phospholipids containing a PUFA in either the snl or sn2 position (ie. only one of both FA being
polyunsaturated, most commonly on the sn2 position). Two polyunsaturated fatty acids in close proximity are
more likely to increase membrane fluidity as the ‘kinks’ resulting from the C-C double-bonds makes them pack
less tightly®, and are therefore likely to have a greater impact on membrane protein fluidity and activity*”. Given
that the dynamic nature of the membrane can influence insulin receptor localisation and signalling?**>%-%, fur-
ther studies are needed to determine the role of double-PUFA phospholipids in influencing insulin sensitivity in
muscle and other tissues.

Among polyunsaturated fatty acids there is also evidence that n-3 PUFA may play a favourable role in
improving insulin action; certainly a high n-6/n-3 ratio appears deleterious**°'. In rodents and humans, it was
shown that a n-3 PUFA-enriched diet increased content of n-3 PUFA in membrane lipids (while simultaneously
decreasing n-6 PUFA content) and improved insulin action in skeletal muscle, as well as other tissues®*~%°. In
this study, there was a general trend for an accretion of n-6 PUFA-containing phospholipids at the expense of
n-3 PUFA-containing phospholipids in response to the HFD. Interestingly, BALB/c mice displayed the smallest
increase in n-6 PUFA-containing phospholipids and only a minor decrease in n-3 PUFA-containing phospholip-
ids, indicating some resistance to high-fat diet-induced membrane PUFA remodelling in this strain.

While the phospholipid fatty acid composition plays a major role in determining membrane fluidity, phospho-
lipid head groups also play an important role in membrane integrity®. A reduction in phosphatidylethanolamine
(an increased PC/PE ratio), has been associated with improved insulin action in skeletal muscle?’, potentially due
to changes in sarcoplasmic reticulum SERCA activity, increasing cytosolic calcium and activating calcium- and
AMPK-dependent pathways®’. High-fat feeding decreased the PC/PE ratio in skeletal muscle of all mouse strains
in the current study, including BALB/c mice, indicating it is unlikely a major determinant of muscle insulin sen-
sitivity under our experimental conditions.

In conclusion, our extensive comparison suggests that unlike other tissues®, the lipid profile of skeletal muscle
responds in a generally uniform manner to a high fat diet across different mouse strains. The relative protection
against diet-induced defects in glucose homeostasis and insulin action in BALB/c mice* could not be explained
by differential changes in the total amount of lipid intermediates generally linked with insulin resistance (e.g.
DAG, Cer), with the only divergent response being a lack of diet-induced losses of double-PUFA containing
phospholipids. The contrast of the lipid changes in muscle with those observed in the liver of these same animals®,
highlights the independent regulation of lipid metabolism between different tissues and suggests that multiple
mechanisms may contribute to the variable metabolic profile observed between different mouse strains.

Materials and Methods

Eight-week old male C57BL/6], 129X1/Sv], BALB/c, DBA/2 and FVB/N mice were purchased from the Australian
Resource Centre (Perth, WA, Australia). Mice were maintained in a temperature-controlled room (22°C+1°C)
with a 12-hour light/dark cycle and ad libitum access to food and water. After one week on a standard low-fat
chow diet (CHOW), mice were randomly allocated to remain on the CHOW or to receive a high-fat diet (HFD)
ad libitum for 8 weeks (detailed diet composition can be found in*). Tissues were collected from mice at 9-10am
without any prior fasting period. All experiments were approved by the Garvan Institute/St. Vincent’s Hospital
Animal Experimentation Ethics Committee and followed guidelines issued by the National Health and Medical
Research Council of Australia. Detailed methodology of the metabolic characterization of these mice can be
found in our recent paper?*.

Lipid extraction. Lipid extraction was performed according to the method of Matyash et al.%®. In brief,
25mg of frozen muscle tissue was added to 2 mL tough tubes (Geneworks, Hindmarsh, SA, Australia) on dry ice
and stored at —80°C. An aliquot of 200 pl of methanol containing 0.01% butylated hydroxytoluene and internal
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standards (please refer to our recent manuscript for a detailed description of internal standards use®); were added
to each tube. Samples were homogenised on a FastPrep-24 (MP Biomedical, Seven Hills, NSW, Australia) at
6m/s for 40 sec. Beads were washed with 200 ul methanol and the wash added to homogenate. Aliquots of 300 pl
were removed to 2 ml microcentrifuge tubes (Eppendorf, North Ryde, NSW, Australia), 1 ml of methyl-tert butyl
ether was added and samples were vortexed for 1 hr at 4°C. An addition of 250 ul of 150 mM ammonium acetate
(Fluka LC-MS grade) was added to induce phase separation. Tubes were vortexed and spun at 2000 g for 5 min-
utes to complete phase separation. Approximately 800 ul of the upper organic layer was removed to a new 2 ml
glass vial, dried under a stream of nitrogen at 37 °C, resuspended in 500 pl methanol:chloroform (2:1v/v) and
stored at —20 °C until analysis. Samples were diluted 100-fold into methanol:chloroform (2:1v/v) containing
5mM ammonium acetate prior to mass spectrometric analysis. An aliquot of each extract was hydrolyzed to
remove acyl-linked lipids and re-extracted and improve mass spectrometric analysis of spingolipids. 200 ul of
extract was added to 185 ul of methanol containing 0.01% butylated hydroxytoluene, 27 ul of 10 M NaOH was
added (final concentration 0.7 M), and gently tumbled for 2 hr at room temperature. 615 ul of MTBE was added,
followed by 200 pl of aqueous ammonium acetate to induced phase separation. Tubes were vortexed and spun
at 2000 g for 5 minutes to complete phase separation. The upper organic layer was removed to a new 2 ml glass
vial, and diluted 200-fold into methanol:chloroform (2:1v/v) containing 5mM ammonium acetate prior to mass
spectrometric analysis.

Mass Spectrometry. Mass spectra were acquired using a chip based nano-electrospray ionization source
(TriVersa Nanomate®, Advion, Ithaca, NY, USA) coupled to a hybrid linear ion trap-triple quadrupole mass
spectrometer (QTRAP® 5500, ABSCIEX, Foster City, CA, USA). 10 ul of extract was aspirated from a sealed
96-well plate and delivered into the mass spectrometer via a nano- electrospray ionization (ESI) chip with an
orifice diameter of 4.1 um. The delivery gas was N2 at a pressure of 0.4 psi and a spray voltage of 1.1kV and
—1.1kV was used for positive and negative ion acquisition, respectively. For target lipids and MS scan param-
eters please refer to our recent manuscript®. Experimental conditions for positive ion mode acquisition were a
declustering potential of 100V, entrance potential of 10V and a scan rate of 200 m/z units.s-1. Negative ion mode
acquisition parameters were a declustering potential of —100V, entrance potential —10V and scan rate 200 m/z
units.s-1. Mass spectra were averaged over 30 scans in positive mode and 40 scans in negative mode. Data were
analyzed with LipidView® (ABSCIEX) software version 1.2, including smoothing, identification, removal of iso-
tope contribution from lower mass species, and correction for isotope distribution. Ionized lipids detected with
a signal-to-noise ratio (s/n) over 10 were included in the analysis. Quantification was achieved in LipidView®
software by comparison of the peak area of individual lipids to their class-specific internal standards after isotope
correction. To obtain quantification of the molecular species of phospholipids, absolute quantification of phso-
phatidylcholine (PC), phosphatidyletanolamine (PE), and phsosphatidylserine (PS) species was first obtained
by comparison to internal standards in head-group scans in positive mode. Next, negative ion mode precursor
ion scanning for fatty acyl chains was used to determine respective fatty acyl chains for each lipid species. Ions
detected at masses that could be assigned to ether-linked or odd-chain fatty acids were assumed to be ether-linked
species. In cases where more than one isobaric species was detected in a class by negative fatty acyl scans, the
fractional intensities of each isobaric species was applied to the absolute quantification obtained in positive mode
head group scans. Ether-linked PE species do not produce the 141 head group fragment as efficiently as the
di-acyl PE species; therefore a correction factor of 3.45 was applied to all ether-PE species®. Sphingomyelin spe-
cies were detected using the 184.1 m/z precursor ion scan which cannot distinguish between isobaric DHSM and
SM species. The SM species are assumed to contain the major sphingolipid backbone d18:1, and are listed as spe-
cies indicating the respective N-linked fatty acid. Lipid species are notated in accordance with recently proposed
shorthand by Liebisch et al.”.

Statistical Analysis. Total levels of the various lipid classes are presented as mean + SEM. Log-transforms
of the lipidomics data were taken to ensure normal distributions prior to the statistical analyses. Significant dif-
ferences in the lipid expression between CHOW and HFD in the different strains were assessed via a one-way
ANOVA. The p-values of the ANOVA analyses for all the lipid species were then ranked and the normal proba-
bility plots examined to determine statistical significance. It was observed that the p-value versus rank was highly
non-linear, in particular for data with P < 0.05 (not shown), indicative of statistically significant results. For only
those lipids with ANOVA P < 0.05, post-hoc testing was undertaken to determine the species which had signifi-
cant differences between CHOW and HFD, using a Protected Fisher’s Least Significant Difference procedure with
p <0.01. Statistical analyses were performed using custom scripts in Matlab 2016b (Mathworks).

Data Availability. Raw data files supporting the results and conclusions presented in this manuscript are
available from the corresponding author upon reasonable request.

References
1. Andrikopoulos, S. et al. Differential effect of inbred mouse strain (C57BL/6, DBA/2, 129T2) on insulin secretory function in
response to a high fat diet. Journal of Endocrinology 187, 45-53 (2005).
2. Berglund, E. D. et al. Glucose metabolism in vivo in four commonly used inbred mouse strains. Diabetes 57, 1790-1799 (2008).
3. Goren, H.J. et al. Glucose homeostasis and tissue transcript content of insulin signaling intermediates in four inbred strains of mice:
C57BL/6, C57BLKS/6, DBA/2, and 129X 1. Endocrinology 145, 3307-3323 (2004).
4. Montgomery, M. K. et al. Mouse strain-dependent variation in obesity and glucose homeostasis in response to high-fat feeding.
Diabetologia 56, 1129-1139 (2013).
. Gregor, M. E. & Hotamisligil, G. S. Inflammatory mechanisms in obesity. Annu Rev Immunol 29, 415-445 (2011).
6. Samuel, V. T. & Shulman, G. I. Mechanisms for insulin resistance: Common threads and missing links. Cell 148, 852-871 (2012).

w

SCIENTIFICREPORTS |7: 13914 | DOI:10.1038/541598-017-14214-1 7



www.nature.com/scientificreports/

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

44,

45.

46.

47.

48.

. Schenk, S. et al. Insulin sensitivity: modulation by nutrients and inflammation. The Journal of Clinical Investigation 118, 2992-3002

(2008).

. Montgomery, M. K. et al. Regulation of glucose homeostasis and insulin action by ceramide acyl-chain length: A beneficial role for

very long-chain sphingolipid species. Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1861, 1828-1839
(2016).

. Huang, S. & Czech, M. P. The GLUT4 glucose transporter. Cell Metabolism 5, 237-252 (2007).
. Goodpaster, B. H. & Wolf, D. Skeletal muscle lipid accumulation in obesity, insulin resistance, and type 2 diabetes. Pediatric Diabetes

5,219-226 (2004).

Jacob, S. et al. Association of increased intramyocellular lipid content with insulin resistance in lean nondiabetic offspring of type 2
diabetic subjects. Diabetes 48, 1113-1119 (1999).

Pan, D. A. et al. Skeletal muscle triglyceride levels are inversely related to insulin action. Diabetes 46, 983-988 (1997).

Perseghin, G. et al. Intramyocellular triglyceride content is a determinant of in vivo insulin resistance in humans: a 1H-13C nuclear
magnetic resonance spectroscopy assessment in offspring of type 2 diabetic parents. Diabetes 48, 1600-1606 (1999).

Szendroedi, J. et al. Role of diacylglycerol activation of PKC in lipid-induced muscle insulin resistance in humans. Proceedings of
the National Academy of Sciences 111, 9597-9602 (2014).

Petersen, M. C. et al. Insulin receptor Thr1160 phosphorylation mediates lipid-induced hepatic insulin resistance. The Journal of
Clinical Investigation 126, 4361-4371 (2016).

Jornayvaz, F. R. & Shulman, G. I. Diacylglycerol activation of protein kinase Cp and hepatic insulin resistance. Cell Metabolism 15,
574-584 (2012).

Biden, T.]. et al. The diverse roles of protein kinase C in pancreatic (3-cell function. Biochemical Society Transactions 36, 916-919
(2008).

Bergman, B. C. et al. Muscle sphingolipids during rest and exercise: a C18:0 signature for insulin resistance in humans. Diabetologia
59, 785-798 (2016).

Tonks, K. T. et al. Skeletal muscle and plasma lipidomic signatures of insulin resistance and overweight/obesity in humans. Obesity
24,908-916 (2016).

Turner, N. et al. Enhancement of muscle mitochondrial oxidative capacity and alterations in insulin action are lipid species
dependent: potent tissue-specific effects of medium-chain fatty acids. Diabetes 58, 2547-2554 (2009).

Borkman, M. et al. The relation between insulin sensitivity and the fatty-Acid composition of skeletal muscle phospholipids. New
England Journal of Medicine 328, 238-244 (1993).

Funai, K. et al. Skeletal muscle phospholipid metabolism regulates insulin sensitivity and contractile function. Diabetes 65, 358-370
(2016).

Paran, C. W. et al. Lipogenesis mitigates dysregulated sarcoplasmic reticulum calcium uptake in muscular dystrophy. Biochimica et
Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1851, 1530-1538 (2015).

Storlien, L. H. ef al. Skeletal muscle membrane lipids and insulin resistance. Lipids 31, $261-5265 (1996).

Boudina, S. et al. Early mitochondrial adaptations in skeletal muscle to diet-induced obesity are strain dependent and determine
oxidative stress and energy expenditure but not insulin sensitivity. Endocrinology 153, 2677-2688 (2012).

Turner, N. et al. Distinct patterns of tissue-specific lipid accumulation during the induction of insulin resistance in mice by high-fat
feeding. Diabetologia 56, 1638-1648 (2013).

Montgomery, M. K. et al. Contrasting metabolic effects of medium- versus long-chain fatty acids in skeletal muscle. Journal of Lipid
Research 54, 3322-3333 (2013).

Renner, S. W. et al. Carbonic anhydrase III (Car3) is not required for fatty acid synthesis and does not protect against high-fat diet
induced obesity in mice. PLoS ONE 12, e0176502 (2017).

Park, M. et al. A Role for Ceramides, but NOT Sphingomyelins, as antagonists of insulin signaling and mitochondrial metabolism
in C2C12 myotubes. Journal of Biological Chemistry 291, 23978-23988 (2016).

Kitessa, S. & Abeywardena, M. Lipid-induced insulin resistance in skeletal muscle: The chase for the culprit goes from total
intramuscular fat to lipid intermediates, and finally to species of lipid intermediates. Nutrients 8, 466 (2016).

Hage Hassan, R. ef al. Sustained action of ceramide on the insulin signaling pathway in muscle cells: Implications of the double-
stranded RNA-activated protein kinase. Journal of Biological Chemistry 291, 3019-3029 (2016).

Chaurasia, B. et al. Adipocyte Ceramides regulate subcutaneous adipose browning, inflammation, and metabolism. Cell Metabolism
24, 820-834 (2016).

Chaurasia, B. & Summers, S. A. Ceramides - lipotoxic inducers of metabolic disorders. Trends in Endocrinology & Metabolism 26,
538-550 (2015).

Bikman, B. T. & Summers, S. A. Ceramides as modulators of cellular and whole-body metabolism. The Journal of Clinical
Investigation 121, 4222-4230 (2011).

Holland, W. L. et al. Inhibition of ceramide synthesis ameliorates glucocorticoid-, saturated-fat-, and obesity-induced insulin
resistance. Cell Metabolism 5,167-179 (2007).

Bikman, B. T. et al. Fenretinide prevents lipid-induced insulin resistance by blocking ceramide biosynthesis. Journal of Biological
Chemistry 287, 17426-17437 (2012).

Laviad, E. L. et al. Characterization of ceramide Synthase 2: tissue distribution, substrate specificity, and inhibition by sphingosine-
1-phosphate. Journal of Biological Chemistry 283, 5677-5684 (2008).

Schiffmann, S. et al. Ceramide metabolism in mouse tissue. The International Journal of Biochemistry & Cell Biology 45, 1886-1894
(2013).

. Grosch, S. et al. Chain length-specific properties of ceramides. Progress in Lipid Research 51, 50-62 (2012).
. Bellini, L. et al. Targeting sphingolipid metabolism in the treatment of obesity/type 2 diabetes. Expert Opinion on Therapeutic Targets

19,1037-1050 (2015).

. Frangioudakis, G. et al. Saturated- and n-6 polyunsaturated-fat diets each induce ceramide accumulation in mouse skeletal muscle:

reversal and improvement of glucose tolerance by lipid metabolism inhibitors. Endocrinology 151, 4187-4196 (2010).

. Samuel, V. T. et al. Lipid-induced insulin resistance: unravelling the mechanism. Lancet 375, 2267-2277 (2010).
. Itani, S. I et al. Lipid-induced insulin resistance in human muscle is associated with changes in diacylglycerol, protein kinase C, and

IkappaB-alpha. Diabetes 51, 2005-2011 (2002).

Magkos, F. et al. Intrahepatic diacylglycerol content is associated with hepatic insulin resistance in obese subjects. Gastroenterology
142, 1444-1446 1442 (2012).

Wright, L. E. et al. Amelioration of lipid-induced insulin resistance in rat skeletal muscle by overexpression of Pgc-1beta involves
reductions in long-chain acyl-CoA levels and oxidative stress. Diabetologia 54, 1417-1426 (2011).

Schmitz-Peiffer, C. The tail wagging the dog - regulation of lipid metabolism by protein kinase C. FEBS Journal 280, 5371-5383
(2013).

Chavez, J. A. et al. A role for ceramide, but not diacylglycerol, in the antagonism of insulin signal transduction by saturated fatty
acids. Journal of Biological Chemistry 278, 10297-10303 (2003).

Selathurai, A. et al. The CDP-Ethanolamine pathway regulates skeletal muscle diacylglycerol content and mitochondrial biogenesis
without altering insulin sensitivity. Cell Metabolism 21, 718-730 (2015).

SCIENTIFICREPORTS |7: 13914 | DOI:10.1038/541598-017-14214-1 8



www.nature.com/scientificreports/

49. Cantley, J. L. et al. CGI-58 knockdown sequesters diacylglycerols in lipid droplets/ER-preventing diacylglycerol-mediated hepatic
insulin resistance. Proceedings of the National Academy of Sciences of the United States of America 110, 1869-1874 (2013).

50. Chan, S. M. H. et al. Fenofibrate insulates diacylglycerol in lipid droplet/ER and preserves insulin signaling transduction in the liver
of high fat fed mice. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1852, 1511-1519 (2015).

51. Finck, B. N. & Hall, A. M. Does diacylglycerol accumulation in fatty liver disease cause hepatic insulin resistance? BioMed Research
International 2015, 104132 (2015).

52. Yorek, M. et al. Effect of fatty acid composition on insulin and IGF-I binding in retinoblastoma cells. Investigative Ophthalmology ¢
Visual Science 30, 2087-2092 (1989).

53. Janovskd, A. et al. The effect of dietary fat content on phospholipid fatty acid profile is muscle fiber type dependent. American Journal
of Physiology - Endocrinology And Metabolism 298, E779-E786 (2010).

54. Lodish H, B. A. & Zipursky, S. L. Section 5.3. Biomembranes: structural organization and basic functions. in Molecular Cell Biology
(ed. Freeman, W. H.) (New York, 2000).

55. Pan, D. A. et al. Skeletal muscle membrane lipid composition is related to adiposity and insulin action. The Journal of Clinical
Investigation 96, 2802-2808 (1995).

56. Moessinger, C. et al. Two different pathways of phosphatidylcholine synthesis, the Kennedy Pathway and the Lands Cycle,
differentially regulate cellular triacylglycerol storage. BMC Cell Biology 15, 43 (2014).

57. Simons, K. & Toomre, D. Lipid rafts and signal transduction. Nature Reviews Molecular Cell Biology 1, 31-39 (2000).

58. Park, J.-W. et al. Ablation of very long acyl chain sphingolipids causes hepatic insulin resistance in mice due to altered detergent-
resistant membranes. Hepatology 57, 525-532 (2013).

59. Bickel, P. E. Lipid rafts and insulin signaling. American Journal of Physiology-Endocrinology and Metabolism 282, E1-E10 (2002).

60. Chakraborty, M. & Jiang, X.-C. Sphingomyelin and its role in cellular signaling. in Lipid-mediated Protein Signaling, Vol. 991 (ed.
Capelluto, D. G. S.) 1-14 (Springer Netherlands, 2013).

61. Smith, B. K. et al. A decreased n-6/n-3 ratio in the fat-1 mouse is associated with improved glucose tolerance. Applied Physiology,
Nutrition, and Metabolism 35, 699-706 (2010).

62. Storlien, L. H. et al. Influence of dietary fat composition on development of insulin resistance in rats: Relationship to muscle
triglyceride and w-3 fatty acids in muscle phospholipid. Diabetes 40, 280-289 (1991).

63. Gonzalez-Périz, A. et al. Obesity-induced insulin resistance and hepatic steatosis are alleviated by w-3 fatty acids: a role for resolvins
and protectins. The FASEB Journal 23, 1946-1957 (2009).

64. Bhaswant, M. et al. Mechanisms of enhanced insulin secretion and sensitivity with n-3 unsaturated fatty acids. Journal of Nutritional
Biochemistry 26, 571-584 (2015).

65. Stephens, E. B. et al. Fish oil omega-3 fatty acids partially prevent lipid-induced insulin resistance in human skeletal muscle without
limiting acylcarnitine accumulation. Clinical Science 127, 315-322 (2014).

66. Seu, K. J. et al. Influence of lipid chemistry on membrane fluidity: tail and headgroup interactions. Biophysical Journal 91, 3727-3735
(2006).

67. Wright, D. C. et al. Ca2+ and AMPK both mediate stimulation of glucose transport by muscle contractions. Diabetes 53, 330-335
(2004).

68. Matyash, V. et al. Lipid extraction by methyl-tert-butyl ether for high-throughput lipidomics. Journal of Lipid Research 49,
1137-1146 (2008).

69. Abbott, S. et al. An improved high-throughput lipid extraction method for the analysis of human brain lipids. Lipids 48, 307-318
(2013).

70. Liebisch, G. et al. Shorthand notation for lipid structures derived from mass spectrometry. Journal of Lipid Research 54, 1523-1530
(2013).

Acknowledgements

We thank the Biological Testing Facility at the Garvan Institute (Sydney, Australia) for assistance with animal
care. This work was supported by funding from the National Health and Medical Research Council of Australia
(NHMRC), the Diabetes Australia Research Trust, the University of Wollongong and the Australian Research
Council (ARC). MKM is supported by a NHMRC early career research fellowship.

Author Contributions

M.K.M. designed and performed experiments, analysed and interpreted data, and wrote the manuscript. S.H.J.B.,
T.W.M., A.C.EC. and G.].C. performed experiments, interpreted data and drafted the manuscript. N.T. conceived
the study, analysed and interpreted data, and wrote the manuscript. All the authors gave their final approval for
submission of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13914 | DOI:10.1038/541598-017-14214-1 9


http://creativecommons.org/licenses/by/4.0/

	Association of muscle lipidomic profile with high-fat diet-induced insulin resistance across five mouse strains
	Recommended Citation

	Association of muscle lipidomic profile with high-fat diet-induced insulin resistance across five mouse strains
	Abstract
	Disciplines
	Publication Details
	Authors

	Association of muscle lipidomic profile with high-fat diet-induced insulin resistance across five mouse strains

	Results

	Metabolic characterization. 
	Total abundance of various lipid classes in muscle and changes with high-fat feeding. 
	High-fat diet-induced changes in triacylglycerol and diacylglycerol species. 
	High-fat diet-induced changes in ceramide and sphingomyelin species. 
	High-fat diet-induced changes in muscle phospholipid composition. 

	Discussion

	Materials and Methods

	Lipid extraction. 
	Mass Spectrometry. 
	Statistical Analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 Skeletal muscle triacylglycerol (TAG) species (A) and diacylglycerol (DAG) species (B) in C57BL/6, 129X1, BALB/c, DBA/2 and FVB/N mice fed either a chow control diet (black bars) or a high-fat diet (grey bars).
	Figure 2 Skeletal muscle ceramide (Cer) species (A) and sphingomyelin species (B) in C57BL/6, 129X1, BALB/c, DBA/2 and FVB/N mice fed either a chow control diet (black bars) or a high-fat diet (grey bars).
	Figure 3 Skeletal muscle phosphatidyl choline (PC) species (A) and phosphatidyl ethanolamine (PE) species (B) in C57BL/6, 129X1, BALB/c, DBA/2 and FVB/N mice fed either a chow control diet (black bars) or a high-fat diet (grey bars).
	Figure 4 Skeletal muscle PC/PE ratio (A), n-6 PUFA-containing phospholipids (B), n-3 PUFA-containing phospholipids (C), as well as high-fat diet-induced changes in phospholipids containing at least one PUFA (D) or two PUFA (E) in C57BL/6, 129X1, BALB/c, D
	Table 1 Lipid classes in muscle in CHOW- and HFD-fed mice and directional changes in lipid species with high-fat feeding.


