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ABSTRACT

Objective: Excess lipid intake has been implicated in thag@ahysiology of hepatosteatosis
and hepatic insulin resistance. Lipids constitygeraximately 50% of the cell membrane
mass, define membrane properties, and create myroaments for membrane-proteins. In
this study we aimed to resolve temporal alteratiomeembrane metabolite and protein
signatures during high-fat diet (HF)-mediated depelent of hepatic insulin resistance.
Methods. We induced hepatosteatosis by feeding C3HeB/Fad mice a HF enriched with
long-chain polyunsaturated C18:2n6 fatty acids7fot4, or 21 days. Longitudinal changes in
hepatic insulin sensitivity were assessetthe euglycemic-hyperinsulinemic clamp, in
membrane lipidsia t-metabolomics- and membrane protemr@squantitative proteomics-
analyses, and in hepatocyte morpholuigyelectron microscopy. Data were compared to
those of age- and litter-matched controls mainthmre a low-fat diet.

Results: Excess long-chain polyunsaturated C18:2n6 intek& tlays did not compromise
hepatic insulin sensitivity, however induced heptgatosis and modified major membrane
lipid constituent signatures in liver, e.g. incredsotal unsaturated, long-chain fatty acid-
containing acyl-carnitine or membrane-associatadydglycerol moieties and decreased total
short-chain acyl-carnitines, glycerophosphocholihesophosphatidylcholines, or
sphingolipids. Hepatic insulin sensitivity tendeddecrease within 14 days HF-exposure.
Overt hepatic insulin resistance developed until 2ta of HF-intervention and was
accompanied by morphological mitochondrial abnoitieal and indications for oxidative
stress in liver. HF-feeding progressively decredhedabundance of protein-components of
all mitochondrial respiratory chain complexes, inaed outer mitochondrial membrane
substrate transporters independent from the heglaitas mitochondrial volume in liver.
Conclusions: We assume HF-induced modifications in membrgmd-liand protein-

signatures prior to and during changes in hepasialin action in liver alter membrane
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properties — in particular those of mitochondriackhare highly abundant in hepatocytes. In
turn, a progressive decrease in the abundancetotimaindrial membrane proteins throughout
HF-exposure likely impacts on mitochondrial enemggtabolism, substrate exchange across
mitochondrial membranes, contributes to oxidativess, mitochondrial damage, and the

development of insulin resistance in liver.
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INTRODUCTION

Type 2 diabetes is a growing global phenomenoncandidered a major complication in
most overweight patients with non-alcoholic faitset disease (NAFLD)yice versa, type 2
diabetes is frequently complicated by NAFLD [1].déssive short-term or chronic fat intake
expands hepatic lipid stores and impairs hepasialin action. In turn, insulin resistance in
liver is thought to act as a driving force in bdtie pathogenesis of type 2 diabetes and
NAFLD [2-4].

Various bioactive lipid classes — such as fattgsicacyl-carnitines, diacylglycerols,
phospholipids, or ceramides — have been implicet¢lde pathophysiology of hepatic insulin
resistance in animal models and humans [2,5-91y leaids are central regulators of hepatic
lipid metabolism as they modulate the activity e¥eral transcription factors, e.g.
peroxisome proliferator-activated receptors, hepaticlear factors, sterol regulatory element
binding protein-1c, retinoid X receptor, or liverr&ceptor [10]. Diacylglycerols, their break-
down products and ceramides act as first and seo@sdengers and interfere with insulin
signaling in liver [2,6,11,12]. In addition, lipid®nstitute approximately half of the mass of
most animal cell membranes, the latter dividingek&a- and intracellular environment
thereby restricting biological reactions, their eiduand products [13]. Phospholipids, such as
phosphatidylcholines and phosphatidylethanolamiaksthe most abundant eukaryotic
membrane lipids. They consist of a polar head gangtwo hydrophobic hydrocarbon tails,
the latterusually fatty acids. Due to their amphipathic natand geometry, polar lipids
spontaneously align side-by-side thereby aggregatito semipermeable membranes.
Diacylglycerols transiently accumulate in membraaed facilitate membrane fusion.

The lipid composition of the diet modulates lipigreatures of membranes and
contributes to the creation of microenvironmentsigmbranes that account for protein
enrichment or dispersion. Membrane properties @abstantially modulated by both, the chain

lengths and the number of double bonds of the parated fatty acids [15]. For example,
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phosphatidylcholine containing a C18:0 acyl-chaithie sn-1 and sn-2 position has a melting
point of approximately 58C. At mammalian body temperatures it thereforetexisa solid
aggregation state. If the C18:0 acyl-chain in th osition is replaced by 18:2n-6, it
maintains a liquid crystalline state until approately 15°C [16]. Sphingolipids aggregate in
microdomains or rafts that float within the meml@aAs the saturated hydrocarbon tails of
sphingolipids are usually longer and straightenttiese of other membrane lipids, they
accommodate the largest membrane proteins [13].

Recent advances have been made to more closebtigate the role of various
bioactive lipid classes in the pathogenesis of B/pkabetes and hepatosteatosis. Given the
structural and functional importance of membranesglifications in membrane lipid and
protein signatures might play a role in the develept of high fat diet (HF)-induced hepatic
insulin resistance. However, whether early qualigaand quantitative changes in membrane-
associated lipid species and proteins precedengzamaoy or result in HF-induced hepatic
insulin resistance is not clear.

Therefore, we assessed comprehensive, longitudit@sations in major membrane
lipid components with targeted-metabolomics and imame-associated proteins using
discovery proteomics in livers of mice during deyghg HF-mediated hepatic insulin

resistance.
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MATERIAL AND METHODS

Mice and study design. C3HeB/FeJ (C3H) mice were housed under standead um
conditions (12:12 light-dark-cycle) and maintaireediow-fat diet (LF, 13% fat-derived
calories, 17 kJ/g, Diet#1310, Altromin, Germany).af age of 14 weeks, male mice were
matched for body mass and litter, and single-housedges including a domehouse and
nestlet. For 7, 14, or 21 days, mice had free aciwea previously published high-fat diet (HF,
58% fat-derived calories, 25 kJ/g, Ssniff, Germasy)taining ~78% C18:2n-6 fatty acid
[17]. The HF was exchanged every third day. Onega mice (REC) was treated with HF
for 14 days and switched back to LF for 7 daygidhbody mass-, age-, and litter-matched
control groups were continued on LF for 7, 14, bd2ys. Body mass and composition
(MiniSpec LF50, Bruker Optics, Germany) were meaduwne day prior to the experiment
start and end. If not stated otherwise, at theyséudl mice were killed with isoflurane
between 9-11AM in the random-fed stafecava blood was obtained, immediately
centrifuged at 4 °C, and plasma aliquots were fiamdiquid nitrogen. LiverM.

gastrocnemius, epididymal and mesenteric white adipose tissuais pgere dissected. Some
organs were weighed, and immediately freeze-clanpéquid nitrogen. Livers were ground
in liquid nitrogen, and homogenates stored at @B@ot further analyzes. All animals
received humane care according to criteria outlingdle National Academy of Sciences
Guide for the Care and Use of Laboratory Animaléafimal experiments were approved by
the Upper-Bavarian district government (Regieruag @berbayern Gz.55.2-1-54-2532-4-

11).

Plasma and liver biochemical analyses. Plasma immunoreactive insulin was determined with
a Mouse Insulin ELISA (Mercodia, Sweden) and dtlestplasma parameters with an AU400

autoanalyzer (Olympus, Germany) using adapted nta@i®@m Beckman Coulter, Wako
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Chemicals, or Randox Laboratories. Plasma triagghgbl (Sigma Diagnostics, USA), and
non-esterified fatty acids (NEFA-C, Wako Pure Cheatd, Japan) were measured with
reagent kits. For liver triacylglycerol quantificat approximately 50 mg ground liver
aliquots were homogenized (TissueLyserll Qiagenn@ay) with 1 ml 5% Triton-X100.
Triacylglycerol concentrations were quantified emagically with a commercial kit according

to the manufacturer’s instructions (Biovision, USA)

Euglycemic-hyperinsulinemic clamps. A cohort of mice was equipped with permanent
jugular vein-catheters (i.p. ketamine/xylazine 8ig/kg). After six to seven days recovery
~17-hour fasting, conscious mice were subjectezlitdycemic-hyperinsulinemic clamps.
Blood samples were obtained after single initidli®psy by gently massaging tails and
taping tips between sampling. For determinatiofasfing (basal) whole-body glucose
turnover rates (EndafRa primed-continuous [#]glucose infusion (1.85 kBg/min) was
applied for 120 min and a blood sample for basasmia glucose, [#]glucose, and insulin
measurements was withdrawn in the final 10 minn@ia were started with a continuous [3-
3H]glucose (3.7 kBg/min) and insulin infusion (24 ifkg*min™; HumulinR, Lilly, USA).
Blood glucose was measured every 10 min (BayerdonGermany) and blood glucose
fluctuations were adjusted by varying the rate 808o-glucose solution (GIR). Between min
90 and 120, four blood samples were collected timase insulin-mediated suppression of
endogenous glucose appearance (Egdaole-body glucose disappearance ratg 4Rd
plasma insulin concentrations. Between minute h@fend of the clamp blood loss was
compensated by infusing donor blood cells at aoa&ul/min. Blood was obtained from
male, LF-fed littermates. To prepare the infusioluson, the donor blood was gently
centrifuged, the supernatant discarded, blood wadle re-suspended in sterile 0.9% NaCl-
solution and all steps were repeated once moranfisions were performed with CMA402-

pumps (Axel Semrau, Germany) and radioisotopes p@rehased from Perkin Elmer
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(Boston, USA). At the end of experiments animalsenalled with i.v. ketamine/xylazine.

Liver, M. gastrocnemius, heart, and epididymal white adipose tissue weraediately

dissected, freeze-clamped, and stored atEMPlasma analyses and glucose flux calculations

were performed as previously described [18]. PhoshKT (Ser473) and total AKT protein
were assessed in liver homogenates with a mulitarsaay and a SECTOR Imager6000

according to the manufacturer’s protocol (K15100DAesoScaleDiscovery, USA).

Targeted-metabolomics. Measurements in plasma and liver homogenates wacucted
with the AbsolutéDQ™ p180 kit (Biocrates Life Sciences, Austria) acéogdo the
manufacturer's manual UM-P180 and as previouslygmiesd [19]. Sample handling was
performed by a Microlab STA® robot (Hamilton, Switzerland) and Ultravap nitrage
evaporator (Porvair Sciences, UK). Mass spectrom@itS) analyses were performed with
API14000 LC/MS/MS System (AB Sciex, Germany) equigbpath 1200 Series HPLC
(Agilent, Germany) and HTC-PAL autosampler (CTC Baias, Switzerland) software-
controlled by Analyst1.5.1. Internal standards edras reference for calculation of
metabolite concentrations. Data evaluation for im@ite concentration quantification and
guality assessment was performed with D™ software. Several biomarkers in this
manuscript are referred to in the Biocrates MetHD@™ Kit product information 2010-10-
06 and application note BB-MD-1. Due to the indigibof effector molecules and their
products oxidative stress is difficult to measudmong amino acids, methionine ranks
among the most sensitive to oxidation. According @inical study sulfoxidation of
methionine markedly correlated with chronic kidrkgease stages and the methionine
sulfoxide/methionine (Met-SO/Met) ratio was suggedsio represent a stable endpoint of

oxidative stress [20].



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

MOLMET-D-14-00110_R110

Liver diacylglycerol measurement. At the study end, a separate cohort of six-hostirig
mice was killed with isoflurane between 9-11 a.rmadylglycerol was extracted from liver
homogenates by homogenization in a buffer contgi@bmM Tris-HCI, 1mM EDTA, 0.25
mM EGTA, 250 mM sucrose, 2 mM phenylmethylsulfofiybride, and a protease inhibitor

mixture (Roche). Diacylglycerol species were meadiny LC/MS/MS [21].

Proteomics. Proteins from frozen liver homogenates were extbly mechanical
homogenization (Precellys24, Bertin Technologid®mbrane vesicles were harvested at
100.000g 4 °C for 30 min and a carbonate extracifanembrane proteins was performed as
described earlier [24R3]. Protein pellets were resuspended in 50 mM pH 8.5 0.2 %
Rapigest (Waters) and subjected to tryptic digast@ysteines were reduced using DTT and
alkylated using iodoacetamide. Proteins were dagestith 5 g trypsin for 18 hours at 37 °C.
Peptides were separated by reversed-phase chraaeiiyg PepMap, 0.075x150 mm, 3 um
100 A° pore size, LC Packings) with a 170-min geadiusing 2 % acetonitrile in 0.1 %
formic acid in water (A) and 0.1 % formic acid i8 9 acetonitrile (B) at 250 nl/min flow
rate. The gradient settings were subsequently: @+iid: 5-31 % B. 140-145 min: 31-99 %
B. 145-150 min: 99 % B and equilibrate for 10 mirstarting conditions. The nano-LC was
connected to an LTQ ion trap-Orbitrap XL mass speceter (Thermo Fisher, Germany) and
MS spectra (m/z 300-1500) were acquired. Up tqegptide precursors were selected for
collision induced dissociation fragmentation. Rwese, aligned in Progenesis LC-MS (Non-
Linear Dynamics V3.0) and peptides were quantibigdS intensity. MS/MS spectra were
searched against the Ensembl Mouse-database usiscpMatrix Science V2.3.02,
precursor mass tolerance 7 ppm, fragment toler@ncBa, enzyme trypsin, fixed
modifications: carbamidomethylation (C), dynamicdifications: oxidation (M) deamidation
(N.Q)). Peptide false discory rate was set to 2%djyusting cut-off values for Mascot-score

and p-value using the decoy database approach.
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Transmission electron microscopy (TEM). Liver blocks (~1 mm) were fixed in 2.5 %
glutaraldehyde in 0.1 M sodium-cacodylate bufferp# (Science Services, Germany),
postfixed in 2 % aqueous osmium-tetraoxide, dehgdran gradual ethanol (30—-100 %) and
propylene oxide, embedded in Epon (Merck, Germang)cured 24 hours at 60 °C. Semi-
thin sections were cut and stained with toluidiheebUItrathin 50 nm sections were collected
onto 200 mesh copper grids, stained with uranyiedeend lead citrate before TEM
examination (Zeiss Libra 120Plus, Carl Zeiss NT&rr@any). Pictures were acquired using a
slow-scan CCD-camera and iTEM software (Olympug Bofging Solutions, Germany). In
each individual liver ten periportal and ten penieas images from different hepatocyte areas
were morphometrically analyzed by hand using Axgd Software (Carl Zeiss Microscopy,
Germany). In each image we calculated the numberitoichondria and the mitochondrial
volume occupying the predefined hepatocyte voluhhe. mean of each parameter obtained
from the same liver was considered an n=1 and tsedlculate the mean of each
intervention group. Mitochondria <0.02 fimere considered smafll,02-0.07 primedium,

and >0.07 prilarge.

Statistical analysis and data visualisation. We performed ANOVA's (Bonferroni post-hoc
test) or t-tests and compared data from 7, 14 2andhys HF-fed with pooled data from LF-
fed, litter-matched controls. Exclusively for proteics, individual LF control groups were
compared with the respective age-matched HF grauBsnjamini-Hochberg multiple testing
correction was performed and a false discovery(fbdR) <20% (HFd7, REC) or <10 %
(HFd14, HFd21) was considered significant. Assessgmilongitudinal alterations in protein
signatures (except SLC25A12 and SLC25AFigure 4B) was based on a set of 378
proteins, presenting the protein overlap betwekgratps. Enrichment analyzes, based on a

custom liver-specific background dataset compri§2g2 proteinsQupplemental Table 3),
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1 and protein networks were generated with STRING.[ZENN diagrams were generated on
2 the VENNY website [25] and heatmaps with MeV [26].

3
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RESULTS

Development of HF-induced hepatosteatosis and hepatic insulin resistance. During a 21-

day HF-challenge, mice progressively increased boly fat content and visceral adipose
mass [able 1). Compared to the LF group, 7 days HF-exposuneaszd liver TAG
concentrations ~8-fold{gure 1A), liver mass ~1.2-foldHigure 1B), and plasma alanine
transaminase concentrations ~1.4-fdldigle 1), the latter suggesting modest hepatocellular
injury. Extending HF-intervention from 7 to 21 dgyaradoxically reduced the degree of
hepatosteatosis, however the marked increase iivérs Met-SO/Met ratio compared to LF
mice indicated oxidative stredsigure 1C). Male C3HeB/FeJ mice maintained
normoglycemia during HF-exposurgable 1) but at the same time displayed ~2.9-fold
higher plasma insulin concentrations on day 21 ttlamice suggesting insulin resistance
(Table l). To characterize HF-mediated alterations in imssgnsitivityin vivo we performed
euglycemic-hyperinsulinemic clamps. Infusion ofuls raised plasma insulin concentrations
from baseline levels on a comparable scale inrallijgs Figure 1D). Furthermore,
comparable blood glucose concentratidrigijre 1E) and plasma specific activitieBigure
1F) were achieved in all groups of mice during tmafi30 minutes of the glucose-clamp.
Mice treated with HF for 7 days maintained wholehpsulin sensitivity, whereas mice fed
a HF for 14 days developed insulin resistance medliby markedly reduced GIRs compared
to LF mice Figure 1G). Whole-body insulin resistance was further aggtea by extending
HF-exposure to 21 dayFigure 1G). Basal endogenous glucose production rates (EnpdoR
Figure 1H) were similar in all groups, however insulin’s lglito suppress the EndgR
tended to be decreased after 14 days and wasisagmiy reduced after 21 days of HF
feeding compared to LF mic&igure 1H). Compared to basal, insulin administration
markedly increased pAKT protein relative to tot& Pprotein in LF and 7 days HF-treated

mice, whereas this response was attenuated iny&lHfatreated miceHgure 1I).
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HF-induced alterationsin lipid membrane constituentsin liver during developing hepatic
insulin resistance. Next we assessed HF-mediated alterations of meretassociated lipid
metabolites in liver during developing hepatic insvesistance. Seven days HF-intervention
resulted in comprehensive lipid profile adaptationmsulin-sensitive liversHigure2 A, B

first column). Seven, 14, and 21 days exposureH& diet rich in polyunsaturated fatty acids
caused a marked ~3.0-, ~6.1-, and ~3.0-fold ineredpolyunsaturated-{gure 2C left

panel) and ~2.0-, ~2.5-, and ~1.6-fold increasmohounsaturated acyl-carnitinésdqure

2C middle panel). A pronounced ~1.4-fold increasenialthepatic diacylglycerol species
containing at least one unsaturated fatty acidal@sady evident after 7 days HF exposure
compared to LF animal§igure 2D, left and middle panel). In addition, the abundamice
total saturated acyl-carnitine species, total mosaturated and saturated
diacylglycerophosphocholineBigure 2E, middle and left panel), total polyunsaturated and
saturated glycerophosphocholin€sglre 2F, left and right panel), total saturated
lysophosphatidylcholineg-{gur e 2G, right panel) and total hydroxylated or non-
hydroxylated sphingolipidd={gure 2H, right panel) decreased significantly in livers afte
days HF-exposure compared to the LF group. Theitian stage between normal and
marked hepatic insulin resistance at HF day 14,agasciated with the most pronounced
alterations in hepatic acyl-carnitines compared tays HF miceKigure 2C all panels).

Fully developed hepatic insulin resistance indumg@1 days HF exposure, was paralleled by
a relative drop in total poly- and monounsaturateg-carnitinesigure 2B left and middle
panel), but a relative increase in total monounsédd diacylglycerophosphocholindsdure
2E middle panel) and lysophosphatidylcholinBggure 2G middle panel) in liver when
compared to livers of modestly insulin resistadtdays HF treated mice. The data for all

individual lipid species are provided Supplemental Table 1 and2.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

MOLMET-D-14-00110_R115

HF-induced alterationsin signatures of membrane-associated proteinsin liver during
developing hepatic insulin resistance. We determined whether changes in membrane lipids
were paralleled by alterations of membrane-assetigtotein signatures during developing
insulin resistance in liver. Among the 378 protadentified in all experimental groups, 62
were significantly altered in abundance in livetleaf7 days HF-exposure compared to LF
animals. We detected the highest number of sigmtly differentially regulated membrane-
associated proteins (159) in the transition stag® ihormal to impaired hepatic insulin
sensitivity (HF day 14) and this number only mobjedéclined to 125 proteins once
pronounced hepatic insulin resistance establisHedd@y 21;Figure 3A). Membrane
fractions obtained from pre-insulin resistant lsv@HF day 7) expressed the highest
proportion of significantly upregulated membraneeagsated proteins (71% of 6Rigure 3B)
compared to the LF group. In contrast, the onsetitaf (57% of 159) and marked (77 % of
125) HF-induced hepatic insulin resistance wasligded by an increase in the proportion of
markedly less abundant proteifsdgure 3B).

Compared to other cell types, liver cells are richmitochondria. To minimize an
organ-specific bias we performed protein enrichnamdlyses based on a customized 6212
protein-background set constructed from the moshprehensive published mouse liver
proteome-dataset [27] and our collected liver pnstgSupplemental Table 3). GO term
analysis — based on the significantly differenyiaéégulated proteins in Hrersus LF-treated
mice — indicated a pronounced enrichment of e.g. tdrms mitochondrial membrane,
respiratory chain, or oxidative phosphorylationidgrdeveloping hepatic insulin resistance
(14 and 21 days HFSupplemental Table 3). We visualized longitudinal changes in the
network structures of down-Figure 3C) and upregulatedFgure 3D) mitochondria-
associated proteins during HF-intervention (Sapplemental Table 3 for higher resolution
images). Even though modest prior to the onsetephtic insulin resistance (HF day 7), the

abundance of approximately two thirds of the dekctomplex I, I, Ill, IV, and V
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respiratory chain proteins — integral componentghaf inner mitochondrial membrane —
tended to decreas€&ifgure 4A). Similar changes were observed for the majoritysaute
carrier family 25 memberd={(gure 4B), involved in the mitochondrial shuttling of adeei
nucleotides (SLC25A13, SLC25A5), citrate (SLC25Al1dxoglutarate (SLC25A11),
dicarboxylate (SLC25A10), ornithine (SLC25A15), miéine/acyl-carnitine (SLC25A20),
aspartate/glutamate (SLC25A12), or phosphate (SB22h First signs of hepatic insulin
resistance (HF day 14) were paralleled by a sicgnifily lower abundance of most inner
mitochondrial membrane constituents compared tdeld~eontrols Figure 4A and B). The
expression of three voltage-dependent anion-seéeathannel (VDAC) family members
(Figure 4C), associated with the outer mitochondrial membyéereded to decrease within 14
days HF-intervention but significantly decreasedemwtihe HF-intervention was continued
until day 21. Finally, the pronounced HF-inducetdmtions in hepatic mitochondria-related
protein signatures, evident after 14 days HF-exmswere completely reversible by

switching mice back to a LF for 7 dayadure 4A-C).

Ultrastructural changesin mitochondria during HF-mediated insulin resistancein liver.

We performed quantitative morphological analyzeddtermine whether changes in the
abundance of mitochondrial proteins during develggiepatic insulin resistance were
attributable to changes in mitochondrial volumetddhondria of LF mice appeared as typical
liver mitochondria, round or elongated in shapehwubular cristae and a few electron dense
granules in the mitochondrial matrikigure 5A, left panel). However, they strongly varied in
size and a great amount had a size <0.01 um3. Motatria of mice exposed to HF for 7 days
exhibited almost no pathological alterations. Ggihgle mitochondria showed modest
alterations such as fractures of the outer mitodhahmembraneRigure 5A, arrow in

middle panel). However, after 21 days HF exposumejerous mitochondria appeared with

an atypical electron-light mitochondrial matrix ¢aming coiled membrane structures
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(Figure5A, asterisk in right panel), partially broken outegmbranes and an exvaginated
inner mitochondrial membran€&i@ure 5A, arrow in right panel). Besides ultrastructural
features, neither the mitochondrial number nomiiitechondrial volumeKigure 5B) in
periportal and perivenous hepatocytes was alteyddFofeeding. Confirming visual
observations, a tendency towards a decrease ardlaeoccupied by small mitochondria
related to total mitochondrial area was observedin compared to LF-fed mic&igure

5C).
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DISCUSSION

Insulin resistance is a growing global phenomeneualisposing to cardiovascular disease and
type 2 diabetes mellitus. To comprehensively adeeggtudinal alterations in liver

membrane components during HF-induced hepaticimsesistance we combined t-
metabolomics and proteomics analyses with stateefrt phenotyping technologies of
glucose metabolism.

Hepatosteatosis correlates with impaired hepasialin action; nevertheless it is
debated whether insulin resistance or excess liepat concentrations develop first [28h
our mouse model the hepatocellular TAG contenteased more than eight-fold within seven
days HF exposure, however hepatic insulin sensjitreimained normal. Hepatic insulin
resistance developed, but was paralleled by aveldecline in the hepatocellular lipid
content. In support of earlier findings in mice Wé conclude that excess hepatic TAG
accumulatiorper se does not abrogate hepatic insulin action. Basetti@temporal
fluctuations in hepatic TAG concentrations underéXposure it would be of particular value
to investigate the secretory capacity of the Inegrarding lipoproteins in more detail in the
future.

The composition, overall intracellular availabilignd subcellular distribution of
glycerophospholipids, sphingolipids, diacylglyceradnd ceramides has been implicated in
lipotoxicity-associated liver damage [29] and tla¢hmgenesis of hepatic insulin resistance
[6,12,28,30,31]. Prior to and throughout developnuétHF-mediated hepatic insulin
resistance we observed comprehensive changes itraeenlipid signatures, which — besides
affecting signal transduction cascades — likely utate the physical properties and the
topology of cellular membranes. For example thility of synthetic lipid bilayers is
determined by the composition of membrane lipidj {#hat has been involved in the
pathophysiology of metabolic disorders. A closerelation between the relative proportion

of long-chain omega-3 polyunsaturated fatty aadghospholipid and insulin action in red



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

MOLMET-D-14-00110_R119

quadriceps muscle has been outlined earlier [323eB on our data we propose a similar
hypothesis in liver and in the following discusshceevidence and potential mechanisms of
how HF-induced alterations in membrane lipid signeg¢ might contribute to the
development of insulin resistance.

Acyl-carnitines link fatty acid and glucose metabwl, are crucial for cell function
and survival, for mitochondrial fatty acyl-CoA tleister import, or acyl-group export from
mitochondria and peroxisomes [33]. In additionndare O-acyl derivatives modulate
membrane fluidityia direct interactions with cell membranes, influerae channel
functions as well as membrane stability in cardisgue [34]. When we exposed mice to a
diet rich in long-chain fatty acids they initialiccumulated long-chain poly- and
monounsaturated acyl-carnitines in liver followsgdaorelative decline. Due to their multiple
functions and as long-chain acyl-carnitines bingltospholipid bilayers and appear to almost
completely reside in the membrane phase [35], sumthifications might alter physical
membrane properties and contribute to the develapofansulin resistance in liver.,

The outer and inner monolayer of lipid bilayershisught to present a striking lipid
asymmetry; whereas the outer membrane monolayegohuman erythrocytes
predominantly contains phosphatidylcholines andrgpdmyelins, the inner monolayer is
rather enriched in phosphatidylserines and phogpftethanolamines [13]. Lipid asymmetry
is functionally important as many cytosolic progeonly bind to specific lipid head groups
presented by the cytosolic face of the lipid moygefae.g. protein kinase C to regions rich in
negatively charged phosphatidylserine [13]. A ielahip between the composition of
membrane structural phospholipids and insulin seftgiwas outlined in skeletal muscle of
animal models and humans [32,36,37]. In skeletaaley diet-induced alterations in
phospholipid moiety were speculated to influenciiim action in part by altering membrane

fluidity [32]. In rat adipocytes, dietary fat-metka modifications in the membrane
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phospholipid composition increased the fluiditytlod plasma membrane lipid bilayer with
the degree of phospholipid-incorporated polyunsaéar fatty acids [38].

Noteworthy, phospholipid signatures in this studyndt accurately reflect membrane
lipids as they were measured in whole liver homagen We chose to extract lipids from
immediately freeze-clamped livers rather than fraembrane extracts following an
additional enrichment procedure as thereby weytikehserved low-abundant, rapidly
metabolized, and degradation susceptible phosptidignatures more efficiently.
Presumably the analysed phospholipids predominagsige in cellular membranes rather
than in extra-membranous compartments as accotalithgeir amphipatic nature they
preferentially assemble into bilayers in aquatig.(eytosolic) environments.

Taken together, our data outline comprehensivegg®gim unsaturated and saturated moieties
of predominantly membrane-associated phospholifié$;s, and acyl-carnitines in mouse
liver in response to HF-exposure. Given that trensgneous curvature of a lipid depends on
both, length and saturation of its incorporatetyfatids [39], HF-induced temporal changes
in the degree of saturation and chain length ofcstiral membrane lipids suggest dynamic
alterations in physical membrane bilayer propeiitids/er. These might impact on the
physiology of cells and those of cell organellesgcellular energy metabolism, and thereby
contribute to hepatic insulin resistance. Thusilitlwe an important future asset for the
development of effective prevention and treatméategies for type 2 diabetes and NAFLD
to further elucidate initial mechanisms by whicbdmtive lipid metabolites interfere with
hepatic insulin action.

In humans and animal models mitochondrial adaptatiosuch as epigenetic
modifications of mitochondrial DNA, alterations mitochondrial DNA content, respiratory
chain complex activity, or mitochondrial beta-oxida capacity in liver, have been linked to
the development of hepatosteatosis, hepatic ingabistance, and type 2 diabetes [40-44].

Also ultrastructural mitochondrial changes, theiperior organisation, and plasticity seem to
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play pivotal roles in the development of insulirsistance [45-47]. Hepatocytes contain
numerous, double membrane-bounded mitochondria &mel organelles occupied
approximately 18% of the cell volume in our mousedei Figure 5B). The outer and inner
mitochondrial membranes perform different functi@amel are characterized by distinct lipid
and protein compositions [48]. In mice, HF-indudedelopment of hepatic insulin resistance
was accompanied by a gradual decrease in the abemad many mitochondrial inner and
outer membrane proteins involved in oxidative plmasplation or substrate shuttling, what
was not attributable to a decrease in the mitochahdrea in hepatocytes. Mitochondrial
energetics significantly depends on the organelbesplex internal architecture. Cristae, inner
mitochondrial membrane invaginations, are sitesowidative phosphorylation and ATP
synthesis catalyzed by the mitochondrial ATP sys¢halhe enzyme is composed of two
linked complexes. One is termed the soluble catabdre k, the second is the membrane-
spanning, proton channel comprisingdemplex which is composed of nine subunits (A, B,
C, D, E, F, G, F6, and 8). ATP synthase seems ardicr proper cristae morphogenesis
[49,50] and assembles into dimers in cristae regwith a high membrane curvature [50-52].
In our study HF-exposure markedly decreased thenddnce of the mitochondrial ATP
synthase §complex subunits ATP5L (subunit G), ATP5K (subuf)t ATP5J (subunit F6),
and ATP5H (subunit D) in liver. In mutant yeastlsehe disruption in the ATP synthasg F
subunite or g genes altered ATP synthase dimerization and cadsdelcts in cristae
architecture and so called ‘onion’-like structuf®3,54]. Thus, the decrease in the abundance
of ATP synthase subunit E or G proteins in our nhaday impact dimerization and be
connected to the ultrastructural changes in therinmtochondrial membrane architecture.
The volume-constraining outer mitochondrial membraerves as an interface
between the cytosol and mitochondria and estaldisbetact sites to cristae. VDACs are
master regulators of the metabolite flux betweenaytosol and the outer mitochondrial

membrane [55]. In mice, VDACL1 deficiency leads &fatts in respiratory complex activities



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

MOLMET-D-14-00110_R122

in striated muscles and VDACS3-deficiency to altienas in complex 1V in heart paralleled by
mitochondrial structural abnormalities [56]. VDAG&ems capable of interacting with
hexokinase [57], the latter implicated in reducmigochondrial ROS generation through an
ADP-recycling mechanism. Outlining a role for VDAG@1the development of HF-mediated
hepatic insulin resistance in mice, deterioratibhepatic insulin action was paralleled by a
significant reduction in the abundance of VDACL1tpmo, an increase in oxidative stress and
changes in mitochondrial architecture in liver.

Finally, HF-induced alterations in mitochondriabf@ins of the inner and outer membrane
were almost completely reversible within seven dgysn treatment with a low fat diet. This suggests
that diet and life-style interventions contributeat rapid restoration of insulin sensitivity indiy at
least at an early stage of hepatic insulin rest&talh will be of significance to further explorénether
a longer HF-exposure extends the recovery of mindhHal membrane proteins back to baseline or
results in irreversible alterations and how it efSemembrane associated lipid profiles.

The KEGG pathway of human NAFLD (hsa04932) implisaiterations in
mitochondrial oxidative phosphorylation in the pgihysiology of the disease. However, it
will be important to translate the alterations itachondrial inner and outer membranes in
mice to humans with clinical manifestation of hes#atosis, as to our knowledge no studies

specifically explored the human liver membrane goate yet.

CONCLUSIONS

Diet-derived lipids modified signatures of membraoastituting lipid classes such as the
proportions of saturated and unsaturated long-chayticarnitines, membrane-associated
diacylglycerols, glycerophosphocholines, and glgpaiospholipids in livers of mice. We
assume this affects mitochondrial membrane toposogl/organelle physiology in liver.
Therefore, it will be valuable to examine whethlearmges in the membrane lipid composition

indeed interfere with the distribution of proteinamitochondrial membranes or alter
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mitochondrial cristae formation, which would expléine observed decrease in the abundance
of inner and outer mitochondrial membrane-assagipteteins. It is tempting to speculate

that persistent and comprehensive reductions @rirand outer mitochondrial membrane-
associated respiratory chain and substrate camdéeins impede mitochondrial

bioenergetics, substrate exchange with extramitodhal compartments, provoke oxidative
stress, induce mitochondrial damage, and theredoyalole in the development of hepatic

insulin resistance.
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FIGURE LEGENDS

Figure 1. Induction of HF-mediated hepatic steatosis and insulin resistance. Male mice
were exposed to HF or LF (pooled) for 7, 14, odaygs. The liver parametefg liver
triacylglycerol concentration®) terminal liver mass, an@) liver ratio of methionine-SO
and methionine (oxidative stress indicator) weseased in random-fed mice (n=6-24).
Euglycemic-hyperinsulinemic clamps were performedanscious, 17-hour fasting (= basal
condition, B) miceD) Plasma insulin concentrations in the B conditiod & the clamp
'steady state' during insulin-stimulation (IS). Tokowing parameters were calculated for 10
minute periods in the clamp 'steady std@Blood glucose concentratioR) Plasma specific
activity. G) Glucose infusion ratdd) Endogenous glucose appearance rates (Epn@oéhd
IS), 1) Liver ratio of pAKT and total AKT protein (t-tesbmparing B and IS in each group,
n=4-15/group). Data are mea8EM. n=8-15/group. *p < 0.05; **p < 0.01; ***p <001;

****n < 0.0001 vs. LF orvs. B (ANOVA, Bonferroni).

Figure 2. Liver lipid profilesduring developing HF-mediated hepatic insulin resistance.

Via t-metabolomics liver lipid profiles were assessechndom-fed male mice following
exposure to HF or LF (pooled) for 7, 14, or 21 d&ysatmapslepict fold-change (log2) of
individual A) short-, medium- and long-chain acyl-carnitine speorB) selected

phospholipid species in each HF-group. Compareddad.F-group, an increase in the HF-fed
groups is indicated in yellow and a decrease ie.l&l) Total polyunsaturated (left, 4

species), monounsaturated (middle, 10 species}atudated (right, 11 species) acyl-carnitine
speciesD) Total membrane-associated diacylglycerols with fleti, 4 species) or one
(middle, 6 species) incorporated unsaturated &atig or two incorporated saturated fatty
acids (right, 3 specied}) Total polyunsaturated (left, 31 species), monowmased (middle,

7 species) and saturated (right, 7 species) dipoggophosphocholines;) Total
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polyunsaturated (left, 19 species), monounsatur@edille, 7 species) and saturated (right, 6
species) glycerophosphocholines, &j)dTotal polyunsaturated (left, 3 species),
monounsaturated (middle, 4 species) and saturatgd, (8 species)
lysophosphatidylcholine$i) Total hydroxylated (left, 5 species) or non-hyddaxed (right,

7 species) sphingomyelins. Data are m&&kM. n=6-24/group, except diacylglycerols n=6-
9/group. *p < 0.05; **p < 0.01; ***p < 0.001; ***p< 0.0001vs. LF (ANOVA, Bonferroni).
Abbreviations: PC aa diacylglycerophosphocholieeifine); PC ae, glycerophosphocholine

(plasmalogen); lysoPC, lysophosphatidylcholinedlgsithine); SM, sphingolipid.

Figure 3. Liver membrane protein profiles during developing HF-mediated hepatic

insulin resistance. Via quantitative proteomics liver membrane proteirfifge were assessed
in random-fed male mice following exposure to HRLBrfor 7, 14, or 21 day$\) VENNY
diagram depicts the overlap of significantly regethmembrane-associated proteins
comparing a Hiversus the respective LF groupg) Number of significantly up- and
downregulated protein§) Up- andD) downregulated mitochondria-associated proteingwer
identified in a HRversus the respective LF group and used to generate mkeswo=6-7/group.

HFd7: FDR<20%, HFd14 and HFd21: FDR<10%.

Figure4. Liver inner and outer mitochondria-membrane protein profilesduring
developing HF-mediated hepatic insulin resistance. Via quantitative proteomics liver
membrane protein profiles were assessed in ranédmafle mice following exposure to HF
or LF for 7, 14, or 21 days or following 7 daysaeery on LF after 14 d HF-exposure (REC)
compared to LF-fed littermates. Heatmaps depictdliechange in the abundance of inner
mitochondrial membrane-associa#&jrespiratory chain complexes |-V aBjl solute carrier
proteins, and outer mitochondrial membrane-assedt@) VDAC proteins. n=6-7/group. *

Significantly regulated proteins in HF, RE&sus LF group. HFd7: FDR<20%, HFd14 and
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HFd21: FDR<10%. Abbreviations: RC I-V, respiratahain complexes I-V; SLC, solute

carrier family 25 member, N.d. not detected.

Figure5. Ultrastructural and morphometric mitochondrial featuresin liver during
development of HF-induced hepatic insulin resistance. EM-analyses were performed in
liver sections obtained from random-fed male malk¥ing exposure to LF or HF for 7 or
21 daysA) Mitochondria in hepatocytes of the HFd7 group digal minor ultrastructural
changes (arrow middle panel, third row) whereasdhaf animals in the HFd21 group
contained numerous atypical mitochondria with ‘odi&e’ structures (* right panel second
and third row). Morphometric analyses of EM livecgons outline th&) Percentages of
periportal and perivenous hepatocyte volumina oieclpy mitochondria and relative
volumina ofC) small-sized mitochondria (defined as <0.02°ralated to total
mitochondrial volume. Data are meaS&M. n=3-4/group (n=1 represents mean of 10

analyzed electron micrographs/area and animal, ANBbnferroni).
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TABLE FOOTNOTE

Table 1. Phenotypic characterisation of mice developing HF-induced hepatic insulin
resistance. Prior to the start of the experiment animals & it (n=28; pooled from 7, 14, or
21 days LF-fed mice) and HF groups (n=10/group)ewdter- and body mass-matched.
Plasma analyses were performed in samples obtammdandom-fed mice between 9-11 am
prior to and after 7, 14, or 21 days HF- or LF-iegd Group sizes for mesenteric WAT mass
(n=18, 9, 5, 5 for LF, HFd7, HFd14, HFd21), for gfaa alanine aminotransferase and
creatine kinase (n=24, 6, 8, 10 for LF, HFd7, HEd1Bd21) and for plasma insulin (n=8 for
HFd7) were lower due to plasma limitations. Thedowection of the table depicts the Rate
of glucose disappearance (Rd) estimated for 10 taimtervals during the final 30 minutes of
the euglycemic-hyperinsulinemic clamps (n=9, 899pr LF, HFd7, HFd14, HFd21). Data
are meanszSEM.*p < 0.05; **p < 0.01; **p < 0.001***p < 0.0001 vs. LF (ANOVA,

Bonferroni).
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SUPPLEMENTAL MATERIAL

Supplemental Table 1. Membrane-associated phospholipid signaturesin liversduring
developing HF-induced hepatic insulin resistance. Via t-metabolomics lipid profiles were
assessed in livers obtained from random-fed mate following exposure to HF or LF
(pooled) for 7, 14, or 21 days. The table depiotsdoncentrations of individul) short-,
medium- and long-chain carnitine acyl-esters Bhghospholipids in liver. Data are
meansSEM. n=6-24/group. *p < 0.05; **p < 0.01; ***p <@01; ****p < 0.0001vs. LF
(ANOVA, Bonferroni). Abbreviations: PC aa diacylgrophosphocholine (lecitine); PC ae,
glycerophosphocholine (plasmalogen); lysoPC, lysgphatidylcholine (lysolecithine); SM,

sphingolipid.

Supplemental Table 2. Membrane-associated diacylglycerol signaturesin liversduring
developing HF-induced hepatic insulin resistance. Liver membrane-associated
diacylglycerol species were assessed in six-hatinig@ male mice following exposure to HF
or LF (pooled) for 7, 14, or 21 days. Data are meS&EM. n=6-9/group. *p < 0.05; **p <

0.01; **p < 0.001; ****p < 0.0001vs. LF (ANOVA, Bonferroni).

Supplemental Table 3. GO-term analysis of significantly regulated liver proteinsduring
developing HF-induced hepatic insulin resistance and 6212 protein background dataset

Via quantitative proteomics liver membrane proteirfifg® were assessed in random-fed
male mice. The tables depict results from GO-tenalyses performed with proteins
significantly differentially expressed in liverstained from 7 (no enrichment), 14, or 21 days
HF- versus LF-treated mice and to avoid an organ-specifis based on a custom-made 6212
liver protein background dataset (provided). n=¢-3Up. HFd7: FDR<20%, HFd14 and

HFd21: FDR<10%.



Kahle et al. Table

Table 1. Phenotypic parameters during developing HF-induced hepatic insulin resistance. Measurements were conducted in random-fed mice
between 9 and 11 am. Prior to the start of the experiment animals in the LF (n=28; pooled from 7, 14, or 21 days LF-fed mice) and HF groups (n=10
each) were litter- and body mass-matched. Group sizes for mesenteric WAT mass (n=18, 9, 5, and 5 for LF, HFd7, HFd14, and HFd21, respectively),
for plasma alanine aminotransferase and creatine kinase (n=24, 6, 8, and 10 for LF, HFd7, HFd14, and HFd21, respectively) and for plasma insulin
(n=8 for HFd7) were lower as not all parameters could be measured in each mouse. The table depicts the Rate of glucose disappearance (Rd)
during the final 30 minutes of the glucose clamp (n=9, 8, 9, and 9 for LF, HFd7, HFd14, and HFd21, respectively). All data are given as means+SEM
(ANOVA, Bonferroni). ~ p<0.05, p<0.01" p<0.001"" p<0.0001

% 3k % k

Physiological parameters (random-fed) LF HF d7 HF d14 HF d21
Terminal body mass (g) 34.14 + 0.45 38.15 + 0.76 3846 + 1.06 4090 + 0.81
Body mass gain (terminal-initial. g) -0.08 + 0.24 2.98 + 039 484 + 040 6.88 + 0.67
Terminal whole body fat mass (g) 9.30 + 0.26 11.94 + 049 1212 + 07377 13.08 + 0.46
Body fat mass gain (terminal-initial. g) 0.15 + 0.19 162 + 025 3.12 + 041 3.63 + 027
Epididymal white adipose tissue mass (g) 0.93 + 0.04 1.50 + 0.07 151 + 0.10 1.66 + 0.06
Mesenteric white adipose tissue mass (g) 0.57 + 0.03 0.95 + 0.04 0.97 + 0.07 1.14 + 0.06
Plasma alanine aminotransferase (U/l) 21.94 + 1.65 31.45 + 2.13* 26.36 + 1.88 28.92 + 3.09
Plasma creatine kinase (U/I) 42.50 + 2.50 29.00 + 2.67 33.00 + 2.51 36.20 + 3.39
Plasma glucose (mmol/I) 11.49 + 0.49 12.35 + 0.59 1452 + 1.42 10.93 + 0.60
Plasma insulin (pmol/l) 339.50 + 76.47 867.60 + 161.30 642.00 + 167.10 976.90 + 313.60
Plasma triacylglycerol (mmol/l) 407 + 027 196 + 0137 2.62 + 033 2.76 + 035
Plasma non-esterified fatty acids (mmol/l) 0.71 + 0.05 0.51 + 0.05 0.60 + 0.08 0.58 + 0.06
Euglycemic-hyperinsulinemic clamps (~17-h fasting)

Rd t90 [mmol/kg*min] 1.92 + 0.14 1.75 + 0.04 1.47 + 011 1.38 + 0.08"
Rd t100 [mmol/kg*min] 1.86 + 0.09 1.74 + 0.07 1.52 + 0.10 137 + 0.08"
Rd t110 [mmol/kg*min] 1.83 + 0.10 1.75 + 0.09 1.50 + 0.10 135 + 0.09"
Rd t120 [mmol/kg*min] 1.86 + 0.07 1.76 + 0.16 1.53 + 0.10 1.40 + 0.09
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pathophysiology of high-fat-diet mediated hepatic insulin resistance
time-course study in mouse model

comprehensive phenotypic, metabolomics, protemics and ultrastructural
analyses

tempora modifications in membrane lipid-signatures

temporal decrease in mitochondrial membrane-associated proteins
mitochondrial damage

oxidative stress



Kahle et al. Supplemental Table 1 and 2

Supplemental Table 1. Membrane-associated phospholipid signatures in livers during developing, HF-induced hepatic insulin resistance. Via t-
metabolomics liver lipid profiles were assessed in male, random-fed mice following exposure to HF or LF (pooled) for 7, 14, or 21 days. The table
depicts the concentrations of individual A) short-, medium- and long-chain carnitine acyl esters and B) phospholipids. Data are meansxSEM. n=6-
24/group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. LF (ANOVA, Bonferroni). Abbreviations: PC aa diacylglycerophosphocholine

(lecitine); PC ae, glycerophosphocholine (plasmalogen); lysoPC, lysophosphatidylcholine (lysolecithine); SM, sphingolipid.

A) Acyl-carnitines (umol/I) LF HF d7 HF d14 HF d21
Carnitine 21.78 £ 058 18.07 + 1.78* 17.30 £ 0.71** 2137 * 0.85
C2:0 (short-chain) 14.62 * 0.38 1121 £ 1.24%* 10.16 * 0.58**** 11.68 * 0.68**
C3:0 (short-chain) 0.86 £ 0.04 1.05 * 0.8 0.87 * 013 1.30 * 0.19**
C3:1 (short-chain) 0.01 £ 0.00 0.01 * 0.00 001 * 0.00 001 * 0.00
C4:0 (short-chain) 284 * 0.22 1.52 * 0.26* 1.03 * (0.15%** 137 * 0.13**
C4:1 (short-chain) 0.03 * 0.00 0.03 * 0.00 0.02 * 0.00** 0.02 * 0.00**
C5:0 (short-chain) 0.55 £ 0.04 067 * o011 044 * 011 076 * 0.09
C5:1(short-chain) 0.02 * 0.00 0.02 * 0.00 0.02 * 0.00* 0.02 * 0.00
C6:1 (medium-chain) 0.02 * 0.00 0.02 * 0.00 0.02 * 0.00 0.02 * 0.00
€8:0 (medium-chain) 0.16 £ 0.01 0.13 £ 0.02 012 * o0.01 0.11 * 0.01*
€8:1 (medium-chain) 0.01 * 0.00 0.01 * 0.00 0.01 * 0.00 0.01 * 0.00
€9:0 (medium-chain) 0.02 * 0.00 0.02 * 0.00 0.02 * 0.00 0.02 * 0.00*
€10:0 (medium-chain) 0.08 * 0.00 0.08 * 0.1 0.08 * 0.00 0.09 * 0.00
€10:1 (medium-chain) 0.07 * 0.00 0.10 T 0.01*** 0.12 T 0.01***x* 0.13 T 0.01***x*
€10:2 (medium-chain) 0.02 * 0.00 0.03 * 0.00 0.03 * 0.00%** 0.03 T 0.00%***
C12:0 (medium-chain) 0.05 * 0.00 0.05 * 0.00 0.05 * 001 0.05 * 0.00

I+
I+
I+
I+

C12:1 (medium-chain) 0.09 0.00 0.10 0.01 0.09 0.01 0.10 0.01
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C14:0 (long-chain) 0.07 * 0.00 0.08 * 0.01 0.09 * 0.02 0.07 * 0.00

C14:1 (long-chain) 0.03 £ 0.00 0.04 £ 0.00 0.06 * 0.01%*** 0.04 £ 0.00

C14:2 (long-chain) 0.01 * 0.00 0.01 * 0.00* 0.02 * 0.01%**x* 0.02 * 0.00%**
C16:0 (long-chain) 0.16 * 0.01 021 * 0.03 0.31 T 0.07***x 0.17 * 0.02

C16:1 (long-chain) 0.08 £ 0.00 012 £ o0.01 0.15 E (0.03%*** 009 * o0.01

C16:2 (long-chain) 0.01 * 0.00 0.03 * 0.00 0.05 * 0.02%*** 0.03 * 0.00*

€18:0 (long-chain) 0.07 £ 0.00 011 £ 0.02 0.15 £ 0.03%*** 010 * 0.02

C18:1 (long-chain) 0.26 £ 0.02 0.75 E 0.14%*x** 1.00 T 0.21%**x* 055 * 0.12*

C18:2 (long-chain) 0.08 * 0.01 0.29 * 0.05* 0.63 T 0.22%**x 0.28 * 0.03

B) Diacylglycerophosphocholines (umol/I) LF HF d HF d14 HF d21

PC aa C24:0 020 * o0.01 023 * 0.02 026 * 004 023 % 0.02
PC aa C26:0 070 * 0.01 067 * 0.02 0.76 * 0.07 068 * 0.03
PCaa C28:1 016 * 0.01 0.17 * o0.01 020 * 0.2 018 * 0.01
PC aa C30:0 069 * 0.02 051 £ 0.03 051 * 0.01 046 * 001
PC aa C30:2 0.06 * 0.00 007 * 0.01 0.09 * 0.02 006 * 0.1
PCaa C32:0 13.17 * 0232 11.32 * 042 1112 £ 037 1048 * 050
PCaa C32:1 1203 * 074 3.90 * 098 275 £ 04 241 * 017
PC aa C32:2 259 * 0.8 1.74 * 017 148 * 011 166 * 0.8
PCaa C32:3 015 * o0.00 016 * o0.01 016 * 001 016 * o0.01
PCaa C34:1 11047 * 263 7653 * 6.01 7027 £ 11.09 5644 * 276
PC aa C34:2 163.42 * 1.80 156.43 * 7.15 15571 * 204 15186 * 250
PCaa C34:3 28.66 * 0.66 1935 * 1.88 1727 £ 088 1663 * 050
PC aa C34:4 237 * 0.06 294 * 035 295 £ 0.29 3.08 * 031
PC aa C36:0 085 * 0.02 0.67 * 0.03 073 * 0.09 062 * 0.06
PC aa C36:1 1859 * 0.72 1803 * 159 1696 * 160 1397 £ 0.70
PC aa C36:2 115.92 £ 2.03 125.00 * 7.42 12400 * 237 12014 % 407
PC aa C36:3 116.97 * 1.95 105.63 * 7.75 104.44 * 420 10096 * 1.82
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PC aa C36:4 163.97 * 1.66 163.29 * 478 157.29 * 144 15629 * 1.94
PC aa C36:5 2038 * 052 1460 * 146 1324 £ 078 1211 % 036
PC aa C36:6 112 * 0.03 191 * 0.8 238 * 033 249 * 032
PC aa C38:0 1.44 T 0.03 1.04 * 0.09 118 * 0.07 111 * 005
PCaa C38:1 038 * 0.02 029 * 0.03 029 * 0.04 021 * 0.5
PC aa C38:3 3940 * 1.25 4237 * 4.9 4157 £ 240 3946 * 165
PC aa C38:4 13868 * 2.03 147.43 * 6.29 14486 * 171 14314 £ 219
PC aa C38:5 11566 * 1.92 11870 £ 7.62 113.83 * 559 11029 * 2538
PC aa C38:6 151.84 * 221 138.54 * 9.30 14529 * 263 14514 * 263
PC aa C40:1 037 * o0.01 035 = 0.01 037 * 0.02 033 * o001
PC aa C40:2 055 * 0.02 053 * 0.04 057 * 005 047 * 0.02
PC aa C40:3 111 * 0.03 0.82 * 0.06 0.80 * 0.04 070 * 0.02
PC aa C40:4 579 * 0.6 488 * 040 491 * 0.6 425 * 024
PC aa C40:5 1834 * 052 21.04 £ 171 1863 * 160 1646 * 0.53
PC aa C40:6 4990 * 1.16 4203 £ 400 4646 * 137 4643 E 212
PC aa C42:0 018 * o0.01 023 * 0.04 0.27 * 0.5 019 * 002
PC aa C42:1 013 * o0.01 0.15 * 0.02 017 * 0.03 012 * o0.01
PC aa C42:2 023 * o0.01 021 % 0.02 0.26 * 0.04 019 * o001
PC aa C42:4 035 * 0.01 031 * 0.02 034 * 002 029 * 0.02
PC aa C42:5 080 * 0.02 059 * 0.05 054 * 0.03 046 * 0.01
PC aa C42:6 1.75 * o0.04 126 * 0.10 126 £ 0.05 114 * 0.04
Glycerophosphocholines (plasmalogen, umol/I) LF HF d7 HF d14 HF d21
PC ae C30:0 0.13 * 0.00 0.12 * 0.00 011 * 001 011 * 0.0
PC ae C30:1 0.09 * 0.00 0.09 * 0.01 0.13 * 0.03 009 * o001
PC ae C30:2 0.10 * 0.00 0.08 * 0.00 0.10 * 0.01 009 * o001
PCae C32:1 040 * o0.01 0.27 * 0.02 0.29 * 0.03 024 * o001
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PC ae C32:2
PC ae C34:0
PCae C34:1
PCae C34:2
PC ae C34:3
PCae C36:0
PC ae C36:1
PC ae C36:2
PC ae C36:3
PC ae C36:4
PC ae C36:5
PC ae C38:0
PC ae C38:1
PC ae C38:2
PC ae C38:3
PC ae C38:4
PC ae C38:5
PC ae C38:6
PC ae C40:0
PCae C40:1
PC ae C40:2
PC ae C40:3
PC ae C40:4
PC ae C40:5
PC ae C40:6
PC ae C42:0
PCae C42:1
PCae C42:2

0.14
0.34
3.39
2.36
0.26
0.33
2.61
6.11
2.29
3.75
0.96
7.58
0.71
2.70
2.47
9.81
4.29
1.79
46.75
14.38
0.78
0.92
3.72
2.07
3.39
2.27
1.72
1.31

+ +++ 4+ ++ ++H+H+H++H+H+H+H+FH+FH+FH+FHFHFEHFFHFRFEFRE A+

0.00
0.01
0.10
0.09
0.01
0.01
0.06
0.16
0.06
0.11
0.02
0.20
0.02
0.06
0.05
0.33
0.09
0.06
0.99
0.35
0.02
0.02
0.10
0.04
0.12
0.06
0.04
0.04

0.12
0.27
2.18
1.41
0.21
0.51
1.54
3.93
1.34
2.77
0.83
5.72
0.76
1.83
1.59
7.65
3.88
1.24
37.20
15.83
0.81
0.82
2.77
1.65
2.07
1.71
1.68
1.38

+ + 4+ M+ +H+++H++H+MH+H+H+H+H+H+H+FHFH+HF+HFHFHF+ M+ R+ H+ O+

0.00
0.01
0.17
0.14
0.01
0.06
0.14
0.35
0.15
0.27
0.08
0.58
0.07
0.14
0.16
0.72
0.35
0.12
3.48
1.74
0.08
0.07
0.23
0.13
0.23
0.17
0.16
0.11

0.14
0.28
2.13
1.64
0.25
0.53
1.77
4.54
1.38
3.01
0.83
5.87
1.01
1.98
1.77
8.77
3.96
1.53
40.23
18.33
1.02
0.92
2.87
1.73
2.60
1.64
1.95
1.40

+ ++++++ ++H+H+H++H+H+H+FH+FHFH+FHFHFHFEHFRFHFRFERFREA+ G

0.02
0.01
0.31
0.11
0.02
0.04
0.14
0.23
0.06
0.12
0.01
0.21
0.13
0.12
0.11
0.42
0.40
0.11
3.39
1.00
0.08
0.08
0.11
0.06
0.23
0.09
0.17
0.12

0.13
0.27
1.68
1.56
0.21
0.55
1.44
4.41
1.33
2.90
0.80
5.88
1.00
1.95
1.65
8.75
3.60
1.44
40.71
18.91
0.96
0.85
2.77
1.65
2.65
1.55
1.95
1.33

+ +++ 4+ ++ ++H+H+H++H+H+H+FH+FH+FH+FHFHFHFEHFFHFRFERFRE A+

0.01
0.01
0.11
0.11
0.01
0.04
0.05
0.24
0.05
0.11
0.04
0.20
0.08
0.12
0.07
0.50
0.21
0.06
2.06
0.79
0.05
0.04
0.14
0.07
0.17
0.05
0.10
0.06




Kahle et al. Supplemental Table 1 and 2

PCae C42:3 295 * 0.08 220 * 0.20 248 £ 011 272 £ 012
PC ae C42:4 032 * o001 0.26 * 0.02 0.30 * 0.02 026 * 001
PC ae C42:5 075 * 0.01 0.63 * 0.03 0.65 * 0.02 061 * o001
PC ae C44:3 0.16 * 0.00 0.13 * 0.01 0.15 * 0.02 013 * 0.00
PC ae C44:4 017 * o0.01 0.13 * 0.01 0.15 £ 0.01 012 * 00
PC ae C44:5 022 * o001 0.15 * 0.01 0.18 * 0.02 0.16 * o0.01
PC ae C44:6 0.15 * 0.00 0.14 £ 0.01 0.15 £ 0.01 013 * o001
Lysophosphatidylcholines (umol/I) LFD HFD d7 HFD d14 HFD d21

lysoPC a C14:0 331 * o0.01 324 * 002 3.28 ¥ 0.02 333 * 003
lysoPC a C16:0 2752 * 050 18.62 * 227 1767 * 1.07 1834 * 0.83
lysoPC a C16:1 042 * 002 020 * 0.03 014 * o.01 014 * o001
lysoPC a C17:0 045 * 0.01 026 * 0.03 027 * o0.02 029 * 0.02
lysoPC a C18:0 13.98 * 0.26 1436 * 1.57 13.80 * 0.8 1433 * 0.55
lysoPC a C18:1 515 * 0.22 392 * o046 311 * o057 300 * 034
lysoPC a C18:2 901 * o021 8.66 * 1.04 790 + 038 944 * 045
lysoPC a C20:3 096 * 0.04 056 * 0.07 049 * 002 053 * 0.02
lysoPC a C20:4 6.58 * 0.19 6.63 * 083 546 * 031 6.06 * 0.28
lysoPC a C24:0 027 * o0.01 024 * 0.02 028 * 003 024 * 0.02
lysoPC a C26:0 033 * o001 028 * 0.01 032 * 0.04 030 * 002
lysoPC a C26:1 151 * 0.01 148 * 0.02 1.57 * 0.06 155 * 0.03
lysoPC a C28:0 022 * o0.01 021 * o0.01 024 * 002 021 * o0.01
lysoPC a C28:1 023 * 0.01 024 * 0.2 030 * 005 024 * 0.03
Phosphocholines, hydroxylated (ceramide; umol/I) LFD HFD d7 HFD d14 HFD d21

SM (OH) C14:1 0.50 £ 0.02 0.44 * 0.04 052 * 0.02 0.52 * 0.03

SM (OH) C16:1 0.14 * 0.00 0.11 * 0.01 013 * 0m 012 * 0.01




Kahle et al. Supplemental Table 1 and 2

SM (OH) C22:1 2.09 * 0.04 2.00 £ 0.05 1.92 * 0.07 1.82 £ 0.11
SM (OH) C22:2 1.63 * 0.06 1.14 * 0.07 131 * 0.12 1.18 * 0.07
SM (OH) C24:1 0.16 * 0.00 0.11 * 0.01 012 * o0m 0.13 * 0.01
Phosphocholines (ceramide; umol/l)

SM C16:0 9.22 * 027 7.73 * 0.55 832 * 031 7.88 T 0.33
SM C16:1 0.75 * 0.01 0.62 * 0.06 067 * 0.02 0.67 * 0.04
SM C18:0 0.95 * 0.03 0.94 * 0.06 111 * 0,07 0.97 * 0.06
SM C18:1 0.14 % 0.00 014 * 001 017 * o0.01 0.16 * 0.01
SM C24:0 714 * 012 6.66 * 0.23 630 * 0.5 5.84 * 0.27
SM C24:1 11.15 * 0.39 478 * 082 511 * 154 3.54 * 0.39
SM C26:0 0.01 * 0.00 0.01 £ 0.00 0.01 * 0.00 0.02 * 0.00

Supplemental Table 2. Membrane-associated diacylglycerol signatures in livers during developing HF-induced hepatic insulin resistance. Liver
membrane-associated diacylglycerol species were determined in 6 hour fasting male mice following exposure to HF or LF (pooled) for 7, 14, or 21

days. Data are means+SEM. n=6-9/group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. LF (ANOVA, Bonferroni).

Diacylglycerol (nmol/g) LF HF d7 HF d14 HF d21

C16:0/C16:0 376 * 024 341 * o013 364 E 069 3.08 * 019
C18:0/C16:0 1.57 % 012 131 * o0.04 151 * 0.24 129 * 010
C18:0/C18:0 414 * 0.6 535 * 0.21 589 * 088 441 T 0.8
C18:1/C18:1 11219 £ 955 7139 * 4.06 76.43 E 1361 57.06 * 222
C18:1/C18:2 6266 * 4385 82.02 * 444 9829 * 1966 73.44 * 319
C18:2/C18:2 2757 * 2093 7141 * 500 9849 * 2565 8222 * 876




Kahle et al. Supplemental Table 1 and 2

C20:4/C20:5
C16:0/C20:4
C18:1/C16:0
C16:0/C18:2
C18:2/C18:0
C18:1/C18:0
C18:0/C20:4

150.46
5.03
26.78
59.40
4.24
2.88
4.29

I+

+ + + I+

+ I+

13.14
0.35
1.66
3.87
0.28
0.17
0.35

314.90
6.57
20.40
96.55
7.26
2.40
8.78

+ + I+

+ + I+ +

30.56
0.34
1.05
3.81
0.29
0.10
0.83

298.22
6.46
19.39
102.38
8.55
2.59
8.53

+ + I+

+

73.57
1.27
3.83
22.29
1.98
0.52
2.06

209.67
4.75
15.68
80.27
7.16
2.15
5.98

+ + I+

+

32.31
0.32
1.56
4.14
0.42
0.13
0.78
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Term Count % PValue Genes List Total Pop Hits Pop Total

Fold Enrichmer Bonferroni Benjamini FDR
G0:0005739~mitochondrion 24 30.3797468 0.004547 1PI00120719, IPI00132076, IPI00116748, IPI0011968 71 740 3842  1.75500571 0.490584335 0.106326838 5.28484634 No significantly enriched ter
G0:0044429~mitochondrial part 12 15.1898734 0.04161727 1PI00120719, IPI00116748, IPI00119685, IPI0012327 71 340 3842 1.909859155 0.998147455 0.269889753 39.7361633 No significantly enriched ter
G0:0005743~mitochondrial inner membrane 9 11.3924051 0.03811781 IPI00120719, IPI00119685, IPI00123276, IPI0031418 71 213 3842 2.286451101 0.996822843 0.287046669 37.0616456 No significantly enriched ter
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ms
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Term Count
G0:0005743~mitochondrial inner membrane
G0:0031966~mitochondrial membrane
G0:0005740~mitochondrial envelope
G0:0044429~mitochondrial part
G0:0005739~mitochondrion

G0:0070469~respiratory chain

G0:0022900~electron transport chain
G0:0044455~mitochondrial membrane part
G0:0006119~oxidative phosphorylation

65
68
69
74

102

24
26
14
10

%

25
26.15385
26.53846
28.46154
39.23077
9.230769

10
5.384615
3.846154

PValue Genes
9.58E-31 1PI00133215, IPI0013
8.49E-29 1PI00133215, IPI0013
1.49E-28 IP100133215, IPI0013
5.21E-25 1PI00133215, IPI0012
3.77E-19 1PI00123276, IPI0011
3.17E-16 1PI00133240, IPI0013
1.62E-14 IP100133215, IPI0011
6.77E-09 1PI00125460, IPI0012
1.58E-05 IP100230507, IP10012

List Total
230
230
230
230
230
230
214
230
214

Pop Hits
213
251
261
340
740
49
77
31
31

Pop Total
3842
3842
3842
3842
3842
3842
4147
3842
4147

Fold Enrich Bonferroni Benjamini FDR

5.097571
4.525481
4.416092
3.635652
2.302491
8.181721
6.543391
7.543899
6.251131

2.49E-28
2.21E-26
3.88E-26
1.35E-22
9.80E-17
8.66E-14
1.47E-11
1.76E-06

0.01417

2.49E-28
7.36E-27
9.70E-27
2.26E-23
1.22E-17
9.66E-15
4.90E-12
1.47E-07

0.00285

1.25E-27
1.11E-25
1.95E-25
6.81E-22
4.92E-16
4.33E-13
2.53E-11
8.85E-06
0.024572

significant enrichment
significant enrichment
significant enrichment
significant enrichment
significant enrichment
significant enrichment
significant enrichment
significant enrichment
significant enrichment



Term Count
G0:0005743~mitochondrial inner membrane
G0:0031966~mitochondrial membrane
G0:0005740~mitochondrial envelope
G0:0044429~mitochondrial part
G0:0005739~mitochondrion

G0:0022900~electron transport chain
G0:0070469~respiratory chain

G0:0045333~cellular respiration
G0:0055085~transmembrane transport
G0:0044455~mitochondrial membrane part
G0:0006119~oxidative phosphorylation
G0:0022904~respiratory electron transport chain
G0:0003954~NADH dehydrogenase activity
G0:0050136~NADH dehydrogenase (quinone) activity
G0:0008137~NADH dehydrogenase (ubiquinone) activ
G0:0005741~mitochondrial outer membrane

71
74
74
76
91
24
20
15
26
12
11

00 00

11

%
40.3409091
42.0454545
42.0454545
43.1818182
51.7045455
13.6363636
11.3636364
8.52272727
14.7727273
6.81818182

6.25
5.11363636
4.54545455
4.54545455
4.54545455

6.25

PValue Genes
4.65E-49 1PI00120719,
3.89E-47 IP100120719,
8.68E-46 1PI00120719,
4.01E-39 IPI00120719,
1.61E-26 1P100120719,
2.18E-16 IP100133240,
1.31E-14 1P100133240,
2.52E-10 IP100331332,
3.14E-10 IP100125460,
1.91E-08 1P100125460,
4.43E-08 1PI00125460,
3.69E-07 IP100331332,
3.13E-06 IP100308882,
3.13E-06 IP100308882,
3.13E-06 IP100308882,
3.46E-05 IP100122549,

List Total

161
161
161
161
161
145
161
145
145
161
145
145
147
147
147
161

Pop Hits

213
251
261
340
740
77
49
47
169
31
31
22
20
20
20
51

Pop Total
3842
3842
3842
3842
3842
4147
3842
4147
4147
3842
4147
4147
4133
4133
4133
3842

Fold Enrichme Bonferroni

7.95445135
7.03541115
6.76585517
5.33416149
2.93454759
8.91428571
9.74014451
9.12765957
4.4
9.23742737
10.1483871
11.7
11.2462585
11.2462585
11.2462585

9.62E-47
8.06E-45
1.80E-43
8.30E-37
3.32E-24
1.36E-13
2.71E-12
1.55E-07
1.93E-07
3.96E-06
2.72E-05
2.26E-04
8.90E-04
8.90E-04
8.90E-04

5.14699793 0.00712889

Benjamini
9.62E-47
2.69E-45
4.49E-44
1.38E-37
4.16E-25
4.54E-14
3.01E-13
3.86E-08
3.86E-08
3.04E-07
3.89E-06
2.83E-05
1.27E-04
1.27E-04
1.27E-04
3.97E-04

FDR

5.86E-46 significant enrichment
4.91E-44 significant enrichment
1.09E-42 significant enrichment
5.06E-36 significant enrichment
2.02E-23 significant enrichment
3.33E-13 significant enrichment
1.65E-11 significant enrichment
3.73E-07 significant enrichment
4.65E-07 significant enrichment
2.41E-05 significant enrichment
6.57E-05 significant enrichment
5.46E-04 significant enrichment

0.00415362 significant enrichment
0.00415362 significant enrichment
0.00415362 significant enrichment
0.04355489 significant enrichment
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