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Abstract

Adiponectin mediates antidiabetic effects via increasing hepatic insulin sensitivity and direct
metabolic effects. In this study we conducted a comprehensive and unbiased metabolomic
profiling of liver tissue from adiponectin knockout (AdKO) mice, with and without adiponectin
supplementation, fed high fat diet (HFD) to derive insight into the mechanisms and consequences
of insulin resistance. Hepatic lipid accumulation and insulin resistance induced by HFD were
reduced by adiponectin. HFD significantly altered levels of 147 metabolites and bioinformatic
analysis indicated that one of the most striking changes was the profile of increased
lysophospholipids. These changes were largely corrected by adiponectin, at least in part via
direct regulation of phospholipase A; (PLA;) as palmitate-induced PLA; activaticn was attenuated
by adiponectin in primary hepatocytes. Notable decreases in several glycerclipids after HFD were
reversed by adiponectin which also corrected elevations in several diacyglycerol and ceramide
species. Our data also indicate that stimulation of w-oxidation of fatty acids by HFD is enhanced
by adiponectin. In conclusion, this metabolomic profiling approach in AdKO mice identified
important targets of adiponectin action, including PLA; to regulate lysophospholipid metabolism

and w-oxidation of fatty acids.
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Introduction

Adiponectin, now well established as a potent anti-diabetic hormone [1, 2], is one of the most
abundant circulating proteins in normal individuals but levels are reduced in individuals with
obesity and diabetes [3]. Under normal conditions the 30 kDa adiponectin gene product
undergoes posttranslational modifications and oligomerization to form trimers, hexamers and
higher molecular weight oligomers prior to secretion. The latter are thought to be the most
physiologically active forms of adiponectin and mediate potent anti-diabetic effects via numerous
mechanisms. These include direct regulation of substrate metabolism, improved insulin sensitivity
and anti-inflammatory actions. Adiponectin mediates these effects via at least two adiponectin
receptor (AdipoR) isoforms and subsequent signaling mediated via their direct binding partner
APPL1 and downstream targets including AMPK [4]. The anti-diabetic effects of adiponectin also
encompass actions on various target tissues, in particular liver [5-8] and skeletal muscle [9-16].

Although previous work has conclusively established that adiponectin exerts beneficial metabolic
effects by enhancing hepatic insulin sensitivity, we still do not fully understand the precise

muscle metabolism across multiple metabolic pathways in response to adiponectin [9].

targets of adiponectin action.
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biochemical changes that occur. We recently examined metabolomic profiles of skeletal muscle
samples from AdKO mice subjected to HFD with or without adiponectin replenishment [9].
Hyperinsulinemic-euglycemic clamp studies confirmed exaggerated insulin resistance in AdKO
mice fed HFD which was corrected by adiponectin administration. Metabolomics data established
important changes in response to HFD and we documented a signature of relatively normalized

In the current study we conducted a comprehensive analysis of metabolomic profiles in liver of
AdKO mice after HFD feeding to discover the major lipid metabolic pathways targeted by
adiponectin action. Our aims were to characterize changes in peripheral metabolism, hepatic
steatosis and insulin sensitivity in these mice and using metabolomic profiling to both confirm
studies using alternative approaches in the existing literature and extend them to uncover novel
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Experimental:

Animal Model: Male AdKO mice, kindly provided by Dr Y. Matsuzawa [17], on a C57BL6
background and littermates were routinely bred and genotyped in-house prior to being allocated
to experimental groups. Animal facilities met the guidelines of the Canadian Council on Animal
Care and all protocols used were approved by the Animal Care Committee, York University.
Male adiponectin knock-out (AdKO) mice at 6 weeks of age were fed either regular chow or
60% high fat diet (HFD) for up to 6 weeks. HFD mice were given either saline or full length
recombinant Ad at 3ug per gram of body weight, twice a day (9:00am and 6:00pm) via
intraperitoneal injection, for an additional 2 weeks as previously described [9]. Prior to sacrifice,
animals were deprived of food for 5-6 hours, and then subjected to hyperinsulinemic-
euglycemic clamp. Insulin stimulation was administered as a 4 unit/kg body weight bolus via tail
vein injection, 15 minutes after which liver tissues were harvested and snap frozen in liquid
nitrogen. Serum samples were also collected and stored at -80°C.

In vitro studies in cultured cells: Primary mouse hepatocytes were isolated and cultured exactly
as previously described [18]. HepG2 cells were generously provided by Dr. K. Adeli (University
of Toronto) and were maintained as previously described [19]. Once confluent, cells were
seeded onto culture plates in 2% FBS media 24 hours ‘prior to treatment and treated as
indicated in figure legends and additional methods below.

Western blot analysis: Small amounts of snap-frozen liver tissue were cut, crushed using a
mortar and pestle, collected in Eppendorf tubes and homogenized in lysis buffer containing
0.1% NP-40, 30 mM Hepes pH7.4, 2.5 mM EGTA, 3 mM EDTA, 70 mM KCI, 20 mM beta-
glycerophosphate, 20 mM NaF, 1 mM sodium orthovanadate, 200 uM PMSF, 1 uM pepstatin A,
10 uM E64, 1 uM leupeptin. HepG2 cells were lysed, essentially as previously described [10],
with buffer containing Tris-HCI (pH 6.8, 0.5M), 10% SDS, 15% glycerol, 1 uM leupeptin, 200 uM
PMSF, 10 uM E64, 1 mM sodium orthovanadate and 100 uM EDTA. Protein concentration of all
samples was determined using the Pierce BCA Protein Assay kit (ThermoScientific Inc,
Rockford) as per manufacturer’s instructions and 30 ug total protein resolved by SDS-PAGE
and transferred to PVDF membranes. Primary antibodies were diluted 1:1000 in a solution of 1
part 3% BSA and 2 parts 1X Wash Buffer (6.067g Tris base and 8.766g NaCl in ddH,O) with 1
ml Tween and 1 ml NP-40. Immunodetection of proteins was visualized using enhancement
chemiluminescence kit (Perkin Elmer) according to the manufacturer's instructions.

Triglyceride quantification: Total tissue triglyceride content was analyzed by a colorimetric
Triglyceride Quantification kit purchased from Biovision (Mountain View, CA) according to
manufacturer’s instructions.

PCR analysis and array: Liver tissue samples were crushed to powder in liquid nitrogen, total
RNA was extracted using TRIzol reagent (Invitrogen Life Technologies, Burlington, ON) and
cleaning performed using RNeasy Mini Kit from Qiagen (Toronto, ON). cDNAs were
synthesized by reverse transcription with 1 pg total RNA using RT? First-Strand cDNA
Synthesis Kit from Qiagen (Toronto, ON). cDNA and RT? gPCR master mix solutions were
aliquoted into 96-well plates pre-coated with primer sequences encoding various genes
involved in fatty acid metabolism (Qiagen, Toronto, ON). Genes were normalized to several
housekeeping genes including GAPDH, B-actin, and heat shock protein 90-a (HSP90a). Cycling
conditions consisted of an initial denaturation step at 95°C for 3 min followed by 40 cycles at
95°C for 30s/ primer specific annealing temperatures 55-58°C for 30 s / 72°C for 30 s, the final
extension was conducted at 72°C for 5 mins. Additional RT-PCR was performed using DyNAmo
HS F-410L SYBR Green gPCR Kit (ThermoScientific). cDNA was produced using 0.25 ul Oligo
dT (Sigma), 0.12 ul Random primers, 1 pl of ANTP, 2 pl of 5x First Strand Buffer (Invitrogen)
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and 1ul D TT (Invitrogen) and 5.33 pl of nuclease-free water and incubated at 42°C for 2 mins.
0.3 ul of Reverse transcriptase supermix (Invitrogen) was added to each PCR tube and
incubated at 42°C for 75 mins and at 94°C for 5 mins. The resulting cDNA was diluted 10 times
in nuclease-free water prior to its use in the qPCR step. For qPCR, 10 ml of the F-410
(ThermoScientific) mastermix, 25 pmol of forward and reverse primers and 4 ul of the diluted
cDNA and 4 pul of ddH,O were added into new PCR tubes. Initial denaturation was conducted at
95°C for 15 mins, further denaturation was conducted at 94°C for 30 s / 57°C for 30 s / 72°C for
30 s for 40 cycles. The final extension was performed at 72°C for 5 mins and a melting curve
created from 56°C to 95°C, reading every 1°C which was held for 1 sec. The gPCR product was
recorded and c(t) values were collected on the Opticon Monitor 3 Software. The following
sequences were used in gPCR experiments. Phospholipase A1 (captures all the splice variants
X1-3): (fwd)GGCTCATCCTAACCCACAGT, (rev) ACACGCAGGCTATTTTCAGG;
Phospholipase A2 (intracellular (cytosolic) group IVB): (fwd) GAGGTTGCTGCTGGTGATG,
(rev) AGTCTGATGGGGTGTGTCG.

Phospholipase A, activity assay: Primary rat hepatocytes were isolated from male Wistar rats
(180-2509) with collagenase perfusion as described above and previously [18], and seeded into
6-well culture dishes. Cells were then grown in DMEM medium with 1% serum treated without
or with different concentrations of recombinant full length adiponectin for 8 hours, followed by
treatment with palmitate (PA, 300 mM) or vehicle (lipid-free BSA) for 4 hours. The cells were
harvested and intracellular activity of PLA, was measured with EnzChek® Phospholipase A;
Assay Kit (Invitrogen).

Metabolomic and bioinformatic analysis: Global biochemical profiles were determined in liver as
fee for service by Metabolon Inc. as previously described [9]. Scaled (to have a median of 1)
metabolite expression values were used for further analysis. Two scenarios, comparing HFD vs
Chow and HFD+Ad vs HFD, were analyzed to find pathways enriched with differentially
expressed metabolites. Each sample was classified in terms of design type (i.e HFD vs Chow
or HFD_Ad vs HFD). Metabolite expression samples in conjunction with the defined design type
was then analyzed using GlobalANCOVA [20], which constructs a general linear model
consisting of expression data and group the sample belongs to (i.e. HFD or Chow) compared to
a model without the groups defined for each pathway to assess the significance of the grouping
for the given set of metabolites. P-values were calculated using globalAncova’s permutation-
based method with 1000 perumutations and genesets were only examined if there were at least
3 metabolites associated with it. Pathway sets were collated from two sources: pathways
defined by Metabolon Inc. and supplied in the original dataset from Metabolon and pathways
from the MetaboAnalyst [21] website http://www.msea.ca/MSEA/faces/Resources.jsp.

GlobalANCOVA was performed on each pathway set to assess its significance. P-
values were corrected using Benjamini Hochberg correction in R [22]. Resulting enrichments
were formatted and visualized as a network in the Cytoscape network analysis and visualization
software [23] using the Enrichment Map App [24] retaining only enrichments with P-value <
0.005 and FDR < 0.05. Nodes represent enriched pathways, and edges the metabolite overlap
between two pathways. Only nodes that shared at least 30% of their metabolites were
connected (calculated using Overlap coefficient > 0.3).

Since the GlobalANCOVA test gives no indication which direction (i.e. up or down
regulated) the enriched pathway is altered, to better aid visualization of the enrichments for
each pathway we calculated the ratio of significant up regulated genes to significant down
regulated genes. In our data presentation, pathways with more up regulated genes are coloured
red in the enrichment map visualization, pathways with more down regulated genes are blue
and those that have equal amounts of up and down (or have no significantly altered genes) are
white.
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Histological analysis: Liver tissues were fixed prior to embedding in paraffin and for
cryosections, tissues were cryoprotected in 30% sucrose for 24 hours prior to embedding in
OCT compound and freezing in liquid nitrogen (N,). Cryosections were cut at 7 um and confocal
images were quantified using ImagedJ software. For hemotoxylin and eosin staining (Sigma), 5
um paraffin sections of liver tissues were used. Slides were placed in oven (55°C) for 10 -mins,
deparaffinised in xylene twice for 15 minutes, rehydrated by placing in dilutions of ethanol
ranging from 100% to 70%. Slides were then immersed in distilled water. Nuclei were stained
by dipping slides in hematoxylin for 1 minute. Slides were rinsed in ‘water and excess
hematoxylin was removed with 1% hydrochloric acid in 70% ethanol then transferred to water.
Slides were then dipped several times in Eosin, rinsed and dehydrated with ethanol (from 95% -
100%) and finally immersed in xylene. Stock solutions of oil red O (Fluka Chemica) were
prepared using 0.5 g of oil red O and 100ml of isopropanol. The working solutions contained 30
ml of stock solution diluted in 20 ml of distilled water. Slides were incubated in coplin jars with
Oil Red O working solution for 15 mins then rinsed with isopropanol followed by hemotoxylin
staining 5 times and washed with distilled water.

Statistical analysis: All data were calculated as means + SEM and further analyzed using
nonparametric one-way ANOVA or two-way ANOVA with Tukey post-hoc test. Differences were
considered statistically significant at P< 0.05.
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Results

Hemotoxylin and eosin staining to examine morphology of liver tissue showed an increase in
the number and size of vacuoles after HFD (Fig 1A). These vacuoles were noticeably
diminished in size and number in mice administered Ad (Fig 1A). Oil Red O staining of liver
tissue sections demonstrated a clear increase in the number of lipid droplets in HFD fed
compared to chow fed mice. Interestingly, the number of large lipid droplets was significantly
reduced in mice administered Ad (Fig 1B). Quantitative analysis of triglycerides in these tissues
confirmed the aforementioned observations as the liver of AJKO mice fed a HFED contained 4
times more triglyceride than chow-fed mice (Fig 1C). HFD fed mice treated for an additional 2
weeks with Ad demonstrated levels of triglyceride similar to that of chow fed mice (Fig 1C).
Compared to their chow-fed littermates, AdKO mice fed HFD demonstrated significantly
reduced levels of insulin stimulated phosphorylation of Akt on Thr308 and Ser473 (Fig 1D&E).
In AdKO mice fed HFD that received Ad treatment, insulin-stimulated phosphorylation levels
were similar to (T308) or exceeded (S473) those of mice fed the chow diet (Figs 1D&E).

A global view of the metabolomic dataset (Table 1) indicated that HFD significantly altered 147
metabolites in liver (48 elevated and 99 reduced). Superimposing Ad treatment on HFD fed
mice significantly altered the amount of 76 metabolites in liver (53 elevated and 23 reduced). To
determine a global picture of how metabolite pathways are affected by diet and Ad, pathway
enrichment analysis was performed on the set of differentially expressed metabolites for HFD
compared to Chow and for HFD+Ad compared to HFD. Results were visualized as an
enrichment map network. To enable easier comparison between the two enrichment results,
enriched pathways from both results are shown in each map, but pathways not enriched in a
given comparison are represented as white nodes without labels (Fig 2). HFD vs. Chow was
enriched in 43 pathways whereas HFD+Ad vs. HED was enriched in 32 pathways (p-value
<0.005 and FDR < 0.05) of which 22 were common to both. More than half of the altered
pathways were common to both comparisons yet the direction of metabolite differential
expression was opposite for all but three of the pathways with a predominant down regulation of
pathways in HFD vs. Chow and an up regulation of corresponding pathways in HFD+Ad vs.
HFD. There was a larger subset of pathways (21 in HFD vs. Chow as compared to 10 in
HFD+Ad vs. HFD) unique to HFD vs. chow, thus indicating a set of pathways which were not
influenced by the administration of adiponectin. We also performed analysis to highlight those
pathways affected by adiponectin, or not (Fig 3).

Lipid analysis revealed that HED fed ADKO mice displayed a significant increase in ceramides
14:0, 20:0, 18:0, 18:1, 16:0.in the liver (Sup Fig 1). While there was an apparent trend towards
a decrease in these levels with the administration of Ad, only ceramides 20:0 and 18:0 were
significantly decreased. The total levels of ceramides remained unaltered between groups (Sup
Fig 1). Levels of sphinganine and sphingosine, precursors of the ceramide/sphingosine-1-
phosphate pathway, were significantly elevated in HFD group compared to chow-fed mice and
levels of these metabolites were significantly decreased in HFD group treated with Ad. End-
products of the ‘palmitoyl-sphingomyelin pathway were significantly increased in the group
treated with Ad compared to the group fed HFD alone (Sup Fig 1). In HFD mice the total levels
of diacylglycerols (DAGs) were upregulated. Specific types of DAGs, 16:0-18:0, 18:0-18:2, 18:1,
16:1 and 18:0-20:4 were similarly elevated in the HFD group. Tissue from mice administered Ad
displayed significantly attenuated levels of DAG 18:0-18:2 and 18:0-20:4 (Sup Fig 1).

Analysis of metabolomic profiles using Global ANCOVA indicated significant changes in fatty
acid metabolism in response to HFD (Fig 2) and that adiponectin treatment had distinct effects
on reversing some of these changes (Fig 3). Specifically, we found that HFD elevated levels of
numerous long chain fatty acids, however Ad did not have any significant impact on these
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changes (Sup Fig 2). Similarly, HFD-induced elevations in essential fatty acids EPA, n3 DPA
and DHA were not altered by Ad (Sup Fig 2). The decreased deoxycarnitine and 3-
dehydrocarnitine levels caused by HFD were not altered by Ad (Sup Fig 1). However, Ad did
counteract HFD-induced decreases in 13-HODE, 9-HODE, 16-hydroxypalmitate,
hexadecanedioate and caproate (Sup Fig 2). Further analysis of changes related to fatty acid
metabolism were performed using a PCR array of relevant enzymes. Fig 4A shows that the
majority of changes in gene expression induced by HFD occurred in those involved in fatty acid
catabolism, and also in transport. A heat map showing changes in expression of all genes
analyzed is shown in Fig 4B with changes induced by HFD in left column and the subsequent
effect of Ad shown in right column. The principal changes are highlighted in Fig 4C and these
included HFD-induced increases in Pdk4, Acads, Slc27a1 and Slc27a4 which were reduced by
Ad. In contrast, Ad reversed HFD-induced decreases in UCP3, Cs, Acot9, Acadsb, Ppat,
Slc27a6, FABP5, FABP4, Prkab1, Prkaa1, Oxct2a and LPL gene expression (Fig 4C).

Bioinformatic analysis indicated that striking changes were observed in the category of
lysolipids (Fig 2). In particular, those belonging to the group of lyso-phosphocholine and some
lyso-phosphoethanolamines were significantly increased by HFD and subsequently decreased
in the Ad-treated groups (Fig 5A). Of note, significant’ changes in both 1 and 2-acyl-
glycerophosphocholine/ethanolamine were observed. Glycerol-3-phosphate was decreased in
HFD groups compared to chow fed. There were also no changes in the levels of
glycerophosphocholine (Fig 5A). Precursors of phosphotidylethanolamine formation such as
ethanolamine and phosphoethanolamine showed significant decreases in the HFD group and a
subsequent increase in groups treated with Ad (Fig 5A).

Because lysophospholipid metabolism was a major target of HFD and Ad, we next examined
alterations in relevant phospholipase enzyme expression and activity. The relative expression
levels of PLA1 and PLA2 were similar, based upon C(t) values. HFD elicited a significant
increase in hepatic expression of PLA; and this was reversed in animals treated with Ad (Fig
5B), while PLA; levels were apparently increased by HFD and reduced by Ad (Fig 5B). To
examine if Ad directly regulated phospholipase enzyme activity we used primary hepatocytes
treated * palmitate (300mM) and + Ad (2.5ug/ml and 10ug/ml). The activity of PLA, was
significantly elevated by palmitate and adiponectin significantly reduced palmitate-induced
PLA2 activity (Fig 5C).

Further metabolomic data analysis, focusing on metabolites in the superpathway of
carbohydrate metabolism, showed a trend of suppression of various metabolites after HFD, with
significant decreases in maltose, fucose, ribulose, 6-phosphogluconate, UDP-glucose, UDP-
galactose, fructose/glucose 1,6-diphosphate and lactate (Sup Fig 3). There were fewer
significant effects of Ad on metabolites in this class, although significant decreases in 2-
phosphoglycerate and 3-phosphaoglycerate were notable (Sup Fig 3). In addition, supplementary
figures show specific changes observed in amino acids (Sup Fig 4) and other metabolites (Sup
Fig 5).
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Discussion

Histological analysis as well as determination of total TG levels clearly indicated that HFD
induced hepatic steatosis in AdKO mice which, as expected, was associated with insulin
resistance. These defects were corrected by replenishment of adiponectin, confirming the
beneficial antisteatotic and insulin sensitizing actions of adiponectin in the liver. To probe the
precise changes in metabolism occurring under these conditions we used a metabolomic profiling
approach to both confirm established and gain insight into new targets of adiponectin action in
liver. Metabolomics is powerful in that it provides unbiased datasets which can be analyzed to
infer mechanistic information [25, 26]. For example, metabolomic studies of liver from mice or rats
subjected to HFD have demonstrated significant diet induced changes in lysolipids, choline, fatty
acids and associated intermediates and amino acids [27-29]. The global summary of our current
analysis indicated that 48 of 341 metabolites were significantly elevated in liver of ADKO mice
after 6 weeks of HFD whereas 99 were reduced. The impact of replenishing adiponectin in these
mice was to elevate 53 and reduce 23 metabolite levels. More informative data was then
extracted by analysis of metabolomic alterations based on - super- and sub-pathway

categorization.

establishing PLA; as a new target of adiponectin action.
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The most striking changes were observed in the category of lysophospholipids with HFD-induced
increases in many  distinct  species, including lysophosphatidylcholines
lysophosphatidylethanolamines. Our metabolomic analyses demonstrate that both isoforms of
lysophospholipids (1-and 2-acylglycerophospholipid) are altered with HFD and reversed with
adiponectin treatment. Increased hepatic lysophospholipids have been reported previously in
db/db mice and implicated as a cause of insulin resistance [30]. Interestingly, plasma
lysophosphatidylcholine levels are reduced in cbesity and type 2 diabetes [31] and a recent study
specifically identified circulating lysophosphatidylcholine levels as markers of metabolically
benign nonalcoholic fatty liver [32]. Lysophospholipids are also of great interest as recent
literature has demonstrated their functional roles beyond membrane structure and function,
including impairment of insulin signaling independent of ceramide and DAG, increase in VLDL
assembly and secretion, fibrosis and inflammation [30, 33, 34]. Phospholipases and lysoPL-AT,
enzymes that coordinate the regulation of lysolipid levels, have been shown to moderate hepatic
lipotoxicity, insulin resistance and fibrosis [30, 35, 36]. The altered lysophospholipid levels we
observed in liver tissue are most likely a result of an imbalance between phospholipase and
lysoPL-AT activity [37]. Ad is known to enhance phospholipase C signaling in skeletal muscle
cells [38], however, regulation of phospholipases A/B, lysoPL-AT and lysolipid levels by Ad has
not been shown previously. We focused on PLA; given recent evidence implicating gain or loss of
function in inducing [39] or preventing [40, 41] hepatic insulin resistance, respectively. We
showed that adiponectin attenuated fatty acid-induced PLA, activity in primary hepatocytes,

We also presume that increased saturated lysophosphatidylcholine would be accompanied by
the release of arachidonate and modified eicosanoid synthesis. An interesting observation in
our dataset was the HFED-induced increase in both 9-hydroxy-10,12-octadecadienoic acid (9-
HODE) and 13-hydroxy-9,11-octadecadienoic acid (13-HODE), which was reversed by
adiponectin. These are hydroxy derivatives of unsaturated linoleic acid and major components

of OX-LDL [42]. Accordingly, they are considered good markers of lipid peroxidation [43], have
potentially important roles in atherosclerosis [44] and have been shown to act as endogenous
activators of peroxisome proliferator-activated receptor gamma (PPARYy) in various cell types
[42, 43, 45] which is in keeping with our dataset indicating increased lipid uptake. These actions

could also be considered beneficial in terms of insulin sensitivity and anti-inflammation.
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Various lipids play an integral role in metabolic complications of hepatic steatosis [46] and we
observed an expected overall increase in ceramides and DAGs in HFD fed mouse liver [47].
Specifically, data showing increased levels of intermediates such as sphinganine and reduced
amount of precursors including L-serine indicated that HFD induced de novo synthesis of
ceramides (14:0, 20:0, 18:0, 18:1, 16:0) with less influence on the salvage pathway of ceramide
synthesis inferred by no change in sphingomyelin [48]. Our data indicate that adiponectin
selectively reduced the levels of specific ceramides (20:0 and 18:0) and this appeared to be a
result of influence on de novo and salvage pathways of ceramide synthesis [48]. In contrast,
although effectively corrected here in liver, HFD induced increases in ceramide levels were not
significantly altered by adiponectin in skeletal muscle [9]. Adiponectin also selectively reduced
specific DAGs (18:0-18:2 and 18:0-20:4) in liver compared to our recent findings that in skeletal
muscle HFD increased 16:0-18:1, 18:1, and 18:0-18:2 DAG species, all of which were reduced
by adiponectin [9]. The differential effects of adiponectin supplementation in liver and skeletal

muscle suggest that adiponectin regulates lipid metabolism in a tissue specific manner.

The oxidation of long chain fatty acids can occur via p-oxidation or the alternate pathway of -

on the prevailing physiological and cellular milieu, this can be beneficial.

increased m-oxidation which we observed and described above.
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oxidation [49]. It has recently been suggested that w-oxidation may act as a rescue pathway to
reduce the accumulation of FAs and subsequent lipotoxic effects of their accumulation [49]. In
this pathway fatty acids, particularly VLCFAs, are hydroxylated at the w-carbon to produce -
hydroxy-fatty acids and finally carboxylated to form w=dicarboxylates in liver microsomes. Our
metabolomics profile demonstrated increased levels of the intermediate, 16-hydroxypalmitate,
and byproduct, hexadecanedioate, of w-oxidation [49]. Interestingly, adiponectin also increased
both of these metabolites, suggesting that it may also upregulate w-oxidation and that, depending

Having established the altered profile of faity acid metabolites we used a PCR array to detect
changes in enzymes involved in fatty acid metabolism. First, we observed a decrease in
pyrophosphatase, suggesting a decrease in energy demands [50]. This is congruent with the
decrease in fatty acid oxidation after HED. Acyl-CoA thioesterase and acyl-CoA dehydrogenase,
enzymes involved in fatty acid B-oxidation and in the inhibition of lipogenesis were reduced,
which further supports an increase in lipogenesis, and a decrease in fatty acid p-oxidation in
HFD-fed AdKO mice. Adiponectin significantly increased levels of enzymes involved in fatty acid
uptake and oxidation, including uncoupling protein UCP, citrate synthase, HSP90 alpha B1,
FATP, 3-oxoacid coA transferase 2A; FABP and 2,4-dienoyl reductase 1. While an increase in
fatty acid uptake with adiponectin treatment may seem to oppose the notion that adiponectin
action is beneficial and reduces lipotoxicity, it is known that in the event of an increased systemic
demand for fatty acid utilization, the liver takes up free fatty acids and increases oxidation while
simultaneously breaking down stored triglycerides, packaging them as VLDLs and secreting them
into the circulation [51].  Furthermore, this increased fatty acid uptake may be coupled to the

Glucose metabolism across multiple metabolic routes was perturbed under HFD conditions.
Known impacts of HFD induced insulin resistance on glucose metabolism in liver include elevated

rates of gluconeogenesis and glycogen breakdown, even under hyperglycemic conditions [52]. In
this study, HFD decreased levels of lactate and some amino acids which typically serve as
precursors for gluconeogenesis, perhaps indicating elevated gluconeogenesis. Significantly lower
levels for many intermediates of the TCA cycle support the notion of poor oxidative energy
metabolism with HFD, consistent with glucose production by liver. Although adiponectin improves
insulin sensitivity, the HFD-induced shifts in glycolytic/gluconeogenic pathway intermediates and
changes in TCA cycle intermediates were not completely rectified by adiponectin

10
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supplementation. Our findings that treatment with fAd for 2 weeks was unable to reverse all of the
effects of the HFD in AdKO mice is consistent with our observation that glucose infusion rates in
these mice were also only partially restored after fAd treatment for 2 weeks. Thus, we feel it is
important to point out that a longer duration of adiponectin treatment could conceivably elicit
greater, or different, effects and this remains to be tested.

In addition to the consideration of individual metabolites discussed above, we determined major
changes in groups of metabolites and applied an established pathway analysis pipeline, most
often used with gene expression data, to further analyse our metabolomics data. Briefly, in liver
from HFD fed mice, predominant changes included decreased protein biosynthesis and fatty acid
metabolism but marked increases in lysolipids and long chain fatty acids. This analysis confirmed
that with the addition of adiponectin there was an increase in protein synthesis and fatty acid
metabolism as well as a decrease in lysolipids. Although our pathway analysis provides a useful
summary of our results at the systems level, some measured metabolites were not considered
because they are not annotated to any pathway. A limitation of this approach is that a few
metabolites were not annotated with Human Metabolite Database (HMDB) identifiers (~27%)
which eliminated a large proportion of our metabolites from subsequent pathway analysis.
Another limitation was that the Metabolon database consisted of annotations that are metabolite
specific with only one annotation per metabolite. Metabolites belonging to multiple pathways are
not specified leading to loss of information for metabolites that play a role in multiple pathways.
Improved pathway annotations will improve metabolomics pathway analysis in the future.
Nevertheless, this analysis rapidly identifies statistically significant changes in metabolic
pathways and provides a useful comprehensive summary of our dataset.

In this study we have validated the HFD-induced development of insulin resistance and hepatic
steatosis in AdKO mice and our metabolomics approach has proven useful in i) confirming
established literature regarding changes in lipid metabolites such as ceramides and
diacylglycerols in response to HFD and the ability of adiponectin to correct these and ii)
uncovering novel targets of adiponectin action associated with lipid metabolism. The latter include
the novel observation that upregulation of lysophospholipids in response to HFD may have
contributed to the phenotypes of HFD-induced insulin resistance, impaired glucose tolerance and
hypertriglyceridemia and that adiponectin-mediated reversal of these changes may occur partly
via regulation of PLA; activity. The stimulation of w-oxidation of fatty acids by adiponectin and the
ability of adiponectin to reverse changes in 9-HODE and 13-HODE may also have previously
uncharacterized implications in systemic metabolic dysfunction and resulting complications.
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Table 1. Global profiling of 341 metabolites. Welch’'s Two Sample t-tests were used to
determine whether the means of two groups are different where P < 0.05 was taken as
significant and P value trend of 0.05 < P < 0.10 identified biochemicals approaching

significance.
Welch's Two Sample t-Test HF HF + fAD HF + fAD
Liver Tissue CHOW CHOW HF
Total number of biochemicals
with p<0.05 147 102 76
Biochemicals (T ) 48|99 39|63 53|23
Total number of biochemicals
with 0.05<p<0.10 23 74 3
Biochemicals (1) 8|15 13|14 26|9
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Figure Legends:

Figure 1: Lipid accumulation and insulin signalling in liver. ADKO mice fed either regular chow or
60% HFD for 6 weeks. HFD mice received an additional 2-week adiponectin or saline treatment
at the dosage of 3 ug/g body wt via IP injection. Liver tissues were then collected 15mins after
4U/kg insulin stimulation for later analysis. A) Hemotoxylin and Eosin staining of paraffin-
embedded cross-sections of liver tissues (200X). B) TG content in liver tissues. C) Oil Red O
staining of cryosections of liver tissues (400X). D&E) Representative western blot and analysis
of insulin stimulated Akt at phosphorylation sites Ser473 and Thr308. Scale bars for IHC=
20000um. Data represent mean = SEM. * Significant difference between Chow vs HF group, #
Significant difference between saline-treated vs adiponectin-treated HFD groups. *# P<0.05,
*##P<0.01, " ###P<0.001

Figure 2: Bioinformatics analysis of differentially expressed pathways. Enriched pathways in
HFD vs. Chow (A) and HFD+Ad vs. HFD (B) data. Pathways are represented by nodes in the
network. Size of the nodes directly correlates to the number of metabolites annotated to a
pathway. Node colour indicates direction of metabolite expression causing the significant
enrichment, where red is up-regulation, blue is down-reguiation and white indicates there are
equal numbers of up and down regulated metabolites (or no change). Edges (lines) represent
known pathway crosstalk, defined by the number of metabolites shared between a pair of
pathways (as calculated using the overlap coefficient < 0.3). To enable easier comparison
between the two enrichment maps, all results were merged, but only the pathways relevant for
a particular comparison are highlighted (colours and labels).

Figure 3: Bioinformatic analysis of pathways altered by adiponectin or not. HFD vs Chow
enriched pathway network highlighting pathways rescued(A) and not rescued (B) by
adiponectin. Enriched pathways in HFD vs Chow are annotated with node labels and colours
indicating the direction of metabolite expression, where red is up-regulation, blue is down-
regulated and white indicates there was no change. The transparency of the nodes was
increased in (A) if it was a pathway not seen in the HFD fAD vs HFD enriched pathway set to
highlight pathways (common to both HED vs Chow and HFD fAD vs HFD) that were rescued by
adiponectin. The transparency of the nodes was increased in (B) if it was a pathway found in
HFD fAD vs HFD enriched pathway set to highlight pathways unique to HFD vs Chow and not
rescued by adiponectin.

Figure 4: Quantitative PCR Array analysis of genes involved in fatty acid metabolism. AdKO
mice fed either regular chow or 60% HFD for 6 weeks. HFD mice received an additional 2
weeks’ adiponectin or saline treatment at the dosage of 3 nug/g body wt via IP injection. Liver
tissues were then coliected 5mins after 4U/kg insulin stimulation for later analysis. A) Effect of
HFD on genes involved in fatty acid metabolism. B) Heat map revealed effect of HFD (left
panel)-and adiponectin (right panel) on genes involved in fatty acid metabolism C). List of genes
involved in fatty acid metabolism that was significantly altered by HFD and significantly
corrected by adiponectin treatment. Data represent fold change.
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Figure 5: Metabolomic analysis of lysolipid species profiles and analysis of phospholipase
activity. A) shows lysolipid metabolite changes in AdKO mice treated as described in figure 1.
Left panel: fold change between Chow and HFD fed AdKO mice, Right panel: fold change
between adiponectin- versus saline-treated HFD fed AdKO mice. Data represent mean + SEM.
Significant difference between Chow vs HF group, # Significant difference between saline-
treated vs adiponectin-treated HFD group. *# P<0.05, **##P<0.01, ***###P<0.001. B) The
hepatic mMRNA expression of phospholipase A, (PLA;) and A, (PLA;) were analyzed in tissue
samples from AdKO mouse groups matching data in A. C) Primary hepatocytes were isolated
and treated + palmitate or + as described and the activity of PLA, was determined. Data
represent mean + SEM. * Significant difference between Chow vs HF group or control cell
group, # Significant difference between saline-treated vs adiponectin-treated HFD groups. *#
P<0.05, **##P<0.01, ***###P<0.001
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