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Figure 4.5:  The acute effect of 10 min insulin exposure on protein phosphorylation of 
(A) ser473 Akt, (B) thr308 Akt, (C) thr642 AS160 in soleus muscle. Data are mean ± SE, 
n=10, bars not sharing a letter are significantly different, p ≤ 0.05, unless otherwise 
stated.  Open bars = basal, Closed bars = insulin stimulated. (10mU).  CON = control 
diet, 3d HF = 3 day high fat diet, 2wk HF = 2 weeks high fat diet, 4wk HF = 4 weeks 
high fat diet.  
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Figure 4.6: (A) Basal and insulin-stimulated glucose transport in soleus muscle.  (B)  
The change in glucose transport rate from basal in response to insulin.  Data were 
calculated by subtracting respective rates of basal uptake from the insulin response.  Data 
are mean ± SE, n=12,  bars not sharing a letter are significantly different, p ≤ 0.05.  Open 
bars = basal, Closed bars = insulin stimulated (10mU).  CON = control diet, 3d HF = 3 
day high fat diet, 2wk HF = 2 weeks high fat diet, 4wk HF = 4 weeks high fat diet. 
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Figure 4.7: Timeline of events occurring in skeletal muscle of HF fed rats.  All changes 
observed were maintained through subsequent time points. 
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Discussion 

 Evidence of Ad resistance in skeletal muscle has been shown in diabetic mice 

(203), obese humans (26, 36) and following HF feeding in rats (139).  However, whether 

Ad resistance precedes and potentially contributes to intramuscular lipid accumulation 

and IR is unknown.  Therefore, we conducted a time course HF feeding trial in rats to 

determine the onset of Ad resistance and to identify the ensuing changes in lipid 

metabolism and insulin signaling leading to IR.  Here we have shown that Ad resistance 

occurs very rapidly, after only 3 days of HF (saturated) feeding and is sustained, as 

determined by a failure of gAd to acutely stimulate FA oxidation and phosphorylate ACC 

in skeletal muscle of all HF fed groups.  However, this was not due to a decrease in 

AdipoR1 protein content.  By 2 weeks of HF feeding, we observed increased FAT/CD36 

at the PM of skeletal muscle, accompanied by increased total FA uptake into muscle and 

intramuscular ceramide and DAG accumulation. Furthermore, blunted insulin-stimulated 

phosphorylation of both Akt and AS160 was apparent by 2 weeks, whereas impaired 

maximally insulin-stimulated glucose transport did not occur until 4 weeks (Figure 4.7).  

Taken together, our results suggest that the early loss of gAd’s stimulation of FA 

oxidation, coupled with a subsequent increase in FA transport, is associated with the 

accumulation of reactive DAG and ceramide lipid species and impaired insulin response.  

 

High fat feeding induces adiponectin resistance prior to increases in intramuscular 

lipid content and impaired insulin response.     

 Similar to our previous study (139), we have shown that a 60% saturated fat diet 

can induce skeletal muscle Ad resistance, as evidenced by a failure of gAd to increase FA 
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oxidation or phosphorylate ACC above basal levels in intact, isolated soleus muscles.  

However, we have now identified that this resistance occurs extremely rapidly, preceding 

intramuscular lipid accumulation and impairment of maximal-insulin stimulated glucose 

transport.  Adiponectin is known to increase FA oxidation in skeletal muscle by the 

inactivation of ACC, and reducing inhibition of CPT1 by malonyl CoA, leading to 

increased FA uptake into the mitochondria (202, 226).  Whether this requires the 

activation of AMPK is controversial (202).  As with our previous study (139), we did not 

show an effect of 30 min gAd exposure on pAMPK in soleus muscle of any group, but 

did observe a 30% increase in gAd-stimulated pACC in CON animals.  This suggests that 

the loss of gAd-stimulated FA oxidation in HF animals may be attributable to a lack of 

phosphorylation of ACC, independent of changes in AMPK phosphorylation.     

 The decreased gAd response in HF fed animals was not attributable to a decrease 

in receptor content.  Several studies that have examined muscle AdipoR1 in response to 

HF feeding have only examined mRNA levels and have reported no change (14, 21) or an 

increase (10, 29) following 1 to 5 months of HF feeding.  Moreover, AdipoR1 mRNA is 

reported to be decreased in genetically obese diabetic mice (203).  Interestingly, a recent 

study by Weigert et. al. (216) reported increased AdipoR1 mRNA levels in monocytes 

from type 2 diabetic subjects, whereas AdipoR1 protein content was actually decreased, 

re-enforcing the concern that changes in protein do not always parallel changes in 

mRNA. In the current study we did not observe any changes in whole muscle AdipoR1 

protein content.  Therefore, a change in receptor protein content does not appear to be a 

likely cause of Ad resistance.  However, we cannot rule out the possibility that AdipoR1 

sensitivity, conformation, or association with the PM or other required molecules could 
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have been altered by the HF diet and contributed to the observed resistance. Furthermore, 

the signaling events between gAd binding to AdipoR1 and AMPK-ACC phosphorylation 

are not well established. Suppressor of cytokine signaling 3 (SOCS3) has been shown to 

inhibit leptin activation of AMPK in cultured human myotubes and contribute to leptin 

resistance observed in obese subjects (188).  Since leptin and Ad stimulate FA oxidation 

through similar mechanisms, it is possible that SOCS3 may interfere with intracellular 

gAd signal transduction as well.  Further research is required to determine the effects of 

SOCS3 on gAd signaling in skeletal muscle.  

 

High fat feeding increases fatty acid transporter and intramuscular lipid content by 2 

weeks. 

 Total palmitate uptake was increased above CON by 2 and 4 weeks of HF 

feeding, as was the rate of esterification into TAG, and total muscle DAG and ceramide 

contents.  A likely explanation for the increased palmitate uptake is a parallel increase in 

FA transporters at the PM.  Specifically, PM associated FAT/CD36 protein content was 

increased above CON in 2 and 4wk HF and FABPpm protein content was increased 

above CON in 4wk HF.  Thus, by 2 weeks of HF feeding, membrane associated 

FAT/CD36 and palmitate uptake into the muscle was increased, which, together with a 

diminished stimulation of FA oxidation by Ad, likely contributed to the observed 

accumulation of DAG and ceramide.  

 Clearly, the temporal data in this study cannot prove that the early development of 

Ad resistance is causative in the accumulation of intramuscular lipids and IR.  Indeed, we 

(86)  and others (75, 204) have recently questioned the notion that impaired 
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mitochondrial FA oxidation is necessarily an initiating cause of lipid accumulation and 

the ensuing impairment in insulin-stimulated glucose transport.  However, this certainly 

does not exclude FA oxidation as an important factor in these events.  Thus, it may be 

possible that a loss or blunted response of FA oxidation in vivo, to such adipokines as Ad 

and leptin, coupled with an increased capacity to take up and store FA, results in a 

relatively rapid accumulation of muscle lipids.   Indeed we have also noted a loss of 

leptin’s ability to stimulate FA oxidation within 3 days of HF feeding (unpublished data). 

 

High fat feeding impairs insulin signaling prior to impairing glucose transport. 

Numerous studies have correlated an increase in intramuscular lipids with IR 

(205).  Specifically, elevated TAG has been associated with IR, although, this is now 

recognized as a marker of elevated intramuscular lipids rather than a direct cause of IR.  

Here we have shown that accumulation of DAG and ceramide precede functional 

impairments in maximally insulin-stimulated glucose transport into muscle.  Ceramide 

and DAG have both been shown to directly interfere with insulin signal transduction.  

Specifically, ceramide can impair phosphorylation of Akt, thereby preventing Akt’s 

stimulatory effect on GLUT 4 translocation (34, 173).  Blunted Akt phosphorylation has 

been observed in skeletal muscle of HF fed animals (144, 154, 166).  In the current study, 

we see early impairments of insulin-stimulated Akt phosphorylation, coinciding with 

increased ceramide accumulation by 2 and 4 wks in HF-fed animals.  Somewhat 

surprisingly, insulin-stimulated Akt phosphorylation was also blunted at 3d HF compared 

to CON although ceramide content was not yet elevated.   
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In comparison, impaired insulin-stimulated AS160 phosphorylation was not 

evident until 4wk of HF feeding. Nascimento et al (144) has reported blunted insulin 

stimulation of AS160 following 7 weeks of a HF diet.  As AS160 is a downstream 

substrate of Akt, it is possible that impaired Akt activation does not translate into 

impaired AS160 activation until later on. To the best of our knowledge, it is unknown 

whether ceramide directly interferes with AS160 phosphorylation, independent of its 

effects on Akt.  

While intramuscular lipid accumulation may partially explain the blunted 

phosphorylation of Akt, it is interesting that this reduction in insulin signaling occurs well 

before the reduction in glucose transport. To the best of our knowledge, ours is one of the 

first papers to show this timeline.  Akt is a known intermediate necessary for GLUT 4 

translocation (128).  However, a recent study by Ng et al (147) proposed the idea of Akt 

spareness; that is, minimal activation of Akt is sufficient to elicit a maximum effect on 

glucose transport and AS160 phosphorylation. Ng et al showed that the dose response of 

insulin-stimulated 2-deoxyglucose uptake in 3T3-L1 adipocytes paralleled the dose-

response activation of AS160 phosphorylation, but not that of Akt itself.  Therefore, in 

the current study, although Akt signaling is impaired early on, it is possible that glucose 

transport can be maintained, and it is not until subsequent AS160 impairment that 

functional impairments in glucose transport are seen.  Why AS160 phosphorylation is 

retained longer, and the physiological significance of early impairments of insulin 

stimulated Akt phosphorylation remain to be determined.   

 Unlike the rapid development of Ad resistance, maximal insulin-stimulated 

glucose transport was not impaired until 4 weeks of HF feeding.  While a 4 week HF 
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feeding period is still relatively brief, we have clearly demonstrated that several 

significant impairments in lipid metabolism and insulin signaling occur much earlier (i.e. 

after 3 days), and likely contribute to the development of lipid induced IR.  Although we 

cannot discount that impaired glucose transport may have developed prior to 4 weeks, our 

results confirm that following 2 weeks on a 60% high saturated diet, skeletal muscle is 

still fully responsive to a maximal dose of insulin.  It is possible, however, that we may 

have observed decreased insulin sensitivity to a sub-maximal insulin dose prior to this.   

  

Summary and Perspectives 

 The present study utilized a time course high saturated fat feeding model to 

determine the early metabolic events in skeletal muscle leading to IR.  We propose that a 

rapid loss of gAd’s stimulatory effect on FA oxidation leaves the muscle less able to 

adequately respond to the excess lipid it is exposed to during HF feeding. The actual 

cause of Ad resistance remains unknown, although a decrease in receptor number does 

not appear to be the cause.  Regardless of the specific cause, it seems plausible that the 

rapid development of resistance to an insulin-sensitizing cytokine, such as Ad, may be a 

contributing factor to the ensuing development of IR.  This inability to appropriately 

stimulate FA oxidation, coupled with increased FA transporters at the plasma membrane 

and increased rate of FA uptake, results in intramuscular lipid accumulation.  

Specifically, ceramide accumulation is likely involved in the observed impaired 

phosphorylation of Akt and AS160, eventually resulting in impaired glucose transport. It 

should be recognized that these findings were restricted to a high saturated fat diet, and 

may not represent the course of events with the feeding of a polyunsaturated fat diet. 
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Future studies should determine the specific cause of Ad resistance to serve as a potential 

therapeutic target for the treatment of insulin resistance.   
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Chapter 5: Skeletal muscle inflammation is not responsible for the rapid 

impairment in adiponectin response with high fat feeding in rats. 

 

Under revisions: 
 
Mullen, KL, Tishinsky, JM, Robinson, LE, and Dyck, DJ. Skeletal muscle 
inflammation is not responsible for the rapid impairment in adiponectin response 
with high fat feeding in rats. Am J Physiol Regul Integr Comp Physiol 
 

Introduction: 

Adiponectin (Ad) is an insulin-sensitizing adipokine. In skeletal muscle, the 

binding of Ad’s globular fragment (gAd) to its receptor, AdipoR1, triggers an 

intracellular signaling cascade, initiated by the association of APPL1 with AdipoR1 and 

subsequent phosphorylation of ACC, resulting in the stimulation of fatty acid oxidation 

(62, 130, 226).  The potential roles of other upstream kinases, (LKB1 and AMPK) in this 

pathway are somewhat controversial and may depend on fiber type (202, 226).  This gAd 

stimulated increase in skeletal muscle fatty acid oxidation may act to prevent increases in 

intramuscular lipid accumulation and thus maintain or improve skeletal muscle insulin 

sensitivity (62, 228).  However, in cases of obesity, circulating Ad levels are decreased 

(5).  Furthermore, we and others have shown evidence of Ad resistance in both obese 

animals and humans (26, 203) as demonstrated by a loss or blunting of the acute 

stimulatory effect of gAd on FA oxidation in skeletal muscle.   

We have also shown that Ad resistance is inducible; that is, muscle from rats fed a 

diet high in either saturated (SAT) or polyunsaturated fat (PUFA) for 4 weeks becomes 

completely resistant to gAd’s ability to stimulate FA oxidation (139).  Of particular 

interest is our most recent finding that gAd resistance develops very rapidly, in as little as 
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3 days on a high saturated fat diet and prior to the derangement in muscle FA metabolism 

and onset of insulin resistance (138).  This suggests that the development of Ad 

resistance may be an initiating event in lipid-induced skeletal muscle insulin resistance.  

Whether the same rapid induction occurs following a diet high in PUFA has not yet been 

examined.  Furthermore, the mechanism underlying the cause of lipid-induced Ad 

resistance is unknown.  

Obesity is characterized by a state of chronic, low-grade inflammation (89, 169, 

211).  Conditions that induce insulin resistance by increasing lipid exposure stimulate 

inflammatory signaling (16, 96); conversely, blocking key components of the 

inflammatory cascade can protect against lipid-induced insulin resistance (157, 179, 235).  

Specifically, toll like receptor 4 (TLR4), a component of the innate immune response, has 

been identified on skeletal muscle and is activated by saturated fatty acids, causing 

phosphorylation of IKKβ (157), resulting in nuclear factor κB (NFκB) translocation to 

the nucleus and the up-regulation of pro-inflammatory gene expression (65, 157, 179).   

Triggering TLR4 can also induce suppressor of cytokine signalling-3 (SOCS-3) 

expression in innate immune cells and brain tissue (7, 23, 120), but has yet to be 

demonstrated in skeletal muscle. There is strong evidence supporting the role of SOCS-3 

in the development of skeletal muscle leptin resistance, as it interferes with leptin-

stimulated phosphorylation of AMPK (188).  Since leptin and Ad have similar 

mechanisms of action in muscle (134, 202), it is possible that SOCS-3 may also interfere 

with Ad signaling, although this is unknown. Recently, Yaspelkis et al (229) reported 

increased SOCS-3 protein in skeletal muscle of rats following 12 weeks of high fat 

feeding, corresponding with decreased IRS-1 tyrosine phosphorylation.  However, the 
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role of SOCS-3 in the early adaptations to high-fat feeding is currently unknown.  

Furthermore, whether a short-term high-fat diet will induce changes in skeletal muscle 

inflammatory signaling, and whether this depends on the type of fatty acid ingested has 

not been examined. 

Activation of the inflammatory signaling cascade can directly interfere with 

insulin signal transduction, as IKKβ phosphorylates IRS-1 at ser307 thereby preventing 

further insulin signal propagation (232).   Aspirin, (acetylsalisilic acid, ASA) a common 

anti-inflammatory drug, has been shown to be a weak inhibitor of IKKβ (232).  In higher 

doses (i.e. grams/day), ASA has been shown to improve insulin sensitivity, decrease 

circulating FA levels and decrease plasma glucose and insulin, effects that are at least 

partially attributable to its actions at IKKβ (106, 235).  Despite its widespread usage, 

literature examining the role of ASA on skeletal muscle lipid metabolism and adipokine 

response is virtually non-existent. 

The objectives of the current study were to determine whether: i) Ad resistance 

develops in skeletal muscle in only 3 days on a high PUFA diet, similar to a high SAT 

diet; ii) inflammatory markers are altered after 3 days of HF feeding and are dependent 

on the type of fat consumed; and iii) blocking inflammation with ASA supplementation 

can maintain Ad response. It is hypothesized that, i) a diet high in PUFA will not cause 

Ad resistance in 3 days, ii) a high fat diet will cause inflammatory changes in skeletal 

muscle in as little as 3 days and the changes will be more pronounced in SAT fed rats, ii) 

Ad sensitivity will be maintained in skeletal muscle of high fat fed animals by using an 

anti-inflammatory drug (ASA).    
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Methods: 

Animals, Diets and Aspirin supplementation.   

Upon arrival, female Sprague-Dawley rats (140-145 g, Charles River, Quebec, 

Canada) were assigned to individual cages in a controlled environment with a reverse 12 

h light-dark cycle with ad libitum access to a low-fat control diet and water.   

Following the 3-day acclimation period, half of the rats began a 7-day ASA 

supplementation period, with 100 mg ASA per kg body mass mixed into their control diet 

daily.  Following this 7 day priming period, both ASA-supplemented and non-

supplemented animals were further divided into one of 3 dietary groups for an additional 

3 days, low fat control (12% kcal from fat, CON), high saturated fat  (60% kcal from 

lard, SAT) or high polyunsaturated fat  (60% kcal from safflower oil, PUFA) (Research 

Diets, New Brunswick, NJ).  This 3 day SAT diet protocol has previously been shown to 

induce Ad resistance (138).  ASA supplemented animals continued to receive 100 mg/kg 

ASA in their experimental diets.   There was a total of 6 experimental groups: 1) CON, 2) 

CON + ASA, 3) PUFA, 4) PUFA + ASA, 5) SAT, 6) SAT + ASA. High-fat fed animals 

were pair-fed to CON rats (fed ad libitum) with respect to caloric intake on a daily basis 

and body mass was recorded 3 times per week.  

After the 3 days of dietary treatment, animals were overnight fasted prior to 

experimental procedures. Ethical consent for all procedures used was obtained from the 

Animal Care Committee at the University of Guelph. 
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Muscle and Blood Sampling 

Soleus Muscle 

Rats were anesthetized with an intraperitoneal injection of sodium pentobarbital 

(6 mg/100 g body mass) and the soleus (Sol) muscle was carefully dissected into 

longitudinal strips from tendon to tendon using a 27-gauge needle.  The two outside strips 

from each Sol were then incubated under basal or gAd stimulated (2.5 µg/ml; Peprotech, 

Rocky Hill, NJ) conditions for measurement of i) fatty acid metabolism or ii) key 

signaling proteins. The remaining piece of Sol from each leg was immediately frozen in 

liquid N2, without incubation, to determine the chronic effects of the dietary/drug 

intervention on inflammatory signaling proteins. 

Blood 

Terminal blood collection was made at the completion of the treatment via cardiac 

puncture after first excising skeletal muscles for incubation.  A glucometer reading 

(Bayer Elite XL, Toronto, ON) of whole blood glucose was also made. All blood samples 

were collected in heparinized tubes after an overnight fast, centrifuged at 9300 x g for 5 

min at 4°C, and the plasma removed for analyses of ASA (salicylate enzyme assay, 

Cambridge Life Sciences, Cambridgeshire, UK), total Ad (mouse RIA kit, Linco, St 

Charles, MS), C reactive protein (mouse/rat - single plex, Millipore, Billerica, MA), 

insulin, leptin, TNFα, MCP-1 and IL-6 (rat serum adipokine panel, Millipore, Billerica, 

MA). 

 

Fatty Acid Metabolism.         

 Soleus strips were equilibrated in 2 mL of pre-gassed (95% O2-5% CO2) Krebs 
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Henseleit buffer (KHB; 4% BSA, 30°C), with 0.5 mM palmitate and 5 mM glucose for 

30 min. Muscles were incubated for an additional 60 min with the addition of 0.5 µCi/mL 

[1-14C]palmitate (Amersham, ON, Canada) and in the absence or presence of gAd (2.5 

µg/ml) to determine palmitate oxidation and incorporation into endogenous 

triacylglycerol (TAG) and diacylglycerol (DAG) lipid pools as outlined previously (52).  

 Briefly, after the incubations, muscles were blotted of excess liquid, trimmed of 

tendons, weighed and treated to separate the aqueous and lipophilic phases. One milliliter 

of the aqueous phase was quantified by liquid scintillation counting to determine the 

amount of 14C-labelled oxidation intermediates resulting from isotopic fixation.  Muscle 

lipids were re-dissolved in 100 µL of 2:1 chloroform-methanol, spotted on to an oven 

dried silica gel plate (Fisher Scientific Canada, Mississauga, ON, Canada) and placed 

into a sealed tank containing 60:40:3, heptane:isopropyl-ether: acetic acid for 50 min.  

Plates were dried, sprayed with dichlorofluorescein dye (0.2% w/vol in ethanol) and 

visualized under long-wave ultra-violet light.  The individual lipid bands were scraped 

into vials for liquid scintillation counting.  14CO2 accumulated in the buffer was released 

by transferring 1 mL of buffer into a sealed flask and acidifying with 1 mL of 1M sulfuric 

acid and captured in benzethonium hydroxide. The trapped 14CO2 were counted using 

standard liquid scintillation counting techniques. Total palmitate uptake was calculated by 

summing the incorporation of labeled palmitate into lipid pools plus oxidation.     

 

Adiponectin Stimulated Signaling Proteins.       

 Soleus strips were incubated in KHB containing 4% FA-free BSA, 5 mM glucose, 

and 0.5 mM palmitate for 30 min in the presence or absence of gAd (2.5 µg/mL) for the 
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determination of total APPL1 and total and phosphorylated LKB1, AMPK and ACC 

protein content. After incubation, the strips were immediately frozen and stored in liquid 

N2 until subsequent Western Blot analyses. 

 

Western Blot Analyses. 

Muscle tissue (~ 35 mg Sol) was homogenized in ice-cold buffer (1:9 w/v 

dilution) suitable for whole cell protein extraction and preserving phosphorylation states 

of proteins. Homogenates were sonicated for 5 seconds to ensure the nuclear membrane 

was completely broken, centrifuged at 1500 x g for 15 min at 4°C and the supernatant 

was removed and protein content was determined using BSA as standards.  

Fifty micrograms of whole cell lysate protein (or 100 µg for pIKKα/β and pIκBα) 

was solubilized in 4x Laemmli's buffer, boiled (95°C, 5 min), resolved by SDS-PAGE, 

and wet-transferred to polyvinylidene difluoride membranes [1–1.5 h, 100 V; total and 

Ser79 phosphorylated acetyl-CoA carboxylase: 8–15 h, 25–40 V, 4°C]. The membranes 

were blocked for 1 hour and then incubated overnight at 4°C with the specific primary 

antibodies for AdipoR1 (AbCAM, Cambridge, MA), APPL1, total and Ser428 

phosphorylated LKB1, total and Thr172 phosphorylated AMPK, total and Ser79 

phosphorylated ACC (pACC, Upstate, Billerica MA),  TLR4, total and Ser176/180 

phosphorylated IKKα/β, total and Ser32 phosphorylated IκBα, total and Ser536 

phosphorylated NFκB, total and Thr183/185, Thr221/223 phosphorylated Jnk (Millipore, Lake 

Placid, NY) and SOCS-3.  All antibodies were purchased from Cell Signaling (Danvers, 

MA) unless otherwise stated.  After incubation with appropriate secondary antibody for 1 

hour, the immune complexes were detected using the enhanced chemiluminescence 
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method (Syngene Chemigenius2; PerkinElmer, Waltham, MA), and quantified with 

densitometry (Gene Tools software, PerkinElmer). Equal loading was confirmed by 

probing for α-tubulin (AbCAM, Cambridge, MA) and using nonspecific protein staining 

with Ponceau-S staining (Sigma Aldrich, Oakville, ON, Canada) 

Calculations and Statistics 

All data are reported as mean ± SE.  Results were analyzed using a randomized 

block design 2-way ANOVA and a Student Newman Keuls’s post hoc test was used to 

test significant differences revealed by the ANOVA. A one-tailed paired t-test was used 

to compare basal vs. gAd stimulation within a dietary treatment for FA oxidation and 

ACC phosphorylation as well as to compare plasma ASA levels of supplemented vs. non-

supplemented animals.  Significance was accepted at p≤0.05. 
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Results: 

Body Mass and Blood Measurements   

Body Mass: There were no significant differences in final body mass between any 

groups (range, 237-245g).  All animals consumed an average of 68 kcal/day (range, 60-

75 kcal), and this did not differ between groups.  

Blood: The ASA supplemented animals had significantly elevated plasma ASA 

levels (2.05 mM ± 0.2, p≤0.05) compared to non-supplemented animals (non-detectable).  

There was no difference in ASA levels between groups.  Adiponectin levels were 

significantly decreased in PUFA animals (p≤0.05) and tended to be lower in SAT animals 

(p=0.06) compared to CON animals (Table 5.1). ASA supplementation significantly 

increased plasma Ad levels in all dietary groups, such that it normalized low levels in the 

high fat fed animals and further increased Ad levels in CON fed animals.  Fasting plasma 

glucose was not different between groups and there was no significant effect of diet on 

insulin concentration, but ASA tended to decrease fasting insulin in all 3 dietary groups 

(Table 5.1).  ASA tended to decrease leptin concentration in all 3 dietary groups. Neither 

dietary intervention nor ASA supplementation significantly altered plasma CRP or MCP-

1 levels (Table 5.1).  Circulating TNFα and IL-6 were below detectable limits of <4.9 

pg/ml and <12.2 pg/ml respectively, in all groups.  

 

Skeletal muscle lipid metabolism 

Fatty acid oxidation:  Basal rates of fatty acid oxidation did not differ between 

any groups.  Acute gAd exposure significantly increased FA oxidation in CON (+41%, 

p≤0.05) and PUFA (+35%, p≤0.05) fed animals, but failed to do so in SAT fed animals.  
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ASA supplementation resulted in a loss of the stimulatory effect of gAd on FA oxidation 

in all dietary groups (Figure 5.1). 

Fatty acid esterification: Fatty acid esterification into TAG and DAG was not 

different between dietary treatments and was unaffected by ASA supplementation or 

acute gAd exposure (range, TAG: 92.8 ± 3.8 to 116.9 ± 7.8 nmol/g/hr; DAG: 13.3 ± 0.5 

to 18.9 ± 1.4 nmol/g/h).  

Total uptake:  Total fatty acid uptake into skeletal muscle was unaffected by diet, 

ASA supplementation or acute gAd exposure (range: 142.8 ± 7.3 to 175.0 ± 11.8 

nmol/g/hr). 

 

Adiponectin stimulated signaling 

Total proteins: There was no significant difference in total protein content of 

AdipoR1, APPL1, LKB1 or ACC between any treatment groups (Figure 5.2). However, 

ASA supplementation significantly decreased total AMPK protein in all diet groups 

(Figure 5.2).  

Phosphorylated proteins: Adiponectin significantly increased the phosphorylation 

of ACC in CON and PUFA fed animals, but not in SAT fed animals (Figure 5.3).  

Adiponectin, diet and ASA had no significant effect on LKB1 or AMPK phosphorylation 

(Figure 5.3). 

 

Skeletal muscle inflammatory signaling (non-stimulated) 

Total protein:  There was no significant effect of diet or ASA treatment on total 

protein content of TLR4, IKKα/β, IκBα, NFκB, SOCS-3 and JNK (Figure 5.4). 
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Phosphorylated proteins:  Three days of high fat feeding (SAT and PUFA) and 10 

days of ASA supplementation did not significantly alter phosphorylation of any measured 

inflammatory signaling proteins (Figure 5.5). 
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Figure 5.1: The effect of acute gAd exposure on soleus muscle fatty acid oxidation. Data 
are mean ± SE, n=12,  *, significantly different from basal, p ≤ 0.05,  Closed bars = basal, 
Open bars = gAd stimulated (60 min, 2.5µg/ml).  CON = control diet, PUFA = high 
polyunsaturated fat diet, SAT = high saturated fat diet, ASA = aspirin 
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Figure 5.2:  The effect of high fat feeding and ASA supplementation on total protein 
content of Ad signaling intermediates in soleus muscle.  A) Total AdipoR1, B) Total 
APPL1 C) Total LKB1, D) Total AMPK and E) Total ACC under non-stimulated 
conditions for each treatment group (CON, CON + ASA, PUFA, PUFA + ASA, SAT, 
SAT + ASA).  Alpha tubulin was used as a loading control. ^, significantly different from 
non-ASA supplemented.  CON = control diet, PUFA = high polyunsaturated fat diet, 
SAT = high saturated fat diet, ASA = aspirin 
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Figure 5.3: The effect of high fat feeding and ASA supplementation on phosphorylated 
Ad signaling intermediates in soleus muscle.  A) Ser428 LKB1, B) Thr172 AMPK and C) 
Ser79 ACC under basal and gAd stimulated conditions for each treatment group (CON, 
CON + ASA, PUFA, PUFA + ASA, SAT, SAT + ASA). Alpha tubulin was used as a 
loading control. Data are mean ± SE, n=12,  *, significantly different from basal, p ≤ 
0.05,  Closed bars = basal, Open bars = gAd stimulated (30 min, 2.5µg/ml).  CON = 
control diet, PUFA = high polyunsaturated fat diet, SAT = high saturated fat diet, ASA = 
aspirin 
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Figure 5.4:  The effect of high fat feeding and ASA supplementation on total protein 
content of inflammatory signaling intermediates in soleus muscle. A) Total TLR4, B) 
Total IKKα, C) Total IKKβ, D) Total NFκB, E) Total IκBα, F) Total Jnk and G) Total 
SOCS-3 under non-stimulated conditions for each treatment group (CON, CON + ASA, 
PUFA, PUFA + ASA, SAT, SAT + ASA). Alpha tubulin was used as a loading control. 
n=12  CON = control diet, PUFA = high polyunsaturated fat diet, SAT = high saturated 
fat diet, ASA = aspirin 
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Figure 5.5: The effect of high fat feeding and ASA supplementation on phosphorylated 
inflammatory signaling intermediates in soleus muscle. A) Ser176/180  IKKα/β, B) Ser536 

NFκB C) Ser32 IκBα, and D) Thr183/185, Thr221/223 Jnk under non-stimulated conditions for 
each treatment group (CON, CON + ASA, PUFA, PUFA + ASA, SAT, SAT + ASA).  
Alpha tubulin was used as a loading control. n=12  CON = control diet, PUFA = high 
polyunsaturated fat diet, SAT = high saturated fat diet, ASA = aspirin 
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Discussion: 

 In the current study we show that animals fed a high PUFA diet remained Ad 

responsive as evidenced by increased skeletal muscle ACC phosphorylation and FA 

oxidation in the presence of gAd; whereas SAT fed rats became resistant and did not 

respond to gAd. However, regardless of the type of dietary FA, 3 days of high fat feeding 

did not alter muscle or blood markers of inflammation. Surprisingly, ASA 

supplementation decreased total AMPK protein and prevented gAd stimulated increases 

in FA oxidation.  Neither APPL1 nor LKB1 were affected by diet or ASA, suggesting 

that absolute changes in APPL1 and LKB1 content/phosphorylation are not required for 

altered Ad response. 

 

Adiponectin response differs depending on the type of fatty acid ingested. 

 Saturated and polyunsaturated fatty acids are known to differentially affect 

insulin sensitivity and inflammation (115, 131, 135, 220).  To the best of our knowledge, 

we are the first to study i) the effects of PUFA vs. SAT feeding on adiponectin response 

in skeletal muscle, and ii) the very early (i.e. 3 day) adaptation of skeletal muscle to high 

fat diets of differing FA composition.  In support of our hypothesis, muscle from PUFA 

fed animals remained Ad sensitive, as determined by the ability of gAd to acutely 

increase FA oxidation and pACC, while SAT fed animals became Ad resistant.  In our 

earlier study (139), we showed that although 4 weeks of PUFA feeding did induce Ad 

resistance, these animals remained insulin sensitive, whereas SAT fed animals showed 

impaired insulin stimulated glucose transport in skeletal muscle following 4 weeks of 

their high fat diet. Thus, if Ad sensitivity can be maintained longer (as is the case when 
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PUFA are the main source of the diet) then the development of insulin resistance appears 

to be delayed. Together, these studies support the initiating role of Ad resistance in the 

development of insulin resistance.  

 Prior to commencing the current study, we hypothesized that a SAT diet 

would promote inflammation, which in turn would interfere with Ad signaling, while a 

PUFA diet would not cause inflammation and thus preserve Ad signaling. However, the 

results of the current study do not support this hypothesis. While the metabolic response 

to Ad was different between diets, there were no changes in muscle or blood markers of 

inflammation to explain this difference.  Therefore, while it is clear that Ad response 

varies based on the type of FA ingested, it remains unclear why these differences exist.  

 

Three days of high fat feeding is not sufficient to induce inflammation. 

 We hypothesized that a diet high in saturated fat would induce a state of 

elevated inflammation (i.e. increased muscle pIKKβ, pIκBα, pNFκB and plasma CRP, 

TNFα, MCP-1) since SAT FA have been reported to trigger inflammation is several 

tissues and cell types (157, 162, 208, 229).  Radin et al (157) have shown that SAT FA 

stimulate TLR4 on the plasma membrane of skeletal muscle and trigger activation of the 

downstream IKK/NFκB signaling cascade, as indicated by an increased phosphorylation 

of IKK and IκBα. Yaspelkis et al (229) have recently shown that IκBα and IKKβ 

phosphorylation is significantly increased in skeletal muscle following 12 weeks of high 

SAT feeding. In the current study, we did not show increased total protein content or 

phosphorylation state of any measured inflammatory protein following 3 days of high fat 

feeding.   
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 It is possible that the absolute amount or the phosphorylation state of 

individual proteins may not be the sole or best indicator of an altered inflammatory state. 

Cellular location or co-localization with other proteins may be equally important 

determinants of a protein’s action.  In support of this, Yaspelkis et al (229) reported 

increased SOCS-3 co-localization with IRS-1 following 12 weeks of high fat feeding, 

resulting in impaired insulin signal transduction.  It is possible that SOCS-3 may co-

localize with proteins in the Ad signaling cascade and prevent gAd signal propagation.   

 It is also quite plausible that 3 days of HF feeding is simply not long enough 

to cause a detectable increase in the inflammatory markers measured in this study.  

Previous HF feeding studies that report increased inflammatory signaling in skeletal 

muscle have ranged from 6 weeks to several months in duration (16, 106, 157, 176, 229, 

235).  Although 3 days may be a short time period to observe inflammatory changes, 

there are clear and sustained changes in Ad stimulated lipid metabolism after only 3 days 

of high fat feeding.  Furthermore, stimulation of TLR4 in macrophages can increase 

SOCS-3 mRNA in as little as 1 hour (44), and 3 days of palmitate incubation can 

significantly up-regulate TLR4 protein content in human myotubes (162). Therefore, it is 

reasonable to presume that inflammatory changes might have occurred within 3 days, 

although the results of the current study do not support this.  

 It should be noted that in the current study, all animals were fasted for 12 

hours prior to the measurement of inflammatory markers in plasma and skeletal muscle.  

Therefore it remains possible that an acute increase in inflammatory proteins occurred 

following ingestion of HF diet, but subsided during the subsequent 12 hour fast.  Even if 



 
 

 112 

such is the case, the impaired response of skeletal muscle to Ad stimulation still remained 

following an overnight fast, in the absence of any alteration in inflammatory markers.  

 

Total AdipoR1 and APPL1 may not predict Ad response 

 AdipoR1 protein content was not affected by diet, in agreement with our 

previous work (138), or by ASA, and thus does not explain the differences in Ad 

response between dietary and ASA treatments.  Also, as expected based on our previous 

findings (138, 139), changes in pACC mirrored changes in FA oxidation and thus Ad 

response.  However contrary to our hypothesis, there was no difference in APPL1 or total 

and phosphorylated LKB1 protein content between animals who were Ad responsive or 

resistant, suggesting that changes in the content of these Ad signaling proteins are not 

necessarily required to alter Ad response. 

 Recently, Wang et al (214) identified APPL2, a novel protein involved in the 

regulation of APPL1 association with AdipoR1. In a basal state, APPL2 sequesters 

APPL1 in the cytoplasm, and also occupies the APPL1-AdipoR1 intracellular binding 

site.  Upon binding of gAd to AdipoR1, APPL2 releases APPL1 and simultaneously 

dissociates from AdipoR1, thereby facilitating APPL1-AdipoR1 interaction. Thus, it is 

possible that while the total quantity of APPL1 and AdipoR1 did not change, a greater 

proportion of APPL1 remained sequestered in the cytoplasm and did not associate with 

the receptor upon gAd binding. Due to soleus muscle tissue limitations, we were unable 

to measure co-localization of APPL1 with AdipoR1. However, future studies should 

examine the potential role of APPL2 and APPL1 co-localization in the development of 

Ad resistance.  
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Aspirin decreases total AMPK protein and prevents Ad stimulated fatty acid oxidation  

 A surprising finding of the current study was that ASA supplementation 

decreased total AMPK protein and prevented gAd stimulation of FA oxidation in soleus 

muscle. This does not necessarily mean that ASA interferes specifically with Ad signal 

transduction. We speculated that ASA might decrease mitochondrial content (oxidative 

capacity) of the muscle, rendering it incapable of responding to a stimulus of oxidation 

above basal levels.  Very limited evidence in patients with Reyes Syndrome suggests that 

aspirin may inhibit palmitate oxidation in skin fibroblasts from both control and disease 

patients (67). To this end, we measured two markers of mitochondrial content (citrate 

synthase, β-HAD protein content), but did not show any decrease in their content in 

soleus muscle from ASA supplemented animals (data not shown).  

 We are not the first group to show potentially undesirable metabolic responses 

to ASA supplementation.  Recently, Xiao et al (221) reported that one week of ASA 

supplementation did not prevent lipid-induced insulin resistance in overweight and obese 

non-diabetic men as assessed by the insulin sensitivity index.  In fact, ASA 

supplementation decreased insulin sensitivity below that seen in non-supplemented men 

(221).  Additional conflicting results have been reported in humans following aspirin and 

salicylate derivative supplementation.  Evidence of improved (59), unchanged (57, 109, 

160) and decreased (7, 22, 66, 146) insulin sensitivity have all been reported following 

salicylate supplementation at doses (1-7g/day in adult humans) and time periods (3 days 

to 4 weeks) similar to the current study. In the current study, plasma ASA levels in 

supplemented animals averaged ~2 mM, consistent with previously reported levels in 

humans and animals (range 1-5mM) and well below toxic levels (232, 235).  
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Summary and Perspectives: 

Taken together, these results demonstrate that Ad resistance develops rapidly in 

skeletal muscle in response to high fat feeding, but is dependent on the type of dietary 

fatty acid.  Saturated fatty acids induce Ad resistance while PUFAs maintain Ad 

response, at least in the short term. Adiponectin’s stimulation of FA oxidation is not 

dependant on changes in total content or phosphorylation of other Ad signaling 

intermediates (AdipoR1, APPL1).  In comparison, 3 days of high fat feeding, whether 

PUFA or SAT is insufficient to cause chronic changes in inflammatory proteins in the 

muscle or plasma.  Therefore, we must conclude from the current findings that skeletal 

muscle inflammation is not responsible for the rapid diet-induced Ad resistance.  

Furthermore, the current results provide support for other recent findings demonstrating 

negative metabolic consequences to ASA administration.  
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Chapter 6: General Discussion 

Obesity and T2D are recognized as chronic, low-grade inflammatory diseases and 

are characterized by impaired lipid metabolism (87, 103).  Lipotoxicity in skeletal muscle 

results from an imbalance between FA uptake and oxidation leading to intramuscular 

lipid accumulation as DAG and ceramide, which can interfere with insulin signal 

transduction and glucose uptake (94).  Furthermore, conditions of lipid surplus have been 

shown to trigger tissue specific inflammation and promote a systemic pro-inflammatory 

state (16, 157, 176).  Adiponectin is an insulin-sensitizing adipokine, known to stimulate 

skeletal muscle FA oxidation and protect against lipid-induced IR (12, 62, 228).  

However, in established cases of obesity, resistance to Ad has been shown in peripheral 

tissues (26, 203).   

Prior to this thesis it was unknown 1) whether Ad resistance is inducible, 2) 

whether Ad resistance contributes to or results from lipid-induced IR and 3) what causes 

Ad resistance.  Therefore, the primary objectives of the current thesis were 1) to 

determine if Ad resistance develops in rodent skeletal muscle following the consumption 

of high fat diets of varying FA composition 2) to determine the time line of changes in 

skeletal muscle Ad response, lipid metabolism and insulin response following high fat 

feeding, and 3) to determine if inflammation triggers the onset and development of Ad 

resistance.  

 

High fat diets induce Ad resistance. 

The first objective of this thesis was to determine if high fat feeding, a known 

contributor to the development of obesity and insulin resistance, would induce Ad 
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resistance.  As PUFA and saturated FA have been suggested to differently affect insulin 

response (113), our secondary objective was to determine if the type of FA in the diet 

influenced the development of both Ad resistance and IR.  Results of the first study 

clearly demonstrate that Ad resistance is inducible by both PUFA and SAT diets, but this 

coincided with impaired maximally insulin-stimulated glucose transport in SAT fed 

animals only. That is, Ad resistance and IR can be divorced.  It is important to clarify that 

this observation was made at a single time point (ie: after 4 weeks) and as such, it could 

not be concluded whether Ad resistance preceded IR, resulted from IR or was unrelated 

to the development of IR.   The finding that a PUFA diet induced Ad resistance without 

yet causing IR strongly suggested that Ad resistance might be an initiating event 

contributing to an impaired insulin response.  However, this conclusion could not 

definitively be drawn without an appropriate time course study.  We chose to focus solely 

on the time course development of SAT induced IR since we knew that both Ad 

resistance and IR would develop in a 4 week time period.  It remains to be determined if 

a longer period of PUFA feeding would result in IR, but we suspected this to be true. 

 

Ad resistance is rapidly induced by SAT feeding and precedes the development of IR. 

 The use of a time course study design allowed us to determine that Ad resistance 

is very rapidly induced, evident after only 3 days of SAT feeding. Importantly, this 

resistance preceded an increased FA transporter content at the plasma membrane, 

increased DAG and ceramide accumulation and impaired maximally insulin-stimulated 

glucose transport.  Furthermore, additional pilot experiments show that leptin resistance 

is also inducible following very short term SAT feeding (Appendix A). It seems logical 
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to presume that resistance to insulin-sensitizing adipokines would be a detrimental 

adaptation of skeletal muscle to high fat feeding.  These results are interpreted to show 

that in cases of high fat feeding the development of adipokine resistance leaves the 

muscle with a diminished capacity to appropriately partition FA towards oxidation and 

away from storage.  Accordingly, as FA transporter content at the plasma membrane 

increases promoting a greater influx of FA into the cell, these FA become esterified.  

Accumulation of DAG and ceramide in turn can interfere with appropriate insulin signal 

transduction, leading to impaired insulin-stimulated glucose transport.  

Interestingly, the earliest signs of impaired insulin signaling coincided with the 

onset of Ad resistance, well before an impairment in maximally insulin stimulated 

glucose transport.  That is, after only 3 days, insulin stimulated Akt phosphorylation was 

slightly blunted in SAT fed animals.   It is important to note that this impairment 

occurred prior to increases in ceramide content, the lipid metabolite known to interfere 

with Akt phosphorylation, suggesting that gAd and its downstream signaling targets may 

stimulate insulin-signaling intermediates and facilitate glucose transport directly.  A 

recent report by Deepa and Dong (47) shows that APPL1, the molecule required for gAd 

signaling through AdipoR1 also plays a role in Akt phosphorylation.  Therefore, it is 

possible that if a SAT diet interferes with gAd signaling through APPL1, it might also 

prevent APPL1 facilitated phosphorylation of Akt.  At the time of publication for the 

second study of this thesis, this evidence was unknown.  However, these recent advances 

stimulate re-evaluation of this seemingly incongruent result from the time course work 

and supports that Ad responsiveness may have a greater metabolic significance than 
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simply preventing intramuscular lipid accumulation by stimulating FA oxidation i.e. a 

direct effect on insulin signaling.  

Furthermore, all measures of glucose transport in the current studies were made 

under maximally insulin-stimulated conditions (i.e. response), and thus do not reflect 

insulin sensitivity.  Had sub-maximal insulin concentrations been used, it is possible that 

impaired insulin sensitivity would have been evident earlier that 4 weeks and more 

closely matched the time frame in which impairments of insulin signaling intermediates 

were observed.   It is also possible that 4 weeks of PUFA feeding, while not sufficient to 

impair maximally insulin stimulated glucose transport, may have decreased insulin 

sensitivity. Similarly, a single maximal gAd dose was used in all studies.  Had a sub-

maximal Ad dose been administered, (i.e.: had Ad sensitivity been assessed), we 

hypothesize that decreased Ad sensitivity would have been observed in the PUFA fed 

animals earlier than the 4 week time point.  Due to tissue limitations of the soleus muscle, 

we were unable to assess multiple insulin or gAd doses, but acknowledge that this is an 

important question and warrants future investigation.   

 

The underlying cause of Ad resistance remains to be determined.  

After determining that Ad resistance is rapidly inducible and precedes the 

development of IR, we set to determine how a HF diet causes Ad resistance. 

Furthermore, we questioned whether a PUFA diet would have similar immediate results 

to those observed with SAT feeding.  We hypothesized that dietary SAT FA would 

stimulate TLR4 and increase skeletal muscle inflammatory signaling, which would result 

in an up-regulation of SOCS-3 protein expression.  In turn, SOCS3 would interfere with 
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Ad signal transduction, similar to reported evidence with leptin resistance (188).  This 

hypothesis was prompted for several reasons.  An inflammatory response, by its nature 

must be rapid and thus could explain the very rapid onset of Ad resistance.  Also, dietary 

FA have been shown to activate TLR4, but PUFA and SAT FA are suggested to have 

differing inflammatory properties (115) perhaps explaining their opposite influence on 

IR.  Furthermore, HF diets have been shown to up-regulate inflammatory profiles in 

multiple tissues (157, 176) and obesity and IR have been characterized as chronic low-

grade inflammatory conditions (87). Therefore, we fed rats a PUFA or SAT diet for 3 

days to induce Ad resistance and supplemented the animals with aspirin, a common anti-

inflammatory drug and weak inhibitor of IKKβ previously shown to protect animals from 

lipid induced insulin resistance.  

Contrary to our hypothesis, 3 days of PUFA or SAT feeding did not cause a 

sustained elevation in SOCS3 or any inflammatory proteins measured, nor did aspirin 

supplementation have any protective effect.  However, PUFA feeding for 3 days 

protected against the rapid development of Ad resistance that was confirmed in SAT fed 

animals. This finding supports our general hypothesis that Ad resistance is an initiating 

and a potentially contributing event in the development of IR.  That is when Ad 

resistance is delayed, as in the case of PUFA feeding it appears as though IR is delayed as 

well, whereas early development of Ad resistance with SAT feeding is matched with 

earlier evidence of impaired insulin stimulated glucose transport. Further studies would 

be required to definitively state if Ad resistance is necessary in the development of IR, 

but the results presented in the current thesis support this logic. 
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 We are cautious to say that inflammation does not have a role in diet induced Ad 

resistance.  As previously discussed, in Chapter 5, total and phosphorylated whole muscle 

protein content is not the sole or even necessarily the best index of an inflammatory state.  

It is still possible that existing SOCS3 protein or existing inflammatory proteins co-

localized with intermediates in the Ad signaling cascade and interfered with gAd signal 

transduction, without a significant change in total amount of protein in the muscle. 

Furthermore, all proteins were measured in muscle from fasted rats, and can only provide 

a snapshot in time. Through pilot work examining the influence of chronic TNFα 

infusion on insulin response, it was discovered that the half-life of TNFα is relatively 

short and its concentration is drastically reduced within several of hours (Appendix B).  It 

is possible some inflammatory proteins may have increased immediately following 

ingestion of the diet, but had returned to baseline values during the hours between the last 

‘meal’ and terminal muscle sampling on the following morning. Future studies should 

closely examine the localization of inflammatory proteins, as well as thoroughly 

investigate the signaling events that may occur in the post-prandial state, a condition 

more representative of human metabolism. 

Alternatively, it is possible that dietary FA themselves interfere with Ad signaling 

in skeletal muscle.  Despite no change in AdipoR1 protein content following HF feeding, 

we cannot discount the potential that the diet reduced the affinity of AdipoR1 for gAd or 

altered AdipoR1 position/location in the membrane.  The FA composition of membranes 

has been shown to mimic the type of FA consumed in the diet and could theoretically 

affect membrane associated receptors (98).   We hypothesize that any change in AdipoR1 

function, if one exists, would be attributable to circulating FA and not an accumulation of 



 
 

 121 

FA as lipid metabolites within the cell (DAG, ceramide) since blunted Ad signaling is 

evident prior to accumulation of these lipids.   

 

Future directions and considerations. 

Experiments aimed at identifying the cause of Ad resistance should still be a 

priority.  Once the trigger of Ad resistance is identified, it can be manipulated in order to 

conclusively determine if Ad resistance is necessary and/or sufficient to cause IR.   We 

suspect that Ad resistance alone may not be sufficient to cause IR without compensatory 

changes in lipid status (i.e. lipid surplus and increased FA transporter content).  Rather, 

Ad resistance likely acts as an accelerant, facilitating lipotoxic skeletal muscle lipid 

accumulation under conditions of lipid excess.  If Ad response can be maintained, it 

should serve to prevent or at least delay the development of IR.   

It would be interesting to evaluate the physiological consequences of Ad 

deficiency or Ad receptor deficiency in genetically altered animals, analogous to the 

leptin deficient (ob/ob) or leptin receptor deficient (db/db) mouse.  These models are well 

documented to have an obese phenotype and rapidly show signs of hyperlipidemia, 

hyperglycemia and IR (39).  It is surprising that comparable Ad deficient models are not 

as well studied.  Generation of tissue specific AdipoR1 or AdipoR2 knock out animals, or 

neutralizing antibodies specific to gAd or full-length Ad could serve to identify which 

form of Ad and which target tissue is most important for Ad’s whole body insulin-

sensitizing abilities. Although the focus of this thesis was on the effects of gAd on 

skeletal muscle metabolism, as identified in chapter 1, gAd constitutes only 1% of total 

Ad and full-length multimers comprise the majority of circulating Ad. Future studies 
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should also consider the role of full length Ad in the liver to understand the entire scope 

of Ad’s insulin-sensitizing effects.  Furthermore, whether an impaired Ad response in one 

tissue can be compensated by Ad action in another tissue and preserve whole body 

insulin sensitivity should be determined. 

The unexpected finding that aspirin supplementation for 10 days decreased total 

AMPK protein and prevented gAd stimulated FA oxidation, although not central to the 

objectives of the current thesis, still raises several worthy questions.  First, it should be 

questioned whether aspirin specifically blocked gAd signaling, or rather prevented the 

ability of skeletal muscle to respond to a stimulus of FA oxidation.  We measured total 

protein content of several markers of oxidative capacity in aspirin supplemented and non-

supplemented animals but found no significant difference between groups.  Future studies 

should assess AICAR stimulation of FA oxidation in aspirin supplemented and non-

supplemented animals to assess if aspirin prevents general stimulation of FA oxidation.  

In addition, other inhibitors of IKKβ could be applied to skeletal muscle to determine if 

IKKβ inhibition specifically causes the decrease in total AMPK protein or if it was a 

generic effect of aspirin. The underlying mechanism for this effect of ASA 

supplementation is unknown.   

Since aspirin is a crude anti-inflammatory agent, it is perhaps not surprising that 

some unforeseen adaptations occurred.  Future studies should employ more specific 

inhibitors of inflammation in order to better understand the role of inflammation in FA 

induced Ad resistance and IR.  TLR4 knock out mice are commercially available and 

have been used to study the role of inflammation in lipid induced IR.  As discussed in 

Chapter 1, some controversy exists with respect to sex differences and method of lipid 
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overload (diet vs. infusion) in these animals (157, 176).  Importantly, the evaluation of 

adipokine response and function has yet to be measured in this model.  Furthermore, TIP 

(TIRAP inhibitor peptide) is an anti-inflammatory agent shown to specifically block 

TLR-4 activation (157). This synthetic agent could be used in cell culture or in vitro 

models with long-term lipid exposure to understand the inflammatory mechanisms (if 

any) behind lipid induced adiponectin resistance and IR. 

All measurements in the current thesis were made in the oxidative soleus muscle 

because it is a highly suitable tissue to measure FA oxidation and had been used 

previously to demonstrate diet-induced leptin resistance (186).  Furthermore, the soleus 

muscle is unique in that it allows for multiple strips to me made from a single muscle, 

thereby increasing control in all experiments.  However, we acknowledge that a primarily 

oxidative muscle is not representative of mixed or glycolytic muscle fibres and may 

exhibit different metabolic properties. For example, as previously discussed in Chapters 1 

and 3, gAd is consistently shown to phosphorylate AMPK in glycolytic but not always in 

oxidative muscle (202).  In addition, dietary fatty acid induced inflammation has been 

shown to occur in glycolytic but not oxidative muscle (16).  Thus, it is possible that a 

lack of AMPK phosphorylation or a lack of skeletal muscle inflammation in the studies 

of this thesis are due to our choice of oxidative muscle and may have presented 

differently in a mixed or oxidative muscle fibres.  We contend that an impaired gAd 

response in oxidative muscle is a novel finding, but future work should consider fibre 

type differences in metabolic response to high fat feeding. 

The use of isolated rodent skeletal muscle and extreme high fat feeding in the 

current studies provided an opportunity to tightly regulate FA intake and allowed for the 
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investigation of mechanisms responsible for Ad resistance.  However, caution must be 

exercised before translating the findings into recommendations for humans.  The diets 

used in the current studies were very high in fat (60% of total kcal) and consisted 

exclusively of one FA type (n-6 PUFA from safflower oil or SAT FA from lard).  Future 

studies should examine the ability of a more physiologically relevant intervention, 

namely a mixed FA diet or a diet of lower total fat content (~40%), to cause changes in 

Ad response and skeletal muscle lipid metabolism.  Furthermore, omega-3 FA were not 

included in any of the experimental diets in order to specifically examine the metabolic 

consequence of exposure to a single FA type.  Partial substitution of a PUFA diet with 

omega-3 FA has been shown to modestly protect against high fat diet induced leptin 

resistance (186).  Similar studies are currently being conducted in our laboratory to 

determine if partial replacement of SAT FA with 12% menhaden oil (omega-3 FA) can 

both prevent and restore Ad resistance.  It is worthwhile to note that in the studies of the 

current thesis, all high fat fed animals were pair fed to match the caloric intake of control 

animals.  Pair feeding, while useful to control for the confounding influence of increased 

body weight, artificially restricts the high fat fed animals and may not be representative 

of the normal physiological consequences associated with over-nutrition.  Future studies 

may consider ad libitum access to all dietary treatments and re-evaluate the influence on 

Ad resistance progression. 

In addition to dietary interventions, the ability of concurrent or supplemental 

exercise to prevent or reverse Ad resistance should be explored.  Concurrent aerobic 

exercise has been shown to partially prevent diet induced leptin resistance (190), while 

supplemental exercise imposed after the development of leptin resistance can restore 
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skeletal muscle leptin response and insulin response (Ritchie, unpublished data).  

Interesting to note is that supplemental exercise after high fat feeding restored maximally 

insulin stimulated glucose transport in just one week, but leptin stimulated FA oxidation 

required two weeks of exercise to be restored.  Contrary to our theory, this finding 

suggests that adipokine resistance may not be critical in the development of IR or 

restoration of insulin response.  However, it is possible that the maximal insulin dose 

administered in this study was sufficient to stimulate glucose transport, and does not 

reflect insulin sensitivity.  That is, it is possible that animals were still insulin insensitive 

for longer than one week.  To date, no published data exist on the ability of exercise to 

prevent or restore dietary induced Ad resistance.  Investigation into the ability of 

moderate aerobic exercise to restore Ad and insulin response in skeletal muscle after 

administering a HF diet is currently underway in our laboratory.  Together, these new and 

intriguing findings will provide the necessary framework in order to design and 

recommend new strategies to both treat and prevent lipid induced IR. 

 

Summary 

In summary, the current thesis presents a framework to explain the role of gAd 

resistance in high fat diet induced IR.  Dietary FA, in particular SAT FA, rapidly induce a 

state of skeletal muscle Ad resistance, leaving the muscle with a diminished capacity to 

stimulate FA oxidation.  This resistance precedes and likely acts as an accelerant in the 

development of lipid induced IR.  As the high fat diet persists, FA transporters relocate to 

the plasma membrane, resulting in increased FA uptake.  Without a sufficient stimulation 

of FA oxidation, lipids accumulate as inert TAG but also as metabolically active DAG 
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and ceramide.  These lipids then can directly interfere with insulin signaling, resulting in 

a lower rate of insulin stimulated glucose uptake by muscle.   The cause of Ad resistance 

is currently unknown, but should remain the focus of future studies.  The role of diet 

induced inflammatory changes should not yet be discounted. 

We acknowledge that in vivo, many overlapping and redundant pathways act in 

accordance to regulate metabolism and may compensate for Ad resistance.  However, 

early development of adipokine resistance (Ad and leptin) may accelerate the progression 

of lipid induce IR.  Therefore, we propose adipokine resistance as a novel target for 

therapeutic strategies in the battle against diet induced IR. We hypothesize that dietary, 

lifestyle or pharmaceutical interventions that serve to maintain adipokine response should 

prevent or at least delay the onset of lipotoxicity and IR and are therefore worthy of 

continued research and attention.  
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Appendix A 

 

Pilot work: Leptin resistance following short term high fat feeding. 

Basal and leptin-stimulated FA oxidation in soleus muscle from control (CON) and high 

saturated fat (HF) fed (3 days or 7 days) female sprague dawley rats.  Evidence of leptin 

resistance presents after 3 days of HF feeding. 

 

 
CON 
basal 

CON 
leptin 

3d HF 
basal 

3d HF 
leptin 

7d HF 
basal 

7d HF 
leptin 

 57.64 71.87 59.18 96.03 30.51 45.15 

 70.20 57.69 55.89 69.13 34.40 39.64 

 25.41 81.67 55.23 36.30 36.95 39.99 

 46.64 52.29 39.32 52.49 69.30 33.03 

 49.52 71.87 61.64 48.32 55.41 40.94 

 42.37 57.69 63.06 42.53 73.50 65.58 

 40.95 81.67     34.20 54.80 

 24.91 52.29     59.10 52.10 
Mean 

nmol/g/hr 44.71 65.88 55.72 57.47 49.17 46.40 
SE 5.4 4.4 3.5 8.9 6.1 3.7 

% change 
from basal   47%   3%   -6% 

p=   0.01   0.43   0.34 
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Appendix B 
 
 
Pilot work:  TNFα degradation 
 
Vial prepared with TNFα at a concentration of 5000pg /ml.   Vial incubated at 37°C for 6 

hours, with samples being taken every 2 hours. TNFα concentration assessed by Cytelisa 

5000 kit. 

                      

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Time point TNFα  pg/ml 
Pre 5110.36 
2h 4597.03 
4hr 4152.45 
6hr 3891.20 
Delta -23.86% 

TNF-a degrades by ~ 25% over 6 hr 
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Appendix C 
 

Western Blot Conditions 
 

Protein MW  gel block 1'Ab wash 2'Ab wash Detect 
TLR4 110 10% 5% BSA 1:250 5% BSA 20 hrs TBST 1:2000 rabbit TBST 5x1 min  
IKKα 85 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x1 min  
IKKβ 87 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x1 min  
pIKKα/β 85/87 10% 5% BSA 1:500 5% BSA (48hrs) TBST 1:2000 rabbit TBST 5x2 min 
NFκB (p65) 65 10% 5% BSA 1:2000 5% BSA TBST 1:2000 rabbit TBST 5x1 min 
pNFκB 65 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x1 min 
IκBα 39 10% 5% NFM 1:500 5% NFM TBST 1:2000 mouse TBST 5x1 min 
pIκBα 41 10% 5% BSA 1:500 5% BSA  (48 hrs) TBST 1:2000 rabbit TBST 5x2 min  
JNK 54/45 10% 7.5% BSA 1:500 7.5% BSA TBST 1:3000 rabbit TBST 5x1 min 
pJNK 55/46 10% 7.5% BSA 1:500 7.5% BSA TBST 1:1000 rabbit TBST 3x2 min 
SOCS3 26 10% 5% BSA  1:1000 5% BSA TBST 1:2000 rabbit TBST 5x1 min  
AdipoR1 42 10% 2.5% NFM 1:1000 2.5% NFM TBST 1:2000 goat TBST 5x1 min 
APPL1 82 10% 5% NFM 1:1000 5% NFM TBST 1:2000 rabbit TBST 1x2 min  
LKB1 54 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x1 min  
pLKB1 54 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x3 min 
AMPK 64 10% 5% BSA 1:1000 5% BSA TBST 1:2000 rabbit TBST 5x30 sec  

pAMPK 64 6% 5% BSA 1:1000 5% BSA TBST 
1:2000 rabbit 5% 

NFM PBST PBST 5x30 sec  
ACC 260 6% 2.5% BSA 1:1000 2.5 % BSA TBST 1:2000 rabbit TBST 5x1 min 

pACC 260 6% 2.5% BSA 1:1000 2.5% BSA TBST 
1:2000 rabbit PBS 

no tween PBST 5x1min 
 




