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 Lipidology, or the scientific investigation of cellular lipids in biological systems, 

as well as their pathways and networks, is becoming an increasingly integral component 

in the investigation of metabolic disease and, outside the healthcare fields, in the 

elucidation of adaptations to specific environmental stressors.  Sphingolipid and whole 

phospholipid profiles were examined in several species of marine mammals (and in two 

tissue types in one marine mammal species), as well as in the skeletal muscle of obese, 

pre-diabetic mice.  The fatty acid composition of the cells (the sum total of intracellular 

lipid and the fatty acids of membrane phospholipids) was also examined in obese, pre-

diabetic skeletal muscle of the mouse. 

  Marine mammal species were compared based on diving ability.  Shallower 

divers (harbor seals, Phoca vitulina) demonstrated significantly higher C16 ceramide, 

16:0 sphingomyelin, and dipalmitoylphosphatidylcholine (DPPC) levels compared to 

deeper divers (Weddell seals, Leptonychotes weddellii).  Additionally, in comparing 

ringed seal (Pusa hispida) skeletal muscle to liver tissue, liver tissue showed significantly 

higher levels of C16:0 sphingomyelin, dipalmitoylphosphatidlycholine, and C16 



ceramide.  Pre-diabetic mice were found to have no significant changes in sphingolipids 

or whole phospholipids after high-fat diet (HFD) feeding compared to controls, but had 

statistically significant elevations of PUFAs (particularly omega-6s), and statistically 

significant declines in MUFAs. 

 These results suggest that harbor seals are under greater stress than Weddell seals, 

based on upregulated levels of C16 ceramide and 16:0 sphingomyelin, and this increased 

stress likely results from an increased time at depth.  Likewise, the liver of ringed seals 

shows significant signs of physiological stress, but here, the difference may be one of 

varying blood flow between the liver and skeletal muscle during diving.  DPPC levels 

were higher in ringed seal liver, as well as harbor seal skeletal muscle, suggesting these 

tissues are more susceptible to hydrostatic pressure-related complications.  Finally, the 

HFD-fed mice demonstrated a trend toward pro-inflammatory fatty acid pools with an 

increase in PUFAs, and specifically N6s.  The results reported here contribute to our 

knowledge of the importance of biological membranes and the composition of fatty acid 

pools within cells to healthy physiological functioning. 

 



Page bearing signatures is kept on file in the Graduate School.

Lipid Studies in Breath-Hold Diving Mammals and Obese, Pre-diabetic Mice

 

by

Kathryn Young, B.S., M.S.

A Dissertation

Approved by the Department of Biology

Robert D. Doyle, Ph.D., Chairperson

Submitted to the Graduate Faculty of 
Baylor University in Partial Fulfillment of the  

Requirements for the Degree 
of

Doctor of Philosophy

Approved by the Dissertation Committee

Myeongwoo Lee, Ph.D., Chairperson

Ann E. Rushing, Ph.D.

Bessie W. Kebaara, Ph.D.

Cheolho Sim, Ph.D.

Dennis A. Johnston, Ph.D.

Thomas J. Hawke, Ph.D.
 

Accepted by the Graduate School

December 2013

J. Larry Lyon, Ph.D., Dean



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2013 by Kathryn Young 

All rights reserved 



v 

 

TABLE OF CONTENTS 
 
 

List of Figures vii
 
List of Tables viii
 
List of Abbreviations ix
 
Acknowledgments xi
 
Dedication xii
 
Chapter One 1

Introduction 1
 Marine Mammal Studies Rationale 1

Marine Mammal Studies Specific Aims/Hypotheses 10
High Fat Diet Mouse Study Rationale 11
High Fat Diet Mouse Study Specific Aim/Hypotheses 18
Rationale for the Measurement and Comparison of Lipids of 

Interest 
18

Dissertation Theme 27
 
Chapter Two 30

Phospholipid and Sphingolipid Profiles in Harbor Seals (Phoca 30
vitulina) and Weddell seals (Leptonychotes weddellii):  A First 
Descriptive Comparison of Complex Lipids in Marine Mammals 

Introduction 30
Materials and Methods 34
Results 38
Discussion 42

 
Chapter Three 48
            Phospholipid and Sphingolipid Profile Comparisons in Ringed 48

Seal (Pusa hispida) Skeletal Muscle and Liver Tissue 
Introduction 48
Materials and Methods 52
Results 55
Discussion 60

 
Chapter Four 69
            High fat diet drastically alters mouse skeletal muscle fatty acid 69

composition but does not largely influence sphingolipid or 
membrane phospholipid compositions 



vi 

 

Introduction 69
Materials and Methods 71
Results 76
Discussion 79

 
Chapter Five 86
            Conclusions and Future Directions 86

Hypoxia and Marine Mammals  86
HFD-Fed, Insulin-Resistant Mice 89
Measurement and Comparison of Lipids of Interest 91
Dissertation Theme Conclusions 92

 
Appendices 94

Appendix A—Marine Mammal Sphingolipid and Phospholipid 95
Data 
Appendix B—Marine Mammal IMCL/Phospholipid Fatty Acid 96
Data 
Appendix C—High Fat Diet (HFD) vs. Control Mouse Fatty Acid Data 97
Appendix D—Total Marine Mammal Statistical Analysis 98
Appendix E—Comparing Gas Chromatographic Techniques Used in 
Fatty  Acid Profiling of Northern Fur Seals (Callorhinus ursinus) and   

            Steller Sea Lions (Eumetopias jubatus) from Lovushki Island Complex   

99

Russia 
 

References 116
 



vii 

 

LIST OF FIGURES 
 
 

Average sphingolipid quantity in harbor and Weddell seal skeletal muscle 38
 
Average phospholipid quantity in harbor and Weddell seal skeletal muscle 39
 
Individual harbor seal body mass vs. paired C16 ceramide levels 40
 
Individual harbor seal body mass vs. paired 16:0 PC DPPC levels 41
 
Individual Weddell seal 16:0 sphingomyelin concentration vs. paired 16:0 PC 

DPPC concentration 
41

 
Average sphingolipid quantity in ringed seal skeletal muscle and liver 57

 
Average phospholipid quantity in ringed seal skeletal muscle and liver 58
 
Individual ringed seal body mass vs. paired C16 ceramide skeletal muscle levels 59
 
Individual ringed seal C16 ceramide concentration vs. paired 16:0 PC DPPC 

concentration in skeletal muscle 
59

 
Individual ringed seal C16 ceramide concentration vs. paired 16:0 SM 

concentration in skeletal muscle 
60

 
HFD-feeding for 8 weeks drastically changes fatty acid class (MUFA, PUFA, 

and SAT) distributions in mouse hamstring skeletal muscle 
77

 
HFD-feeding for 8 weeks drastically changes the polyunsaturated N3 and N6 

levels 
78

 
Lovushki Island Complex of the Kuril Island Chain, Russia 102
 
Comparison of same sample run through GC-FID and GC-MS 106
 
Comparison of FAME identification methods by lipid class, total FAMEs 

recovered and between species 
110

 



viii 

 

LIST OF TABLES 
 
 

Specific changes in fatty acid species in mouse hamstring muscle after 8 weeks 
of HFD-feeding  

78

 
Changes in measureable sphingolipid species in hamstring skeletal muscle after 

8 weeks of HFD-feeding 
79

 
Marine mammal sphingolipid and phospholipid data 95
 
Marine mammal IMCL/phospholipid fatty acid data 96
 
High-fat diet-fed (HFD) vs. control mouse fatty acid data 97
 
Total marine mammal statiscal analysis 98
 
FAME standards with elution order 105
 
Fatty acids by method, class, and species 109
 

 

 

 

 

 

 

 



ix 

 

LIST OF ABBREVIATIONS 
 
 

HIF-1α hypoxia-inducible factor-1alpha 
ATP adenosine triphosphate 
ADL aerobic dive limit 
PUFAs polyunsaturated fatty acids 
MUFAs monounsaturated fatty acids 
SFAs saturated fatty acids 
ROS reactive oxygen species 
S1P sphingosine-1-phsophate 
HFD high-fat diet 
T2DM type 2 diabetes mellitus 
GLUT4 glucose transporter 4 
IRS insulin-receptor substrate 
PI(3)K phosphatidylinositol-3-OH kinase 
MAP mitogen-activated protein 
FFA free fatty acid 
LC-ACoA long chain fatty acyl-CoA 
DAG diacylglycerol 
TAG triacylglycerol 
PKB protein kinase B 
PP2A protein phosphatase 2A 
TNF-α tumor necrosis factor α 
SPT serine palmitoyltransferase 
IGT impaired glucose tolerance 
PGE2 prostaglandin E2 
COX-2 cyclooxygenase-2 
N3 omega-3 fatty acids 
N6 omega-6 fatty acids 
DHA docosahexaenoic acid 
EPA eicosapentaenoic acid 
FasL Fas ligand 
LASS longevity assurance 
SPLs sphingolipids 
PLs phospholipids 
LC-HRMS liquid chromatography-high resolution mass spectrometry 
PE phosphatidylethanolamine 
PC phosphocholine 
PG phosphatidylglycerol 
SM sphingomyelin 
PS phosphatidylserine 
CHCl3 chloroform 
MeOH methanol 



x 

 

PTFE polytetrafluoroethylene 
GC gas chromatography 
LTQ linear trap quadropole 
ESI electrospray ionization 
FWHM full width at half maximum 
a.u. arbitrary units 
HCOOH formic acid 
CCV continuous calibration verification 
MS/MSD matrix spike/matrix spike duplicate 
DPPC dipalmitoylphosphatidylcholine 
HOAD β-hydroxyacyl-CoA 
CS citrate synthase 
LDH lactate dehydrogenase 
IMCL intramyocellular lipid 
IPGTT intraperitoneal glucose tolerance test 
GC-FID gas chromatography-flame ionization detector 
DCM dichloromethane 
FAME fatty acid methyl ester 
IMTG intramuscular triglyceride 
PCR polymerase chain reaction 
TLC thin layer chromatography 
NFS Northern fur seal 
SSL Steller sea lion 
GC-MS gas chromatography-mass spectrometry 
ANOVA analysis of variance 
HPLC high-performance liquid chromatography 
NMR nuclear magnetic resonance 
EI electron ionization 
FA fatty acid 
NIST National Institute of Standards and Technology 
SI similarity index 
HSD honestly significant difference 
  
  
  
  
  

 



xi 

 

ACKNOWLEDGMENTS 
 
 

 I would like to express my extreme gratitude to my Ph.D. advisor, Dr. 

Myeongwoo Lee, for his patience, support, and guidance, particularly through the latter 

stages of my degree.  In addition to benefiting from his academic and professional 

experience, he encouraged me to keep going during my darkest hours and toughest 

struggles. 

 My appreciation also extends to the remainder of my Ph.D. committee, including 

Dr. Ann Rushing, Dr. Cheolho Sim, Dr. Bessie Kebaara, Dr. Dennis Johnston, and Dr. 

Thomas Hawke.  Dr. Johnston’s statistical guidance through some fairly complicated 

datasets proved invaluable.  I am also immensely grateful to Dr. Hawke for his guidance 

in an area of research to which I had not previously been exposed, and the opportunity to 

learn a new and unique skill, that of mass spectrometry.  I am forever indebted to Dr. 

Alejandro Ramirez for his patience in teaching me the ins-and-outs of mass spectrometry, 

when it was painfully obvious I was the only non-analytical chemist in the room. 

 I also thank the Department of Biology, including the Chair, Dr. Robert Doyle, 

for providing an opportunity for me to pursue my goals, as well as experience in teaching 

at the undergraduate level. 

 Finally, I am thankful every minute of every day for the family and friends I have 

been blessed with, especially my fiancé, David Burge.  There are too many here to name, 

but you know who you are, and I couldn’t thank you enough!  I could never have gotten 

to the finish line without your support! 



xii 

 

To my friends and family 
for their continual support throughout this grueling process, 

I am forever indebted to you. 
And to my Masters Chair, Dr. Edward Keith, and my grandmother, 

both of whom passed away during my final years at Baylor, 
I will never forget the many life lessons and encouragement I received along the way. 
Though I have failed more times than I care to admit, because of you, I will never quit 

 
 
 
 
 
 
 
 
 
 
 



1 

 

CHAPTER ONE 
 

Introduction 
 
 

Marine Mammal Studies Rationale 
 

Marine mammals represent a diverse assemblage of species which depend on the 

ocean for most or all of their life histories.  As a group, marine mammals have 

accumulated a suite of adaptations which allow them to cope with the unique stressors of 

living in the ocean.  These adaptations include increased insulation, increased blood 

volume, hematocrit, and red blood cell mass, countercurrent heat exchange systems, 

elevated levels of antioxidants, and sensory adaptations allowing for communication 

through high frequency sounds (Zenteno-Savin et al. 2002; Berta et al. 2006).  Likely the 

most well-known adaptation of marine mammals, although conserved across all 

mammalians, is the dive response, characterized by selective peripheral vasoconstriction, 

bradycardia, and blood shift to the thoracic cavities (Elsner 1969).  These adaptations, 

allowing for extended dive bouts and foraging while breath-holding, make marine 

mammals unique in that they can routinely push the limits of their physiological capacity. 

While these adaptations offer extended dive times, marine mammals are still 

subject to limited oxygen stores, and lengthy or repetitive dive bouts often result in 

tissue-level hypoxia (Johnson et al. 2004; Johnson et al. 2005; Vazquez-Medina et al. 

2011).  Due to selective shunting of blood to, in particular, the central nervous system, 

many marine mammal organs, including the skeletal muscle, become hypoxic during 

diving due to reduced oxygen stores (Elsner 1999).  In addition, though hypoxia-

inducible factor-1alpha (HIF-1α) levels have not been measured for these tissues, blood 
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flow is severely restricted to the liver, kidneys, and gastrointestinal tract (Davis and 

Kanatous 1999).  Hypoxia presents a potentially lethal situation for most mammals, as 

does the related reperfusion of tissues which typically follows these ischemic events.  

Diving mammals, however, have shown remarkable resistance to this physiological 

condition.  In fact, they show very little evidence of pathological damage (e.g., lipid 

peroxidation or protein carbonyls) from dive-associated ischemia-reperfusion and 

resulting oxidative stress (Elsner et al. 1998; Wilhem Filho et al. 2002; Zenteno-Savin et 

al. 2002; Vazquez-Medina et al. 2007).  For example, White et al. (1990) subjected 

harbor seal (Phoca vitulina) and common pig (Sus scrofa) to acute hypoxia until such 

point as cessation of cardiac output occurred.  The harbor seal heart recovered rapidly, 

but the pig heart was not able to be revived.  Clearly, marine mammals have a unique 

ability to protect themselves from oxidative damage. 

Johnson et al. (2004) first identified HIF-1α in ringed seal (Phoca hispida) tissue, 

and then compared its expression across various tissue types in the seal, alongside levels 

of oxidized proteins in these same tissues.  Within the ringed seal, the only marine 

mammal to have been thoroughly investigated in terms of HIF-1α expression to date, 

HIF-1α levels were significantly higher in the lung and skeletal muscle, and lower in the 

heart muscle and liver (Johnson et al. 2004).  Upregulated levels of HIF-1α indicate 

hypoxia, as this protein is preferentially expressed under hypoxic conditions as a 

protective mechanism against oxidative stress (Semenza 2001; Bilton and Booker 2003), 

but degraded by proteases under normoxia (Maxwell et al. 1999; Pereira et al. 2003).  

Additionally, levels of oxidized protein levels were lowest in the lung and heart tissue, 

and higher in skeletal muscle.  These results likely indicate an attempt by the organism to 
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ward off injury due to ischemia-reperfusion of these tissues associated with repetitive 

diving bouts, and indicate some level of protective success in that lung tissue revealed 

upregulated HIF-1α but low levels of oxidized proteins (Johnson et al. 2004).  In addition 

to coping with hypoxia, marine mammals undergo carbon dioxide and lactate 

accumulation in the blood and muscle during diving, inducing acidosis over time (Berta 

et al. 2006).  Deep-diving species such as sperm whales (Physeter catodon) and southern 

elephant seals (Mirounga leonina) can dive to over 1000 m and remain submerged for 

over 2 hours, while shallower divers, such as hooded seals (Cystophora cristata) undergo 

oxygen deprivation for bouts of 5 to 25 minutes (Hindell et al. 1991; Kooyman and 

Kooyman 1995; Folkow and Blix 1999). 

Deep-diving species, especially, have developed physiological adaptations in their 

skeletal muscle, among other tissues, which allow them to sustain an aerobic, lipid-based 

metabolism under these hypoxic conditions (Kanatous et al. 1999).  The cellular 

mechanisms utilized by marine mammals to produce adenosine triphosphate (ATP) from 

macromolecules are no different from those used by terrestrial mammals; however, since 

marine mammal diets are typically composed of solely lipids and protein (while 

terrestrial mammals often incorporate carbohydrates), these animals have evolved the 

capacity to exercise aerobically based only on lipids as a fuel source (Trumble et al. 

2003).  Due to the extensive dives of certain species, marine mammals must ration their 

stored oxygen during dives while dealing with very high concentrations of lactate 

produced during anaerobic glycolysis.  Terrestrial mammals would find similar levels of 

lactate production and consequent acidosis physiologically disruptive or even lethal 

(Berta et al. 2006).  In order to counter the decreasing pH resulting from anaerobic 
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metabolism and lactate production, marine mammals have developed enhanced non-

carbonate plasma buffering capacities in order to hold tissue pH levels relatively constant 

(Boutilier et al. 1993).  These metabolic adaptations during diving increase an animal’s 

aerobic dive limit (ADL), which is the longest dive that an animal can make while relying 

primarily on oxygen stores in the blood (hemoglobin) and muscle (myoglobin) to sustain 

aerobic metabolism (Kooyman et al. 1983).  Previous studies have also indicated 

additional adaptations to energy and oxygen utilization in skeletal muscle, which include:  

1) an increased aerobic capacity (depending upon the exercise intensity required), 2) a 

reliance on fatty acid catabolism for aerobic ATP production, 3) enhanced oxygen 

storage and diffusion capacity, including higher hematocrit levels, and 4) a reduced 

dependency on blood-borne oxygen and metabolites compared to terrestrial mammals 

(e.g., decreased capillary density) (Davis et al. 1991; Davis and Kanatous 1999; Kanatous 

et al. 1999; Wenger et al. 2000; Polasek and Davis 2001).  Additionally, the large body 

mass of most marine mammals is considered an adaptation because increased body size is 

correlated with decreased metabolic rate, another mechanism to conserve oxygen 

(Ramirez et al. 2007). 

Metabolic rate, despite the multivariate complexities in its determination, is rather 

predictable among endotherms based entirely on relative body mass (Hulbert 2007).  

Recent research suggests that the fatty acid composition of tissue phospholipids varies 

systematically among species, and that this composition largely determines the metabolic 

rate characteristic of each species (Hulbert et al. 2007).  In general, Hulbert (2007) found 

that as species size increases, there is a decrease in mass-specific metabolic rate and a 

decrease in membrane polyunsaturation.  Membrane-associated processes are significant 
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energy sinks, and experiments (e.g., Turner et al. 2003) have shown that polyunsaturated 

membranes are associated with fast membrane-associated processes.  This hypothesis has 

been coined the ‘membrane pacemaker theory of metabolism’, and appears to hold true 

for many endotherms (Hulbert 2007).  Marine mammals were not among the species 

examined during the development of this hypothesis, but they may represent an exception 

to the rule.  Based on previous energetic studies involving marine mammals (Singer et al. 

1993; Berta et al. 2006), it appears most species have higher metabolic rates than would 

be predicted based upon the Kleiber curve.  Pinnipeds appear to have metabolic rates 1.5 

to 3 times greater than those of similarly-sized terrestrial mammals (Kooyman 1981), 

while cetaceans also fall significantly above the expected Kleiber metabolic rate (Irving 

et al. 1941; Pierce 1970; Hampton et al. 1971; Ridgway and Patton 1971; Kasting et al. 

1989).  Therefore, based on the hypothesis mentioned above, marine mammal 

membranes should be largely characterized by polyunsaturated fatty acids (PUFAs).  

Indeed, recent research suggests at least some agreement with this hypothesis (e.g., 

Weddell seal pups).  PUFAs in these organisms are increased in skeletal muscle 

membranes in the younger animals, later converting to larger proportions of 

monounsaturated fatty acids (MUFAs) and saturated fatty acids (SFAs) (Trumble and 

Kanatous 2012).  This adaptation may allow pups to keep warm in these extreme polar 

climates by helping to maintain a high metabolism, while the reduction in PUFAs as 

Weddell seals age may help to offset rates of reactive oxygen species (ROS) production 

during sustained lipid metabolism and reperfusion of peripheral skeletal muscle after 

diving bouts (Trumble and Kanatous 2012). 
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Marine mammals, in general, consume a diet high in PUFAs (Budge et al. 2006), 

so these fats could easily be incorporated directly into cell membranes (Trumble et al. 

2010).  Additionally, studies have shown that significant hydrostatic pressure, such as 

that affecting marine mammals as they dive, can induce changes in the lipid composition 

of cellular membranes (Chen et al. 1994; Barshtein et al. 1997).  Polyunsaturated fatty 

acids in the cell membranes increases membrane fluidity making the composition 

advantageous in animals subjected to high pressures during deep dives (Hazel and 

Williams 1990).  In other words, membranes composed largely of PUFAs would remain 

more fluid at depth than would those composed of mostly SFAs.  However, should 

marine mammal membranes be chiefly comprised of PUFAs, these membranes would 

then be subject to high levels of oxidative stress, specifically lipid peroxidation 

(Tsalouhidou et al. 2006).  Exposure to hypoxia results in an increase in intracellular 

ROS, which in turn becomes crucial for the maintenance of oxygen homeostasis, such 

that ROS are abundantly formed and can serve as signaling molecules that help to 

maintain homeostasis.  Interestingly, restoration of blood flow following a prolonged 

dive bout (i.e., reperfusion) has also been linked to the generation of ROS, which in turn 

can lead to tissue damage through induction of apoptosis (Gottlieb et al. 1994).  It has 

been reported that the increased ROS production resulting from hypoxia may damage the 

PUFAs in cellular membranous structures causing a reduction in fluidity, permeability, 

and excitability which ultimately may alter the function of membrane-bound enzymes 

(Chan et al. 1985; Buettner 1993).  For example, in rodent cells with decreased 

membrane fluidity, the membrane fails to maintain tonic gradients often resulting in 

neurological pathologies frequently associated with high altitude sickness (Rodnekov et 
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al. 2005).  Prolonged periods of oxidative stress and lipid peroxidation are known to 

result in the degradation of membrane integrity, and eventually, cell death.  This is a 

tradeoff marine mammals must continually confront which is not usually present in 

terrestrial species. 

Another suite of characteristics marine mammals are likely to utilize to adapt to a 

diving lifestyle, beyond what might be implied by Hulbert (2007), are unique, complex 

lipid compositions in membranes and cell signaling pathways.  While marine mammal 

membrane lipid compositions are clearly influenced by diet (Budge et al. 2006), studies 

in rats have shown that chronic, intermittent hypoxia (common in marine mammals) can 

alter the fatty acid profile of both nervous and myocardial tissue (Mourek et al. 1992; 

Jezkova et al. 2002).  Lipids are an important component of not only fuel use and 

membrane compositions, but they also serve as critical cell signaling initiators or as 

secondary messengers in signal transduction pathways (Pfeilschifter and Huwiler 2000; 

Hannun and Obeid 2002; Futerman and Hannun 2004; Hannun and Obeid 2008).  Cell 

signaling pathways are increasingly found to involve a class of lipids known as 

sphingolipids.  These molecules are comprised of a backbone sphingoid base, and 

depending upon the species of sphingolipid, another hydrocarbon chain and a headgroup, 

the latter of which largely defines the chemistry of the molecule (Zheng et al. 2006).  

Sphingolipids act as both structural components of cell membranes and also as signaling 

molecules capable of inducing physiological processes as diverse as cell apoptosis, 

differentiation, proliferation, and cell cycle arrest (Maceyka et al. 2002; Spiegel and 

Milstien 2003; Ogretmen and Hannun 2004; Bruni and Donati 2008; Hannun and Obeid 
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2008; Haynes et al. 2009).  Most recent research into sphingolipids has focused on a 

single class, the ceramides. 

Ceramides, a group of bioactive sphingolipids, are now widely known to indicate 

and regulate biological responses to stressors, and can initiate signaling cascades 

involving both protein kinases and protein phosphatases which result in cell senescence 

and apoptosis (Hannun and Obeid 2002; Ruvolo 2003; Ogretmen and Hannun 2004).  

Ceramide accumulation is spurred by cytokines, growth factors, and other environmental 

stress stimuli which then employ the sphingomyelin-signaling pathway, resulting in the 

generation of ceramides (Pfeilschifter and Huwiler 2000).  One example of an 

environmental stressor highly relevant to diving marine mammals is the production of 

ROS.  ROS signaling is largely thought to operate through sphingolipid metabolites 

(Maceyka et al. 2007), and so the levels of ceramides present in the cellular membranes 

of marine mammals may indicate the levels to which these mammals are susceptible to 

the extreme stressors present in their environments.  Another sphingolipid class, 

sphingosine-1-phosphate (S1P), has opposing effects to those of ceramides, and often 

promotes cell proliferation and survival (Maceyka et al. 2007).  The ratio, then, of S1P to 

ceramides in the cell membranes may actually better illustrate the current stress level of 

the organism under question.  Marine mammals may be characterized by unique 

sphingolipid membrane signatures based on their individual environmental stressors and 

are likely to employ distinctive cell signaling pathways, inferred by these sphingolipid 

compositions, compared to terrestrial mammals. 

Arguably, the most pressing environmental stressor to which marine mammals 

must adapt is chronic, intermittent hypoxia during dives.  Interestingly, hypoxia may 
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induce the production of a variety of lipids, including sphingolipids, as second 

messengers in adaptive cell signaling pathways (Huwiler and Pfeilschifter 2006).  

Sphingolipid concentrations and compositions in cell membranes may also be influenced 

by hypoxic conditions.  Recent research in mammalian smooth muscle has shown that 

hypoxia can induce an increase in cellular S1P and a decrease in ceramide due to 

hypoxia-inhibited sphingomyelinase activity (Yun and Kester 2002).  Other studies have 

shown increases in ceramide levels as a result of hypoxia in renal tubular epithelial cells 

of rats (Basnakian et al. 2005) and in cardiomyocytes (Bielawska et al. 1997).  Chronic, 

intermittent hypoxia is likely to induce similar changes in marine mammal sphingolipid 

profiles, and the direction and composition of these changes may shed light on the ways 

in which these organisms are coping with this environmental stressor.  Additionally, lipid 

profiles are likely to be organ-specific, as each organ system in a marine mammal may be 

influenced by different variables of the extreme environment in which these animals live 

(e.g., high pressures, increased levels of ROS, cold temperatures, chronic, intermittent 

hypoxia, differential vasoconstriction, etc.). 

Marine mammals thus provide an ideal model for studies involving hypoxic stress 

and lipid signaling.  These mammals have adapted to, and thrive in, extreme 

environments and conditions which would prove pathological for terrestrial mammals.  

For example, chronic, intermittent hypoxia in humans is correlated, among other 

conditions, with obstructive sleep apnea and cardiovascular disease (Semenza 2009).  

The mechanisms through which marine mammals avoid the oxidative stress which 

plagues other mammalian species under similar circumstances are extremely interesting, 

and the results of these investigations may provide clues as to better treatments for human 
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and veterinary pathologies involving periods of hypoxia or significant lipid signaling.  

The fact that marine mammals do not exhibit an abnormally shortened life span is 

indicative that these organisms are well equipped to deal with the physiological stress of 

chronic, intermittent hypoxia (Johnson et al. 2005).  A complete lipid profile of marine 

mammal membranes, including sphingolipids, those domains integral to cell signaling, 

has never before been characterized in this group of organisms.  This dissertation, in part, 

utilized a shotgun approach to lipidomics of marine mammal membranes and 

intracellular lipid, and while the characterization is, as yet, not fully complete, the 

information discovered here presents interesting indications of some of the changes 

inherent in marine mammal tissue compared to that of typical terrestrial mammals. 

 
Marine Mammal Studies Specific Aims/Hypotheses 

 
Specific Aim I:  To test the hypotheses that marine mammal sphingolipid and 

whole phospholipid profiles in skeletal muscle will correlate with diving ability. 

H01:  The skeletal muscle whole phospholipid profiles will not differ between 

deep-diving Weddell seals (Leptonychotes weddellii) and shallow-diving harbor seals 

(Phoca vitulina). 

H02:  The skeletal muscle sphingolipid profiles will not differ between deep-

diving Weddell seals and shallow-diving harbor seals. 

Specific Aim II:  To test the hypotheses that ringed seal (Pusa hispida) 

sphingolipid and whole phospholipid profiles will differ between skeletal muscle and 

liver tissue. 
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H01:  Ringed seal skeletal muscle whole phospholipid and sphingolipid profiles 

will not differ from those of liver whole phospholipid and sphingolipid profiles in the 

same species. 

H02:  Ringed seal skeletal muscle sphingolipid and whole phospholipid profiles 

will not differ from those of liver sphingolipid and whole phospholipid profiles in the 

same species. 

 
High Fat Diet Mouse Study Rationale 

 
High-fat diet (HFD) consumption is a major contributor to insulin resistance, a 

condition characterized by an inability of skeletal muscle to effectively store 

carbohydrate, an inability of liver and adipose tissue to, respectively, reduce glucose 

output and store fat, and most notably, the likely development of impaired glucose 

tolerance (Kewalramani et al. 2010).  In other words, insulin resistance represents an 

impaired metabolic response to the release of insulin.  This condition is a significant risk 

factor for, among other diseases, obesity, polycystic ovarian disease, type 2 diabetes 

mellitus (T2DM), and cardiovascular disease (Straczkowski and Kowalska 2008).  In 

healthy individuals, insulin, secreted by the pancreas, stimulates the uptake of glucose by 

skeletal muscle through a signal transduction cascade, resulting in the mobilization of the 

protein glucose transporter 4 (GLUT4) from intracellular spaces to the surface of skeletal 

muscle (Saltiel and Kahn 2001), allowing for the movement and storage of glucose in the 

cell.  The signaling cascade involving insulin is a process far from simple.  In brief, the 

receptor for the insulin molecule is a tyrosine kinase.  This kinase undergoes 

autophosphorylation, subsequently catalyzing the phosphorylation of intracellular 

proteins, the best known of which are insulin-receptor substrate (IRS) proteins, such as 
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IRS-1 (White 2001).  Once phosphorylated, these proteins then activate additional 

downstream targets, such as phosphatidylinositol-3-OH kinase (PI(3)K) and the mitogen-

activated protein (MAP) kinase cascade (Saltiel and Kahn 2001).  These and other 

downstream targets of insulin organize to activate enzymes, regulate vesicle traffic (such 

as GLUT4 movement), and coordinate gene expression, the end result of which is the 

appropriate regulation of glucose, lipid, and protein metabolism. 

With such a complicated system, any disruption or deficiency in these pathways 

can create severe pathophysiological consequences.  Numerous studies (e.g., Schmitz-

Peiffer et al. 1999; Turner et al. 2007; Hancock et al. 2008; Holland et al. 2011) have 

identified inconsistencies or disruptions in the insulin signaling pathway thought to 

contribute to insulin resistance, but the causes of insulin resistance are extremely 

complex, likely multifactorial, and still under investigation.  However, decreased uptake 

of glucose by skeletal muscle is known to be the critical step in the development of 

insulin resistance (Vaag et al. 1992).  Some studies have implicated intramyocellular lipid 

accumulation as a condition resulting in the impairment of insulin action (e.g., Pan et al. 

1997; Jacob et al. 1999; Perseghin et al. 1999; Itani et al. 2002; Petersen et al. 2004), 

while others imply the blocking of insulin action is caused by a disruption in the 

sphingomyelin signaling pathway (e.g., Summers and Nelson 2005; Summers 2006; 

Holland and Summers 2008), in which the second messenger is ceramide (Kolesnick 

2002). 

In free fatty acid (FFA)-induced insulin resistance, caused by HFD-feeding, 

excess adipose tissue, or a combination, the initial step in the development of the disease 

appears to be an impairment of glucose transport (Dresner et al. 1999).  FFA decrease 
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insulin-stimulated uptake of glucose through the inhibition of insulin signaling 

(Straczkowski and Kowalska 2008).  When FFA enter skeletal muscle cells, they form 

long-chain fatty acyl-CoA (LC-ACoA), which are utilized in the synthesis of 

sphingolipids (e.g., ceramide) or glycerolipids, such as diacylglycerol (DAG) or 

triacylglycerol (TAG).  Both DAG and ceramide are able to inhibit insulin action within 

muscle cells, the end result of which is a decreased insulin-stimulated movement of 

GLUT4 to the plasma membrane, and therefore, decreased transport of glucose into 

muscle cells (Straczkowski and Kowalska 2008).  In this way, FFA modify the 

intracellular lipid pool, resulting in the inhibition of insulin signaling (Shulman 2000; 

Unger 2003). 

Elevated TAG content in muscle cells is actually thought to be protective against 

lipotoxicity and does not seem to exert disadvantageous metabolic constraints (Unger 

2003; Liu et al. 2007; Schenk and Horowitz 2007), despite its negative correlation to 

whole-body insulin sensitivity (Pan et al. 1997; Perseghin et al. 1999).  DAG, however, 

does not provide the same protective effect to skeletal muscle cells and is likely an 

important lipid correlate to insulin resistance (Straczkowski and Kowalska 2008).  

Ceramide, another key player in the blocking of insulin action, seems to exert its effects 

by decreasing insulin stimulation of protein kinase B (PKB/Akt) (Schmitz-Pfeiffer et al. 

1999), both through stimulating the dephosphorylation of protein phosphatase 2A (PP2A) 

by Akt or through the translocation of Akt to the plasma membrane (Stratford et al. 

2004).  The consequence of this insulin-blocking action is a significant decrease in the 

transportation of GLUT4 to the skeletal muscle plasma membrane (Summers et al. 1998; 

JeBailey et al. 2007).  Saturated fatty acids are also though to desensitize skeletal muscle 
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to the actions of insulin, and ceramide, here too, may play a key role (Straczkowski and 

Kowalska 2008).  In addition, ceramide interacts with tumor necrosis factor α (TNF-α) 

and glucocorticoids to induce insulin resistance, the former through the activation of 

sphinomyelinases (Kanety et al. 1996; Peraldi et al. 1996), and the latter through the 

stimulation of sphingomyelinases and serine palmitoyltransferase (SPT) (Lepine et al. 

2002; Linn et al. 2002) on a glucocorticoid-induced, sphingomyelin-enriched membrane 

(Murray et al. 1979).   

Skeletal muscle is an important repository for insulin-stimulated glucose uptake, 

accounting for 70-80% of whole body glucose uptake (DeFronzo et al. 1981).  A decrease 

in insulin-stimulated glucose uptake by skeletal muscle is one of the clear mechanisms 

responsible for insulin resistance development (Vaag et al. 1992; Straczkowski et al. 

2004), and makes skeletal muscle an obvious tissue of investigational interest in the 

development of this disease.  Type 2 diabetes involves a gradual progression from normal 

glucose tolerance to impaired glucose tolerance, with a subsequent decline in the function 

of pancreatic beta cells (Toye et al. 2005).  With the decline of beta cell function comes a 

reduction in insulin secretion, resulting in overt hyperglycemia (Srinivasan and Ramarao 

2007).  While insulin resistance greatly enhances the risk of developing diabetes through 

increased demand on already stressed beta cells, the condition by itself does not directly 

result in diabetes (Toye et al. 2005).  Elevated plasma FFA (either from HFD feeding, 

excessive adipose tissue, or both) combined with a relatively sedentary lifestyle (i.e., 

reduced lipid oxidation in skeletal muscle), often results in a substantial increase in the 

deposition of excessive intramyocellular lipid (Corcoran et al. 2007), worsening insulin 

resistance and glycemic control.  Left unchecked, these conditions lead directly to a suite 
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of metabolic diseases not limited to obesity, pre-diabetes, and eventually, full-blown 

T2DM.  Additionally, the increased availability and delivery of free fatty acids to 

peripheral skeletal muscle and liver is the main association between insulin resistance and 

obesity (Shulman 2000). 

These metabolic derangements are leading to a serious health crisis in North 

America.  For example, in the United States alone, an estimated 79 million people are 

pre-diabetic (characterized by impaired glucose tolerance, not quite to the level of 

T2DM).  Even more astounding is that, of these 79 million, over 2 million are under the 

age of 20, an alarming trend in an age group previously unaffected by these metabolic 

disorders (ADA 2011).  As skeletal muscle is critical in the roles of insulin-stimulated 

glucose disposal and energy expenditure, elucidating changes that occur to this tissue 

upon HFD feeding is paramount to understanding the causes and mechanisms behind 

insulin resistance and the suite of metabolic conditions associated with insulin resistance. 

Generally, the consumption of a HFD by sedentary organisms leads to excess 

lipid accumulation in the muscle, which often subsequently leads to insulin resistance, 

obesity, pre-diabetes, and eventually, frank T2DM.  Although many changes are likely to 

occur in the lipid profile of an organism under conditions of a HFD, ceramide in 

particular is thought to be at least partially responsible for the instigation of insulin 

resistance in skeletal muscle (Schmitz-Peiffer et al. 1999; Schubert et al. 2000; 

Straczkowski et al. 2007).  Increases in ceramide in the lipid profile, then, are often seen 

associated with these metabolic conditions.  Despite the clear importance of ceramide to 

insulin resistance however, ceramides are not the only lipids thought to be influential in 

insulin resistance (Straczkowski and Kowalska 2008).  Indeed, for example, several other 
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studies have shown insulin action is improved with a greater percentage of 

polyunsaturated fatty acids in the membrane phospholipid profile (Vessby et al. 1994; 

Pan et al. 1995; Haugaard et al. 2006).  This is possible and likely because dietary trends 

and interventions are known to have the capability to change the phospholipid 

composition of the membranes of cells throughout the body (Popp-Snijders et al. 1986). 

While a few fatty acid groups (polyunsaturated fatty acids; Vessby et al. 1994; 

Pan et al. 1995; Haugaard et al. 2006) and sphingolipids (ceramides; Schmitz-Peiffer et 

al. 1999; Schubert et al. 2000; Straczkowski et al. 2007) have been investigated in 

correlation to HFD and insulin resistance, a broader study looking at species of whole 

phospholipids, sphingolipids, and the fatty acid composition in skeletal muscle of animals 

subjected to these conditions has not been undertaken.  Elucidating which fatty acids, 

whole phospholipids, and sphingolipids change in response to HFD and insulin resistance 

may provide treatment ideas, as many of the phospholipids, in particular, are heavily 

linked to dietary intake, and therefore their composition within the cellular membrane 

may be induced or changed through dietary intervention (Popp-Snijders et al. 1986), a 

seemingly simple option for treatment.  Additionally, sphingolipids are inherently tied to 

cell signaling pathways, and thus their relative changes in the context of a HFD and 

insulin resistance may provide valuable insight into the complex suite of metabolic 

diseases associated with insulin resistance. 

Because human trials are inherently complicated, model organisms have been 

sought out and utilized for the study of diet-induced insulin resistance and T2DM.  The 

high-fat diet-fed mouse, specifically the C57BL/6J mouse, has become a model system 

for insulin resistance (impaired glucose tolerance) and T2DM (Surwit et al. 1988; 
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Winzell and Ahren 2004; Toye et al. 2005; Srinivasan and Ramarao 2007).  Until 

recently, most rodent models for T2DM were based on single genetic defects or traumatic 

chemical destruction of β-cells (e.g., Rerup 1970; Rossini et al. 1977; Pelleymounter et 

al. 1995; Ahren et al. 1996; Chen et al. 1996; Crouse et al. 1998).  For example, the obese 

mouse (C57BL/6H ob/ob) is obese due to a single genetic mutation and has innate 

endocrine pathology which is not typically present in human development of T2DM 

(Coleman 1978).  Two species of desert rodents have previously been used as model 

organisms for diet-induced obesity, but these organisms have no known diabetes-resistant 

strains for utilization as controls (Cameron et al. 1972; Schmidt-Nielsen et al. 1964).  

These characteristics made these former models unrealistic as a template for the true 

human disease.  C57BL/6J mice fed a high-fat diet were first introduced in 1988 by 

Surwit et al., and have proven to be a robust model compared to other rodent strains (e.g., 

West et al. 1992; Ahren et al. 1998).  These mice, when fed a HFD, gain weight, maintain 

a level of hyperglycemia, and develop worsening hyperinsulinemia, a key attribute of 

insulin resistance.  After only one week on the HFD, the C57BL/6J mice show impaired 

glucose tolerance.  The model mouse rapidly demonstrates both impaired glucose 

tolerance (IGT) and islet dysfunction, two important characteristics of insulin resistance, 

and most importantly, presents a realistic analogue for the development of T2DM in 

humans.  The C57BL/6J mouse has been inbred to contain a genetic factor which 

predisposes the animal to T2DM after becoming obese (Surwit et al. 1988), and 

additionally demonstrates peripheral leptin resistance (Srinivasan and Ramarao 2007).  

Lean C57BL/6J mice remain euglycemic on a baseline diet, and thus serve as an 

appropriate control for interventional studies, although there is some evidence (e.g., Kaku 
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et al. 1988; Kayo et al. 2000) that a complex, subclinical abnormality in insulin secretion 

is present in the lean C57BL/6J mice.  Also of interest, male mice of the C57BL/6J strain 

are substantially less glucose-tolerant than females, likely due to hormonal differences 

(Leiter et al. 1998; Hirayama et al. 1999; Kim et al. 2001).  Thus, the C57BL/6J mouse 

seems to be an ideal model organism for the study of insulin resistance and T2DM. 

 
High Fat Diet Mouse Study Specific Aim/Hypothesis 

 
Specific Aim III:  To test the hypotheses that standard-diet-fed mouse fatty acid, 

whole phospholipid, and sphingolipid profiles in the skeletal muscle of hamstrings will 

differ from those of mice fed a HFD. 

H01:  The skeletal muscle fatty acid profile will not differ between standard-diet-

fed mice and mice fed a HFD. 

H02:  The skeletal muscle sphingolipid profile will not differ between standard-

diet-fed mice and mice fed a HFD. 

H03:  The skeletal muscle whole phospholipid profile will not differ between standard-

diet-fed mice and mice fed a HFD. 

 
Rationale for the Measurement and Comparison of Lipids of Interest 

 
 

Saturated Fatty Acids 

Saturated fatty acids (SFAs) are commonly consumed as part of a standard 

Western diet.  The consumption of SFAs has been correlated to the development of 

insulin resistance in humans (Corcoran et al. 2007).  Because these fats are less readily 

oxidized, they tend to accumulate in skeletal muscle as harmful bioactive lipids (e.g., 

ceramides and DAG) (Lee et al. 2006).  In particular, the saturated fats palmitate and 
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stearate have been shown to block the protein complex Akt/PKB, normally activated by 

insulin (Chavez et al. 2003).  In marine mammals, saturated fats are often found in adult 

cell membranes due to their lower likelihood of damage from reactive oxygen species 

(ROS) (Trumble and Kanatous 2012), and thus play a critical role in protecting the 

animal from the effects of hypoxia.  In the immature rat brain, hypoxia resulted in a 

decrease in SFAs, as these fats are not able to take on additional hydrogen molecules in 

low pH conditions (Mourek et al. 1992).  The role of SFAs in hypoxia tolerance in 

marine mammals and insulin resistance in rodent models of T2DM are of primary 

interest. 

 
Monounsaturated Fatty Acids 
 

Monounsaturated fatty acids (MUFAs) are a class of fats containing only a single 

double bond.  These fatty acids are commonly found in olive oil, mostly as the compound 

oleic acid, and are associated with enhanced insulin sensitivity (Marshall et al. 1997; 

Soriguer et al. 2004), a critical factor in the determination of T2DM development.  In 

immature rat brains, the proportion of MUFAs was significantly decreased under high pH 

conditions (Mourek et al. 1992).  In marine mammal membranes, MUFAs are increased 

in adults due to their protective effects against ROS damage compared to polyunsaturated 

fatty acids (Trumble and Kanatous 2012).  Finally, in chicken skeletal muscle, a diet 

supplemented by olive oil reduced ROS production induced by heat stress (Mujahid et al. 

2009).  The protective effects of MUFAs appear to be far-reaching and are of interest in 

the conditions of ischemia/reperfusion and insulin resistance. 
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Polyunsaturated Fatty Acids 
 

Polyunsaturated fatty acids (PUFAs) include many subclasses of fats, such as 

omega-3s and omega-6s.  PUFAs are important in insulin resistance, as studies have 

shown muscle membranes with higher percentages of PUFAs demonstrate greater insulin 

action (Pan et al. 1995).  PUFAs are also preferentially oxidized over saturated fats, and 

are therefore less likely to cause an accumulation of intramuscular triglycerides 

(Corcoran et al. 2007).  In marine mammals, PUFAs are used for fuel in order to 

conserve precious oxygen.  Additionally, in Weddell seal pups, PUFAs are common in 

cell membranes until the animals age and start to dive regularly, when they are then 

influenced by the effects of hypoxia (Trumble and Kanatous 2012).  Finally, PUFAs play 

prominent roles in lipid signaling in hypoxia, where hypoxia is known to increase levels 

of inflammatory eicosanoids (e.g., prostaglandin E2 (PGE2) and the eicosanoid precursor, 

arachidonic acid) (Jelkmann et al. 1985) and influence levels of additional prostaglandins 

via cyclooxygenase-2 (COX-2) expression (Chida and Voelkel 1996; Huwiler and 

Pfeilschifter 2006). 

 
Omega-3 Fatty Acids 
 

Omega-3 fatty acids (N3), a subclass of PUFAs including the well-known 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are largely thought to be 

healthful due to their cardiovascular benefits and protection against high-fat diet-induced 

insulin resistance (Storlien et al. 1987; Ikemoto et al. 1996).  A major source of omega-3s 

is fish oil, which decreases whole-body abundance of lipid metabolites by accentuating 

the catabolism of fatty acids in tissues sensitive to insulin (e.g., skeletal muscle) (Neschen 

et al. 2007).  Long-chain omega-3s have been shown to decrease fasting insulin levels in 
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rodents (Haugaard et al. 2006).  Omega-3s have also shown protective effects against 

retinal angiogenesis under the hypoxic conditions of the mouse eye (Connor et al. 2007) 

and additionally, are increased under hypoxia in immature rat brain, which is thought to 

be protective against high hydrogen levels (i.e., low pH) in the developing brain (Mourek 

et al. 1992).  Finally, omega-3s embedded as phospholipids protect the rat heart from 

ischemia/reperfusion injury (Jezkova et al. 2002), a condition which marine mammals 

must defy continually.  This class of fatty acids is of interest to many investigations. 

 
Omega-6 Fatty Acids 
 

Omega-6 fatty acids (N6), a subclass of PUFAs including the well-known 

arachidonic acid, are a necessary, but at times, demonized group of fatty acids, largely 

because the Western diet contains an overabundance of the group (Simopoulos 2002).  

The effects of omega-6s on insulin sensitivity seem to range between those of omega-3s 

and saturated fats (Storlien et al. 1991).  Omega-6 fatty acids have been shown to blunt 

signaling of IRS-1 and reduce GLUT4 levels (Taouis et al. 2002), but other studies have 

shown arachidonic acid to be effective in preventing diabetes in male Wistar rats (Suresh 

and Das 2003).  In immature nervous tissue of the rat, low oxygen levels did not affect 

omega-6 fatty acid levels (Mourek et al. 1992).  Additionally, adaptation to hypoxia in rat 

heart tissue resulted in a decrease in omega-6 fatty acids in phospholipids (Jezkova et al. 

2002).  The degree to which this subclass of fatty acids is influenced by hypoxia or 

affects insulin sensitivity is of interest in these investigations. 
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C16:0 Ceramide 
 

C16:0 ceramide (C16 ceramide) is one of the most common ceramide species in 

non-neuronal mammalian tissue (Pewzner-Jung et al. 2006; Seumois et al. 2007), and has 

been proposed to be the chief species elevated during apoptotic events induced by a 

multitude of stimuli (e.g., Thomas et al. 1999; Kroesen et al. 2001; Eto et al. 2003; 

Kroesen et al. 2003; Osawa et al. 2005; Eto et al. 2006).  Ceramides, membrane lipids, 

play a key role in the eukaryotic stress response (Sawai and Hannun 1999; Hannun and 

Luberto 2000; Pfeilschifter and Huwiler 2000).  These molecules, as bioactive 

intermediates, mediate several anti-proliferative cellular responses, such as cell 

senescence, apoptosis, and cell cycle arrest, through their accumulation intracellularly 

(Hannun 1996; Hannun and Luberto 2000; Ogretmen and Hannun 2004).  This cellular 

accumulation of ceramides is set on course by stressors, the most well-known of which 

include Fas ligand (FasL), oxidative stress, TNF-α, ionizing radiation, hypoxia, 

anticancer therapies, injury, infections, and ultraviolet light (Hannun and Luberto 2000; 

Seumois et al. 2007; Bikman and Summers 2011). 

Ceramides are formed within the cell through three pathways:  de novo synthesis, 

the salvage pathway, and through the hydrolysis of the sphingolipid sphingomyelin.  De 

novo synthesis is, by far, the best characterized pathway.  In de novo synthesis, SPT and 

ceramide synthase coordinate to generate ceramides (Seumois et al. 2007), which takes 

place in the endoplasmic reticulum (Novgorodov and Gudz 2009).  SPT catalyzes serine 

and palmitoyl-CoA condensation to form 3-ketosphinganine, which is subsequently 

reduced to sphinganine, and eventually N-acylated by ceramide synthase to form 

dihydroceramide.  To produce the final product, ceramide, a double bond is introduced by 
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dihydroceramide desaturase (Seumois et al. 2007).  De novo synthesis is the primary 

source of C16 ceramide (Grosch et al. 2012).  Many of the enzymes required for this 

process are induced to action by inflammation common in obesity (Novgorodov and 

Gudz 2009).  Ceramide levels intracellularly are tightly regulated, and the rapid 

conversion of ceramides into less harmful sphingolipids controls their participation in the 

apoptotic signaling pathways (Novgorodov and Gudz 2009).  Further, pharmacological 

interventions to inhibit the production of these necessary enzymes in de novo synthesis 

appears to result in improved glucose tolerance and potentially reverse insulin resistance, 

including that caused by high-fat feeding (Holland et al. 2007). 

Sphingomyelin hydrolysis is a second pathway through which ceramide is 

produced.  In this pathway, the phosphocholine head group of sphingomyelin is 

hydrolyzed by spingomyelinase enzymes, which vary based on cellular location and pH 

requirements (Claus et al. 2009; Boulgaropoulos et al. 2010).  Sphingomyelinases are 

known to be upregulated by TNF-α, a cytokine correlated with insulin resistance (Bikman 

and Summers 2011).  Finally, the salvage pathway can be utilized to produce ceramides, 

which is simply the recycling of more complex sphingolipids into ceramides (Bikman 

and Summers 2011).  Higher-order sphingolipids, such as sphingomyelin and 

glycosphingolipids, are degraded by enzymes within acidic compartments to form 

ceramide (Riboni et al. 1994; Kitatani et al. 2008; Kitatani et al. 2009).  Ceramide is then 

degraded further into sphingosine and FFAs, which then enter the cytosol and are 

reconverted to ceramide by ceramidase (Riboni et al. 1998).  In terms of pure quantity, 

the salvage pathway may be the most important of the three production mechanisms, as it 
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can contribute over half of the sphingolipid pool within a cell (Bikman and Summers 

2011). 

 Ceramides most commonly contain acyl chain lengths of between 16-24 carbon 

atoms (Seumois et al. 2007), and their production is regulated by a family of mammalian 

ceramide synthase genes known as LASS (longevity assurance) genes (Pewzner-Jung et 

al. 2006).  Each Lass gene, of which there are six paralogs in humans and mice, encode 

multi-transmembrane proteins in the endoplasmic reticulum, and are responsible for the 

production of ceramides of different chain lengths.  LASS5 is largely responsible for the 

production of C16 ceramide (Pewzner-Jung et al. 2006).  The chain length of ceramides 

is critical to physiological function, and is likely the reason mammals have multiple 

ceramide synthase genes encoding different isoforms.  The pathway through which 

ceramide is created is also important to physiological function.  C16 ceramide, derived 

from the sphingomyelin pathway, increases in primary hepatocytes during TNF-α-

induced apoptosis (Osawa et al. 2005), while de novo synthesis of C16 ceramide is 

elevated in prostate cancer cells (Eto et al. 2003) and in Ramos cells during β-cell 

receptor engagement (Kroesen et al. 2001).  The temporal pattern of ceramide 

accumulation also appears to be chain-length-specific, as C16 ceramide elevates after 

only 6 hours in Ramos cells, while C24 ceramide is not elevated until the 24 hour mark 

(Kroesen et al. 2003).  Interestingly, C16 ceramide has been shown to be upregulated 

following hypoxia/reoxygenation events (Jin et al. 2008). 

 Ceramide accumulation in skeletal muscle has been linked to insulin resistance in 

a number of studies (e.g., Turinsky et al. 1990; Schmitz-Peiffer et al. 1999; Hajduch et al. 

2001; Adams et al. 2004; Zendzian-Piotrowska et al. 2006; Straczkowski et al. 2007).  
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While many investigations to date have simply quantified total levels of ceramides, 

others have measured individual ceramide species, linked ceramide levels to specific 

muscle types, or both.  Turinsky et al. (1990) measured total ceramide levels in obese, 

insulin-resistant Zucker rats and found significantly higher levels of ceramides in the 

obese mice compared to lean controls.  Additionally, in lean rats, the plantaris muscle 

(primarily fast-twitch) demonstrated much higher levels of ceramides than the primarily 

slow-twich soleus muscle.  The obese mice showed proportionately higher levels of 

ceramides in both muscle types.  Turinsky et al. (1990) also experimented with the same 

rat skeletal muscle made insulin-resistant via nerve interruption, and the same trends 

were found (higher levels of ceramide in plantaris compared to soleus muscle, and higher 

levels of ceramide, proportionately, in both muscle after denervation).  Adams et al. 

(2004) quantified several ceramide species in the vastus lateralis muscle of obese, 

insulin-resistant humans.  The vastus lateralis muscle is characterized by a mixture of 

slow oxidative, fast oxidative glycolytic, and fast glycolytic fibers (Oberbach et al. 2006).  

Adams et al. (2004) found proportionate, yet abundant, levels of C24, C24:1, and C18 

ceramides in the muscle.  Straczkowski et al. (2007) also biopsied the vastus lateralis 

muscle, and found elevated levels of total ceramides in overweight or obese men, and 

also in lean offspring of diabetic patients.  Obese participants with impaired glucose 

tolerance showed higher levels of ceramides compared to obese men with normal glucose 

tolerance.  Finally, Straczkowski et al. (2007) found a strong negative correlation 

between total ceramide levels and insulin sensitivity.  Zendzian-Piotrowska et al. (2006) 

found that a high-fat diet increased the levels of total ceramide in the soleus and red 

(oxidative) portion of rat gastrocnemius, but not in the white (glycolytic) gastrocnemius.  
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Control rats in the Zendzian-Piotrowska et al. (2006) study showed higher levels of 

ceramide in the soleus muscle compared to either portion of the gastrocnemius.  Clearly 

the levels of ceramide in insulin-resistant, HFD mice are of interest. 

Ceramides, due to their involvement in the stress response, are known to play a 

role in hypoxic tissues, acting directly or indirectly to cause mitochondrial malfunction 

within these tissues (Novgorodov and Gudz 2009).  In a neonatal mouse model, C16:0 

ceramide decreased in the hypoxic tissue, while its precursor C16:0-dihydroceramide 

increased in the same tissue.  Thus, C16:0-dihydroceramide may provide an adaptive 

response to hypoxia in mouse cardiac tissue (Noureddine et al. 2008).  Most mammalian 

heart models (rat, mouse, and rabbit) show an increase in ceramides after ischemic 

episodes (e.g., Bielawska et al. 1997; Argaud et al. 2004).  Specifically, the rabbit model 

indicates ceramide increases, and therefore the lifespan of individual ceramide molecules, 

is likely not very long, on the order of 10 minutes (Argaud et al. 2004).  Finally, while 

C16:0 is the most abundant ceramide in mammalian heart tissue, its proportionate 

increase due to ischemia is less than other species (e.g., C18:2 ceramide) (Beresewicz et 

al. 2002).  In liver, ceramides also increased transiently within the tissue in response to 

ischemia and subsequent reperfusion (Bradham et al. 1997; Llacuna et al. 2006).  

Studying ceramide levels under conditions of hypoxia in animals likely well-adapted to 

such physiological strain (i.e., marine mammals) could provide some interesting 

comparisons. 

Sphingosine, C18:0 diacylglycerol, C16:0 sphingomyelin, C14:0 

phosphoethanolamine, C16:0 phosphatidylglycerol, C14:0 phosphatidylserine, C16 Lyso 
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phosphatidylcholine, C16:0 phosphatidylcholine dipalmitoylphosphatidylcholine, and 

sphingosine-1-phosphate (S1P) are additional lipids of interest. 

 
Dissertation Theme 

 
Biological membranes separate the world of the cell from the extracellular 

environment, as well as organelles from surrounding intracellular spaces.  These 

biological boundaries, however, are not static, but rather highly dyanamic and interactive 

(Prinetti and Sonnino 2010).  Membranes are composed principally of phospholipids, in a 

bilayer, with relatively fewer embedded proteins, and as such, the physical properties of 

membranes are determined to a large extent by their phospholipid composition.  At 

typical physiological temperature (37º), fatty acid chains are in a fluid state, and thus the 

model of Singer and Nicolson (1972) was born.  The Fluid Mosaic Model has been a 

staple model of membrane investigations since it was first proposed in 1972 (Singer and 

Nicolson 1972).  This model posits that the lipid bilayer of biological membranes is two 

dimensional in its assembly of lipids and proteins.  While there is structure to this 

membrane, it is very much a fluid and changing environment, and can change if 

environmental conditions dictate.  While the Fluid Mosaic Model is adequate in 

explaining many biological membranes or portions of biological membranes at one point 

in time, it is not an extensive nor accurate characterization of most biological membranes 

(Catala 2012). 

Studies in the early 1980’s suggested that membrane lipids might have the ability 

to aggregate laterally to some extent, creating a second level of order within the 

membrane (Prinetti and Sonnino 2010).  The lipid raft hypothesis, in 1988, acknowledged 

that multiple phases in the membrane lipid environment could create intramembrane 
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domains, largely comprised of cholesterol, proteins, and sphingolipids distinct from 

surrounding unsaturated phospholipids (Simons and van Meer 1988; Catala 2012).  These 

rafts are critical to proper physiological functioning, as they are a major site for the 

induction of cell signaling, among other roles (Simons and Toomre 2000; Helms and 

Zurzolo 2004).  The fluidity of a membrane, conserved through appropriate levels of 

polyunsaturated fatty acids in phospholipids, is at the heart of its function.  Even small 

changes to this physical characteristic can cause pathological physiological processes 

(e.g., the loss of functioning of protein surface receptors in insulin signaling) (Catala 

2012), while augmented fluidity appears to increase the speed with which protein-protein 

interactions can occur within the membrane bilayer (Niu et al. 2004).  The plasticity in 

fluidity is maintained through modification of membrane lipids, either via de novo 

synthesis, selective distribution, or remodeling of localized portions of the membrane 

(Catala 2012). 

In particular the peroxidation of lipids of biological membranes can cause 

permeability and fluidity changes (Nigam and Schewe 2000), and specific oxidized 

phospholipids can act as cell signaling molecules (Cole et al. 2003; Walton et al. 2003; 

Tyurina et al. 2004; Greenberg et al. 2006; Maskrey et al. 2007).  As membrane lipids 

continue to oxidize, if the molecules are not remodeled, they accumulate numerous polar 

moieties on the fatty acid chains, which extend into the aqueous milieu akin to whiskers 

(Catala 2012).  This new model of biological membranes has been named the Lipid 

Whisker Model, and takes into account the physical and functional changes correlated 

with membrane lipid oxidation (Greenberg et al. 2008).  Changes to the structure and 

function of membrane lipids, as well as the overall lipid composition of membranes, is a 
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central theme in this dissertation, both in the context of diving marine mammals and 

insulin-resistant mice. 

Cell signaling is the secondary theme of this dissertation, and has only relatively 

recently included a central role for lipids.  The groundbreaking discovery of Berridge 

(1984) opened the door for studies of lipid signaling by unveiling the signal transduction 

pathway of phosphoinositide.  Since 1984, additional bioactive lipids have been 

identified to play a role in signaling, including sphingosine-1-phosphate (S1P) and 

ceramide, both important classes of sphingolipids (Serhan et al. 1996).  Diacylglycerol 

(DAG) is another lipid messenger directly involved in cell signaling, and given its known 

accumulation in insulin-resistant tissues, may play a role in the development of type 2 

diabetes mellitus (T2DM) (e.g., Turinsky et al. 1990).  Cell signaling, and lipid signaling 

in particular, is critical to proper physiological functioning of cells and tissues, and both 

hypoxia-adapted marine mammals and insulin-resistant mice are likely to demonstrate 

unique patterns or uses of these bioactive lipid messengers. 

While additional lipid classes were examined (e.g., fatty acids of the 

intramyocellular lipid pool), this dissertation primarily investigates components of the 

biological membrane of both marine mammal species and obese, insulin resistant mice, 

tying findings to their respective environmental constraints and health.  The overarching 

premise of this dissertation, then, is found in the importance of biological membranes and 

lipids, in both structural and signaling capacities, to the proper functioning of mammalian 

cells of all species, both terrestrial and aquatic. 
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CHAPTER TWO 
 

Phospholipid and Sphingolipid Profiles in Harbor Seals (Phoca vitulina) and Weddell 
seals (Leptonychotes weddellii):  A First Descriptive Comparison of Complex Lipids in 

marine mammals 
 
 

Introduction 
 

Sphingolipids (SPLs), a class of complex lipid species, are known primarily for 

their role in cell signaling in terrestrial mammals (Dickson 1998).  By acting as both 

structural components of cell membranes and also as signaling molecules, these lipids are 

capable of inducing physiological processes as diverse as cell apoptosis, differentiation, 

proliferation, and cell cycle arrest (Maceyka et al. 2002; Spiegel and Milstien 2003; 

Ogretmen and Hannun 2004; Bruni and Donati 2008; Hannun and Obeid 2008; Haynes et 

al. 2009).  Commonly studied SPL species, such as ceramide and sphingosine-1-

phosphate (S1P), have been implicated in the causation and inhibition of several 

terrestrial mammalian disease processes, respectively.  The results of these cell signaling 

processes often occur via the production of bioactive metabolites, utilized as secondary 

messengers in signaling pathways.  Additionally, SPLs influence cell membrane 

structure, interact with the extracellular matrix and adjacent cells, and contribute to 

specialized structures key to vesicular traffic within and between cells (Zheng et al. 

2006).  Cell signaling, and the accompanied adaptational processes, are often 

complemented by chronic and sometimes rapid remodeling of membrane lipids, through 

the utilization of activated lipases (Huwiler and Pfeilschifter 2006).  The largest class of 

lipids involved in membranes is phospholipids (PLs), which define the permeability layer 

of cells and their organelles (Dowhan 1997), play an active role in influencing the 
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properties of proteins involved in cell signaling, and can serve as intracellular or 

extracellular signaling components (Alberts et al. 2002). 

Aquatic mammals are under great physiological pressure to conserve oxygen and 

cope with bouts of tissue-level hypoxia and oxidative stress (Johnson et al. 2004; Johnson 

et al. 2005).  In order to sustain this aerobic metabolism, diving mammals undergo a dive 

response, characterized by apnea, bradycardia, and peripheral vasoconstriction, allowing 

the animal to survive on a finite supply of internally stored oxygen (Irving 1939).  Thus, 

when marine mammals are actively foraging, they are breath-hold diving, their actively 

contracting muscles receive very little to no blood flow, and they are forced to rely solely 

upon onboard stores of oxygen to sustain an aerobic metabolism fueled by lipids 

(Fahlman et al. 2008; Williams et al. 2011; Shiomi et al. 2012).  Not only must these 

organisms maintain an aerobic metabolism under dwindling oxygen supplies, marine 

mammals must battle increasing hydrostatic pressure during their dives, pressure which 

would likely prove fatal in terrestrial mammals.  For every 10 m increase in depth, these 

mammals experience an additional atmosphere of hydrostatic pressure.  In terrestrial 

mammals, these extreme pressure increases could cause convulsions, nitrogen narcosis, 

and internal bleeding (Zapol 1987).  Species such as harbor (Phoca vitulina) and Weddell 

(Leptonychotes weddellii) seals combat these pressure changes through collapsible lungs, 

strong exhalations pre-dive, and potentially, cortisol increases to prevent nervous system 

excitability (Zapol 1987).  The length and frequency of marine mammal diving bouts, 

then, creates unique physiological stressors for these organisms, based largely upon their 

respective diving behaviors and prevailing environmental conditions. 
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Both harbor and Weddell seals experience intermittent hypoxia in marginal 

skeletal muscle due to the peripheral vasoconstriction commonly employed during dives 

(Hochachka and Mottishaw 1998).  Hypoxic stress is thought to be modulated in 

terrestrial mammals through cell signaling, the transduction of molecular cues between 

and among cells for the purpose of transmitting physiological information.  In a variety of 

cell lines, hypoxia has been shown to increase the lipids PGE2 (rat mesangial cells; Petry 

et al. 2005), arachidonic acid (rat neuroblastoma cells; Petroni et al. 2002), diacylglycerol 

(HeLa and T-Cells; Aragones et al. 2001 and Temes et al. 2004, respectively), as well as 

ceramides (e.g., Basnakian et al. 2005).  In marine mammals, lipids play a central 

regulatory role in cell signaling for a variety of adaptational purposes.  For example, 

myoglobin levels are thought to be regulated in diving mammals primarily through 

compositional and quantitative changes of lipids (de Miranda Jr. et al. 2012), with 

secondary regulation potentially spurred by calcium signaling and levels of physical 

activity (Kanatous et al. 2008b, 2009; Ptitsyn et al. 2010; Trumble and Kanatous 2012).  

As myoglobin has been shown to increase during the weaning period of phocids before 

they begin diving (Burns et al. 2005; Burns et al. 2007; Clark et al. 2007), and the 

metabolism of lipid classes appears to change ontogenetically in marine mammals 

(Trumble et al. 2010), it seems likely the regulation of myoglobin would be dependent on 

its interplay with specific fatty acids or SPLs (Trumble and Kanatous 2012).  In addition 

to changes induced by hypoxia, many aquatic organisms adapt to hydrostatic pressure 

(and the accompanying cold environmental conditions at depth) by changes in cell 

membrane composition and fluidity.  For instance, deep sea organisms are known to 

reduce their membrane cholesterol concentrations in order to enhance fluidity at depth, in 
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cold waters (Hazel and Williams 1990).  Additionally, terrestrial mammals trend toward a 

higher ratio of long-chain fatty acids in their pulmonary surfactant cell membranes, 

whereas aquatic mammals generally utilize PLs with shorter-chain fatty acid tails, which 

increases membrane fluidity (Foot et al. 2006).  Though changes in lipid profiles have not 

been examined in light of hypoxic status nor pressure/temperature differences, studies in 

terrestrial species, and evidence of lipid signaling in marine mammals for other 

adaptational purposes, lends credence to the idea that these pathways are utilized in 

marine mammals as part of an active, diving lifestyle. 

Because complex lipids have such a critical function in many terrestrial mammals, 

we sought to compare levels of various SPLs and PLs in two species of marine mammals, 

the harbor seal and the Weddell seal.  Our hypothesis is that the PL and SPL 

compositions will differ between the shallower-diving, more temperate-adapted harbor 

seal and the deep-diving, polar-inhabiting Weddell seal.  The mechanisms through which 

marine mammals avoid the oxidative stress which plagues terrestrial mammalian species 

under similar circumstances (e.g., chronic obstructive sleep apnea) are extremely 

interesting, and the results of these comparisons may provide clues as to better treatments 

for human and veterinary pathologies involving periods of hypoxia or significant lipid 

signaling.  Additionally, SPLs and whole PLs have never been described and quantified 

in any marine mammal species before, so this information represents a unique look at 

lipids in an area of complete novelty. 
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Materials and Methods 
 
 

Animals and Experimental Procedures 

Weddell seal skeletal muscle biopsies (longissimus dorsi; n = 5 adult males) were 

subsampled from a larger project in McMurdo Sound during October through December 

2005 and 2006 (Kanatous et al. 2008a; Trumble et al. 2010). Adults, showing no visible 

indication of recent diving (resting/dry pelage), were immobilized while on the ice with 

an intravenous injection of telezol (dorsal sinus, 0.1 mg/kg, Wheatley et al. 2006) and 

subsequently weighed to the nearest 0.5 kg using an electronic scale (San Diego Scale 

Inc., San Diego, CA, USA) mounted on a cross-beam sling. To access the longissimus 

dorsi (Kanatous et al. 2002) muscle, a 2 cm2 section was shaved and cleaned using 

alcohol and a betadine solution before a 1 cm incision was made using a sterile scalpel 

blade (no. 10). Biopsies were collected (30-50 mg taken under local anesthetic; 1 ml, 

Lydocaine®) using a 6mm biopsy cannula (Depuy, Warsaw, IN, USA) and immediately 

stored in liquid nitrogen. Adults were detained for less than 60 minutes and were released 

when the animal had regained full locomotion. 

 Harbor seal longissimus dorsi muscle biopsies (n = 5 adult males) were collected 

from research conducted by the Alaska Department of Fish and Game under a permit 

issued to SJT.  The animals were netted and subsequently allowed to relax for several 

hours before sample collection.  Biopsies were collected as stated above and immediately 

placed in a liquid nitrogen dry shipper (Taylor Wharton Cryogenics, Theodore, AL, 

USA). Samples were shipped and stored at -80°C until laboratory analysis commenced.  
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Sphingolipid and Phospholipid Analysis 
 

Sphingolipid and whole PL analysis (identification and quantification) was 

accomplished via liquid chromatography-high resolution mass spectrometry (LC-

HRMS).  Briefly, SPL and PL internal standards for LC-HRMS included (Avanti Polar 

Lipids, Alabaster, AL; 14:0 D54 phosphatidylethanolamine (PE) (1.5 ng/nL), 16:0 D31 

lyso phosphocholine (PC) (1 ng/nL), 16:0 D62 phosphatidylglycerol (PG) (1.75 ng/nL), 

16:0 D31 ceramide (1.25 ng/nL), 16:0 PC D04 (1.25 ng/nL), sphingosine D7 (1 ng/nL), 

1,3-18:0 diacylglycerol (DAG)-d5 (1.25 ng/nL), 16:0 D31 sphingomyelin (SM) (1 

ng/nL), and 14:0 D54 phosphatidylserine (PS) (1.25 ng/nL)). 

Biopsies (25 mg) were ground with diatomaceous earth (EMD Chemicals, 

Rockland, MA) using mortar and pestle to absorb any remaining water and homogenize 

the sample.  Each sample was placed in a thimble and run through a Foss SoxTec 2043 

(Eden Prairie, MN) using a solvent mixture of 65/35 chloroform/methanol 

(CHCl3/MeOH), with a protocol as follows: samples were boiled for 25 minutes at 

160°C, and rinsed for 30 min at 100°C.  Lipid extracts were subsequently dried under a 

stream of nitrogen.  Each sample was then reconstituted in 4 ml MeOH and placed in a 4 

mL glass vial with polytetrafluoroethylene (PTFE) cap (Sigma-Aldrich, St. Louis, MO).  

From the 4 mL of each sample, 475 µL was removed from the glass vial and placed in a 

1.5 mL plastic micro-centrifuge tube (VWR, West Chester, PA), and all samples were 

ultracentrifuged for 10 min @10,000g.  Each sample was then placed in a 2 mL amber 

gas chromatography (GC) vial (Sigma-Aldrich, St. Louis, MO) and spiked with 25 µL of 

the above-mentioned internal standard mixture at a concentration of 1 ppm/compound. 
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Extracts were then analyzed on an Accela liquid chromatograph coupled to a 

linear trap quadropole (LTQ) Orbitrap Discovery mass spectrometer (Thermo Electron, 

Bremen, Germany) using both positive and negative electrospray ionization (+ESI/-ESI).  

Final extracts were injected (2 µL) into the LC system consisting of a 15 cm x 2.1 mm (5 

µm, 80 Å) Extended-C18 column (Agilent Technologies, Palo Alto, CA).  A binary 

mobile phase gradient containing 0.1% (v/v) formic acid (HCOOH) in water (A) and 

0.1% (v/v) formic acid in MeOH (B) was applied as follows:  50% A for 3 min, to 98% B 

in 9 min, held for 3 min, back to 50% A in 1 min, and equilibrated for 2 min at 50% A.  

Additional chromatographic parameters were as follows:  column temperature, 50°C; 

flow rate, 500 µL/min.  Full-scan accurate mass spectra (m/z range:  200-1000) of eluting 

compounds were obtained at high resolution (30,000 full width at half maximum 

(FWHM)) on the Orbitrap mass analyzer using internal calibration (accuracy of 

measurements < 2 ppm) and processed using XCalibur v.2.0.7 software.  Electrospray 

source conditions were:  sheath and auxiliary gas flow 55 and 10 arbitrary units (a.u.), 

respectively; heated capillary temperature 300°C; electrospray voltage 0.5 kV for both 

+ESI and –ESI; capillary voltage 44 V for +ESI and 35 V for –ESI; tube lens voltage 85 

V for +ESI and 88 V for –ESI. 

Lipid concentrations were determined using an isotope dilution approach.  Lipid 

stock solutions containing 100 µg/mL or 200 µg/mL were serially diluted into MeOH 

with 0.1% HCOOH to prepare 10 calibration points ranging from 2.5 ng/mL to 5 µg/mL.  

Constant amounts of lipid isotopes (molecular formula and amounts) were added to both 

calibrators and samples as internal standards using a stock solution concentration 

prepared in methanol.  Calibration curves were prepared by plotting the ratio of observed 
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peak areas for the analyte and internal standard, respectively, versus analyte 

concentration.  Calibration data were subjected to a linear regression that was forced 

through the origin, resulting in regression coefficients (r2) exceeding 0.99 for all targeted 

lipids.  During LC-HRMS analyses, calibration was monitored through the use of blanks 

and continuous calibration verification (CCV) standards meeting an acceptability 

criterion of ±15%.  Two identical matrix spikes (i.e. one matrix spike/matrix spike 

duplicate pair, MS/MSD) were prepared by adding a known amount of lipids to analyzed 

samples, increasing total concentration by approximately a factor of two.  These matrix 

spikes were run every 12 samples.  Recovery percentage of spiked amounts (criteria 85-

115%) as well as MS/MSD relative percentage difference (criteria 15%) were met for 

quality-assurance purposes. 

S1P extraction utilized a butanolic lipid extraction method, modified from Baker 

et al. (2001).  Briefly, 75 µl of skeletal muscle homogenate was mixed with a phosphate 

buffer (containing 30 mM citric acid and 40 mM Na2HPO4).  After vortexing, 1 ml 1-

butanol and 500 µl water-saturated 1-butanol was added to the sample.  After mixing for 

15 seconds, the sample was ultracentrifuged @10,000g for 10 min.  The upper butanol 

phase containing the S1P was isolated, evaporated to dryness under nitrogen, and 

redissolved in 4 ml MeOH for analysis by LC-HRMS (as above). 

 
Statistical Analyses 

Comparison of results between treatment groups (independent variable, species; 

dependent variable, lipid concentration) was determined by unpaired Student’s T-test.  

Analyses were conducted by using SAS® (Version 9.4).  P values ≤ 0.05 were considered 

significant.  All data presented are mean ± SE. 
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Results 
 
 
Changes in Skeletal Muscle Sphingolipid Profiles 

C16 ceramide was significantly increased in harbor seals compared to Weddell 

seals (harbor:  n = 5, x̄ = 6.04 ± 0.99 µg/g); Weddell:  n = 5, x̄ = 1.42 ± 0.22 µg/g); p = 

0.0019; Figure 1).  Harbor seals also had a significant increase in 16:0 sphingomyelin  

 

 
 
Figure 1. Average sphingolipid quantities in harbor seals (n = 5) vs. Weddell seals (n = 
5).  Values are means ± SE, * indicates significant environmental effect. 
 
 

46.35 ± 6.83 µg/g; p = 0.05; Figure 1).  Though a total of 5 SPL species were tested, 3 

species (those mentioned here, and S1P) were found at measurable concentrations. 
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Changes in Skeletal Muscle Phospholipid Profiles 
 

Only one PL, 16:0 dipalmitoylphosphatidylcholine (16:0 PC DPPC, or DPPC), 

was significantly increased in Weddell seals when compared to harbor seals (harbor:  n = 

5, x̄ = 31.34 ± 7.55 µg/g; Weddell:  n = 5, x̄ = 11.09 ± 1.08 µg/g; p = 0.03; Figure 2).  C16 

lyso phosphatidylcholine, 14:0 phosphoethanolamine, and 16:0 phosphoglycerol did not  

 

 

Figure 2. Average phospholipid quantities in harbor seals (n = 5) vs. Weddell seals (n = 
5).  Values are means ± SE, * indicates significant environmental effect. 
 
 
differ significantly between species.  Five PL species were analyzed with 4 of the 5 

species (those mentioned here) found at measurable concentrations. 
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Correlations Between Animal Masses and Complex Lipids 
 

A significant positive linear correlation was found between harbor seal body mass 

and C16 ceramide levels (R2 = 0.73; Figure 3).  This correlation was not found in 

Weddell seals.  Additionally, a negative linear correlation was found between harbor seal 

body mass and 16:0 PC DPPC (R2 = 0.93; Figure 4).  Finally, a significant positive linear 

correlation was found between 16:0 PC DPPC and C16 ceramide in Weddell seals (R2 = 

0.77; Figure 5). 

 

 
 

Figure 3. Individual harbor seal body mass (n = 5) vs. paired C16 ceramide levels. 
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Figure 4. Individual harbor seal body mass (n = 5) vs. paired 16:0 PC DPPC levels. 
 
 

 
 
Figure 5. Individual Weddell seal (n = 5) 16:0 sphingomyelin concentrations vs. paired 
16:0 PC DPPC concentration. 
 
 

y = -5.5906x + 169.68
R² = 0.9339

0

10

20

30

40

50

60

70

15 17 19 21 23 25 27 29

16
:0

 P
C

 D
PP

C
 C

on
ce

nt
ra

tio
n 

(µ
g/

g 
pr

ot
ei

n)

Body Mass (kg)

y = 0.1388x + 4.6568
R² = 0.7667

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70

16
:0

 P
C

 D
PP

C
 c

on
ce

nt
ra

tio
n 

(µ
g/

g 
pr

ot
ei

n)

16:0 sphingomyelin concentration (µg/g protein)



42 

 

Discussion 
 

Results presented here show harbor seals have significantly higher levels of the 

SPLs C16 ceramide and 16:0 sphingomyelin present in skeletal muscle cell membranes 

compared to Weddell seals (Figure 1), as well as significantly higher levels of the PL 

16:0 dipalmitoylphosphatidylcholine (16:0 PC DPPC) (Figure 2).  A positive linear 

correlation was discovered between harbor seal body mass and C16 ceramide levels 

(Figure 3).  Additionally, a negative linear correlation was found in harbor seals between 

body mass and 16:0 PC DPPC (Figure 4).  Finally, a significant positive linear correlation 

was reported between 16:0 sphingomyelin and 16:0 PC DPPC in the skeletal muscles of 

Weddell seals (Figure 5). 

Cell signaling pathways are increasingly found to involve a class of lipids known 

as SPLs.  Sphingolipids act in primarily two fashions:  as a structural component in cell 

membranes, and also as signaling molecules in signal transduction pathways, capable of 

inducing widely diverse and critical physiological processes largely responsible for the 

outcome and growth of the cell (Maceyka et al. 2002; Spiegel and Milstien 2003; 

Ogretmen and Hannun 2004; Bruni and Donati 2008; Hannun and Obeid 2008; Haynes et 

al. 2009).  Most recent research into SPLs has focused on a single class, the ceramides. 

Ceramides are widely known indicators and regulators of biological responses to 

stressors, and can initiate signaling cascades involving protein kinases and protein 

phosphatases, both of which may result in cell senescence and apoptosis (Hannun and 

Obeid 2002; Ruvolo 2003).  Ceramide accumulation in the cell is spurred by cytokines, 

growth factors, and other environmental stress stimuli which then employ the 

sphingomyelin-signaling pathway, resulting in the generation of ceramides (Pfeilschifter 
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and Huwiler 2000).  Interestingly, hypoxia signaling pathways may employ a variety of 

lipids, including SPLs, as second messengers in adaptive cell signaling pathways 

(Huwiler and Pfeilschifter 2006).  Marine mammals, with, as yet uncharacterized SPL 

profiles, may be associated with unique SPL membrane signatures based on their 

individual environmental stressors and life histories, and are likely to employ distinctive 

cell signaling pathways compared to terrestrial mammals.  Sphingolipid concentrations 

and compositions in marine mammal cell membranes may also differ in ways which 

reflect adaptations to hypoxic conditions.   Recent research in rat smooth muscle has 

shown that hypoxic conditions can induce an increase in cellular S1P and a decrease in 

ceramide due to hypoxia-inhibited sphingomyelinase activity (Yun and Kester 2002).  

Other studies have shown increases in ceramide levels as a result of hypoxia exposure in 

renal tubular epithelial cells of rats (Basnakian et al. 2005) and in rat neonatal 

cardiomyocytes (Bielawska et al. 1997).  Chronic, intermittent hypoxia, as is found in 

diving seals, is likely to induce similar changes in marine mammal SPL profiles, and the 

direction and composition of these changes may shed light on the ways in which these 

organisms are adapting to this environmental stressor.  While the causes of the 

differences reported here between harbor and Weddell seal SPLs are unclear, several 

questions arise: is hypoxia tolerance dictated by membrane SPL and PL composition, or 

does hypoxia, as a stressor, induce a downstream change in the membrane composition 

dependent, at least in part, upon the degree of hypoxia experienced by these mammals? 

C16 ceramide was found in significantly higher levels in the relatively shallower-

diving harbor seal compared to the Weddell seal.  Additionally, 16:0 sphingomyelin, a 

SPL derived from ceramide (Zheng et al. 2006) was found in significantly elevated levels 
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in harbor seals compared to Weddell seals.  Ceramides are thought to correlate with 

physiological stressors, and may indicate (1) that the deeper dives of Weddell seals do 

not elicit much physiological stress or (2) hypoxic stress caused by diving is more 

defined, in terms of physiological stress, by the frequency and total time diving each day 

more than the average depth and duration of each individual dive.  In other words, 

Weddell seals may be experiencing less physiological stress from their diving patterns 

compared to harbor seals, or alternatively, harbor seal diving patterns are a more 

significant stressor to phocids.  Because harbor seals have a higher mass-specific 

metabolic rate compared to Weddell seals (see Davis et al. 1985 and Castellini et al. 

1992), these phocids may be required to forage more frequently, forcing the animals into 

a pattern of high-frequency breath-hold diving to which they may be less well-adapted.  

Additional, as yet unexplored, differences in ecological parameters (e.g., abundance of 

food, competition levels, and predation rates) may also help to explain these differences. 

While diving patterns may play a role in these SPL differences between marine 

mammal species, body weight and prevailing environmental differences may also 

underlie the reported differences.  Weddell seals are considerably larger than harbor seals 

(adult Weddell seals here averaged 375 kg, compared to 25 kg harbor seals), and inhabit 

a colder and more extreme environment, including water temperatures that fall below -

1.9ºC at times (Zapol 1987).  Both these characteristics may help to explain the SPL 

differences described in this study.  C16 ceramide was shown to increase with increasing 

body weight in harbor seals.  This may indicate that the smaller harbor seals, with less 

skeletal muscle undergoing oxygen deprivation, are better adapted to the stresses of 

diving and hypoxia than larger organisms of the same species.  The warmer climate 
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inhabited by harbor seals may provide an explanation as to their comparatively higher 

levels of ceramide, as heat stress has been correlated to severely increased ceramide in 

the model organism, yeast (Saccharomyces cerevisiae) (e.g., Jenkins et al. 1997; Jenkins 

et al. 2002), as well as several mammalian cell lines (NIH WT-3T3, Chang et al. 1995; 

HL-60, Kondo et al. 2000; Molt-4, Jenkins 2003).  Additionally, the higher levels of C16 

ceramide and 16:0 sphingomyelin in harbor seals may be related to their greater 

environmental variability, resulting in a greater expression of these lipids as an adaptation 

to temperature effects, for example.  Phenotypic plasticity, as suggested here, has been 

demonstrated in killer whale (Orcinus orca) fin shape and pigmentation patterns (Foote et 

al. 2009) and several Antarctic species, including Antarctic fur seals (Arctocephalus 

gazella) in the context of climate change (Forcada et al. 2008).  This greater plasticity 

may prove beneficial as the global climate, especially at the poles, continues to change 

rapidly.  As the importance of SPLs to diving adaptations becomes more defined, the 

exact contribution of each of these factors to differences found in marine mammal 

sphingolipid profiles will become clearer. 

Whole PL changes in skeletal muscle (as opposed to the fatty acid changes seen 

within PLs) have very rarely been studied in relation to hypoxic stress, and never in 

relation to marine mammal diving adaptations.  The PL 16:0 PC DPPC, found in 

significantly higher levels in harbor seals than Weddell seals, is one of the four most 

common PLs found in eukaryotic cell membranes (Alberts et al. 2002).  In mammals, this 

PL is most commonly found associated with lung tissue, specifically in the protective 

pulmonary surfactant (Veldhuizen et al. 2000; Tonks et al. 2001).  Within lung tissue, 

DPPC is known to have an anti-inflammatory effect, as well as reducing surface tension 
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within the pulmonary surfactant.  When compressed, DPPC can pack into a gel-like 

phase that is easily able to resist very high surface pressures (Veldhuizen et al. 2000).  

Additionally, Foot et al. (2006) found that DPPC is found in higher concentrations in 

marine mammal lung surfactant compared to terrestrial species, implying that diving 

mammals require a surfactant with anti-adhesive properties, greater fluidity, and the 

ability to endure repeated total collapse and reinflation of the lung due to great increases 

in hydrostatic pressure.  In diving marine mammals, the ability for cell membranes to 

counteract high pressure environments (e.g., during deep dives) would seem to be highly 

advantageous.  The significantly higher levels of DPPC were hypothesized to be found in 

the deeper-diving Weddell seals, as these organisms must deal with higher average 

pressures than harbor seals.  However, once again, the estimated frequency of the 

hypoxic bouts (i.e., dives) and total time at depth may be the driving force behind these 

PL adaptations, rather than the pure depth of average dives.  In other words, with each 

dive, nearly all of which exceed the depth required to induce lung collapse in either 

species (estimated at 70m; Kooyman and Ponganis 1998), representing an increase in 

pressure to the organism, the absolute number and total duration of these higher-pressure 

events may play a more important role in adaptation than the maximum depth of these 

dives over time, resulting in higher levels of the PL DPPC in harbor seals. 

 In conclusion, it would appear that changes or differences in cellular SPLs and 

whole PLs in marine mammals may be a result of the frequency of hypoxic bouts and an 

interaction with body size. Additionally, environmental conditions may also contribute to 

the changes described here.  Because of a changing (largely warming) global climate 

(Vaughan et al. 2003; Meredith and King 2005; Stroeve et al. 2007), more research needs 
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to be undertaken to understand the impact of climate and phenotypic plasticity in these 

mammalian divers.  These findings should further elucidate the trends seen in this study, 

and provide further clues to hypoxia tolerance in marine mammals.  Finally, differences 

between harbor and Weddell seal complex lipids discovered here provide potentially 

important implications for human afflictions such as chronic obstructive sleep apnea, and 

tumorgenesis, the former of which may show a very different SPL and PL profile than a 

growing tumor, based solely on the type of hypoxia involved.
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CHAPTER THREE 

Phospholipid and Sphingolipid Profile Comparisons in Ringed Seal (Pusa hispida) 
Skeletal Muscle and Liver Tissue 

 
 

Introduction 
 

Sphingolipids (SPLs) are a class of complex lipid species known primarily for 

their role in cell signaling in terrestrial mammals (Dickson 1998).  These lipids are 

capable of inducing physiological processes as diverse as cell apoptosis, differentiation, 

proliferation, and cell cycle arrest by acting as both structural components of cell 

membranes and also as signaling molecules (Maceyka et al. 2002; Spiegel and Milstien 

2003; Ogretmen and Hannun 2004; Bruni and Donati 2008; Hannun and Obeid 2008; 

Haynes et al. 2009).  Ceramide and sphingosine-1-phosphate (S1P), commonly studied 

SPL species, have been implicated in many processes involved with the pathology and 

prevention of disease in terrestrial mammals, respectively.  The production of bioactive 

metabolites, utilized as secondary messengers in signaling pathways, are often the result 

of these signal transduction processes.  In addition, SPLs interact with the extracellular 

matrix and adjacent cells, influence cell membrane structure, and contribute to 

specialized structures key to vesicular traffic between and within cells (Zheng et al. 

2006).  Chronic and often rapid remodeling of membrane lipids, through the utilization of 

activated lipases, often accompanies cell signaling and its associated adaptational 

processes (Huwiler and Pfeilschifter 2006).  Phospholipids (PLs) are the largest class of 

lipids involved in membranes.  These lipids play an active role in influencing the 

properties of proteins involved in cell signaling, line cells and their organelles with a 
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layer of semi-permeability (Dowhan 1997), and can serve as intracellular or extracellular 

signaling components (Alberts et al. 2002). 

As diving mammals, ringed seals (Pusa hispida) must tolerate a somewhat unique 

physiological burden of conserving oxygen and coping with bouts of oxidative stress and 

tissue-level hypoxia (Johnson et al. 2004; Johnson et al. 2005).  In order to sustain an 

aerobic metabolism, aquatic mammals undergo a conserved dive response, characterized 

by peripheral vasoconstriction, apnea, and bradycardia (Irving 1939).  This suite of traits 

allows the animal to survive on a finite and dwindling supply of internally stored oxygen, 

even while swimming and foraging.  Therefore, when ringed seals are actively diving, 

they rely upon solely onboard stores of oxygen to sustain their lipid-based aerobic 

metabolism, and their actively contracting muscles receive very little to no blood flow 

(Fahlman et al. 2008; Williams et al. 2011; Shiomi et al. 2012).  In addition to these 

physiological constraints, diving mammals must consistently confront increasing 

hydrostatic pressure during their dives, at levels which would likely prove fatal in 

terrestrial mammals.  Aquatic mammals experience a further atmosphere of hydrostatic 

pressure for every 10 m increase in depth.  In terrestrial mammals, these extreme pressure 

increases could cause nitrogen narcosis, convulsions, internal bleeding, and even death 

(Zapol 1987).  Species such as the ringed seal combat these pressure changes through 

strong exhalations pre-dive, collapsible lungs, and potentially, cortisol increases to 

prevent nervous system excitability and thus, convulsions (Zapol 1987). 

Hypoxic stress is thought to be tempered in terrestrial mammals, in large part, 

through the transduction of molecular cues between and among cells for the purpose of 

transmitting physiological information, or cell signaling.  Often, these signal transduction 
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molecules are in the form of lipids.  Lipids play a central regulatory role in cell signaling 

in marine mammals for a variety of adaptational purposes.  For example, in diving 

mammals, myoglobin levels are thought to be regulated primarily through qualitative and 

quantitative changes of lipids (de Miranda Jr. et al. 2012), with calcium signaling and 

levels of physical activity serving as sources of secondary regulation (Kanatous et al. 

2008b, 2009; Ptitsyn et al. 2010; Trumble and Kanatous 2012).  As myoglobin levels 

have been shown to increase during the weaning period of phocid pups (Burns et al. 

2005; Burns et al. 2007; Clark et al. 2007), and the metabolism of lipid classes in marine 

mammals appears to change ontogenetically (Trumble et al. 2010), it seems likely the 

regulation of myoglobin would be dependent on interaction with governing molecules 

such as fatty acids or SPLs (Trumble and Kanatous 2012).  Thus, we hypothesize that, in 

addition to elevated levels of antioxidants within diving mammal tissues, a second 

adaptation in coping with hypoxic stress is through differential cell signaling pathways 

and resulting compositional changes to the complex lipids within marine mammal 

membranes.  Because marine mammal organs receive variable blood supply during dives, 

liver and skeletal muscle tissues are likely to react and adapt differently to the stresses of 

a diving lifestyle (Davis and Kanatous 1999), and these adaptations may be reflected in 

specific lipids known to be correlated to environmental and physiological stressors (e.g., 

ceramides; Sawai and Hannun 1999). 

Many aquatic organisms, in addition to the challenges created by hypoxia, must 

cope with dynamic hydrostatic pressure changes (and the accompanying cold 

environmental conditions at depth).  These organisms often do so by varying cell 

membrane composition and fluidity.  As an example, deep sea organisms enhance 
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membrane fluidity at cold, high-pressure depths by reducing their membrane cholesterol 

concentrations (Hazel and Williams 1990).  In liver tissue of marine teleosts, studies have 

shown mitochondrial membrane phospholipids to contain a significantly higher 

percentage of unsaturated fatty acids to compensate for high pressures and low 

temperatures (e.g., Cossins and Macdonald 1986).  Changes in lipid profiles have not 

been studied in aquatic mammals consistently challenged by hypoxia and rapid changes 

in pressures and temperatures.  However, studies in terrestrial species, and evidence of 

lipid signaling in marine mammals for other adaptational purposes, supports the idea that 

these unique cell signaling pathways may be utilized in diving mammals as part of an 

active, diving lifestyle, and that the resulting lipid profile differences likely vary between 

organs due to differential blood flow patterns. 

Because complex lipids have such a critical function in many terrestrial mammals, 

we sought to compare levels of various SPLs and PLs in two organs in the ringed seal, 

the liver and skeletal muscle.  Our hypothesis is that the PL and SPL compositions will 

differ between the liver, an organ receiving significantly shunted convective oxygen 

transport and blood flow (Davis and Kanatous 1999) and the skeletal muscle, tissue 

which becomes hypoxic at the onset of diving, yet must continue to function at activity 

levels above those at rest due to increased exercise during diving (Davis 2013).  The 

ways in which marine mammals limit oxidative stress, the same stress which causes 

pathologies such as obstructive sleep apnea in terrestrial mammals, are fascinating.  The 

results of these comparisons between organs may provide critical information towards the 

treatment of human and veterinary pathologies involving periods of hypoxia, rapid 

pressure and temperature changes, or significant lipid signaling.  Additionally, SPLs and 
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whole PLs have never been compared in marine mammal organs before, so this 

information represents a unique and novel glance at complex lipids in a species living at 

physiological extremes. 

 

Materials and Methods 
 

   

Animals and Experimental Procedures 

Ringed seal skeletal muscle (longissimus dorsi; n = 5 adults) and liver samples (n 

= 5 adults) were sampled during subsistence hunts in Sisualik, AK during two different 

sampling periods; October 2008 and May 2009 (Kathy Frost, Alaska Department of Fish 

and Game).  Samples were collected immediately upon harvest, placed in 2.0 ml 

cryovials (Sigma-Aldrich, St. Louis, MO), and shipped overnight on dry ice.  All samples 

were subsequently stored at -80°C until laboratory analysis. 

Sphingolipid and whole PL analysis, both quantification and identification, was 

accomplished through liquid chromatography-high resolution mass spectrometry (LC-

HRMS).  An internal standard mixture was prepared for LC-HRMS analysis utilizing the 

following compounds (Avanti Polar Lipids, Alabaster, AL): 14:0 D54 phosphatidylserine 

(PS) (1.25 ng/nL), 16:0 D31 sphingomyelin (SM) (1 ng/nL), 1,3-18:0 diacylglycerol 

(DG)-d5 (1.25 ng/nL), 16:0 PC D04 (1.25 ng/nL), sphingosine D7 (1 ng/nL), 16:0 D31 

ceramide (1.25 ng/nL), 16:0 D62 phosphatidylglycerol (PG) (1.75 ng/nL), 16:0 D31 lyso 

phosphocholine (PC) (1 ng/nL), and 14:0 D54 phosphatidylethanolamine (PE) (1.5 

ng/nL). 

Skeletal muscle and liver tissue biopsies, frozen at -80°C, in sizes averaging 25 

mg, were ground with diatomaceous earth (EMD Chemicals, Rockland, MA) with mortar 

and pestle to dehydrate and homogenize the sample.  Each sample was subsequently 
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placed in a woven thimble and run through a Foss SoxTec 2043 (Eden Prairie, MN) to 

extract lipids, using a solvent mixture of 65/35 chloroform/methanol (CHCl3/MeOH).  

The samples were boiled at 160°C for 25 minutes, and then rinsed at 100°C for 30 min.  

To prevent oxidation, lipid extracts were then dried under a stream of nitrogen.  Each 

sample was subsequently diluted in 4 ml MeOH and placed in a 4 ml glass vial with a 

polytetrafluoroethylene (PTFE) cap (Sigma-Aldrich, St. Louis, MO).  475 µl of the total 

4 ml of each sample was removed from the glass vial and placed in a 1.5 ml plastic 

micro-centrifuge tube (VWR, West Chester, PA), and all samples were ultracentrifuged 

@10,000g for 10 min.  Each sample, placed in a 2 ml amber gas chromatography (GC) 

vial (Sigma-Aldrich, St. Louis, MO), was spiked with 25 µl of the above-mentioned 

internal standard mix at a concentration of roughly 1 ppm/compound. 

An Accela liquid chromatograph coupled to a linear trap quadropole (LTQ) 

Orbitrap Discovery mass spectrometer (Thermo Electron, Bremen, Germany) using both 

positive and negative electrospray ionization (+ESI/-ESI) was used to analyze extracts.  

Final extracts were injected (2 µL) into the LC system utilizing a 15 cm x2.1 mm (5 µm, 

80 Å) Extended-C18 column (Agilent Technologies, Palo Alto, CA).  A gradient of 

binary mobile phases containing 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) 

formic acid in MeOH (B) was applied as follows:  3 min at 50% A, to 98% B in 9 min, 

held steady for 3 min, back to 50% A in 1 min, and held again for 2 min at 50% A.  

Additional chromatographic parameters included the following:  flow rate, 500 µl/min; 

column temperature, 50°C.  High resolution (30,000 full width at half maximum 

(FWHM)) full-scan accurate mass spectra (m/z range:  200-1000) of eluting compounds 

were obtained on the Orbitrap mass analyzer using internal calibration (accuracy of 
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measurements  < 2 ppm) and subsequently processed using XCalibur v.2.0.7 software.  

Electrospray source conditions were:  heated capillary temperature 300°C; sheath and 

auxiliary gas flow 55 and 10 arbitrary units (a.u.), respectively; electrospray voltage 0.5 

kV for both +ESI and –ESI; tube lens voltage 85 V for +ESI and 88 V for –ESI; capillary 

voltage 44 V for +ESI and 35 V for –ESI. 

An isotope dilution approach was used to determine lipid concentrations.  Ten 

calibration points ranging from 2.5 ng/ml to 5 µg/ml were created using lipid stock 

solutions containing 100 µg/ml or 200 µg/ml serially diluted into MeOH with 0.1% 

formic acid (HCOOH).  Constant amounts, defined both by amounts and molecular 

formula, of lipid isotopes were added to both calibrators and samples as internal 

standards using a stock solution concentration prepared in methanol.  Calibration curves 

were prepared by plotting the analyte concentration versus the ratio of observed peak 

areas for both the analyte and internal standard, respectively.  Regression coefficients (r2) 

exceeding 0.99 for all targeted lipids were accomplished for all calibration data subjected 

to a linear regression forced through the origin.  Calibration was monitored during LC-

HRMS analyses through the use of blanks and continuous calibration verification (CCV) 

standards meeting an acceptability criterion of ±15%.  Two identical matrix spikes (i.e. 

one matrix spike/matrix spike duplicate pair, MS/MSD), increasing total concentration by 

approximately a factor of two, were prepared by adding a known amount of lipids to 

analyzed samples, and were run every 12 samples.  For quality-assurance purposes, 

recovery percentages of spiked amounts (criteria 85-115%) as well as MS/MSD relative 

percentage difference (criteria 15%) were achieved. 
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The extraction of S1P used a butanolic lipid approach, modified from Baker et al. 

(2001).  A phosphate buffer (containing 30 mM citric acid and 40 mM Na2HPO4) was 

mixed with 75 µl of skeletal muscle or liver homogenate.  After vortexing, the sample 

was mixed with 1 ml 1-butanol and 500 µl water-saturated 1-butanol.  After mixing for 

15 seconds, the sample was centrifuged for 10 min @10,000g.  The upper butanol phase 

containing the S1P was extracted, evaporated under nitrogen to dryness, and resuspended 

in 4 ml MeOH for analysis by LC-HRMS (as above).  The remaining steps of 

preparation/analysis for LC-HRMS are identical to those already described. 

Treatment group comparison results (independent variable, organ; dependent 

variable, lipid concentration) was determined by unpaired Student’s T-test.  Linear 

regressions were conducted using body mass (independent variable) against C16 

ceramide concentration in the skeletal muscle (dependent variable), skeletal muscle C16 

ceramide concentration (independent variable) against DPPC concentration in skeletal 

muscle (dependent variable), and skeletal muscle C16 ceramide concentration 

(independent variable) against 16:0 SM skeletal muscle concentration (dependent 

variable).  Analyses were conducted by using SAS® (Version 9.4) and PHStat (Version 

2.8), respectively.  P values ≤ 0.05 were considered significant.  All data presented are 

mean ± SE. 

 
Results 

 
 

Rationale for Pooling of Samples 
 

Because marine mammal samples are notoriously difficult to acquire, ringed seal 

liver and skeletal muscle samples were not able to be paired, and thus were pooled for 
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analysis.  Dietary influence on sphingolipid metabolism in organs beyond the 

gastrointestinal system is minimal (Merrill Jr. et al. 1995).  When sphingolipids are 

broken down in the intestine, they are hydrolyzed to ceramides and sphingosines (Vesper 

et al. 1999).  Once taken up by intestinal cells, most of these sphingolipid products are 

broken down to individual constituent fatty acids, which are then burned for fuel or 

stored, or are reformed into more complex sphingolipids which generally remain within 

the intestine (Nilsson 1968; Schmelz et al. 1994).  Samples were also pooled due to their 

similarity.  No individual sample was an outlier in any sphingolipid or phospholipid 

analysis, nor was any sample an outlier in the analysis of fatty acids (unpublished data).  

Additionally, studies have shown that dietary lipid intake does not necessarily influence 

membrane lipid composition (e.g., Ayre and Hulbert 1996). 

 
Changes in Skeletal Muscle and Liver Sphingolipid Profiles 
 

C16 ceramide was significantly increased in ringed seal liver compared to skeletal 

muscle (liver:  n = 5, x̄ = 15.114 ± 3.75 µg/g; skeletal muscle:  n = 5, x̄ = 2.972 ± 0.44 

µg/g; p = 0.0123; Figure 6).  Ringed seal liver also had a significant increase in 16:0 

sphingomyelin (SM) when compared to skeletal muscle (liver:  n = 5, x̄ = 175.46 ± 33.24 

µg/g; skeletal muscle:  n = 5, x̄ = 72.64 ± 9.52 µg/g; p = 0.0178; Figure 6).  Though a 

total of 5 SPL species were tested, 3 species (those mentioned here as well as S1P) were 

found at measurable concentrations. 
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Figure 6.  Average sphingolipid quantity in ringed seal skeletal muscle and liver.  Values 
are means ± SE, * indicates significant environmental effect. 

 
 
Changes in Skeletal Muscle Phospholipid Profiles 
 

Only one PL, 16:0 dipalmitoylphosphatidylcholine (16:0 PC DPPC, or DPPC), 

was significantly increased in ringed seal liver when compared to skeletal muscle (liver:  

n = 5, x̄ = 55.802 ± 12.46 µg/g; skeletal muscle:  n = 5, x̄ = 17.984 ± 4.59 µg/g; p = 

0.0215; Figure 7).  C16 lyso phosphatidylcholine, 14:0 phosphoethanolamine, and 16:0 

phosphoglycerol did not differ significantly between ringed seal liver and skeletal 

muscle.  Five PL species were examined, with 4 of the 5 species were found at 

measurable concentrations. 
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Figure 7.  Average phospholipid quantity in ringed seal skeletal muscle and liver.  Values 
are means ± SE, * indicates significant environmental effect. 
 

 
Correlations Between Animal Masses and Complex Lipids 

 
A significant positive linear correlation was found between ringed seal body mass 

and C16 ceramide levels in skeletal muscle (R2 = 0.73; Figure 8).  This correlation was 

not evident in ringed seal liver analyses.  Additionally, a positive linear correlation was 

found between ringed seal C16 ceramide concentration and 16:0 PC DPPC concentration 

in skeletal muscle (R2 = 0.68; Figure 9).  Finally, a significant positive linear correlation 

was found between C16 ceramide concentration and 16:0 SM levels in ringed seal 

skeletal muscle (R2 = 0.61; Figure 10). 
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Figure 8. Individual ringed seal body mass (n = 5) vs. paired C16 ceramide skeletal 
muscle levels. 
 
 

 
 
Figure 9. Individual ringed seal (n = 5) C16 ceramide concentration vs. paired 16:0 PC 
DPPC concentration in skeletal muscle. 
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Figure 10. Individual ringed seal (n = 5) C16 ceramide concentration vs. paired 16:0 
sphingomyelin concentration in skeletal muscle. 
 

 
Discussion 

 
Results presented here indicate ringed seal liver has significantly higher levels of 

the SPLs C16 ceramide and 16:0 sphingomyelin compared to skeletal muscle (Figure 6), 

as well as significantly higher levels of the PL 16:0 dipalmitoylphosphatidylcholine (16:0 

PC DPPC) (Figure 7).  A positive linear correlation was discovered between ringed seal 

body mass and C16 ceramide levels in skeletal muscle (Figure 8).  Additionally, a 

positive linear correlation was found between C16 ceramide and 16:0 PC DPPC 

concentrations in ringed seal skeletal muscle (Figure 9).  Finally, a significant positive 

correlation was reported between C16 ceramide and 16:0 SM levels in ringed seal 

skeletal muscle (Figure 10). 

Aquatic mammals such as the ringed seal employ selective peripheral 

vasoconstriction during dives, resulting in intermittent hypoxia in marginal skeletal 
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muscle, the liver, and most bodily organs (Hochachka and Mottishaw 1998; Davis and 

Kanatous 1999).  Very few studies in marine mammals have been accomplished tracking 

blood flow to splanchnic organs due to the inherent complexity of these experiments (i.e., 

Davis et al. 1983; Fuson et al. 2003).  Mammalian blood flow, under resting conditions, 

typically perfuses splanchnic organs and the kidneys with roughly 61% of its total 

volume (Sapirstein 1958).  Because most marine mammals are believed to dive within 

their aerobic dive limit (ADL, the longest duration dive an animal can make while 

maintaining an aerobic metabolism; Kooyman et al. 1980), the visceral organs receive 

adequate oxygen, despite selective vasoconstriction, to maintain an aerobic metabolism 

(Davis and Kanatous 1999).  Thus, during most dives, the liver remains fully functional 

despite limited blood flow (Davis 1983).  This is critical to physiological homeostasis in 

the aquatic mammal, as these organisms must feed and assimilate this food, while 

submerged, in addition to processing accumulated lactate upon surfacing (Davis 2013). 

In a study on harbor seals, the only such study to report metabolic enzymatic 

adaptations in diving mammal splanchnic organs, the liver portrayed significantly higher 

mitochondrial density, elevated β-hydroxyacyl-CoA (HOAD) levels, an indication of 

lipid-based, aerobic potential, and elevated citrate synthase (CS) levels, a measure of 

aerobic capacity, compared to terrestrial mammals (Fuson et al. 2003).  In addition, 

lactate dehydrogenase (LDH), an indicator of anaerobic capacity, was significantly 

elevated in liver tissue, which implies these organisms can tolerate some level of 

anaerobic metabolism if required (Fuson et al. 2003).  Because the liver is dependent on 

blood flow and typically processes more blood than required to maintain homeostasis, 

blood flow to this organ can be reduced to approximately 20% of normal without 
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negative consequences to physiological functioning (Nishizaki et al. 2001; Levey and 

Coresh 2012).  This ability of the liver to function at extremely low blood flow enables 

the organism to salvage much of the rest of the oxygen stores within the limited 

circulating blood for other tissues, particularly nervous tissue and active swimming 

muscles. 

Blood flow is not only shunted to the splanchnic organs of diving mammals, but 

also to the skeletal muscle, even during exercise when the tissue is forced into an 

increased (from rest) metabolism.  A normal, terrestrial response to exercise includes 

increased perfusion of skeletal muscle, but due to the dive response of marine mammals, 

bradycardia and peripheral vasoconstriction occur, limiting blood flow to the muscle.  

The degree to which the organism is exercising, in part, determines the amount of blood 

flow to skeletal muscle (e.g., increased exercise results in a lessened bradycardia and 

vasoconstriction compared to a lower-intensity dive).  Interestingly, at some level, 

hypoxia in skeletal muscle is required in order to induce the dissociation of oxygen from 

myoglobin in the muscle (Guyton et al. 1995).  The skeletal muscle of diving mammals, 

similar to the liver, has increased mitochondrial volume density compared to comparable 

muscles in terrestrial species (Kanatous et al. 1999).  This same tissue also has increased 

levels of the enzymes CS, HOAD, and LDH (Kanatous et al. 1999; Polasek et al. 2006). 

A comparison of liver to skeletal muscle tissue in a diving mammal will likely 

provide insight into adaptations to hypoxia.  In rats, isolated hepatocytes have been 

shown to produce a large quantity of reactive oxygen species (ROS) after reoxygenation 

following anoxic conditions (Caraceni et al. 1994a; Caraceni et al. 1994b).  Most of the 

ROS produced in these hepatocytes were derived from the mitochondria (Caraceni et al. 
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1995).  As the liver in diving mammals is significantly saturated with mitochondrial 

volume compared to terrestrial mammals, and generally receives less blood flow 

compared to skeletal muscle during dives, this tissue would seem to be at a higher risk of 

oxidative damage.  Chronic, intermittent hypoxia (and associated reperfusion) has been 

shown to increase the production of ROS in many tissues (e.g., Elsner et al. 1998).  

Because marine mammal tissues generally show no negative effects from this increased 

ROS production, adaptations to chronic, intermittent hypoxia are likely at play.  One of 

these adaptations appears to be an increase in the antioxidant status of tissues within 

diving mammals compared to terrestrial mammals (e.g., Zenteno-Savin et al. 2002; 

Vazquez-Medina et al. 2012). 

Ringed seals have not been characterized with respect to sphingolipid profiles, yet 

they may employ distinctive cell signaling pathways compared to terrestrial mammals 

based on their individual environmental stressors, and therefore may demonstrate a 

unique SPL membrane signature.  Cell signaling pathways utilizing SPLs have recently 

been correlated with responses to hypoxia in terrestrial species (Huwiler and Pfeilschifter 

2006).  Ceramides are often considered the lipid mediators of the eukaryotic stress 

response (e.g., Jenkins et al. 1997; Jenkins et al. 2002).  Recent research in rodent smooth 

muscle has shown that hypoxia can induce a decrease in ceramide and an increase in 

cellular S1P due to sphingomyelinase activity inhibited by low oxygen conditions (Yun 

and Kester 2002).  Other studies in rats have shown increases in ceramide levels as a 

result of hypoxia in cardiomyocytes (Bielawska et al. 1997) and in renal tubular epithelial 

cells (Basnakian et al. 2005).  Hypoxia has been demonstrated to increase lipid 

concentrations in a variety of other mammalian cell lines.  For example, low oxygen 
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conditions caused an increase in the lipid PGE2 in rat mesangial cells (Petry et al. 2005), 

diacylglycerol in HeLa and T-Cells (Aragones et al. 2001 and Temes et al. 2004, 

respectively), arachidonic acid in rat neuroblastoma cells (Petroni et al. 2002), in addition 

to an increase in ceramides in many cell lines (e.g., Basnakian et al. 2005). 

C16 ceramide was found in significantly higher levels in liver tissue of ringed 

seals compared to skeletal muscle.  Additionally, 16:0 sphingomyelin, a SPL derived 

from ceramide (Zheng et al. 2006), and therefore, a natural correlate to ceramide, was 

significantly elevated in ringed seal liver compared to skeletal muscle.  In the skeletal 

muscle of ringed seals, a positive correlation was reported between C16 ceramide and 

16:0 SM (Figure 10), likely indicating that the production of ceramides is via de novo 

synthesis rather than from a pool of SM via the salvage pathway (Grosch et al. 2012), 

which would otherwise lead to an expected negative correlation between C16 ceramide 

and 16:0 SM.  Because ceramides are thought to correlate to physiological stressors, this 

may indicate that breath-hold diving in ringed seals creates a more prominent stressor to 

the liver due to the organ’s essential role in survival and metabolic maintenance during 

diving.  During longer dives, the liver potentially undergoes anaerobic metabolism (e.g., 

Valtin 1973; Adams and Cain 1983; Nelson et al. 1988), which is in stark contrast to the 

skeletal muscle, which is able to largely maintain an aerobic metabolism due to the large 

amounts of stored myoglobin (Davis and Kanatous 1999).  In other words, ringed seal 

skeletal muscle may be so well-adapted to routine diving that the dives themselves do not 

cause an extreme amount of physiological stress to the tissue, as opposed to the liver, 

which is absolutely critical to the health of the seal (e.g., detoxification, bile production, 

etc.) and must remain fully metabolically active during dives.  The liver, therefore, shows 
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a stress response in the form of increased C16 ceramide and 16:0 SM in the ringed seal.  

This result may not be surprising, as previous studies in ringed seals (e.g., Johnson et al. 

2004) have shown reduced levels of HIF-1α in liver tissue compared to skeletal muscle.  

HIF-1α is thought to play a protective role against protein oxidation in mammalian tissue 

under low oxygen conditions (e.g., Bilton and Booker 2003), so the lower levels of this 

protein in liver tissue reported by Johnson et al. (2004) implies that the liver may be at 

increased risk of oxidative stress due to diving.  This may explain why indications of 

stress (i.e., ceramides) were upregulated in liver tissue more so than in skeletal muscle.  

Though hepatic function appears to remain intact during dives despite severely reduced 

blood flow (Davis et al. 1983), the organ may still be exhibiting a response to oxidative 

stress.  While this stress response may be a result of reduced blood flow, it may also be 

explained by the role of the liver repeatedly clearing accumulated lactate upon the 

organism surfacing.  Elevated LDH levels in the liver may signify an enhanced ability by 

the liver of diving mammals to process this lactate compared to terrestrial mammals.  

However, extended dives yielding large amounts of lactate may stress the liver and result 

in an accumulation of ceramides greater than that found in the skeletal muscle, despite 

higher levels of many antioxidant enzyme systems in ringed seal liver compared to 

skeletal muscle (Vazquez-Medina et al. 2006). 

 Several other environmental factors may result in increased liver ceramide levels 

in the ringed seal.  Ringed seals are among the most common seal species in the Arctic 

(Smith 1987).  Because these seals live in the Polar Regions, they must continually cope 

with some of the most extreme environmental conditions on earth.  However, a 

continually warming Arctic climate (e.g., Meier et al. 2004; Ferguson et al. 2005) puts 
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this species at risk (and likely under significant stress, including thermal) due to their 

absolute dependence on plentiful sea ice for breeding, pupping, nursing, and protection 

from predation (Reeves et al. 2002).  In the model organism, yeast (Saccharomyces 

cerevisiae), heat stress has been correlated to strikingly increased ceramide levels (e.g., 

Jenkins et al. 1997; Jenkins et al. 2002).  This same trend has been demonstrated in 

several cell lines in mammals, including HL-60 (Kondo et al. 2000), NIH WT-3T3 

(Chang et al. 1995), and Molt-4 (Jenkins 2003).  In addition, because harbor seals inhabit 

a circumpolar distribution, they may display increased phenotypic plasticity, resulting in 

a greater expression of C16 ceramide and 16:0 SM as an adaptation to thermal stress.  

Faced with climate change, phenotypic plasticity has been reported in Antarctic fur seals 

(Arctocephalus gazella) (Forcada et al. 2008).  Additionally, killer whale (Orcinus orca) 

pigmentation patterns and fin shape have been suggested to differ due to phenotypic 

plasticity (Foote et al. 2009).  The ability to adapt to a changing climate may prove 

invaluable to the ringed seal as it faces a continual decline in habitat.  While hypoxic 

stress is likely the main mechanism at work in increasing ceramide levels in the liver, the 

size of the seal may also be a factor in the amount of stress sensed by the organism.  As 

ringed seal body mass increased, the level of ceramides in skeletal muscle also increased 

(Figure 8).  While skeletal muscle still showed lower levels of ceramides compared to 

liver tissue, the larger amounts of this SPL in the heavier ringed seals may indicate that 

the larger organisms, with a larger supply of only intermittently perfused skeletal muscle, 

may be less well-adapted to the stresses of diving. 

In relation to hypoxia, whole phospholipid changes (as opposed to the fatty acid 

changes seen within phospholipids) have very rarely been studied, and never measured in 
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marine mammal organ tissue.  The PL 16:0 PC (DPPC) was found in significantly higher 

levels in ringed seal liver compared to skeletal muscle.  Dipalmioylphosphatidylcholine is 

one of the four most common phospholipids found in eukaryotic cell membranes (Alberts 

et al. 2002).  This phospholipid is most commonly found associated with lung tissue in 

mammals, specifically in the protective pulmonary surfactant (Veldhuizen et al. 2000; 

Tonks et al. 2001).  DPPC is known to have an anti-inflammatory effect within the lung 

tissue, as well as reducing surface tension within the pulmonary surfactant.  This lipid, 

when compressed, can pack into a gel-like phase that is easily able to resist very high 

surface pressures (Veldhuizen et al. 2000).  In addition, DPPC has been reported in 

higher concentrations in marine mammal lung surfactant compared to that of terrestrial 

species (Foot et al. 2006), which implies that the great increases in hydrostatic pressure 

endured by marine mammals requires a surfactant with greater fluidity, strong anti-

adhesive properties, and the ability to tolerate continual collapse and reinflation of the 

lungs (Foot et al. 2006).  The ability for cell membranes to counteract high pressure 

environments (e.g., during deep dives) would seem to be highly advantageous for marine 

mammals,  The significantly higher levels of DPPC were hypothesized to be found in the 

ringed seal liver, as this organ must remain fully functional and metabolically active 

during breath-hold diving without the aid of myoglobin.  Indeed, DPPC was significantly 

elevated in ringed seal liver compared to skeletal muscle.  This likely relates to the 

chronic ischemia/reperfusion seen in skeletal muscle associated with breath-hold diving, 

where blood flow is only intermittently perfused to this tissue to spare oxygen for the 

absolutely essential organs (e.g., the heart, adrenals, brain, and lungs) (e.g., Kerem and 

Elsner 1973; Zapol et al. 1979; Hill et al. 1987).  The average dive depth of ringed seals 
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(Reeves et al. 2002) exceeds that required to induce lung collapse (estimated at 70 m; 

Kooyman and Ponganis 1998).  As DPPC is usually associated with conditions 

commonly influenced by pressure changes, a functioning liver would benefit more from 

the pressure-protective effects of DPPC than would peripheral skeletal muscle, which 

would be susceptible to some form of compression during diving due to the intermittent 

retraction of blood flow.  Even in skeletal muscle however (Figure 9), evidence points to 

the higher stress loads requiring a greater protection from dynamic changes in hydrostatic 

pressure. 

 In conclusion, blood flow patterns in relation to hypoxia and body size may result 

in the difference reported between ringed seal liver and skeletal muscle tissue.  In 

addition, a warming Arctic climate, and subsequent reduction in sea ice habitat, may also 

contribute to the changes shown here.  Due to the immediacy of the global warming 

challenge, more research needs to be carried out to understand the role phenotypic 

plasticity may play in the adaptation, or lack thereof, or ringed seals to climate change.  

Future studies will further delineate the changes described here and provide additional 

clues to organ-specific hypoxia tolerance in marine mammals.  Finally, these findings 

between liver and skeletal muscle tissue have potentially important implications for 

human afflictions such as congestive heart failure (a disease characterized by swelling 

and pressure changes), and afflictions dealing with hypoxia or low blood flow to critical 

organs (e.g., liver), such as cirrhosis.  The mechanisms behind differences in organ 

responses to these environmental or pathological conditions may prove insightful to the 

medical field. 
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CHAPTER FOUR 
 

High Fat Diet Drastically Alters Mouse Skeletal Muscle Fatty Acid Composition But 
Does Not Largely Influence Sphingolipid or Whole Phospholipid Compositions 

 
 

Introduction 
 

Insulin resistance and pre-diabetes are rapidly becoming epidemics in developed 

countries.  Insulin resistance is a key feature of type 2 diabetes mellitus (T2DM), and a 

necessary precursor to pre-diabetes, a condition of chronic, mildly elevated blood glucose 

levels (Olefsky et al. 1973).  North America is quickly becoming the epicenter for a 

serious health crisis involving these metabolic conditions.  In the United States alone, for 

example, the American Diabetes Association reports an estimated 79 million people are 

pre-diabetic.  However, even more alarming is the statistic that of these 79 million, over 2 

million pre-diabetics in this country are under the age of 20, an age range once presumed 

to be metabolically healthy (ADA 2011). 

Skeletal muscle, as a major glucose sink for the body, plays a chief role in insulin 

resistance, as it comprises 30-40% of body mass, on average, and accounts for roughly 

80% of the insulin-stimulated uptake of glucose (DeFronzo et al. 1981; DeFronzo et al. 

1985).  High fat diet (HFD) consumption leads directly to the accumulation of excessive 

skeletal muscle lipid (through decreased insulin-stimulated glucose uptake), which in turn 

can lead to a suite of metabolic diseases not limited to obesity, insulin resistance, pre-

diabetes, and eventually T2DM.  Clarifying changes that occur to this skeletal muscle, a 

tissue so critical to energy expenditure and insulin-stimulated glucose disposal, is a top 
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priority in understanding the causes and mechanisms behind insulin resistance and the 

suite of metabolic conditions associated with insulin resistance. 

 Several studies linking changes in fatty acid composition to insulin resistance 

have been conducted, the majority of which demonstrate an increased proportion of 

saturated fatty acids (SFA) in skeletal muscle phospholipids (de Wilde et al. 2008; 

Haugaard et al. 2006; Hulbert et al. 2005; Pan et al. 1995; Vessby et al. 1994).  

Additional studies involving polyunsaturated fatty acids (PUFAs) (Haugaard et al. 2006; 

Pan et al. 1995; Vessby et al. 1994) and sphingolipids (ceramides; (Schmitz-Peiffer et al. 

1999; Schubert et al. 2000; Straczkowski et al. 2007); diacylglycerol (DAGs); (e.g., Itani 

et al. 2002, Moro et al. 2009; Straczkowski et al. 2007)) have shown clear positive 

correlations with insulin resistance.  Further, changes to the intramyocellular lipid 

(IMCL) content within skeletal muscle has provided information on insulin signaling; 

specifically, higher SFA content within the IMCL pool has been linked to a decrease in 

the insulin signaling components PKB/Akt (Storz et al.1999).  However, a broader study 

assessing concurrent changes in whole phospholipids and sphingolipids with changes in 

fatty acids has not been undertaken.  Elucidating which fatty acids, whole phospholipids, 

and sphingolipids change in response to HFD and insulin resistance may provide 

pathological insights, as many of the phospholipids, in particular, are heavily linked to 

dietary intake, and as such, may be manipulated through dietary intervention (Popp-

Snijders et al. 1986).  As well, sphingolipids, as key players in signal transduction 

pathways, may provide valuable insight into the complex suite of metabolic diseases 

associated with insulin resistance in the context of a HFD.  Finally, many of the IMCL 

species are altered intracellularly to become bioactive lipids such as ceramide or DAG, 
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both of which are known to be correlated to some degree with insulin resistance (e.g., 

Kelley et al. 2002).  This has important implications when the large quantity of the IMCL 

pool within skeletal muscle, especially insulin-resistant skeletal muscle, is considered. 

Therefore, the aim of the present study was to test the hypotheses that ceramides, 

monounsaturated fatty acids (MUFAs), and SFAs will increase in pre-diabetic mice, as a 

result of HFD feeding and resultant insulin resistance.  To study the effects of HFD 

feeding on C57BL/6J mice, the mice were fed a nearly 61% fat-based diet for 8 weeks.  

We then analyzed the composition of the IMCL/phospholipid fatty acid pool using gas 

chromatography, and characterized the composition of the sphingolipid and whole 

phospholipid profiles in these cell membranes using LC-HRMS. 

 
Materials and Methods 

 
 

Animals and Experimental Procedures 
 

All experimental protocols were approved by the York University Animal Care 

Committee in accordance with Canadian Council for Animal Care Guidelines.  Male 

C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME).  Animals 

were housed in temperature and humidity-controlled facility with a 12/12 h light/dark 

cycle and had ad libitum access to water and food.  After an initial acclimatization, 

animals (10 weeks of age, n = 6 per group) were randomly assigned to either a high fat 

diet [HFD; TestDiet, cat#58126:  energy (kcal/g) from protein (18.3%), fat (60.9%), 

carbohydrate (20.1%)] or standard mouse chow [LabDiet 5015 Mouse Diet:  energy 

(kcal/g) from protein (20%), fat (25%), carbohydrate (55%)]. 
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Following 8 weeks on the diet, mice were fasted overnight (16 hrs) and 

anaesthetized, with the hamstring muscle harvested.  At the time of harvest, all HFD mice 

displayed elevated fasting insulin, elevated insulin at the 45-min mark of an 

intraperitoneal glucose tolerance test (IPGTT) performed after an overnight fast, and 

were determined to be obese with insulin resistance (i.e., pre-diabetic).  All samples were 

frozen and stored at -80°C until analyzed.  These mice were also used in an additional 

study (Shortreed et al. 2009). 

 
Lipid Extraction and Fatty Acid Analysis 
 

The fatty acid composition of the combined IMCL/phospholipid pool was 

analyzed through gas chromatography.  Lipid extraction procedures included dehydrating 

each sample via diatomaceous earth (approximately 5g, J.T. Baker, Phillipsburg, NJ) 

before running through a lipid extractor (Foss Soxtec 2043, Eden Prairie, MN) using a 

2:1 mixture of chloroform:methanol (Sigma-Aldrich, St. Louis, MO) as the solvent.  

Laboratory conditions were maintained across all extractions.  Excess solvent was 

evaporated under a nitrogen stream (1.5 L/min @37°C) to prevent lipid oxidation.  The 

resulting lipid extract bound for analysis by gas chromatography-flame ionization 

detector (GC-FID) was then derivatized using a method similar to Budge et al. (2006).  

Samples were heated at 100°C for 1 h after being mixed with 1.5 ml dichloromethane 

(DCM) and 3 ml Hilditch reagent (Sigma Aldrich, St. Louis, MO).  The lipids were then 

extracted by repeated centrifugation separation (100 x g for 2-5 min) with DCM (3 ml for 

first centrifugation, 1 ml for latter two) and deionized water (1 ml for each 

centrifugation).  The lipid layer (bottom) was then dehydrated with sodium sulfate 

(approximately 0.5 g) and heated in a water bath to evaporate any excess solvent.  Each 
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transesterified sample was then analyzed for fatty acid methyl ester (FAME) on a GC-

FID (Varian 430-GC and Varian CP-8400 AutoSampler) using a CP-Select column 

(CP7419, Varian) 100 m x 0.25 mm ID x 0.25 µm.  GC-FID protocols follow Budge et 

al. (2006) with the following modifications:  the injector temperature was 250°C with a 1 

µl injector split ratio 100:1; the column length was 100 m.  Column flow was 1.0 ml min-

1 programmed at 210°C for 9.0 min and ramped for 7.7 min at 15°C min-1 to 260°C.  

Detector temperature was set at 300°C with an air flow of 300 ml min-1 and a hydrogen 

flow of 30 ml min-1.  The internal standard was the FAME C19:0 (Fluka 72332).  A set of 

37 standard historical marine FAME (Supelco®37 component FAME mix, Supelco®, 

Bellefonte, PA; additional FAME species, Sigma-Aldrich, St. Louis, MO) were used in 

the GC-FID analysis, primarily for their physiological similarity to fatty acid profiles 

commonly found in mammals, and were of the highest purity available.  For each level of 

calibration and standard curve generated, all FAME target analytes were present at equal 

concentrations with ranges between 0.25 µg/µl and 10 µg/µl for each compound. 

 
Sphingolipid and Phospholipid Analysis 
 

Liquid chromatography-high resolution mass spectrometry (LC-HRMS) was 

utilized for the identification and quantification of sphingolipids and whole 

phospholipids.  An internal standard mixture (Avanti Polar Lipids, Alabaster, AL) was 

created for LC-HRMS analysis:  14:0 D54 phosphatidylethanolamine (PE) (1.5 ng/nl), 

16:0 PC D04 (1.25 ng/nl), 16:0 D31 lyso phosphocholine (PC) (1 ng/nl), 16:0 D31 

Ceramide (1.25 ng/nl), 16:0 D62 phosphatidylglycerol (PG) (1.75 ng/nl), sphingosine D7 

(1 ng/nl), 1,3-18:0 diacylglycerol (DG)-d5 (1.25 ng/nl), 14:0 D54 phosphatidylserine 

(PS) (1.25 ng/nl), and 16:0 D31 sphingomyelin (SM) (1 ng/nl). 
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Mouse skeletal muscle tissue biopsies, frozen at -80°C, in sizes ranging from 20 

to 63 mg, were each ground with diatomaceous earth (EMD Chemicals, Rockland, MA) 

with mortar and pestle to dehydrate and homogenize the sample.  Each sample was 

placed in a thimble and run through a lipid extraction device, Foss SoxTec 2043 (Eden 

Prairie, MN), using a solvent mixture of 65/35 chloroform/methanol (CHCl3/MeOH).  

Samples, at 160°C, were boiled for 25 minutes, and then rinsed for 30 min at 100°C.  

Lipid extracts were then dried under a stream of nitrogen to prevent oxidation.  Each 

sample was then resuspended in 4 ml MeOH and placed in a 4 ml glass vial with 

polytetrafluoroethylene (PTFE) cap (Sigma-Aldrich, St. Louis, MO).  From the 4 ml of 

each sample, 475 µl was removed from the glass vial and placed in a 1.5 ml plastic 

micro-centrifuge tube (VWR, West Chester, PA), and all samples were ultracentrifuged 

@10,000g for 10 min.  Each sample was then placed in a 2 ml amber gas 

chromatography (GC) vial (Sigma-Aldrich, St. Louis, MO) and spiked with 25 µl of the 

above-mentioned internal standard mix, roughly at a concentration of 1 ppm/compound. 

An Accela liquid chromatograph was used to analyze extracts, and was coupled to 

an linear trap quadropole (LTQ) Orbitrap Discovery mass spectrometer (Thermo 

Electron, Bremen, Germany) using both positive and negative electrospray ionization 

(+ESI/-ESI).  2 µl of final extracts were injected into the LC system consisting of a 15 cm 

x 2.1 mm (5 µm, 80 Å) Extended-C18 column (Agilent Technologies, Palo Alto, CA).  A 

binary mobile phase gradient containing 0.1% (v/v) formic acid in water (A) and 0.1% 

(v/v) formic acid in MeOH (B) was applied as follows:  3 min at 50% A, to 98% B over 9 

min, held steady for 3 min, back to 50% A over 1 min, and held again for 2 min at 50% 

A.  Additional chromatographic parameters were as follows:  column temperature, 50°C 
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and flow rate, 500 µl/min.  Full-scan accurate mass spectra (m/z range:  200-1000) were 

obtained at high resolution (30,000 full width at half maximum FWHM) for eluting 

compounds on the Orbitrap mass analyzer using internal calibration (accuracy of 

measurements  < 2 ppm) and processed using XCalibur v.2.0.7 software.  Electrospray 

source conditions were:  tube lens voltage 85 V for +ESI and 88 V for –ESI; sheath and 

auxiliary gas flow 55 and 10 arbitrary units (a.u.), respectively; electrospray voltage 0.5 

kV for both +ESI and –ESI; heated capillary temperature 300°C; capillary voltage 44 V 

for +ESI and 35 V for –ESI. 

To determine lipid concentrations, an isotope dilution approach was used.  To 

prepare 10 calibration points between 2.5 ng/ml to 5 µg/ml, lipid stock solutions 

containing 100 µg/ml or 200 µg/ml were serially diluted into MeOH with 0.1% HCOOH.  

Constant amounts of lipid isotopes (molecular formula and amounts) were added to both 

samples and calibrators as internal standards using a stock solution concentration 

prepared in methanol.  Calibration curves were prepared by plotting the ratio of observed 

peak areas for both the internal standard and analyte, respectively, versus analyte 

concentration.  Calibration data were subjected to a linear regression that was forced 

through the origin, presenting regression coefficients (r2) exceeding 0.99 for all targeted 

lipids.  During LC-HRMS analyses, calibration was monitored through the use of 

continuous calibration verification (CCV) standards and blanks meeting an acceptability 

criterion of ±15%.  Two identical matrix spikes (i.e. one matrix spike/matrix spike 

duplicate pair, MS/MSD) were prepared by adding a known amount of lipids to analyzed 

samples, thereby increasing total concentration by approximately a factor of two, and 

were run every 12 samples.  Recovery percentage of spiked amounts (criteria 85-115%) 
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as well as MS/MSD relative percentage difference (criteria 15%) were met to ensure 

quality data. 

 
Statistical Analyses 

Statistical analysis was performed using ANOVA, analysis of variance.  All 

statistics were run using the program SAS®.  P values less than 0.05 were considered 

significant.  All data presented here are mean ± standard error of the mean. 

 
Results 

 
 

Fatty Acid Composition of Skeletal Muscle Combined IMCL/Phospholipid Pool 
 

Skeletal muscle fatty acids of HFD-fed mice contained significantly more PUFAs 

than fatty acids of control mice (p < 0.05; Figure 11).  Concentrations of MUFAs were 

significantly higher in control mice than in HFD-fed mice (p < 0.05; Figure 11).  

Additionally, quantities of SFAs were not statistically different between the control and 

HFD-fed mice (Figure 11). 

Whereas the amount of N3 PUFA was significantly lower in the skeletal muscle 

fatty acid pool of HFD-fed mice versus the control mice (Figure 12), the amount of N6 

PUFA was significantly higher in HFD-fed mice compared to control mice (p < 0.05). 

Significantly lower amounts of MUFA were found in the skeletal muscle lipid 

pool of HFD-fed mice versus control mice.  This reduction in MUFA of HFD-fed mice 

was paralleled by a HFD-induced increase in PUFA, with no statistical change between 

mouse groups for SFA.  Furthermore, significantly lower N3 levels were recovered in 

HFD-fed mice, with a significantly greater amount of N6 recovered in the HFD-fed mice 

compared to controls. 
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Figure 11.  HFD-feeding for 8 weeks drastically changes fatty acid class (MUFA, PUFA, 
and SFA) distributions in mouse hamstring skeletal muscle.  Values are means ± SE 
(n=6), * indicates significant diet effect. 
 
 
 Skeletal muscle fatty acids of HFD-fed mice contained significantly more 

C18:2n-6(t) than control mice, while control mice demonstrated significantly more 

C14:1, C18:1n-11(c), C22:1n-9, C15:0, C24:0, and C22:6n-3 than HFD-fed mice (Table 

1). 
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Figure 12.  HFD-feeding for 8 weeks drastically changes the polyunsaturated N3 and N6 
levels.  Values are means ± SE (n=6), * indicates significant diet effect. 
 
 

Table 1.  Specific changes in fatty acid species (µg/g protein) in mouse hamstring muscle 
after 8 weeks of HFD feeding.  All changes shown are statistically significant (p < 0.05). 
 

Treatment C14:1 C18:1n-
11(c) C22:1n-9 C15:0 C24:0 C18:2n-6(t) C22:6n-3 

Control 0.96 ± 
0.56 0.30 ± 0.07 1.54 ± 

0.59 
0.52 ± 
0.08 

1.74 ± 
1.03 

28.49 ± 
10.68 

3.90 ± 
1.53 

HFD 0.35 ± 
0.10 0.21 ± 0.06 0.74 ± 

0.23 
0.37 

±0.13 0.4 ± 0.18 48.37 ± 2.9 1.33 ± 
0.45 

 
 

Changes in Skeletal Muscle Sphingolipid and Whole Phospholipid Profiles 
 

Changes were reported in sphingolipid and whole phospholipid composition 

profiles; however, none were statistically significant (Table 2).  Though a total of 10 

sphingolipid and whole phospholipid species were tested, only 3 species were found in 
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measurable amounts using LC-HRMS.  These three species were 16:0 sphingomyelin 

(16:0 SM), 16:0 phosphocholine (DPPC), and C16 Ceramide (p > 0.05).  Both ceramide 

and SM levels were elevated in HFD-fed mice (p > 0.05), while DPPC was found to be 

elevated in control mice (p > 0.05). 

 
Table 2.  Changes in measureable sphingolipid and whole phospholipid species (µg/g 

protein) in hamstring skeletal muscle after 8 weeks of HFD-feeding.  No changes shown 
are statistically significant (p > 0.05). 

 

Treatment 16:0 SM DPPC C16:0 Ceramide 

Control 11.55 ± 5.98 39.68 ± 19.92 0.67 ± 0.31 

HFD 12.69 ± 8.50 31.26 ± 19.17 0.77 ± 0.35 

 
 

Discussion 
 

Type 2 diabetes mellitus and lipid-induced insulin resistance have been associated 

with changes in skeletal muscle cell membrane phospholipid fatty acid, IMCL, and 

sphingolipid profiles.  In the current study, we examined the hypothesis that 8 weeks of 

HFD consumption, resulting in insulin resistance, would lead to an increase in ceramide, 

MUFAs, and SFAs in mouse skeletal muscle tissue.  The HFD utilized in this study 

contained 14% MUFAs, 13.68% SFAs, 0.39% N3, and 4.76% N6 (5.10 kcal/g), while the 

control chow contained 3.87% MUFAs, 3.71% SFAs, 0.21% N3, and 2.07% N6 (4.68 

kcal/g).  We found the skeletal muscle fatty acid pool of HFD-fed mice contained 

relatively less MUFA than that of control mice.  This is unexpected given the relatively 

higher levels of MUFAs in the HFD, as well as higher calorie intake (assuming the mice 
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consumed equal portions of chow).  Additionally, relative PUFA levels were higher in 

HFD-fed mice, whereas SFA levels were similar between HFD-fed and control mice.  

Also surprising was the lack of a difference in SFA levels in the HFD-fed and control 

mice, given the much greater percentage of SFAs in the HFD chow compared to the 

control chow.  Omega-3 fatty acids are correlated to greater insulin sensitivity (Kelley et 

al. 2002), so the significantly higher levels found in the control mice, or the significantly 

lower levels found in the insulin-resistant HFD-fed mice, are logical. 

 Prior studies using dietary intervention in rats showed that diets high in SFA and 

MUFAs led to higher levels of muscle triglycerides as well as insulin resistance, while 

diets enriched with N3 PUFAs had an opposing effect (Kelley et al. 2002).  The 

decreased levels of N3 PUFAs in the fatty acid profile of the HFD-fed mice in this study 

corroborate past findings as the mice were fed a diet known to lead to increased IMCL 

and insulin resistance.  That the fatty acid pool was largely composed of PUFAs, and not 

the less readily oxidized SFAs, implies that some of the excess dietary SFAs may have 

been converted to bioactive lipid metabolites (e.g., ceramides and DAG), while the 

PUFAs from the diet were likely channeled into intramuscular triglyceride (IMTG) or 

free fatty acids within the body (Lee et al. 2006).  Alternatively, since the HFD-fed mice 

gained significant weight on the diet (to the level of obesity), the excess SFAs may have 

been stored in their large adipose depots.  Saturated fatty acids within skeletal muscle, in 

particular palmitate, have been shown to inhibit insulin signaling molecules PKB/Akt, 

and therefore, insulin-stimulated glucose uptake.  This is largely accomplished through 

the conversion of SFAs into ceramides, a sphingolipid derivative of palmitate (Kelley et 

al. 2002). 
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Cholesterol levels in the two chows differed significantly (301 ppm in the HFD 

versus only 28 ppm in the standard chow).  Cholesterol is an essential component of any 

cell membrane, and can comprise up to 50% of the cell boundary (Dahl and Dahl 1988; 

Yeagle 1993).  Excess cholesterol in a membrane can induce membrane stiffness, or 

reduce fluidity, by reducing the movement of phospholipids within the membrane (Ohvo-

Rekila et al. 2002).  While historical governmental dietary recommendations have 

supported the idea of a low cholesterol diet for cardiovascular (and general) health, recent 

studies have shown no significant correlation between high cholesterol dietary intake and 

poor health outcomes (e.g., Djousse and Gaziano 2009; Lecerf and de Lorgeril 2011).  

This is likely because the levels of cholesterol in membranes, both through biosynthesis 

and uptake, are highly regulated by feed-back mechanisms (Goldstein and Brown 1990; 

Brown and Goldstein 1997; Brown and Goldstein 1998; Brown and Goldstein 1999).  

Thus, the high cholesterol content of the HFD here is unlikely to influence membrane 

fluidity to a large degree. 

While earlier studies linked large pools of IMCL with insulin resistance in 

skeletal muscle, more recent research (e.g., Corcoran et al. 2007) has shown the issue is a 

lack of turnover of the fatty acids comprising IMCL, rather than the quantity of the fatty 

acids stored that is correlated with insulin resistance.  In other words, in insulin resistant 

skeletal muscle, there is a large oversupply of IMCL, but diminished oxidation, and 

therefore, an imbalance between fatty acid availability, uptake, and use (Corcoran et al. 

2007).  In healthy skeletal muscle tissue, the muscle retains the ability to utilize both 

glucose and fatty acids as sources of fuel, and further, the ability to transition between the 
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two.  In insulin resistant skeletal muscle, this ability to transition is largely lost and is one 

of the defining characteristics of the metabolic disease (Kelley et al. 2002). 

 An additional change typically occurring in insulin resistant skeletal muscle is a 

transformation of the phospholipid composition of the cell membrane.  The fatty acid 

composition of any cell membrane, including that of skeletal muscle, is important to that 

membrane’s fluidity, permeability, and relative functionality (Pan et al. 1994; Haag and 

Dippenaar 2005).  The more saturated a membrane, the less fluid that membrane is; 

alternatively, the more saturated a membrane, the less permeable that membrane is to 

extracellular molecules.  Saturated fatty acids can pack more closely due to their lack of 

double bonds, and in this way, decrease membrane fluidity and leakiness to both protons 

and ions.  A resulting effect of this saturation and decrease in leakiness is a reduction in 

metabolic rate, since leakiness across membranes is related to proton and ion pumping, a 

significant energy expenditure of the cell.  As expected, the reverse is also true, with an 

increase in PUFA species in cell membranes increasing the leakiness of cell membranes, 

and thus the cell’s energy expenditure, and metabolic rate (Kelley et al. 2002). 

Another change resulting from saturation of phospholipid membranes is the 

membrane’s reception to the activity of insulin.  Studies have consistently shown a more 

saturated phospholipid profile in insulin resistant skeletal muscle (Borkman et al. 1993; 

Vessby et al. 1994; Pan et al. 1995).  Additionally, a reduction in insulin sensitivity has 

been associated with higher levels of N6 PUFAs in phospholipids and lower levels of N3 

PUFAs (Borkman et al. 1993; Vessby et al. 1994; Pan et al. 1995; Haugaard et al. 2006).  

The binding of insulin to receptors on skeletal muscle membranes initiates the glycogen 

synthesis in muscle, the process most impaired in insulin resistant tissue.  The rate of this 
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ability to synthesize glycogen allows for the variance in insulin sensitivity among 

subjects and body tissues.  Polyunsaturated fatty acid-rich membranes generally have 

more insulin receptors, and therefore better insulin activity, with the reverse also holding 

true (Borkman et al. 1993).  Omega-3 fatty acids have a protective effect on insulin 

sensitivity, even under a generally SFA diet (Storlien et al. 1991).  Here, we found that, 

of the whole skeletal muscle membrane phospholipids of measurable levels, those of 

HFD-fed mice differed little from those of control mice.  This is not unusual, as changes 

in dietary fatty acid profiles don’t always induce changes in phospholipid composition in 

skeletal muscle (Ayre and Hulbert 1996). 

 The sphingolipid composition of cell membranes has also been examined in 

relation to insulin resistance, particularly with regard to ceramides.  Ceramides have been 

thought to contribute to the induction of insulin resistance in skeletal muscle, largely 

through inhibiting insulin action by altering various kinases, transcription factors, and 

phosphatases (Schmitz-Peiffer et al. 1999; Schubert et al. 2000; Straczkowski et al. 

2007).  While ceramides were elevated in the HFD-fed mice, they were not statistically 

so.  The lack of a significant increase in ceramide levels could be the result of a multitude 

of factors.  As the hamstring is a predominately glycolytic muscle, ceramides in this 

particular muscle may not accumulate as they would in more oxidative muscles (e.g., 

Zendzian-Piotrowska et al. 2006).  Lee et al. (2006) also found no elevation of ceramide 

levels in rats fed either a high SFA or PUFA diet after 8 weeks, thus our findings have 

precedence.  Ceramides are often produced in the cell by the breakdown of 

sphingomyelins and while we found no differences between treatments, we did show 

elevated trends which have been positively correlated with obesity (Zeghari et al. 2000a; 
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Zeghari et al. 2000b).  This positive correlation may be due to the link between ceramide 

accumulation within tissues and metabolic alterations, which can include catabolism 

through the downregulation of nutrient transport proteins (Bikman and Summers 2011).  

In numerous rodents studies (e.g., Summers 2006; Polya and Parsons 1973; Bismuth et 

al. 2008), inhibiting ceramide production can either delay or completely prevent the onset 

of metabolic diseases (e.g., T2DM) in the obese.  Ceramides are now known to increase 

in response to nearly all stress stimuli, including inflammation (common in obesity), 

hypoxia, and oxidative stress (Bikman and Summers 2011). 

Diacylglycerols (DAGs) have historically been implicated in the pathogenesis of 

insulin resistance, yet newer studies (Bruce et al. 2006; Vistisen et al. 2008; Amati 2012) 

have cast doubt upon this theory.  While DAGs were evaluated in the current study, their 

levels were not measureable.  This is likely a methodological issue with LC-HRMS, as 

we used a high-efficiency, shotgun approach to measuring ten sphingolipid/phospholipid 

species simultaneously.  Future studies could utilize less efficient, but more precise mass 

spectrometry methods to look at individual sphingolipids within the skeletal muscle cells. 

 While not many conclusions can be drawn from the sphingolipid and whole 

phospholipid comparisons between the HFD-fed and control mice, much can be said 

regarding the changes in fatty acid composition of the IMCL/phospholipid pool in the 

skeletal muscle tissue.  N6 PUFAs are known to be inflammatory in nature, while N3 

PUFAs are much the reverse (anti-inflammatory).  Additionally, N3 PUFAs are thought 

to be critical to normal brain development and function in juveniles.  Given the 

increasing numbers of juveniles in North America with insulin resistance, the decrease in 

N3 and resultant increase in N6 PUFAS is worrisome.  Beyond insulin resistance, a 
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decrease in N3 PUFA levels after HFD feeding could have implications in protection 

from cancer, as N3s are known to direct apoptosis in tumor cells (Schley et al. 2007; 

Kang et al. 2010; Fukui et al. 2013).  

In conclusion, our results show that HFD-feeding increases the PUFA levels, 

particularly N6 PUFAs, and decreases the MUFA levels and N3 PUFAs in insulin-

resistant mice IMCL/phospholipid fatty acid pools in skeletal muscle.  Additionally, no 

significant changes in sphingolipid or whole phospholipid compositions were detected.  

These findings support, though not strongly, that diets high in saturated fats alter the 

cellular fatty acid composition and moderately increase ceramides and sphingomyelin.



86 

 

CHAPTER FIVE 
 

Conclusions and Future Directions 
 
 

Hypoxia and Marine Mammals 
 

Results reported here suggest that marine mammals utilize a variety of methods to 

combat tissue-level hypoxia, including, but not limited to, elevated enzyme levels (Fuson 

et al. 2003), specific antioxidant systems (Zenteno-Savin et al. 2002; Vazquez-Medina et 

al. 2012), and cell signaling (de Miranda et al. 2012).  Levels of C16 ceramide, a lipid 

correlated to environmental and physiological stressors, as well as the C16 ceramide 

correlate 16:0 sphingomyelin, were significantly higher in harbor seal skeletal muscle 

compared to that of Weddell seal, and significantly higher in ringed seal liver compared 

to skeletal muscle.  These data point to diving patterns dictating stress levels, where 

harbor seals spend more time at depth, and therefore a greater portion of their day coping 

with hypoxia, compared to Weddell seals.  Body mass provides an additional source of 

potential stress, as relatively greater levels of C16 ceramide were recovered from the 

larger harbor seals.  A larger body size implies a larger skeletal muscle mass, tissue 

which becomes hypoxic during breath-hold diving.  In the ringed seal, liver tissue 

receives only 20% of its normal blood flow during longer-duration dives (Davis et al. 

1983).  Because diving mammal liver tissue is saturated with mitochondria compared to 

terrestrial mammals (Fuson et al. 2003), the risk of damage from mitochondrial-derived 

ROS production is extremely high.  These high levels of oxidative stress in the tissue, in 

addition to the fact that the liver must remain fully functional during dives (Davis 2013), 

results in an increased level of C16 ceramide, a known indicator of stress levels. 
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Further, in these same tissues (harbor seal skeletal muscle and ringed seal liver), 

the phospholipid DPPC was significantly elevated.  DPPC is typically found in the 

membranes of cells where pressure changes are common (e.g., mammalian lung 

surfactant; Veldhuizen et al. 2000; Tonks et al. 2011).  When this lipid is compressed, it 

provides protection from high surface pressures and helps to maintain fluidity within the 

membrane (Veldhuizen et al. 2000).  In harbor seals, diving pattern likely dictate the 

elevated levels of this phospholipid, as they spend more total time at depth (and therefore, 

at higher hydrostatic pressures) compared to Weddell seals.  In ringed seal liver, the 

critical importance of the organ to physiological homeostasis necessitates the organ be 

better protected from dynamic pressure changes than the skeletal muscle. 

While the data presented here point clearly to some of the many adaptations of 

marine mammals to hypoxia, future studies could solidify these results even further.  

Johnson et al. (2004) have shown seal lung DNA PCR products to be extremely similar to 

those of mice, resulting in the ability to measure HIF-1α levels in seal tissue (specifically 

ringed seal).  At date of publication, no additional marine mammal species have been 

thoroughly investigated in relation to HIF-1α levels (though Vazquez-Medina et al. 

(2011) have reported upregulated levels of HIF-1α in the blood of northern elephant seal 

(Mirounga angustirostris) pups correlated to apnea).  The work of Johnson et al. (2004) 

has demonstrated that seal tissues do become hypoxic, as evidenced by significantly 

upregulated HIF-1α levels.  HIF-1α levels of the organisms studied here were not 

measured due to financial constraints, but the demonstration of these proteins and 

hypoxic status in a closely related species indicates the hypoxia pathway is likely 

conserved across all species of marine and terrestrial mammals.   
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Future studies correlating hypoxia in marine mammal tissues to diving patterns 

and blood flow changes should utilize larger sample sizes, if available.  Due to permitting 

issues and the endangered status of many marine mammal species, acquiring tissue 

samples is notoriously difficult.  For this reason, the sample sizes in this dissertation are 

low (but not uncommonly low for these types of studies), and samples were collected 

from varying sites and individuals.  While the author was not present for tissue collection, 

each sample was visually inspected before analysis, and those that did not meet the 

author’s standards (e.g., muscle tissue appearing brown/spoiled in color) were not used in 

these studies.  Subsequent studies should attempt to include hands-on sampling, and a 

streamlined process involving the same personnel from study design/data collection 

through to data analysis and discusssion.   

Additionally, as tissue collection occurred in remote areas, measurement of the 

major stress-induced lipid, C16 ceramide, may have been unavoidably biased.  Ceramide 

levels in response to known sources of environmental stressors (ionizing radiation and 

Fas ligand) were measured by Thomas et al. (1999) and shown to elevate in Jurkat (T-cell 

leukemia) cells after only two hours.  Depending upon the stressor, ceramide levels upon 

stressor initiation are only modest, but increase significantly after several hours.  During 

the early time periods (30 min to 2 hours), no significant increases in C16 ceramides were 

noticed, but ceramides were increased 6-fold after the 2-hour time point (Thomas et al. 

1999).  Once the offending stressor has ceased, ceramide levels tend to return to normal 

rapidly, on the order of 30 minutes or less (Dressler et al. 1992; Cifone et al. 1994; 

Haimovitz-Friedman et al. 1994).  While the author is not aware of longitudinal ceramide 

level studies with oxidative stress, since ceramides regulate the general eukaryotic stress 
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response (Hannun and Luberto 2000), some conservation of time frames is likely.  As the 

author was not present during sample collection, the length of time between diving bouts 

and biopsy collection for each organism is not known, and is likely to be variable, both 

between species and among organisms.  This factor may have influenced results, but 

given the difficult nature of marine mammal sample collection, would be difficult to 

avoid.   A study in the future where the variability in sample collection is more strictly 

controlled is clearly warranted. 

One future direction or area of interest involving hypoxia is in its relation to the 

hormone leptin.  Leptin is largely known for its role in the regulation of an organism’s fat 

mass, but recent studies have indicated that hypoxia increases the expression of leptin in 

adipocytes (Grosfeld et al. 2002).  Leptin can stimulate angiogenesis (Sierra-Honigmann 

et al. 1998), and in humans subjected to high altitude hypoxia, leptin levels were 

significantly upregulated (Tschop et al. 1998).  While leptin levels have been measured in 

marine mammals in relation to fat mass (e.g., Ortiz et al. 2001), they have not been 

evaluated in correlation to the hypoxic status of a diving mammal.  If leptin is involved in 

angiogenesis (or angiostatic activity, as has been cited by at least one group, Cohen et al. 

2001), the mechanisms through which marine mammals have adapted to diving and 

chronic, intermittent hypoxia may become more clear. 

 
HFD-Fed, Insulin-Resistant Mice 

 
This dissertation reports HFD-fed, insulin-resistant mice show significantly 

higher levels of PUFAs, significantly lower levels of MUFAs, and no difference in SFAs 

compared to control mice.  Additionally, HFD-fed mice demonstrated significantly 

higher levels of the inflammatory N6 PUFAs, and significantly lower levels of the anti-
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inflammatory N3 PUFAs compared to control mice.  Finally, no significant changes were 

found between HFD-fed mice and their controls.  These changes in fatty acid levels seen 

in HFD-fed, insulin-resistant mice, when taken in context with the dietary makeup of the 

HFD, suggest the SFAs were likely stored in adipose tissue (not the sampled skeletal 

muscle).  The higher concentrations of N6 and lower concentrations of N3 match the 

phenotype of insulin sensitivity (e.g., Kelley et al. 2002), and were therefore expected.  

The lack of an increase in C16 ceramide, while somewhat surprising given ceramide is a 

known inhibitor of insulin signaling (e.g., Schmitz-Peiffer et al. 1999; Schubert et al. 

2000; Straczkowski et al. 2007), may relate to the fiber type distribution of the hamstring 

muscle sampled, a largely glycolytic muscle, which in other studies (e.g., Zendzian-

Piotrowska et al. 2006), has shown a lack of accumulation of ceramide despite insulin 

resistance. 

Future studies on HFD-fed, insulin-resistant mice should heavily consider the 

exact makeup of the HFD utilized in the study.  The diet used for HFD-feeding in this 

insulin-resistant mouse study, consisting of nearly 60% energy from fat, would be 

considered extreme from the perspective of a human diet.  A typical Western diet 

averages a macronutrient composition of approximately 51.8% carbohydrate, 15.4% 

protein, and only 32.8% fat (Cordain et al. 2005).  The type of diet utilized in this study 

rapidly induces obesity in the animals, which in the C57BL/6 mouse, is a precursor to 

T2DM (e.g., Surwit et al. 1988; Ghibaudi et al. 2002; Johnston et al. 2007).  Rapid onset 

of obesity in the model organism allows for the testing of compounds of interest in a 

more time-efficient manner.  The HFD here accomplishes this without demonstrated 

hyperphagia in the animals (West et al. 1992).  In other words, obesity is induced, in 
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many cases, with a similar caloric content compared to the control chow.  The diet 

utilized in the HFD study here did have a higher caloric value (5.10 versus 4.68 kcal/g), 

but since the mice were fed ad libitum, this does not necessarily indicate the obese mice 

ingested more total calories than the controls. 

 
Measurement and Comparison of Lipids of Interest 

 
While method development for LC-HRMS was extremely successful (measuring 

10 sphingolipids/whole phospholipids simultaneously), future studies may even improve 

upon the lipid species tested and the methods used.  C16 ceramide is most commonly 

found in lung and brain tissue (Xu et al. 2005; Becker et al. 2008), and the ceramide 

synthase gene (LASS5) encoding the production of C16 ceramide was the first to be 

purified (Lahiri and Futerman 2005).  Ceramide synthase-4 is among the least-studied of 

the LASS genes, but has been found in liver tissue (Laviad et al. 2008).  Ceramide 

synthase-2 has been found in high levels in the liver and moderate levels in skeletal 

muscle (Cai et al. 2003), while ceramide synthase-1 has been found in low levels in 

skeletal muscle (Mizutani et al. 2005).  While the author would like to investigate 

additional ceramide levels in the future (specifically those known to be expressed in 

higher levels in skeletal muscle), C16 ceramide, given its known upregulation in hypoxic 

conditions (Jin et al. 2008), was an appropriate species to measure.  The fact that only 

one species of ceramide (C16) was measured could certainly confound the results in both 

marine mammal and mouse tissue, but without the ability to measure other ceramide 

species (due to a lack of standard availability for other ceramide species), the direction of 

potential changes to the analysis cannot be known.  The comparison of levels of all 

ceramide species in these tissues is an important future direction. 
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 Future studies examining fatty acid composition could also utilize more effective 

separation methods.  Fatty acid analysis in both marine mammal and pre-diabetic mouse 

tissues was complicated by the fact that thin layer chromatography (TLC) was not a 

methodological option, and so the fatty acids from intracellular lipids were not able to be 

separated from fatty acids of membrane phospholipids.  This made discussion of 

membrane phospholipids forcibly limited to the whole phospholipids measured using LC-

HRMS.  The separation of fatty acids recovered from intracellular lipid pools from those 

of membranes is an important future direction to explore. 

 
Dissertation Theme Conclusions 

 
Hypoxia and ischemia-reperfusion are serious stressors to all mammalian species.  

The fact that marine mammals tolerate these physiological conditions with such aptitude 

makes them an invaluable model system for hypoxia tolerance.  Hypoxia plays a central 

role in the pathophysiology of many common human conditions, including pulmonary 

hypertension, cancer, intrauterine growth retardation, and preeclampsia (Lal et al. 2001; 

Sowter et al. 2001; Buchler et al. 2003; Zhong et al. 1999), just to name a few.  HIF-1α 

also participates in the new growth of myocardial tissue post-ischemia, and helps protect 

the brain from ischemia via a process known as late-phase conditioning (Sodhi et al. 

2001).  The interesting results discussed here on the interplay between lipid species and 

hypoxia in model organisms may help to unlock the mechanisms through which hypoxia 

influences various pathological conditions and the ways in which HIF-1α helps to protect 

against ischemic injury. 

 HFD-induced insulin resistance in C57BL/6J mice serves as a fairly accurate 

model for the development of the disease in humans, and unfortunately, is a likely 
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preview for the health of millions of people in developed nations in the near future (ADA 

2011).  The results reported here serve as evidence that diets high in saturated fats can be 

pathogenic in the right physiological context (namely, a predisposition for obesity), and 

that some inclusion of the anti-inflammatory N3 fatty acids to the diet is not enough to 

prevent insulin resistance.  

 The study of lipids and signal transduction pathways links these studies of marine 

mammal adaptations to hypoxia to those of HFD-fed, insulin-resistant mice.  Hypoxia 

and insulin resistance are both significant physiological stressors which utilize lipids as 

secondary messengers in cell signaling pathways, and result in changes to lipid profiles of 

various tissues.  This dissertation contributes to that block of knowledge by deciphering 

important changes to the lipid profiles in marine mammals and pre-diabetic mice, several 

of which are known secondary messengers in signal transduction pathways (e.g., 

diacylglycerol; Turinsky et al. 1990) or the result of cell signaling pathways (e.g., C16 

ceramide via sphingomyelinase signaling pathway; Grosch et al. 2012).  This dissertation 

has elucidated important changes to mammalian tissues from two very different 

perspectives:  one of pathological disease (insulin-resistant mice), and one of adaptation 

to physiological extremes (diving mammals).  These results have contributed to our 

understanding of the importance of biological membranes to the proper functioning of 

cells and tissues in a variety of organisms. Additionally, the signaling capabilities of 

various lipid species studied and the pathways they embark upon to provide physiological 

buffers to environmental conditions (marine mammals) or pathological situations (insulin 

resistance) is key to the understanding of signal transduction pathways across species and 

variables. 
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APPENDIX A 
 

Table A1. Marine mammal sphingolipid and phospholipid data 
 

SSN  SM  PE  PG  DPPC  Cer  Lyso  S1P  Cer:S1P 

B1  61.57  0.26  0.06  14.98  2.36  1.43  5.18  0.45 
B2  40.17  0.16  0.04  8.46  1.80  1.65  4.75  0.38 
B3  64.19  0.16  0.01  16.45  2.02  2.30  2.39  0.85 
B4  53.40  0.15  0.02  11.12  2.19  1.33  3.53  0.62 
B5  50.48  0.07  0.18  13.55  2.15  0.74  2.01  1.07 
BH1  89.35  0.12  0.12  61.05  7.13  1.50  4.47  1.59 
BH2  107.49  0.09  0.70  50.31  7.39  0.93  2.92  2.53 
BH3  162.22  0.05  0.34  63.83  4.57  1.17  3.94  1.16 
BH4  99.39  0.16  0.25  40.52  7.51  1.13  4.42  1.70 
BH5  142.35  0.15  0.20  44.46  6.08  2.05  2.37  2.57 
H1  60.01  0.26  1.38  20.75  6.13  0.85  23.40  0.26 
H2  189.31  0.16  0.03  34.21  7.74  0.69  6.33  1.22 
H3  156.83  0.16  0.21  58.42  8.63  1.03  3.78  2.28 
H4  61.41  0.00  0.03  14.59  3.31  0.19  2.19  1.51 
H5  79.00  0.04  0.07  28.88  4.37  0.23  1.73  2.53 
NFS1  182.65  0.67  0.00  29.18  6.85  1.27  27.79  0.25 
NFS2  90.07  0.45  0.18  17.10  4.14  0.87  11.44  0.36 
NFS3  69.54  1.47  0.34  33.06  11.55  2.55  32.64  0.35 
NFS4  68.45  0.60  0.20  22.23  7.20  1.72  17.59  0.41 
NFS5  39.91  0.95  0.16  10.20  9.57  2.66  33.80  0.28 
R1  108.26  0.24  0.14  20.99  3.89  1.83  7.23  0.54 
R2  59.33  0.09  0.03  12.31  2.04  0.96  2.52  0.81 
R3  66.80  0.11  0.03  9.75  2.83  0.40  4.89  0.58 
R4  54.49  0.10  0.01  12.20  2.02  1.87  3.60  0.56 
R5  74.34  0.09  0.03  34.67  4.08  0.32  2.66  1.54 
RH1  152.15  0.13  0.08  36.18  7.19  0.64  4.72  1.52 
RH2  90.95  0.14  0.34  47.11  3.80  0.75  3.19  1.19 
RH3  51.74  0.06  0.05  24.24  4.52  0.99  1.62  2.79 
RH4  102.32  0.10  0.16  61.82  3.39  0.84  1.74  1.95 
RH5  92.55  0.15  0.07  48.47  3.61  0.59  2.92  1.24 
RL1  46.53  0.11  0.01  7.91  2.00  0.37  3.88  0.51 
RL2  191.35  0.12  0.05  56.93  13.98  1.20  3.05  4.59 
RL3  227.39  0.17  0.13  76.69  17.37  0.51  2.68  6.48 
RL4  224.18  0.17  0.06  64.36  17.19  0.28  1.89  9.12 
RL5  187.85  0.20  0.20  73.12  25.03  0.57  1.41  17.81 
S1  81.68  0.12  0.08  21.66  4.83  0.27  2.84  1.70 
S2  83.43  0.07  0.02  13.44  2.94  0.22  2.04  1.44 
SH1  192.31  0.27  0.12  72.73  19.30  0.45  1.77  10.92 
SH2  80.47  0.18  0.08  48.65  9.16  0.55  4.44  2.06 
SL1  328.17  0.27  0.06  87.75  17.99  0.34  3.54  5.08 
SL2  86.23  0.24  0.40  54.98  8.25  0.97  0.00  0.00 
W1  59.28  0.22  0.07  20.37  1.83  1.59  4.01  0.46 
W2  39.45  0.15  0.02  8.69  1.55  1.36  4.27  0.36 
W3  34.15  0.11  0.02  10.96  1.22  0.79  3.15  0.39 
W4  39.53  0.11  0.02  11.24  1.43  1.03  2.50  0.57 
W5  86.85  0.14  1.49  12.11  1.54  0.59  3.57  0.43 
Wd1  46.39  0.12  1.33  11.20  1.10  0.37  4.00  0.28 
Wd2  62.72  0.18  1.67  11.75  1.73  0.44  3.77  0.46 
Wd3  21.83  0.06  0.04  7.07  0.73  0.18  1.81  0.40 
Wd4  46.42  0.37  0.10  11.83  1.95  0.65  6.42  0.30 
Wd5  54.38  0.24  0.17  13.60  1.60  0.62  5.77  0.28 
MC1  14.07  0.02  0.00  17.06  1.44  0.25  4.26  0.34 
MC2  16.36  0.03  0.00  18.97  1.21  0.19  4.35  0.28 
P1  28.64  0.04  0.00  49.85  2.01  0.32  5.27  0.38 
P2  30.90  0.00  0.00  34.30  3.67  0.18  5.80  0.63 
P3  2.01  0.01  0.09  0.00  0.80  0.13  3.29  0.24 
P4  17.23  0.01  0.00  35.10  1.61  0.17  4.71  0.34 

MCH1  79.80  0.02  0.00  144.00  20.81  4.17  2.14  9.70 
MCH2  52.07  0.02  0.00  130.93  9.69  0.40  1.65  5.88 
PH1  44.75  0.02  0.00  67.62  8.58  0.65  1.33  6.46 
PH2  54.19  0.02  0.00  94.71  13.67  0.44  3.10  4.41 
PH3  68.64  0.02  0.00  110.33  15.99  0.98  1.36  11.74 
PH4  49.35  0.01  0.00  100.53  9.01  0.77  1.71  5.28 
MCL1  57.33  0.01  0.00  51.77  32.09  0.46  2.14  15.02 
MCL2  97.62  0.00  0.00  90.90  56.32  2.38  1.40  40.19 
PL1  66.94  0.02  0.00  126.04  81.65  2.20  1.74  46.87 
PL2  58.11  0.00  0.00  93.04  62.04  2.45  1.50  41.35 
PL3  124.10  0.01  0.00  136.63  59.31  5.51  2.02  29.38 
PL4  76.79  0.03  0.00  82.05  32.49  0.97  2.34  13.89 
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APPENDIX B 
 

Table B1. Marine mammal IMCL/phospholipid fatty acid data 
 

Treatment  SSN  Tissue  MUFA  PUFA  SAT  N3  N6 

B  1  M  53.934  140.592  56.661  46.056  67.872 
B  2  M  33.852  86.583  50.778  29.295  39.711 
B  3  M  33.904  92.352  44.928  32.24  43.68 
B  4  M  38.779  110.903  62.491  40.261  43.966 
B  5  M  37.03  106.49  57.04  35.88  52.44 
B  1  H  0  0  0  0  0 
B  2  H  0  0  0  0  0 
B  3  H  0  0  0  0  0 
B  4  H  0  0  0  0  0 
B  5  H  0  0  0  0  0 
H  1  M  0  0  0  0  0 
H  2  M  41.724  114.192  66.856  39.772  57.34 
H  3  M  0  0  0  0  0 
H  4  M  23.94  76.19  43.13  27.17  34.96 
H  5  M  27.3  83.538  44.044  27.118  43.862 
NFS  1  M  0  0  0  0  0 
NFS  2  M  0  0  0  0  0 
NFS  3  M  0  0  0  0  0 
NFS  4  M  0  0  0  0  0 
NFS  5  M  0  0  0  0  0 
R  1  M  23.6  66.6  52.6  30.8  21.6 
R  2  M  19.572  111.84  47.532  33.785  58.017 
R  3  M  13.26  74.63  39.44  23.12  36.55 
R  4  M  19.8  87.285  48.51  25.905  44.715 
R  5  M  18.762  56.994  33.748  18.29  32.096 
R  1  H  30.788  73.1  41.968  27.348  35.432 
R  2  H  35.34  91.77  52.25  26.79  52.25 
R  3  H  37.769  92.543  40.812  30.43  47.793 
R  4  H  40.392  104.112  61.344  34.128  52.92 
R  5  H  66.708  183.992  105.512  57.988  98.972 
R  1  L  30.4  76.57  40.28  29.83  34.01 
R  2  L  38.194  87.688  56.952  33.9  41.358 
R  3  L  26.578  80.122  43.068  25.608  37.83 
R  4  L  36.36  87.264  42.622  30.502  41.612 
R  5  L  32.832  84.48  39.552  26.88  45.12 
S  1  M  41.87  109.71  72.08  33.125  59.36 
S  2  M  0  0  0  0  0 
S  1  H  51.152  129.548  59.77  42.256  66.442 
S  2  H  35.805  90.09  47.817  34.188  52.206 
S  1  L  25.239  82.698  54.595  22.196  46.54 
S  2  L  31.104  79.104  31.296  27.648  35.328 
W  1  M  37.411  107.635  55.594  34.903  51.205 
W  2  M  29.58  72.828  42.432  15.3  45.696 
W  3  M  38.61  97.305  53.43  30.81  49.725 
W  4  M  17.955  73.359  36.936  18.297  40.014 
W  5  M  31.416  80.976  34.608  30.072  38.976 
Wd  1  M  38.247  85.644  42.09  28.914  44.286 
Wd  2  M  0  0  0  0  0 
Wd  3  M  0  0  0  0  0 
Wd  4  M  0  0  0  0  0 
Wd  5  M  0  0  0  0  0 
MC  1  M  21.375  76.5  65.925  26.325  36 
MC  2  M  36.099  80.411  44.312  23.684  43.166 
P  1  M  45.65  110.275  66.825  38.5  55.275 
P  2  M  36.4  105.84  68.32  46.2  43.4 
P  3  M  40.689  106.92  61.182  44.253  47.52 
P  4  M  25.365  88.92  64.125  36.195  41.61 
MC  1  H  44.608  95.744  59.568  35.088  45.968 
MC  2  H  45.375  119.25  85.125  37.875  55.5 
P  1  H  16.171  40.82  32.028  12.56  21.666 
P  2  H  27.832  89.744  57.368  36.636  42.6 
P  3  H  53.138  144.418  81.174  42.706  69.112 
P  4  H  43.47  104.22  53.73  42.12  57.51 
MC  1  L  47.808  103.968  67.968  34.56  46.656 
MC  2  L  52.954  121.858  63.162  36.047  54.23 
P  1  L  47.173  111.926  66.511  37.504  51.568 
P  2  L  27.777  76.633  42.158  24.231  39.006 
P  3  L  34.02  86.31  48.09  30.03  42.63 
P  4  L  46.76  125.72  58.24  39.2  66.92 
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APPENDIX C 
 

Table C1. High-fat diet-fed (HFD) vs. control mouse fatty acid data 
 

Muscle Sample  147  148  149  151  152 155 157 158 159 162 163 166  Avg HFD  Avg Con

Treatment  HFD  HFD  HFD  HFD  HFD HFD C C C C C C     

MUFA  17.998  17.703  18.954  19.720  17.634 12.797 26.132 22.213 21.830 37.033 20.372 57.070  17.468  30.775

PUFA  69.975  69.899  68.223  66.280  71.152 71.243 59.250 65.126 64.283 48.765 62.902 23.771  69.462  54.016

SAT  12.027  12.398  12.823  14.000  11.214 15.960 14.617 12.661 13.886 14.202 16.726 19.159  13.070  15.209

N3  1.330  2.086  1.501  2.387  2.311 1.907 4.373 3.411 4.841 7.208 5.383 6.223  1.920  5.240

N6  68.645  67.813  66.722  63.828  68.841 68.967 48.621 61.715 59.443 41.557 57.236 17.547  67.469  47.686

C12:0  0.250  0.271  0.293  0.398  0.153 0.120 0.416 0.335 0.402 0.485 0.250 0.857  0.247  0.458

C13:0  0.19  0.183  0.254  0.344  0.107 0.162 0.375 0.245 0.307 0.429 2.087 0.735  0.206  0.696

C14:0  0.73  0.812  0.871  0.892  0.717 0.504 0.781 0.824 0.826 0.801 0.716 1.000  0.755  0.825

C14:1  0.37  0.388  0.356  0.495  0.247 0.230 0.687 0.624 0.540 0.767 2.042 1.102  0.347  0.960

C15:0  0.33  0.381  0.502  0.538  0.266 0.191 0.573 0.476 0.477 0.620 0.394 0.551  0.368  0.515

C15:1  0.25  0.278  0.363  0.473  0.156 0.379 0.479 0.360 0.402 0.530 0.144 0.531  0.316  0.408

C16:0  7.98  7.999  8.269  8.237  7.825 5.787 6.403 7.550 7.086 7.750 5.882 8.019  7.683  7.115

C16:1  5.82  6.243  6.729  5.806  7.394 4.457 11.234 9.822 7.489 16.289 8.246 31.320  6.075  14.067

C17:0  0.49  0.512  0.585  0.731  0.510 7.545 0.458 0.451 0.424 0.654 0.427 0.939  1.728  0.559

C17:1  0.47  0.490  0.509  0.559  0.446 0.418 0.479 0.502 0.498 0.451 0.361 0.612  0.482  0.484

C18:0  0.00  0  0.000  0.000  0.000 0.078 0.000 0.000 0.000 0.000 1.781 0.000  0.013  0.297

C18:1n‐9(t)  9.47  8.189  9.013  9.710  7.367 5.933 10.349 8.290 9.808 14.834 6.448 20.159  8.280  11.648

C18:1n‐9(c)  0.50  0.498  0.464  0.570  0.391 0.175 0.416 0.406 0.413 0.553 0.294 0.000  0.432  0.347

C18:2n‐6(t)  48.97  47.878  46.667  44.484  49.080 53.161 27.121 39.547 34.403 25.313 34.989 9.549  48.373  28.487

C18:1n‐11(c)  0.20  0.242  0.223  0.301  0.162 0.128 0.281 0.232 0.297 0.316 0.250 0.428  0.210  0.301

C18:2n‐6(c)  0.10  0.161  0.178  0.204  0.098 0.428 0.000 0.161 0.254 0.000 0.105 0.000  0.196  0.087

C18:3n‐6  18.73  18.787  18.776  17.817  18.989 14.696 19.198 20.919 23.345 14.755 19.478 6.060  17.967  17.293

C20:0  0.22  0.000  0.134  0.161  0.070 0.376 0.271 0.135 0.222 0.305 0.133 0.469  0.161  0.256

C18:3n‐3  0.00  0.000  0.000  0.000  0.104 0.724 0.000 0.000 0.000 0.000 0.100 0.000  0.138  0.017

C20:1  0.34  0.381  0.439  0.613  0.324 0.528 0.656 0.521 0.763 0.406 0.477 0.449  0.438  0.545

C21:0  0.98  1.244  0.738  1.000  0.779 0.575 1.229 1.165 1.684 1.286 0.932 3.918  0.885  1.702

C20:2  0.00  0.000  0.000  0.000  0.000 0.246 6.257 0.000 0.000 0.000 0.000 0.000  0.041  1.043

C20:3n‐6  0.66  0.695  0.757  0.925  0.565 0.556 1.499 0.779 0.985 0.959 0.583 1.163  0.693  0.995

C22:0  0.32  0.388  0.458  0.839  0.488 0.327 0.510 0.579 0.604 0.756 0.361 0.898  0.470  0.618

C20:3n‐3  0.06  0.073  0.134  0.215  0.046 0.031 0.104 0.071 0.212 0.135 1.182 0.367  0.094  0.345

C22:1n‐9  0.46  0.842  0.731  0.903  1.047 0.481 1.229 1.255 1.356 2.493 0.921 2.000  0.745  1.542

C23:0  0.15  0.198  0.204  0.194  0.104 0.073 0.364 0.354 0.254 0.237 1.121 0.265  0.153  0.433

C20:4n‐6  0.18  0.293  0.343  0.398  0.110 0.125 0.802 0.309 0.455 0.530 2.081 0.775  0.241  0.825

C22:2  0.00  0.000  0.000  0.065  0.000 0.123 0.000 0.000 0.000 0.000 0.283 0.000  0.031  0.047

C24:0  0.39  0.410  0.515  0.667  0.195 0.222 3.238 0.547 1.599 0.880 2.642 1.510  0.400  1.736

C24:1  0.12  0.154  0.127  0.290  0.101 0.068 0.323 0.200 0.265 0.395 1.188 0.469  0.143  0.473

C20:5n‐3  0.22  0.315  0.210  0.419  0.101 0.264 0.312 0.238 2.097 0.372 1.054 0.633  0.255  0.784

C22:5n‐3  0.09  0.124  0.108  0.183  0.061 0.050 0.177 0.122 0.180 0.214 0.100 0.347  0.102  0.190

C22:6n‐3  0.96  1.573  1.049  1.570  2.000 0.839 3.779 2.980 2.351 6.486 2.947 4.877  1.332  3.903
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APPENDIX D 
 

Table D1. Total marine mammal statiscal analysis 
 

MC: Mouse Control; P: PUFA Mouse Control; Wd: Weddell; W: Walrus; B: Bearded; R: Ringed; S: Spotted; NF: Northern Fur; H: Harbor 
Lipid  Analysis of Variance Values  Tukey Differences 

Sphingomyelin (SM)  F=3.43; p=0.0066  MC  P  Wd  W  B  R  S  NF  H 
        A  A  A  A  A  A  A 
    B  B  B  B  B  B  B  B   
PE  F=10.34; p<0.0001  P  MC  S  H  R  W  B  Wd  NF 
                    A 
    B  B  B  B  B  B  B  B   

PG  F=1.10; p=0.3867  No Difference 
DPPC  F=2.12; p=0.06  No Difference 

Ceramide  F=11.36; p<0.0001  MC  Wd  W  P  B  R  S  H  NF 
                A  A  A 
              B  B  B   
    C  C  C  C  C  C  C     

Lyso  F=5.64; p=0.0002  P  MC  S  Wd  H  W  R  B  NF 
              A  A  A  A 
      B  B  B  B  B  B  B   
    C  C  C  C  C  C  C     

Sphingosine‐1‐Phosphate (S1P)  F=8.81; p<0.0001  S  W  B  R  MC  Wd  P  H  NF 
                    A 
    B  B  B  B  B  B  B  B   

C6:0  F=0.97; p=0.48  No Difference 
C8:0  F=2.32; p=0.07  No Difference 
C10:0  F=0.97; p=0.48  No Difference 
C11:0  F=1.68; p=0.17  No Difference 
C12:0  F=1.41; p=0.26  No Difference 
C13:0  F=0.44; p=0.86  No Difference 
C14:0  F=2.21; p=0.08  No Difference 
C14:1  F=0.98; p=0.48  No Difference 
C15:0  F=1.07; p=0.42  No Difference 
C15:1  F=2.44; p=0.06  No Difference 
C16:0  F=0.79; p=0.61  No Difference 
C16:1  F=0.70; p=0.67  No Difference 
C17:0  F=0.51; p=0.82  No Difference 
C17:1  F=2.13; p=0.09  No Difference 
C18:0  F=0.65; p=0.71  No Difference 

C18:1n‐9(t)  F=3.00; p=0.02  H  R  W  Wd  B  P  S  MC 
    A  A  A  A  A  A  A  A 

C18:1n‐9(c)  F=0.23; p=0.97  No Difference 
C18:2n‐6(t)  F=0.32; p=0.93  No Difference 
C18:2n‐6(c)  F=0.77; p=0.62  No Difference 
C18:3n‐6  F=2.19; p=0.08  No Difference 

C18:3n‐3(c)  F=4.20; p=0.0066  Wd  S  H  W  MC  B  R  P 
      A      A  A  A  A 
    B  B  B  B  B  B  B   

C20:0  F=13.68; p<0.0001  R  Wd  W  B  P  MC  H  S 
                  A 
    B  B  B  B  B  B  B   

C20:1  F=0.4132; p=0.88  No Difference 
C21:0  F=1.20; p=0.35  No Difference 
C20:2  F=1.39; p=0.27  No Difference 

C20:3n‐6  F=2.38; p=0.07  No Difference 
C22:0  F=0.53; p=0.80  No Difference 

C20:3n‐3  F=1.89; p=0.13  No Difference 
C22:1n‐9  F=4.34; p=0.0056  R  MC  P  W  Wd  H  B  S 

      A  A  A  A  A  A  A 
    B  B  B  B  B      B 

C23:0  F=2.23; p=0.08  No Difference 
C22:2  F=0.94; p=0.5  No Difference 

C20:4n‐6  F=1.49; p=0.23  No Difference 
C24:0  F=1.10; p=0.41  No Difference 

C20:5n‐3  F=1.84; p=0.14  No Difference 
C22:6n‐3  F=0.88; p=0.54  No Difference 
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APPENDIX E 
 

Comparing Gas Chromatographic Techniques Used in Fatty Acid Profiling of Northern 
Fur Seals (Callorhin usursinus) and Steller Sea Lions (Eumetopias jubatus) from 

Lovushki Island Complex, Russia 
 

This appendix published as:  Young KE, Quinn SM, Trumble SJ. 2012. Comparing gas 
chromatographic techniques used in fatty acid profiling of northern fur seals (Callorhinus 

ursinus) and Steller sea lions (Eumetopias jubatus) from Lovushki Island Complex, 
Russia. IJAST 2(9): 11-21. 

 
Abstract 

 
Northern fur seal (NFS, Callorhinus ursinus, n = 22) and Steller sea lion (SSL, 

Eumetopias jubatus, n = 12) blubber samples were collected from adults occupying the 

same rookery near the Lovushki Island complex, Russia.  The objective of this study was 

to compare identified fatty acid methyl esters (FAMEs) using gas chromatography-flame 

ionization detector (GC-FID) and gas chromatography-mass spectrometry (GC-MS) 

between species for each lipid class (saturated, SFA; monounsaturated, MUFA; 

polyunsaturated, PUFA).  GC-FID identified an average of 26 FAMEs from each species 

against a set of 37 FAMEs.  ANOVA detected differences between detectors and species, 

with GC-MS recovering greater numbers of total FAMEs but with fewer SFA detected.  

Interestingly, the GC-MS recovered greater numbers of FAMEs for NFS when compared 

to SSL.  The use of both GC-FID and GC-MS, rather than solely one method, seems 

appropriate in order to avoid drawing spurious conclusions regarding potential resource 

partitioning in ecological studies.
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Introduction 
 

There are several approaches commonly used in which to identify fatty acids or 

their derivatives (fatty acid methyl esters, FAME), including gas chromatography-flame 

ionization detector (GC-FID), gas chromatography- mass spectrometry (GC-MS), high-

performance liquid chromatography (HPLC), nuclear magnetic resonance (NMR) 

spectroscopy and silver ion thin-layer chromatography (TLC, Skoog et al. 1998).  These 

methods have been used to identify the common fatty acids of animal (Budge et al. 2006) 

and plant (Glew et al. 1997) origin, with chains typically numbering from 12 to 24 carbon 

atoms, including zero to six double bonds, as well as specialized non-methylene-

interrupted double bonds (Budge et al. 2007).  Of these techniques, gas chromatography 

(GC) along with any one of a number of detectors (Harris. 2003), offers a simple, rapid 

and relatively inexpensive method for the identification or quantification of FAME in 

lipid research.  While somewhat dependent on the detector, GC has a straightforward 

derivatization procedure (e.g., Budge et al. 2006), uses readily available reagents and has 

simple preparatory requirements.  Another important asset of GC is that it is not typically 

necessary to isolate lipid components in pure form, as may be required by other methods 

(e.g., NMR spectroscopy).  Currently, a considerable number of lipid researchers use GC-

FID for FAME analysis in topics ranging from agriculture to biomedicine to ecology.  

However, there has been a dramatic increase in fatty acid analysis and interpretation in 

animals inhabiting the marine environment, specifically marine mammals.  Topics of 

current research interest include, for example, climate change (Cooper et al. 2009), 

predator-prey dynamics (Iverson et al. 1997), and age-related lipid changes (Trumble et 

al. 2010).  
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As beneficial as GC is, as with any method, there are limits associated with its 

use; GC-MS spectra may not always contain ions indicative of structural features (e.g., 

the positions of double bonds in the aliphatic chain cannot always be definitively 

determined) or for GC-FID, there can be a failure to differentiate between cis and trans 

isomers, causing misidentification of FAME.  

Identification using GC-FID may also be hampered by contaminants or coeluting 

compounds.  Another limitation of using GC-FID is obtaining adequate standards, as 

standards are not available for many of the fatty acids found in mammalian tissue, 

especially for the more complicated polyunsaturated fatty acids.  Therefore, there are 

instances when FAME analysis is best served by a combination of GC-MS and GC-FID, 

either for confirmatory purposes (to ensure the correct identification of a peak) or as an 

exploratory guide for further work (e.g., Best et al. 2003; Newland et al. 2009). 

 
Materials and Methods 

 
Our investigation compares FAME using commonly utilized GC detectors in the 

blubber tissue of sympatric pinniped species inhabiting remote Eastern Asia.  As part of a 

larger study on resource partitioning, these samples were collected from the Lovushki 

Island complex, Russia (Figure E1), from sexually dimorphic and piscivorous adult 

Northern fur seals (NFS, Callorhinus ursinus) and Steller sea lions (SSL, Eumetopias 

jubatus).  Approximately half of the total SSL breeding population in Russian waters 

occurs on these rookeries (Burkanov and Loughlin. 2005) and after declining in numbers 

for 20 years, the population has remained relatively stable from 1995 through 2005 

(Burkanov and Loughlin. 2005).  In contrast, a rapid increase in NFS population numbers 
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Blubber samples from juvenile male and non-lactating female Northern fur seal 

(NFS, n=22) and Steller sea lions (SSL, n=12) were collected from the same rookery near 

the Lovushki Island complex (Figure E1, Kuril Island chain) in Russia (48º 32.617’ N, 

153º 40.417’ E) during the breeding season of 2008.  To access the blubber sample from 

the ventral hip area, a 2 cm2 area was shaved and then cleaned using a solution of 70% 

ethyl alcohol and betadine before each incision.  

Biopsies were collected (30-50 mg taken under general anesthetic; 1 ml, 

Isoflurane) using a 4 mm biopsy cannula (Depuy, Warsaw, IN, USA). All blubber 

samples were frozen and stored inliquid nitrogen until later analysis.  All samples were 

weighed after thawing to the nearest 0.001g (wwt).  

Lipid extraction procedures included drying each sample with sodium sulfate 

(approximately 50 g, J.T. Baker, Phillipsburg, NJ) before running through an Accelerated 

Solvent Extractor (Dionex ASE 350, Sunnyvale, CA), using up to 100 ml 

dichloromethane (VWR, West Chester, PA) as the solvent.  Similar laboratory conditions 

were maintained for all extractions.  Excess solvent was evaporated under a steady stream 

of nitrogen (1.5 L/min @ 37C).  The resulting lipid extract was then transesterified using 

a method similar to Budge et al. (2006).  Briefly, the samples were added to 1.5 ml 

dichloromethane (DCM) and 3 ml Hilditch reagent (Sigma Aldrich, St. Louis, MO), and 

then heated at 100°C for 1h.  The lipids were then separated out by extraction by repeated 

centrifugation (100 Xg for 2-5 min) with DCM (3 ml for first centrifugation, 1 ml for 

latter two) and deionized water (1 ml for each centrifugation).  The lipid layer (bottom) 

was then dried with sodium sulfate (approximately 0.5 g), and heated in a water bath to 

evaporate solvent.  Each transesterified sample was divided into two equal aliquots and 
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analyzed for FAME on a GC-FID (Varian 430-GC and Varian CP-8400 AutoSampler) 

and subsequently on an Electron Ionization GC-MS (Varian GC 3900/MS Saturn 2100T) 

using, in both cases, the same CP-Select column (CP7419, Varian) 100 m x 0.25 mm ID 

x 0.25 um.  GC-FID protocols followed Budge et al (2006) with the following 

modifications: the column length was 100m; the injector temperature was 250oC with a 

1μl injector split ratio 100:1.  Column flow was 1.0 ml min-1 programmed at 210oC for 

9.0 minutes and ramped at 15oC min-1 to 260oC for 7.7 minutes.  Detector temperature 

was set at 300oC with a hydrogen flow of 30 ml min-1 and airflow of 300 ml min-1.  The 

internal standard was C19:0 (Fluka 72332). 

A set of 37 standard historical marine FAME (Supelco® 37 component FAME 

mix) were used in the GC-FID analysis (Table E1).  The FAME were obtained from 

Sigma-Aldrich (St. Louis, MO) and Supelco® (Bellefonte, PA), chosen primarily for 

their physiological relevance to fatty acids commonly found in marine organisms, and 

were of the highest purity available.  Blanks were run between each true sample.  For 

each level of calibration, all FAME target analytes were present at equal concentrations 

with concentrations between 0.25 μg/μL and 10 μg/μL for each standard curve generated. 

For GC-MS analysis, the same standards (including the C19:0 internal standard) 

were analyzed on an Electron Ionization (EI) mass spectrometer with the same flow rates 

and temperature programs as above.  These standards were used to determine FA elution 

order, and to confirm that the same standards utilized with the GC-FID are also properly 

identified on the GC-MS.  The NIST (National Institute of Standards and Technology) 

library was also utilized with GC-MS to confirm peaks matched with standards (utilizing 

both retention times and structural details), and additionally, to identify novel peaks in 
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our samples using highest probability methods with retention times, structural details, and 

isotopic patterns (Figure E2). 

 
Table E1. FAME standards with elution order 

 
Elution 
Order 

FAME 
Formula 

Systematic Name Common Name 

1 C4:0 Butanoic acid, methyl ester Butyric acid methyl ester 
2 C6:0 Hexanoic acid, methyl ester Caproic acid methyl  ester 
3 C8:0 Octanoic acid, methyl ester Caprylic acid methyl ester 
4 C10:0 Decanoic acid, methyl ester Capric acid methyl ester 
5 C11:0 Undecanoic acid, methyl ester Undecylic acid methyl ester 
6 C12:0 Dodecanoic acid, methyl ester Lauric acid methyl ester 
7 C13:0 Tridecanoic acid, methyl ester Tridecylic acid methyl ester 
8 C14:0 Tetradecanoic acid, methyl ester Methyl myristate 
9 C14:1 9-Tetradecenoic acid, methyl ester Myristoleic acid methyl ester 
10 C15:0 Pentadecanoic acid, methyl ester Pentadecylic acid methyl ester 
11 C15:1 cis-10-Pentadecenoic acid, methyl ester None 
12 C16:0 Hexadecanoic acid, methyl ester Methyl palmitate 
13 C16:1 9-Hexadecenoic acid, methyl ester Palmitoleic acid methyl ester 
14 C17:0 Heptadecanoic acid, methyl ester Methyl margarate 
15 C17:1 cis-10-Heptadecenoic acid, methyl ester Heptadecenoic acid methyl ester 
16 C18:0 Octadecanoic acid, methyl ester Methyl stearate 
17 C18:1n-9(t) trans-9-Octadecenoic acid, methyl ester trans-Methyl oleate 
18 C18:1n-9(c) cis-9-Octadecenoic acid, methyl ester cis-Methyl oleate 
19 C18:2n-6(t) trans,trans-9,12-Octadecadienoic acid, methyl 

ester 
trans-Methyl linoleate 

20 C18:2n-6(c) cis,cis-9,12-Octadecadienoic acid, methyl ester cis-Methyl linoleate 
21 C18:3n-6 6,9,12-Octadecatrienoic acid, methyl ester GLA, methyl ester 
22 C20:0 Eicosanoic acid, methyl ester Methyl arachidate 
23 C18:3n-3 9,12,15-Octadecatrienoic acid, methyl ester ALA, methyl ester 
24 C20:1 cis-11-Eicosenoic acid, methyl ester Gondoic acid methyl ester 
25 C21:0 Heneicosanoic acid, methyl ester None 
26 C20:2 cis-11,14-Eicosadienoic acid, methyl ester Eicosadienoic acid methyl ester 
27 C20:3n-6 cis-8,11,14-Eicosatrienoic acid, methyl ester DGLA, methyl ester 
28 C22:0 Docosanoic acid, methyl ester Methyl behenate 
29 C20:3n-3            11,14,17-Eicosatrienoic acid, methyl 

ester 
ETE, methyl ester 

30 C22:1n-9 13-Docosenoic acid, methyl ester Methyl erucate 
31 C23:0 Tricosanoic acid, methyl ester Tricosylic acid methyl ester 
32 C20:4n-6 5,8,11,14-Eicosatetraenoic acid, methyl ester Methyl arachadonate 
33 C22:2 cis-13,16-Docosadienoic acid, methyl ester Docosadienoic acid methyl ester 
34 C24:0 Tetracosanoic acid, methyl ester Lignoceric acid methyl ester 
35 C24:1 Nervonic acid methyl ester Nervonic acid methyl ester 
36 C20:5n-3 5,8,11,14,17-Eicosapentaenoic acid, methyl 

ester 
EPA, methyl ester 

37 C22:6n-3 4,7,10,13,16,19-Docosahexaenoic acid, methyl 
ester 

DHA, methyl ester 

N/A (IS) C19:0 Nonadecanoic acid, methyl ester None 
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The commercially available standard mixture of 37 FAME (Supelco®) was used 

as a control in the determination of response factor for each GC detector and analyzed in 

triplicate before and after each series of samples run by both GC–FID and GC–MS.  To 

test differences in the number of fatty acids between species (SSL, NFS) with detector 

(MS, FID) and lipid class (SFA, MUFA, PUFA), a fixed-factor ANOVA was performed 

(SPSS v.17).  ATukey’s HSD test was used to determine among group differences.  

Statistical significance was P <0.05.  Both detectors (GC-MS and GC-FID) used to 

identify fatty acids from blubber samples of SSLs and NFSs completely and correctly 

identified and recovered all FAMEs from the Supelco® 37 mixture during all controlled 

tests (P > 0.05).  Therefore, we judge any differences in recovered FAMEs between the 

genuine field samples of NFS and SSL are, therefore, due solely to differences in the 

blubber composition of the sample, and not the methodology, as both detectors clearly 

identified all standards. 

 
Results 

 
GC-FID methods identified 30 FAME from NFS samples and 31 FAME from 

SSL samples, against a standard set of 37 FAME (Table E2, P > 0.05).   

This equaled a 98% similarity on recovered FAMEs between both species 

inhabiting the same rookery.  GC-MS methods identified a total of 43 FAME for NFS, 

including 4 not identified via GC-FID (C18:1n-13(t), C18:1n-12(t), C20:2n-6(t), C22:4n-

7(t)) whereas a total of 27 FAME were identified by GC-MS for SSL (P < 0.01, Figure 

E3), including 4 not identified via GC-FID methods (C18:1n-8(t), C21:1n-9T), C16:2n-

4(t), C18:3n-3(cis)).  An additional 5 FAME (C18:1n-7(t), C18:3n-3, C21:4n-6(cis), 

C20:4n-3, C17:1(branched)) were identified by GC-MS which were common to both 
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species.  Furthermore, 7 FAME found in NFS (C16:1n-7(cis), C23:1n-9(cis), C24:1n-

9(t), C20:3n-3(t), C20:5n-3(t), C22:5n-3(cis), C22:6n-3(t)) and 2 found in SSL (C22:1n-

9(t), C20:2n-6) showed superior structural characterization using mass spectrometry 

(Figure E3).  Further structural characterization of 5 FAME common to both species 

(C16:1n-9(t), C20:1n-9(t), C22:1n-9(cis), C20:5n-3(cis), C22:6n-3(cis)) was achieved 

using GC-MS.  The SI calculation performed on GC-MS data determined a 51% 

similarity between species based on FAME composition. 

 While a significantly greater number of saturated FAMEs were recovered 

using GC-FID for both species (P < 0.05), the GC-MS detector recovered a significantly 

greater number of unsaturated FAMEs for the NFS (P < 0.05).  No difference was found 

in the number of unsaturated FAMEs recovered for SSL using both detectors (Figure E3, 

P > 0.05).  For the GC-MS, we observed significantly greater FAMES recovered for the 

NFS when compared to the SSL (Figure E3, P < 0.05 for all lipid classes).  When 

combining FAME profiles from both GC-FID and GC-MS, additional structural 

information and newly-identified fatty acids were found in both NFS and SSL samples 

(Table E2, Figure E3).  Together, the methods of GC-FID and GC-MS identified a total 

of 61 individual fatty acids when compiling both NFS and SSL samples.  A total of 31 

FA were identified by GC-FID, and 51 by GC-MS, representing 21 FA’s through GC-MS 

which were either better characterized as to bond structure or newly identified; a 64.5% 

increase in FA identification was achieved using GC-MS.  Combining methods resulted 

in an 81% agreement in fatty acids identified between SSL and NFS inhabiting the same 

rookery. GC-MS profiles indicate a greater number of MUFAs and PUFAs (listed above) 

compared to saturated FAs for both species (Table E2, Figure E3). 



 

 

Table E2.  Fatty acids
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Discussion 
 

Increased numbers of MUFAs and PUFAs were identified using GC-MS 

compared to GC-FID, implicating the GC-FID as an inferior method for identifying 

unsaturated fatty acids in these blubber samples.  Typically, the GC-MS is regarded as an 

improvement in resolution when compared to GC-FID; the method provides greater 

selectivity and sensitivity over GC-FID, the ability to confirm compounds based on both 

retention time and additional spectral data, and an enhanced ability to separate coeluting 

peaks based on unique ions (Dodds et al. 2005).  It has been reported that using the GC-

MS as a detector leads to much greater distinguishing ability between lipids, and even 

among similar FAME groups (e.g., C18:Xn-x).  In particular, characteristic fragmentation 

patterns exist for FA, with prominent fragments of m/z=43 in saturates, and m/z=41 in 

unsaturates (Wetzel and Reynolds. 2004).  However, our data indicated a decreased 

capability for GC-MS to identify saturated fatty acids compared to GC-FID in free-

ranging marine mammal species.  This result is likely due to error associated with 

instrument overloading.  The ion trap of the MS is more sensitive to sample overload, 

whereas this issue is not common in GC-FID (Hilkert et al. 1999).  These findings may 

present serious implications for studies both in the past and the future utilizing one 

detection method for identifying and quantifying fatty acids (see below).  GC-MS 

identification of FAMEs can be accomplished by retention time matching, and for 

confirmation, by referencing the NIST library for structural identification.  In this study, 

we found GC-MS had a greater ability to resolve unsaturated fatty acids (Figure E3). 

We also observed a failure by GC-FID to identify many MUFAs and PUFAs, 

which may lead to incomplete or incorrect conclusions pertaining to specific research 



112 

 

involving resource use and dietary habits of marine mammal species.  For example, many 

resource partitioning and dietary studies (Best et al. 2003; Cooper et al. 2009; Newland et 

al. 2009) use primarily GC-FID detection to identify FAMEs, with subsequent use of 

GC-MS to verify FID peaks.  Using GC-FID as the sole detector limits the investigator in 

that several fatty acids may elute with the same retention time, and the possibility of 

similar non-FA lipids eluting also exists.  Therefore, any results from GC-FID where 

peaks are tightly clustered are likely to be associated with significant error in 

identification (Budge et al. 2008).  Results from this study show that specific FAMEs or 

FAs recovered from blubber and subsequently used in analysis to determine dietary 

habits may be best served using both GC detection methods.  In other words, combining 

the methods of both GC-FID and GC-MS would seem to lend greater accuracy to FA 

blubber composition studies, and more broadly, to applications in resource partitioning 

and competition studies.  Accurate determination of the fatty acid profile in marine 

mammals with the use of both GC-FID and GC-MS will add validity to ecological and 

physiological interpretations made with these data.  Although this study was only 

comparing methods for identifying fatty acids, calibration curves for both detectors could 

be created, allowing for a complete and quantitative analysis of all fatty acids in the tissue 

(usually reported in relative percentage). 

Surprisingly, we found that the GC-MS consistently recovered greater numbers of 

FAMEs for NFS when compared to SSL (Figure E3).  Fatty acids are known to stratify in 

the blubber layers of marine mammals (Käkelä and Hyvärinen. 1996; Best et al. 2003; 

Thiemann et al. 2004) and while these stratification patterns can be species-specific, 

generally, polyunsaturated fatty acids are found closer to the muscle layers (i.e., deeper), 
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while more saturated fatty acids (particularly from de novo synthesis) are found in the 

outermost layers (Cooper. 2004).  Our species difference identified by GC-MS, then, 

does not seem to implicate a sampling error based on blubber depth sampled, as the 

number of fatty acids identified in NFS by GC-MS was higher across all FA classes.  

Therefore, we deem this species difference to be a factor of detector differences 

(discussed above) and diet (see next paragraph). 

Given the importance that competition has on community structure and the patchy 

nature of resources, many species populating similar habitats demonstrate some degree of 

resource partitioning as a means to reduce inter- and intra-specific competition (Bolnick 

et al. 2003; Newland et al. 2009).  

Traditionally, pinniped diet or dietary overlap between or among species has been 

determined from the identification of prey hard parts collected from stomachs, colons, 

spewings (regurgitations) or scat (fecal) samples (e.g., Lucas 1899; Antonelis and Perez 

1984; Sinclair et al. 1994; Yonezaki et al. 2003; Gundmundson et al. 2006, Zeppelin and 

Ream 2006; Yonezaki et al. 2008).  Our results indicated that there may be a significant 

level of resource partitioning between NFS and SSL, but these findings are, importantly, 

inherent on the use of both GC-FID and GC-MS as a means to detect FAMEs in the 

blubber.  While food habit data on our two species is sparse in Russian waters, studies 

conducted in the 1950’s and 1960’s revealed some dietary overlap, with walleye pollock 

(Theragra chalcogramma) being a primary prey item (Belkin 1966).  Additionally, while 

some overlap was detected, Kuzin et al. (1977) used stomach content analysis to show a 

clear partitioning of foraging resources between these pinniped species.  Their data 

indicated that the NFS diet was composed of 60.1% pollock, 21.7% salmon 
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(Oncorhynchus sp.), 14.1% anchovy (Engraulis sp.), and 4.1% squid, while the diet of 

SSL consisted of 37.5% squid, 35.6% rockfish (Sebastes sp.), and 26.8% pollock.  Our 

findings are, therefore, substantiated by previous dietary studies.  The fatty acid profiles 

of these prey species, in large part, explain the species differences we see in GC-MS 

detection.  NFS fatty acid detection by GC-MS, while higher across all FA classes, shows 

particularly large recoveries for MUFAs and PUFAs.  NFS prey are composed largely of 

high-PUFA and MUFA fish (pollock, salmon, squid), with only a small percentage of 

diet determined by anchovy (with a composition more saturated).  

SSL diet, on the other hand, is composed in larger proportions of species 

comparatively lower in unsaturated fatty acids (rockfish), and a smaller proportion of 

species higher in PUFAs (squid and Pollock) (Iverson et al. 2002; Kaya and Turan 2010).  

Therefore, the difference we see in GC-MS detection between NFS and SSL can be 

explained by the relative proportion of their diets composed of unsaturated fatty acids as 

composed to SFA.  Had we used solely GC-FID to investigate potential resource 

partitioning between these animals, our results would be drastically different (98% SI for 

GC-FID versus 81% SI in combined methods), failing to identify many of the unsaturated 

fatty acids present in the samples.  Additionally, had we used solely GC-MS, our analysis 

would have failed to identify many of the common saturated fatty acids that were clearly 

present in the samples.  Thus, using a combination of both GC-FID and GC-MS 

provided, we believe, a more complete analysis of fatty acids. 

FA signature analysis is considered to be a robust method in determining dietary 

preferences (Iverson et al. 2004).  However, a few caveats in GC work do exist, limiting 

the scope of our results.  Although the differences seen between NFS and SSL can likely 
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be attributed to differences in prey composition, this assumes ideal, representative 

samples from both species have been obtained.  In other words, some differences in 

blubber FA composition between the species may simply stand as an artifact of sampling 

technique.  However, because of the substantially different FA composition between the 

two species, a reasonable assumption can be made that SSL and NFS in our study 

location are largely feeding on different prey.  As SSL and NFS are both otariids with a 

similar life histories, the FA differences we have identified in depot lipids are almost 

certainly representative of a recent diet, rather than any difference resulting from the way 

in which prey are digested (Falk-Petersen et al. 2009).  Despite these caveats, gas 

chromatographic fatty acid analysis remains one of the most rigorous methods to study 

dietary habits of marine organisms in remote locations, and combining detectors in 

marine mammal studies provides a more complete and reliable fatty acid profile. 

GC-FID/MS analysis of marine mammal blubber revealed many individual 

methyl esters ranging in total carbon number from C12 to C24.  However, FAME 

detection using FID provided greater resolution for saturates, whereas GC-MS 

demonstrated higher sensitivity for unsaturates.  This information could prove highly 

beneficial with broad implications in studies involving dietary overlap and FA 

stratification in blubber.



116 

 

REFERENCES 
 
 

Adams RP, Cain SM. 1983. Total and hindlimb oxygen deficit and ‘repayment’ in 
hypoxic anesthetized dogs. J Appl Physiol. 55: 913-922. 

 
Adams JM II, Pratipanawatr T, Berria R, Wang E, DeFronzo RA, Sullards MC, 

Mandarino LJ. 2004. Ceramide content is increased in skeletal muscle from obese 
insulin-resistant humans. Diabetes 53: 25-31. 

 
Ahren B, Sundkist G, Mulder H, Sundler F. 1996. Blockade of muscarinic transmission 

increases the frequency of diabetes after low-dose alloxan challenge in the mouse. 
Diabetologia 39: 383-390. 

 
Ahren B, Scheurink AJW. 1998. Marked hyperleptinemia after high-fat diet associated 

with severe glucose intolerance in mice. Eur J Endocrinol. 139: 461-467. 
 
Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002. Cell Signaling. In: 

Molecular Biology of the Cell. 3rd ed. New York: Garland Science. p 721-786. 
 
Amati F. 2012 Revisiting the diacylglycerol-induced insulin resistance hypothesis. 

Obesity Rev 13(Suppl. 2): 40-50. 
 
ADA: Diabetes Statistics [Internet]. c2011-c2013. Alexandria (VA): American Diabetes 

Association: [cited 2013 Jan 9]. Available from: 
http://www.diabetes.org/diabetes-basics/diabetes-statistics/. 

 
Antonelis GA, Jr., Perez MA. 1984. Estimated annual food consumption by northern fur 

seals in the California Current. CalCOFI Report 25: 135-145. 
 
Aragones J, Jones DR, Martin S, San Juan MA, Alfranca A, Vidal F, Vara A, Merida I, 

Landazuri MO. 2001. Evidence for the involvement of diacyglycerol kinase in the 
activation of hypoxia-inducible transcription factor 1 by low oxygen tension. J 
Biol Chem. 276: 10548-10555. 

 
Argaud L, Prigent AF, Chalabreysse L, Loufouat J, Lagarde M, Ovize M. 2004. 

Ceramide in the antiapoptotic effect of ischemic preconditioning. Am J Physiol 
Heart Circ Physiol. 286: H246-H251. 

 
Ayre KJ, Hulbert AJ. 1996. Dietary fatty acid profile influences the composition of 

skeletal muscle phospholipids in rats. J Nutr 126: 653-662. 
 



117 

 

Baker DL, Desiderio DM, Miller DD, Tolley B, Tiggyi GJ. 2001. Direct quantitative 
analysis of lysophosphatidic acid molecular species by stable isotope dilution 
electrospray ionization liquid chromatography-mass spectrometry. Anal Biochem. 
292: 289-295. 

 
Barshtein G, Bergelson L, Dagan A, Gratton E, Yedgar S. 1997. Membrane lipid order of 

human red blood cells is altered by physiological levels of hydrostatic pressure. 
Am J Physiol-Heart Circ Physiol. 272: H538-H543. 

 
Basnakian AG, Ueda N, Hong X, Galitovsky VE, Yin X, Shah SV. 2005. Ceramide 

synthase is essential for endonuclease-mediated death of renal tubular epithelial 
cells induced by hypoxia-reoxygenation. Am J Physiol—Renal 288: F308-F314. 

 
Becker I, Wang-Eckhardt L, Yaghootfam A, Gieselmann V, Eckhardt M. 2008. 

Differential expression of (dihydro)ceramide synthases in mouse brain: 
oligodendrocyte-specific expression of CerS2/Lass2. Histochem Cell Biol. 129: 
233-241. 

 
Belkin AN. 1966 Summer distribution, stocks, prospects for commercial utilization, and 

certain features of the biology of sea lions inhabiting the Kurile Islands. 
Izv.Tikhookean.N.-I. Inst. Rybn.Khoz.Okean. 58: 69-95 (In Russian, translated by 
Fish.Res. Board Canada, No. 720, 68 pp). 

 
Beresewicz A, Dobrzyn A, Gorski J. 2002. Accumulation of specific ceramides in 

ischemic/reperfused rat heart; effect of ischemic preconditioning. J Physiol 
Pharmacol. 53(3): 371-382. 

 
Berridge MJ. 1984. Inositol trisphosphate and diacylglycerol as second messengers. 

Biochem. J. 220: 345-360. 
 
Berta A, Sumich JL, Kovacs KS. 2006. Respiration and Diving Physiology. In: Marine 

Mammals: Evolutionary Biology. 2nd ed. New York: Elsevier Inc. p 237-269. 
 
Best NJ, Bradshaw CJA, Hindell MA, Nichols PD. 2003 Vertical stratification of fatty 

acids in the blubber of southern elephant seals (Mirounga leonina):  implications 
for diet analysis. Comp Biochem Physiol B: Biochem Mol Biol. 134: 253-263. 

 
Bielawska AE, Shapiro JP, Jiang L, Melkonyan HS, Piot C, Wolfe CL, Tomei LD, 

Hannun YA, Umansky SR. 1997. Ceramide is involved in triggering of 
cardiomyocyte apoptosis induced by ischemia and reperfusion. Am J Pathol. 151: 
1257-1263. 

 
Bikman BT, Summers SA. 2011. Ceramides as modulators of cellular and whole-body 

metabolism. J Clin Invest. 121(11): 4222-4230. 
 



118 

 

Bilton RL, Booker GW. 2003. The subtle side to hypoxia inducible factor (HIFalpha) 
regulation. Eur J Biochem. 270: 791-798. 

 
Bismuth J, Lin P, Yao Q, Chen C. 2008 Ceramide: a common pathway for 

atherosclerosis? Atherosclerosis 196(2): 497-504. 
 
Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey CD, Forrister ML. 

2003. The ecology of individuals:  incidence and implications of individual 
specialization. Amer Natural 161: 1-28. 

 
Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm DJ, Campbell LV. 1993. The 

relation between insulin sensitivity and the fatty-acid composition of skeletal-
muscle phospholipids. N Engl J Med 328: 238-244. 

 
Boulgaropoulos B, Amenitsch H, Laggner P, Pabst G. 2010. Implication of 

sphingomyelin/ceramide molar ratio on the biological activity of 
sphingomyelinase. Biophys J. 99(2): 499-506. 

 
Boutilier RG, Nikinmaa M, Tufts BL. 1993. Relationship between blood buffering 

properties, erythrocyte pH and water content in gray seals (Halichoerus grypus). 
Acta Physiol Scand. 147: 241-247. 

 
Bradham CA, Stachlewitz RF, Gao W, Qian T, Jayadev S, Jenkins G, Hannun Y, 

Lemasters JJ, Thurman RG, Brenner DA. 1997. Reperfusion after liver 
transplantation in rats differentially activates the mitogen-activated protein 
kinases. Hepatology 25(5): 1128-1135. 

 
Brown MS, Goldstein JL. 1997. The SREBP pathway: regulation of cholesterol 

metabolism by proteolysis of a membrane-bound transcription factor. Cell 89(3): 
331-340. 

 
Brown MS, Goldstein JL. 1998. Sterol regulatory element binding proteins (SREBPs): 

controllers of lipid synthesis and cellular uptake. Nutr Rev. 56: S1-0S3. 
 
Brown MS, Goldstein JL. 1999. A proteolytic pathway that controls the cholesterol 

content of membranes, cells and blood. PNAS 96(20): 11041-11048. 
 
Bruce CR, Thrush AB, Mertz VA, Bezaire V, Chabowski A, Heigenjauser GJ, Dyck DJ. 

2006. Endurance training in obese humans improves glucose tolerance and 
mitochondrial fatty acid oxidation and alters muscle lipid content. Am J Physiol 
Endocrinol Metab 291: E99-E107. 

 
Bruni P, Donati C. 2008. Pleiotropic effects of sphingolipids in skeletal muscle. Cell Mol 

Life Sci. 65: 3725-3736. 
 



119 

 

Buchler P, Reber HA, Buchler M, Shrinkante S, Buchler MW, Friess H, Semenza GL, 
Hines OJ. 2003. Hypoxia-inducible factor 1 regulates vascular endothelial growth 
factor expression in human pancreatic cancer. Pancreas 26: 56-64. 

 
Budge SM, Iverson SJ, Koopman HN. 2006. Studying trophic ecology in marine 

ecosystems using fatty acids: a primer on analysis and interpretation. Mar Mam 
Sci. 22: 759-801. 

 
Budge SM, Springer AM, Iverson SJ, Sheffield G. 2007. Fatty acid biomarkers reveal 

niche separation in an Arctic benthic food web. Mar Ecol Prog Series 336: 305-
309. 

 
Budge SM, Springer AM, Iverson SJ, Sheffield G, Rosa C. 2008. Blubber fatty acid 

composition of Bowhead Whales, Balaena mysticetus:  Implications for diet 
assessment and ecosystem monitoring. J Exp Mar Biol Ecol. 359: 40-46. 

 
Buettner GR. 1993. The pecking order of free radicals and antioxidants:  Lipid 

peroxidation, α-tocopherol, and ascorbate. Arch Biochem Biophys. 300: 535-543. 
 
Burkanov VN, Loughlin TR. 2005. Distribution and abundance of Steller sea lions, 

Eumetopias jubatus, on the Asian coast, 1720’s-2005. Mar Fish Rev. 67: 1-62. 
 
Burkanov V, Altukhov A, Andrews R, Calkins D, Gurarie E, Permyakov P, Sergeev S, 

Waite J: 17th Biennial Conference on the Biology of Marine Mammals. c2007. 
Cape Town (South Africa): Russian Far East Marine Mammal Research Program: 
[cited 2010 Dec 6]. Available from: http://www.rfemmr.org/pbl_2007mms.htm. 

 
Burns JM, Costa DP, Frost K, Harvey JT. 2005. Development of oxygen stores in harbor 

seals: effects of age, mass, and body composition. Physiol Biochem Zool. 78: 
1057-1068. 

 
Burns JM, Lestyk KC, Folkow LP, Hammill MO, Blix AS. 2007. Size and distribution of 

oxygen stores in harp and hooded seals from birth to maturity. J Comp Physiol B. 
177: 687-700. 

 
Cai XF, Tao Z, Yan ZQ, Yang SL Gong Y. 2003. Molecular cloning, characterisation and 

tissue-specific expression of human LAG3, a member of the novel LAG1 protein 
family. DNA Seq. 14(2): 79-86. 

 
Cameron DP, Stauffacher W, Orci L, Amherdt M, Renold AE. 1972. Defective 

immunoreactive insulin secretion in the acomy cahirinus. Diabetes 21: 1060-
1071. 

 
Caraceni P, Gasbarini A, Van Thiel DH, Borle AB. 1994a. Oxygen free radical formation 

by rat hepatocytes during postanoxic reoxygenation: scavenging effect of 
albumin. Am J Physiol. 266: G451-G458. 



120 

 

Caraceni P, Rosenblum ER, Van Thiel DH, Borle AB. 1994b. Reoxygenation injury in 
isolated rat hepatocytes: relation of oxygen free radicals and lipid peroxidation. 
Am J Physiol. 266: G799-G806. 

 
Caraceni P, Ryu HS, Van Thiel DH, Borle AB. 1995. Source of oxygen free radicals 

produced by rat hepatocytes during postanoxic reoxygenation. Biochim Biophys 
Acta 1268(3): 249-254. 

 
Castellini MA, Kooyman GL, Ponganis PJ. 1992. Metabolic rates of freely diving 

Weddell seals:  correlations with oxygen stores, swim velocity and diving 
duration. J Exp Biol. 165: 181-194. 

 
Catala A. 2012. Lipid peroxidation modifies the picture of membranes from the “Fluid 

Mosaic Model” to the “Lipid Whisker Model.” Biochimie 94: 101-109. 
 
Chan PH, Fishman RA, Longar S, Chen S, Yu A. 1985. Cellular and molecular effects of 

polyunsaturated fatty acids in brain ischemia and injury. Prog Brain Res. 63: 227-
235. 

 
Chang Y, Abe A, Shayman JA. 1995. Ceramide formation during heat shock: a potential 

mediator of alpha B-crystallin transcription. PNAS USA. 92: 12275-12279. 
 
Chavez JA, Knotts TA, Wang L-P, Li G, Dobrowsky RT, Florant GL, Summers SA. 

2003. A role for ceramide, but not diacylglycerol, in the antagonism of insulin 
signal transduction by saturated fatty acids. J Biol Chem. 278(12): 10297-10303. 

 
Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ, Lakey ND, Culpepper J, 

Moore KJ, Breitbart RE, Duyk GM, Tepper RI, Morgenstern JP. 1996. Evidence 
that the diabetes gene encodes the leptin receptor: identification of a mutation in 
the leptin receptor gene in db/db mice. Cell 84: 491-495. 

 
Chen S, Gavish B, Barshtein G, Mahler Y, Yedgar S. 1994. Red blood cell aggregability 

is enhanced by physiological levels of hydrostatic pressure. Biochim Biophys 
Acta 1192: 247-252. 

 
Chida M, Voelkel NF. 1996. Effects of acute and chronic hypoxia on rat lung 

cyclooxygenase. Am J Physiol. 270: L872-L878. 
 
Cifone MG, De Maria R, Roncaioli P, Rippo M, Azuma M, Lanier L, Santoni A, Testi R. 

1994. Apoptotic signaling through CD95 (Fas/Apo-1) activates and acidic 
sphingomyelinase. J Exp Med. 180: 1547-1552. 

 
Clark CA, Burns JM, Schreer JF, Hammill MO. 2007. A longitudinal and cross-sectional 

analysis of total body oxygen store development in nursing harbor seals (Phoca 
vitulina). J Comp Physiol B. 177: 217-227. 

 



121 

 

Claus RA, Dorer MJ, Bunck AC, Deigner HP. 2009. Inhibition of sphingomyelin 
hydrolysis: targeting the lipid mediator ceramide as a key regulator of cellular 
fate. Curr Med Chem. 16(16): 1978-2000. 

 
Cohen B, Barkan D, Levy Y, Goldberg I, Fridman E, Kopolovic J, Rubinstein M. 2001. 

Leptin induces angiopoietin-2 expression in adipose tissues. J Biol Chem. 276: 
7697-7700. 

 
Cole AL, Subbanagounder G, Mukhopadhyay S, Berliner JA, Vora DK. 2003. Oxidized 

phospholipid-induced endothelial cell/monocyte interaction is mediated by a 
cAMP-dependent R-Ras/PI3-kinase pathway. Arterioscler Thromb Vasc Biol. 23: 
1384-1390. 

 
Coleman DL. 1978. Obese and diabetes: two mutant genes causing diabetes-obesity 

syndromes in mice. Diabetologia 14: 141-148. 
 
Connor KM, SanGiovanni JP, Lofqvist C, Aderman CM, Chen J, Higuchi A, Hong S, 

Pravda EA, Majchrzak S, Carper D, Hellstrom A, Kang JX, Chew EY, Salem Jr. 
N, Serhan CN, Smith LEH. 2007. Increased dietary intake of ω-3-polyunsaturated 
fatty acids reduces pathological retinal angiogenesis. Nature Med. 13(7): 868-873. 

 
Cooper MH. 2004. Fatty acid metabolism in marine carnivores:  Implications for 

quantitative estimation of predator diets [dissertation]. [Halifax (Canada)]: 
Dalhousie University. 

 
Cooper MH, Budge SM, Springer AM, Sheffield G. 2009. Resource partitioning by 

sympatric pagophilic seals in Alaska:  monitoring effects of climate variation with 
fatty acids. Polar Biol. 32: 1137-1145. 

 
Corcoran, MP, Lamon-Fava S, Fielding RA. 2007. Skeletal muscle lipid deposition and 

insulin resistance: effect of dietary fatty acids and exercise. Am J Clin Nutr 85: 
662-677. 

 
Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA, O’Keefe JH, 

Brand-Miller J. 2005. Origins and evolution of the Western diet: health 
implications for the 21st century. Am J Clin Nutr. 81(2): 341-354. 

 
Cossins AR, Macdonald AG. 1986. Homeoviscous adaptation under pressure. III. The 

fatty acid composition of liver mitochondria phospholipids of deep-sea fish. 
Biochim Biophys Acta 860: 325-335. 

 
Crouse JA, Elliott GE, Burgess TL, Chiu L, Bennett L, Moore J, Nicolson M, Pacifici 

RE. 1998. Altered cell surface expression and signaling of leptin receptors 
containing the fatty mutation. J Biol Chem. 273: 18365-18373. 

 



122 

 

Dahl C, Dahl J. 1988. Cholesterol and Cell Function. In: Yeagle, PL, editor. Biology of 
Cholesterol. Boca Raton: CRC Press. p 147-172. 

 
Davis RW. 1983. Lactate and glucose metabolism in the resting and diving harbor seal 

(Phoca vitulina). J Comp Physiol B. 153: 275-288. 
 
Davis RW, Castellini MA, Kooyman GL, Maue R. 1983. Renal glomerular filtration rate 

and hepatic blood flow during voluntary diving in Weddell seals. Am J Physiol. 
245: R743-R748. 

 
Davis RW, Williams TM, Kooyman GL. 1985. Swimming metabolism of yearling and 

adult harbor seals (Phoca vitulina). Physiol Zool. 58: 590-596. 
 
Davis RW, Castellini MA, Williams TM, Kooyman GL. 1991. Fuel homeostasis in the 

harbor seal during submerged swimming. J Comp Physiol B. 160: 627-635. 
 
Davis RW, Kanatous SB. 1999. Convective oxygen transport and tissue oxygen 

consumption in Weddell seals during aerobic dives. J Exp Biol. 202: 1091-1113. 
 
Davis RW. 2013. A review of the multi-level adaptations for maximizing aerobic dive 

duration in marine mammals: from biochemistry to behavior. J Comp Physiol B.: 
Doi:10.1007/s00360-013-0782-z. 

 
DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber JP. 1981. The effect of 

insulin on the disposal of intravenous glucose. Results from indirect calorimetry 
and hepatic and femoral venous catheterization. Diabetes 30: 1000-1007. 

 
DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren J. 1985. Effects of insulin 

on peripheral and splanchnic glucose metabolism in noninsulin-dependent (type 
II) diabetes mellitus. J Clin Invest 76: 149-155. 

 
de Miranda Jr. MA, Schlater AE, Green TL, Kanatous SB. 2012. In the face of hypoxia: 

myoglobin increases in response to hypoxic conditions and lipid supplementation 
in cultured Weddell seal skeletal muscle cells. J Exp Biol. 215: 806-813. 

 
de Wilde J, Mohren R, van den Berg S, Boekschoten M, Dijk KW, de Groot P, Muller M, 

Mariman E, Smit E. 2008. Short-term high fat-feeding results in morphological 
and metabolic adaptations in the skeletal muscle of C57BL/6J mice. Physiol 
Genomics 32: 360-369. 

 
Dickson RC. 1998. Sphingolipid functions in Saccharomyces cerevisiae: Comparison to 

mammals. Annu Rev Biochem. 67: 27-48. 
 
Djousse L, Gaziano JM. 2009. Dietary cholesterol and coronary artery disease: a 

systematic review. Curr Atheroscler Rep. 11(6): 418-422. 
 



123 

 

Dodds ED, McCoy MR, Rea LD, Kennish JM. 2005. Gas chromatographic quantification 
of fatty acid methyl esters:  Flame ionization detection vs. electron impact mass 
spectrometry. Lipids 40: 419-428. 

 
Dowhan W. 1997. Molecular basis for membrane phospholipid diversity:  Why are there 

so many lipids? Annu Rev Biochem. 66: 199-232. 
 
Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S, Cline GW, Slezak LA, 

Andersen DK, Hundal RS, Rothman DL, Petersen KF, Shulman GI. 1999. Effects 
of free fatty acids on glucose transport and IRS-1-associated phosphatidylinositol 
3-kinase activity. J Clin Invest. 103: 253-259. 

 
Dressler KA, Mathias A, Kolesnick RN. 1992. Tumor necrosis factor-alpha activates the 

sphingomyelin signal transduction pathway in a cell-free system. Science 255: 
1715-1718. 

 
Elsner R, Oyasaeter S, Almaas R, Saugstad OD. 1998. Diving seals, ischemia-reperfusion 

and oxygen radicals. Comp Biochem Physiol A. 119(4): 975-980. 
 
Elsner R. 1999. Living in water: solutions to physiological problems. In: Reynolds JE, 

Rommel SA, editors. Biology of Marine Mammals. Washington, DC: 
Smithsonian Institution Press. p 73-116. 

 
Elsner RE. 1999. Cardiovascular adjustments to diving. In: Reynolds JE, Rommel SA, 

editors. Biology of Marine Mammals. Washington, DC: Smithsonian Institution 
Press. p 117-145. 

 
Eto M, Bennouna J, Hunter OC, Hershberger PA, Kanto T, Johnson CS, Lotze MT, 

Amoscato AA. 2003. C16 ceramide accumulates following androgen ablation in 
LNCaP prostate cancer cells. Prostate 57: 66-79. 

 
Eto M, Bennouna J, Hunter OC, Lotze MT, Amoscato AA. 2006. Importance of C16 

ceramide accumulation during apoptosis in prostate cancer cells. Int J Urol. 13: 
148-156. 

 
Fahlman A, Svard C, Rosen DA, Jones DR, Trites AW. 2008. Metabolic costs of 

foraging and the management of O2 and CO2 stores in Steller sea lions. J Exp 
Biol. 211: 3573-3580. 

 
Falk-Petersen S, Mayzaud P, Kattner G. 2009. Lipids and life strategy of Arctic Calanus. 

Mar Biol Res. 5: 18-39. 
 
Ferguson SH, Stirling I, McLoughlin P. 2005. Climate change and ringed seal (Phoca 

hispida) recruitment in western Hudson Bay. Mar Mam Sci 21(1): 121-135. 
 



124 

 

Folkow LP, Blix AS. 1999. Diving behavior of hooded seals (Cystophora cristata) in the 
Greenland and Norwegian seas. Polar Biol. 22: 61-74. 

 
Foot NJ, Orgeig S, Christopher BD. 2006. The evolution of a physiological system: the 

pulmonary surfactant in diving mammals. Resp Physiol Neurobiol. 154: 118-138. 
 
Foote AD, Newton J, Piertney SB, Willerslev E, Gilbert MTP. 2009. Ecological, 

morphological and genetic divergence of sympatric North American killer whale 
populations. Mol Ecol. 18: 5207-5217. 

 
Forcada J, Trathan PN, Murphy EJ. 2008. Life history buffering in Antarctic mammals 

and birds against changing patterns of climate and environmental variation. 
Global Change Biol. 14: 2473-2488. 

 
Fukui M, Kang KS, Okada K, Zhu BT. 2013. EPA, an omega-3 fatty acid, induces 

apoptosis in human pancreatic cancer cells: role of ROS accumulation, caspase-8 
activation, and autophagy induction. J Chem Biochem. 114(1): 192-203. 

 
Fuson AL, Cowan DF, Kanatous SB, Polasek LK, Davis RW. 2003. Adaptations to 

diving hypoxia in the heart, kidneys and splanchnic organs of harbor seals (Phoca 
vitulina). J Exp Biol. 206: 4139-4154. 

 
Futerman AH, Hannun YA. 2004. The complex life of simple sphingolipids. EMBO Rep. 

5: 777-782. 
 
Ghibaudi L, Cook J, Farley C, van Heek M, Hwa JJ. 2002. Fat intake affects adiposity, 

comorbidity factors, and energy metabolism of sprague-dawley rats. Obes Res 10: 
956-963. 

 
Glew RH, VanderJagt, DJ, Lockett C, Grivetti LE, Smith GC, Pastuszyn A, Millson M. 

1997. Amino acid, fatty acid, and mineral composition of 24 indigenous plants of 
Burkina Faso. J Food Comp Anal. 10: 205-217. 

 
Goldstein JL, Brown MS. 1990. Regulation of the mevalonate pathway. Nature 343: 425-

430. 
 
Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL. 1994. Reperfusion injury 

induces apoptosis in rabbit cardiomyoctes. J Clin Invest. 94: 1621-1628. 
 
Greenberg ME, Sun M, Zhang R, Febbraio M, Silverstein R, Hazen SL. 2006. Oxidized 

phosphatidylserine-CD36 interactions play an essential role in macrophage-
dependent phagocytosis of apoptotic cells. J Exp Med. 203: 2613-2625. 

 
Greenberg ME, Li XM, Gugiu BG, Gu X, Qin J, Salomon RG, Hazen SL. 2008. The lipid 

whisker model of the structure of oxidized cell membranes. J Biol Chem. 283: 
2385-2396. 



125 

 

Grosch S, Schiffmann S, Geisslinger G. 2012. Chain length-specific properties of 
ceramides. Prog Lipid Res. 51(1): 50-62. 

 
Grosfeld A, Zilberfarb V, Turban S, Andre J, Guerre-Millo M, Issad T. 2002. Hypoxia 

increases leptin expression in human PAZ6 adipose cells. Diabetologia 45: 527-
530. 

 
Gundmundson CJ, Zeppelin TK, Ream RR. 2006. Application of two methods for 

determining diet of northern fur seals (Callorhinus ursinus). Fish Bull. 104: 445-
455. 

 
Guyton GP, Stanek KS, Schneider RC, Hochachka PW, Hurford WE, Zapol DG, Liggins 

GC, Zapol WM. 1995. Myoglobin saturation in free-diving Weddell seals. J Appl 
Physiol. 79: 1148-155. 

 
Haag M, Dippenaar NG. 2005. Dietary fats, fatty acids and insulin resistance: short 

review of a multifaceted connection. Med Sci Monits 11: RA359-RA367. 
 
Haimovitz-Friedman A, Kan C-C, Ehleiter D, Persaud RS, McLoughlin M, Fuks Z, 

Kolesnick RN. 1994. Ionizing radiation acts on cellular membranes to generate 
ceramide and initiate apoptosis. J Exp Med. 180: 525-535. 

 
Hajduch E, Balendran A, Batty IH, Litherland GJ, Blair AS, Downes CP, Hundal HS. 

2001. Ceramide impairs the insulin-dependent membrane recruitment of protein 
kinase B leading to a loss in downstream signaling in L6 skeletal muscle cells. 
Diabetologia 44: 173-183. 

 
Hampton IFG, Whitlow GC, Szekercezes J, Rutherford S. 1971. Heat transfer and body 

temperature in the Atlantic bottlenosed dolphin, Tursiops truncatus. Int J 
Biometeorol. 15: 247-253. 

 
Hancock CR, Han D-H, Chen M, Terada S, Yasuda T, Wright DC, Holloszy JO. 2008. 

High-fat diets cause insulin resistance despite an increase in muscle 
mitochrondria. PNAS 105(22): 7815-7820. 

 
Hannun YA. 1996. Functions of ceramide in coordinating cellular responses to stress. 

Science 274: 1855-1859. 
 
Hannun YA, Luberto C. 2000. Ceramide in the eukaryotic stress response. Trends Cell 

Biol. 10: 73-80. 
 
Hannun YA, Obeid LM. 2002. The ceramide-centric universe of lipid-mediated cell 

regulation:  Stress encounters of the lipid kind. J Biol Chem. 277: 25847-25850. 
 
Hannun YA, Obeid LM. 2008. Principles of bioactive lipid signalling:  lessons from 

sphingolipids. Nat Rev Mol Cell Bio. 9: 139-150. 



126 

 

Harris DC. 2003. Gas Chromatography. In: Quantitative Chemical Analysis. 6th ed. New 
York: W.H Freeman & Co. p 675-707. 

 
Haugaard SB, Madsbad S, Hoy CE, Vaag A. 2006. Dietary intervention increase n-3 

long-chain polyunsaturated fatty acids in skeletal muscle membrane 
phospholipids of obese subjects. Implications for insulin sensitivity. Clin 
Endocrinol (Oxf) 64: 169-178. 

 
Haynes CA, Allegood JC, Park H, Sullards MC. 2009. Sphingolipidomics:  Methods for 

the comprehensive analysis of spingolipids. J Chromatogr B. 877: 2696-2708. 
 
Hazel JR, Williams EE. 1990. The role of alterations in membrane lipid composition on 

enabling physiological adaptation of organisms to their physical environment. 
Prog Lipid Res. 29: 167-227. 

 
Helms JB, Zurzolo C. 2004. Lipids as targeting signals: lipid rafts and intracellular 

trafficking. Traffic 5: 247-254. 
 
Hilkert AW, Douthitt CB, Schlutter HJ, Brand WA. 1999. Isotope ratio monitoring gas 

chromatograph/Mass spectrometry of D/H by high temperature conversion 
isotope ratio mass spectrometry. Rapid Comm Mass Spec. 13: 1226-1230. 

 
Hill RD, Schneider RC, Liggins GC, Schuette AH, Elliott RL, Guppy M, Hochachka PW, 

Qvist J, Falke KJ, Zapol WM. 1987. Heart rate and body temperature during free 
diving of Weddell seals. Am J Physiol. 253: R344-R351. 

 
Hindell MA, Burton HR, Slip DJ. 1991. Foraging areas of southern elephant seals, 

Mirounga leonina, as inferred from water temperature data.  Aust J Mar Fresh 
Res. 42: 115-128. 

 
Hirayama I, Yi Z, Izumi S Arai I, Suzuki W, Nagamachi Y, Kuwano H, Takeuchi T, 

Izumi T. 1999. Genetic analysis of obese diabetes in the TSOD mouse. Diabetes 
48: 1183-1191. 

 
Hochachka PW, Mottishaw PD. 1998. Evolution and adaptation of the diving response: 

Phocids and otariids. In: Portwer HO, Playle RC, editors. Cold Ocean Symposia. 
Cambridge, MA: Cambridge University Press. p 391-431. 

 
Holland WL, Brozinick JT, Wang LP, Hawkins ED, Sargent KM, Liu Y, Narra K, Hoehn 

KL, Knotts TA, Siesky A, Nelson DH, Karathanasis SK, Fontenot GK, Bimbaum 
MG, Summers SA. 2007. Inhibition of ceramide synthesis ameliorates 
glucocorticoid-, saturated fat-, and obesity-induced insulin resistance. Cell Metab. 
5(3): 167-179. 

 



127 

 

Holland WL, Summers SA. 2008. Sphingolipids, insulin resistance, and metabolic 
disease: new insights from in vivo manipulation of sphingolipid metabolism. 
Endocr Rev. 29(4): 381-402. 

 
Holland WL, Bikman BT, Wang L-P, Yuguang G, Sargent KM, Bulchand S, Knotts TA, 

Shui G, Clegg DJ, Wenk MR, Pagliassotti MJ, Scherer PE, Summers SA. 2011. 
Lipid-induced insulin resistance mediated by the proinflammatory receptor TLR4 
requires saturated fatty acid-induced ceramide biosynthesis in mice. J Clin Invest. 
121(5): 1858-1870. 

 
Hulbert AJ, Turner N, Storlien LH, Else PL. 2005. Dietary fats and membrane function: 

implications for metabolism and disease. Biol Rev Camb Philos Soc. 80: 155-169. 
 
Hulbert AJ. 2007. Membrane fatty acids as pacemakers of animal metabolism. Lipids 42: 

811-819. 
 
Hulbert AJ, Pamplona R, Buffenstein R, Buttemer WA. 2007. Life and death:  Metabolic 

rate, membrane composition, and life span of animals. Physiol Rev. 87: 1175-
1213. 

 
Huwiler A, Pfeilschifter J. 2006. Hypoxia and lipid signaling. Biol Chem. 387: 1321-

1328. 
 
Ikemoto S, Takahashi M, Tsunoda N, Maruyama K, Itakura H, Ezaki O. 1996. High-fat 

diet-induced hyperglycemia and obesity in mice: differential effects of dietary 
oils. Metabolism 45: 1593-1546. 

 
Irving L. 1939. Respiration in diving mammals. Physiol Rev. 19: 112-134. 
 
Irving L, Scholander PF, Grinnell SW. 1941. The respiration of the porpoise, Tursiops 

truncatus. J Cell Comp Physiol. 17: 145-168. 
 
Itani SI, Ruderman NB, Schmieder F, Boden G. 2002. Lipid-induced insulin resistance in 

human muscle is associated with changes in diacylglycerol, protein kinase C, and 
IkappaB-alpha. Diabetes 51: 2005-2011. 

 
Iverson SJ, Frost KJ, Lowry LF. 1997. Fatty acid signatures reveal fine scale structure of 

foraging distribution of harbor seals and their prey in Prince William Sound, 
Alaska. Mar Ecol Prog Series 151: 255-271. 

 
Iverson SJ, Frost KJ, Lang SJC. 2002. Fat content and fatty acid composition of forage 

fish and invertebrates in Prince William Sound Alaska:  Factors contributing to 
among and within species variability. Mar Ecol Prog Series 241: 161-181. 

 
Iverson SJ, Field C, Bowen WD, Blanchard W. 2004. Quantitative fatty acid signature 

analysis:  a new method of estimating predator diets. Ecol Monogr. 74: 211-235. 



128 

 

Jacob S, Machann J, Rett K, Brechtel K, Volk A, Renn W, Maerker E, Matthaei S, 
Schick F, Claussen CD, Harning HU. 1999. Association of increased 
intramyocellular lipid content with insulin resistance in lean nondiabetic offspring 
of type 2 diabetic subjects. Diabetes 48: 1113-1119. 

 
JeBailey L, Wanono O, Niu W, Roessler J, Rudich A, Klip A. 2007. Ceramide- and 

oxidant-induced insulin resistance involve loss of insulin-dependent Rac-
activation and actin remodeling in muscle cells. Diabetes 56: 394-403. 

 
Jelkmann W, Kurtz A, Forstermann U, Pfeilschifter J, Bauer C. 1985. Hypoxia enhances 

prostaglandin synthesis in renal mesangial cell cultures. Prostaglandins 30: 109-
118. 

 
Jenkins GM, Richards A, Wahl T, Mao C, Obeid L, Hannun Y. 1997. Involvement of 

yeast sphingolipids in the heat stress response of Saccharomyces cerevisiae. J Biol 
Chem. 272: 32566-32572. 

 
Jenkins GM, Cowart LA, Signorelli P, Pettus BJ, Chalfant CE, Hannun YA. 2002. Acute 

activation of de novo sphingolipid biosynthesis upon heat shock causes an 
accumulation of ceramide and subsequent dephosphorylation of SR proteins. J 
Biol Chem. 277: 42572-42578. 

 
Jenkins GM. 2003. The emerging role for sphingolipids in the eukaryotic heat shock 

response. CMLS Cell Mol Life Sci. 60: 701-710. 
 
Jezkova J, Novakova O, Kolar F, Tvrzicka E, Neckar J, Novak F. 2002. Chronic hypoxia 

alters fatty acid composition of phospholipids in right and left ventricular 
myocardium. Mol Cell Biochem. 232: 49-56. 

 
Jin J, Hou Q, Mullen TD, Zeidan YH, Bielawski J, Kraveka JM, Bielawska A, Obeid 

LM, Hannun YA, Hsu YT. 2008. Ceramide generated by sphingomyelin 
hydrolysis and the salvage pathway is involved in hypoxia/reoxygenation-induced 
Bax redistribution to mitochondria in NT-2 cells. J Biol Chem 283: 26509-26517. 

 
Johnson P, Elsner R, Zenteno-Savin T. 2004. Hypoxia-inducible factor in ringed seal 

(Pusa hispida) tissues. Free Rad Res. 38(8): 847-854. 
 
Johnson P, Elsner R, Zenteno-Savin T. 2005. Hypoxia-inducible factor 1 proteomics and 

diving adaptations in ringed seal. Free Rad Biol Med. 39: 205-212. 
 
Johnston SL, Souter DM, Tolkamp BJ, Gordon IJ, Illius AW, Kyriazakis I, Speakman JR. 

2007. Intake compensates for resting metabolic rate variation in female C57BL/6 
mice fed high-fat diets. Obesity (Silver Spring) 15: 600-606. 

 



129 

 

Käkelä R, Hyvärinen H. 1996. Site-specific fatty aicd composition in adipose tissues of 
several northern aquatic and terrestrial mammals. Comp Biochem Physiol B. 115: 
501-514. 

 
Kaku K, Fiedorek FT Jr., Province M, Permutt MA. 1988. Genetic analysis of glucose 

tolerance in inbred mouse strains. Evidence for polygenic control. Diabetes 37: 
707-713. 

 
Kanatous SB, DiMichele LV, Cowan DF, Davis RW. 1999. High aerobic capacities in 

the skeletal muscles of pinnipeds:  adaptations to diving hypoxia. J Appl Physiol. 
86: 1247-1256. 

 
Kanatous SB, Davis RW, Watson R, Polasek L, Williams TM, Mathieu-Costello O. 

2002. Aerobic capacities in the skeletal muscles of Weddell seals: key to longer 
dive durations? J Exp Biol. 205: 3601-3608. 

 
Kanatous SB, Hawke TJ, Trumble SJ, Pearson LE, Watson RR, Garry DJ, Williams TM, 

Davis RW. 2008a. The ontogeny of aerobic and diving capacity in the skeletal 
muscles of Weddell seals. J Exp Biol. 211: 2559-2565. 

 
Kanatous SB, Pearson LE, Cable AE. 2008b. How do you build a marine carnivore? The 

potential of microarray and proteomic techniques to identify the molecular 
regulation of the ontogeny of skeletal muscle adaptations in Weddell seals 
(Leptonychotes weddellii). In: Morris S, Vosloo A. Molecules to Migration: The 
Pressures of Life, 4th CPB Meeting in Africa:  Mara 2008.Bologna, Italy: 
Medimond Publishing Co. p 395-407. 

 
Kanatous SB, Mammen PP, Rosenberg PB, Martin CM, White MD, Dimaio JM, Huang 

G, Muallem S, Garry DJ. 2009. Hypoxia reprograms calcium signaling and 
regulates myoglobin expression. Am J Physiol Cell Physiol. 296: C393-C402. 

 
Kanety H, Hemi R, Papa MZ, Karasik A. 1996. Sphingomyelinase and ceramide suppress 

insulin-induced tyrosine phosphorylation of the insulin receptor substrate-1. J Biol 
Chem. 271: 9895-9897. 

 
Kang KS, Wang P, Yamabe N, Fukui M, Jay T, Zhu BT. 2010. Docosahexaenoic acid 

induces apoptosis in MCF-7 cells in vitro and in vivo via reactive oxygen species 
formation and caspase 8 activation. PLoS ONE 5(4): e10296. 

 
Kasting NW, Adderley SAL, Safford T, Hewlett KG. 1989. Thermoregulation of whales 

and dolphins. In: Norris K, editor. Whales, Dolphins, and Porpoises. Berkeley, 
CA, University of California Press. p 397-407. 

 
Kaya Y, Turan H. 2010. Comparison of protein, lipid and fatty acid composition of 

anchovy (Engraulis encrasicolus L. 1758) during the commercial catching 
season. J Muscle Foods 21(3): 474-483. 



130 

 

Kayo T, Fujita H, Nozaki J, Xiaofei E, Koizumi A. 2000. Identification of two 
chromosomal loci determining glucose intolerance in a C57BL/6J mouse strain. 
Comp Med. 50: 296-302. 

 
Kelley DE, Goodpaster BH, Storlien L. 2002. Muscle triglyceride and insulin resistance. 

Annu Rev Nutr 22: 325-346. 
 
Kerem D, Elsner R. 1973. Cerebral tolerance to asphyxia hypoxia in the harbor seal. 

Respir Physiol. 19: 188-200. 
 
Kewalramani G, Bilan PJ, Klip A. 2010. Muscle insulin resistance: assault by lipids, 

cytokines and local macrophages. Curr Opin Clin Care 13: 382-390. 
 
Kim JH, Sen S, Avery CS, Simpson E, Chandler P, Nishina PM, Churchill GA, Naggert 

JK. 2001. Genetic analysis of a new mouse model for non-insulin-dependent 
diabetes. Genomics 74: 273-286. 

 
Kitatani K, Idkowiak-Baldys J, Hannun YA. 2008. The sphingolipid salvage pathway in 

ceramide metabolism and signaling. Cell Signal. 20(6): 1010-1018. 
 
Kitatani K, Sheldon K, Rajagopalan V, Anelli V, Jenkins RW, Sun Y, Grabowski GA, 

Obeid LM, Hannun YA. 2009. Involvement of acid beta-glucosidase 1 in the 
salvage pathway of ceramide formation. J Biol Chem. 284(19): 12972-12978. 

 
Kolesnick R. 2002. The therapeutic potential of modulating the ceramide/sphingomyelin 

pathway. J Clin Invest. 110: 3-8. 
 
Kondo T, Matsuda T, Tashima M, Umehara H, Domae N, Yokoyama K, Uchiyama T, 

Okazaki T. 2000. Suppression of heat shock protein-70 by ceramide in heat 
shock-induced HL-60 cell apoptosis. J Biol Chem. 275: 8872-8879. 

 
Kooyman GL. 1981. Leopard seal, Hydrurga leptonyx. In: Ridgway SH, Harrison RJ, 

editors. Handbook of Marine Mammals, Vol. 2. London, Academic Press. p 261-
274. 

 
Kooyman GL, Wahrenbrock EA, Castellini MA, Davis RW, Sinnett EE. 1980. Aerobic 

and anaerobic metabolism during voluntary diving in Weddell seals: evidence of 
preferred pathways from blood chemistry and behavior. J Comp Phyiol B. 138: 
335-346. 

 
Kooyman GL, Castellini MA, Davis RW, Maue RA. 1983. Aerobic diving limits of 

Weddell seals. J Comp Physiol. 151: 171-174. 
 
Kooyman GL, Kooyman TG. 1995. Diving behavior of emperor penguins nurturing 

chicks at Coulman Island, Antarctica. Condor 97: 536-549. 
 



131 

 

Kooyman G L, Ponganis PJ. 1998. The physiological basis of diving to depth: birds and 
mammals. Annu Rev Physiol. 60: 19-32. 

 
Kroesen BJ, Pettus B, Luberto C, Busman M, Sietsma H, de Leij L, Hannun YA. 2001. 

Induction of apoptosis through B-cell receptor cross-linking occurs via de novo 
generated C16-ceramide and involves mitochondria. J Biol Chem. 276: 13606-
13614. 

 
Kroesen BJ, Jacobs S, Pettus BJ, Sietsma H, Kok JW, Hannun YA, de Leij LF. 2003. 

BcR-induced apoptosis involves differential regulation of C16 and C24-ceramide 
formation and sphingolipid-dependent activation of the proteasome. J Biol Chem. 
278: 14723-14731. 

 
Kuzin AE, Panina GK, Perlov AS. 1977. The abundance and interrelationships of 

Steller's sea lions and northern fur seals on common rookeries of the Kuril 
Islands. Mar Mams of the Pacific 1: 50-66 (In Russian. Translated by S. Pearson, 
National Marine Mammal Laboratory, National Marine Fisheries Service, 7600 
Sand Point Way NE, Seattle, Washington 98115). 

 
Lahiri S, Futerman AH. 2005. LASS5 is a bona fide dihydroceramide synthase that 

selectively utilizes palmitoyl-CoA as acyl donor. J Biol Chem. 280: 33735-33738. 
 
Lal A, Peters H, St Croix B, Haroon ZA, Dewhurst MW, Strausberg RL, Kaanders JH, 

van der Kogel AJ, Riggins GJ. 2001. Transcriptional response to hypoxia in 
human tumors. J Natl Cancer Inst. 93: 1337-1343. 

 
Laviad EL, Albee L, Pankova-Kholmyansky I, Epstein S, Park H, Merrill Jr. AH, 

Futerman AH. 2008.) Characterization of ceramide synthase 2: tissue distribution, 
substrate specificity, and inhibition by sphingosine 1-phosphate. J Biol Chem. 
283: 5677-5684. 

 
Lecerf J-M, de Lorgeril. 2011. Dietary cholesterol: from physiology to cardiovascular 

risk. Br J Nutr. 106: 6-14. 
 
Lee JS, Pinnamaneni SK, Eo SJ, Cho IH, Pyo JH, Kim CK, Sinclair AJ, Febbraio MA, 

Watt MJ. 2006. Saturated, but not n-6 polyunsaturated, fatty acids induce insulin 
resistance: role of intramuscular accumulation of lipid metabolites. J Appl 
Physiol. 100: 1467-1474. 

 
Leiter EH, Reifsnyder PC, Flurkey K, Partke HJ, Junger E, Herberg L. 1998. NIDDM 

genes in mice: deleterious synergism by both parental genomes contributes to 
diabetogenic thresholds. Diabetes 47: 1287-1295. 

 
Lepine S, Lakatos B, Maziere P, Courageot MP, Sulpice JC, Giraud F. 2002. 

Involvement of sphingosine in dexamethasone-induced thymocyte apoptosis. Ann 
NY Acad Sci. 973: 190-193. 



132 

 

Levey AS, Coresh JC. 2012. Chronic kidney disease. Lancet 379: 165-180. 
 
Linn SC, Kim HS, Keane EM, Andras LM, Wang E, Merrill AH Jr. 2002. Regulation of 

de novo sphingolipid biosynthesis and the toxic consequences of its disruption. 
Biochem Soc Trans. 29: 831-835. 

 
Liu L, Zhang Y, Chen N, Shi X, Tsang B, Yu YH. 2007. Upregulation of myocellular 

DGAT1 augments triglyceride synthesis in skeletal muscle and protects against 
fat-induced insulin resistance. J Clin Invest. 117: 1679-1689. 

 
Llacuna L, Mari M, Garcia-Ruiz C, Fernandez-Checa JC, Morales A. 2006. Critical role 

of acidic sphingomyelinase in murine hepatic ischemia-reperfusion injury. 
Hepatology 44(3): 561-572. 

 
Lucas FA. 1899. The causes of mortality among seal pups. In: The Fur Seals and Fur Seal 

Islands of the North Pacific Ocean. Washington: David Starr Jordan Report, Part 
3. Washington, PIS 16-21, p 75-89. 

 
Maceyka M, Payne SG, Milstien S, Spiegel S. 2002. Sphingosine kinase, sphingosine-1-

phosphate, and apoptosis. Biochim Biophys Acta 1585: 193−201. 
 
Marshall JA, Bessesen DH, Hamman RF. 1997. High saturated fat and low starch and 

fibre are associated with hyperinsulinaemia in a non-diabetic population: the San 
Luis Valley Diabetes Study. Diabetologia 40: 430-438. 

 
Maskrey BH, Bermudez-Fajardo A, Morgan AH, Stewart-Jones E, Dioszeghy V, Taylor 

GW, Baker PR, Coles B, Coffey MJ, Kuhn H, O’Donnell VB. 2007. Activated 
platelets and monocytes generate four hydroxyphosphatidylethanolamines via 
lipoxygenase. J Biol Chem 282: 20151, 20163. 

 
Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, Wykoff 

CC, Pugh CW, Maher ER, Ratcliffe PJ. 1999. The tumour suppressor protein 
VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 
399: 271-275. 

 
Meier HEM, Doscher R, Halkka A. 2004. Simulated distributions of Baltic sea-ice in 

warming climate and consequences for the winter habitat of the Baltic ringed seal. 
AMBIO J Human Environ 33(4): 249-256. 

 
Meredith MP, King JC. 2005. Rapid climate change in the ocean west of the Antarctic 

Peninsula during the second half of the 20th century. Geophys Res Lett. 32: 
L19604. 

 
Merrill Jr. AH, Schmelz E-M, Wang E, Schroeder JJ, Dillehay DL, Riley RT. 1995. Role 

of dietary sphingolipids and inhibitors of sphingolipid metabolism in cancer and 
other diseases. J Nutr. 125(6 Supp.): 1677S-1682S. 



133 

 

Mizutani Y, Kihara A, Igarashi Y. 2005. Mammalian Lass6 and its related family 
members regulate synthesis of specific ceramides. Biochem J. 390: 263-271. 

 
Moro C, Galgani JE, Luu L, Pasarica M, Mairal A, Bajpeyi S, Schmitz G, Langin D, 

Liebisch G, Smith SR. 2009. Influence of gender, obesity, and muscle lipase 
activity on intramyocellular lipids in sedentary individuals. J Clin Endocrinol 
Metab. 94: 3440-3447. 

 
Mourek J, Base J, Smidova L. 1992. Hypoxia and fatty acids in immature nervous tissue 

in the rat. Physiol Res. 41: 363-367. 
 
Mujahid A, Akiba Y, Toyomizu M. 2009. Olive oil-supplemented diet alleviates heat 

stress-induced mitochondrial ROS production in chicken skeletal muscle. Am J 
Physiol Regul Integr Comp Physiol. 297: R690-R698. 

 
Murray DK, Ruhmann-Wennhold A, Nelson DH. 1979. Dexamethasone effect on the 

phospholipid content of isolated fat cell ghosts from adrenalectomized rats. 
Endocrinology 105: 774-777. 

 
Nelson DP, Samsel RW, Wood LD, Schumacker PT. 1988. Pathological supply 

dependence of systemic and intestinal O2 uptake during endotoxemia. J Appl 
Physiol. 64: 2410-2419. 

 
Neschen S, Morino K, Dong J, Wang-Fischer Y, Cline GW, Romanelli AJ, Rossbacher 

JC, Moore IK, Regittnig W, Munoz DS, Kim JH, Shulman GI. 2007. n-3 fatty 
acids preserve insulin sensitivity in vivo in a peroxisome proliferator-activated 
receptor-α-dependent manner. Diabetes 56: 1034-1041. 

 
Newland C, Field IC, Nichols PD, Bradshaw CJA, Hindell MA. 2009. Blubber fatty acid 

profiles indicate dietary resource partitioning between adult and juvenile southern 
elephant seals. Mar Ecol Prog Series 384: 303-312. 

 
Nigam S, Schewe T. 2000. Phospholipase A2s and lipid peroxidation. Biochim Biophys 

Acta 1488: 167-181. 
 
Nilsson A. 1968. Metabolism of sphingomyelin in the intestinal tract of the rat. Biochim 

Biophys Acta 164(3): 575-584. 
 
Nishizaki T, Ikegami T, Hiroshige S, Hashimoto K, Uchiyama H, Yoshizumi T, 

Kishikawa K, Shimada M, Sugimachi K. 2001. Small graft for living donor liver 
transplantation. Ann Sur. 233: 575-580. 

 
Niu SL, Mitchell DC, Lim SY, Wen ZM, Kim HY, Salem Jr. N, Litman BJ. 2004. 

Reduced G protein-coupled signaling efficiency in retinal rod outer segments in 
response to n-3 fatty acid deficiency. J Biol Chem. 279: 31098-31104. 

 



134 

 

Noureddine L, Azzam R, Nemer G, Bielawski J, Nasser M, Bitar F, Dbaibo GS. 2008. 
Modulation of total ceramide and constituent ceramide species in the acutely and 
chronically hypoxic mouse heart at different ages. Prostaglandins Other Lipid 
Mediat. 86: 49-55. 

 
Novgorodov SA, Gudz TI. 2009. Ceramide and mitochondria in ischemia/reperfusion. J 

Cardiovasc Pharmacol. 53(3): 198-208. 
 
Oberbach A, Bossenz Y, Lehmann S, Niebauer J, Adams V, Paschke R, Schon MR, 

Bluher M, Punkt K. 2006. Altered fiber distribution and fiber-specific glycolytic 
and oxidative enzyme activity in skeletal muscle of patients with type 2 diabetes. 
Diabetes Care 29(4): 895-900. 

 
Ohvo-Rekila H, Ramstedt B, Leppimaki P, Slotte JP. 2002. Cholesterol interactions with 

phospholipids in membranes. Prog Lipid Res. 41: 66-97. 
 
Olefsky J, Farquhar JW, Reaven G. 1973. Relationship between fasting plasma insulin 

level and resistance to insulin-mediated glucose uptake in normal and diabetic 
subjects. Diabetes 22: 507-513. 

 
Ogretmen B, Hannun YA. 2004. Biologically active sphingolipids in cancer pathogenesis 

and treatment. Nat Rev Cancer 4: 604-616. 
 
Ortiz RM, Noren DP, Litz B, Ortiz CL. 2001. A new perspective on adiposity in a 

naturally obese mammal. Am J Physiol. 281: E1347-E1351. 
 
Osawa Y, Uchinami H, Bielawski J, Schwabe RF, Hannun YA, Brenner DA. 2005. Roles 

for C16-ceramide and sphingosine 1-phosphate in regulating hepatocyte apoptosis 
in response to tumor necrosis factor-α. J Biol Chem. 280: 27879-27887. 

 
Pan DA, Hulbert AJ, Storlien LH. 1994. Dietary fats, membrane phospholipids and 

obesity. J Nutr 124: 1555-1565. 
 
Pan DA, Lillioja S, Milner MR, Kriketos AD, Baur LA, Bogardus C, Storlien LH. 1995. 

Skeletal muscle membrane lipid composition is related to adiposity and insulin 
action. J Clin Invest. 96: 2802-2808. 

 
Pan DA, Lillioja S, Kriketos AD, Milner MR, Baur LA, Bogardus C, Jenkins AB, 

Storlien LH. 1997. Skeletal muscle triglyceride levels are inversely related to 
insulin action. Diabetes 46: 983-988. 

 
Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T, Collins F. 

1995. Effects of the obese gene product on body weight regulation in ob/ob mice. 
Science 269: 540-543. 

 



135 

 

Peraldi P, Hotamisligil GS, Buurman WA, White MF, Spiegelman BM. 1996. Tumor 
necrosis factor (TNF)-alpha inhibits insulin signaling through stimulation of the 
p55 TNF receptor and activation of sphingomyelinase. J Biol Chem. 271: 13018-
13022. 

 
Pereira T, Zheng X, Ruas JL, Tanimoto K, Poellinger L. 2003. Identification of residues 

critical for regulation of protein stability and the transactivation function of the 
Hypoxia-Inducible Factor-1alpha by the von Hippel-Lindau tumor suppressor 
gene product. J Biol Chem. 278: 6816-6823. 

 
Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A, Arcelloni C, Vanzulli A, 

Testolin G, Pozza G, Del Maschio A, Luzi L. 1999. Intramyocellular triglyceride 
content is a determinant of in vivo insulin resistance in humans. Diabetes 48: 
1600-1606. 

 
Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI. 2004. Impaired mitochondrial 

activity in the insulin-resistant offspring of patients with type 2 diabetes. N Engl J 
Med. 350: 664-671. 

 
Petroni A, Papini N, Blasevich M, Rise P, Galli C. 2002. Arachidonate release and c-fos 

expression in various models of hypoxia and hypoxia-hypoglycemia in retinoic 
acid differentiated neuroblastoma cells. Neurochem Int. 40: 255-260. 

 
Petry C, Huwiler A, Eberhardt W, Kaszkin M, Pfeilschifter J. 2005. Hypoxia increases 

group IIA phospholipase A2 expression under inflammatory conditions in rat renal 
mesangial cells. J Am Soc Nephrol. 16: 2897-2905. 

 
Pewzner-Jung Y, Ben-Dor S, Futerman AH. 2006. When do lasses (longevity assurance 

genes) become CerS (ceramide synthases)? Insights into the regulation of 
ceramide synthesis. J Biol Chem. 281(35): 25001-25005. 

 
Pfeilschifter J, Huwiler A. 2000. Ceramides as key players in cellular stress response. 

Physiology 15: 11-15. 
 
Pierce WH. 1970. Design and operation of a metabolic chamber for marine mammals 

[dissertation]. [Berkeley (CA)]: University of California. 
 
Polasek L, Davis R. 2001. Heterogeneity of myoglobin distribution in the locomotory 

muscles of five cetacean species. J Exp Biol. 204: 209-215. 
 
Polasek L, Dickson KA, Davis RW. 2006. Spatial heterogeneity of aerobic and glycolytic 

enzyme activities and myoglobin concentration in the epaxial swimming muscles 
of the harbor seal (Phoca vitulina). Am J Physiol. 290: R1720-R1727. 

 
Polya JB, Parsons RS. 1973. Free ceramide in blood and its relevance to atherosclerosis. I 

Med J Aust. 1(18): 873-879. 



136 

 

Popp-Snijders C, Schouten JA, van Blitterswijk WJ, van der Veen EA. 1986. Changes in 
membrane lipid composition of human erythrocytes after dietary supplementation 
of (n-3) polyunsaturated fatty acids. Maintenance of membrane fluidity. Biochim 
Biophys Acta—Biomembranes 854(1): 31-37. 

 
Prinetti A, Sonnino S. 2010. Lipids and membrane lateral organization. Front Physio. 

1:153: doi:10.3389/fphys.2010.00153. 
 
Ptitsyn A, Schlater A, Kanatous SB. 2010. Transformation of metabolism with age and 

lifestyle in Antarctic seals: a case study of systems biology approach to cross-
species microarray experiment. BMC Syst Biol. 4: 133: doi:10.1186/1752-0509-
4-133. 

 
Ramirez J-M, Folkow LP, Blix AS. 2007. Hypoxia tolerance in mammals and birds:  

From the wilderness to the clinic. Ann Rev Physiol. 69: 113-143. 
 
Reeves RR, Stewart BS, Clapham PJ, Powell JA. 2002. True Seals. In: Guide to Marine 

Mammals of the World. New York: Chanticleer Press. p 114-179. 
 
Rerup CC. 1970. Drugs producing diabetes through damage of the insulin secreting cells. 

Pharmacol Rev. 22: 485-518. 
 
Riboni L, Prinetti A, Bassi R, Tettamanti G. 1994. Formation of bioactive sphingoid 

molecules from exogenous sphingomyelin in primary cultures of neurons and 
astrocytes. FEBS Lett. 352(3): 323-326. 

 
Riboni L, Bassi R, Caminiti A, Prinetti A, Viani P, Tettamanti G. 1998. Metabolic fate of 

exogenous sphingosine in neuroblastoma neuro2A cells. Dose-dependence and 
biological effects. Ann NY Acad Sci. 845: 46-56. 

 
Ridgway SH, Patton GS. 1971. Dolphin thyroid:  Some anatomical and physiological 

findings. Zeit Verg Physiol. 71: 129-141. 
 
Rodnenkov OV, Luneva OG, Ulyanova NA, Maksimov GV, Rubin AB, Orlov SN. 2005. 

Erythrocyte membrane fluidity and haemoglobin haemoporphyrin conformation:  
features revealed in patients with heart failure. Pathophysiology 11: 209-213. 

 
Rossini AA, Like AA, Dulin WE, Cahill GF Jr. 1977. Pancreatic beta cell toxicity by 

streptozotocin anomers. Diabetes 26: 1120-1124. 
 
Ruvolo PP. 2003. Intracellular signal transduction pathways activated by ceramide and its 

metabolites. Pharmacol Res. 47: 383-392. 
 
Saltiel AR, Kahn CR. 2001. Insulin signalling and the regulation of glucose and lipid 

metabolism. Nature 414: 799-806. 



137 

 

Sapirstein LA. 1958. Regional blood flow by fractional distribution of indicators. Am J 
Physiol. 193: 161-168. 

 
Sawai H, Hannun YA. 1999. Ceramide and sphingomyelinases in the regulation of stress 

responses. Chem Phys Lipids 102: 141-147. 
 
Schenk S, Horowitz JF. 2007. Acute exercise increases triglyceride synthesis in skeletal 

muscle and prevents fatty acid-induced insulin resistance. J Clin Invest. 117: 
1690-1698. 

 
Schley PD, Brindley DN, Field CJ. 2007. (n-3) PUFA alter raft lipid composition and 

decrease epidermal growth factor receptor levels in lipid rafts of human breast 
cancer cells. J Nutr. 137(3): 548-553. 

 

Schmelz E-M, Crall KL, LaRocque R, Dillehay DL, Merrill Jr. AH. 1994. Uptake and 
metabolism of sphingolipids in isolated intestinal loops of mice. J Nutr. 124: 702-
712. 

 
Schmidt-Nielsen K, Harnes HB, Hackel DB. 1964. Diabetes mellitus in the sand rat 

induced by the standard laboratory diets. Science 143: 689-690. 
 
Schmitz-Peiffer C, Craig DL, Biden TJ. 1999. Ceramide generation is sufficient to 

account for the inhibition of the insulin-stimulated PKB pathway in C2C12 
skeletal muscle cells pretreated with palmitate. J Biol Chem. 274: 24202-24210. 

 
Schubert KM, Scheid MP, Duronio V. 2000. Ceramide inhibits protein kinase B/Akt by 

promoting dephosphorylation of serine 473. J Biol Chem. 275: 13330-13335. 
 
Semenza GL. 2001. Hypoxia-inducible factor 1: oxygen homeostasis and disease 

pathophysiology. Trends Mol Med. 7: 345-350. 
 
Semenza GL. 2009. Regulation of oxygen homeostasis by Hypoxia-Inducible Factor 1. 

Physiology 24: 97-106. 
 
Serhan CN, Haeggstrom JZ, Leslie CC. 1996. Lipid mediator networks in cell signaling: 

update and impact of cytokines. FASEB J. 10: 1147-1158. 
 
Seumois G, Fillet M, Gillet L, Faccinetto C, Desmet C, Francois C, Dewals B, Oury C, 

Vanderplasschen A, Lekeux P, Bureau F. 2007. De novo C16- and C24-ceramide 
generation contributes to spontaneous neutrophil apoptosis. J Leukocyte Biol 81: 
1477-1486. 

 
Shiomi K, Sato K, Ponganis PJ. 2012. Point of no return in diving emperor penguins: is 

the timing of the decision to return limited by the number of strokes? J Exp Biol. 
215: 135-140. 

 



138 

 

Shortreed KE, Krause MP, Huang JH, Dhanani D, Moradi J, Ceddia RB, Hawke TJ. 
2009. Muscle-specific adaptations, impaired oxidative capacity and maintenance 
of contractile function characterize diet-induced obese mouse skeletal muscle. 
PLoS ONE 4(10): 1-9. 

 
Shulman GI. 2000. Cellular mechanisms of insulin resistance. J Clin Invest. 106: 171-

176. 
 
Sierra-Honigmann MR, Nath AK, Murakami C, Garcia-Cardena G, Papapetropoulos A, 

Sessa WC, Madge, LA, Schechner JS, Schwabb MB, Polverini PJ, Flores-Riveros 
JR. 1998. Biological action of leptin as an angiogenic factor. Science 281: 1683-
1686. 

 
Simons K, van Meer G. 1988. Lipid sorting in epithelial cells. Biochem. 27: 6197-6202. 
 
Simons K, Toomre D. 2000. Lipid rafts and signal transduction. Nat Rev Mol Cell Biol. 

1: 31-39. 
 
Simopoulos AP. 2002. The importance of the ratio of omega-6/omega-3 essential fatty 

acids. Biomed Pharmacother. 56(8): 365-379. 
 
Sinclair E, Loughlin T, Pearcy W. 1994. Prey selection by northern fur seals (Callorhinus 

ursinus) in the eastern Bering Sea. Fish Bull. 92: 132-156. 
 
Singer SJ, Nicolson GL. 1972. The fluid mosaic model of the structure of cell 

membranes. Science 175: 720-731. 
 
Singer D, Bach F, Bretschneider HJ, Kuhn H-J. 1993. Metabolic size allometry and the 

limits to beneficial metabolic reduction:  Hypothesis of a uniform specific 
minimal metabolic rate. In: Hochachka PW, Lutz PL, Sick T, Rosenthal M, van 
den Thillart G, editors. Surviving Hypoxia:  Mechanisms of Control and 
Adaptation. Boca Raton, CRC Press. p 447-458. 

 
Skoog DA, Holler FJ, Nieman TA. 1998. Gas chromatography. In: Principles of 

Instrumental Analysis, 5th ed. Orlando, FL: Harcourt Brace & Company. p 701-
724. 

 
Smith TG. 1987. The ringed seal, Phoca hispida, of the Canadian western Arctic. Can 

Bull Fish Aquat Sci. 216: 1-81. 
 
Sodhi A, Montaner S, Miyazaki H, Gutkind JS. 2001. MAPK and Akt act cooperatively 

but independently on hypoxia inducible factor-1alpha in rasV12 upregulation of 
VEGF. Biochem Biophys Res Commun. 287: 292-300. 

 
 



139 

 

Soriguer F, Esteva I, Rojo-Martinez G, Ruiz de Adana MS, Dobarganes MC, Garcia-
Almeida JM, Tinahones F, Beltran M, Gonzalez-Romero S, Olveira G, Gomez-
Zumaquero JM. 2004. Oleic acid from cooking oils is associated with lower 
insulin resistance in the general population (Pizarra study). Eur J Endocrinol. 150: 
33-39. 

 
Sowter HM, Ratcliffe PJ, Watson P, Greenberg AH, Harris AL. 2001. HIF-1 dependent 

regulation of hypoxic induction of the cell death factors BNIP3 and NIX in 
human tumors. Cancer Res. 61: 6669-6673. 

 
Spiegel S, Milstien S. 2003. Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat 

Rev Mol Cell Bio. 4: 397–407. 
 
Srinivasan K, Ramarao P. 2007. Animal models in type 2 diabetes research: An 

overview. Indian J Med Res. 125: 451-472. 
 
Storlien LH, Kraegen EW, Chisholm DJ, Ford GJ, Bruce DG, Pascoe SW. 1987. Fish oil 

prevents insulin resistance induced by high-fat feeding in rats. Science 237: 885-
888. 

 
Storlien LH, Jenkins AB, Chisholm DJ, Pascoe WS, Khouri S, Kraegen EW. 1991. 

Influence of dietary fat composition on development of insulin resistance in rats. 
Relationship to muscle triglyceride and w-3 fatty acids in muscle phospholipids. 
Diabetes 40: 280-289. 

 
Storz P, Doppler H, Wernig A, Pfizenmaier K, Muller G. 1999. Cross-talk mechanisms in 

the development of insulin resistance of skeletal muscle cells palmitate rather than 
tumour necrosis factor inhibits insulin-dependent protein kinase B (PKB)/Akt 
stimulation and glucose uptake. Eur J Biochem. 266: 17-25. 

 
Straczkowski M, Kowalska I, Nikolajuk A, Dzienis-Straczkowska S, Kinalska I, 

Baranowski M, Zendzian-Piotrowska M, Brzezinska Z, Gorski J. 2004. 
Relationship between insulin sensitivity and sphingomyelin signaling pathway in 
human skeletal muscle. Diabetes 53: 1215-1221. 

 
Straczkowski M, Kowalska I, Baranowski M, Nikolajuk A, Otziomek E, Zabielski P, 

Adamska A, Blachnio A, Gorski J, Gorska M. 2007. Increased skeletal muscle 
ceramide level in men at risk of developing type 2 diabetes. Diabetologia 50: 
2366-2373. 

 
Straczkowski M, Kowalska I. 2008. The role of skeletal muscle sphingolipids in the 

development of insulin resistance. Rev Diabet Stud. 5(1): 13-24. 
 
Stratford S, Hoehn KL, Liu F, Summers SA. 2004. Regulation of insulin action by 

ceramide: dual mechanisms linking ceramide accumulation to the inhibition of 
AKt/protein kinase B. J Biol Chem. 279: 36608-36615. 



140 

 

Stroeve J, Holland MM, Meier W, Scambos T, Serreze M. 2007. Arctic sea ice decline: 
faster than forecast. Geophys Res Lett. 34: L09501. 

 
Summers SA, Garza LA, Zhou H, Birnbaum MJ. 1998. Regulation of insulin-stimulated 

glucose transporter GLUT4 translocation and Akt kinase activity by ceramide. 
Mol Cell Biol. 18: 5457-5464. 

 
Summers SA, Nelson DH. 2005. A role for sphingolipids in producing the common 

features of type 2 diabetes, metabolic syndrome X, and Cushing’s syndrome. 
Diabetes 54: 591-602. 

 
Summers SA. 2006. Ceramides in insulin resistance and lipotoxicity. Prog Lipid Res. 5: 

42-72. 
 
Suresh Y, Das UN. 2003. Long-chain polyunsaturated fatty acids and chemically induced 

diabetes mellitus: effect of omega-6 fatty acids. Nutrition 19: 93-114. 
 
Surwit RS, Kuhn CM, Cochrane C, McCubbin JA, Feinglos MN. 1988. Diet-induced 

type II diabetes in C57BL/6J mice. Diabetes 37: 1163-1167. 
 
Taouis M, Dagou C, Ster C, Durand G, Pinault M, Delarue J. 2002. n-3 polyunsaturated 

fatty acids prevent the defect of insulin receptor signaling in muscle. Am J 
Physiol Endocrinol Metab. 282: E664-E671. 

 
Temes E, Martin-Puig S, Aragones J, Jonas DR, Olmos G, Merida I, Landazuri MO. 

2004. Role of diacylglycerol induced by hypoxia in the regulation of HIF-1α 
activity. Biochem Biophys Res Commun. 315: 44-50. 

 
Thiemann GW, Budge SM, Iverson SJ. 2004. Determining fatty acid composition of 

blubber:  A comparison of in situ direct and traditional extraction methods. Mar 
Mam Sci. 20: 284-295. 

 
Thomas RL Jr., Matsko CM, Lotze MT, Amoscato AA. 1999. Mass spectrometric 

identification of increased C16 ceramide during apoptosis. J Biol Chem. 274: 
30580-30588. 

 
Tonks A, Morris RHK, Price AJ, Thomas AW, Jones KP, Jackson SK. 2001. 

Dipalmitoylphosphatidylcholine modulates inflammatory functions of monocytic 
cells independently of mitogen activated protein kinases. Clin Exp Immunol. 124: 
86-94. 

 
Toye AA, Lippiat JD, Proks P, Shimomura K, Bentley L, Hugill A, Mijat V, 

Goldsworthy M, Moir L, Haynes A, Quarterman J, Freeman HC, Ashcroft FM, 
Cox RD. 2005. A genetic and physiological study of impaired glucose 
homeostasis control in C57BL/6J mice. Diabetologia 48: 675-686. 

 



141 

 

Trumble SJ, Barboza PS, Castellini MA. 2003. Digestive constraints on an aquatic 
carnivore:  effects of feeding frequency and prey composition on harbor seals. J 
Comp Physiol B. 173: 501-509. 

 
Trumble SJ, Noren SR, Cornick LA, Hawke TJ, Kanatous SB. 2010. Age-related 

differences in skeletal muscle lipid profiles of Weddell seals:  clues to 
developmental changes. J Exp Biol. 213: 1676-1684. 

 
Trumble SJ, Kanatous SB. 2012. Fatty acid use in diving mammals:  more than merely 

fuel. Front Physiol. 3: 1-8. 
 
Tsalouhidou S, Argyrou C, Theofilidis G, Karaoglanidis D, Orfanidou E, Nikolaidis MG, 

Petridou A, Mougios V. 2006. Mitochondrial phospholipids of rat skeletal muscle 
are less polyunsaturated than whole tissue phospholipids: Implications for 
protection against oxidative stress. J Anim Sci. 84: 2818-2825. 

 
Tschop M, Strasburger CJ, Hartmann G, Biollaz J, Bartsch P. 1998. Raised leptin 

concentrations at high altitude associated with loss of appetite. Lancet 352: 1119-
1120. 

 
Turinsky J, O'Sullivan DM, Bayly BP. 1990. 1,2-diacylglycerol and ceramide levels in 

insulin-resistant tissues of the rat in vivo. J Biol Chem. 265(28): 16880-16885. 
 
Turner N, Else PL, Hulbert AJ. 2003. Docosahexaenoic acid content of membranes 

determines molecular activity of the sodium pump: implications for disease states 
and metabolism. Naturwissenschaften 90: 521-523. 

 
Turner N, Bruce CR, Beale SM, Hoehn KL, So T, Rolph MS, Cooney GJ. 2007. Excess 

lipid availability increases mitochondrial fatty acid oxidative capacity in muscle. 
Diabetes 56: 2085-2092. 

 
Tyurina YY, Tyurin VA, Zhao Q, Djukic M, Quinn PJ, Pitt BR, Kagan VE. 2004. 

Oxidation of phosphatidylserine: a mechanism for plasma membrane 
phospholipid scrambling during apoptosis? Biochem Biophys Res Commun. 324: 
1059-1064. 

 
Unger RH. 2003. Minireview: weapons of lean body mass destruction: the role of ectopic 

lipids in the metabolic syndrome. Endocrinology 144: 5159-5165. 
 
Vaag A, Henriksen JE, Beck-Nielsen H. 1992. Decreased insulin activation of glycogen 

synthase in skeletal muscles in young nonobese Caucasian first-degree relatives of 
patients with non-insulin-dependent diabetes mellitus. J Clin Invest. 89: 782-788. 

 
Valtin H. 1973. Renal Hemodynamics and Oxygen Consumption. In: Renal function: 

Mechanisms preserving fluid and solute balance in health. Boston, MA: Little, 
Brown, and Co. p 95-114. 



142 

 

Vaughan DG, Marshall GJ, Connolley WM, Parkinson C, Mulvaney R, Hodgson DA, 
King JC, Pudsey CJ, Turner J. 2003. Recent rapid regional climate warming on the 
Antarctic Peninsula. Climatic Change 60: 243-274. 

 
Vazquez-Medina JP, Zenteno-Savin T, Elsner R. 2006. Antioxidant enzymes in ringed 

seal tissues: potential protection against dive-associated ischemia/reperfusion. 
Comp Biochem Physiol C Toxicol Pharmacol. 142(3-4): 198-204. 

 
Vazquez-Medina JP, Zenteno-Savin T, Elsner R. 2007. Glutathione protection against 

dive-associated ischemia/reperfusion in ringed seal tissues. J Exp Mar Biol Ecol. 
345: 110-118. 

 
Vazquez-Medina JP, Zenteno-Savin T, Tift MS, Forman HJ, Crocker DE, Ortiz RM. 

2011. Apnea stimulates the adaptive response to oxidative stress in elephant seal 
pups. J Exp Biol. 214: 4193-4200. 

 
Vazquez-Medina JP, Zenteno-Savin T, Elsner R, Ortiz RM. 2012. Coping with 

physiological oxidative stress: a review of antioxidant strategies in seals. J Comp 
Physiol B. 182: 741-750. 

 
Veldhuizen EJA, Batenburg JJ, van Golde LMG, Haagsman HP. 2000. The role of 

surfactant proteins in DPPC enrichment of surface films. Biophys J. 79: 3164-
3171. 

 
Vesper H, Schmelz E-M, Nikolova-Karakashian MN, Dillehay DL, Lynch DV, Merrill 

Jr. AH. 1999. Sphingolipids in food and the emerging importance of sphingolipids 
to nutrition. J Nutr. 129(7): 1239-1250. 

 
Vessby B, Tengblad S, Lithell H. 1994. Insulin sensitivity is related to the fatty acid 

composition of serum lipids and skeletal muscle phospholipids in 70-year-old 
men. Diabetologia 37: 1044-1050. 

 
Vistisen B, Hellgren LI, Vadset T, Scheede-Bergdahl C, Helge JW, Dela F, Stallknecht 

B. 2008. Effect of gender on lipid-induced insulin resistance in obese subjects. 
Eur J Endocrinol. 158: 61-68. 

 
Waite JN, Trumble SJ, Burkanov VN, Andrews RD. 2012. Resource partitioning by 

sympatric Steller sea lions and northern fur seals as revealed by biochemical 
dietary analyses and satellite telemetry. J Exp Mar Biol Ecol. 416-417: 41-54. 

 
Walton KA, Cole AL, Yeh M, Subbanagounder G, Krutzik SR, Modlin RL, Lucas RM, 

Nakai J, Smart EJ, Vora DK, Berliner JA. 2004. Specific phospholipid oxidation 
products inhibit ligand activation of toll-like receptors 4 and 2. Arterioscler 
Thromb Vasc Biol. 23: 1197-1203. 

 



143 

 

Wenger RH. 2000. Mammalian oxygen sensing, signaling and gene regulation. J Exp 
Biol. 203: 1253-1263. 

 
West DB, Boozer CN, Moody DL, Atkinson RL. 1992. Dietary obesity in nine inbred 

mouse strains. Am J Physiol. 262: R1025-R1032. 
 
Wetzel DL, Reynolds JE, III. 2004. Definitive identification of fatty acid constituents in 

marine mammal tissues. Can J Fish Aquatic Sci. 61: 554-560. 
 
Wheatley KE, Bradshaw CAJ, Harcourt RG, Davis LS, Hindell MA. 2006. Chemical 

immobilization of adult female Weddell seals with tiletamine and zolazepam: 
effects of age, condition and stage of lactation. BMC Vet Res 2: 
doi:10.1186/1746-6148-2-8. 

 
White FC, Elsner R, Willford D, Hill E, Merhoff E. 1990. Responses of harbor seal and 

pig heart to progressive and acute hypoxa. Am J Physiol. 259: R849-R856. 
 
White MF. 2001. IRS proteins and the common path to diabetes. Am J Physiol 

Endocrinol Metab. 283: E413-E422. 
 
Wilhelm Filho D, Sell F, Ribeiro L, Ghislandi M, Carrasquedo F, Fraga CG, Wallauer JP, 

Simoes-Lopes PC, Uhart MM. 2002. Comparison between the antioxidant status 
of terrestrial and diving mammals. Comp Biochem Physiol A Mol Integr Physiol. 
133: 885-892. 

 
Williams CL, Meir JU, Ponganis PJ. 2011. What triggers the aerobic dive limit? Patterns 

of muscle oxygen depletion during dives of emperor penguins. J Exp Biol. 214: 
1801-1812. 

 
Winzell MS, Ahren B. 2004. The high-fat diet-fed mouse. Diabetes 53: S215-S219. 
 
Xu Z, Zhou J, McCoy DM, Mallampalli RK. 2005. LASS5 is the predominant ceramide 

synthase isoform involved in de novo sphingolipid synthesis in lung epithelia. J 
Lipid Res. 46: 1229-1238. 

 
Yeagle PL. 1993. The biophysics and cell biology of cholesterol: A hypothesis for the 

essential role of cholesterol in mammalian cels. In: Finegold LX, editor. 
Cholesterol in membrane models. Boca Raton: CRC Press. p 1-12. 

 
Yonezaki S, Kiyota M, Baba N, Koida T, Takemura A. 2003. Size distribution of the 

hard remains of prey in the digestive tract of northern fur seal (Callorhinus 
ursinus) and related biases in diet estimation by scat analysis. Mam Study 28: 97-
102. 

 



144 

 

Yonezaki S, Kiyota M, Baba N. 2008. Decadal changes in the diet of northern fur seal 
(Callorhinus ursinus) migrating off the Pacific coast of northeastern Japan Fish 
Ocean. 17: 231-238. 

 
Yun JK, Kester M. 2002. Regulatory role of sphingomyelin metabolites in hypoxia-

induced vascular smooth muscle cell proliferation. Arch Biochem Biophys. 408: 
78-86. 

 
Zapol WM, Liggins GC, Schneider RC, Qvist J, Snider MT, Creasy RK, Hochachka PW. 

1979. Regional blood flow during simulated diving in the conscious Weddell seal. 
J Appl Physiol. 47: 968-973. 

 
Zapol WM. 1987. Diving adaptations of the Weddell seal. Sci Amer. 256(6): 100-105. 
 
Zeghari N, Vidal H, Younsi M, Ziegler O, Drouin P, Donner M. 2000a. Adipocyte 

membrane phospholipids and PPAR-g expression in obese women: relationship to 
hyperinsulinemia. Am J Physiol Endocrinol Metab. 279: E736-E743. 

 
Zeghari N, Younsi M, Meyer L, Donner M, Drouin P, Ziegler O. 2000b. Adipocyte and 

erythrocyte plasma membrane phospholipid composition and hyperinsulinemia: a 
study in nondiabetic and diabetic obese women. Int J Obes. 24: 1600-1607. 

 
Zendzian-Piotrowska M, Baranowski M, Zabielski P, Gorski J. 2006. Effects of 

pioglitazone and high-fat diet on ceramide metabolism in rat skeletal muscles. J 
Physiol Pharmacol. 57: 101-114. 

 
Zenteno-Savin T, Clayton-Hernandez E, Elsner R. 2002. Diving seals; are they a model 

for coping with oxidative stress? Comp Biochem Physiol C. 133: 527-536. 
 
Zeppelin TK, Ream RR. 2006. Foraging habits based on the diet of female northern fur 

seals (Callorhinus ursinus) on the Pribilof Islands, Alaska. J Zool., 270: 565-576. 
 
Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, Wang E, Kelly S, Allegood 

JC, Liu Y, Peng Q, Ramaraju H, Sullards MC, Cabot M, Merrill Jr. AH. 2006. 
Ceramides and other bioactive sphingolipid backbones in health and disease:  
Lipidomic analysis, metabolism and roles in membrane structure, dynamics, 
signaling and autophagy. Biochim Biophys Acta 1758: 1864-1884. 

 
Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, Zagzag D, Buechler P, Isaacs 

WB, Semenza GL, Simons JW. 1999. Overexpression of hypoxia-inducible factor 
1alpha in common human cancers and their metastases. Cancer Res. 59: 5830-
5835. 


