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SYMPOSIUM

The Fat of the Matter: How Dietary Fatty Acids Can Affect Exercise

Performance

Barbara ). Pierce™* and Scott R. McWilliams'

*Department of Biology, Sacred Heart University, 5151 Park Avenue, Fairfield, CT 06825, USA; 'Department of Natural
Resources Science, University of Rhode Island, Coastal Institute in Kingston, 1161 Greenhouse Road, Kingston, RI 02881,
USA

From the symposium “The Micro and Macro of Nutrient Effects in Animal Physiology and Ecology” presented at the
annual meeting of the Society for Integrative and Comparative Biology, January 3-7, 2014 at Austin, Texas.

'"E-mail: pierceb@sacredheart.edu

Synopsis Fatty-acid composition of fat stores affects exercise performance in a variety of vertebrates although few such
studies focus on flying vertebrates such as migratory birds, which are exceptional exercisers. We first discuss the natural
variation in quality of fat available in natural foods eaten by migratory birds and their behavioral preferences for specific
fatty acids in these foods. We then outline three proposed hypotheses for how dietary fatty acids can affect exercise
performance, and some of the evidence to date that pertains to these hypotheses with special emphasis on the exercise
performance of migratory birds. In theory, selectively feeding on certain long-chain unsaturated fatty acids may be
advantageous because (1) such fatty acids may be metabolized more quickly and may stimulate key facets of aerobic
metabolism (fuel hypothesis); (2) such fatty acids may affect composition and key functions of lipid-rich cell membranes
(membrane hypothesis); and (3) such fatty acids may directly act as signaling molecules (signal hypothesis). Testing these
hypotheses requires cleverly designed experiments that can distinguish between them by demonstrating that certain fatty
acids stimulate oxidative capacity, including gene expression and activity of key oxidative enzymes, and that this stim-
ulation changes during exercise.

there is considerable variation in the fatty-acid com-
position of natural foods; second, the fatty-acid com-
position of diet can heavily influence that of the
consumer’s stored fat (Ayre and Hulbert 1996;
Huang et al. 2005; Pierce and McWilliams 2005) al-

Introduction

A fundamental aspect of animal life history and ecol-
ogy is the ability of an organism to convert available
resources into usable nutrients and energy for main-
tenance, activity, and reproduction (Karasov and

Martinez del Rio 2007). In this article, we focus on
one large class of nutrients, the fats, and the effect of
the quality of fat (i.e., the fatty-acid composition of
fats) on animals’ performance. Fats are ubiquitous in
nature and are crucially important as primary build-
ing blocks of cell membranes, as signaling molecules,
and as a primary fuel for many animals (Pond 1998).
Consequently, the quality of fat affects metabolism,
influences disease, aging, and general health and per-
formance (Hulbert et al. 2005; Simopoulos 2007;
Weber 2009; Valencak and Azzu 2014). Besides
these crucial physiological functions and conse-
quences, two other aspects of fat quality are espe-
cially relevant to the performance of animals: First,

though less so for membranes (Hulbert et al. 2005;
Arnold et al. 2011). Taken together, the implication
is that an animal’s choice of diet will affect its fatty-
acid composition and this in turn can affect
performance.

Many studies of heterothermic endotherms and
ectotherms document how choice of diet affects fat
composition of the consumer, which in turn affects
performance in several ways. For example, hibernat-
ing vyellow-pine chipmunks (Eutamias amoenus)
fed diets with more polyunsaturated fatty acids
(PUFAs) had corresponding changes in the fatty-
acid composition of their membranes and this pos-
itively affected their performance during torpor

© The Author 2014. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
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(Geiser and Kenagy 1987). Golden-mantled ground-
squirrels (Spermophilus lateralis) consumed diets rich
in PUFA in the late summer and fall with subsequent
positive effects on their performance during hiberna-
tion (Frank 1992, 1994, 2002; Frank and Storey
1995). In fact, certain amounts and types of dietary
PUFAs, particularly the essential omega-3 (®3; first
double-bond occurs at the third carbon position
from the methyl [®] end) and omega-6 (w6; first
double-bond occurs at the sixth carbon position
from the methyl [®] end) fatty acids, seem especially
important for such heterotherms. For example, a
moderate amount of dietary PUFA was optimal for
enhancing torpor and decreasing the overall energy
cost of hibernation for captive ground-squirrels
(Frank 1992, 1994, 2002; Frank and Storey 1995,
1996; Florant 1998). Dietary fatty-acid composition
also affects composition of tissues and energetic per-
formance in ectotherms such as fish and reptiles. For
example, fatty-acid profiles of tissue fat in soft-
shelled turtles (Pelodiscus sinensis) were similar to
that of their diet (Huang et al. 2005). Atlantic
salmon (Salmo salar) and Atlantic charr (Salvelinus
alpinus) increased swimming efficiency when fed
diets containing either more 18:2w6 (nomenclature
is the number of carbons in chain:the number of
double-bonds) or a higher ratio of @3 PUFA to sat-
urated fatty acids (SFA) (McKenzie et al. 1998;
Wagner et al. 2004; Pettersson et al. 2010). Thus,
the quality of fat, and especially the amount or
ratio of essential ®3 and w6 PUFAs, influences en-
ergetic performance in hibernating mammals as well
as fish and choice of diet can mediate these effects.

The effect of fatty-acid composition on perfor-
mance of homeothermic endotherms such as migra-
tory birds is less studied, although recent work,
including some of our own, provides intriguing ev-
idence for such an effect on exercise performance
(Pierce and McWilliams 2005; Price and Guglielmo
2009; Price 2010). Migrating birds are remarkable
endurance athletes, in part because they must exer-
cise at very high intensities (>90% VO2max) to
achieve and sustain flight, and they rely primarily
on fats to fuel such intense exercise (McWilliams
et al. 2004; Guglielmo 2010). Below we discuss
recent work examining dietary preferences of birds
for certain fatty acids, the availability of dietary fatty
acids in natural diets of birds, and the impact of
those preferences for the fatty-acid composition of
birds and for birds’ expenditure of energy. We
then briefly review three current hypotheses that
can explain how certain fatty acids may affect exer-
cise performance, and the most relevant evidence for
each of the three proposed hypotheses, with special

B.]. Pierce and S. R. McWilliams

emphasis on exercise performance of migratory
birds.

Quality of dietary fat, preferences for
certain fats, and effects of fat on
performance

Fatty-acid composition of foods eaten by humans is
well studied and demonstrates that there is impres-
sive variation in the quality of fats of natural foods,
including oils and fish, the two predominant sources
of essential PUFAs in our diet, and this affects our
consumption of fatty acids and in turn our health
(Kris-Etherton et al. 2000). Few studies have exam-
ined the fatty-acid composition of natural foods
eaten by wild vertebrates. Boyles (2011) determined
the fatty-acid composition of seven species of fruit
available to songbirds during fall migration on Block
Island, RI, USA (Table 1). These seven fruits were
among the most commonly eaten fruits by birds
during fall migration in this region (Parrish 1997;
Smith et al. 2007; Bolser et al. 2013) and they clearly
varied in their fatty-acid composition (Table 1).
When given cafeteria-style choices of diets that dif-
fered only in fatty-acid composition, several species
of migratory songbird consistently preferred diets
with certain types of fatty acids, specifically diets
with more unsaturated fatty acids over those with
more saturated fatty acids, and diets with more
monounsaturated fatty acids (MUFAs) over those
with more PUFAs (Bairlein 1991; McWilliams et al.
2002; Pierce et al. 2005, 2004; Table 2). Furthermore,
Boyles (2011) found that birds preferred a 2:1 ratio
of MUFA:PUFA (Fig. 1). These behavioral prefer-
ences for certain fatty acids, along with information
about the fatty-acid composition of their primary
foods, have important ecological implications; for
example, if birds select fruits to achieve the preferred
2:1 ratio of MUFA:PUFA, then there is no single
fruit that satisfies this preference and so they must
eat a combination of fruits that includes northern
arrowwood and Virginia creeper. In fact, these two
kinds of fruit were found to be among the most
readily eaten by migrating songbirds during fall mi-
gration on Block Island (Parrish 1997; Smith et al.,
2007; Boyles 2011; Bolser et al. 2013). What remains
to be demonstrated is whether birds during migra-
tion select among foods with different compositions
of fatty acids to achieve a body-fat composition that
maximizes performance.

Migratory birds change the fatty-acid composition
of their fat stores between non-migratory and migra-
tory seasons (Pierce and McWilliams 2005). MUFA
consistently comprises more than 50% of the fatty
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Fatty acids and exercise performance

Table 1 Percent of fatty acids in seven kinds of fruit commonly eaten by migrating birds while on Block Island, RI

Percent of fatty acids in seven kinds of fruit eaten by songbirds

Oriental
Arrowwood Chokeberry Virginia creeper Pokeweed Bayberry bittersweet
(Viburnum (Photinia (Parthenocissus Multiflora rose (Phytolacca (Myrica (Celastrus
Fatty acid® recognitum) floribunda) quinquefolia) (Rosa multiflora) americana) pensylvanica) orbiculatus)
n: 12 15 3 3 1 1 2
12:0 - - - 12+0.20 - - -
14:0 - 1.1+£1.50 - - 15 142 6.8
16:0 17.3+2.42 19.24+5.88 25.3+2.86 18.5+1.83 19.0 55.3 21.8
16:107 31.1+£23.16 3.1+£5.47 124025 3.8+£1.54 - - -
18:0 1.6+1.18 43+224 24+0.05 32+£0.35 22 30.5 4.9
18:109 40.4 £ 19.07 122+6.39 29.2+1.51 28.8+9.93 27.5 - 122
18:206 6.4+2.63 34.9+10.15 40.9 £1.41 19.7 +4.89 32.2 - 30.2
18:3m3 - 12.0+£5.05 - 23.5+4.49 133 - 15.4
22206 - 8.1+4.28 - - - - -

Notes: All fruits have fat comprised mostly of a few fatty acids (i.e., 16-carbon and 18-carbon series) although the proportions of these few fatty
acids differ appreciably between species of fruit (after Boyles [2011]). Primary fatty acids (>15%) are in bold.

“Nomenclature is the number of carbons:the number of double-bonds in the fatty acid (e.g., 18:0 has 18 carbons with no double-bonds);
nomenclature for unsaturated fatty acids designates the carbon atom at which the double-bond occurs with an “©” (e.g., the double-bond for

18:1 @9 is at the ninth carbon position from the methyl [®] end).

Table 2 Preferences of passerines for MUFAs over polyunsaturated and/or saturated fatty acids

Unsaturated

MUFA (18:1) (18:1 or 18:2) Short-chain

over PUFA over saturated  saturate over 1:2 ratio of
Species (18:2 or 18:3)  (mostly 18:0) long-chain saturate  18:2/18:1 Source
Garden warbler (Sylvia borin) V VvV VvV Bairlein (1991)
Wood thrush (Hylocichla mustelina) vV vV Zurovchak (1997)
American robin (Turdus migratorius) VvV Zurovchak (1997)
Yellow-rumped warbler vV McWilliams et al. (2002)

(Setophaga coronata)

Red-eyed vireo (Vireo olivaceous) X vV vV Pierce et al. (2004)
Hermit thrush (Catharus guttatus) vV vV Boyles (2011)
European starling (Sturnus vulgaris) V X Boyles (2011)

Notes: Species with a check mark had the stated preference (e.g., Garden Warbler and Wood Thrush chose MUFA over PUFA), those with an
“X” mark did not show the stated preference, and those with no mark were not given this particular choice of fatty acids.

acids in the depot fat of birds during both seasons
(Fig. 2) although the ratio of MUFA to 18:2 ®6 in-
creased during migratory seasons in all four species
of passerine; interestingly, the two non-passerine spe-
cies showed the opposite trend (Fig. 2). Such sea-
sonal changes in the fatty-acid composition of fat
stores in birds seem primarily caused by changes in
diet with selective metabolism of specific fatty acids
playing a possibly important, but minor, role (Pierce
et al. 2004, Price et al. 2008; McWilliams et al. 2004;
Pierce and McWilliams 2005; Price 2010). These
studies demonstrated that diet primarily affects the
mid-chain-length fatty acids (e.g., 16:1 and 18:1) as

well as the essential fatty acids (e.g., 18:2) that pre-
dominate in the fat stores of free-living migratory
birds. Given that fat stores in songbirds during mi-
gration had a consistently higher ratio of MUFA to
18:2 6, this provides the ecological basis for the
hypothesis that songbirds with such a ratio of
MUFA:PUFA have enhanced exercise performance.
Two recent studies demonstrated for the first time
that migratory songbirds with fat depots mostly
composed unsaturated w6 fatty acids, in general, or
a certain essential fatty acid (i.e., 18:2), in particular,
have enhanced exercise performance as measured
during short-term intense exercise in a flight wheel

¥T0Z ‘T nbny uo sse00Y A18100S gDIS B /BI0'SfeuInolpioxogol//:dny woly pspeojumoq


; Price etal., 2008
chain 
,
of 
http://icb.oxfordjournals.org/

18:2 consumption (g dry)
° 5

o
3y

0.04= : .

18:1 consumption (g dry)

Fig. 1 Ratio of fatty acids consumed when hermit thrushes
(Catharus guttatus) were given paired choices of three diets that
differed only in certain fatty acids. Large diamonds show the ratio
of the two primary fatty acids (18:1 and 18:2) in each of the
three diets: Low 18:2 (bottom), medium 18:2 (middle), and high
18:2 (top). If thrushes had no dietary preference, then they
would eat equal amounts of each paired choice as shown by the
gray dashed line (low and medium choices of 18:2) and black
dashed line (medium and high choices of 18:2). However, total
18:1 versus 18:2 consumed (grams of dry mass day~' 4 SD) by
thrushes when given either paired-diet choice (two solid lines)
suggested a consistent preference for a 1:2 ratio of 18:2 to 18:1
(data from Boyles [2011]).

(Pierce et al. 2005; Price and Guglielmo 2009).
Specifically, red-eyed vireos (Vireo olivaceous) with
fat stores composed of more 18:2 had higher peak
metabolic rates (PMRs) and greater metabolic scope
than did vireos with more MUFAs (Pierce et al.
2005; Fig. 3a), and white-throated sparrows
(Zonotrichia albicollis) with fat stores composed of
more 06 fatty acids had higher PMR than did spar-
rows with fat stores composed of mostly ®3 fatty
acids (Price and Guglielmo 2009; Fig. 3b). These re-
sults are not consistent with the hypothesis that
songbirds with a higher ratio of MUFA to 18:2 w6
have enhanced exercise performance. However, close
inspection of the seasonal changes in songbirds
during migratory periods, compared with non-mi-
gratory periods (Fig. 2), reveals that in three of the
four songbird species (the exception is the red-eyed
vireo) the overall amount of 18:2 w6 in fat stores
increased during migration. Thus, the fatty-acid
composition of fat stores affected exercise perfor-
mance in the two songbird species studied thus far,
and the enhanced exercise performance may be re-
lated to having more 18:2 w6 rather than having a
certain ratio of MUFA:PUFA. Clearly, more studies
are needed that measure the quality of fat of a variety

B.]. Pierce and S. R. McWilliams
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Fig. 2 Seasonal changes in the percent of MUFAs and linoleic acid
(18:2) in subcutaneous fat stores or whole-body fat for several bird
species during non-migratory and migratory periods. Numbers
above bars denote the ratio of MUFAs to 18:2 in the fat stores or
body fat for the four passerine species and two non-passerine
species studied to date. Original data sources: REVI (Vireo olivaceus)
(Pierce and McWilliams 2005), WOTH (Hylocichla mustelina)
(Conway et al. 1994), SCJU (Junco hyemalis) (Bower and Helms
1968), WCSP (Zonotrichia leucophyrs) (Morton and Liebman 1974),
WESA (Calidris mauri) (Egeler and Williams 2000), and CAGO
(Branta canadensis) (Thomas and George 1975).

of natural foods eaten by free-living birds and that
directly measure the effect of fatty-acid composition
of tissues on exercise performance.

Possible mechanisms explaining
enhanced exercise performance

In theory, selectively eating, and hence storing, cer-
tain long-chain unsaturated fatty acids may be ad-
vantageous because (1) such fatty acids may be
preferentially mobilized and metabolized more
quickly (fuel hypothesis); (2) such fatty acids may
affect composition and key functions of lipid-rich
cell membranes (membrane hypothesis); and (3)
such fatty acids may stimulate key facets of aerobic
metabolism, for example, stimulating expression of
genes involved in the oxidation of fatty acids
(signal hypothesis) (Fig. 4). Below we discuss aspects
of each of these hypotheses and how they may relate
to the observed effect on exercise performance of
migratory birds. Although we separately describe
these three hypotheses for convenience, they are
not mutually exclusive.

Fuel hypothesis

The fuel hypothesis states that enhanced exercise per-
formance occurs because certain fatty acids are more
quickly mobilized and metabolized, and this can
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Fig. 3 (a) Resting metabolic rate (RMR) and PMR for two groups of red-eyed vireos fed diets with different compositions of fatty acids.
Metabolic scope is PMR divided by RMR. Asterisk denotes significant difference in PMR between the two dietary groups (after Pierce
et al. [2005]). (b) PMR in white-throated sparrows. Hm3 and Hwé birds were fed high-omega-3 (®3) and high-wé6 PUFA diets. Ho3RI
and Hw6RI birds were fed the same diets, lost mass through restricted intake, and then were switched to an intermediate diet. There
was a significant difference in PMR (¥*P=0.037) between the Hw3 and Hwé groups. Data expressed as mean + SE (after Price and

Guglielmo [2009]).

External environment via diet

Fatty acids Other Integr:

(e.g., glucocorticoi
Membrane
Hall et al. 2013 E
Fuel

Signal

Nebel et al. 2012 JEB 21

Energy Oxidative| Immune| Neural

metabolism control

system

Subnetworks

After Cohen et al. 201

Fig. 4 A simplified schematic of a physiological regulatory net-
work that indicates how certain dietary fatty acids serve as key
“integrators” that interact with multiple systems (subnetworks)
and each other, thereby ensuring an appropriate match between
phenotype and environmental conditions (after Cohen et al.
[2012]). Dietary fatty acids have been shown to influence the
immune system (Nebel et al. 2012) and neurogenesis (Hall et al.
2013). The three hypotheses (membrane, fuel, and signal)
whereby certain fatty acids affect exercise performance are de-
scribed in the text.

occur in several ways: Selective mobilization from
adipocytes, enhanced transport to target tissues,
and/or selective uptake by, and intracellular transport
in, muscles cells (McWilliams et al. 2004; reviewed

by Guglielmo [2010] and Price [2010]). Several stud-
ies across taxa have shown that mobilization of
shorter-chain SFAs and fatty acids with more dou-
ble-bonds (e.g., 18:2 ®6) was more rapid from fat
stores in rats, fish, and birds (Raclot and Groscolas
1995; Sidell et al. 1995; Hulbert et al. 2005; Price
et al. 2008). This pattern of selective mobilization
appears to be unaffected by season or physiological
state (e.g., migratory-state, fasted, energy-depleted,
and exercised) in rats and birds (Raclot and
Groscolas 1995; Price et al. 2008; Price 2010). Once
mobilized from fat stores, fatty acids require solubi-
lization and intracellular translocation by the family
of fatty-acid binding proteins (FABPs) such that an
increase in the number and action of FABPs present
in the cell membranes and in cytosols of muscle cells
increases oxidative capacity (Guglielmo et al. 1998,
2002; McFarlan et al. 2009; Guglielmo 2010).

The hypothesis of preferential mobilization and
utilization of certain fatty acids has been invoked
to explain how fatty-acid composition affects perfor-
mance in rats, lizards, fish, and more recently migra-
tory birds (Leyton et al. 1987; Geiser and Learmonth
1994; Raclot and Groscolas 1995; McKenzie et al.
1998; Wagner et al. 2004; Pierce et al. 2005, Price
et al. 2008; Price and Guglielmo 2009; Pettersson
et al. 2010). The work of Price and Guglielmo
(2009) is worth highlighting because they used a
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cleverly designed sequence of feeding and fasting
protocols to produce white-throated sparrows with
fat stores and muscle membranes composed of dif-
ferent fatty acids. Consequently, they were able to
demonstrate for the first time that the enhanced ex-
ercise performance of sparrows (Fig. 3) was associ-
ated with the fatty-acid composition of fat stores
rather than with that of muscle membranes. The im-
plied mechanism for the enhanced performance in-
cluded selective uptake of fatty acids into muscle
cells and selective intramyocyte transport (Price
and Guglielmo 2009; Price 2010). Although many
of these studies show support for the fuel hypothesis
in that certain fatty acids, such as 18:2 ®6, are me-
tabolized more quickly at many steps of fatty-acid
oxidation, and selective uptake and processing are
possible, they do not prove that this is the primary
mechanism responsible for enhanced exercise perfor-
mance in migratory birds with certain compositions
of fatty acids (Guglielmo 2010; Price 2010). In vivo
studies that examine selective uptake and intracellu-
lar transport of certain fatty acids in muscle cells
during exercise would be quite informative, especially
if combined with well-designed manipulations of
diets and feeding regimes.

Membrane hypothesis

The membrane hypothesis states that the fatty-acid
composition of membrane phospholipids can affect
key aspects of the structure and function of mem-
branes (2000; Hulbert et al. 2005), and thus the ex-
ercise performance of an organism (Valencak et al.
2003; Maillet and Weber 2006, 2007; Weber 2009;
Price 2010). The fatty-acid composition of the diet
influences the phospholipid composition of muscle
membranes in vertebrates, and this effect of diet on
the composition of membranes is especially strong
for dietary ®3 and ®6 compared with other fatty
acids (e.g., shorter-chained saturated fatty acids
[Hulbert et al. 2005; Maillet and Weber 2006,
2007]). Accordingly, the fatty-acid composition of
cellular and sub-cellular membrane phospholipids
converged with that of diet in migrating shorebirds
that consumed marine invertebrates laden with ®3
PUFAs (Maillet and Weber 2006, 2007). An increase
in membrane PUFAs has potential functional impor-
tance for animals undergoing exercise in that (1) ®3
and/or ®6 PUFAs increase the fluidity and perme-
ability of cell membranes (Stillwell and Wassall 2003;
Weber 2009) and (2) ®3 and/or w6 PUFAs are
known to influence the activity of membrane-
bound proteins and enzymes (e.g., UCP and -
ATPases) that could affect efficiency of aerobic

B.]. Pierce and S. R. McWilliams

respiration (Hulbert and Else 2000; Infante et al.
2001; Hulbert et al. 2005; Maillet and Weber 2006,
2007; Gerson et al. 2008).

Several lines of evidence suggest a link between the
®3 and/or 6 PUFA content in membrane phospho-
lipids and exercise performance. For example, maxi-
mal running speed in 36 species of mammals was
strongly related to the @6 PUFA content of the phos-
pholipids in their muscle membranes (Ruf et al.
2006), and regular exercise increased PUFA content
of muscle membranes in humans (Andersson et al.
2000). Also, PUFA-rich membranes have been found
in various muscle types having high aerobic capacity,
such as the pectoralis muscle in hummingbirds and
the shaker muscle in rattlesnakes (Infante et al.
2001). Along with high levels of w3 PUFAs, these
muscle membranes had increased Ca®"-ATPase ac-
tivity, which may play a significant role in metabo-
lism during exercise (Infante et al. 2001; Ruf et al.
2006). Furthermore, the activity of Na+/K4--ATPase
enzyme in the tissue membranes of birds and mam-
mals has been correlated with the amount of 22:6m3
in the membrane, suggesting a causal link between
certain types of PUFA and metabolic rate (Wu et al.
2001, 2004; Turner et al. 2003).

Signal hypothesis

The signal hypothesis states that certain dietary fatty
acids (most notably the ®3 and w6 PUFAs) directly
act as natural ligands for receptors that regulate the
expression of genes associated with lipid metabolism
(McClelland 2004; Bordoni et al. 2006; Maillet and
Weber 2006, 2007; Weber 2009). In particular, PUFA
directly bind to, and regulate, the activity of perox-
isome  proliferator-activated  nuclear  receptors
(PPARs) which are well known to stimulate expres-
sion of genes involved in the oxidation of fatty acids
(Hochachka and Somero 2002; Pawar et al. 2002;
Zhang et al. 2004; Narkar et al. 2008; Weber 2009),
although the specific mechanism of action depends
on the type of PPAR (Feige et al. 2006). PPAR « and
B stimulate the oxidation and transport of fatty
acids, whereas PPAR vy is involved in the storage of
lipids and in the differentiation of adipocytes
(Desvergne and Wahli 1999; Nagahuedi et al
2009). The effects of PUFAs on gene expression
depend largely on the cellular concentration of
PUFA, although it is not yet clear whether a specific
amount, or ratio, of dietary ®3 and w6 fatty acids is
optimal (Bordoni et al. 2006). The direct binding of
certain dietary PUFAs to PPARs that then activate
the genes regulating lipid metabolism provides an
example of “natural doping” whereby exercising
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animals can eat certain PUFAs, upregulate key as-
pects of lipid metabolism, and so enhance their ex-
ercise performance (Maillet and Weber 2006, 2007;
Weber 2009). Such natural doping on ®3 PUFAs has
been proposed for semipalmated sandpipers (Calidris
pusilla) as they pause at key stopover sites during fall
migration (Maillet and Weber 2007). Whether this is
a most interesting but unusual case in migratory
birds deserves further investigation.

PUFAs and exercise performance of
migratory birds: an integrative
perspective

A fundamental aspect of the interactions between
organism and environment is the integration of
physiological and biochemical processes across orga-
nizational levels to understand whole-organism per-
formance within an ecological context. Migratory
birds are excellent model systems for investigating
such integrative questions because migratory birds
are impressive endurance athletes that use primarily
fats to fuel their flights, and diet strongly influences
the fatty-acid composition of stored fat that in turn
affects whole-animal energetics during exercise.
Evidence to date from migratory birds suggests that
the fatty-acid composition of diet can influence per-
formance during flight through mechanisms that
control energy metabolism and the peroxidation of
lipid. In this article, we have emphasized a few other
important aspects of this interaction between diet
and performance: (1) The fatty-acid composition of
natural foods is quite variable; (2) migratory birds, as
well as other vertebrates, discriminate between foods
based on fatty-acid composition; and (3) diet pri-
marily affects the mid-chain-length fatty acids (e.g.,
16:1 and 18:1) that predominate in free-living migra-
tory birds, as well as the essential fatty acids (e.g.,
18:2). The implication is that migratory birds, as well
as other vertebrates, can select diets so as to achieve a
certain fatty-acid composition and thereby influence
their exercise performance.

The three proposed hypotheses (fuel, membrane,
and signal) for how dietary fatty acids affect exercise
performance implicate the amount and/or ratio of
®3 and 6 PUFAs as being most important.
Selective uptake of these PUFAs by myocytes directly
influences their intracellular concentration that, in
turn, impacts multiple aspects of lipid metabolism.
Intracellular concentrations determine the availability
of PUFAs as fuel, and permit the incorporation of
PUFAs into the phospholipids of cellular membranes
and affect the activity of key membrane proteins re-
sponsible for energy metabolism. In addition, the

intracellular concentration of ®3 PUFAs is directly
related to their degree of nuclear action in regulating
genes involved in lipid metabolism. Thus, discrimi-
nating between these three hypotheses requires well-
designed experiments that elucidate how certain fatty
acids (e.g., 18:2 ®6) stimulate oxidative capacity, in-
cluding PPAR expression and the activity of key ox-
idative enzymes and transport proteins, and how this
stimulation of oxidative capacity changes during ex-
ercise. Furthermore, the reliance on PUFAs to fuel
exercise is physiologically challenging because PUFAs
are highly prone to oxidation and generally produce
increased levels of oxidative stress compared with
other shorter-chained and/or saturated fatty acids.
How the antioxidant defense system in birds re-
sponds to the increased oxidative stress associated
with metabolism of certain fatty acids, for example,
PUFAs, during exercise remains largely unexplored.
Unraveling such basic determinants of whole-animal
performance, in general, and exercise performance in
migratory birds, in particular, is a fundamental yet
largely unexplored aspect of organism—environment
interactions that has broad implications for animal
ecology (e.g., diet selection, habitat requirements,
and competition) and, in turn, the conservation
and management of migratory birds.

Acknowledgments

The authors thank many colleagues, students, and
friends who have helped over the years with our
studies of fat metabolism and exercise performance
in birds and in developing these ideas including (in
alphabetical order) N. Ballerstaedt, H. Biebach, B.
Biebach, M. Boyles, M. Chappell, S. Comings,
S. Engel, A. Gerson, W. Goymann, Z. Hall,
C. Halstead, Z. Laden, L. Langlois, K. McPherson,
M. Oltrogge, J. Osenkowski, David Peregrim,
D. Podlesak, E. Price, N. Rattenborg, Matthew Rigoli,
C. Schmidt-Wellenburg, and A. Witenzellner. They
specially thank their primary collaborators on these
and other related projects including U. Bauchinger,
C. Guglielmo, W. Karasov, T. O’Connor, and A.
Place. They especially thank M. Boyles for allowing
them to mine data in their master’s thesis.

Funding

This work on fat metabolism and exercise perfor-
mance in migratory birds has been supported by
National Science Foundation grants [IBN-9983920
and 10S-0748349] and US Department of
Agriculture grant [RIAES-538748].

¥T0Z ‘T nbny uo sse00Y A18100S gDIS B /BI0'SfeuInolpioxogol//:dny woly pspeojumoq


via 
review
a
the 
, 
b
, 
c
,
are 
to 
e.g.
-
Our 
research 
(
) 
nited 
tated
(
).  
http://icb.oxfordjournals.org/

References

Andersson A, Sjodin A, Hedman A, Olsson R, Vessby B. 2000.
Fatty acid profile of skeletal muscle phospholipids in
trained and untrained young men. Am ] Physiol
Endocrinol Metab 279:744-51.

Arnold W, Ruf T, Frey-Roos F, Bruns U. 2011. Diet-indepen-
dent remodeling of cellular membranes precedes seasonally
changing body temperature in a hibernator. PLoS One
6:e18641.

Ayre KJ, Hulbert AJ. 1996. Dietary fatty acid profile influences
the composition of skeletal muscle phospholipids in rats.
J Nutr 126:653-62.

Bairlein F. 1991. Nutritional adaptations to fat deposition in
the long-distance migratory Garden Warbler (Sylvia borin).
Proceedings of the 20th International Ornithological
Congress. Christ-church, NZ:2149-58.

Bolser JA, Smith AD, Alan RR, Li L, Seeram NP,
McWilliams SR. 2013. Birds select fruits with more antiox-
idants during autumn migration. Wilson ] Ornithol
125:97-108.

Bordoni A, Nunzio MD, Danesi F, Biagi PL. 2006.
Polyunsaturated fatty acids: from diet to binding to
PPARS and other nuclear receptors. Genes Nutr 1:95-106.

Bower EB, Helms CW. 1968. Seasonal variation in fatty acids
of the slate-colored junco (Junco hyemalis). Physiol Zool
21:157-68.

Boyles M. 2011. Seasonal diet preferences for fatty acids differ
between species of migratory passerine, are affected by an-
tioxidant level, and relate to the fatty acid composition of
wild fruits. Natural Resources ScienceKingston (RI):
University of Rhode Island. 119 pp.

Cohen A, Martin LB, Wingfield JC, McWilliams SR,
Dunne JA. 2012. Physiological regulatory networks: ecolog-
ical roles and evolutionary constraints. Trends Ecol Evol
27:428-35.

Conway CJ, Eddleman WR, Simpson KL. 1994. Seasonal
changes in fatty acid composition of the wood thrush.
Condor 96:791-4.

Desvergne B, Wahli W. 1999. Peroxisome proliferator-acti-
vated receptors: nuclear control of metabolism. Endocr
Rev 20:649-88.

Egeler O, Williams TD. 2000. Seasonal, age, and sex-related
variation in fatty-acid composition of depot fat in relation
to migration in western sandpipers. Auk 117:110-9.

Feige JN, Gelman L, Michalik L, Devergne B, Wahli W. 2006.
From molecular action to physiological outputs: peroxi-
some proliferator-activated receptors are nuclear receptors
at the crossroads of key cellular functions. Prog Lipid Res
45:120-59.

Florant GL. 1998. Lipid metabolism in hibernators: the im-
portance of essential fatty acids. Am Zool 38:331-40.

Frank CL. 1992. The influence of dietary fatty acids on hiber-
nation by golden-mantled ground squirrels (Spermophilus
lateralis). Physiol Zool 65:906-20.

Frank CL. 1994. Polyunsaturate content and diet selection by
ground  squirrels  (Spermophilus  lateralis).  Ecology
75:458-63.

Frank CL. 2002. Short-term variations in diet fatty acid com-
position and torpor by ground squirrels. J Mammal
83:1013-9.

B.]. Pierce and S. R. McWilliams

Frank CL, Storey KB. 1995. The optimal depot fat com-
position for hibernation by golden-mantled ground
squirrels (Spermophilus lateralis). ] Comp Physiol B
164:536—42.

Frank CL, Storey KB. 1996. The effect of total unsaturate
content on hibernation. In: Geiser F, Hulbert AJ,
Nicol SC, editors. Adaptations to the cold. Armidale:
University of New England Press. p. 211-6.

Geiser F, Kenagy GJ. 1987. Polyunsaturated lipid diet length-
ens torpor and reduces body temperature in a hibernator.
Am ] Physiol 252:R897-901.

Geiser F, Learmonth RP. 1994. Dietary fats, selected body
temperature and tissue fatty acid composition of agamid
lizards (Amphibolurus nuchalis). ] Comp Physiol B
164:55-61.

Gerson AR, Brown JCL, Thomas R, Bernards MA, Staples JF.
2008. Effects of dietary polyunsaturated fatty acids on mi-
tochondrial metabolism in mammalian hibernation. J Exp
Biol 211:2689-99.

Guglielmo C. 2010. Move that fatty acid: fuel selection and
transport in migratory birds and bats. Integr Comp Biol
50:336—45.

Guglielmo C, Haunerland NH, Williams TD. 1998. Fatty acid
binding protein, a major protein in the flight muscle of
migrating western sandpipers. Comp Biochem Physiol
119:549-55.

Guglielmo CG, Haunerland NH, Hochachka PW,
Williams TD. 2002. Seasonal dynamics of flight muscle
fatty acid binding protein and catabolic enzymes in a
long-distance  migrant  shorebird. Am ] Physiol
282:R1405-13.

Hall Z], Bauchinger U, Gerson AR, Price ER, Langlois LA,
Boyles M, Pierce B, McWilliams SR, Sherry DF,
MacDougal-Shackleton SA. 2013. Site-specific regulation
of adult neurogenesis by dietary fatty acid content, vitamin
E and flight exercise in European starlings. Eur J Neurosci
2013:1-8.

Hochachka PW, Somero GN. 2002. Biochemical adaptation—
mechanisms and process in physiological evolution. 2nd ed.
New York (NY): Oxford University Press.

Huang C-H, Lin W-L, Chu J-H. 2005. Dietary lipid level
influences fatty acid profiles, tissue composition, and lipid
peroxidation of soft-shelled turtle, Pelodiscus sinensis. Comp
Biochem Physiol A 142:383-8.

Hulbert AJ, Else PL. 1999. Membranes as possible pacemakers
of metabolism. ] Theor Biol 199:257-74.

Hulbert AJ, Else PL. 2000. Mechanisms underlying the cost of
living in animals. Annu Rev Physiol 62:207-35.

Hulbert AJ, Turner N, Storlien LH, Else PL. 2005. Dietary fats
and membrane function: implications for metabolism and
disease. Biol Rev 80:155-69.

Infante JP, Kirwan RC, Brenna JT. 2001. High levels of do-
cosahexaenoic acid (22:6n—3)-containing phospholipids in
high-frequency contraction muscles of hummingbirds and
rattlesnakes. Comp Biochem Physiol B 130:291-8.

Karasov WH, Martinez del Rio C. 2007. Physiological ecology:
how animals process energy, nutrients, and toxinsPrinceton
(NJ): Princeton University Press.

Kris-Etherton PM, Taylor DS, Yu-Poth S, Huth P,
Moriarty K, Fishell V, Hargrove RL, Zhao G,
Etherton TD. 2000. Polyunsaturated fatty acids in the

¥T0Z ‘T nbny uo sse00Y A18100S gDIS B /BI0'SfeuInolpioxogol//:dny woly pspeojumoq


http://icb.oxfordjournals.org/

Fatty acids and exercise performance

food chain in the United States. Am J Clin Nutr
71:1795-885.

Leyton J, Drury PJ, Crawford MA. 1987. Differential oxida-
tion of saturated and unsaturated fatty acids in vivo in the
rat. Br ] Nutr 57:383-93.

Maillet M, Weber J-M. 2006. Performance-enhancing
role of dietary fatty acids in a long-distance migrant
shorebird: the semipalmated sandpiper. ] Exp Biol
209:2686-95.

Maillet M, Weber J-M. 2007. Relationship between n-3 PUFA
content and energy metabolism in the flight muscles of a
migrating shorebird: evidence for natural doping. J Exp
Biol 210:413-20.

McClelland GB. 2004. Fat to the fire: the regulation of lipid
oxidation with exercise and environmental stress. Comp
Biochem Physiol B 139:443-60.

McFarlan JT, Bonen A, Guglielmo CG. 2009. Seasonal up-
regulation of protein mediated fatty acid transport n
flight muscles of migratory white-throated sparrows
(Zonotricha albicollis). T Exp Biol 212:2934-40.

McKenzie DJ, Higgs DA, Dosanjh BS, Deacon G, Randall DJ.
1998. Dietary fatty acid composition influences swimming
performance in Atlantic salmon (Salmo salar) in seawater.
Fish Physiol Biochem 19:111-22.

McWilliams SR, Guglielmo C, Pierce BJ, Klaassen M. 2004.
Flying, fasting, and feeding in birds during migration: a
nutritional and physiological ecology perspective. J Avian
Biol 35:377-93.

McWilliams SR, Kearney S, Karasov WH. 2002. Dietary pref-
erences of warblers for specific fatty acids in relation to
nutritional requirements and digestive capabilities. ] Avian
Biol 33:167-74.

Morton ML, Liebman HA. 1974. Seasonal variations in fatty
acids of a migratory bird with and without a controlled
diet. Comp Biochem Physiol A 48:329-35.

Nagahuedi S, Popesku JT, Trudeau VL, Weber J-M. 2009.
Mimicking the natural doping of migrant sandpipers in
sedentary quails: effects of dietary n-3 fatty acids on
muscle membranes and PPAR expression. J Exp Biol
212:1106-14.

Narkar VA, Downes M, Yu RT, Embler E, Wang Y-X,
Banayo E, Mihaylova MM, Nelson MC, Zou Y,
Juguilon H, et al. 2008. AMPK and PPAR-delta agonists
are exercise mimetics. Cell 134:405-15.

Nebel S, Bauchinger U, Buehler DM, Langlois LA, Boyles M,
Gerson AR, Price ER, McWilliams SR, Guglielmo CG. 2012.
Constitutive immune function in European starlings
Sturnus vulgaris is decreased in response to endurance
flight in a wind tunnel. ] Exp Biol 215:272-8.

Parrish JD. 1997. Patterns of frugivory and energetic condi-
tion in nearctic landbirds during autumn migration.
Condor 99:681-97.

Pawar A, Xu J, Jerks E, Mangelsdorf DJ, Jump DB. 2002. Fatty
acid regulation of liver X receptors (LXR) and peroxisome
proliferator-activated receptor « (PPAR«) in HEK293 cells.
] Biol Chem 277:39243-50.

Pettersson A, Pickova ], Brannas E. 2010. Swimming perfor-
mance at different temperatures and fatty acid composition
of Arctic charr (Salvelinus alpinus) fed palm and rapeseed
oils. Aquaculture 300:176-81.

Pierce BJ, McWilliams SR. 2005. Seasonal changes in compo-
sition of lipid stores in migratory birds: causes and conse-
quences. Condor 107:271-81.

Pierce BJ, McWilliams SR, O’Connor T, Place AR,
Guglielmo C. 2005. Effect of dietary fatty acid composition
on depot fat and exercise performance in a migrating song-
bird, the red-eyed vireo. J Exp Biol 208:1277-85.

Pierce BJ, McWilliams SR, Place AR, Huguenin MA. 2004.
Diet preferences for specific fatty acids and their effect on
composition of fat reserves in migratory red-eyed vireos
(Vireo olivaceous). Comp Biochem Physiol A 138:503—14.

Pond CM. 1998. The fats of life. Cambridge, UK: Cambridge
University Press.

Price ER. 2010. Dietary lipid composition and avian migra-
tory flight performance: development of a theoretical
framework for avian fat storage. Comp Biochem Physiol
A 157:297-309.

Price ER, Guglielmo CG. 2009. The effect of muscle phospho-
lipid fatty acid composition on exercise performance: a
direct test in the migratory white-throated sparrow. Am J
Physiol 297R:R775-82.

Price ER, Krokfors A, Guglielmo CG. 2008. Selective mobili-
zation of fatty acids from adipose tissue in migratory birds.
J Exp Biol 211:29-34.

Raclot T, Groscolas R. 1995. Selective mobilization of adipose
tissue fatty acids during energy depletion in the rat. J Lipid
Res 36:2164-73.

Ruf T, Valencak T, Tataruch F, Arnold W. 2006. Running
speed in mammals increases with muscle n-6 polyunsatu-
rated fatty acid content. PLoS One 1:e65.

Sidell BD, Crockett EL, Driedzic WR. 1995. Antarctic fish
tissues preferentially catabolize monoenoic fatty acids.
] Exp Zool 271:73-81.

Simopoulos AP. 2007. Omega-3 fatty acids and athletics. Curr
Sports Med Rep 6:230-6.

Smith SB, McPherson KH, Backer JM, Pierce B]J,
Podlesak DW, McWilliams SR. 2007. Fruit quality and con-
sumption by songbirds during autumn migration. Wilson J
Ornithol 119:419-28.

Stillwell W, Wassall SR. 2003. Docosahexaenoic acid: mem-
brane properties of a unique fatty acid. Chem Phys Lipids
126:1-27.

Thomas VG, George JC. 1975. Plasma and depot fat fatty
acids in Canada Geese in relation to diet, migration, and
reproduction. Physiol Zool 48:157-67.

Turner N, Else PL, Hulbert AJ. 2003. Docosahexaenoic acid
(DHA) content of membranes determines molecular activ-
ity of the sodium pump: implications for disease states and
metabolism. Naturwissenschaften 90:521-3.

Valencak TG, Arnold W, Tataruch F, Ruf T. 2003. High con-
tent of polyunsaturated fatty acids in muscle phospholipids
of a fast runner, the European brown hare (Lepus euro-
paeus). ] Comp Physiol B 173:695-702.

Valencak TG, Azzu V. 2014. Making heads or tails of mito-
chondrial membranes in longevity and aging: a role for
comparative studies. Longev Healthspan 3:3.

Wagner GN, Balfry SK, Higgs DA, Lall SP, Farrell AP. 2004.
Dietary fatty acid composition affects the repeat swimming
performance of Atlantic salmon in seawater. Comp
Biochem Physiol A 137:567-76.

¥T0Z ‘T nbny uo sse00Y A18100S gDIS B /BI0'SfeuInolpioxogol//:dny woly pspeojumoq


http://icb.oxfordjournals.org/

10

Weber J-M. 2009. The physiology of long-distance migration:
extending the limits of endurance metabolism. J Exp Biol
212:593-7.

Wu BJ, Else PL, Storlien LH, Hulbert AJ. 2001. Molecular
activity of Na+/K+-ATPase from different sources is re-
lated to the packing of membrane lipids. J Exp Biol
204:4271-80.

Wu BJ, Hulbert AJ, Storlien LH, Else PL. 2004. Membrane
lipids and sodium pumps of cattle and crocodiles: an

B.]. Pierce and S. R. McWilliams

experimental test of the membrane pacemaker theory of
metabolism. Am J Physiol 287:R633—41.

Zhang ], Phillips DIW, Wang C, Byrne CD. 2004. Human
skeletal muscle PPAR«x expression correlates with fat me-
tabolism gene expression but not BMI or insulin sensitivity.
Am ] Physiol 286:E168-75.

Zurovchak JG. 1997. Nutritional role of high-lipid fruits in
the diet of migrant thrushes. New Brunswick (NJ): Rutgers
University.

¥T0Z ‘T nbny uo sse00Y A18100S gDIS B /BI0'SfeuInolpioxogol//:dny woly pspeojumoq


http://icb.oxfordjournals.org/
https://www.researchgate.net/publication/263816805

	The Fat of the Matter: How Dietary Fatty Acids Can Affect Exercise Performance
	Recommended Citation

	OP-ICBJ140097 1..10

