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Abstract

Multiple studies have demonstrated that diet (e.g., fatty acid composition, antioxidants) and exercise training affect the
metabolic performance of songbirds during aerobic activity, although the physiological mechanisms that cause such an effect
remain unclear. We tested the hypothesis that elevated proportions of dietary linoleic acid (18:2n6) and amounts of dietary
anthocyanins (a hydrophilic antioxidant class) influence the activity and protein expression of oxidative enzymes in flight
and leg muscle of European Starlings (Sturnus vulgaris N=96), a subset of which were flown over 15 days in a wind tun-
nel. Carnitine palmitoyl transferase (CPT) and citrate synthase (CS) activity displayed 18:2n6-dependent relationships with
soluble protein concentration. Lactate dehydrogenase (LDH) was similarly related to protein concentration although also
dependent on both dietary anthocyanins and flight training. 3-Hydroxyacyl CoA Dehydrogenase (HOAD) activity increased
throughout the experiment in flight muscle, whereas this relationship was dependent on dietary anthocyanins in the leg mus-
cle. Soluble protein concentration also increased throughout the experiment in the flight muscle, but was unrelated to date
in the leg muscle, instead being influenced by both dietary anthocyanins and flight training. Training also produced additive
increases in CPT and leg muscle HOAD activity. FAT/CD36 expression was related to both dietary 18:2n6 and training and
changed over the course of the experiment. These results demonstrate a notable influence of our diet manipulations and flight
training on the activity of these key oxidative enzymes, and particularly CPT and CS. Such influence suggests a plausible
mechanism linking diet quality and metabolic performance in songbirds.
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Introduction

Diet quantity and quality have been long recognized to exert
substantial influence on the performance of individual ani-
mals, ranging from effects on growth to immunocompetence,
capacity for physical exertion, and social behavior (Klasing
1998; McDonald et al. 2011; Lihoreau et al. 2015). Diet
can influence whole-animal performance in several ways:
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it can change the supply of raw materials used to support
both metabolism and the growth of new tissue, it can change
the structural and functional properties of existing tissue as
old molecules turn over, or it can start signaling cascades
to change the regulation of tissue structure and function.
Studies that manipulated dietary fatty acid composition
have found subsequent effects on organism-level growth
(Twining et al. 2016b), metabolic rates (Pierce et al. 2005;
Price and Guglielmo 2009), endurance (Ayre and Hulbert
1997), energetic efficiency (Mcwilliams et al. 2020), and
maximum speed (McKenzie and Higgs 1998). Such effects
have been observed in a wide range of species, but have
been particularly well-documented in songbirds (Pierce
and McWilliams 2014; Martinez del Rio and McWilliams
2016; Twining et al. 2016a). Despite these proof-of-concept
demonstrations, manipulations of dietary fatty acids have
produced inconsistent effects on energy metabolism when
studies used different species, used birds of different ages,
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and manipulated different fatty acids (e.g. BMR: Pierce et al.
2005; Amitai et al. 2009; Price and Guglielmo 2009; Twin-
ing et al. 2016b). This inconsistency highlights the need
for a more thorough understanding of the mechanisms that
may link dietary fatty acid composition with organism-level
performance.

Changes in the supply and catabolism of fatty acids for
energy by one of several mechanisms are hypothesized to
link dietary fatty acid composition to energy metabolism in
songbirds (Guglielmo 2010; Price 2010; Pierce and McWil-
liams 2014). While such changes could result from the prop-
erties of the fatty acids themselves (Raclot 2003; Price et al.
2008; Mustonen et al. 2009), they could also be the result
of differing activities of rate-limiting transport proteins and
catabolic enzymes responsible for shepherding fatty acids to
the mitochondria and breaking them down to produce ATP
(McClelland 2004; Weber 2011). Specifically, the activity of
these transporters and enzymes could be indirectly increased
by polyunsaturated fatty acids (PUFA) upregulating their
expression with the activation of peroxisome proliferator-
activated receptor (PPAR) pathways (Sampath and Ntambi
2004; Marion-Letellier et al. 2016; Hamilton et al. 2018).
Alternately, the activity of transporters and enzymes that
are integrated into cell and mitochondrial membranes could
be directly increased by changes in the properties of those
membranes following the incorporation of greater propor-
tions of PUFA (Turner et al. 2006; Maillet and Weber 2007,
Giroud et al. 2013). Previous studies have tested the effect
of certain dietary combinations of fatty acids and certain
long-chain PUFA on the activity of these oxidative enzymes
(Nagahuedi et al. 2009; Price and Guglielmo 2009; Dick and
Guglielmo 2019), but these studies did not compare diets
formulated to investigate the specific effects of linoleic acid
(18:2n6), a PUFA implicated by several studies of organism-
level performance (Ayre and Hulbert 1997; McKenzie and
Higgs 1998; Pierce et al. 2005; Mcwilliams et al. 2020).

Diets and tissues containing high concentrations of PUFA
relative to saturated (SFA) and monounsaturated fatty acids
(MUFA) are more susceptible to oxidative damage than
those with lower relative concentrations (Hulbert 2010;
Skrip and McWilliams 2016). This risk, combined with the
proximity of lipid transporters and oxidative enzymes to
reactive species production in the mitochondria creates a
potential tradeoff in which PUFA-derived enhancements to
energy metabolism are limited by increased damage to those
transporters and enzymes. However, this tradeoff could be
mitigated by the supplementation of dietary antioxidants,
which could either prophylactically prevent damage or
enhance recovery following damage (Larcombe et al. 2008;
Beaulieu and Schaefer 2013; Cooper-Mullin and McWil-
liams 2016). Additionally, many of the high-PUFA foods
eaten by terrestrial songbirds during migration also contain
high concentrations of antioxidants (Bolser et al. 2013; Alan
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and McWilliams 2013). Thus, it is important to consider
potential interactions with dietary antioxidants when test-
ing the effects of dietary PUFA on the activity of fatty acid
transporters and oxidative enzymes.

The properties and capabilities of muscle are also
dependent on the extent to which they are used. Differences
in use are therefore reflected in variation in lipid transport
and catabolism among muscles (Siu et al. 2003; Zhang et al.
2015b), and increases in lipid transport and catabolism fol-
lowing training (Helge et al. 2001; Anttila et al. 2010; Zhang
et al. 2015a). For many songbirds, such training may pro-
vide critical preparation for migratory flights (Lundgren
and Kiessling 1986; Guglielmo et al. 2002), and comple-
ment fatty acid-derived changes to their capacity for energy
metabolism. The elevated metabolism required by training
also increases the production of pro-oxidant reactive species
(Mataix et al. 1998; Larcombe et al. 2008; Jenni-Eiermann
et al. 2014), potentially increasing the need for dietary anti-
oxidants to counter damage to tissues. Therefore, we inves-
tigated the interacting effects of dietary 18:2r6, hydrophilic
dietary antioxidants, and training on the activity and expres-
sion of a range of lipid transporters and oxidative enzymes
in the flight and leg muscle of a songbird. Specifically, we
considered the following hypotheses: (1) elevated dietary
18:2n6 increases activity and expression of transporters and
oxidative enzymes, (2) elevated dietary antioxidants may
reduce damage to tissue components, including enzymes,
and a greater proportion of functioning enzymes could there-
fore increase enzyme activity and expression, (3) flight train-
ing increases enzyme activity and protein expression, (4)
dietary antioxidants mitigate the oxidative damage tradeoffs
with PUFA and training and thus produce higher enzyme
activity and expression when supplementary antioxidants are
combined with elevated dietary 18:2n6 and/or training. In
testing these hypotheses, we selected key lipid transporters
and oxidative enzymes involved in a wide range of functions
during lipid metabolism, including transport into the mus-
cle cell (fatty acid translocase, FAT/CD36), transport into
the mitochondrion (carnitine palmitoyl transferase, CPT),
p-oxidation (3-hydroxyacyl dehydrogenase, HOAD), and
the citric acid cycle (citrate synthase, CS), as well as lactate
dehydrogenase (LDH) as an indicator of anaerobic metabolic
capacity. Throughout, we also consider the impact of sev-
eral variables that emerged as artefacts of our experimental
design on the activity and expression of lipid transporters
and oxidative enzymes. Most notably, these include solu-
ble protein content, a characteristic of tissue-level muscle
condition that is often used to simply standardize enzyme
activity in a sample, and date, a byproduct of being able to
fly a limited number of birds at a time in the wind tunnel.
To our knowledge, this is the first study to experimentally
investigate the interacting effects of training, dietary antho-
cyanins, and dietary fatty acids on songbird enzyme activity.
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Methods
Experimental design

This experiment was conducted between August and
December 2015 at the Advanced Facility for Avian Research
(AFAR) at the University of Western Ontario (UWO) as part
of a larger study on the exercise physiology of songbirds.
Animal care protocols were approved by both UWO (2010-
216) and the University of Rhode Island (URI; AN11-12-
009). The animals used in this study were 108 hatch-year
European Starlings (Sturnus vulgaris), captured between
August 19-23 at a dairy farm approximately 20 km north
of UWO in Middlesex Center, ON and housed in four large
indoor aviaries at AFAR (two 2.4 m X 3.7 mX 3.1 m and two
2.4 mx2.3 mx3.5 m). Once all birds were captured, we
collected morphological measurements for each individual
and randomly resorted them into four groups with roughly
equal distributions of body mass and molt score (0-75; Ginn
and Melville 1983). From capture onward, birds had ad libi-
tum access to one of two semi-synthetic diets that differed
only in fatty acid (FA) composition and produced reliable
differences in tissue FA composition (Table 1; Carter et al.
2020): birds in two aviaries received a 32% 18:2n6 diet and
two others received a 14% 18:2n6 diet. Manipulating fatty
acid compositions of diets requires trading off between con-
centrations of multiple fatty acids. In this case we primar-
ily traded 18:2n6 off with palmitic acid, 16:0, one of the
fatty acids most readily synthesized by vertebrates (Klas-
ing 1998), although there were relatively small differences
between diets in other fatty acids (Table 1). However, the
differences in 18:2n6 and 16:0 concentrations were an order
of magnitude greater than any other difference between diets
(Table 1) and so we have primarily assessed our results in
the context of that manipulation. All of these fatty acids
occur within fruits regularly consumed by migratory song-
birds in eastern North America (Zurovchak 1997; Boyles
2011). On September 1, we began adding supplementary
anthocyanins (elderberry powder; Artemis International,
Fort Wayne, IN) to the diets of one 32% 18:2n6 and one 14%
18:2n6 aviary, producing a 2x2 factorial diet manipulation
with four groups: 32% 18:2n6 high anthocyanin (N =28),
32% 18:2n6 low anthocyanin (N=27), 14% 18:2n6 high
anthocyanin (N=27), and 14% 18:2n6 anthocyanin AOX
(N=26). We maintained aviaries at 21 °C on a natural light
cycle at London, Ontario and each week we weighed and
inspected all birds to assess health.

On September 21, we fixed the light cycle at 11 h light:
13 h dark and assigned the birds to 20 single-diet cohorts of
5-6 individuals based on molt score. Beginning on Septem-
ber 23, and continuing every 3 days thereafter in descending
order of molt score, we removed birds of the appropriate

Table 1 Ingredients and fatty acid composition of semisynthetic diets
used in this study

Ingredients % of Dry Mass  Oil Mixture (% of plant oils)
Low 18:2n6  High 18:2n6

Agar® 3.19

Casein® 19.12

Cellulose® 497

D-glucose” 39.18

Amino acid mix® 2.68

Salt mix? 4.78

Vitamin mix¢ 0.38

Elderberry powder ¢ 0.42

Mealworms' 6.16

Plant oils® 19.12

Fatty acid"
12:0 021+0.01 0.24+0.14
14:0 091+0.28 0.38+0.04
16:0 29.64+0.88  8.65+0.41
16:1n7 0.41+0.01 0.3+0.01
18:0 3.9+0.14 2.83+0.09
18:1n9 4276 +0.53 45.2+0.57
18:2n6 13.86+0.66 31.4+0.59
18:3n3 2.68+0.05 4.05+0.12
20:1n9 0.4+0.02 0.55+0.03
20:4n6 0+0 0+0
22:6n3 0.11+0.01  0.15%+0.05
24:1 0.08+0.03 0.1+0.02

#U.S. Biomedical Corp., Cleveland, OH; YFisher Scientific, Waltham,
MA; “Assembled after Murphy and King (1982) from individual
amino acids supplied by Fisher Scientific; YMP Biomedicals, Santa
Ana, CA; °High antioxidant diets only: Artemis International, Fort
Wayne, IN; fFreeze dried: Exotic Nutrition, Newport News, VA;
Elow 18:2n6 diet: canola oil and palm oil, high 18:n6 diet: canola
oil and sunflower oil, supplied by Jedwards International, Braintree,
MA; "Diet fatty acid concentrations (percent by mass) was measured
by gas chromatography in lipids extracted from the diets. Values
are + SE and only the twelve most concentrated fatty acids are listed

cohort from their aviary and placed them in individual
0.6 mx0.5 mx0.5 m cages to begin a 26-day process of
flight training. Details about flight training can be found in
our previous publication (Carter et al. 2020). Briefly, birds
remained in individual cages for days 1—4 following cohort
separation while we measured their food intake and meta-
bolic rates. On day five, we returned two randomly selected
control (untrained) birds to their original aviary and moved
the remaining (trained) birds to a 0.8 mx 1.5 mx 2 m flight
aviary. Trained birds were acquainted with the AFAR wind
tunnel for 20 min each day on days 6-9 and then spent days
10-24 in a fifteen-day training regimen that consisted of
increasing periods of flight (20 min — 180 min) in the wind
tunnel and culminated in a flight on day 24 that lasted as long
as birds would voluntarily fly, up to 6 h. The mean length
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of this final flight was 193 min and the maximum lasted
360 min. At the same time of day (1400-1500 h) on days
25 and 26, respectively, untrained and trained birds were
euthanized by cervical dislocation while under isofluorane
anesthesia and were dissected for tissue samples that were
flash frozen in liquid nitrogen and stored at — 80 °C until
analysis. Tissue samples included pectoral and leg muscle,
heart, proventriculus, gizzard, small intestines, liver, kid-
ney, pancreas, heart, and adipose tissue, although only the
first two were used for the analyses described below. This
sampling schedule allowed us to compare enzyme activities
in selected tissues of untrained (control) birds and trained
birds which had ca. 48 h to recover from their longest flight
on day 24.

Enzyme assays

The activities of the enzymes CPT (EC 2.3.1.21), CS (EC
2.3.3.1), HOAD (EC 1.1.1.35), and LDH (EC 1.1.1.27) in
pectoral (N=95) and leg (N=91) muscle were assayed fol-
lowing the methods of (Price et al. 2010; Zajac et al. 2011),
modified to be analyzed with a plate reader (Synergy HTX,
Biotek Instruments, Winooski VT USA). All reagents
used in these assays were obtained from Fisher Scientific
(Waltham MA USA). Briefly, we homogenized approxi-
mately 100 mg of muscle tissue in 9 volumes of homog-
enization buffer (20 mM Na,HPO,, 0.5 mM EDTA, 0.2%
BSA, 50% glycerol, 0.1% triton x-100, 50 pg/ml Aprotinin,
pH 7.4) with 3 10 s pulses of a high-speed stainless-steel
homogenizer (Tissue Master 125, Omni International, Ken-
nesaw GA USA). Samples were kept on ice for at least 30 s
in between pulses and crude homogenate was diluted 1:100
in homogenization buffer before being stored at — 80 °C
until the assays were conducted. All assays were 10-min
kinetic absorbance assays run in duplicate at 39 °C with a
total volume of 200 ul in 96-well plates and with the optical
path length corrected to 1 cm. CPT was assayed in 50 mM
Tris buffer (pH 8.0) with 7.5 mM carnitine, 0.15 mM DTNB
(5,5'-dithio-bis-[2-nitrobenzoic acid]), 0.035 mM palmitoyl
CoA, and 20 pl of diluted homogenate. CS was also assayed
in 50 mM Tris buffer (pH 8.0) with 0.75 mM oxaloacetic
acid, 0.15 mM DTNB, 0.15 mM acetyl CoA, and 2 pl of
diluted homogenate. HOAD was assayed in 50 mM imi-
dazole buffer (pH 7.4) with 0.2 mM NADH, 1 mM EDTA,
2 mM acetoacetyl CoA, and 20 pl of diluted homogenate.
LDH was also assayed in 50 mM imidazole (pH 7.4) with
5 mM DTT (DL-dithiothretiol), 0.3 mM NADH, and 2 ul of
diluted homogenate. Absorbances were read at 412 nm for
CPT and CS and 340 nm for HOAD and LDH and enzyme
catalytic activity per gram of wet tissue was calculated as
follows:

@ Springer

) . ,
umol _ PVuaXP \yhere f3 is the rate of change in absorb-
mineg exV,

sample

ance (A Absorbzplnce / min), V. is the final volume of the
well (ul), D is the dilution factor of the for the homogenate,
e is the extinction coefficient (13.6 for DTNB, 6.22 for
NADH), and V. is the volume of the diluted homogenate

sample

added to the well (ul).

Soluble protein concentration and CS and FAT/CD36
expression

We assayed protein concentration in diluted pectoral and
leg muscle homogenate using a Bradford assay (Bio-Rad,
Hercules CA USA) with a BSA standard. This assay does
not reflect the insoluble protein in connective tissue (e.g. col-
lagen), making it more representative of the relative expres-
sion of soluble protein (e.g. enzymes and contractile pro-
teins) in our whole-tissue homogenates (L6pez et al. 1993).
We primarily measured soluble protein to characterize the
relative composition of muscle tissue, but also used it as a
covariate in analyses of enzyme activity (see below) and
to standardize assays of the expression of specific proteins.
We present soluble protein concentration as mg per g of wet
tissue. We used a luminescent immunoblotting procedure
(Gallagher 2008; Fukasawa et al. 2010; Mowry et al. 2017),
modified to be read on a plate reader, to quantify the relative
concentrations of CS and FAT/CD36 proteins in a subset of
pectoralis homogenate samples (N=24), diluted to a soluble
protein concentration of 0.5 mg/ml with Tris—glycine buffer
(pH 6.8). Briefly, we incubated 75 pl of tissue homogen-
ate overnight at 4 °C in high-binding ELISA 96-well plates
(Greiner Bio-One, Kremsmiinster Austria) and then blocked
wells for one hour at room temperature with 150 ul of 5%
BSA in PBS buffer (pH 7.4). Next, we incubated wells for
three hours at room temperature with 75 pl of a primary anti-
body (mouse anti-CS, NM_004077.2, or mouse anti-FAT/
CD36, AB_2538312) at a concentration of 5 ul/ml in block-
ing buffer, washed 3 X with 0.1% PBS triton x-100 (PBST),
washed 3 x with PBS, and then incubated wells overnight at
4 °C with 75 pl of secondary antibody (rabbit anti-mouse
conjugated to HRP, AB_2534831) at a concentration of 5 pl/
ml in blocking buffer. Finally, the wells were again washed
3 x with 0.1% PBST and 3 x with PBS, then treated with
50 mL of chemiluminescent reagent (Pierce ECL Western
Blotting Substrate, Fisher Scientific, Waltham MA USA)
for 1 min, and luminescence was read 2 min later with a
plate reader (Synergy HTX, Biotek Instruments, Winooski
VT USA). Four replicates were run for each sample and
CS and FAT/CD36 were analyzed separately. We compared
luminescence values to a standard curve of known concen-
trations of the primary antibody and present CS and FAT/
CD36 concentrations as pug/mg of soluble protein.
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Statistical analyses

We tested the influence of diet and training on enzyme activ-
ity, soluble protein concentration and the expression of CS
and FAT/CD36 with linear models that also controlled for
the effects of body size (body mass and wing chord), sex,
and Julian date. We also included soluble protein concen-
tration as a covariate in models of enzyme activity to test
whether the broader regulation and expression of protein
influenced activity, and whether that influence interacted
with the effects of diet and training. Starting with a full
model of main effects and interactions between diet and
training, we tested and removed non-significant interac-
tion terms (including 3- and 2-way interactions involving
date and soluble protein concentration). We did not retain
the main effects of body size or sex when those terms were
non-significant. We tested for correlations between enzyme
activity, soluble protein concentration, and the expression of
CS and FAT/CD36 separately for pectoral and leg muscle
and used a Bonferroni correction to compensate for multiple
tests. To better understand variation in soluble protein con-
centration, we tested the correlation between soluble protein
and total lipid content of flight muscle (see Carter et al. 2020
for methods). All analyses were conducted in R (v3.3.2; R
Core Team, Vienna, Austria).

Results
Enzyme activity and soluble protein concentration

The activities of different enzymes were related to varying
combinations of dietary fatty acids, dietary anthocyanins,
training, soluble protein concentration, and date, and were
also dependent on tissue type (statistical results summarized
in Table 2). In pectoral muscle both CPT and CS activity
were positively related to soluble protein concentration
when birds were fed the 14% 18:2n6 diet, but negatively
related when fed the 32% 18:2n6 diet (table S-1; CPT:
Fig. 1a, Tg;=—2.286, P=0.0247; CS: Fig. 1c, Tgs=—3.132,
P =0.0024). Conversely, in leg muscle CPT and CS activity
were positively related to soluble protein concentration when
birds were fed the 32% 18:2n6 diet, but unrelated when fed
the 14% 18:2n6 diet (table S-2; CPT: Fig. 1b, T4;=2.027,
P=0.0458; CS: Fig. 1d, Tg;=1.944, P=0.0553) and
negatively related to wing chord regardless of diet (table
S-2; CPT: Tg3=—2.254, P=0.0268; CS: Tg;=—2.633,
P=0.0101). Additionally, pectoral muscle CS activity was
positively related to body mass (table S-1; Tg,=2.201,
P=0.0304) and flight training produced an additive increase
in the activity of CPT in both pectoral (table S-1; Fig. 2A,
Tg;=-3.149, P=0.0023) and leg muscle (table S-2;
Fig. 2B, Tg;=-2.092, P=0.0395). LDH activity was also

related to soluble protein concentration in both pectoral and
leg muscle (Fig. le, f), but these relationships depended on,
respectively, the interaction between dietary fatty acids and
dietary anthocyanins (table S-1; T, =2.391, P=0.0190) and
the interaction between dietary fatty acids and flight training
(table S-2; Ty, =3.695, P=0.0004). HOAD activity in pecto-
ral muscle increased over the course of the experiment (table
S-1, Fig. 3a; Tgg=2.457, P=0.0160), but in leg muscle only
increased over time in the low anthocyanin group whereas
the high anthocyanin group decreased with date (table S-2,
Fig. 3b; Ty, =3.073, P=0.0029). Leg muscle HOAD activity
increased additively with flight training (table S-2, Fig. 2c;
Tg,=—2.075, P=0.0411). Soluble protein concentration in
pectoral muscle was also positively related to date (table S-1,
Fig. 3c; Tg9y=3.300, P=0.0014), but decreased with training
(table S-2; Tg=2.516, P=0.0137) and the supplementation
of dietary anthocyanins (table S-2; Ty, =2.163, P=0.0333)
in leg muscle (Fig. 3d). Variation in soluble protein concen-
tration, a relative measure of composition, needs to be traded
off with variation in other tissue components, such as lipids
or insoluble protein. However, soluble protein concentration
was unrelated to total lipid concentration in the flight muscle
(r94=0.045, P=0.669), suggesting that lipid content does
not drive variation in soluble protein.

CS and FAT/CD36 expression

The expression of CS in pectoral muscle was negatively
related to body mass (table S-3, Fig. 4a; T,,=-2.561,
P=0.0209). However, FAT/CD36 expression decreased
over the course of the experiment in all experimental groups
except untrained birds who were fed the 14% 18:2n6 diet
(table S-3, Fig. 4b; T}, =—2.327, P=0.0383).

Correlations among enzyme activities
and expression

In pectoral muscle (Table 3), CPT activity was positively
correlated with CS activity and HOAD activity. In contrast,
CS expression showed substantial negative relationships
with CS activity, CPT activity, and FAT/CD36 expression,
although none of these relationships were significant. In leg
muscle (Table 4) the activity of each enzyme was positively
correlated to the activity of other enzymes with the excep-
tion of the non-significant relationship between HOAD
activity and LDH activity.

Discussion
We used an experimental approach to test the hypothesized

effects of dietary 18:2n6, hydrophilic dietary antioxidants,
and training on the activity and expression of several key
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Table 2 Summary of the significant effects of experimental treatments and incidental variables on measures of enzyme activity, soluble protein,

and enzyme expression in the flight and leg muscle of European Starlings

Tissue CPT Activ-  CS Activity HOAD LDH Activ- Soluble CS Expres- FAT/CD36
ity Activity ity Protein sion Expression
Flight Experimental Dietary XX? XX XXX° XXX
muscle Treatments 18:2n6
Dietary XXX
anthocya-
nins
Flight train-  + XXX
ing
Incidental Soluble XX xXx* + XXX¢
Variables protein
Julian date + XXX®
Body mass + -
Leg muscle Experimental Dietary XX XX XxXx4 NA NA
Treatments 18:2n6
Dietary XXP° - NA NA
anthocya-
nins
Flight train-  + + xxx¢ - NA NA
ing
Incidental ~ Soluble XX? Xx® xxx¢ NA NA
Variables protein
Julian date XxP® NA NA
Wing chord — - NA NA

Symbols indicate significantly (p <0.05) positive additive (+), negative additive (—), or interactive relationships between treatments (32% vs.
14% 18:2n6, high vs. low anthocyanins, flight training vs. control), incidental variables, and dependent variables. Two-way interactions are
denoted with XX and three-way interactions are denoted with XXX. Blank cells in the table are not significant effects (p>0.05) and ‘NA’ indi-
cates that dependent variables were not measured for that tissue. For the specific effects of tests with interactions, please see Figs. 1 and 4

22-way interaction between dietary 18:2rn6 and soluble protein for each tissue; ®2-way interaction between dietary anthocyanins and Julian date;
°3-way interaction between dietary 18:216, dietary anthocyanins, soluble protein; 93-way interaction between dietary 18:2r6, flight training,
soluble protein; °3-way interaction between dietary 18:2n6, flight training, Julian date

lipid transporters and oxidative enzymes in a songbird. In
general, we seldom found simple, direct effects of any of
the three treatments (see Table 2 for summary) and instead
found that the main effects of the treatments were revealed
usually when considering the soluble protein concentration
of the tissue (Table 2). For example, we found that the influ-
ence of dietary fatty acids was usually dependent on the sol-
uble protein concentration of the muscle tissue (soluble pro-
tein X dietary 18:2n6 interaction, Table 2, Fig. 1), whereas
the influence of training was largely additive. We also found
no evidence that elevated dietary PUFA or training produced
tradeoffs for muscle metabolism that could be relieved by
the supplementation of hydrophilic dietary antioxidants (no
dietary 18:2n6 X dietary anthocyanin interaction). We did,
however, find striking differences in the activity of oxidative
enzymes between flight and leg muscle (Fig. 1; Table 2),
which further emphasizes the importance of tissue-specific
regulation for patterns of enzyme activity and the context-
dependence of any dietary influence on muscle metabolism.
The mechanisms implicated by these results help to shed
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light on previous studies that found links between dietary
18:2n6 and organism-level performance. We expand on
these conclusions throughout the following discussion.

Dietary 18:2n6 and enzyme activity and expression

Dietary PUFA are hypothesized to influence the activity of
enzymes involved in fatty acid catabolism by either upregu-
lating their expression via PPAR pathways or by changing
the properties of membranes to which some enzymes are
bound (Price 2010; Pierce and McWilliams 2014). While
so-called “natural doping” involving long-chain n — 3 fatty
acids has received mixed support (Nagahuedi et al. 2009;
Guglielmo 2018; Dick and Guglielmo 2019), the influence
of n— 6 fatty acids, and particularly 18:2n6, has not been
the focus of prior diet manipulations. Nevertheless, in the
studies on songbirds where 18:2n6 concentration did differ
between experimental diets no differences were found in the
activity of oxidative enzymes (Price and Guglielmo 2009;
Dick and Guglielmo 2019). In contrast, we found significant
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Fig.1 The relationships between CPT activity (a, b), CS activity
(c, d), LDH activity (e, f) and soluble protein concentration in the
pectoral and leg muscle of European Starlings. Birds fed the 32%
18:2n6 diet (triangles, dashed lines) differed from those fed the 14%

differences between our 32% 18:2n6 and 14% 18:2n6 groups
in CPT activity, CS activity, LDH activity, and FAT/CD36
expression. Some of this qualitative difference may be
related to the greater difference in 18:2n6 concentration and

Soluble Protein (mg / g wet tissue)

18:2n6 diet (circles, solid lines). LDH activity was also depend-
ent on anthocyanin supplementation in the pectoral muscle (E, light
grey =unsupplemented) and flight training in the leg muscle (F, dark
grey = untrained)

its exchange with a saturated fat (instead of n —3 PUFA) in
our experiment, but a more likely explanation is that our
study was the only one to consider the interaction between
diet and soluble protein content of the muscle tissue. Rather
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than simple additive differences, diet groups exhibited simi-
lar rates of CPT, CS, and LDH activity at low-to-average
concentrations of soluble protein and diverged at high solu-
ble protein concentrations in muscle tissue. These results
suggest that (1) dietary 18:2n6 is involved in regulating the
expression of CPT, CS, and LDH, and (2) that this regula-
tion of enzyme activity occurs within the broader context of
muscle condition (e.g. soluble protein content), which varies
depending on the regulation of protein synthesis and regula-
tion. Thus, although the expression of these enzymes may be
upregulated via activation of PPARs (Sampath and Ntambi
2004; Collin et al. 2009), the strength of the response may
be contingent upon a general upregulation of muscle growth
or changes in muscle composition, such as those associated
with migration (Evans et al. 1992; Price et al. 2011). In any
case, these results and those of other recent studies dem-
onstrate that the expectation described in the introduction
that elevated dietary 18:2n6 produce additive increases in
the activity and expression of oxidative enzymes is far too
simplistic to accurately reflect the influence of this fatty
acid on muscle function and that future studies should take

@ Springer

the broader context of muscle condition into account more
explicitly.

Our diet manipulation also influenced CPT and CS activ-
ity similarly, with flight muscle in the 14% 18:2n6 group
showing a positive relationship between enzyme activity and
soluble protein and birds in the 32% 18:2n6 group show-
ing a negative or null relationship between enzyme activ-
ity and soluble protein. This pattern suggests that, at high
soluble protein concentrations, birds fed the 14% 18:2n6
diet were more oriented towards fat catabolism and capa-
ble of higher metabolic rates than birds fed the 32% 18:2n6
diet. Such differences in metabolic orientation run counter
to the expected influence of 18:2n6, but could perhaps be
explained by changes in fiber type and myosin heavy chain
expression (Lundgren and Kiessling 1988; Goslow, Jr. et al.
2003), which are related to the soluble protein content of
muscle (Carroll et al. 2004; Goodman et al. 2012) and may
be influenced by dietary PUFA (Hashimoto et al. 2016). It
is also possible that mitochondrial membranes were dis-
rupted during tissue homogenization (Dick and Guglielmo
2019), and the lower activity of CPT and CS with the 32%
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Fig.4 The expression of CS (a) and FAT/CD36 (b) in the pecto-
ral muscle of European Starlings. CS concentration was negatively
related to body mass, whereas FAT/CD36 exhibited dietary 18:2n6-
(32% =dashed lines, 14%=solid lines) and flight training- (dark
grey = untrained) specific changes over time

18:2n6 diet in our experiment would be compensated by
membrane effects in vivo. The correlation between CPT and
CS activity suggests that the regulation of these enzymes is
coordinated, perhaps reflecting their control of fatty acid
transport into mitochondria and entrance into the citric acid
cycle. In contrast, the specific patterns of LDH were more
complicated, involving interactions with dietary anthocya-
nins and training in the flight and leg muscle, respectively.

This suggests that the regulatory influence of dietary 18:2rn6
on glycolytic capacity is more context dependent than its
influence on aerobic metabolism, only occurring when anti-
oxidants are supplemented in the flight muscle and being
reversed by training in the leg muscle. Finally, FAT/CD36
expression was elevated early in the experiment in the 32%
18:2n6 group regardless of whether the birds were trained,
suggesting that 18:2n6 is straightforwardly involved in the
upregulation of this transporter, in contrast with the more
complicated patterns observed in CPT, CS, and LDH.

Dietary anthocyanins and enzyme activity
and expression

Dietary antioxidants, including anthocyanins, have been sug-
gested to be important regulators of oxidative damage in ani-
mals and capable of relieving oxidative tradeoffs associated
with aerobic metabolism and tissue PUFA content (Catoni
et al. 2008; Larcombe et al. 2008; Skrip and McWilliams
2016). However, in this study anthocyanin supplementation
did not produce equivalent activity between 14 and 32%
18:2n6 or trained and untrained groups for any enzyme
measured (hypothesis 4), thus providing little evidence for
any such tradeoffs. Similarly, we did not see the expected
increases in activity corresponding to reduced damage and
inactivation with antioxidant supplementation (hypothesis 2;
Kim et al. 2004; Chepelev et al. 2009). The absence of such
patterns suggests that either (1) the supplemented anthocya-
nins did not adequately reach the mitochondria to produce
substantial effects on enzyme activity, (2) reactive species
(RS) production was relatively low in the sampled tissues,
or (3) RS production was already effectively countered by
the birds’ endogenous antioxidant system.

Nevertheless, the supplementation of diets with antho-
cyanins did have some influence on the activity of LDH
and HOAD. With supplementary anthocyanins, the specific
pattern of LDH activity resembled that seen in CPT and CS,
which may suggest that regulation of anaerobic metabolism
in flight muscle is similar to the regulation of aerobic metab-
olism but dependent on antioxidant status. The reintroduc-
tion of oxygen following anaerobic conditions can result in

Table 3 Correlation coefficients for relationships among enzyme activities and expression in the pectoral muscle of European Starlings

FAT/CD36 CPT activity CS activity HOAD activity LDH activity
expression
CS expression (N =23) -0.44 -0.47 -0.43 -0.16 —-0.06
FAT/CD36 expression (N =23) 0.11 0.11 0.00 -0.11
CPT activity (N=94) 0.51%* 0.33* 0.13
CS activity (N=94) 0.04 0.04
0.15

HOAD activity (N=94)

Asterisks denote significance, with * indicating p <0.05 and ** indicating p <0.01
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Table 4 Correlation coefficients for relationships among enzyme
activities in the leg muscle of European Starlings

CS activity HOAD activity LDH activity

CPT activity (N=91) 0.80%* 0.44%* 0.48%%*
CS activity (N=91) 0.26* 0.52%%*
HOAD activity (N=91) 0.19

Asterisks denote significance, with * indicating p <0.05 and ** indi-
cating p <0.01

elevated RS production (Halliwell and Gutteridge 2007), so
the anaerobic capacity of flight muscle might be regulated
differently when there is a higher supply of antioxidants to
cope with this additional stress. Meanwhile, HOAD activity
decreased over the course of the experiment in the leg mus-
cle when birds were supplemented with anthocyanins, which
may be the result of antioxidant-driven downregulation of
mitochondrial metabolism, which has been observed in rats
(Strobel et al. 2011). However, both of these explanations are
highly speculative and will require further testing.

Flight training, muscle tissues, and enzyme activity
and expression

Tissue usage has been consistently shown to influence
the activity of metabolic enzymes resulting in differences
between tissues (Siu et al. 2003; Zhang et al. 2015b) and
between individuals who train at different rates (Helge et al.
2001; Anttila et al. 2010). Accordingly, we found positive
effects of training on the activity of CPT in both tissues,
HOAD activity in the leg muscle, and FAT/CD36 expression
in the flight muscle early in the experiment. These effects
are consistent with training-induced increases in capacity
for lipid metabolism and suggest that those increases are
the result of changes in fatty acid supply rather than catabo-
lism. Moreover, the presence of additive effects in CPT and
HOAD might suggest that training coordinates the activ-
ity of these enzymes and is responsible for the correlation
between them. Training also influenced the activity of LDH
in the leg muscle, reversing the interaction between solu-
ble protein content and dietary 18:2n6 from that observed
in CPT and CS. Given the reorientation towards aerobic
metabolism associated with endurance training (Helge et al.
1998; Siu et al. 2003; Kim et al. 2004), it is unsurprising
that anaerobic capacity responded in an opposing man-
ner, although it is unclear why this reversal did not occur
in flight muscle. The influence of flight-based training on
leg muscle is somewhat unexpected, but there are several
possible explanations. First, the flight training regimen may
have involved the leg muscles more than expected through
changing the amount of time perching and holding the legs
close to the body for flight. Second, flight training could

conceivably lead to reduced or altered behavioral patterns
outside of the wind tunnel that changed the use of the legs.
Finally, changes to the regulation of flight muscle condition
could have resulted in systemic changes that also affected the
regulation of leg muscle condition. However, it is currently
unclear which of these explanations is best supported.

As predicted, we also found substantial differences in the
activities of CPT, CS, and HOAD between flight and leg
muscle (Figs. 1, 3). These findings are consistent with the
central role of these enzymes in aerobic metabolism, and
the known differences in aerobic workload between flight
muscle and leg muscle. However, we found that flight and
leg muscle also differed substantially in their responses to
dietary 18:2n6, dietary anthocyanins, and flight training.
In particular, leg muscle was more likely to be influenced
by dietary anthocyanins (two out of three enzymes across
both tissues with significant effects) and training (four out
of six enzymes across both tissues with significant effects)
than flight muscle. These differences might suggest that the
regulation of enzymes in flight muscle to higher levels of
activity may outweigh most effects of dietary anthocyanins
and training, whereas the lower initial activity of enzymes
in leg muscle leaves such effects more visible. Flight and
leg muscle also differed in how the combination of soluble
protein and dietary 18:2n6 influenced the activity of CPT
and CS. Most notably, the high 18:2n6 group exhibited a
negative relationship with soluble protein in flight muscle,
but a positive relationship in leg muscle. Although there
is no clear explanation for this reversal, one possibility is
that dietary 18:2n6 consistently regulates enzyme activity
to a similar level regardless of tissue when there is high
soluble protein content, and so the differing trends are the
result of the broad differences between tissues at low solu-
ble protein concentrations. Future studies may find it useful
to more closely investigate the regulation of soluble pro-
tein content in different tissues and in animals fed differ-
ent diets. Moreover, several individuals exhibited surpris-
ingly high concentrations in the range of 400 mg/g, which
contributed to a substantial amount of variation in soluble
protein content and changing concentrations over time (see
below). These values are substantially higher than mean
protein concentrations observed in turkeys (210 + 10 mg/g;
Patterson et al. 2017), king penguins (262 + 14 mg/g; Cherel
et al. 1993), and horned larks (257 +29 mg/g; Swain 1992),
but the overall variation in those estimates was comparable
to the variation in our study, where the mean and standard
error in pectoral muscle soluble protein were 202 + 12 mg/g.
Nevertheless, these findings raise questions about the normal
range of protein content in songbird muscle tissue and a
deeper understanding of the phenomenon of soluble protein
concentration more generally is likely to be an important
foundation for any future work in this field.
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Changes in enzyme activity and expression
over time

We found several unexpected changes over the course of
the experiment, including increases in flight muscle soluble
protein and HOAD activity, decreases in flight muscle FAT/
CD36 expression, and anthocyanin-dependent increases and
decreases in leg muscle HOAD activity. It is unclear what
drove these changes, but the most likely factors are time in
captivity or endogenous seasonal rhythms. Multiple aspects
of captivity could influence metabolic capabilities including
changes in the amount or type of activity, length of exposure
to the experimental diets, or adjustments to a more stable
environment. However, it is not clear that such adjustments
would persist throughout the experiment beyond the ini-
tial acclimation period. Additionally, it appears as though
there was an inflection point in flight muscle soluble protein
around November 20th that is difficult to explain with the
amount of time in captivity. Because photoperiod was con-
stant throughout this experiment and birds were less than
one year old, any seasonal changes would need to be entirely
endogenous in origin. Although there is some evidence for
such endogenous annual rhythms (Cadee et al. 1996; Rani
and Kumar 2013), they have not been explicitly linked to
enzyme activity. Thus, this possibility is highly speculative.

Implications of tissue-level metabolism
for organism-level performance

This experiment demonstrated that differences in dietary
18:2n6 content produce context-dependent differences in the
activity of enzymes critical to fat-based energy metabolism. In
particular, with the divergence of CPT and CS activity between
the two diets at high protein concentrations, dietary fatty acid
composition may be able to produce phenotypes that are more
or less focused on fat catabolism. When combined with the
changes in soluble protein over the course of the experiment,
these phenotypic adjustments appear to be flexible over time
as well as diet. Such changes over time in capacity for fat
metabolism may help explain the variability of whole-animal
rates of fat and lean catabolism observed in this study (Carter
et al. 2020), and also suggest that diet could be used to modify
enzyme activity, and therefore tissue function, in preparation
or response to challenging life-history stages, such as migra-
tion. In contrast, although training and dietary anthocyanins
did influence enzyme activity and expression, their effects
were largely confined to the leg muscle rather than the flight
muscle, and so may not be critical to prepare songbirds for
migration. To the extent that training can be used to prepare for
migration, it appears to involve primarily changes outside of
the muscle (e.g. fuel supply to the muscle) or changes to mus-
cle size rather than changes to the function of the muscle (e.g.
capacity for fatty acid catabolism), with the possible exception

@ Springer

of fatty acid transport into the mitochondrion. Finally, all of
the effects observed in this study were relatively small in mag-
nitude, raising the possibility that their importance may be
marginal relative to changes based on season or life-history
stage, which have been associated with 50-100% increases in
songbird enzyme activity (McFarlan et al. 2009; Zhang et al.
2015b). While this study demonstrates the potential for dietary
fatty acids, dietary anthocyanins, and training to produce dif-
ferences among individuals, future studies may find it useful
to investigate the effects of these factors within the broader
regulatory context faced by wild songbirds.
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tary material available at https://doi.org/10.1007/s00360-021-01345-1.
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