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Muscle metabolic reprogramming underlies the resistance of
liver fatty acid-binding protein (LFABP)-null mice to high-fat
feeding-induced decline in exercise capacity
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Liver fatty acid-binding protein (LFABP) binds long-chain
fatty acids with high affinity and is abundantly expressed in the
liver and small intestine. Although LFABP is thought to func-
tion in intracellular lipid trafficking, studies of LFABP-null
(LFABP~/7) mice have also indicated a role in regulating sys-
temic energy homeostasis. We and others have reported that
LFABP ™/~ mice become more obese than wildtype (WT) mice
upon high-fat feeding. Here, we show that despite increased body
weight and fat mass, LFABP ™/~ mice are protected from a high-fat
feeding—induced decline in exercise capacity, displaying an
approximate doubling of running distance compared with WT
mice. To understand this surprising exercise phenotype, we
focused on metabolic alterations in the skeletal muscle due to
LFABP ablation. Compared with WT mice, resting skeletal muscle
of LFABP ™/~ mice had higher glycogen and intramuscular triglyc-
eride levels as well as an increased fatty acid oxidation rate and
greater mitochondrial enzyme activities, suggesting higher sub-
strate availability and substrate utilization capacity. Dynamic
changes in the respiratory exchange ratio during exercise indicated
that LFABP ™/~ mice use more carbohydrate in the beginning of an
exercise period and then switch to using lipids preferentially in the
later stage. Consistently, LFABP~/~ mice exhibited a greater
decrease in muscle glycogen stores during exercise and elevated
circulating free fatty acid levels postexercise. We conclude that,
because LFABP is not expressed in muscle, its ablation appears to
promote interorgan signaling that alters muscle substrate levels
and metabolism, thereby contributing to the prevention of high-fat
feeding—induced skeletal muscle impairment.

Fatty acids (FAs)® are important metabolic fuels and signal-
ing molecules that play a critical role in regulating energy
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homeostasis. As seen in the alarming obesity epidemic, dis-
turbances in lipid homeostasis due to excessive energy
intake often induce increased plasma free fatty acid levels
and ectopic lipid accumulation in tissues such as liver and
skeletal muscle, which in turn contribute to insulin resis-
tance, atherosclerosis, and metabolic syndrome (1, 2). Fatty
acid-binding proteins (FABPs) are a family of small cytosolic
proteins accommodating fatty acids and other hydrophobic
ligands and are thought to be involved in intracellular lipid traf-
ficking. Liver FABP (LFABP; FABP1) is the only FABP abun-
dantly expressed in the liver, whereas in the proximal intestine
LFABP is coexpressed with intestinal FABP (IFABP; FABP2)
(3). LEABP binds a variety of ligands, including long-chain fatty
acids, prostaglandins, heme, lysophosphatidic acid, monoacyl-
glycerols (M@Gs), bile salts, and certain lipophilic drugs (3-6).
Unlike other FABPs, LEABP can bind two fatty acids or MGs (4,
6). Moreover, it has been shown to interact with peroxisome
proliferator-activated receptors (PPARs), specifically PPAR«
and PPARY (5, 8, 9). Upon activation by micromolar concen-
trations of FAs and FA analogues, PPARs induce transcription
of multiple genes encoding proteins involved in FA metabo-
lism, and dysregulation of PPARs is associated with many met-
abolic diseases (10, 11). LFABP is thought to promote interac-
tion between PPARs and many natural ligands as well as
synthetic agonists of PPAR« (fibrates) and PPARy (thiazolidin-
ediones) commonly used for treating type 2 diabetes (5).
Extensive research has provided evidence for both local and
systemic functions of LFABP. In the liver, LFABP has been
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demonstrated in vitro and in vivo to facilitate hepatic FA uptake
and trafficking (12—15) as well as to regulate bile acid and cho-
lesterol metabolism (16, 17). In the intestine, we have reported
that LFABP is involved in directing MGs to triglyceride synthe-
sis and FAs to oxidative pathways (18). In addition to such local
effects, we and others found that LFABP /™ mice became more
obese on high-fat diets than WT mice, with a lower respiratory
exchange ratio (RER) (18, 19) but a comparable level of insulin
resistance (18, 20), supporting an important role of LFABP in
regulating whole-body energy homeostasis.

Despite their obese phenotype, we found that LFABP '~
mice displayed higher levels of spontaneous activity than WT
mice (18). In the present studies, we compared exercise toler-
ance in LFABP /™ versus WT mice using a treadmill test. We
observed a surprising difference in exercise capacity between
the high fat—fed LFABP~/~ and WT mice: in contrast to the
drastic decrease in exercise capacity in high fat—fed WT mice
compared with their low fat—fed littermates, high fat—fed
LFABP /"~ mice maintain their exercise capacity at the level
found under low-fat feeding conditions. Human obesity and
diabetes are often associated with poor physical fitness and
exercise capacity (21, 22), which in turn limits the absolute
intensity and duration of exercise that can be carried out; thus,
the potential benefits of regular exercise on insulin sensitivity
and cardiovascular health in these patients could be limited.
Therefore, an understanding of the physiological alterations in
the skeletal muscle of LFABP ™/~ mice that underlie their resis-
tance to high-fat feeding—induced decline in exercise capacity
may provide important information relevant to the mainte-
nance of a healthful exercise capacity in the obese state.

Little has been reported on the effect of LEABP gene knock-
out on skeletal muscle metabolism, although a microarray anal-
ysis indicated higher muscle expression of several genes
involved in glucose metabolism and fatty acid oxidation in
LFABP /" mice (23). Given the importance of LEFABP in FA
metabolism and PPAR signaling, we hypothesized that the defi-
ciency of LFABP and consequent restricted lipid handling
capacity in liver, and perhaps intestine, might shunt FAs to
extrahepatic tissues, triggering interorgan signaling that would
result in metabolic changes in skeletal muscle favoring more
efficient energy production. To elucidate how LFABP defi-
ciency increases exercise tolerance under a high-fat feeding
regimen, we analyzed substrate availability and energy metab-
olism in the skeletal muscle of LFABP /™ mice in the resting
state and during exercise. The results show that LFABP abla-
tion leads to higher energy substrate levels and mitochondrial
respiratory capacity in resting muscles and increased oxidation
of circulating FAs during exercise, all of which contribute to
preventing the decline in exercise performance that typically
accompanies high-fat feeding.

Results

LFABP~’~ mice are protected from high-fat feeding-induced
decline in exercise capacity

Studies from our laboratory have shown that although there
are only modest differences between LFABP /'~ and WT mice
on low-fat diets, LFABP /" mice become more obese than WT
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mice when challenged with high-fat diets (18, 24). Despite the
higher weight gain and fat mass, however, they displayed
increased spontaneous activity levels (18). Here, we challenged
the mice with an exercise tolerance test, and a surprising exer-
cise phenotype in LFABP~/~ mice was observed: on low-fat
diets, the exercise capacity of WT and LFABP ™/~ mice was
similar. However, in response to high-fat feeding, WT mice
showed a marked decrease in exercise capacity, whereas
LFABP /" mice maintained their exercise capacity at a compa-
rable level to their low fat—fed counterparts (Fig. 1, A and B).
Similar results were observed with high fat—fed mice in both fed
and fasting states, with LFABP~/~ mice showing an approxi-
mate doubling of total running distance compared with WT
(Fig. 1, C and D). A side-by-side comparison of two WT and
LFABP '~ substrains, one with mixed J/N background and one
>98% ], was performed to examine exercise capacity in the
fasting state. Compared with the WT mice of the same back-
ground, both LFABP™/~ strains showed significantly higher
exercise capacity, with no differences between the two WT or
LFABP ™/~ BL6 strains (Fig. 1, E and F). Similarly, no consistent
differences in weight gain, fat mass, or food intake were
observed between the two substrains (data not shown). Initial
observations were first reported in abstract form (25).

High fat-fed LFABP~’~ mice have increased muscle substrate
availability

To understand how skeletal muscle energy metabolism in
LFABP /" mice supports a higher exercise capacity, we exam-
ined the fuel supply in their skeletal muscles following 12 weeks
of high-fat feeding. We first measured the locally stored sub-
strates, including muscle glycogen and intramuscular triglycer-
ide (IMTG), in resting skeletal muscle of high fat—fed
LFABP /" mice. Compared with WT mice, LFABP "/~ mice
had significantly higher levels of both muscle glycogen and
IMTG (Fig. 2, A and B), providing an increased substrate avail-
ability for energy production. Oil red O staining of frozen cryo-
sections of gastrocnemius muscle further indicated a higher TG
content in LFABP~/~ mice, with the overall redder background
suggesting even distribution among all muscle fibers (Fig. 2C).

As the mice were in the fasting state, we also examined the
potential role of gluconeogenesis in contributing to muscle fuel
supply. Glycerol tolerance tests showed a delayed increase in
blood glucose in response to glycerol injection in LFABP~/~
mice relative to WT, but the peak glucose level was higher in
LFABP /" mice (Fig. 2D). After adjusting for baseline levels,
LFABP ™'~ mice had a higher area under the curve than the WT
mice, suggesting a greater gluconeogenesis capacity (Fig. 2E). In
contrast, fasting blood glucose and glucose tolerance levels
are similar between the genotypes, suggesting a comparable
hepatic glucose production (18). Using a metabolomics ap-
proach, we found overall similar levels of gluconeogenic sub-
strates; however, the LEABP '~ /WT ratios were mostly below
1 with possible decreases in plasma lactate (p = 0.08, g = 0.34)
and liver proline and glycine (p ~ 0.008, g = 0.67) (Table 1).
These results suggest that, despite the enhanced gluconeogen-
esis capacity in LFABP~/" mice, their gluconeogenesis level in
the fasting state appears to be similar to the WT due to restric-
tion in substrate availability.
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Figure 1. Exercise capacity of low fat- and high fat-fed WT and LFABP~/~ mice. Running time and distance until exhaustion point of WT and LFABP~/~
mice at 20 weeks of age in fed (A and B) and fasted (C and D) states (n = 8 -10 per group) are shown. £ and F, time and running distance of two strains of WT and
LFABP ™/~ micein the fasted state (n = 8-11). For A-D, data are mean = S.E. (error bars), analyzed using Student’s t test. *, p < 0.05 versus WT; #, p < 0.05 versus
low-fat diet. For E and F, data are mean = S.E. (error bars), analyzed using one-way ANOVA with a Tukey’s post hoc test. Results with different letters are

significantly different (p < 0.05).

High fat-fed LFABP~’~ mice have greater muscle
mitochondrial function

Sustained energy is needed to maintain muscle contraction
in prolonged exercise, and mitochondrial respiration is the
major limiting factor in ATP regeneration (26). Along with
the demonstrated increases in glycogen and IMTG availability,
we examined mitochondrial function to interrogate the meta-
bolic machinery available to utilize the substrate. Based on the
levels of mitochondrial electron transport chain complexes,
LFABP /" mice appear to have a higher mitochondrial quan-
tity in skeletal muscle relative to WT mice (Fig. 34). A marked
increase in citrate synthase (CS) activity and a trend toward
higher succinate dehydrogenase (SDH) activity in LFABP ™/~
mice suggest greater mitochondrial function to support sub-
strate utilization in skeletal muscle (Fig. 3, B and C), although
cytochrome ¢ oxidase (CCOX) activity was similar in both
genotypes (Fig. 3D). Furthermore, compared with WT mice,
LFABP /" mice had a higher rate of **CO,, production from
[**CJoleic acid in skeletal muscle (Fig. 3E), indicating greater
capacity for complete fatty acid oxidation. The incomplete fatty
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acid oxidation levels, considered a measure of insulin sensitivity
and mitochondrial overload (27), were similar between LEABP ™/~
and WT mice, as reflected by the unchanged production rate
of acid-soluble metabolite (ASM) (Fig. 3F). In addition, mitochon-
drial respiration was examined with the eahorse system using pri-
mary myoblasts isolated from high fat—fed WT and LFBAP '~
mice. Although the basal respiration was similar between the gen-
otypes, LFABP~/~ myoblasts showed a greater respiratory capac-
ity compared with WT myoblasts, further supporting the
improved mitochondrial function in high fat—fed LEABP ™/~ mice
(Fig. 3, G and H).

Muscle fiber composition is not altered in skeletal muscle of
LFABP™'~ mice

To investigate whether the loss of LFABP alters muscle fiber
composition in skeletal muscle, we performed real-time quantita-
tive PCR (qPCR) analyses and Western blotting to determine the
levels of several markers for type I and type II myofibers in gastro-
cnemius muscle of LFABP~/~ mice. At the mRNA level, there
were no significant differences between LFABP~/~ and WT mice
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Figure 2. Substrate availability in high fat-fed WT and LFABP~’~ mice in the fasted state. Muscle glycogen content (n = 6-9 per group) (A) and

intramuscular triglyceride (n = 12 per group) (B) are shown. C, oil red O staini

ng of frozen cryosections of gastrocnemius muscle (scale bars, 50 um). Blood

glucose level (D) and area under the curve (AUC) (E) adjusted for baseline in a glycerol tolerance test in resting mice (n = 10-12 per group) are shown. Data are

mean = S.E. (error bars), analyzed by Student’s t test. *, p < 0.05 versus WT.

in markers for oxidative muscle fibers, including type I-specific
myosin heavy chain 1 (mhcl), type Ila—specific mhc2a, myo-
globin (Mb), and troponin I slow (7nnl), whereas type IIb—specific
mhc2b showed a significant decrease in transcriptional level in
LFABP ™/~ mice (Fig. 4A4). Western blotting confirmed that
MHC1 and MHC2a levels were similar between LFABP™/~ and
WT mice; the decrease in mhc2b mRNA levels did not affect its
protein abundance in LFABP /™ mice (Fig. 4B). Overall, the mus-
cle fiber composition in gastrocnemius muscle appeared
unchanged in LFABP /™ relative to WT mice.

LFABP~’~ mice show efficient substrate utilization during
exercise

As described above, LFABP ™/~ mice displayed an increased
aerobic exercise capacity with a greater mitochondrial function

SASBMB

and fatty acid oxidation capacity. Because endurance exercise
performance is strongly correlated with aerobic exercise capac-
ity (28), we used indirect calorimetry to examine the substrate
utilization of LFABP~/~ mice during a 20-min low-intensity
(endurance type) exercise. The exercise protocol was designed
to allow all mice to complete the test, and the mice were fasted
overnight before the test to promote fatty acid utilization and
keep the condition consistent with the pre-exercise (resting)
analysis. LFABP~/~ and WT mice did not exhibit markedly
different RER values at any single time point (Fig. 54), but the
average RER of the first and second halves of the 20-min exer-
cise bout showed different patterns. In the first 10 min,
LFABP /" mice had a higher average RER than WT mice, sug-
gesting relatively more energy production from carbohydrate
utilization; in the second half of the exercise, LFABP~/~ mice

J. Biol. Chem. (2019) 294(42) 15358-15372 15361
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Table 1

Glucogenic substrates in the liver and plasma of WT and LFABP™/~
mice

Shown is a comparison of metabolite levels measured from samples of the liver and

plasma from LFABP~/~ mice and WT controls following 12 weeks of high-fat feed-
ing (n = 5 per group). Metabolites were determined by LC-MS/MS. *, p < 0.05

between WT and LFABP ' ~; **,0.05 < p < 0.1 between WT and LFABP /"
LFABP-KO/
Metabolites WT ratio pvalue gvalue
Glucogenic amino acids in the liver
Alanine 0.85 0.16 0.70
Aspartate 0.96 0.82 0.72
Asparagine 1.6 0.20 0.70
Glutamate 0.99 0.89 0.73
Glutamine 0.97 0.64 0.71
Cysteine 0.99 0.47 0.70
Proline 0.85* 0.008 0.67
Glycine 0.66* 0.007 0.67
Serine 0.8 0.13 0.70
Threonine 0.87 0.15 0.70
Histidine 0.78 0.16 0.70
Valine 0.93 0.53 0.70
Methionine 0.92 0.33 0.70
Glucogenic and ketogenic amino
acids in the liver
Phenylalanine 0.89 0.13 0.70
Tyrosine 0.89 0.16 0.70
Tryptophan 0.93 0.29 0.70
Isoleucine 0.91 0.26 0.70
Other substrates in the liver
Glycerol 0.64 0.37 0.70
Lactate 1.11 0.85 0.73
Plasma substrates
Glycerol 0.99 0.97 0.58
Lactate 0.69** 0.08 0.34

showed a lower average RER compared with WT mice, sug-
gesting a preference for lipid oxidation to provide energy
(Fig. 5B). Interestingly, although the resting total energy
expenditure during 16-h fasting was similar before exercise
between the groups (data not shown), LFABP ™/~ mice dis-
played a significantly lower energy expenditure during exer-
cise than the WT mice (Fig. 5C), even without adjusting for
body weights, suggesting that LFABP '~ mice may have bet-
ter muscle efficiency in energy production than WT mice. In
keeping with this, AMP-activated kinase, an important
energy sensor in skeletal muscle, was activated in both gen-
otypes in response to the exercise, but the induction level
was lower in LFABP ™/~ mice, suggesting a lower stress
response at the cellular level (Fig. 5D).

In the skeletal muscle, the decrease in glycogen content
during exercise was significantly greater in LFABP™/~ mice
than in WT (Fig. 4E), supporting the higher carbohydrate
utilization in the first half of exercise. Postexercise plasma
glucose levels were not different between WT and LFABP ™/~
mice (Fig. 5G), suggesting a similar carbohydrate source
from the circulation. In terms of muscle lipid utilization,
plasma free fatty acid (FFA) levels immediately after exercise
were used to examine the FA available for muscle uptake
during exercise under the effect of exercise-induced FA
release from adipose. Circulating FFA levels were signifi-
cantly higher in postexercise LFABP "/~ mice (Fig. 5H), and
the decrease in IMTG during exercise was trending lower
(Fig. 5F), suggesting that the greater FA supply from the
plasma contributes to muscle energy production in
LFABP /™ mice during exercise.
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Differential metabolic regulation and basal metabolites in
LFABP~/~ muscle

To further define the muscle metabolic changes at the
molecular level, we analyzed the expression of several genes
involved in lipid and glucose metabolism using qPCR (Fig. 6A).
The mRNA levels of PPARs were not significantly different in
the muscle of LFABP ™/~ mice compared with WT, although
we noted a trend toward a higher level of the PPARa target gene
long-chain acyl-CoA dehydrogenase (Acadl) in LFABP ™/~
mice. Interestingly, although the level of cluster of differentia-
tion 36 (Cd36) was found to be similar between the genotypes,
carnitine palmitoyltransferase 1 (Cptl) and malonyl-CoA
decarboxylase (Mcd) expression were down-regulated in
LFABP ™/~ mice, suggesting a normal FA uptake into the mus-
cle but a suppression of fatty acid transport into the mitochon-
dria. However, similar levels of Cs and Sdh mRNA expression
between the two groups indicated that the CptI decrease was
not associated with impaired metabolic machinery in
LFABP ™/~ muscles. Because both CS and SDH are encoded by
the nuclear genome and synthesized in cytosol before being
imported into mitochondria, the increase in CS and SDH activ-
ities in LFABP "/~ muscle (Fig. 3, B and C) despite their similar
mRNA levels suggests improved mitochondrial protein assem-
bly and overall integrity of the mitochondria. There was no
strong evidence suggesting that mitochondrial biogenesis or
mitophagy were directly involved in the increased levels of the
mitochondrial oxidative phosphorylation complexes (Fig. 34),
given the similar mRNA levels of Pgcla (Fig. 6A), a major reg-
ulator of mitochondrial biogenesis, and similar protein levels of
LC3A/B, a mitophagy marker, between the genotypes (data not
shown). Both groups had a similar mRNA expression of fabp3,
the muscle form of FABP, indicating that the ablation of LFABP
did not cause any compensatory FABP overexpression in skel-
etal muscle. Although LFABP /" mice showed a significant
decrease in muscle glutl mRNA level (Fig. 6A), there was a
higher resting GLUT4 abundance on muscle plasma membrane
compared with WT (Fig. 6B), which may facilitate glucose
transport into the skeletal muscle and promote glycogen syn-
thesis. Moreover, LFABP ™'~ muscle showed similar AKT acti-
vation levels in response to insulin injection relative to WT,
suggesting an unchanged insulin sensitivity between the two
genotypes (Fig. 6C).

We also used nontargeted metabolomics to measure altera-
tions in levels of 522 metabolites associated with major meta-
bolic pathways in the skeletal muscle. We found that
LFABP '~ muscle had decreased metabolites involved in
amino acid signaling (glutamine and asparagine) and specifi-
cally in branched-chain amino acid (BCAA) catabolism (3-hy-
droxyisovaleroylcarnitine, a-hydroxyisovalerate, 2-methylbu-
tyrylcarnitine, and 3-hydroxyisobutyrate) (Table 2). This is
consistent with the lower expression levels of BCAA-cataboliz-
ing enzymes (Bcat and Bckdk) in LFABP ™/~ muscle relative to
WT (Fig. 6D). In addition, liver X receptor (LXR) signaling was
shown to be down-regulated, based on the decreased mRNA of
LxrP and its downstream targets, where a trend toward lower
Srebplc was noted (Fig. 6E).

SASBMB
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Figure 3. Mitochondrial function in resting skeletal muscles and primary myoblasts of high fat-fed WT and LFABP~/~ mice. Mitochondrial content in
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Discussion

Exercise capacity is affected by many physiological factors
that support sustained energy production for muscle contrac-
tion, particularly mitochondrial function and substrate avail-
ability (26, 29, 30). As skeletal muscle is one of the major met-
abolic engines of the body, obesity and associated conditions
like metabolic syndrome have been shown to render impaired
energy metabolism in skeletal muscle, including decreased gly-
cogen synthesis, excessive oxidative stress, and mitochondrial
dysfunction (31-33). Consequently, physical fitness and exer-
cise capacity are generally limited in obese and insulin-resistant
individuals (21, 22). Such impaired energy metabolism in skel-
etal muscle does not seem to be restricted to the obese popula-
tion because even a short-term high-fat feeding has been shown
to induce a significant decrease in exercise capacity without
substantial weight gain (34, 35). Although exercise is well-ac-
cepted as a major therapeutic intervention for treating obesity
and insulin resistance (36, 37), it can be very challenging for
patients to follow a recommended exercise regimen due to their
low fitness level, impeding the benefits of exercise in managing
these metabolic diseases. Indeed, inactivity and poor aerobic
fitness have been found to be more important than overweight
and obesity as mortality predictors (38, 39).

In this report, we show that LFABP ablation, when accompa-
nied by lipid overload caused by chronic high-fat feeding, is
associated with major metabolic alterations in skeletal muscle.
These alterations protect LFABP /™ mice from the high-fat
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feeding—induced decline in exercise capacity. It is worth noting
that although LFABP /" mice showed a higher spontaneous
activity level than WT mice, the amount of activity was not
enough to increase the total energy expenditure, and therefore
“training effects” did not seem to contribute to the exercise
phenotype. We previously reported similar glucose tolerance
and blood lipid profiles in resting LFABP /™ mice despite their
higher adiposity (18). Given the exercise phenotype and
improved energy metabolism in skeletal muscle shown here,
LFABP /" mice seem to display signs of metabolically healthy
obesity (MHO). MHO is characterized by the absence or
alleviation of metabolic abnormalities such as dyslipidemia,
insulin resistance, hypertension, an unfavorable inflammatory
response, and poor physical fitness (40—-42). Indeed, a prelimi-
nary study shows that LFABP /" mice have a longer lifespan
compared with WT mice on a chow diet (data not shown),
suggesting an improved overall health status of LFABP '~
mice. Notably, as a growing body of evidence has supported
the reversible transition between MHO and metabolically un-
healthy obesity (43, 44), MHO is recognized as a dynamic status
that needs long-term management for sustainable MHO and
prevention of progression to the unhealthy stage (45). Thus,
understanding the exercise phenotype in LFABP~/~ mice may
offer a new perspective on breaking the vicious cycle of physical
inactivity and obesity.

Both fuel supply and metabolic machinery are important
limiting factors for muscle energy production, and both showed
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Table 2

Basal metabolites in LFABP~/~ and WT muscles

Shown is a comparison of metabolite levels measured from samples of the gastro-
cnemius muscle isolated from LFABP ™/~ mice and WT controls following 12 weeks

of high-fat feeding (1 = 6 per group). Metabolites were determined by LC-MS/MS.
¥, p < 0.05 between WT and LEFABP~/~. AA, amino acid.

LFABP~/~/
Metabolites WT ratio p value g value
AA signaling
Glutamine 0.83* 0.007 0.21
Asparagine 0.82* 0.004 0.18
BCAA metabolism
Leucine 0.79 0.18 0.47
4-Methyl-2-oxopentanoate 0.92 0.96 0.73
Isovalerylcarnitine 0.41 0.11 0.47
B-Hydroxyisovaleroylcarnitine ~ 0.63* 0.02 0.30
a-Hydroxyisovalerate 0.53* 0.03 0.33
Isoleucine 0.82 0.23 0.49
allo-Isoleucine 0.55 0.12 0.47
2-Methylbutyrylcarnitine (C5) 0.56* 0.04 0.34
Valine 0.85 0.34 0.53
Isobutyrylcarnitine 0.58 0.23 0.49
3-Hydroxyisobutyrate 0.7* 0.03 0.34

significant changes in high fat—fed LFABP /™ mice, favoring an
improved exercise capacity. Although we found that plasma
glucose and triglyceride levels were similar between fasting
LFABP /" mice and WT mice, free fatty acids showed a trend
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toward higher levels in LFABP /" mice (18). We propose that
the increase in IMTG is likely the result of higher FA uptake
from the circulation and a decrease in FA B-oxidation as dis-
cussed further below and as evidenced by the lower expression
levels of two enzymes involved in FA transport into the mito-
chondria. The marked adiposity, greater intramuscular triglyc-
eride, and possible increase in plasma free fatty acid in
LFABP ™/~ mice also suggest that their inability to process FA
in the liver may divert excess FA back to the circulation, leading
to FA accumulation, as TG, in other peripheral tissues. The
higher muscle glycogen content in LFABP/~ mice does not
appear to be secondary to altered insulin sensitivity, as the insu-
lin-responsive cascade regulating glycogen synthase remained
unchanged. It is possible that the trend toward higher basal
GLUT4 levels at the plasma membrane may promote glucose
uptake. Furthermore, a higher GLUT4 expression is also con-
sistent with the observed lower Glutl mRNA level in that
GLUT]1 has been shown to exert a negative feedback effect on
GLUT4 activity by directing glucose into the hexosamine path-
way (46).

In addition to the greater skeletal muscle substrate availabil-
ity, high fat—fed LFABP /" mice exhibit higher mitochondrial
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function, as evidenced by the increased mitochondrial quantity,
enzyme activities, and fatty acid oxidation capacity. Interest-
ingly, however, the increase in mitochondrial respiratory
capacity in LFABP~/~ muscle is associated with partial sup-
pression of CPT1 and MCD in the resting state. In contrast to
the fatty acid oxidation assays with excess substrate, basal FA
B-oxidation depends on mitochondrial FA import (47). CPT1
plays a major role in FA transport into the mitochondria and
regulates the rate of B-oxidation; MCD regulates CPT1 activity
by degrading its natural inhibitor malonyl-CoA. The down-reg-
ulation of both CPT1 and MCD indicates a potential role of
decreased basal mitochondrial FA import in preserving mito-
chondrial function in LFABP™/~ muscle under sustained
high-FA exposure. Indeed, compared with the WT mice, high
fat—fed LFABP /™ mice are at a higher risk of lipid-induced
damage to muscle mitochondrial function, with their impaired
lipid handling capacity in the liver, trending higher plasma free
fatty acids (12, 18, 48), and comparable FA uptake into the mus-
cle cells (similar Cd36; Fig. 6A). Such lipid overload and a
potential for excessive B-oxidation in mitochondria may cause
accumulation of FA derivatives as well as reactive oxygen spe-
cies that interfere with insulin sensitivity and the inflammatory
response (for a review, see Martins et al. (49)). Thus, the partial
suppression in mitochondrial FA import and basal 3-oxidation
may serve as a brake to the chronic overproduction of lipid
intermediates, thereby preserving mitochondrial function in
LFABP ™/~ muscle. This idea agrees with several reports show-
ing that restricted B-oxidation prevents the mitochondrial dys-
function induced by overnutrition. For example, MCD-knock-
out mice, a genetic model for partial CPT1 inhibition, were
protected from the diet-induced glucose intolerance and deple-
tion of tricarboxylic acid cycle intermediates in the skeletal muscle,
indicative of compromised mitochondrial status (27). Moreover,
pharmacological inhibition of CPT1 corrected the insulin resis-
tance in mice with muscle-specific PPAR« overexpression, where
lipid-oxidative genes were genetically up-regulated (50). In con-
trast, PPARa-null mice showed diminished FA oxidation and
remained insulin-sensitive under high-fat diets (51).

The finding of similar insulin sensitivity between LFABP '~
and WT muscle is consistent with other evidence showing that
a restricted basal FA oxidation and higher mitochondrial func-
tion do not always translate into improved insulin sensitivity.
For example, inhibiting MCD activity in isolated human skele-
tal myocytes resulted in decreased FA oxidation and increased
glucose uptake but no difference in insulin signaling levels (52).
Furthermore, mice with muscle-specific PGCla overexpres-
sion were more prone to diet-induced insulin resistance despite
the significant increase in mitochondrial density (53). Thus, the
relationship between mitochondrial function and insulin sen-
sitivity is still inconclusive, with numerous reports suggesting
all possible scenarios: decreased, unchanged, or increased
(compensatory mechanism) mitochondrial function with insu-
lin resistance (for a review, see Montgomery and Turner (54)).

The “crossover” concept for substrate utilization during
exercise indicates that relative oxidation of lipid versus carbo-
hydrate depends on the exercise intensity relative to the maxi-
mal oxygen consumption or aerobic exercise capacity (55).
During low-intensity endurance exercise, lipids are the pre-
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dominant fuel source, and peripheral lipolysis is highly stimu-
lated for FA uptake into muscle, whereas IMTG lipolysis is only
stimulated at higher exercise intensity. With increasing exer-
cise intensity, there is a shift toward greater carbohydrate
metabolism where plasma glucose uptake and muscle glycogen
breakdown are increased (55, 56). During the controlled low-
intensity exercise bout, compared with WT mice, LFABP '~
mice utilized relatively more carbohydrate for energy produc-
tion in the beginning of the exercise, reflected by the higher
RER and increased glycogenolysis. Later on, LFABP /™ mice
switched to use more lipids as an energy source, with a lower
RER and elevated plasma FFA, likely from lipolysis in adipose
tissue. Moreover, although gluconeogenesis may be limited by
substrate levels in LFABP ™/~ mice at rest, their higher gluco-
neogenesis capacity may contribute to better energy produc-
tion during exercise, with elevated gluconeogenic precursors in
circulation (57, 58) and, particularly, more glycerol released
from adipose tissue along with FFA in LFABP ™/~ mice. Over-
all, consistent with their higher aerobic exercise capacity,
LFABP /" mice seem to rely more on FA oxidation for energy
production during a controlled treadmill test, suggesting that
the exercise for LFABP /™ mice may be at a relatively lower
intensity compared with WT mice.

In summary, LEFABP ablation in the liver and intestine pre-
vents the high-fat feeding—induced decline in exercise capacity,
with metabolic reprogramming in the skeletal muscle including
improved mitochondrial function and increased storage of
muscle glycogen and IMTG. As LFABP is the only FABP highly
expressed in the liver, we propose that the lack of LFABP, which
diminishes hepatic lipid-handling capacity (12, 48), shunts sur-
plus FA into circulation and to other peripheral tissues, includ-
ing white adipose tissue and skeletal muscle. In the resting state,
the restricted mitochondrial FA import in LFABP~/~ muscle
protects the mitochondria from sustained lipid overload and
thereby preserves mitochondrial function and aerobic exercise
capacity. This restriction in basal mitochondrial FA import
does not seem to affect exercise-induced FA oxidation, as
LFABP /™ mice preferentially utilized plasma FFA as their fuel
source during a low-intensity exercise compared with WT, in
keeping with their higher exercise capacity. With similar
expression levels of the muscle FABP (fubp3) and insulin sensitiv-
ity, the metabolic alterations in the skeletal muscle underlying the
exercise phenotype of LFABP ™/~ mice are likely the results of
insulin-independent interorgan signaling that has yet to be identi-
fied. Our report provides a model of obesity with unimpaired
physical fitness, and the findings on the muscle metabolic profile
in the LFABP /" mouse could have important implications
for identifying therapeutic targets to counter obesity and
metabolic syndrome by improving exercise capacity.

Experimental procedures
Animal and diets

LFABP ™/~ mice on a C57BL/6N background were gener-
ously provided by Binas and co-workers (59). The mice were
back-crossed with WT C57BL/6] mice from The Jackson Lab-

oratory (Bar Harbor, ME) to generate congenic C57BL/6
LFABP /" mice of mixed J/N background (24); these were fur-
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ther back-crossed six times to obtain LFABP /" that are >98%
] background. WT C57BL/6] mice obtained from The Jackson
Laboratory and bred in our facility were used as controls; no
differences were observed between these WT mice and litter-
mate WT mice. Mice were maintained on a 12-h light/dark
cycle and allowed ad libitum access to standard rodent chow
(Purina Laboratory Rodent Diet 5015). At 2 months of age, male
LFABP "/~ and WT (C57BL/6J) mice were housed two to three
per cage and fed a high-saturated-fat (45 kcal %) diet (HFS;
Research Diets, Inc., D10080402) for 12 weeks. A low-fat diet
containing 10 kcal % fat (LFD; Research Diets, Inc., D10080401)
was also used for the initial evaluation of exercise capacity. Diet
composition was detailed previously (18). Glycerol tolerance
tests were performed on mice at 11 weeks of high-fat feeding.
Following 16-h fasting and an intraperitoneal injection with
glycerol (2 g/kg of body weight), blood glucose was measured
before and within 3 h after the injection every 30 min with
AlphaTRAK 2 blood glucose test strips (60). For primary myo-
blast isolation, male WT and LFABP /" mice were fed HFS for
5 weeks starting at 4 —5 weeks of age to improve myogenic yield
and purity. At the end of the high-fat/low-fat feeding period,
mice were euthanized by cervical dislocation prior to collection
of blood and tissues. Rutgers University Animal Care and Use
Committee approved all animal experiments.

Treadmill test for exercise capacity

After 12 weeks of high-fat feeding, mice were acclimatized to
a motorized, speed-controlled treadmill with an electric shock
stimulus (six lanes; Columbus Instruments, Columbus, OH) 1
day prior to the test day, running for 5 min at 6 m/min with 0°
incline. On the test day, mice in the fed state were run on the
treadmill with a speed increased from 6 m/min by 3 m/min
every 3 min and a constant 25° incline. Another groups of mice
were fasted for 16 h and run on the treadmill with a speed
increased from 6 m/min by 3 m/min every 5 min and a 10°
incline. The mice were run until they reached exhaustion,
defined as when the mice remained on the shock grid for more
than 5 s.

Energy expenditure during exercise

Energy expenditure during a low-intensity exercise bout was
assessed using the Oxymax system (Columbus Instruments). At
the end of 12 weeks of high-fat feeding, mice were acclimatized
to the treadmill as described above. On the test day, the mice
were fasted for 16 h, and each mouse was run individually on
a treadmill positioned inside an indirect calorimetry cham-
ber with rotating genotypes to minimize the effect of fasting
time. The treadmill was set to a constant 10° incline through-
out the test, and after 1-min settlement on a stationary tread-
mill and a 5-min warm-up at 5 m/min, the mice were run for
20 min at 10 m/min. Gas exchange and energy expenditure
measurements were taken, with RER determined as VCO,/
VO,, and energy expenditure calculated by (3.815 + 1.232 X
RER) X VO, (61).

Preparation of tissue and plasma

For pre-exercise (resting) state studies, mice were fasted for
16 h before sacrifice at the end of the high-fat feeding period.
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For postexercise-state studies, mice were fasted for 16 h and
sacrificed right after the low-intensity exercise bout. At sacri-
fice, blood was drawn, and glucose was measured with Alpha-
TRAK 2 blood glucose test strips. Plasma was extracted after
centrifugation at 4 °C for 6 min at 3000 X g (~6000 rpm) and
stored at —80 °C for further analysis. After the blood was taken,
liver, epididymal white adipose tissue, and hind limb muscles
(gastrocnemius, soleus, and quadriceps) were removed and
immediately processed for same-day assays or placed on dry ice
and subsequently stored at —80 °C for further analysis. For his-
tochemical analyses, gastrocnemius muscle was removed, cov-
ered with optimum cutting temperature (OCT) compound,
and flash frozen in liquid nitrogen—cooled isopentane for
cryosectioning.

Insulin signaling

Mice were fasted for 4 h before the experiment. Before sac-
rifice, mice were intraperitoneally injected with PBS or insulin
(Novolin R, Novo Nordisk) at a dose of 2 units/kg of body
weight. Ten minutes later, gastrocnemius muscles were col-
lected for protein extractions and Western blotting of phos-
pho- and total AKT.

Plasma free fatty acid analysis

A plasma nonesterified fatty acid (NEFA) kit (Sigma,
MAKO044) was used to measure free fatty acid levels in plasma of
postexercise mice.

Lipid extraction and triglyceride assay

Upon sacrifice, hind limb muscles were diluted with 8 X the
weight of the samples of PBS (pH 7.4)/g (wet weight) and
homogenized for 2 min with a Potter—Elvehjem homogenizer
on ice. Protein concentration was determined using the Brad-
ford assay (24), and lipid extraction was performed on samples
containing 1 mg of protein/ml using the Folch procedure (62).
Lipids were extracted twice with 10 ml of chloroform/methanol
(2:1), and the aqueous-phase nonlipid fractions were discarded.
The organic lipid layer was dried under a nitrogen stream,
resuspended in chloroform/methanol (1:1), and spotted onto
Silica Gel G TLC plates along with authentic standards. The
TLC plate was developed in a nonpolar solvent system consist-
ing of hexane/diethyl ether/acetic acid (70:30:1), visualized by
iodine staining, and scanned with a Hewlett—Packard scanner.
Absolute values for triglyceride mass were obtained by densi-
tometric analysis with Image] software based on the standard
curves using authentic standards.

Glycogen assay

Total glycogen content in hind limb muscles was measured
as described by Xu et al. (64) with minor modification (63).
Briefly, hind limb muscles were homogenized with a Polytron
for 1 min on ice in 5X the weight of the samples of PBS (pH
7.4)/g (wet weight) and centrifuged at 18,000 X g (~14,000
rpm) for 5 min after heat inactivation at 80 °C for 10 min. 20 ul
of supernatant or standard solutions were mixed with amylog-
lucosidase (Sigma, A1602-25MG) to hydrolyze glycogen to glu-
cose, and the glucose levels were measured colorimetrically
with a glucose assay kit (Sigma, GAGO-20). Glycogen (Sigma,
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G0885-1G) standard was used to plot a standard curve and
determine the amount of glucose broken down from glycogen
in the homogenate.

Mitochondrial enzyme assays

Mitochondrial enzymatic activities for CS, CCOX, and SDH
were measured in fresh muscle homogenates as described (65,
66). Briefly, on the day of sacrifice, hind limb muscles were
homogenized with a Potter—Elvehjem homogenizer for 2 min
on ice in 20X the weight of the samples of Tris—sucrose buffer
(20 mm Tris, 100 mm KCI, 70 mm sucrose, 1 mm EGTA, pH
7.4)/g (wet weight) and centrifuged at 600 X g for 10 min at4 °C.
Supernatant was collected, flash frozen in liquid nitrogen, and
stored at —80 °C. Protein concentration in the supernatant was
determined by Bradford assay (24). All enzyme assays were per-
formed within linear ranges for protein concentration and reac-
tion time.

CS activity was determined by measuring the formation of
thionitrobenzoate anion. Muscle homogenates were mixed
with 200 mm Tris (pH 8.0) with 0.2% Triton X-100 (v/v), 1 mMm
dithionitrobenzoic acid, and 10 mm acetyl-CoA. The reaction
was started by adding 9.0 mm oxaloacetate, and absorbance was
read at 412 nm every 30 s for 3 min.

SDH activity was determined by the rate of reduction of
coenzyme Q1 (ubiquinone). Muscle homogenates were incu-
bated with 0.5 M KP; (pH 7.4) containing 0.01 M succinate for 10
min at 37 °C to activate complex II. Rotenone and antimycin A
were added, and baseline absorbance was recorded. The reac-
tion was started by adding 5 ul of coenzyme Q1, and the absor-
bance was recorded at 280 nm over 2 min.

CCOX activity was determined by measuring the rate of oxi-
dation of cytochrome c. Reduced cytochrome c was freshly pre-
pared by addition of sodium dithionite and added to 100 mm
KP; buffer (pH 7.4). Baseline absorbance at 550 nm was
recorded for 2 min. Muscle homogenates were added to the
mixture to start the reaction, and the absorbance at 550 nm was
recorded for 3 min.

Fatty acid oxidation

Fatty acid oxidation rates in skeletal muscle homogenates
were measured as detailed by Hirschey and co-workers (67, 68).
Briefly, upon sacrifice, hind limb muscles were gently homoge-
nized with a Potter—Elvehjem homogenizer for 15 strokes on
ice in 6.5X the weight of the samples of sucrose-Tris—EDTA
buffer/g (wet weight), and the homogenates were incubated for
30 min with 400 ul of reaction mixture containing 0.8 uCi of
[**C]oleate solubilized in 0.7% bovine serum albumin (BSA),
500 wm palmitate. "*CO, generated from the reaction was
released by addition of 200 ul of perchloric acid and absorbed
onto a piece of filter paper in the tube cap soaked with 20 ul of
1 M benzethonium hydroxide. The filter paper and '*C-labeled
ASMs in the reaction mixture were assessed for radioactivity by
scintillation counting.

Cellular bioenergetics analysis

Primary myoblasts were isolated from gastrocnemius mus-
cles of high fat—fed WT and LFABP /™ mice as described (70,
71). After eliminating fibroblasts using the preplating tech-
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niques, primary myoblasts were seeded (60,000 cells/well; trip-
licates) on collagen I- coated XF24 microplates (Seahorse Bio-
science) and incubated at 37 °C overnight in F-10 Nutrient Mix
(Thermo Fisher Scientific) supplemented with 10% fetal bovine
Serum (Thermo Fisher Scientific), 10 ng/ml human fibroblast
growth factor (PeproTech), and 1% penicillin-streptomycin
(Thermo Fisher Scientific). Before the mitochondrial function
analysis, myoblasts were incubated in Seahorse XF Assay
Medium (Agilent, Seahorse Bioscience, 102353-100) supple-
mented with sodium pyruvate, L-glutamine, and glucose for 1 h.
Using the mitochondrial stress test procedure with the Sea-
horse XFe24 system, the oxygen consumption rate and extra-
cellular acidification rate were first determined under basal
conditions. Through the multiport drug injection system, ATP
production, maximal respiration, and nonmitochondrial respi-
ration levels were determined in response to 1 uM oligomycin
(VWR), 2 um trifluoromethoxy carbonyl cyanide phenylhydra-
zone (FCCP) (Cayman Chemicals), and 0.5 um rotenone +
antimycin A (Sigma), respectively.

Quantitative RT-PCR for mRNA expression analysis

Total RNA was extracted from frozen muscles (TRIzol, Invit-
rogen) and further purified using RNeasy cleanup kits along
with DNase treatment to minimize genomic DNA contamina-
tion (Qiagen). cDNA was synthesized using a reverse transcrip-
tion kit (Invitrogen). Primer sequences were retrieved from
Primer Bank (Harvard Medical School QPCR primer database)
and are shown in Table S1. Efficiency tests were performed for
all primers to confirm similar amplification efficiency (100 =
10%) between the genotypes. Real-time PCRs were performed
in triplicate using an Applied Biosystems StepOne Plus instru-
ment. Each reaction contained 100 ng of cDNA, 250 nm each
primer, and 12.5 ul of Power SYBR Green Master Mix (Thermo
Fisher) in a total volume of 25 ul. Relative expression of the
target genes was calculated using the comparative Ct method
and normalized to endogenous $-actin.

Western blotting for protein analysis

Gastrocnemius muscles were homogenized in 12 volumes
of radioimmune precipitation assay buffer (Cell Signaling
Technology, 9806) with protease and phosphatase inhibitor
(Thermo Fisher, A32961) with a Potter—Elvehjem homoge-
nizer for 2 min on ice. The homogenates were centrifuged at
20,000 X g (~15,000 rpm) at 4 °C for 20 min to separate the
supernatant as total protein extracts, plasma membrane or
mitochondrial fraction was prepared by sequential centrifu-
gation as described (72, 73), and the protein concentration
was determined by Bradford assay (24). Equal amounts of
protein, as indicated, were resolved by SDS-PAGE and trans-
ferred onto nitrocellulose membranes using a wet transfer
system (Bio-Rad) at 20 V overnight at 4 °C. The membranes
were blocked in 5% (w/v) BSA solution for 1 h at room tem-
perature. For total protein extracts, the membranes were
probed with phospho-AKT, AKT, GAPDH (1:1000; Cell Sig-
naling Technology, 4060, 2920, and 2118, respectively),
MHC 1, MHC 2a, and MHC 2b antibodies (1:100; Develop-
mental Studies Hybridoma Bank, BA-F8, SC-71, and 10F5,
respectively) at 4 °C overnight. For the plasma membrane
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fraction, the membranes were probed with GLUT4 and insu-
lin receptor B (1:500; Cell Signaling Technology, 2213 and
3025, respectively). For the mitochondrial fraction, the
membranes were probed with oxidative phosphorylation
(OXPHOS) antibody mixture (1:250; Abcam, ab110413) and
VDACI1 antibody (1:1000; Abcam, ab15895). Primary anti-
body incubation was followed by IRDye® 800CW and 680RD
secondary antibodies (LI-COR Biosciences) for 1 h, and
detection was done using the 800 channel of the Odyssey®
Imaging System (LI-COR Biosciences).

Histochemical analyses

Frozen sections (10 um) were cut in a cryostat, placed on micro-
scope slides, and stored at —80 °C for further analysis. On the
staining day, slides were allowed to come to room temperature and
then fixed in 4% paraformaldehyde, PBS. Intramuscular triglycer-
ide was stained with a solution of triethyl phosphate saturated with
oil red O (Sigma, O0625) as described (74). Oil red O stained—
sections were examined in brightfield and epifluorescence using a
Texas Red excitation filter (540 —580 nm).

Metabolomics

Metabolomics analysis of frozen livers, plasma, and gastro-
cnemius muscles from WT and LFABP /" mice was per-
formed by Metabolon (Durham, NC) (n = 5 per group for livers
and plasma, n = 6 per group for muscles). Nontargeted meta-
bolic profiling was conducted using three independent plat-
forms: ultrahigh-performance LC/tandem MS (LC/MS) opti-
mized for basic species, LC/MS optimized for acidic species,
and GC/MS as described previously (7, 75). Metabolites were
identified by automated matching to chemical reference library
standards on the basis of retention time, molecular weight
(m/z), preferred adducts, and in-source fragments as well as
associated MS spectra and curated using software developed at
Metabolon (69). Following log transformation and imputation
of missing values with minimum observed values, statistical
tests (e.g. t tests, ANOVA with contrasts, etc.) were used to
identify biochemicals that differ significantly between experi-
mental groups. An estimate of the false discovery rate (g value)
was also calculated to take into account the multiple compari-
sons in metabolomic analysis.

Statistics

Data represent mean * S.E. Statistical comparisons were
made by two-tailed Student’s ¢ test (LFABP '~ versus WT). A p
value of less than 0.05 was considered statistically significant.
The effect of genotype (substrain) was compared by one-way
ANOVA followed by Tukey’s post hoc test.
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