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Physical activity increases energy metabolism in exercising
muscle. Whether acute exercise elicits metabolic changes in
nonexercising muscles remains unclear. We show that one of
the few genes that is more highly induced in nonexercising
muscle than in exercising human muscle during acute exercise
encodes angiopoietin-like 4 (ANGPTL4), an inhibitor of lipopro-
tein lipase-mediated plasma triglyceride clearance. Using a com-
bination of human, animal, and in vitro data, we show that
induction of ANGPTL4 in nonexercising muscle is mediated by
elevated plasma free fatty acids via peroxisome proliferator-acti-
vated receptor-5, presumably leading to reduced local uptake of
plasma triglyceride-derived fatty acids and their sparing for use by
exercising muscle. In contrast, the induction of ANGPTL4 in exercis-
ing muscle likely is counteracted via AMP-activated protein ki-
nase (AMPK)-mediated down-regulation, promoting the use of
plasma triglycerides as fuel for active muscles. Our data suggest
that nonexercising muscle and the local regulation of ANGPTL4 via
AMPK and free fatty acids have key roles in governing lipid ho-
meostasis during exercise.

Acute exercise greatly increases the cellular demand for ATP,
oxygen, glucose, and fatty acids. To meet these demands,
acute exercise is associated with marked changes in skeletal
muscle activity of key transporters and enzymes involved in
glucose and fatty acid transport and oxidation (1). Much of the
regulation occurs via allosteric regulation and covalent modifi-
cation of rate-limiting enzymes. In addition, alterations at the
level of mRNA increasingly are believed to represent an im-
portant regulatory mechanism in the acute response to exercise
(2). Indeed, acute exercise induces mRNA expression of many
genes involved in a variety of processes, including energy me-
tabolism, hypertrophy, and signaling (3-6). Not surprisingly,
most studies have focused on the events occurring in exercising
muscle. In contrast, much less is known about the exercise-induced
changes in nonexercising muscle. Studies have shown that resting
skeletal muscle is crucial in the removal of lactate from the cir-
culation during high-intensity exercise (7) and also plays a role in
adrenaline and noradrenaline production during exercise (8). In
addition, similar to exercising muscle, resting muscle exhibits en-
hanced phosphorylation of mTOR following resistance exercise
(9). Overall, however, the impact of exercise on metabolic pro-
cesses and gene expression in nonexercising muscles remains ill-
defined. It can be envisioned that exercise may elicit changes in
gene expression in nonexercising muscle via circulating mediators
including muscle-derived myokines and metabolites (10). The
present study was undertaken to try to elucidate the role of in-
active muscle in the metabolic response to acute exercise.

www.pnas.org/cgi/doi/10.1073/pnas.1400889111

Results
To investigate the molecular events occurring during exercise in
nonexercising muscle, we carried out an acute exercise trial in
which 12 human subjects performed moderate- to high-intensity
cycling exercise with one leg, and muscle biopsies were taken
before and after exercise from the exercising and nonexercising
(resting) leg. One-legged cycling allows the direct analysis of the
effects of acute exercise in exercising muscle, with the nonexercising
leg serving as control leg. Microarray analysis was performed on all
four muscle biopsies of nine subjects (4). Microarrays from two
subjects failed to meet quality control criteria and were excluded
from analysis, and one subject refused to have biopsies taken.
Surprisingly, the most significantly induced gene in the non-
exercising leg was angiopoietin-like 4 (ANGPTL4) (Fig. 14),
a sensitive target of the peroxisome proliferator-activated re-
ceptor (PPAR) transcription factors that encodes a secreted in-
hibitor of the enzyme lipoprotein lipase (LPL) (11-13). LPL
catalyzes hydrolysis of circulating triglycerides (TG) and therefore
plays a key role in uptake of fatty acids in skeletal muscle (14).
Paired individual gene-expression profiles in muscle biopsies from
both legs clearly showed that ANGPTL4 was induced much more
strongly in the nonexercising leg than in the exercising leg (Fig.
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Fig. 1.

Exercise induces ANGPTL4 gene expression in nonexercising human muscle. (A) Heatmap showing genes altered by exercise in the nonexercising leg

muscle ranked by statistical significance. Values are displayed per subject (P1 to P9). Fold-change (FC) in gene expression is indicated. (B) mRNA expression
profile of ANGPTL4 in the exercising and nonexercising legs according to microarray. (C) qPCR analysis of ANGPTL4 mRNA expression. (D) mRNA expression of
PPARS targets KLF10, PDK4, and SLC22A5, as well as LPL. (E) ANGPTL4 protein levels in postexercise muscle biopsies as determined by ELISA. Error bars
represent SEM. *Significantly different according to paired Student t test (P < 0.01).

1B), and this finding was confirmed by quantitative PCR (qPCR)
analysis (Fig. 1C). In fact, the microarray analysis indicated that
ANGPTL4 was one of the few genes that was induced more highly
in the nonexercising leg than in the exercising leg: Other PPAR
targets such as PDK4, SLC22A45, and KLFI10 were induced to the
same extent in both legs (Fig. 1D). The same was true for LPL
mRNA levels (Fig. 1D). In parallel with changes in ANGPTL4
mRNA, the content of ANGPTLA protein in muscle after exercise
was significantly higher in the nonexercising leg than in the exer-
cising leg, as determined by ELISA (Fig. 1E).

To localize ANGPTLA protein in human muscle, we performed
immunofluorescence staining, which revealed substantial staining
of ANGPTLA in human muscle fibers, with a slight preference for
type 1 slow oxidative fibers (Fig. 2). Consistent with the function of
ANGPTLA4 as inhibitor of endothelial-bound LPL, most intense
ANGPTLA protein staining was observed in the capillaries (Fig. 2).

Induction of ANGPTL4 mRNA in skeletal muscle during one-
legged exercise was associated with a significant increase in the
concentration of plasma ANGPTLA (Fig. 34). Cycling with two
legs for a more extended period (3 h) caused an even more sig-
nificant increase in the concentration of plasma ANGPTLA (Fig.
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3B). In contrast, the concentration of plasma ANGPTLA was not
altered by 2 wk of intense endurance exercise training (Fig. 3C), or
by a 12-wk endurance exercise program (Fig. 3D), indicating that
ANGPTLA is induced specifically by acute exercise.

Because the nonexercising leg was inactive, changes in gene ex-
pression in the resting leg muscle cannot be caused by local con-
tractile activity but must be related to systemic factors, including
circulating metabolites. To verify this notion, serum from fasted
human subjects collected before and after 2 h of cycling exercise
was added to mouse C2C12 myotubes, and Angptl4 mRNA ex-
pression was determined by qPCR. Angptl4 mRNA was markedly
increased in cells treated with postexercise serum as compared
with preexercise serum (Fig. 44). Intriguingly, no such effect was
observed using pre- and postexercise plasma from subjects that
received repeated glucose drinks during the cycling exercise (Fig.
4A4). Angptl4 expression in C2C12 myotubes also was induced
more strongly by plasma collected from subjects in the fasted state
than by plasma from subjects in the fed state (Fig. 4B). In those
subjects, ANGPTL4 expression in skeletal muscle also was markedly
higher in the fasted state than in the fed state (Fig. 4C). Together,
these data suggest that ANGPTL4 is induced by a circulating factor
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Fig. 2. ANGPTL4 protein is detected in human muscle in myocytes and endothelial cells. Representative images of inmunofluorescent staining of ANGPTL4
in a biopsy from human vastus lateralis muscle show ANGPTL4 in green, myosin heavy chain 1 (MHC1), a marker type | fiber, in red, and caveolin in blue.

that is specifically induced by exercise in the fasted state but is not
elevated when glucose is consumed during exercise and that also is
enriched in the fasted state as compared with fed state. One such
parameter is plasma free fatty acids (FFA) (Fig. 4 A and B, Right),
levels of which also increased during one-legged cycling (Fig. 4D)
and which previously had been shown to induce Angptl4 mRNA
potently in various cell types, including cultured myocytes (15-18).
In support of a role of plasma FFA in induction of ANGPTL4 gene
expression in human muscle, raising plasma FFA levels by salbu-
tamol treatment markedly increased muscle ANGPTL4 expression,
and this increase was largely blunted when salbutamol was coad-
ministered with the lipolysis inhibitor acipimox (Fig. 4E). This ex-
pression pattern was not found for other relevant genes such as
PPARGCIA and PDK4.

To study ANGPTL4 gene regulation by fatty acids further, we
used cultured myocytes. Oleic acid markedly induced ANGPTL4
mRNA in human primary myotubes (Fig. 4F), accompanied by
a similar increase in the secretion of ANGPTL4 protein (Fig.
4G). Oleic acid also markedly induced Angptl4 expression in
C2C12 myotubes, and this expression was significantly blunted
upon siRNA-mediated knockdown of PPARS (Fig. 4H). Con-
sistent with the high sensitivity of ANGPTL4 gene regulation to
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stimulation by fatty acids, microarray analysis indicated that
ANGPTL4 was the second most highly induced gene by oleic
acid in human primary myotubes and mouse C2C12 myotubes
(Fig. S1). Taken together, these data strongly suggest that the
marked induction of ANGPTL4 mRNA in the nonexercising
human muscle is caused by increased plasma FFA levels asso-
ciated with exercise.

Despite being exposed to elevated plasma FFA, exercising
human muscle shows only a very minor increase in ANGPTL4
expression. Accordingly, we hypothesized that induction of
ANGPTL4 mRNA in exercising muscle by FFA is mitigated by a
contraction-related factor. If so, expression of ANGPTL4 should
increase strongly after cessation of exercise when performed in
the fasted state, because plasma FFA levels remain high for
hours after such exercise. Indeed, in the continued fasted state,
ANGPTL4 mRNA in exercising human muscle is increased 20-
fold at 4 h postexercise as compared with baseline postexercise,
and the increase in ANGPTL4 mRNA is concurrent with sus-
tained elevation of plasma FFA (Fig. S2).

A candidate factor that may suppress ANGPTL4 in exercising
muscle is AMP-activated kinase (AMPK), which is activated spe-
cifically in exercising muscle but not in nonexercising muscle during
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Fig. 3. Plasma ANGPTL4 levels are increased by acute exercise but not by exercise training. (A) Plasma ANGPTL4 levels before and after 1 h of one-legged
cycling exercise at 50% of the one-legged Wpax (study A, n = 12). (B) Plasma ANGPTL4 levels before and after 3 h of cycling exercise at 40% Wp,. (Study B,
n = 8). (C) Fasting plasma ANGPTL4 levels before and after an intense 2-wk endurance training program on a cycling ergometer (study C, n = 8). (D) Fasting
plasma ANGPTL4 levels before and after a moderate-intensity, 12-wk endurance training program on a cycling ergometer (study D, n = 6).

Catoire et al.

PNAS | Published online March 3, 2014 | E1045

wv
=2
=
a
w
<
=
o

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400889111/-/DCSupplemental/pnas.201400889SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400889111/-/DCSupplemental/pnas.201400889SI.pdf?targetid=nameddest=SF2

L T

/

1\

=y

A * B C
1
< = * g
225 15 * £138 4 * 25 - X7 *
£ = €16 " Es
< 20 1 = 14 1 £20 5
= =+ fr
g £1.0 =12 - E E5
215 1 Z & <15 - %
< i 1.0 4 & Q 4 4
S 10 o <08 1 104 < 3 4
§° £05 1 506 1 E" 52 ]
N = o - o 04 & ] =
20.5 g 505 505 -y
2 0.0 - 0.0 - < 0.0 4 0.0 A T 4
L e o
&gc- a}eb &e‘a & & r}ot’ @ ‘_}eb b @ ;_,@b
0\0 4 0\\) &% @ &
800 1
D 1.2 - . = 4'2 O salt=0 R 700 A sl
=10 - 35 M Salt=180 = < 500 —— Sal+Aci
=5 27, [ Sak+Aci t=180 = oo
£ 08 825 i
w06 - 'S '2 w 400
© (]
E 04 215 £ 300 3
a w
3 1 & 200
20.2 1 05 o
: 100 &
0.0 0 T T T 0] . .
& & Q«\P' & & g 0 100 200
& /@'19 <) Q.@ Q Time (minutes)
\0,0 2 v—e QV'
& & <
< * < *
g7 —— 10  —] z 8 — % 15 * O Control
E 6 _E‘ 0.8 Eg £ 1 M Oleic acid
25 E) : 1
o 4 £ 06 2 3
2 3 54 o
g3 P 04 © 05
o 2 o ) c Y-
g1 g o2 8 &
©
£ < =t =]
S0 0.0 o0 5 0
% Cntl oleic Cntl oleic £ siControl  siPPARS - siControl  siPPARD
H acid acid

Fig. 4. Sensitive induction of the ANGPTL4 gene by FFAs in human and mouse myocytes. (A) C2C12 myotubes were incubated for 6 h with 10% serum from
subjects (n = 5) before exercise (white bar) and after exercise (black bar) performed in fasted state or with provision of glucose (study E). (Left) Angptl4 mRNA.
(Right) Serum FFA levels. (B) C2C12 myotubes were incubated for 3 h with 10% serum from subjects (n = 12) at the end of a 60-h fast or after 60 h in the
normal fed condition (study F). (Left) Angptl4 mRNA levels. (Right) Serum FFA levels. (C) ANGPTL4 mRNA in muscle biopsies collected at the end of the 60-h
fast or after 60 h in the normal fed condition (study F). (D) Plasma FFA levels before and after one-legged exercise (n = 12). (E) (Left) Pooled mRNA expression
of selected genes in muscle biopsies collected before and after salbutamol infusion with and without prior acipimox administration (study G, n = 9). (Right)
Plasma FFA levels during salbutamol (Sal) infusion. Error bars represent SEM. (F and G) ANGPTL4 mRNA (F) and ANGPTL4 (G) concentration in medium in
primary human myotubes treated with oleic acid. (H) Angpt/4 and Ppard mRNA in C2C12 myotubes transfected with control (nontargeting) or with PPARS

siRNA and treated with oleic acid. *Significantly different according to Student
treated for 12 h unless otherwise indicated.

one-legged exercise (19, 20). In our study, even though muscle
biopsies were collected ~10-15 min postexercise, we found en-
hanced AMPK phosphorylation in some, but not all, subjects (Fig.
5A). To study the impact of AMPK activation on Angptl4 expres-
sion, we treated mouse C2C12 myotubes with the AMPK activator
5-amino-1-B-p-ribofuranosyl-imidazole-4-carboxamide (AICAR),
leading to phosphorylation of AMPK (Fig. S34). Strikingly,
AICAR treatment markedly reduced Angpti4 mRNA (Fig. 5B) and
protein (Fig. 5C) in C2C12 myotubes and blunted the induction of
Angptl4 expression by oleic acid. The suppressive effect of AICAR
on Angptl4 mRNA was very fast (Fig. 5D), was mimicked by the
alternative AMPK activator metformin (Fig. 5E), could be partially
abolished by the AMPK inhibitor compound C (Fig. 5F and Fig.
S3B), and was modestly relieved upon combined knockdown of the
AMPK ol and o2 subunits (Fig. 5 G and H). AICAR also modestly
but significantly reduced the oleic acid-induced up-regulation of
ANGPTLA4 secretion in primary human myotubes (Fig. 5I). The
reduction of Angptl4 mRNA in C2C12 myotubes was not mediated
by down-regulation of PPARS, PPAR«, or PPARYy, because ex-

E1046 | www.pnas.org/cgi/doi/10.1073/pnas.1400889111

t test (P < 0.05). Error bars represent SD unless otherwise indicated. Cells were

pression of all three PPARs was increased rather than decreased by
AICAR treatment (Fig. 5J). Target genes of PPARS (the main
PPAR isotype in muscle), including Plin2, Pdk4, Kif10, and Cpt1b,
also either were increased or remained unchanged by AICAR,
as was the glucocorticoid receptor Nr3cl, another transcrip-
tional inducer of Angptl4 (Fig. 5J) (21). These data suggest that
down-regulation of Angptl4 mRNA by AMPK activation is not
mediated by any of the known transcriptional regulators of
Angptl4. Time-course studies in C2C12 myotubes indicated that
AICAR reduces Angptl4 gene expression with nearly the same
speed as the transcriptional inhibitor a-amanitin. No additive
effect of a-amanitin and AICAR was observed, suggesting that
AMPK activation almost completely blocks Angpt/4 gene tran-
scription (Fig. 5K). In vivo overexpression of an activating mutant
of the muscle-specific isoform of the AMPKy subunit supported
the suppressive effect of AMPK on Angptl4 gene expression
(Fig. 5L) (22). Conversely, in vivo overexpression of a dominant-
negative mutant of the AMPKa2 subunit led to a significant
induction of Angptl4 mRNA (Fig. 5M) (23). The data suggest

Catoire et al.
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Fig. 5.

AMPK activation suppresses Angpt/4 mRNA. (A) Immunoblot for AMPK and phospho-AMPK in skeletal muscle biopsies from two selected subjects

before (t0) and after (t1) exercise. (B) Expression of Angpt/4 mRNA in C2C12 myotubes treated with oleic acid (200 pM) and/or AICAR (1 mM) for 3 h. (C)
Immunoblot for ANGPTL4 in C2C12 myotubes treated with oleic acid and/or AICAR. (D) Time-course of the effect of AICAR on Angpt/4 mRNA in C2C12
myotubes. (E) Comparison of the effect of AICAR (1 mM) and metformin (0.5 mM) on Angpt/4 mRNA in C2C12 myotubes. (F) Effect of AICAR (1 mM) and
compound C cotreatment on Angpt/4 mRNA in C2C12 myotubes. Concentrations are indicated in millimolars. (G) Angpt/4 mRNA in C2C12 myotubes
transfected with control (nontargeting) or AMPKa1/AMPKa2 siRNA and treated with AICAR. (H) Effective knockdown of AMPKa1 and AMPKa2 by AMPKa1/
AMPKo2 siRNA. (/) ANGPTL4 levels in medium of human primary myotubes treated with oleic acid and AICAR. (J) Expression of PPARs and PPAR targets in
C2C12 myotubes treated with AICAR. (K) Angpt/4 mRNA in C2C12 myotubes preincubated with 50 pg/mL a-Amanitin for 1 h and treated with AICAR for 3 h or
6 h. (L) Angptl4 mRNA in the gastrocnemius of mice that overexpress an activating mutant of the muscle-specific isoform of the AMPKy subunit. Error bars
represent SEM. Data were extracted from GSE4065 (22). (M) Angpt/4 mRNA in the gastrocnemius of mice that overexpress a dominant-negative mutant of the
AMPKa2 subunit. Cells were treated for 12 h unless otherwise indicated. Error bars represent SEM. *Significantly different according to Student t test (P <

0.05). Error bars represent SD unless otherwise indicated.

that the stimulatory effect of plasma FFA on skeletal muscle
ANGPTL4 mRNA is counteracted by AMPK activation in
exercising muscle.

As previously observed for the PPARS agonist GW501516 (17),
induction of Angptl4 mRNA in C2C12 myotubes by oleic acid was
associated with a pronounced decrease in heparin-releasable LPL
activity (Fig. 64) but induced Lp/ mRNA (Fig. 6B). To study the
impact of Angptl4 up-regulation on skeletal muscle lipid uptake in
vivo, we used Angptl4-transgenic mice characterized by overex-
pression of Angptl4 mRNA and protein in a variety of tissues,
including skeletal muscle (Fig. 6C) (24). Transgenic Angptl4
overexpression did not affect muscle weights or lean body mass
percentage (Fig. S4). To assess the functional effect of Angptl4
overexpression during exercise, we subjected WT and Angptl4-
transgenic (Angptl4-Tg) mice to an acute moderate exercise bout
on a motorized treadmill. Total LPL protein levels in skeletal
muscle (gastrocnemius) after exercise were not different in the
WT and Angptl4-Tg mice (Fig. 6D). However, Angptl4-Tg mice
showed markedly reduced plasma clearance of [*H]triolein-
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labeled very-low-density lipoprotein (VLDL)-like particles during
exercise (Fig. 6F) and reduced fatty acid uptake from the labeled
VLDL-like particles into skeletal muscle but not into sub-
cutaneous adipose tissue (Fig. 6F). Plasma clearance of ['*C]-
oleic acid and uptake into skeletal muscle and subcutaneous
adipose tissue was unaffected in Angptl4-Tg mice (Fig. 6 G and
H). Plasma levels of FFA, glucose, glycerol, and p-hydroxybu-
tyrate were not different between the WT and Angptl4-Tg mice
in the exercised or resting state (Fig. S54). To assess whether
reduced muscle uptake of plasma TG-derived fatty acids in
Angptl4-Tg mice had any influence on muscle performance,
we determined the maximal endurance capacity using an in-
cremental treadmill protocol characterized by a gradual in-
crease in speed and slope of the treadmill until exhaustion.
Strikingly, Angptl4-Tg mice ran significantly less far than WT
mice (Fig. 67). Strength, as determined using the horizontal
wire test, was not different in the two sets of animals (Fig. S5B).
Depletion of muscle glycogen stores during exhaustive exer-
cise was comparable in WT and Angpt/4-Tg mice (Fig. 6J),
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Fig. 6. Angptl4 up-regulation impairs LPL activity and uptake of plasma TG-derived fatty acids in muscle. (A and B) Heparin-releasable LPL activity (A) and Lp/
mRNA (B) in mouse C2C12 myotubes treated with oleic acid (400 pM) for 24 h. (C) ANGPTL4 protein abundance and Angpt/4 mRNA expression in mouse
skeletal muscle. (D) Total LPL activity in skeletal muscle (gastrocnemius) of WT and Angpt/4-Tg mice at rest and after 90 min of moderate running exercise (12
m/min). (E) Serum 3H activity after 15 min of running in WT and Angpt/4-Tg mice injected with ['*C]-oleate together with glycerol tri[*H]oleate-labeled VLDL-
like particles. (F) *H-activity in subcutaneous adipose tissue and gastrocnemius after 15 min of running. (G) Serum 'C activity after 15 min of running in WT
and Angpt/4-Tg mice injected with ['*C]-oleate together with glycerol tri[*H]oleate-labeled VLDL-like particles. (H) '*C activity in subcutaneous adipose tissue
and gastrocnemius after 15 min of running. (/) Distance covered, excluding warm-up, by WT and Angpt/4-Tg mice subjected to an incremental exercise test to
exhaustion. (J-L) Muscle glycogen (J), liver glycogen (K), and muscle TG (L) levels in WT and Angpt/4-Tg mice at rest or after exhaustive running exercise. (M)
mRNA expression of selected genes in skeletal muscle (gastrocnemius) of WT and Angpt/4-Tg mice at rest. (N) The relative levels of plasma TG (Left) and FFA
(Right) in the exercised state (90 min of moderate running exercise) compared with the resting state (90 min rest) in WT, Angpt/4-Tg, and Angpt/4~"~ mice.
*Significantly different from WT mice according to Student t test (P < 0.05). *Significantly different from resting mice according to Student t test (P < 0.05).
Error bars represent SEM; n = 6-10 mice per group.

whereas liver glycogen levels remained higher in Angptl4-Tg
mice after exhaustive exercise, a difference that reached statis-
tical significance (Fig. 6K). Intramuscular TGs were lower in
Angptl4-Tg mice, and this difference also reached significance
after exhaustive exercise (Fig. 6L). No differences in baseline
expression of markers of oxidative capacity were observed in the
two genotypes, suggesting that Angptl4 does not influence
oxidative capacity (Fig. 6M). Finally, we determined the relative
decrease in plasma TG in the exercised state as compared with
resting state in WT, Angptl4-Tg, and Angptl4~'~ mice, as a
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measure of relative plasma TG utilization. The relative de-
crease in plasma TG in the exercised vs. the resting state was
much more pronounced in Angptl4~'~ mice than in WT and
especially Angptl4-Tg mice (Fig. 6N), likely because of the
preferential use of plasma TG in Angptl4~'~ mice. Conversely,
the relative increase in plasma FFA in the exercised vs. re-
sting state was more pronounced in Angptl4~'~ mice, likely
because of the sparing of plasma FFA in favor of the use of
TG-derived fatty acids. Overall, these data indicate that up-
regulation of Angptl4 impairs skeletal muscle uptake of fatty
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acids from circulating TG-rich lipoproteins and reduces liver
glycogen utilization, leading to decreased performance of
exhaustive exercise.

Discussion

The activity of LPL and the associated uptake in tissue of fatty
acids derived from TG in plasma is under the control of different
physiological stimuli in different tissues (14). In white adipose
tissue LPL activity is decreased by fasting, which has been de-
monstrated unequivocally to be mediated by up-regulation of
Angptl4 (25). In brown adipose tissue LPL activity is increased by
exposure to cold; such exposure is associated with a decrease in
Angptl4 mRNA (26), hinting at a potential role of ANGPTLA.
Our data suggest that ANGPTLA4 also plays an important role in
LPL-dependent plasma clearance of TG in skeletal muscle,
particularly during acute exercise, by coordinating lipid uptake in
exercising and nonexercising muscles.

Acute exercise increases adipose tissue lipolysis and raises
levels of FFA in plasma. Although the abundant plasma FFA are
oxidized efficiently in exercising muscle, their increase leads
to elevated intramuscular fat storage in nonexercising muscle,
possibly leading to lipotoxicity (27). Previously, we found that
ANGPTLA functions as a fatty acid-inducible antilipotoxic factor
in cardiomyocytes and macrophages (15, 28). The present work
suggests that the exercise-induced increase in plasma FFA
stimulates ANGPTLA synthesis in nonexercising human muscle,
leading to local inhibition of LPL activity and diminished uptake

of fatty acids derived from plasma TG in compensation for el-
evated uptake of plasma FFA, presumably to mitigate lipid
overload and associated lipotoxicity in nonexercising muscle
during prolonged exercise. In contrast, in exercising muscle the
stimulatory effect of FFA on ANGPTLA is counteracted by AMPK-
mediated suppression of ANGPTL4 mRNA, thereby maintaining
LPL activity and supporting the use of plasma TG as fuel for the
exercising muscle (Fig. 7).

Previously, in vivo AMPK activation by AICAR was found to
lower plasma TG levels (29, 30). Moreover, AMPK activation by
AICAR and metformin increased intralipid clearance and increased
heparin-releasable LPL activity in rat hearts without causing
any change in LPL mRNA (31, 32). Furthermore, AICAR and
metformin enhanced LPL activity in rat L6 muscle cells (33).
These findings suggest a role of LPL in the lowering of plasma
TG by AMPK. Based on the data presented here, it is plausible
that the stimulatory effect of AICAR and metformin on LPL
activity and the concomitant lowering of plasma TG is mediated
by suppression of ANGPTLA4 in muscle and possibly other tis-
sues. Future studies are needed to address this question in
more detail.

Our data indicate that overexpression of Angptl4 reduces max-
imal performance in endurance exercise, most likely by limiting
the provision of fatty acids derived from plasma TG to the muscle
and by limiting the utilization of liver glycogen, which is an im-
portant fuel for exercising mice. Until recently, because of a
number of methodological issues, the role of plasma TG as source

Circulating FFA

Non-exercising leg

Exercising leg

Fig. 7. Schematic representation of the proposed role of ANGPTL4 in providing lipid to exercising muscle. During exercise, circulating FFAs and VLDL particles
are directed to exercising and nonexercising muscle. In the nonexercising leg, increased FFA levels provoke an increase in ANGPTL4 expression via PPARS,
leading to inhibition of LPL activity and consequent reduction in uptake of fatty acids derived from VLDL, which likely is aimed at preventing lipid overload. In
contrast, in the exercising leg the stimulatory effect of FFA on ANGPTL4 mRNA is counteracted by AMPK-mediated suppression of ANGPTL4 mRNA. As
a result, LPL activity remains high, allowing full exploitation of fatty acids derived from VLDL as the substrate for fatty acid oxidation to meet the energetic

needs of exercising muscle.
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Table 1. Primer sequences

Forward primer Reverse primer
m36B4 ATGGGTACAAGCGCGTCCTG GCCTTGACCTTTTCAGTAAG
Cyclophilin CAGACGCCACTGTCGCTTT TGTCTTTGGAACTTTGTCTGCAA
PGCl-a AGACGGATTGCCCTCATTTGA TGTAGCTGAGCTGAGTGTTGG
Cptlb ATCATGTATCGCCGCAAACT CCATCTGGTAGGAGCACATGG
Lpl CAGCTGGGCCTAACTTTGAG GACCCCCTGGTAAATGTGTG
Angptl4 GTTTGCAGACTCAGCTCAAGG CCAAGAGGTCTATCTGGCTCTG
Ppard TTGAGCCCAAGTTCGAGTTTG CGGTCTCCACACAGAATGATG
Cd36 TCCAGCCAATGCCTTTGC TGGAGATTACTTTTCAGTGCAGAA
Plin2 GGATGTGGTGACGACTACCAT ACAGACTTGGTCCTTTCCACG
Pdk4 TCTACAAACTCTGACAGGGCTTT CCGCTTAGTGAACACTCCTTC
Ppara TATTCGGCTGAAGCTGGTGTAC CTGGCATTTGTTCCGGTTCT
Pparg CACAATGCCATCAGGTTTGG GCTGGTCGATATCACTGGAGATC
Prkaa1 TTCGGGAAAGTGAAGGTGGG TCTTCTGCCGGTTGAGTATCT
Prkaa2 CAGGCCATAAAGTGGCAGTTA AAAAGTCTGTCGGAGTGCTGA
Cs GGACAATTTTCCAACCAATCTGC TCGGTTCATTCCCTCTGCATA
KIf10 ATGCTCAACTTCGGCGCTT CGCTTCCACCGCTTCAAAG
ANGPTL4 CACAGCCTGCAGACACAACTC GGAGGCCAAACTGGCTTTGC
GAPDH CATGTTCCAGTATGACTCCACTC GGCCTCACCCCATTTGATGT

of fatty acids for oxidation in exercising muscle and thereby the
overall importance of plasma TG as fuel during endurance exer-
cise likely have been underestimated (reviewed in ref. 1). Indeed,
plasma TG uptake and clearance are increased many fold during
leg exercise as compared with the resting situation (34). The rel-
evance of plasma TG during exercise is suggested further by the
adaptive increase in muscle LPL mRNA and activity in response
to an acute exercise bout and after exercise training (35, 36).
Unlike ANGPTLA4, the expression of LPL is induced to the same
extent in exercising and nonexercising muscle. The enhanced ac-
tivity of LPL in skeletal muscle is believed to account for the low
plasma TG concentrations in trained individuals (37, 38).

ANGPTLA adds to a growing list of secreted proteins whose
production in muscle is increased by acute exercise (39, 40). For
many of these proteins it is unclear whether the change in pro-
duction mainly impacts the muscle locally or whether the protein
also exerts an endocrine effect and thus functions as a myokine.
Even though acute exercise leads to elevated ANGPTLA levels in
the circulation, it is unclear whether this increase stems mainly
from the increased mRNA and production of ANGPTLA in skel-
etal muscle or whether other tissues contribute as well. Overall, the
coexpression of ANGPTL4 with LPL in tissues such as muscle and
adipose tissue and the tissue-specific regulation of ANGPTL4 ex-
pression suggest that ANGPTLA may act mainly via local inhibition
of LPL (17, 41).

In conclusion, our data indicate that, in addition to the re-
sponses in exercising muscle, molecular changes in nonexercising
muscle likely play a key role in regulating the fuel supply during
exercise. It can be speculated that the beneficial effects of exercise
on various health parameters are conveyed by adaptive changes in
nonexercising muscles.

Experimental Procedures

Human Intervention Studies. Twelve healthy men (age 51.5 + 5.1 y, body
weight 88 + 17 kg, body mass index 26 + 4) participated in study A (4).
Subjects were asked to follow healthy eating guidelines the day before the
experiment and to refrain from alcohol consumption. Subjects fasted from
10:00 PM the evening before the study began until the end of the in-
tervention. During the exercise session subjects were allowed to drink water
ad libitum. All subjects performed a single endurance exercise bout, con-
sisting of 60 min of one-legged cycling at 50% of their one-legged maximal
work load (Wmax) (determined by a graded one-legged cycling test). One-
legged cycling was performed on a cycle ergometer (Excalibur Sport)
adapted with a custom-made leg support. Skeletal muscle biopsies were
taken before and after exercise from both legs of 11 subjects, with the av-
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erage time of collection at ~15 min pre- or postexercise. One subject became
apprehensive about the needle biopsy immediately before the first biopsy
collection. Two subjects later were excluded from the microarray analysis
because the microarrays failed to meet quality control criteria. In addition,
a venous blood sample was taken before and shortly after exercise. Other
human intervention studies included in this paper have been published
previously and are outlined briefly below.

In study B, eight young, untrained, healthy male subjects (age: 23.3 +3.2y)
performed 3 h of cycling on an electromagnetically braked ergometer at an
intensity of 40% of the predetermined Wmax (42). To facilitate completion
of the exercise test, subjects received two 125-mL servings of a maltodextrin
drink during the second half of the test. Subjects were allowed to drink
water ad libitum during the entire test. Plasma was collected before and
after 3 h of cycling exercise and was used for measurement of ANGPTLA4.

In study C, eight young, untrained, healthy male subjects (age: 23.3 +3.2y)
followed a 2-wk exercise training program on a cycling ergometer (42).
Training consisted of alternating days of interval and endurance training
and always started with 7.5 min of warming up at 40% W,,.x and ended
with 7.5 min of cooling down at 40% Wax. Fasting plasma was collected
before and after the 2- wk training program and was used for the measure-
ment of ANGPTL4. Plasma was collected 3 d after the last training session.

In study D, six healthy, nonobese male subjects (age: 42.7 + 2.0 y) followed
a 12-wk exercise training program on a cycling ergometer (43). Subjects trained
three times per week for 12 wk for 47.5 + 2.5 min at 40% of predetermined
maximal oxygen consumption (VO, max). Fasting plasma was collected be-
fore and after the 12-wk training program and was used for measurement of
ANGPTL4. Plasma was collected 3 d after the last training session.

Seven healthy, untrained male volunteers (age: 22.7 + 0.6 y) participated
in study E. After the subjects fasted overnight, a Teflon cannula was inserted
in an antecubital vein for sampling of blood. Subjects rested on a bed, and a
baseline blood sample was taken. Immediately thereafter, subjects ingested
1.4 g/kg bodyweight glucose or water. Subjects exercised at 50% VO,
max for 2 h and then rested for 4 h. At regular intervals subjects ingested
0.35 g/kg bodyweight glucose or water. Muscle biopsies were collected
before exercise and after the 4-h rest period. All subjects underwent the
experimental protocol twice, once with glucose ingestion and once while
fasting (44).

Twelve healthy, lean male volunteers (age: 23.6 + 1.0 y) participated in study
F. Subjects stayed in the respiration chamber for 60 h in the normal fed con-
dition or while being completely fasted, according to a randomized crossover
design with a 2-wk washout period. Blood samples were collected at the end
of the study after an overnight fast (fed condition) or after a cumulative 60-h
fast. Around the same time, a muscle biopsy was taken (45).

Nine healthy, lean male volunteers (age: 24.4 + 1.3 y) participated in study
G. After subjects fasted overnight, two Teflon cannulas were inserted into
an antecubital vein of each arm. One cannula was used for the infusion of
salbutamol, and one was used for sampling blood. A first blood sample and
muscle biopsy were taken, followed by a continuous infusion of salbutamol
for 3 h. In addition, two doses (250 mg) of acipimox or placebo were given
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orally at time —120 min and time 0. Blood samples were taken at regular
intervals throughout the study (46). A second muscle biopsy was taken after
the 3-h infusion.

Informed consent was obtained from all subjects. The studies were ap-
proved by the Medical Ethics Committee of the institute involved (Wage-
ningen University or Maastricht University).

Blood Samples. Blood was collected in tubes containing EDTA and was
centrifuged immediately for 10 min (1,000 x g, 4 °C). Blood samples were
analyzed for FFA levels (Centre for Medical Diagnostics, Velp, The Netherlands)
and ANGPTLA4 levels (see below).

Skeletal Muscle Biopsies. Percutaneous needle biopsies were taken before and
shortly after exercise from the vastus lateralis muscle from both legs, using
the Bergstrom technique with suction. All biopsies were taken from separate
incisions; the second biopsy in the leg was located 2 cm proximal to the first
biopsy. Biopsies were taken on average 10-15 min before and after the
exercise bout. All biopsies were collected, processed, and frozen within 30
min postexercise. After each biopsy, the collected tissue sample was cleared
carefully of adipose tissue and blood and was frozen directly in liquid ni-
trogen or was embedded into Tissue-Tek O.C.T. compound (Sakura Tissue
Tek) and frozen in liquid nitrogen-cooled isopentane.

Muscle biopsy lysates were prepared using a lysis buffer consisting of
50 mM Tris-HCl (pH 7.5), 150 mM NaCL, 1 mM EGTA, 1 mM EDTA, 0.27 M
sucrose, and 2% Triton X-100. Protease and phosphatase inhibitors (Com-
plete and PhosSTOP; Roch Diagnostics GmbH) were added to the buffer. The
buffer was added to tissue in a 15:1 (buffer: tissue) ratio, and the tissue was
lysed using TissueLyser Il (Qiagen).

Immunofluorescence. Frozen muscle sections (5-um thick) were treated with
0.1% Triton X-100 in PBS and were incubated for 45 min at room temper-
ature with the primary antibody mix [a polyclonal rabbit hANGPTL4,
a mouse monoclonal IgM antibody directed to MHC1 (type 1 muscle fibers;
Developmental Studies Hybridoma Bank), and a mouse monoclonal 19G,
antibody to caveolin-3 (BD Biosciences)] diluted in 0.05% Tween20 in PBS.
After three washing steps with PBS, sections were incubated for 45 min at
room temperature with the appropriate fluorescent-labeled secondary
antibodies. The specificity of the antibody for ANGPTL4 was demonstrated
previously via immunoblot of human plasma using appropriate peptide
controls and was corroborated by immunochemical and immunofluores-
cence staining of ANGPTL4 in human heart, intestine, and skin wounds,
using appropriate negative controls (15, 47, 48).

Animal Experiments. Exercise studies were carried out using the TSE Pheno-
Master treadmill module (TSE Systems) that allowed four mice to run si-
multaneously. Four- to five-month-old littermate male WT and Angpt/4-Tg
mice bred on the C57BL/6 background for 15 generations were used for the
exercise experiments. The number of mice per group varied from six to nine
mice. All mice were acclimatized to the treadmill (10 m/min for 10 min) on
three consecutive days. On the day of exercise, mice were fasted (4 h) and
either were subjected to a moderate exercise protocol (12 m/min at 0% in-
cline for 90 min) or ran until exhaustion (30 min at 12 m/min followed by an
increase of 2.5 m/min and 2° of incline every 5 min until exhaustion). A
mouse was considered exhausted if it failed to run after it was prompted by
a slider with plastic bristles three times within 1 min. The moment of ex-
haustion was determined by an investigator unaware of the genotype of the
mice. A control group of nonexercising mice from each genotype remained
sedentary inside the treadmill. Upon cessation of exercise mice were anes-
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thetized immediately using isoflurane, and blood was collected by orbital
puncture. Mice then were killed by cervical dislocation, and tissues were
excised quickly and were frozen immediately in liquid nitrogen.

The horizontal wire test was performed by placing a steel wire between
a gray PVC stand at a height of 30 cm. Mice hung on the wire with their
forepaws. Time measurements started at the moment that the researcher
judged the mouse had a good grip on the wire. Time measurement ended
when the animal grasped the wire with at least one hind paw. If the animal
fell, it was placed back in its cage for a 3-min rest, and measurements
were repeated.

Animal experiments were approved by the Animal Ethics Committee
of Wageningen University.

Plasma TG and FFA Clearance. After a 6-h fast, 6-mo-old male WT and Angpt/4-
Tg mice were put on a treadmill at a speed of 14m/min. After 45 min of
running, mice were injected with a single bolus of ['*C]-oleate and glycerol
tri[>H]oleate-labeled VLDL-like particles and continued to run for another 15
min. After 15 min, blood was collected; then the animal was killed imme-
diately and tissues were collected. Tissues and serum were processed to
determine 3H and '“C activity. Preparation of VLDL-like particles, complexing
of ['*C]-oleate with BSA, the infusion protocol, and calculations were carried
out as described previously (49-51).

Cell Culture and Treatment. C2C12 myoblasts were maintained in DMEM
(Lonza) supplemented with 10% (vol/ivol) FCS and 1% penicillin/streptomycin/
amphotericin (PSA) under 5% CO, at 37 °C. At ~70-90% confluency, myoblasts
were treated or full-growth medium was replaced with alphaMEM (Lonza)
supplemented with 2% (vol/vol) FCS and 1% PSA to promote differentiation
into myotubes. The differentiation medium was changed every 2-3 d. C2C12
myotubes were used for treatment after 1 wk of differentiation. All experi-
ments with C2C12 myotubes were performed in differentiation medium.

C2C12 myotubes were treated with human serum by replacing FCS with
human serum and were incubated for 3-6 h. For siRNA-mediated knockdown,
C2C12 cells were transfected with siRNA sequences using Lipofectamine RNAi-
Max the day before differentiation was started. The ON-TARGETplus SMART-
pool for PPARS, AMPKa1, AMPKa2, and nontargeting was used (Dharmacon/
Thermo-Fisher Scientific) at 100 pmol/mL The medium was replaced by differ-
entiation medium (DMEM supplemented with 2% (vol/vol) horse serum, 100 pg/
mL penicillin, and 100 pg/mL streptomycin) after 24 h. After 4 d of differenti-
ation, cells were treated with oleic acid and AICAR as indicated below. Differ-
entiated human primary myotubes were prepared as described previously (52).

Oleic acid (200 uM) was added to cells complexed with BSA (2.5:1). AICAR
and metformin were used at 1 mM. The AMPK inhibitor compound C was
used at concentrations indicated in the Fig. 5 legend. Cells were treated for
12 h unless otherwise indicated.

RNA Isolation and qPCR. Total RNA was isolated using TRIzol reagent
(Invitrogen) and was purified for microarray analysis using the Qiagen RNeasy
Micro kit (Qiagen).

RNA was reverse transcribed using a First-Strand ¢cDNA Synthesis Kit
(Fermentas). Real-time PCR was carried out using SensiMiX (Bioline) on a CFX
384 Bio-Rad thermal cycler (Bio-Rad). Cyclophilin, GADPH, and/or 36B4 were
used as housekeeping genes. Primers used are listed in Table 1.
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