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Natriuretic peptides enhance the oxidative
capacity of human skeletal muscle
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Cardiac natriuretic peptides (NP) are major activators of human fat cell lipolysis and have recently been
shown to control brown fat thermogenesis. Here, we investigated the physiological role of NP on the oxida-
tive metabolism of human skeletal muscle. NP receptor type A (NPRA) gene expression was positively cor-
related to mRNA levels of PPARY coactivator-1o. (PGC1A) and several oxidative phosphorylation (OXPHOS)
genes in human skeletal muscle. Further, the expression of NPRA, PGC1A, and OXPHOS genes was coordi-
nately upregulated in response to aerobic exercise training in human skeletal muscle. In human myotubes,
NP induced PGC-10 and mitochondrial OXPHOS gene expression in a cyclic GMP-dependent manner. NP
treatment increased OXPHOS protein expression, fat oxidation, and maximal respiration independent of sub-
stantial changes in mitochondrial proliferation and mass. Treatment of myotubes with NP recapitulated the
effect of exercise training on muscle fat oxidative capacity in vivo. Collectively, these data show that activation
of NP signaling in human skeletal muscle enhances mitochondrial oxidative metabolism and fat oxidation. We
propose that NP could contribute to exercise training-induced improvement in skeletal muscle fat oxidative

capacity in humans.

Introduction

The cardiac hormones, atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP), play a major role in the regulation of
fluid homeostasis and cardiac physiology (1). Natriuretic peptide-
mediated (NP-mediated) biological responses are largely mediated
through cyclic GMP (cGMP) produced by the guanylyl cyclase
domain of NP receptor type A (NPRA) (2). Although classically
considered as cardiovascular hormones, we have shown that NP
display a potent lipolytic effect in human adipocytes (3). They
promote a rapid and sustained rise of intracellular cGMP that
activates a cGMP-dependent protein kinase, PRKG1, which then
phosphorylates perilipin 1 and hormone-sensitive lipase, necessary
steps to initiate lipolysis (4). The potent lipolytic effect of NP is
restricted to primates. In contrast, murine adipocytes exhibit a pre-
dominance of the clearance receptor NP receptor type C (NPR-C)
and a very low expression of the biologically active NPRA (5). Inter-
estingly, the lipolytic effect of NP is fully rescued in adipocytes of
NPR-C (also known as Npr3) knockout mice. Moreover, NP induce
a “browning” of human white adipocytes (6). This finding may
be physiologically relevant considering the presence of functional
brown fat in humans (7). Together, these studies suggest that NP
plays a potent metabolic role in human adipose tissue. Recent data
suggest that mice overexpressing Nppb and Prkgl are protected
from high-fat diet-induced obesity and insulin resistance and
show increased energy expenditure (8). This phenotype could be
explained by significant changes in skeletal muscle fat oxidative
capacity. The physiological relevance and molecular mechanisms
of this finding have yet to be addressed in humans. In this study,
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we first show in vivo the relevance of the relationship between
NPRA expression and oxidative metabolism in human skeletal
muscle before and after 8 weeks of exercise training. We next estab-
lish that NP, in physiologically relevant concentrations, enhanced
oxidative capacity in human skeletal muscle cells and unravel the
molecular mechanisms.

Results and Discussion
Exercise training upregulates NPRA and oxidative phosphorylation genes
in human skeletal muscle. In human skeletal muscle, we observed
a positive relationship between the expression of NPRA and sev-
eral oxidative phosphorylation (OXPHOS) genes (Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JC164526DS1). PPARY coactivator-1la (PGC1A), a
master regulator of OXPHOS genes (9), was also correlated with
NPRA expression (r = 0.58, P = 0.01) (Supplemental Figure 1).
We next investigated the potential link between NP signaling
and skeletal muscle mitochondrial oxidative metabolism during
an 8-week aerobic exercise training program in obese men. Exer-
cise training improved maximal oxygen uptake (VO2may) (+10%)
and resting metabolic rate (RMR) (+8.9%). A 6.6% higher RMR
was observed after adjustment for fat-free mass (Table 1). The
observed increase in RMR, independent of fat-free mass, reflects
a state of metabolic inefficiency, in agreement with other longi-
tudinal exercise training studies (10, 11). This physiological adap-
tation could partly involve mitochondrial uncoupling in skele-
tal muscle (12). Pathway analysis of skeletal muscle microarray
data revealed pathways related to mitochondrial dysfunction and
OXPHOS as top-ranking biological functions (Pagjusced < 0.002)
in response to exercise training. Exercise training increased skel-
etal muscle OXPHOS protein expression (+32%, overall effect
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Table 1 that exercise training can improve mitochondrial
Clinical and metabolic variables at baseline and after 8 weeks of exercise training function per se (13). A concomitant upregulation
of NPRA and total PGCIA transcripts was shown
Baseline After training Pvalue in human skeletal muscle in response to 8 weeks of
Age (yr) 354+15 - - aerobic exercise training (Figure 1D). No significant
Body weight (kg) 103.0+£1.9 103.3+2.2 0.63 change in resting plasma ANP and BNP concentra-
BMI (kg/m-2) 32.6+0.7 32707 0.62 tions was observed after exercise training (data not
Fat mass (%) 35.4£1.38 342:1.9 0.003 shown). These data suggest a physiological link
FFM (ko) ) 626+2.0 64.0£2.2 0.04 between NP/NPRA signaling and mitochondrial
\é(l\JIIZEa)((k(cn;:;;néllnr;;Jr-I:g)]q) 2207?;1 i ;02 22294§ i 197 gggg oxidative capacity in human skeletal muscle.
RMR (kcal/24 hour x kg FFM) 3.1 0.9 35.3+08 0.009 NF/cGMP signaling activates PGC1A and OXPHOS
Fasting respiratory quotient 0.80 £ 0.01 0.79 £ 0.01 0.23 expression in buman myotubes. The functional and
mechanistic link between NP and mitochondrial oxi-
Values are given as mean + SEM (n = 10). FFM, fat-free mass. dative metabolism was explored in human primary

skeletal muscle cells. The NP receptor NPRA was
expressed in differentiated myotubes, and the expres-
P =0.0018) (Figure 1, A and B) independently of substantial sion of key NP signaling components, PRKGI and the cGMP-spe-
changes in mitochondrial DNA (mtDNA) content (Figure 1C).  cific phosphodiesterase PDESA, increased during differentiation
These data are consistent with previous findings and suggest  into myotubes (Figure 1, E and F). ANP and BNP dose dependently
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Figure 1

Functional link between NPRA expression and oxidative markers in human skeletal muscle. (A) Representative blot of OXPHOS proteins in
skeletal muscle of one subject at baseline (Bas) and after training (Post). (B) OXPHOS complex protein expression, (C) mtDNA content, and
(D) NPRA and PGC1A gene expression in skeletal muscle of sedentary subjects at baseline and after 8 weeks of aerobic exercise training.
(E and F) Gene expression of PRKG1 and PDE5A in primary human myoblasts during the time course of differentiation (n = 3-5). (G) Effect of
acute ANP and BNP (1 uM) treatment, and (H) dose-response effect of ANP, on intracellular cGMP levels in differentiated human primary myotubes
(n =4-15).*P < 0.05, **P < 0.01 versus baseline.
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NP induces PGC-1a and mitochondrial oxidative genes in human primary myotubes. Time course of (A)
PGC1A and (B) PPARD gene expression in response to treatment with 10 nM ANP (n = 6). (C) PGC1A and
(D) PPARD gene expression in response to 10 nM ANP/BNP, 1 uM sildenafil, and 1 mM 8-bromo-cGMP after
48-hour treatment (n = 6). (E) Changes in transcription factors and OXPHOS and energy uncoupling genes
in response to 48-hour treatment with 10 nM ANP (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 versus control.

increased intracellular cGMP concentrations in human myotubes
(Figure 1, G and H). A physiologically relevant concentration of
ANP (10 nM) induced PGCIA mRNA levels (2.5 fold, P < 0.01),
while PPARD gene expression remained unaffected after 48 hours
of treatment (Figure 2, A and B). Similar results were obtained with
BNP (2.4 fold, P < 0.01), the stable cGMP analog 8-bromo-cGMP
(2.1 fold, P < 0.01), and the selective PDES inhibitor sildena-
fil (2.7 fold, P < 0.01) (Figure 2, C and D). This finding is con-
sistent with recent data showing a transcriptional regulation of
PGC-1a by NP-mediated activation of p38 MAPK and activating
transcription factor-2 (ATF2) in human adipocytes (6). The lack
of transcriptional regulation of PPARD by the NP/cGMP signal-
ing pathway is in agreement with previous findings using cAMP
analogs in C2C12 myoblasts (14). Upregulation of PGCIA by NP
was paralleled by a concomitant upregulation of several genes
involved in OXPHOS complex I and IV, energy uncoupling, and
transcriptional control of these pathways, such as nuclear respi-
ratory factor 1 (NRFI) (Figure 2E). NRF1 controls the expression
of nuclear genes encoding respiratory chain subunits and other
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tubes (2-way ANOVA overall treat-
ment effect P = 0.007) (Figure 3G
and Supplemental Figure 6). In
contrast, acute ANP treatment
had no effect on mitochondrial
respiration (data not shown).
ANP-mediated fat oxidation could be related to increased fatty
acid transporter expression (Figure 3H), while mRNA levels of
fat oxidation genes were not significantly affected (Supplemental
Figure 7). ANP-induced energy uncoupling may be partly medi-
ated through induction of uncoupling protein-3 (UCP3) and
ATP/ADP translocase (ANT1I) (Figure 2E). ANT1 controls mito-
chondrial proton conductance, and downregulation of ANT1 in
human skeletal muscle has been linked to improved OXPHOS
efficiency (higher P/O ratio) (16).

Together, our data point toward a major physiological role
of NP in the regulation of skeletal muscle oxidative capacity in
humans. Interestingly, NP enhances mitochondrial fat oxidative
capacity and respiration in skeletal muscle in vitro similarly to
exercise training in vivo. It is tempting to speculate that increased
NP signaling in skeletal muscle may contribute, at least in part, to
exercise training-induced improvement in fat oxidative capacity.
Indeed, physical exercise is a strong physiological stimulus for car-
diac ANP release. We have previously reported the physiological
role of ANP in the control of lipolysis during exercise in humans
Number 12 December 2012
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Figure 3

NP increases mitochondrial oxidative metabolism in human primary myotubes. (A) Representative blots of PGC-1a and OXPHQOS proteins and
(B) quantitative bar graphs of PGC-1a protein and (C) OXPHOS proteins after 72-hour treatment with 100 and 10 nM ANP, respectively (n = 6).
C, control. (D) mtDNA content, (E) mass, and (F) palmitate oxidation were measured after 72-hour treatment with 10 nM ANP (n = 4-6). (G)
Oxygen consumption rate (OCR) after 72-hour treatment with 10 nM ANP or vehicle (control) at baseline and after injection of oligomycin (ATP
synthase inhibitor), FCCP (uncoupling agent), and rotenone (complex | inhibitor) plus myxothiazol (complex Il inhibitor) (n = 8 experiments;
control columns, mean + SEM of 75 wells; ANP columns, mean + SEM of 72 wells). (H) Changes in fatty acid transport genes in response to
72-hour treatment with 10 nM ANP (n = 6). #P = 0.06, *P < 0.05, **P < 0.01, ***P < 0.001 versus control.

(17). Interestingly, acute infusion of ANP in lean healthy men dur-
ing ingestion of a high-fat meal substantially raised postprandial
energy expenditure and lipid oxidation (18). Here, we demonstrate
for the first time to our knowledge that chronic NP treatment
increases oxidative capacity and energy uncoupling in human skel-
etal muscle. The molecular mechanism involves a transcriptional
activation of PGCIA and subsequent induction of OXPHOS genes
and mitochondrial respiration.

Our data indicate that enhanced NP signaling in skeletal mus-
cle through exercise may trigger favorable metabolic adaptations
to increase fat oxidation. This is in agreement with recent data
showing a protective role of NP and PRKG1 against high-fat diet-
induced obesity and glucose intolerance in mice (8). Transgenic
mice overexpressing Nppb (also known as BNP) and Prkgl display
higher whole-body energy expenditure and fat oxidation, lower fat
mass, and higher expression of mitochondrial oxidative genes in
skeletal muscle. Interestingly, rectal temperature was significantly
4678
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elevated in Prkgl transgenic mice, suggesting an increased meta-
bolic rate. Similarly, high-fat diet-fed mice chronically treated with
sildenafil for 12 weeks have reduced fat mass, higher energy expen-
diture, and insulin sensitivity (19). Our findings may be relevant for
conditions associated with reduced circulating NP concentrations,
such as obesity (20). The reduced NP availability in obesity may
result from upregulation of NPR-C clearance receptor in adipose
tissue (21). Reduced circulating NP concentrations predispose to
insulin resistance and type 2 diabetes, and a genetic polymorphism
in the BNP gene promoter region affects circulating BNP levels as
well as type 2 diabetes risk (22). It is tempting to speculate that
obesity-associated NP deficiency could promote metabolic disease
and that physical exercise could counteract this effect.

In conclusion, exercise interventions and pharmacological treat-
ments enhancing circulating NP levels and/or NP signaling in
skeletal muscle could improve skeletal muscle fat oxidative capac-
ity and alleviate obesity-related metabolic disorders.
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Methods

Clinical study. Eighteen middle-aged healthy obese subjects were enrolled in
the clinical trial (NCT01083329 and EudraCT-2009-012124-85) and ten
participated in the training program (Table 1). The participants were asked
to refrain from vigorous physical activity 48 hours before presenting to the
clinical investigation center and ate a weight-maintaining diet consisting
of 35% fat, 16% protein, and 49% carbohydrates 2 days before the experi-
ment. Muscle biopsy of vastus lateralis, weighing 60-100 mg, was obtained
using the Bergstrom technique, blotted, cleaned, and snap-frozen in
liquid nitrogen (23). RMR and respiratory quotient were measured in lying
position for 1 hour, while VO, was measured on a bicycle ergometer,
by indirect calorimetry after a 10-hour overnight fast. The subjects were
investigated at baseline and after 8 weeks of aerobic exercise training, at
least 48 to 72 hours after the last acute exercise bout. Further experimental
details are provided in Supplemental Methods and Supplemental Table 2.

Skeletal muscle cell culture. Satellite cells from rectus abdominis of healthy
male subjects (age 34.3 + 2.5 years, BMI 26.0 + 1.4 kg/m?, fasting glucose
5.0 £ 0.2 mM) were cultured as previously described (24). Differentiation
of myoblasts into myotubes was initiated at approximately 80%-90% con-
fluence by switching to 0-MEM with antibiotics, 2% FBS, and fetuin. The
medium was changed every other day, up to 5 to 6 days.

Cellular respiration. Human primary skeletal muscle cells were cultured on
24-well culture microplates (40,000 cells per well) (Seahorse Bioscience).
Differentiated myotubes were treated for 72 hours with 1, 10, or 100 nM
ANP or vehicle, and oxygen consumption was measured using the XF24-3
extracellular flux analyzer (Seahorse Bioscience). After 7 baseline measure-
ments, cells were treated sequentially with 1 uM oligomycin to inhibit ATP
synthase for 5 measurements, then with 0.25 uM FCCP to induce uncou-
pling of the cells for 5 measurements, and then with 1 uM rotenone plus
0.1 uM myxothiazol to inhibit complex I and III for S measurements.

Statistics. Statistical analyses were performed using GraphPad Prism 5.0
for Windows (GraphPad Software Inc.). Normal distribution and homo-
geneity of variance of the data were tested using Shapiro-Wilk and F tests,
respectively. One-way ANOVA followed by Tukey’s post-hoc tests and
paired Student’s ¢ tests were performed to determine differences between
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treatments and the effect of exercise training (Table 1). Two-way ANOVA
were applied to determine the effect of training and ANP on gene expres-
sion, OXPHOS proteins, and cellular respiration. Linear regression was
performed after log transformation of nonparametric data. For pathway
analysis and correlations, adjusted P values were calculated using the Ben-
jamini-Hochberg method. All values in figures and tables are presented as
mean = SEM. Statistical significance was set at P < 0.05.

Study approval. The study was approved by the institutional review board
of the Toulouse University Hospitals, and all volunteers gave written
informed consent.
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