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Abstract
The mechanisms underlying exercise-induced increases in adipose tissue blood flow and lipolysis
involve both β-adrenergic receptor (βAR)- and natriuretic peptide receptor (NPR)-dependent
mechanisms. We hypothesied that daily wheel running (RUN) would increase the expression of
NPR1, NPR2, βAR2, and βAR3 in retroperitoneal (RP) and epididymal (EPI) adipose tissues of
obese Otsuka Long Evans Tokushima Fatty (OLETF) rats. Four-week old OLETF rats were
assigned to sedentary (SED, n = 6), caloric restriction (CR, n = 8; fed 70% of SED), or RUN (n =
8) groups. Rats were sacrificed at 40 weeks of age. By design, body weight and adiposity were
similar between RUN and CR animals, but each were lower than SED (P < 0.01). Compared to
SED, RP depots of RUN rats exhibited 1.7-3.2-fold greater NPR1, NPR2, βAR2, and βAR3
mRNA levels (all P < 0.05). There were no differences between CR and SED in the expression of
these genes in RP, and there were no differences in gene expression among groups in EPI. At the
protein level, βAR2 and βAR3 were elevated in RUN and CR relative to SED in RP. To gain
insights into mechanisms underlying the activity-induced increases in NPR and βAR mRNAs, RP
explants from Wistar rats were treated with atrial natriuretic peptide (ANP), epinephrine, and/or S-
Nitroso-N-acetyl-DL-penicillamine [SNAP; a nitric oxide (NO) donor] in organ culture
experiments. SNAP synergistically enhanced epinephrine- and ANP-stimulated increases in NPR2
and βAR2 mRNA levels. Our data suggest that physical activity-induced increases in NO interact
with epinephrine and ANP to trigger the induction of NPR and βAR mRNAs in the RP depot of
the OLETF rat.
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Regular physical activity favorably influences adipose tissue physiology (Thompson et al.,
2012). Several physical activity-induced benefits, including increased fat oxidation,
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enhanced mitochondrial biogenesis, and reduced inflammation are thought to be at least
partly due to reductions in adipocyte size resulting from an energy deficit. This idea stems
from evidence that an energy deficit achieved through other means, such as caloric
restriction or pharmacologic therapies, can also influence adipose tissue insulin sensitivity,
metabolic flexibility, and inflammation (Reynisdottir et al., 1995; Stich et al., 2002; Lofgren
et al., 2005; Jenkins et al., 2012). However, there are a number of exercise-specific, transient
changes that occur as a result of acute dynamic activity that could have long term
phenotypic implications for adipose tissue physiology independent of changes in adipose
tissue mass.

Two exercise-specific signals involved in the modulation of adipose tissue phenotype are the
natriuretic peptides such as atrial natriuretic peptide (ANP) and catecholamines (such as
epinephrine) (Moro et al., 2004; Sutherland et al., 2009). Plasma concentrations of ANP and
epinephrine are markedly increased during exercise (Tanaka et al., 1986; McMurray et al.,
1987; Thamsborg et al., 1987; Thompson et al., 2012). These increased ANP and
epinephrine concentrations signal increases in lipolysis (Arner, 1995; Moro et al., 2004) and
stimulate the expression of metabolic genes (Moro et al., 2007; Sutherland et al., 2009; Wan
et al., 2012). Although it is established that regular exercise increases the sensitivity of these
pathways in overweight/obese humans (Stich et al., 1999; Moro et al., 2005), the
mechanisms underlying this adaptation are largely unknown.

Importantly, ANP and epinephrine also are involved in exercise-induced increases in
adipose tissue blood flow (Moritoki et al., 1992; Madhani et al., 2003). It has been
postulated that epinephrine-mediated beneficial metabolic effects of exercise (e.g. increased
lipolysis) are consequences of increases in blood flow (Galitzky et al., 1993; Thompson et
al., 2012). In addition, it seems plausible that increased nitric oxide (NO) production
resulting from the increased blood flow could exert beneficial effects not only on the
vascular cells but potentially also on the underlying cells within the adipose tissue.
Consistent with this idea, NO has been shown to have important regulatory effects on
adipose tissue phenotype. For example, overexpression of endothelial NO synthase (eNOS)
has been shown to prevent high-fat diet-induced obesity in mice in part through enhancing
the metabolic activity of adipose tissue (Sansbury et al., 2012), and deletion of eNOS
reduces the adipose tissue mitochondrial content (Nisoli et al., 2005). There also is evidence
that NO, ANP, and epinephrine pathways converge on similar downstream intracellular
signals that produce favorable changes in gene expression in a variety of cell types (Kiemer
& Vollmar, 1998; Kone, 2001; Madhani et al., 2003; Pacher et al., 2007; Figueroa et al.,
2009; Bordicchia et al., 2012).

Therefore, we tested the hypothesis that regular physical activity (wheel running) increases
the expression of natriuretic peptide receptors (NPR1 and NPR2) and β-adrenergic receptors
(βAR2 and βAR3) in retroperitoneal (RP) and epididymal (EPI) visceral adipose tissue
depots of hyperphagic, obese Otsuka Long Evans Tokushima Fatty (OLETF) rats, an
established rodent model of type 2 diabetes mellitus (Kawano et al., 1992). Given our initial
result of enhanced expression of these mRNAs in the RP of physically active OLETF rats,
we also tested the hypothesis that ANP, epinephrine, and NO can synergistically augment
the expression of NPR and βAR mRNAs in RP adipose tissues using an ex vivo adipose
tissue organ culture approach.

METHODS
Animals and Experimental Design

The animals used for the present study and the overall experimental design have been
described in detail previously (Mikus et al., 2010). Briefly, male OLETF rats (Tokushima
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Research Institute, Otsuka Pharmaceutical; Tokushima, Japan) were obtained at 4 wk of age
and were individually housed in cages maintained in temperature-controlled (21°C) animal
quarters with 0600–1800 light and 1800–0600 dark cycles. At 4 wk of age, rats were
randomized to one of three groups: 1) sedentary (SED; n = 6); 2) sedentary + caloric
restriction (CR, fed ~70% of ad libitum-fed SED animals; n = 8); or 3) voluntary wheel
running (RUN; n = 8). Animals in the RUN group were housed with running wheels
connected to a Sigma Sport BC 800 bicycle computer (Cherry Creek Cyclery, Foster Falls,
VA) for determination of daily running distance. All groups were provided with standard
chow (Formulab 5008, Purina Mills, St Louis, MO) with approximately 26% protein, 18%
fat, and 56% carbohydrate. The SED and RUN groups had ad libitum access to food, while
the food provided to the CR group was adjusted weekly to ensure the mean body weights of
the CR and RUN groups were closely matched. The wheels of the RUN group were locked
and food was removed from the cages of all groups at 5 h before sacrifice. At 40 wk of age,
rats were anesthetized with intraperitoneal administration of pentobarbital sodium (100 mg/
kg). Tissues were harvested, and the animals were killed by exsanguination.

Adipose tissue organ culture
Adipose tissue organ culture experiments were carried out as described previously
(Sutherland et al., 2009), with minor modifications. Briefly, RP fat pads were removed from
male Wistar rats (~300 g, n = 6), weighed, and immediately placed in 50 ml conical tubes
containing sterile ice cold PBS with 1% penicillin/streptomycin. Under sterile conditions,
~300 mg of tissue was and placed into each well of 24-well culture dishes containing 500 μl
of M199 supplemented with 1% penicillin/streptomycin, 50 μIU/ml insulin and 2.5 nM
dexamethasone. The explants were incubated in a 37°C, 5% CO2 atmosphere for a 24 h
equilibration period. A 300 mg sample from each individual rat was treated with or without
epinephrine, ANP, S-Nitroso-N-acetyl-DL-penicillamine (SNAP; a nitric oxide donor), and
all possible treatment combinations for 6 hr, forming 8 treatment conditions: 1) vehicle
control, 2) 10 μM epinephrine, 3) 100 nM ANP, 4) 100 μM SNAP, 5) epinephrine + ANP,
6) epinephrine + SNAP, 7) ANP + SNAP, 8) epinephrine + ANP + SNAP. After 6 h, the
tissues were rapidly frozen and stored at -80°C until further analysis.

Quantitative Real-Time PCR
Total RNA was extracted from ~100 mg adipose tissue samples using RNeasy lipid tissue
kits (Qiagen) with on-column DNase digestion. Purity and concentration were determined
using a Nanodrop 1000 spectrometer (Thermo Scientific). 500 ng (from OLETF rats) and
100 ng (from adipose organ culture experiments) of total RNA was used to synthesize
cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s instructions. qRT-PCR was carried out using SYBR green
assays on a Bio-Rad CFX-connect RT-PCR system. 18S was used as the reference gene and
relative gene expression was calculated using the 2-ΔΔCT method. Gene-specific primer
sequences are provided in Table 1.

Immunoblotting
Immunoblot analysis was performed on RP samples to confirm observations at the mRNA
level. Briefly, RP samples were homogenized in lysis buffer (50 mM Tris-HCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1% mercaptoethanol, 1 mM PMSF, 2 μM leupeptin, 1 μM
pepstatin, and 20 mM CHAPS, pH 7.4) using a tissue homogenizer (TissueLyser LT,
Qiagen, Valencia, CA) and total protein content from RP samples was measured using the
Bradford method. Samples were then diluted with Laemmli buffer and 5 μg of protein from
each sample was loaded onto polyacrylamide gels for separation by electrophoresis. Proteins
were transferred to PVDF membranes and probed with rabbit polyclonal antibodies NPR1
(1:125, Abcam), βAR2 (1:500), and βAR3 (1:100). Blots were re-probed for GAPDH
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(1:2500, Cell Signaling). Band intensities were quantified using ImageJ software, and values
of target proteins were normalized to the intensity for GAPDH. Commercial antibodies for
NPR2 were unsuccessful in Western blot analyses.

Statistics
Differences among SED, CR and RUN groups were analyzed using a one-way ANOVA and
Fisher’s LSD post hoc tests. Data from the adipose tissue organ culture experiments were
analyzed using a 3 factor ANOVA (epinephrine × ANP × SNAP), with each factor having
two levels (treated or not). Post hoc analysis was performed using Dunnet’s test to determine
differences between individual treatment conditions and the control condition (i.e., no
treatments). Statistical significance was accepted at P ≤ 0.05, and a P value between 0.05
and 0.10 was regarded as a trend.

RESULTS
Body weight, body composition, and daily running distance

By design, body weight, percent body fat and fat pad masses did not differ between RUN
and CR animals, but each were significantly lower compared with SED (P < 0.01, Fig 1A-
D). As reported previously (Mikus et al., 2010), rats with access to running wheels increased
daily running distance between weeks 4 (3.9 ± 0.2 km/day) and 10 (10.9 ± 4 km/day), after
which running distance gradually declined to 3.6 ± 0.2 km/day at 40 wk.

Influence of daily activity on adipose tissue NPR and βAR mRNA and protein levels
Compared to SED, RP depots of RUN rats exhibited ~2-3 fold greater mRNA levels of
NPR1, NPR2, βAR2, and βAR3 (all P < 0.05, Fig 2A-D). There were no statistically
significant differences between CR and SED in the expression of these genes in RP.
Adrenergic receptor mRNA levels tended to be increased in EPI of active OLETF but these
differences did not attain statistical significance (Fig 2). For example, although EPI from
OLETF RUN rats had ~2.5-fold greater βAR3 mRNA levels than SED this difference was
not statistically significant (P = 0.08, Fig 2D). There were no statistically significant
differences among groups in NPR1, NPR2, or βAR2 mRNA levels within EPI. It was
confirmed that 18S expression was stably expressed across tissues and between groups in
the present study, and that reaction efficiencies were similar for 18S and the genes of
interest.

At the protein level, RP depots of CR and RUN animals exhibited ~3.5 and ~4.5-fold greater
βAR2 expression compared to SED, respectively (P < 0.05, Fig 3A). Similarly, βAR3
protein expression was ~1.7-fold greater in RP of both CR and RUN compared to SED (P <
0.05, Fig 3B). Although CR rats had ~2-fold greater expression of NPR1 than SED animals
in RP, the difference between groups was not statistically significant (P = 0.24, Fig 3C).

Effects of epinephrine, ANP, and NO on NPR and βAR gene expression in retroperitoneal
adipose tissue organ culture

To gain insights into possible mechanisms underlying the activity-induced increases in NPR
and βAR mRNAs, RP explants from Wistar rats were treated for 6 hours with atrial
natriuretic peptide (ANP), epinephrine, and/or a nitric oxide (NO) donor (SNAP) in adipose
tissue organ culture experiments. There were no statistically significant effects of any
treatment on NPR1 gene expression (Fig 4A). Epinephrine alone (~30%, P < 0.05) and in
the presence of SNAP (~80%, P < 0.05) increased the expression of NPR2 (Fig 4B).
Additionally, ANP tended to increase NPR2 by 37% alone (P = 0.06) and by ~2-fold in the
presence of SNAP (P = 0.10; Fig 4B). For the βAR genes, epinephrine alone (~30%, P =
0.08) and in the presence of SNAP (P = 0.10) tended to increase the expression of βAR2
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(Fig 4C). Analysis of main effects revealed a significant effect of ANP on βAR2 mRNA
levels (P < 0.05, Fig 4C). Post hoc tests indicated that ANP in the presence of SNAP
significantly increased βAR2 by ~2-fold (P < 0.05, Fig 4C). Further, the combination of
epinephrine, ANP, and SNAP induced a similar ~2-fold increase in βAR2 gene expression
(P = 0.10). Finally, there were no statistically significant effects of any treatment on the
expression of βAR3 (Fig 4D).

DISCUSSION
The major findings of this study are that (i) regular physical activity increases expression of
NPR and βAR mRNAs in RP adipose tissue of OLETF rats, (ii) both CR and physical
activity increase the level of βAR protein expression, and (iii) neither treatment significantly
alters NPR1 protein expression. Thus, it appears that while CR and RUN produce
differential effects on βAR and NPR genes at the mRNA level, these effects are not
uniformly associated with changes at the protein level. In addition, our ex vivo experiments
demonstrate that epinephrine and ANP can increase the mRNA expression of their receptors,
especially in the presence of NO. Together, these data support the concept that exercise-
induced increases in NO may synergize with circulating epinephrine and ANP to signal the
induction of NPR and βAR mRNAs.

Our finding that physical activity increased NPR and βAR mRNA levels in RP (Fig 2) may
partly explain the mechanism underlying previous observations that training enhances
sensitivity of adipose tissue to the lipolytic actions of natriuretic peptides and
catecholamines (Thompson et al., 2012). CR-induced reduction in adiposity did not produce
the same effects, indicating that enhanced expression of these NPR and βAR mRNAs was
the result of some chronic exercise specific signal. Nevertheless, CR was sufficient to
enhance βAR2 and βAR3 protein content to a similar extent as RUN, suggesting that at the
protein level, wheel-running induced enhancement in βAR expression may indeed be
adiposity/body weight dependent. Additionally, the lack of differences among groups in
NPR1 protein expression also suggests differential effects of RUN and CR on mRNA and
protein levels. We speculate that the enhanced NPR1 mRNA in RUN with lack of
differences among groups in NPR1 protein suggests a potential mechanism by which regular
exercise serves to maintain NPR1 protein expression at a constant homeostatic level.
Additional studies are required to further investigate the complex and multifactorial
regulation of βAR and NPR gene expression in adipose tissue.

Interestingly, the enhanced expression of NPR and βAR mRNAs was observed in the RP but
not the EPI, indicating that the effects of regular physical activity, at least on these genes,
are not uniform among all visceral adipose tissue depots in the OLETF rat. This finding was
contrary to our expectation that EPI and RP would exhibit similar adaptations given
previous evidence that acute exercise and epinephrine increase mitochondria-related gene
expression in both EPI and RP of Wistar rats (Sutherland et al., 2009). An important
difference between our study and the previous study by Sutherland et al. is that they used a
swim training program, whereas in the present study we used a wheel running exercise
protocol. The differential influence of swimming and wheel running on plasma
catecholamines may have contributed to our lack of robust increases in NPR and βAR genes
in EPI. Furthermore, our group has previously shown that that voluntary wheel running
increases mitochondrial content as well as cytochrome C and COXIV-subunit I protein
expression in the omental fat depot of OLETF rats (Laye et al., 2009). Thus we would have
expected all visceral depots (including RP and EPI in the present study) to have displayed
similar adaptations in upstream mediators such as NPR and βAR genes. One possible
explanation for our observed differential effects between RP and EPI could be related to the
difference in fat mass between the depots. The physical activity-induced reduction in fat pad
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mass was similar between depots in relative terms, but in absolute terms the reduction was
much greater in the RP (~46 g difference between SED and RUN; Fig 1C) than in the EPI
(~12 g differences between SED and RUN; Fig 1D). It seems reasonable to speculate that
between-depot differences in preferential fat mobilization during exercise may account for
the differential effects of regular physical activity on NPR and βAR gene expression.

With the large body of evidence that exercise acutely increases ANP and epinephrine
concentrations, we were intrigued by our observation that mRNA levels of these receptors in
the RP would be increased as a result of regular physical activity. Based on the usual
physiological response for these receptors to down-regulate upon increased exposure to their
agonists (Hertel & Perkins, 1984; Kone, 2001) we would not expect the increased ANP and
epinephrine concentrations alone to be fully responsible for the increased gene expression.
Given the evidence that (i) exercise increases adipose tissue blood flow (Thompson et al.,
2012) and therefore presumably shear stress in adipose tissue vascular beds, and (ii) the
genomic regulation of NPR transcription involves NO-sensitive signaling pathways [e.g.,
there is a cGMP response element in the promoter region of the NPR1 gene (Hum et al.,
2004)], we postulated that NO would augment ANP- and epinephrine-induced increases in
NPR and βAR genes in organ culture experiments. Indeed, our adipose tissue organ culture
data indicating that ANP increased NPR2 by 37% alone and by ~200% in the presence of
SNAP (Fig 4B) support the hypothesis that these signals can synergistically increase NPR2
mRNA levels. Similarly, epinephrine in the presence of SNAP produced a synergistic
increase in βAR2 mRNA (80% increase) compared to epinephrine alone (~30% increase,
Fig 4C). Together these data suggest that NO in combination with NPR2 and βAR2 ligands
can increase the mRNA levels of these receptors.

In an unexpected and interesting finding, ANP increased βAR2 mRNA levels and
epinephrine increased expression of NPR2 mRNA in adipose tissue organ cultures, and
these increases were enhanced in the presence of the NO donor, SNAP (Figs 3B and 3C).
These data provide novel evidence of the potential cross-talk between the NPR and βAR
signaling pathways in adipose tissue. Moreover, in the context of adaptations to regular
physical activity, we speculate that localized exercise-induced increases in NO might
participate in this coordinated up-regulation of NPR and βAR genes.

Some limitations of our study should be noted. The observations of the present study
occurred 5 h after the last exercise bout, and it is therefore possible that the induction of the
NPR and βAR genes could reflect an acute exercise effect. Furthermore, the influence of
physical activity and caloric restriction on NPR and βAR genes in other major adipose tissue
depots should be the focus of future studies. Additionally, although our adipose tissue organ
culture experiment showed that the interactive effects of epinephrine, ANP, and NO are
sufficient to induce gene expression of NPR2 and βAR2, we did not demonstrate that these
signals are required for the physical activity effects. Future studies using in vivo
experimental modifications of these pathways are warranted. Although our hypothesis that
ANP and epinephrine would increase expression of their receptors was supported for NPR2
and βAR2, we found no effects of any treatments on NPR1 and βAR3 (Fig 4A and 4D).
Thus, it seems that longer or repetitive stimulation and/or other signals are likely responsible
for the selective physical activity inducedincreases in levels of NPR1 and βAR3 mRNA.
Future research should investigate the genomic regulation of these important mediators of
adipose tissue lipolysis, as our observation of differences between changes in mRNA and
protein level expression of βAR and NPR genes in response to CR and RUN warrants
further investigation. We did not measure NO levels in plasma or adipose tissue samples in
the present study but previous work on this model in our laboratory reported that physical
activity maintains normal plasma nitrite/nitrate levels (a marker of systemic NO
bioavailability) in OLETF rats (Bunker et al., 2010).
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In summary, the present study provides evidence of physical activity-induced increases in
NPR and βAR mRNA levels in the RP, but not the EPI, of the OLETF rat. These effects on
mRNA levels are independent of changes in adiposity given the lack of differences between
CR and SED rats in NPR and βAR gene expression. Interestingly, it appears that both RUN
and CR are sufficient to enhance protein expression of βAR2 and βAR3 in the RP of the
OLETF rat, albeit through apparently different mechanisms. Finally, results from our ex
vivo adipose tissue organ culture experiments support the hypothesis that increases in NO
may synergistically interact with epinephrine and ANP signaling in control of expression of
βAR2 and NPR2 mRNAs.
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NEW FINDINGS

a. What is the central question of this study?

The central question is: what are the effects of caloric restriction and chronic
exercise on visceral adipose tissue of beta-adrenergic and natriuretic peptide
receptor genes in obese rats?

b. What is the main finding and what is its importance?

i. physical activity-induced increases in NPR and βAR mRNA levels in
retroperitoneal fat obese rats.

ii. both chronic exercise and caloric restriction enhance protein expression
of βAR2 and βAR3 in the RP of the OLETF rat, albeit through
apparently different mechanisms.

iii. Organ culture experiments support the hypothesis that increases in
nitric oxide synergistically interact with epinephrine and ANP
signaling in control of expression of βAR2 and NPR2 mRNAs.
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Figure 1.
Body weight (A), % body fat (B), retroperitoneal fat mass (C) and epididymal fat mass (D),
in sedentary (SED), caloric restriction (CR), and voluntary wheel running (RUN) OLETF
rats. *P < 0.05 vs. SED.
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Figure 2.
NPR1 (A), NPR2 (B), βAR2 (C), and βAR3 (D) mRNA levels in retroperitonal (RP) and
epididymal (EPI) adipose tissue depots of sedentary (SED), caloric restriction (CR), and
voluntary wheel running (RUN) OLETF rats. *P < 0.05 vs. SED.
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Figure 3.
βAR2 (A), βAR3 (B), and NPR1 (C) protein levels in retroperitonal (RP) adipose tissue
depots of sedentary (SED), caloric restriction (CR), and voluntary wheel running (RUN)
OLETF rats. *P < 0.05 vs. SED.
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Figure 4.
Effects of epinephrine, atrial natriuretic peptide (ANP), S-Nitroso-N-acetyl-DL-
penicillamine (SNAP), and their combinations on NPR1 (A), NPR2 (B), βAR2 (C), and
βAR3 (D) mRNA levels in retroperitoneal adipose tissue organ cultures. + denotes presence
of treatment; - denotes absence of treatment. *P < 0.05 vs control. †P < 0.10 vs. control.
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Table 1

Primer Sequences for qRT-PCR

Gene Name Forward Primer Reverse Primer

βAR2 TGGTGCGAGTTCTGGACTTC TAAGGCCCGACACAATCCAC

βAR3 GGAACCGCAACTCTCCAGAA CGGCTGAGGTAGTAGCGAAG

NPR1 TGCTCTATGCAGATCGGCTG GCAGTAGCTTGGGGTAGTGG

NPR2 ACGCATAGGCGTCCATACTG ATCCTTGGTGGTCGAGGAGA

18S GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG
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