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Treatment With Atrial Natriuretic Peptide Induces
Adipose Tissue Browning and Exerts Thermogenic
Actions in Vivo.
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Abstract
Background: Although natriuretic peptides (NPs) classically act on the renal and cardiovascular systems,
increasing evidence suggests that NPs also largely coordinate inter-organ metabolic crosstalk with
adipose tissues and play a critical role in energy metabolism. We recently reported that A-type NP (ANP)
raises the intracellular temperature in cultured adipocytes in a low-temperature-sensitive manner. We
herein investigated whether or not exogenous ANP treatment exerts a signi�cant impact on adipose
tissues in vivo using diet-induced obese mice.

Methods and Results: C57BL/6 mice fed a high-fat diet (HFD) or normal-fat diet (NFD) for 13 weeks were
treated with or without ANP infusion subcutaneously via osmotic pump for another 3 weeks (0.5
μg/kg/min). The intraperitoneal glucose tolerance test and insulin tolerance test showed that ANP
treatment signi�cantly ameliorated HFD-induced insulin resistance. Histological analyses revealed that
HFD increased the brown adipose tissue (BAT) cell size with the accumulation of lipid droplets
(whitening), which was suppressed by ANP treatment (re-browning). Furthermore, HFD induced enlarged
lipid droplets in inguinal white adipose tissue (iWAT), crown-like structures in epididymal WAT (eWAT),
and hepatic steatosis, all of which were substantially attenuated by ANP treatment. Likewise, ANP
treatment markedly increased the expression of uncoupling protein-1 (UCP1), a speci�c marker of BAT, in
iWAT (browning). ANP also further increased the UCP1 expression in BAT with an NFD. Accordingly, the
cold tolerance test (at 4 °C for 4 h) demonstrated that the ANP-treated mice were tolerant to cold
exposure.

Conclusions: Exogenous ANP administration ameliorates HFD-induced insulin resistance by attenuating
hepatic steatosis as well as by inducing adipose tissue browning (activation of the adipose tissue
thermogenic program), leading to in vivo thermogenesis during cold exposure.

Background
A-type natriuretic peptide (ANP) as well as B-type natriuretic peptide (BNP), which are hormones produced
in the heart, regulate blood pressure and �uid homeostasis through vasodilatory and diuretic actions, and
improve cardiac remodeling [1–4]. In addition to these classical actions of hemodynamic regulation on
the renal and cardiovascular systems, growing evidence suggests that natriuretic peptides (NPs) also
regulate the energy balance and glucose homeostasis as well as thermogenesis through interorgan
metabolic crosstalk with adipose tissues, in which NP receptors (NPR-A) are expressed [4–12].

Adipose tissues are broadly classi�ed into two general categories: white adipose tissue (WAT) and brown
adipose tissue (BAT). WAT primarily functions as an energy storage depot and a source of adipokines,
which induce insulin resistance and are responsible for metabolic disorders. In contrast, BAT promotes
energy utilization, leading to the reduction of insulin resistance, and is also considered the major site of
non-shivering thermogenesis and heat generation using metabolic fuel [7, 9, 13, 14]. Uncoupling protein 1
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(UCP1) is speci�cally expressed in BAT and enables mitochondrial uncoupled respiration, rather than ATP
production, allowing for the dissipation of nutritional energy as heat [4, 15, 16].

Recent studies have indicated that NPs stimulate triglyceride lipolysis and promote the uncoupling of
mitochondrial respiration through the induction of adipose tissue browning, which results in ameliorating
insulin resistance as well as activating the thermogenic program [6, 7, 13, 14, 17–21]. Our recent in vitro
study demonstrated that ANP actually raises the intracellular temperature in cultured brown adipocytes in
a low-temperature-sensitive manner via the activation of the p38-UCP1 pathway [9]. In addition, our
clinical study using the cardiac catheter database showed that an impaired cardiac function is
associated with a decrease in body temperature, whereas plasma BNP elevation is associated with an
increase in body temperature, suggesting the adaptive heat-retaining property of NP when the body
temperature falls owing to unfavorable hemodynamic conditions [4]. Conversely, it has also been reported
in both experimental [6, 7] and clinical [10] studies that cold exposure induces the elevation of NP levels,
which supports the idea that NPs induce the activation of the adipose tissue thermogenic program in
response to cold stimuli as a compensatory mechanism [5, 14]. A series of these studies indicated that
NPs play a central role in “myocardial-adipose crosstalk”.

To better understand the direct impact of NPs on adipose tissues in vivo and to determine their functional
signi�cance, we investigated whether or not exogenous ANP treatment induces WAT “browning” as well
as it promotes BAT activation in diet-induced obese mice, resulting in the amelioration of systemic insulin
resistance. We also explored the possibility that ANP treatment might exert an adaptive heat-retaining
effect during cold exposure through the activation of the adipose tissue thermogenic program in vivo.

Methods

Animal models
All animal procedures conformed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Research Committee at the Jikei University School
of Medicine (2016-038C8). The study design is shown in Fig. 1a. Male C57BL/6 mice at 8 weeks of age
were fed either normal-fat diet (NFD) or high-fat diet (HFD) for 13 weeks as previously described [22].
Where indicated, mice fed an NFD or HFD received ANP (carperitide, kindly provided by Daiichi-Sankyo
Pharmaceutical Co.) subcutaneously via a mini-osmotic pump (model 2004; Alzet Corporation, CA, USA)
for three weeks. ANP was dissolved in sterile water to a �nal concentration of 6 mg/ml. The mini-osmotic
pumps were �lled with 250 µl of the ANP solution and set to release 0.25 µl/h (0.5 µg/kg/min). The
control group received pumps containing sterile water only. All mice were housed at room temperature
(25°C). Body weight and blood pressure were measured weekly during the study period. The blood
pressure in conscious mice was measured using a noninvasive computerized tail-cuff system (BP-98A-L,
Softron Co., Ltd., Tokyo, Japan). Mice were held in a small mouse pocket on a warming pad
thermostatically controlled at 37°C. Systolic and diastolic pressure were calculated at three different
times and averaged.
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At the end of the experimental period (Fig. 1a), the mice were euthanized (60 mg/kg of pentobarbital,
intraperitoneally [i.p.]) in order to eliminate suffering. The liver, epididymal WAT (eWAT), inguinal WAT
(iWAT), and BAT were then dissected from mice and washed in phosphate-buffered saline (PBS)
(FUJIFILM, Wako Pure Chemical Corporation, Japan) at 4°C. After washing, tissues were �ash-frozen in
liquid nitrogen and stored at -80°C until further analyses. Some portions of the adipose tissues and liver
were isolated for histological studies.

Glucose and insulin tolerance tests
Three weeks after the treatment with or without ANP, we performed a glucose tolerance test (IPGTT) and
insulin tolerance tests (ITT) as previously described [22].

Histological analyses
Liver, eWAT, iWAT and BAT were excised, washed in ice-cold PBS, and �xed with 10% formalin. The
samples were embedded into para�n, and 8 µm sections were prepared for following histological
analyses as previously described [23]. Hematoxylin and eosin-stained sections were visualized using
ECLIPS 80i (Nikon Co., Tokyo, Japan). For immunohistochemical staining, �xed adipose tissue sections
were incubated with rabbit polyclonal anti-UCP1 antibody (1:500) (U6382; Sigma-Aldrich, Tokyo, Japan).
The stained images were visualized and captured using ECLIPS 80i.

ANP and BNP measurement in serum
The blood was drawn from the indicated mice housed at room temperature or after cold exposure for 4 h.
The blood was collected into micro tubes containing aprotinin (#9087-70-1; Wako, Tokyo, Japan), a
protease inhibitor, and placed on ice. Each sample was centrifuged (3000 r.p.m., 15 min, 4°C) and the
serum (supernatant) was stored at -80°C. Serum ANP and BNP levels were measured using RayBio®
Mouse ANP Enzyme Immunoassay Kit (#EIA-ANP; RayBiotech, GA, USA) and BNP Enzyme Immunoassay
Kit (#EIA-BNP; RayBiotech), respectively.

Cold tolerance test
Three weeks after treatment with or without ANP, mice were fasted for 16 h, and at 7 a.m., they were
individually housed at 4°C for 4 h with free access to water. Rectal temperature was measured every hour
during cold exposure using an MC1000 bio-research thermometer (Tokai Hit, Shizuoka, Japan). At the end
of the study period, blood was collected for the serum ANP and BNP measurement, as described above.

RNA isolation, Reverse Transcription (RT) and Real-Time
Polymerase Chain Reaction (PCR)
Total RNA was extracted from the frozen tissues using TRIzol reagent (Invitrogen) and a quantitative real-
time PCR was performed using a StepOnePlus Real-time PCR System and the StepOne Software program
(Applied Biosystems), as described previously [9, 22]. The real-time PCR protocol consisted of one cycle
at 95°C for 20 seconds followed by 40 cycles at 95°C for 1 second and 60°C for 20 seconds using the
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primers for UCP1 (Mm01244861_m1; Applied Biosystems). The transcriptional levels were determined
using the ΔΔCt method with normalization to GAPDH (Mm99999915_g1; Applied Biosystems).

Statistical analyses
The data are presented as the mean ± standard error of the mean (SEM) of at least three independent
experiments. For the comparison of two datasets, Student’s t-test was performed. For multiple
comparisons among ≥ 3 groups, one-way analysis of variance (AONVA) with Bonferroni’s method for
post hoc comparisons and non-parametric Kruskal–Wallis test and Mann-Whitney U test were performed.
A value of P < 0.05 was considered to be signi�cant.

Results
Effects of ANP treatment on body weight and blood pressure in HFD mice.

After 13 weeks of HFD feeding, mice developed marked obesity with a signi�cant increase in body weight
compared with NFD mice (47.3 ± 0.5 g vs. 31.9 ± 0.9 g, p < 0.01, n = 6 each, Fig. 1a). Accordingly, fasting
plasma glucose levels were higher in HFD mice than in NFD mice (190.6 ± 11.1 mg/dl vs. 107.5 ± 6.7
mg/dl, p < 0.01, Additional �le 1: Fig. S1a). The glucose tolerance test (Additional �le 1: Fig. S1a) and
insulin tolerance test (Additional �le 1: Fig. S1b) clearly demonstrated that 13-week HFD feeding induced
glucose intolerance and insulin resistance. We con�rmed that the ANP administration signi�cantly
increased the serum ANP concentration in both NFD (65.4 ± 3.4 pg/ml vs. 176.2 ± 23.6 pg/ml, p < 0.05)
and HFD mice (155.8 ± 10.0 pg/ml vs. 236.6 ± 26.1 pg/ml, p < 0.05) (Additional �le 1: Fig. S2a). ANP
treatment for three weeks did not signi�cantly affect the body weight change in either NFD or HFD mice
(Fig. 1b). Likewise, blood pressure was not changed by either HFD feeding or treatment with ANP during
the experimental protocols in the current model (Fig. 1c).

ANP treatment improves HFD-induced glucose intolerance and insulin resistance in HFD mice.

We next examined the effects of ANP treatment on glucose tolerance and insulin sensitivity. The fasting
plasma glucose levels at the beginning of IPGTT in HFD mice was signi�cantly decreased after 3-week
ANP treatment (215.1 ± 7.4 mg/dl in HFD vs. 184.4 ± 5.4 mg/dl in HFD + ANP group, p < 0.05, Fig. 1d).
Furthermore, IPGTT and ITT demonstrated that HFD feeding induced glucose intolerance and insulin
resistance, which were ameliorated by ANP treatment (Fig. 1d, e). These results indicate that ANP
treatment signi�cantly improves glucose tolerance and insulin sensitivity in HFD-induced obese mice.

ANP treatment improves HFD-induced adipose tissue morphological changes and hepatic steatosis.

To clarify the mechanism by which ANP treatment ameliorates insulin resistance in HFD mice, we
investigated the in�uence of ANP on the morphological changes in various adipose tissues and the liver.
The weight of all adipose tissues examined as well as the liver were increased in HFD mice compared
with NFD mice (Fig. 2a). Although ANP treatment did not affect the weight of any adipose tissues, it
signi�cantly attenuated HFD-induced hepatomegaly. Histological analyses revealed that HFD feeding
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resulted in so-called BAT “whitening”, which was characterized by increased cell size associated with the
accumulation of lipid droplets (Fig. 2b). ANP treatment markedly attenuated these histological changes
(re-browning). Furthermore, HFD feeding induced enlarged lipid droplets of iWAT that were reduced by
ANP treatment, although ANP treatment also decreased the lipid droplet size in NFD mice as well. In
addition, HFD feeding induced crown-like structures in eWAT, indicating tissue in�ammation [24], which
was again attenuated by ANP treatment. Likewise, ANP treatment dramatically attenuated HFD-induced
hepatic steatosis. These reversible effects of ANP on various adipose tissues and the liver may contribute
to the improvement in HFD-induced insulin resistance.

Effects of ANP treatment on UCP1 expression in adipose tissues.

UCP1, which is speci�cally expressed in BAT, plays an important role in the improvement of glucose
tolerance and insulin sensitivity as well as thermogenesis [9]. Thus, we next examined the UCP1
expression in various adipose tissues in the current experimental model (Fig. 3). Histological analyses
(Fig. 3a) and biochemical analyses of mRNA (Fig. 3b) revealed that ANP treatment markedly increased
the UCP1 expression in iWAT in both NFD and HFD mice, i.e. “browning” of WAT. ANP treatment also
signi�cantly increased the UCP1 expression in BAT in NFD mice but not in HFD mice. Intriguingly, HFD per
se increased the UCP1 expression in both BAT and eWAT, which was not affected by ANP treatment.
These data suggest that each adipose tissue has a distinct role in metabolic regulation in response to
ANP treatment and also the dietary condition.

In vivo heat-retaining property of ANP during cold exposure

To test the functional signi�cance of ANP-induced activation of the thermogenic program in adipose
tissues, we investigated body temperature in cold-exposed mice with or without ANP treatment (Fig. 4).
The rectal temperature in NFD mice gradually decreased over time during cold exposure at 4°C for 4 h. In
contrast, NFD mice with ANP treatment maintained euthermia upon cold exposure. HFD mice with and
without ANP treatment were also tolerant to cold exposure (decrease in rectal temperature from baseline
after 4-h cold exposure [°C]: NFD + ANP, − 2.4 ± 0.6°C; HFD, − 2.5 ± 0.4°C; HFD + ANP, − 2.1 ± 0.4°C; NFD, − 
9.2 ± 2.2°C; P < 0.01 each, n = 10 each).

Finally, the serum ANP and BNP levels were measured at room temperature or at the end of the four-hour
cold tolerance test (Additional �le 1: Fig. S2). We found that the serum ANP levels as well as BNP levels
were increased after cold exposure in both NFD and HFD mice, which was consistent with the �ndings of
previous studies [6, 7], although the differences in BNP levels in HFD mice failed to reach statistical
signi�cance (P = 0.099).

Discussion
In the present study, we found that exogenous ANP administration signi�cantly improved the HFD-
induced insulin resistance by attenuating hepatic steatosis and inducing adipose tissue browning in
association with the activation of the brown fat thermogenic program. Accordingly, the mice treated with
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ANP developed tolerance to cold exposure, indicating the adaptive heat-retaining property of NPs when
body temperature falls via interorgan metabolic crosstalk with adipose tissues. The remarkable �ndings
in the present study are that the systemic administration of exogenous ANP has a substantial impact on
the morphology and the features of the various adipose tissues and hepatic tissue, leading to the
reduction in systemic insulin resistance induced by HFD, and most notably, in vivo thermogenesis during
cold exposure.

BAT, as opposed to WAT, mainly functions to dissipate energy and promote heat production using
metabolic fuel, thus causing it to be considered the major site of non-shivering thermogenesis [7, 13, 14,
25]. BAT was originally thought to have evolved as a compensatory defense system against hypothermia
in mammals [9, 26]. By increasing energy expenditure, the activation of BAT also functions to improve
whole-body glucose homeostasis and plays a critical role in mitigating the deleterious effects of obesity
and diabetes [27–29]. Accumulating evidence suggests that NPs not only stimulate lipolysis by binding
to the receptor NPR-A and subsequently activating the cGMP-PKG pathway but also activate BAT via the
further upregulation of UCP1 [9, 14, 19]. More interesting is the fact that NPs induce the functional
phenotype characteristics of brown adipocytes in WAT, so-called browning of fat, which results in an
increase in the thermogenic energy expenditure capacity [19]. In fact, the present study clearly showed
that ANP treatment reconstitutes and reorganizes the morphological and functional features of both BAT
and WAT in vivo, particularly in the setting of HFD-induced obesity. Speci�cally, ANP treatment promotes
the recruitment of brown-like (beige) or brown-in-white (brite) adipocytes to iWAT with enlarged lipid
droplets as well as to BAT with whitening under HFD conditions, as evidenced by the increased
emergence of adipocytes containing multilocular lipid droplets and enhanced UCP1
immunohistochemical staining [30].

The present study indicates that BAT and WATs (iWAT and eWAT) play distinct roles in maintaining
systemic energy homeostasis in response to either ANP treatment or HFD-induced obesity, as shown by
the UCP1 expression in each adipose tissue. UCP1 is recognized as a molecular marker as well as an
indicator of BAT activity and plays a key role in adaptive thermogenesis. ANP treatment induced UCP1
expression predominantly in iWAT, regardless of the diet, although it also increased UCP1 in BAT under
NFD conditions. In contrast, HFD per se induced UCP1 expression predominantly in BAT and eWAT, which
is consistent with the �ndings of previous studies [31–33]. The proposed mechanism is as follows: the
elevation of circulating levels of various substrates under HFD condition, such as glucose and fatty acids,
promotes the uptake of these substrates into BAT and eWAT. The increased supply of these substrates
(as fuel) to those adipose tissues induces the expression and activation of UCP1 for adaptive
thermogenesis [34, 35]. Therefore, although HFD morphologically induced “lipid-rich BAT”, namely, BAT
whitening, the UCP1 expression was rather increased re�ecting the consumption of the augmented lipid
droplets as an adaptive mechanism.

The mechanism by which ANP treatment ameliorated HFD-induced insulin resistance may involve
morphological changes in each adipose tissue: namely, re-browning of lipid-rich BAT, browning of iWAT,
and a reduction in the crown-like structure (indicating tissue in�ammation) in eWAT. Furthermore, the
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augmented UCP1 expression by ANP treatment in iWAT might also play a role. Likewise, the �ndings that
ANP treatment attenuated HFD-induced hepatic steatosis are in line with those of previous studies [18,
20], which also substantially contributes to ameliorating insulin resistance in HFD mice.

The mechanism by which the mice treated with ANP developed tolerance to cold exposure is proposed to
involve exogenous ANP activating the thermogenic program in BAT and iWAT. Consistent with the present
�ndings, our previous in vitro study showed that ANP increased the UCP1 expression via the p38MAPK
pathway in brown adipocytes [9]. However, a recent study indicated an essential role of WAT lipolysis and
browning as a cold adaptive mechanism, especially during fasting [30, 35]. In fact, the present study
showed that augmented WAT browning by ANP treatment observed in iWAT, as evidenced by the
increased emergence of adipocytes containing multinodular lipid droplets and enhanced UCP1
expression, is more salient than that in other adipose tissues, suggesting that iWAT plays a central role in
developing cold tolerance in the present experimental model.

The mice fed HFD alone also developed cold tolerance presumably through UCP1 upregulation in BAT
and eWAT, as noted above. Why ANP treatment did not exert further thermogenic action in HFD mice may
involve the following: NPs exert warming effects in a low-temperature-sensitive manner, as also indicated
by our previous experimental [9] and clinical [4] studies. Therefore, NPs might have minimal effects on
the temperature regulation under relatively high temperature conditions (i.e. thermoneutral conditions), as
in the case of an HFD, which induces cold tolerance by itself. Other possible mechanisms are
upregulation of the degradation systems of NPs (i.e. NP clearance receptor [NPR-C] and neprilysin)
and/or an impaired adipose tissue function in HFD-induced obesity. However, neither of them might be
the major mechanism, given that exogenous ANP showed a signi�cant in�uence on the morphology of
the adipose and hepatic tissues in HFD mice, consequently substantially ameliorating the HFD-induced
insulin resistance.

We found that circulating NPs levels are elevated during cold exposure, which is consistent with the
�ndings of previous studies, including our own [6, 7, 10]. Several possible mechanisms have been
proposed. One is that, in response to cold, super�cial blood vessels contract in order to limit heat loss,
causing blood to be shunted away toward deeper large blood vessels that increase the cardiac �lling
pressure, thereby increasing the NP production/secretion in the heart [7]. Alternatively, the NPR-C
expression in adipose tissues is decreased during cold exposure [6, 7], so NP degradation is reduced.
Although the precise mechanisms remain to be elucidated, these �ndings suggest the existence of an
adaptive biological response to a cold environment via myocardial-adipose crosstalk.

Several limitations associated with the present study warrant mention. First, it was reported that the
expression of NPR-C in rodents is approximately 100-fold higher than that in humans [6, 9]. However,
previous studies have shown that during fasting conditions, the expression of NPR-A was upregulated,
while the expression of NPR-C was downregulated [18, 36]. In the present study, the experiments were
performed basically under fasting conditions. In addition, exogenous ANP was administered at a
pharmacological dose, although it did not affect the blood pressure pro�le. Taken together, our �ndings
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suggest that exogenous ANP may still have a signi�cant in�uence, even in the rodent model used in the
present study. Second, we found that circulating NP levels were increased under HFD conditions, which
was consistent with the previous �ndings [37]. Various clinical studies have indicated that obese patients
with or without heart failure show unexpectedly low NP levels [5, 38, 39]. The reason for the discrepancy
between the clinical results and these experimental �ndings remains to be determined. However, research
investigating the impact of exogenous ANP on the heart in the present model is underway in our
laboratory.

Conclusions
The systemic administration of ANP has a substantial impact on the morphology and features of the
various adipose tissues and hepatic tissue. Exogenous ANP ameliorates HFD-induced insulin resistance
by promoting adipose tissue browning as well as by attenuating hepatic steatosis. Notably, ANP
treatment induces cold tolerance by activating the adipose tissue thermogenic program in vivo. The
present study uncovered a previously underappreciated role of NPs in energy metabolism regulation (the
derangement of which is a hallmark of the pathogenesis of heart failure [40, 41]) through inter-organ
metabolic crosstalk. Given that insulin resistance is highly prevalent in the heart failure population [40,
41] and that a low body temperature is associated with a worse outcome in patients with worsening heart
failure [42, 43], the administration of agents that increase circulatory NP levels may have therapeutic
bene�ts from the perspective of the present study.

Abbreviations
ANP, A-type NP; AUC, area under the curve; BAT, brown adipose tissue; BNP, B-type NP; CLS, crown-like
structure; DMSO, dimethylsulfoxide; eWAT, epididymal WAT; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HFD, high-fat diet; HR, heart rate; IPGTT, intraperitoneal glucose tolerance test; IR, insulin
resistance; ITT, insulin tolerance test; iWAT, inguinal WAT; NP, natriuretic peptide; NFD, normal-fat diet;
QRT-PCR, quantitative reverse transcription polymerase chain reaction; RNA, ribonucleic acid; UCP-1,
uncoupling protein-1; WAT, white adipose tissue.
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Figure 1

Effects of ANP treatment on HFD-induced obesity and insulin resistance. (a) A schematic diagram of the
experimental protocol and appearance of the obese mice after 13 weeks of HFD feeding. Bars = 1 cm (b)
Body weight changes during ANP treatment (n=15 each). (c) Blood pressure changes during ANP
treatment (n=9 each). Plasma glucose levels during IPGTT (d) and ITT (e) at three weeks after treatment
with or without ANP ((d) NFD and HFD; n=8 each. NFD+ANP; n=9, HFD+ANP; n=7. (e) NFD, NFD+ANP and
HFD; n=9, HFD+ANP; n=8.). The area under the curve (AUC) was calculated from the plasma glucose
levels pro�le shown in each test. Data are mean ± SEM. *P<0.05 and **P<0.01 vs. NFD at each time point.
†P<0.05 and ††P<0.01 vs. HFD at each time point. P<0.05 and P<0.01 vs. NFD+ANP at each time
point. ANP, A-type natriuretic peptide; BP, blood pressure; BW, body weight; HFD, high-fat diet; IPGTT,
intraperitoneal glucose tolerance test; ITT, insulin tolerance test; NFD, normal-fat diet.
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Figure 2

Effects of ANP treatment on HFD-induced enlargement of lipid droplets and in�ammation in adipose
tissues and hepatic steatosis. (a) The representative images and weight of each tissue harvested from
the indicated mice at three weeks after treatment with or without ANP (n=6 each). Bars = 1cm. Data are
mean ± SEM. *P<0.05 and **P<0.01 vs. NFD; †P<0.05 vs. HFD; P<0.05 and P<0.01 vs. NFD+ANP. (b)
Representative histological images (hematoxylin-eosin staining) of each tissue harvested from the
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indicated mice at three weeks after treatment with or without ANP (n=3 each). The images were captured
at a magni�cation of ×4 (left, bars = 500 μm) and ×20 (right, bars = 100 μm). The arrow heads indicate
crown-like structures. BAT, brown adipose tissue; iWAT, inguinal white adipose tissue; eWAT, epididymal
white adipose tissue.

Figure 3
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Effects of ANP treatment on UCP1 expression in adipose tissues. (a) Representative images of UCP1
immunostaining in each adipose tissue harvested from the indicated mice at three weeks after treatment
with or without ANP (n=3 each). The images were captured at a magni�cation of ×4 (left, bars = 500 μm)
and ×20 (right, bars = 100 μm). (b) The relative mRNA expression of UCP1 in each adipose tissue
harvested from the indicated mice at three weeks after treatment with or without ANP (n=5 each). The
qPCR data were normalized to GAPDH. The data are shown as the fold change normalized to the levels
found in NFD group. Data are mean ± SEM. *P<0.05 and **P<0.01 vs. NFD, †P<0.05 vs. HFD, P<0.05 and

P<0.01 vs. NFD+ANP. UCP1, uncoupling protein 1.

Figure 4

Changes in rectal temperature during acute cold exposure. Rectal temperature pro�les during cold
exposure at 4 °C for 4 h in the indicated mice at 3 weeks after treatment with or without ANP (n=10 each).
Data are mean ± SEM. **P<0.01, ***P<0.001 vs. NFD at each time point.
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