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Treatment with atrial natriuretic
peptide induces adipose tissue
browning and exerts thermogenic
actions in vivo

Haruka Kimura'?, Tomohisa Nagoshi*?*?, Yuhei Oi?, Akira Yoshii', Yoshiro Tanaka?,
Hirotake Takahashi', Yusuke Kashiwagi?, Toshikazu D. Tanaka® & Michihiro Yoshimura?

Increasing evidence suggests natriuretic peptides (NPs) coordinate inter-organ metabolic crosstalk
with adipose tissues and play a critical role in energy metabolism. We recently reported A-type NP
(ANP) raises intracellular temperature in cultured adipocytes in a low-temperature-sensitive manner.
We herein investigated whether exogenous ANP-treatment exerts a significant impact on adipose
tissues in vivo. Mice fed a high-fat-diet (HFD) or normal-fat-diet (NFD) for 13 weeks were treated
with or without ANP infusion subcutaneously for another 3 weeks. ANP-treatment significantly
ameliorated HFD-induced insulin resistance. HFD increased 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, and hepatic steatosis, all of which were substantially
attenuated by ANP-treatment. Likewise, ANP-treatment markedly increased UCP1 expression,

a specific marker of BAT, in iWAT (browning). ANP also further increased UCP1 expression in BAT
with NFD. Accordingly, cold tolerance test demonstrated ANP-treated mice were tolerant to cold
exposure. In summary, exogenous ANP administration ameliorates HFD-induced insulin resistance
by attenuating hepatic steatosis and by inducing adipose tissue browning (activation of the adipose
tissue thermogenic program), leading to in vivo thermogenesis during cold exposure.

A-type natriuretic peptide (ANP) as well as B-type natriuretic peptide (BNP), which are hormones produced in
the heart, regulate blood pressure and fluid homeostasis through vasodilatory and diuretic actions, and improve
cardiac remodeling'™. In addition to these classical actions of hemodynamic regulation on the renal and car-
diovascular 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* %

Adipose tissues are broadly classified 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 uti-
lization, leading to the reduction of insulin resistance, and is also considered the major site of non-shivering
thermogenesis and heat generation using metabolic fuel”?!*%. Uncoupling protein 1 (UCP1) is specifically
expressed in BAT and enables mitochondrial uncoupled respiration, rather than ATP production, allowing for
the dissipation of nutritional energy as heat*!>6,

Recently, several studies showed that ANP/BNP promote triglyceride lipolysis as well as uncoupling of mito-
chondrial respiration by inducing adipose tissue browning, which results in ameliorating insulin resistance and
also activating the thermogenic program*”'*'*17-21. Our recent in vitro study demonstrated that in cultured
brown adipocytes, ANP raises the intracellular temperature in a low-temperature-sensitive manner via the
activation of the p38-UCP1 pathway’. In addition, our clinical study using the cardiac catheter database showed
that a decrease in left ventricular ejection fraction is associated with a body temperature decrease, whereas high
plasma BNP level is associated with a body temperature increase®. These data indicate that NPs have the adaptive
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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 profile
shown in each test. Data are mean+ SEM. *P<0.05 and **P<0.01 versus 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 versus 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.

heat-retaining property when body temperature falls owing to unfavorable hemodynamic conditions**°. On
the other hand, both experimental®” and clinical'” studies recently reported that cold exposure per se induces
the elevations in ANP/BNP levels, which consistently supports the idea that NPs induce the activation of the
adipose tissue thermogenic program in response to cold stimuli as a compensatory mechanism>'*. 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
significance, we investigated whether or not exogenous ANP treatment induces WAT “browning’, and promotes
BAT activation, as well as whether it attenuates hepatic steatosis, 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.

Results

Effects of ANP treatment on body weight and blood pressure in HFD mice. The study design is
shown in Fig. 1a. After 13 weeks of high-fat diet (HFD) feeding, mice developed marked obesity with a signifi-
cant increase in body weight compared with normal-fat diet (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, Supplementary Fig. Sla). The glucose tolerance test IPGTT)
(Supplementary Fig. Sla) and insulin tolerance test (ITT) (Supplementary Fig. S1b) clearly demonstrated that
13-week HFD feeding induced glucose intolerance and insulin resistance. We confirmed that the ANP adminis-
tration significantly 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) (Supplementary Fig. S4a).
ANP treatment for three weeks did not significantly 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 fast-
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Figure 2. Macroscopic appearances and weights of the adipose tissues and the liver. The representative images
(a) and weight (b) of each tissue harvested from the indicated mice at three weeks after treatment with or
without ANP (n=6 each). Bars=1 cm. Data are mean = SEM. *P<0.05 and **P<0.01 versus NFD; "P<0.05
versus HFD; 'P<0.05 and *P<0.01 versus NFD + ANP. BAT, brown adipose tissue; iWAT, inguinal white adipose
tissue; eWAT, epididymal white adipose tissue.

ing plasma glucose levels at the beginning of IPGTT in HFD mice was significantly 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), although the
serum insulin concentrations were all below measurable limits at baseline. Furthermore, IPGTT and ITT dem-
onstrated that HFD feeding induced glucose intolerance and insulin resistance, which were ameliorated by ANP
treatment (Fig. 1d, e, and Supplementary Fig. Slc,d). These results indicate that ANP treatment significantly
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 influence 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,b). Although ANP treatment did not affect the weight of any adipose tissues, it significantly attenu-
ated HFD-induced hepatomegaly. Histological analyses revealed that HFD feeding resulted in so-called BAT
“whitening”, which was characterized by increased cell size associated with the accumulation of lipid droplets
(Fig. 3a,b). ANP treatment markedly attenuated these histological changes (re-browning). Furthermore, HFD
feeding induced enlarged lipid droplets of inguinal WAT (iWAT) that were reduced by ANP treatment, although
ANP treatment also decreased the lipid droplet size in NFD mice as well (Fig. 3a,c). In addition, HFD feed-
ing induced crown-like structures in epididymal WAT (eWAT), indicating tissue inflammation?, which was
again attenuated by ANP treatment (Fig. 3a,d). Likewise, ANP treatment dramatically attenuated HFD-induced
hepatic steatosis (Fig. 3a,e). In detail, HFD feeding led to the development of macrovesicular steatosis, lobu-
lar inflammation and hepatocellular ballooning, all of which were dramatically attenuated by exogenous ANP
treatment. Accordingly, the non-alcoholic fatty liver disease (NAFLD) score as well as the steatosis score were
significantly higher in HFD mice in comparison to NFD mice, both of which were decreased in ANP-treated
HFD mice (Fig. 3e). These reversible effects of ANP on various adipose tissues and the liver may contribute to
the improvement in HFD-induced insulin resistance.

Serum triglyceride? and free fatty acid levels'® during the fasting state were comparable between NFD and
HED, consistent with the previous studies (Supplementary Table). Moreover, ANP treatment did not significantly
affect them in a manner that was consistent with the previous study'®. On the other hand, we found that the
hepatic triglyceride content was increased in HFD, which is a typical finding of NAFLD?, and this was signifi-
cantly decreased by ANP-treatment (Fig. 3e), reflecting the finding that ANP treatment ameliorated hepatic
steatosis.

To study the effects of ANP on hepatic gluconeogenesis, the protein expression levels of key gluconeogenic
enzymes in the hepatic tissues were evaluated (Supplementary Fig. S2). We found that phosphoenolpyruvate
carboxykinase (PEPCK) levels were decreased in HFD, while glucose-6-phosphate (G6P) levels were comparable
between groups. It can be stated that—at least—the ANP-treatment did not significantly affect the protein expres-
sion levels of both enzymes; however, it cannot be denied that ANP has a significant impact on the activities of
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Figure 3. Effects of ANP treatment on HFD-induced enlargement of lipid droplets and inflammation in
adipose tissues and hepatic steatosis. (a) Representative histological images (hematoxylin—eosin staining) of
each tissue harvested from the indicated mice at three weeks after treatment with or without ANP (n=3 each).
The images were captured at a field lens magnification of x 4 (left, bars =500 um) and x 20 (right, bars=100 um).
The arrow heads indicate crown-like structures. (b) The number of large lipid droplets (> 100um?)/field in BAT
(field lens x 20, n=3 each). (c) The cell area/field in iWAT (field lens x 20, n=3 each). (d) The number of crown
like structures/field in eWAT (field lens x4, n=3 each). (e) The number of large lipid droplets (> 100um?)/

field in liver (field lens x 20, n=3 each). NAFLD score and steatosis score calculated in each group (n=3 each).
Triglyceride content in the hepatic tissues (n=>5 each). Data are mean + SEM. *P<0.05 and **P<0.01 versus

NFD; P<0.05 and "'P<0.01 versus HFD; P<0.05 and *P<0.01 versus NFD + ANP.
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Figure 4. 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 field lens magnification of x4 (left, bars=500 pm)
and x 20 (right, bars=100 um). (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 versus NFD; TP<0.05 versus HFD; ‘P < 0.05 and *P <0.01 versus
NEFD + ANP. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; UCP1, uncoupling protein 1.

these enzymes. Further studies, such as metabolome analyses®, are warranted to fully delineate the role of NPs
in hepatic gluconeogenesis regulation.

HFD could also induce renal dysfunction due to the increased renal tissue fat volume, and exogenous ANP
treatment could ameliorate it, given the renoprotective properties of NPs*. We therefore measured serum cre-
atinine levels and found that they were comparable between NFD and HFD, at least in the present model, and
that ANP treatment did not significantly affect these levels (Supplementary Table).

Effects of ANP treatment on UCP1 expression in adipose tissues. UCPI1, which is specifically
expressed in BAT, plays an important role in the improvement of glucose tolerance and insulin sensitivity as
well as thermogenesis’. Thus, we next examined the UCP1 expression in various adipose tissues in the current
experimental model (Fig. 4 and Supplementary Fig. S3). Histological analyses (Fig. 4a) and biochemical analyses
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Figure 5. Changes in rectal temperature during acute cold exposure. Rectal temperature profiles 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 and ***P<0.001 versus NFD at each time point.

of mRNA (Fig. 4b) revealed that ANP treatment markedly increased the UCP1 expression in iWAT in both NFD
and HFD mice, i.e. “browning” of WAT, although—for reasons which remain unknown—there was a problem
with protein extraction from iWAT for immunoblotting. ANP treatment also increased the UCP1 expression
in BAT in NFD mice, presumably via the activation of p38 mitogen-activated protein kinase (MAPK) pathway
(Supplementary Fig. S3a and S3b)®?, but not in HFD mice. Intriguingly, HFD per se increased the UCP1 expres-
sion 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 significance
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. 5). 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 (Supplementary Fig. S4). 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 findings of previous
studies®”, although the differences in BNP levels in HFD mice failed to reach statistical significance (P=0.099).

Discussion

In the present study, we found that exogenous ANP administration significantly 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 ANP developed tolerance
to cold exposure, indicating the adaptive heat-retaining property of NPs when body temperature falls via inter-
organ metabolic crosstalk with adipose tissues. The remarkable findings 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”!*'*?”. BAT was originally
thought to have evolved as a compensatory defense system against hypothermia in mammals®*. 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*=*!. 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>!*1°. 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. 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. Specifically, 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®. Further studies on
the expression levels of the markers of BAT activity, such as Dio2 and PGCla, are warranted to fully delineate
the precise pathway and mechanism underlying the activation of the thermogenic program by ANP treatment.

The present study indicates that BAT and WATs (iWAT and eWAT) play distinct roles in maintaining sys-
temic energy homeostasis in response to either ANP treatment or HFD-induced obesity, as shown by the UCP1
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expression in each adipose tissue. UCP1 is recognized as a molecular marker as well as an indicator of BAT activ-
ity 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 findings of previous
studies**=*. The proposed mechanism is as follows: the elevation of circulating levels of various substrates under
HED 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®>*”. Therefore, although HFD morphologically induced “lipid-rich BAT”,
namely, BAT whitening, the UCP1 expression was rather increased reflecting the consumption of the augmented
lipid droplets as an adaptive mechanism.

The mechanism by which ANP treatment ameliorated HFD-induced insulin resistance may involve mor-
phological 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 inflammation) in eWAT. Furthermore, the augmented
UCPI1 expression by ANP treatment in iWAT might also play a role. Likewise, the findings that ANP treatment
attenuated HFD-induced hepatic steatosis are in line with those of previous studies'®?, which also substantially
contributes to ameliorating insulin resistance in HFD mice. Serum free fatty acid levels are generally elevated as
a consequence of enhanced lipolysis. However, we found that serum triglyceride and free fatty acid levels were
comparable between NFD and HFD—at least in the present model—and ANP treatment did not significantly
affect them, which was consistent with the previous study'®. This might be because the blood samples were
collected after a substantial period of fasting. It is also possible that the effect of NPs on the lipid profiles in the
circulating blood per se is not so prominent at baseline, particularly in experimental animal models, although
the substantial impact of NPs on the metabolic profile becomes salient during some sort of external stimuli or
intervention, such as glucose tolerance test or severe cardiac conditions.

The mechanism by which ANP treatment attenuated HFD-induced hepatic steatosis is of great interest.
Although phospho-p38 levels were increased in HFD per se, consistent with the previous study?’, ANP-treatment
did not significantly affect them (Supplementary Fig. S3c). Thus, unlike adipose tissues, pP38MAPK signal may
not play a critical role in the attenuation of diet-induced hepatic steatosis by ANP-treatment. Given that oxidative
stress has a central role in the pathogenesis of NAFLD**%, it is also very likely that the anti-oxidative effects of
ANP* Jead to the attenuation of hepatic steatosis. Further mechanistic studies including metabolome analyses®
are clearly warranted to fully delineate the effects of ANP treatment on the fatty acid oxidation pathways, as well
as hepatic gluconeogenesis regulation in models of diet-induced obesity.

One can speculate that ANP does not have a marked impact on obesity per se based on the current finding
of a lack of body weight change in ANP-treated HFD mice, in a manner that was consistent with the previous
study*!. In fact, the previous studies showed that the downregulation of NPR-A expression and upregulation of
NP degradation systems (i.e., NP clearance receptor [NPR-C] and neprilysin) are observed in obese or diabetic
subjects?”*"*2, which may result in the blunted impact of NPs on obesity. However, other studies showed that
prolonged activation of NPs cascades reduced body weight gain in obese subjects'®?*#; thus, it is highly likely
that exogenous ANP at a higher dose for a longer treatment period could have an anti-obesity effect. In any case,
the present study clearly showed that exogenous ANP—even at a dose that does not affect either blood pressure
or body weight—may still have a significant influence on the “metabolic tissues”, such as adipose tissues and the
liver, leading to the improvement in HFD-induced insulin resistance, the cornerstone of the pathophysiology of
obesity. In other words, it turns out that not only cardiovascular and renal tissues but also adipose and hepatic
tissues are highly sensitive to NPs. Furthermore, the exogenous administration of ANP ameliorates HFD-induced
insulin and glucose tolerance through inter-organ metabolic crosstalk, even without any changes in body weight,
namely by attenuating hepatic steatosis and inducing adipose tissue browning (activation of the adipose tissue
thermogenic program).

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
findings, our previous in vitro study showed that ANP increased the UCP1 expression via the p38MAPK path-
way in brown adipocytes®. However, a recent study indicated an essential role of WAT lipolysis and browning
as a cold adaptive mechanism, especially during fasting®?’. 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® and clinical* 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. 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 significant influence 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 findings
of previous studies, including our own®”!°. Several possible mechanisms have been proposed. One is that, in
response to cold, superficial blood vessels contract in order to limit heat loss, causing blood to be shunted away
toward deeper large blood vessels that increase the cardiac filling pressure, thereby increasing the NP produc-
tion/secretion in the heart’. Alternatively, the NPR-C expression in adipose tissues is decreased during cold
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exposure®’, so NP degradation is reduced. Although the precise mechanisms remain to be elucidated, these
findings 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 expres-
sion of NPR-C in rodents is approximately 100-fold higher than that in humans®®. However, previous studies
have shown that during fasting conditions, the expression of NPR-A was upregulated, while the expression of
NPR-C was downregulated'®*. 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
either the blood pressure profile or body weight. Taken together, our findings suggest that exogenous ANP may
still have a significant influence, even in the rodent model used in the present study. Further investigation on
the tissue cGMP levels is required to assess target engagement®. Second, the results might be different if body
temperature is measured by an implantable telemetry device’>*”*¢47, particularly when considering that the body
temperature response is compared between lean and obesity subjects. One can speculate that rectal temperature
would not be an ideal readout given that this procedure is stressful for animals and that only a limited number of
data points can be collected, although several previous studies also used the rectal temperature to monitor core
body temperature during cold exposure”***#. Lastly, we found that circulating NP levels were increased under
HFD conditions, which was consistent with the previous findings*. Various clinical studies have indicated that
obese patients with or without heart failure show unexpectedly low NP levels>***. The reason for the discrep-
ancy between the clinical results and these experimental findings remains to be determined. However, research
investigating the impact of exogenous ANP on the heart, such as the cardiac function, myocardial morphology,
and myocardial adipose tissue, in the present model of diet-induced obesity is underway in our laboratory.

In conclusion, 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 pre-
viously underappreciated role of NPs in energy metabolism regulation (the derangement of which is a hallmark
of the pathogenesis of heart failure®*?) through inter-organ metabolic crosstalk. Given that insulin resistance is
highly prevalent in the heart failure population®** and that a low body temperature is associated with a worse
outcome in patients with worsening heart failure®>>*, the administration of agents that increase circulatory NP
levels may have therapeutic benefits from the perspective of the present study.

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). All animal experiments were carried out in accordance with the ARRIVE
guidelines. The study design is shown in Fig. 1a. Male C57BL/6 mice at 8 weeks of age were fed either NFD or
HFD for 13 weeks as previously described*. Where indicated, mice fed an NFD or HFD received ANP (carperi-
tide, 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 final concentration
of 6 mg/ml. The mini-osmotic pumps were filled with 250 pl of the ANP solution and set to release 0.25 pl/h
(0.5 pg/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.

At the end of the experimental period (Fig. 1a), the mice were euthanized (60 mg/kg of pentobarbital, intra-
peritoneally [i.p.]) in order to eliminate suffering. The liver, eWAT, 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 flash-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 per-
formed IPGTT and ITT as previously described™.

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 below.

Triglyceride, Free Fatty Acid, creatinine, and insulin measurements in serum. The blood was
drawn from the indicated mice and put on ice. After centrifuged (3000 g, 15 min, 4 °C), the serum (supernatant)
was collected into new tubes and frozen at —80 °C prior to the measurement. The concentrations of triglycer-
ide, free fatty acid, and creatinine were measured and analyzed using LabAssay Triglyceride (#LABTR G-Ml,
Fujifilm Wako Pure Chemical Corporation, Tokyo, Japan), LabAssay NEFA (#294-63601, Fujifilm Wako Pure
Chemical Corporation, Tokyo, Japan), and LabAssay Creatinine (#290-65901, Fujifilm Wako Pure Chemical
Corporation, Tokyo, Japan), respectively, according to the manufacture’s protocols. The measurement of serum
insulin concentration was conducted by SRL, Inc. (Tokyo, Japan).
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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.

Histological analyses. Liver, eWAT, iWAT and BAT were excised, washed in ice-cold PBS, and fixed with
10% formalin. The samples were embedded into paraffin, and 8 pum sections were prepared for following histo-
logical analyses as previously described*®. Hematoxylin and eosin-stained sections were visualized using ECLIPS
80i (Nikon Co., Tokyo, Japan). The images were captured at a field lens magnification of x4 (left, bars =500 pum)
and x 20 (right, bars=100 pum). The cell size of iWAT (total of 150 cells per field in each group) was analyzed
and the size of lipid droplets in BAT and liver were measured using Image] Software at a field lens of x20. The
number of crown like structures in eWAT was calculated at a field lens magnification of x 4. Large lipid droplets
in BAT and liver were defined as lipids larger than 100 pm? measured with Image], and counted per field at a
field lens of x 20 magnification, according to the previous study with some modifications*. We evaluated liver
histology and grading liver injury using a scoring system for nonalcoholic steatohepatitis (NASH) established by
Savari et al.”’. According to this standardized scoring system, the sum of steatosis (0-3), lobular inflammation
(0-3), and hepatocellular ballooning degeneration (0-2) scores considered to be the NAFLD activity score. The
criteria were as follows: steatosis grade, 0: less than 5%, 1: between 5 and 33%, 2: between 33 and 66%, and 3:
more than 66%. For lobular inflammation, minimal or absence of inflammatory cells accumulation (infiltration)
scored as grade 0, mild infiltration (grade 1), moderate to severe infiltration (grade 2) and severe inflammatory
cells 8 accumulation (grade 3). Cell ballooning scored as none (0), mild (few swelled cells; 1) and severe (many
swelled cells; 2) based on its severity.

For immunohistochemical staining, fixed 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.

Tissue triglyceride content in the liver. The hepatic tissue triglyceride content was measured using
triglyceride quantification kit (Cell Biolabs Inc. # STA-396, United States). Frozen samples of liver (100 mg)
were homogenized in 1 mL of cold PBS containing 1% TritonX-100 and centrifuged (10000 g, 10 min, 4 °C). The
resulting supernatant extracted from the tissue homogenates were carefully collected and further diluted in the
ratio 1:5. The resultant lysates were analyzed according to the manufacture’s protocols, and the tissue triglyceride
content was corrected based on the tissue weight.

Immunoblotting. Immunoblotting was performed as previously described’?>** with mouse monoclonal
anti-PEPCK (1:10,000, sc-271029; Santa Cruz, United States), rabbit monoclonal anti-G6P (1:1000, #12263U;
Cell Signaling Technology, Tokyo, Japan), rabbit polyclonal anti-UCP1 (1:5000, U6382; Sigma-Aldrich, Tokyo,
Japan), rabbit monoclonal anti-phospho-p38 (1:1000 (BAT), 1:5000 (liver), # 4511; Cell Signaling Technology,
Tokyo, Japan), rabbit monoclonal anti-total p-38 (1:3000, # 8690; Cell Signaling Technology, Tokyo, Japan), and
rabbit monoclonal anti-GAPDH (1:5000, #2118; Cell Signaling Technology, Tokyo, Japan). The signals were
detected using chemiluminescence.

RNA isolation, reverse transcription (RT) and real-time polymerase chainreaction (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 Bio-
systems), as described previously”®. The real-time PCR protocol consisted of one cycle at 95 °C for 20 s fol-
lowed by 40 cycles at 95 °C for 1 s and 60 °C for 20 s using the primers for UCP1 (Mm01244861_m1; Applied
Biosystems). The transcriptional levels were determined using the AACt 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 ¢-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 significant.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 22 May 2021; Accepted: 18 August 2021
Published online: 31 August 2021

References
1. Yasue, H. et al. Localization and mechanism of secretion of B-type natriuretic peptide in comparison with those of A-type natriu-
retic peptide in normal subjects and patients with heart failure. Circulation 90, 195-203 (1994).

Scientific Reports |

(2021) 11:17466 | https://doi.org/10.1038/s41598-021-96970-9 nature portfolio



www.nature.com/scientificreports/

2. Tamura, N. et al. Cardiac fibrosis in mice lacking brain natriuretic peptide. Proc. Natl. Acad. Sci. U. S. A. 97, 4239-4244. https://
doi.org/10.1073/pnas.070371497 (2000).

3. Kuwahara, K., Nakagawa, Y. & Nishikimi, T. Cutting edge of brain natriuretic peptide (BNP) research: The diversity of BNP
immunoreactivity and its clinical relevance. Circ. J. 82, 2455-2461. https://doi.org/10.1253/circj.CJ-18-0824 (2018).

4. Kang, R. et al. Possible association between body temperature and B-type natriuretic peptide in patients with cardiovascular
diseases. J. Card. Fail. 27, 75-82. https://doi.org/10.1016/j.cardfail.2020.08.012 (2021).

5. Nagoshi, T. Close linkage between natriuretic peptides and obesity- impact of sex on the interorgan metabolic crosstalk. Circ. J.
85, 655-656. https://doi.org/10.1253/circj.CJ-21-0202 (2021).

6. Bordicchia, M. et al. Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in mouse and
human adipocytes. J. Clin. Invest. 122, 1022-1036. https://doi.org/10.1172/JCI59701 (2012).

7. Carper, D. et al. Atrial natriuretic peptide orchestrates a coordinated physiological response to fuel non-shivering thermogenesis.
Cell. Rep. 32, 108075. https://doi.org/10.1016/j.celrep.2020.108075 (2020).

8. Uno, G. et al. Collaborative activities of noradrenaline and natriuretic peptide for glucose utilization in patients with acute coronary
syndrome. Sci. Rep. 9, 7822. https://doi.org/10.1038/s41598-019-44216-0 (2019).

9. Kimura, H. et al. The thermogenic actions of natriuretic peptide in brown adipocytes: The direct measurement of the intracellular
temperature using a fluorescent thermoprobe. Sci. Rep. 7, 12978. https://doi.org/10.1038/s41598-017-13563-1 (2017).

10. Kashiwagi, Y. et al. Therapeutic hypothermia after cardiac arrest increases the plasma level of B-type natriuretic peptide. Sci. Rep.
10, 15545. https://doi.org/10.1038/s41598-020-72703-2 (2020).

11. Kashiwagi, Y. et al. Close linkage between blood total ketone body levels and B-type natriuretic peptide levels in patients with
cardiovascular disorders. Sci. Rep. 11, 6498. https://doi.org/10.1038/s41598-021-86126-0 (2021).

12. Song, E. et al. Cardiac autophagy deficiency attenuates ANP production and disrupts myocardial-adipose cross talk, leading to
increased fat accumulation and metabolic dysfunction. Diabetes 70, 51-61. https://doi.org/10.2337/db19-0762 (2021).

13. Wang, T. J. The natriuretic peptides and fat metabolism. N. Engl. J. Med. 367, 377-378. https://doi.org/10.1056/NEJMcibr1204796
(2012).

14. Collins, S. A heart-adipose tissue connection in the regulation of energy metabolism. Nat. Rev. Endocrinol. 10, 157-163. https://
doi.org/10.1038/nrendo.2013.234 (2014).

15. Wu, J. et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 150, 366-376. https://doi.org/
10.1016/j.cell.2012.05.016 (2012).

16. Hattori, K. et al. ASK1 signalling regulates brown and beige adipocyte function. Nat. Commun. 7, 11158. https://doi.org/10.1038/
ncomms11158 (2016).

17. Sengenes, C., Berlan, M., De Glisezinski, I., Lafontan, M. & Galitzky, J. Natriuretic peptides: A new lipolytic pathway in human
adipocytes. FASEB J. 14, 1345-1351 (2000).

18. Miyashita, K. et al. Natriuretic peptides/cGMP/cGMP-dependent protein kinase cascades promote muscle mitochondrial biogenesis
and prevent obesity. Diabetes 58, 2880-2892. https://doi.org/10.2337/db09-0393 (2009).

19. Zois, N. E. et al. Natriuretic peptides in cardiometabolic regulation and disease. Nat. Rev. Cardiol. 11, 403-412. https://doi.org/
10.1038/nrcardio.2014.64 (2014).

20. Wu, W. et al. Enhancing natriuretic peptide signaling in adipose tissue, but not in muscle, protects against diet-induced obesity
and insulin resistance. Sci. Signal. 10, eaam6870. https://doi.org/10.1126/scisignal.aam6870 (2017).

21. Liu, D., Ceddia, R. P. & Collins, S. Cardiac natriuretic peptides promote adipose “browning” through mTOR complex-1. Mol.
Metab. 9, 192-198. https://doi.org/10.1016/j.molmet.2017.12.017 (2018).

22. Tanaka, M. et al. Macrophage-inducible C-type lectin underlies obesity-induced adipose tissue fibrosis. Nat. Commun. 5, 4982.
https://doi.org/10.1038/ncomms5982 (2014).

23. Xu, L. et al. SGLT2 inhibition by empagliflozin promotes fat utilization and browning and attenuates inflammation and insulin
resistance by polarizing M2 macrophages in diet-induced obese mice. EBioMedicine 20, 137-149. https://doi.org/10.1016/j.ebiom.
2017.05.028 (2017).

24. Wan, X. et al. Uric acid regulates hepatic steatosis and insulin resistance through the NLRP3 inflammasome-dependent mechanism.
J. Hepatol. 64, 925-932. https://doi.org/10.1016/j.jhep.2015.11.022 (2016).

25. Tanaka, Y. et al. Xanthine oxidase inhibition attenuates doxorubicin-induced cardiotoxicity in mice. Free Radic. Biol. Med. 162,
298-308. https://doi.org/10.1016/j.freeradbiomed.2020.10.303 (2021).

26. Ogawa, Y. et al. Natriuretic peptide receptor guanylyl cyclase-A protects podocytes from aldosterone-induced glomerular injury.
J. Am. Soc. Nephrol. 23, 1198-1209. https://doi.org/10.1681/ASN.2011100985 (2012).

27. Coue, M. & Moro, C. Natriuretic peptide control of energy balance and glucose homeostasis. Biochimie 124, 84-91. https://doi.
org/10.1016/j.biochi.2015.05.017 (2016).

28. Sidossis, L. & Kajimura, S. Brown and beige fat in humans: Thermogenic adipocytes that control energy and glucose homeostasis.
J. Clin. Invest. 125, 478-486. https://doi.org/10.1172/JCI78362 (2015).

29. Stanford, K. I. et al. Brown adipose tissue regulates glucose homeostasis and insulin sensitivity. J. Clin. Invest. 123, 215-223. https://
doi.org/10.1172/JC162308 (2013).

30. Mottillo, E. P. et al. Lack of adipocyte AMPK exacerbates insulin resistance and hepatic steatosis through brown and beige adipose
tissue function. Cell Metab. 24, 118-129. https://doi.org/10.1016/j.cmet.2016.06.006 (2016).

31. Becher, T. et al. Brown adipose tissue is associated with cardiometabolic health. Nat. Med. 27, 58-65. https://doi.org/10.1038/
541591-020-1126-7 (2021).

32. Shin, H. et al. Lipolysis in brown adipocytes is not essential for cold-induced thermogenesis in mice. Cell Metab. 26, 764-777.
https://doi.org/10.1016/j.cmet.2017.09.002 (2017).

33. Shu, L. et al. A-FABP mediates adaptive thermogenesis by promoting intracellular activation of thyroid hormones in brown adi-
pocytes. Nat. Commun. 8, 14147. https://doi.org/10.1038/ncomms14147 (2017).

34. Ishii, A. et al. Obesity-promoting and anti-thermogenic effects of neutrophil gelatinase-associated lipocalin in mice. Sci. Rep. 7,
15501. https://doi.org/10.1038/s41598-017-15825-4 (2017).

35. Hojna, S., Jordan, M. D., Kollias, H. & Pausova, Z. High-fat diet induces emergence of brown-like adipocytes in white adipose
tissue of spontaneously hypertensive rats. Hypertens. Res. 35, 279-286. https://doi.org/10.1038/hr.2011.188 (2012).

36. Czech, M. P. Mechanisms of insulin resistance related to white, beige, and brown adipocytes. Mol. Metab. 34, 27-42. https://doi.
0rg/10.1016/j.molmet.2019.12.014 (2020).

37. Schreiber, R. et al. Cold-induced thermogenesis depends on ATGL-mediated lipolysis in cardiac muscle, but not brown adipose
tissue. Cell Metab. 26, 753-763. https://doi.org/10.1016/j.cmet.2017.09.004 (2017).

38. Seki, S. et al. In situ detection of lipid peroxidation and oxidative DNA damage in non-alcoholic fatty liver diseases. J. Hepatol. 37,
56-62. https://doi.org/10.1016/s0168-8278(02)00073-9 (2002).

39. Sumida, Y. et al. Serum thioredoxin levels as a predictor of steatohepatitis in patients with nonalcoholic fatty liver disease. J. Hepatol.
38, 32-38. https://doi.org/10.1016/s0168-8278(02)00331-8 (2003).

40. Shono, M. et al. Predominant effect of A-type natriuretic peptide on reduction of oxidative stress during the treatment of patients
with heart failure. Circ. J. 71, 1040-1046 (2007).

41. Coue, M. et al. Defective natriuretic peptide receptor signaling in skeletal muscle links obesity to type 2 diabetes. Diabetes 64,
4033-4045. https://doi.org/10.2337/db15-0305 (2015).

Scientific Reports |  (2021) 11:17466 | https://doi.org/10.1038/s41598-021-96970-9 nature portfolio


https://doi.org/10.1073/pnas.070371497
https://doi.org/10.1073/pnas.070371497
https://doi.org/10.1253/circj.CJ-18-0824
https://doi.org/10.1016/j.cardfail.2020.08.012
https://doi.org/10.1253/circj.CJ-21-0202
https://doi.org/10.1172/JCI59701
https://doi.org/10.1016/j.celrep.2020.108075
https://doi.org/10.1038/s41598-019-44216-0
https://doi.org/10.1038/s41598-017-13563-1
https://doi.org/10.1038/s41598-020-72703-2
https://doi.org/10.1038/s41598-021-86126-0
https://doi.org/10.2337/db19-0762
https://doi.org/10.1056/NEJMcibr1204796
https://doi.org/10.1038/nrendo.2013.234
https://doi.org/10.1038/nrendo.2013.234
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1038/ncomms11158
https://doi.org/10.1038/ncomms11158
https://doi.org/10.2337/db09-0393
https://doi.org/10.1038/nrcardio.2014.64
https://doi.org/10.1038/nrcardio.2014.64
https://doi.org/10.1126/scisignal.aam6870
https://doi.org/10.1016/j.molmet.2017.12.017
https://doi.org/10.1038/ncomms5982
https://doi.org/10.1016/j.ebiom.2017.05.028
https://doi.org/10.1016/j.ebiom.2017.05.028
https://doi.org/10.1016/j.jhep.2015.11.022
https://doi.org/10.1016/j.freeradbiomed.2020.10.303
https://doi.org/10.1681/ASN.2011100985
https://doi.org/10.1016/j.biochi.2015.05.017
https://doi.org/10.1016/j.biochi.2015.05.017
https://doi.org/10.1172/JCI78362
https://doi.org/10.1172/JCI62308
https://doi.org/10.1172/JCI62308
https://doi.org/10.1016/j.cmet.2016.06.006
https://doi.org/10.1038/s41591-020-1126-7
https://doi.org/10.1038/s41591-020-1126-7
https://doi.org/10.1016/j.cmet.2017.09.002
https://doi.org/10.1038/ncomms14147
https://doi.org/10.1038/s41598-017-15825-4
https://doi.org/10.1038/hr.2011.188
https://doi.org/10.1016/j.molmet.2019.12.014
https://doi.org/10.1016/j.molmet.2019.12.014
https://doi.org/10.1016/j.cmet.2017.09.004
https://doi.org/10.1016/s0168-8278(02)00073-9
https://doi.org/10.1016/s0168-8278(02)00331-8
https://doi.org/10.2337/db15-0305

www.nature.com/scientificreports/

42. Parcha, V. et al. Natriuretic peptide deficiency in obese individuals: Mechanistic insights from healthy organ donor cohort. J. Am.
Coll. Cardiol. 77, 3138-3140. https://doi.org/10.1016/j.jacc.2021.04.055 (2021).

43. Plante, E. et al. Treatment with brain natriuretic peptide prevents the development of cardiac dysfunction in obese diabetic db/db
mice. Diabetologia 57, 1257-1267. https://doi.org/10.1007/s00125-014-3201-4 (2014).

44. Sarzani, R. et al. Fasting inhibits natriuretic peptides clearance receptor expression in rat adipose tissue. J. Hypertens. 13, 1241-1246
(1995).

45. Nakagawa, H. et al. Local action of neprilysin exacerbates pressure overload induced cardiac remodeling. Hypertension 77, 1931-
1939. https://doi.org/10.1161/HYPERTENSIONAHA.120.16445 (2021).

46. Shimizu, L. et al. Vascular rarefaction mediates whitening of brown fat in obesity. J. Clin. Invest. 124, 2099-2112. https://doi.org/
10.1172/JCI71643 (2014).

47. Tkegami, R. et al. Gamma-aminobutyric acid signaling in brown adipose tissue promotes systemic metabolic derangement in
obesity. Cell Rep. 24, 2827-2837. https://doi.org/10.1016/j.celrep.2018.08.024 (2018).

48. Abe, Y. et al. Histone demethylase JMJD1A coordinates acute and chronic adaptation to cold stress via thermogenic phospho-
switch. Nat. Commun. 9, 1566. https://doi.org/10.1038/s41467-018-03868-8 (2018).

49. Wang, T. J. et al. Impact of obesity on plasma natriuretic peptide levels. Circulation 109, 594-600. https://doi.org/10.1161/01.CIR.
0000112582.16683.EA (2004).

50. Bachmann, K. N. et al. Unexpectedly low natriuretic peptide levels in patients with heart failure. JACC Heart Fail. 9, 192-200.
https://doi.org/10.1016/j.jchf.2020.10.008 (2021).

51. Witteles, R. M. & Fowler, M. B. Insulin-resistant cardiomyopathy clinical evidence, mechanisms, and treatment options. J. Am.
Coll. Cardiol. 51, 93-102. https://doi.org/10.1016/j.jacc.2007.10.021 (2008).

52. Nagoshi, T., Yoshimura, M., Rosano, G. M., Lopaschuk, G. D. & Mochizuki, S. Optimization of cardiac metabolism in heart failure.
Curr. Pharm. Des. 17, 3846-3853. https://doi.org/10.2174/138161211798357773 (2011).

53. Payvar, S. et al. Association of low body temperature and poor outcomes in patients admitted with worsening heart failure: A
substudy of the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study with Tolvaptan (EVEREST) trial. Eur. J. Heart
Fail. 15, 1382-1389. https://doi.org/10.1093/eurjhf/hft113 (2013).

54. Ahmed, A. et al. Decreasing body temperature predicts early rehospitalization in congestive heart failure. J. Card. Fail. 14, 489-496.
https://doi.org/10.1016/j.cardfail.2008.02.008 (2008).

55. Yoshii, A. et al. Cardiac ischemia-reperfusion injury under insulin-resistant conditions: SGLT1 but not SGLT2 plays a compensa-
tory protective role in diet-induced obesity. Cardiovasc. Diabetol. 18, 85. https://doi.org/10.1186/5s12933-019-0889-y (2019).

56. Ito, K. et al. An immunohistochemical analysis of tissue thrombin expression in the human atria. PLoS ONE 8, €65817. https://
doi.org/10.1371/journal.pone.0065817 (2013).

57. Savari, F, Mard, S. A., Badavi, M., Rezaie, A. & Gharib-Naseri, M. K. A new method to induce nonalcoholic steatohepatitis (NASH)
in mice. BMC Gastroenterol 19, 125. https://doi.org/10.1186/s12876-019-1041-x (2019).

Acknowledgements

The authors are grateful to Prof. M. Ikegami, Dr. S. Hamatani, Mr. K. Sakurai and Ms. M. Owada (Department
of Pathology, The Jikei University School of Medicine) for their excellent technical support. The authors are also
grateful to Daiichi-Sankyo Pharmaceutical Co. (Tokyo) for supplying carperitide. This work was supported in
part by grants-in-aid for the Ministry of Education Culture, Sports, Science and Technology (JP20K08435 to
T. Nagoshi, JP19K08592 to M. Yoshimura, and JP21K16099 to H. Kimura) and SENSHIN Medical Research
Foundation to T. Nagoshi.

Author contributions

H.K., TN., and M.Y. conceived and designed the study, contributed to the writing of the manuscript. H.K,, Y.O.,
AY,Y.T, and H.T. conducted experiments, contributed to the acquisition and interpretation of data. Y.K. and
T.D.T. analyzed and interpreted the data, and critically revised the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-96970-9.

Correspondence and requests for materials should be addressed to T.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17466 | https://doi.org/10.1038/s41598-021-96970-9 nature portfolio


https://doi.org/10.1016/j.jacc.2021.04.055
https://doi.org/10.1007/s00125-014-3201-4
https://doi.org/10.1161/HYPERTENSIONAHA.120.16445
https://doi.org/10.1172/JCI71643
https://doi.org/10.1172/JCI71643
https://doi.org/10.1016/j.celrep.2018.08.024
https://doi.org/10.1038/s41467-018-03868-8
https://doi.org/10.1161/01.CIR.0000112582.16683.EA
https://doi.org/10.1161/01.CIR.0000112582.16683.EA
https://doi.org/10.1016/j.jchf.2020.10.008
https://doi.org/10.1016/j.jacc.2007.10.021
https://doi.org/10.2174/138161211798357773
https://doi.org/10.1093/eurjhf/hft113
https://doi.org/10.1016/j.cardfail.2008.02.008
https://doi.org/10.1186/s12933-019-0889-y
https://doi.org/10.1371/journal.pone.0065817
https://doi.org/10.1371/journal.pone.0065817
https://doi.org/10.1186/s12876-019-1041-x
https://doi.org/10.1038/s41598-021-96970-9
https://doi.org/10.1038/s41598-021-96970-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Treatment with atrial natriuretic peptide induces adipose tissue browning and exerts thermogenic actions in vivo
	Results
	Effects of ANP treatment on body weight and blood pressure in HFD mice. 
	ANP treatment improves HFD-induced glucose intolerance and insulin resistance in HFD mice. 
	ANP treatment improves HFD-induced adipose tissue morphological changes and hepatic steatosis. 
	Effects of ANP treatment on UCP1 expression in adipose tissues. 
	In vivo heat-retaining property of ANP during cold exposure. 

	Discussion
	Methods
	Animal models. 
	Glucose and insulin tolerance tests. 
	Cold tolerance test. 
	Triglyceride, Free Fatty Acid, creatinine, and insulin measurements in serum. 
	ANP and BNP measurement in serum. 
	Histological analyses. 
	Tissue triglyceride content in the liver. 
	Immunoblotting. 
	RNA isolation, reverse transcription (RT) and real-time polymerase chain reaction (PCR). 
	Statistical analyses. 

	References
	Acknowledgements


