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Abstract: Brown adipose tissue (BAT) expresses uncoupling protein-1 (UCP1), which enables energy
to be exerted towards needed thermogenesis. Beige adipocytes are precursor cells interspersed
among white adipose tissue (WAT) that possess similar UCP1 activity and capacity for thermogenesis.
The raccoon dog (Nyctereutes procyonoides) is a canid species that utilizes seasonal obesity to survive
periods of food shortage in climate zones with cold winters. The potential to recruit a part of the
abundant WAT storages as beige adipocytes for UCP1-dependent thermogenesis was investigated
in vitro by treating raccoon dog adipocytes with different browning inducing factors. In vivo positron
emission tomography/computed tomography (PET/CT) imaging with the glucose analog 18 F-FDG
showed that BAT was not detected in the adult raccoon dog during the winter season. In addition,
UCP1 expression was not changed in response to chronic treatments with browning inducing factors
in adipocyte cultures. Our results demonstrated that most likely the raccoon dog endures cold
weather without the induction of BAT or recruitment of beige adipocytes for heat production. Its
thick fur coat, insulating fat, and muscle shivering seem to provide the adequate heat needed for
surviving the winter.
Keywords: brown adipose tissue; browning; beige/brite adipocytes; UCP1; seasonal obesity;
winter sleep/hibernation; thermoregulation; seasonal adaptation
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1. Introduction
Animal species inhabiting areas with dramatic changes in food availability and harsh
environmental conditions can resort to seasonal obesity as a survival strategy [1]. In addition, adipose tissue may contribute to maintaining body heat during the cold winter
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seasons via beige/brite adipocytes. Adipose tissue is categorized into WAT, which functions mainly as an energy storage and secretory organ, and into the metabolically highly
active BAT with thermogenic capacity [2,3]. BAT expresses UCP1, which uncouples the
mitochondrial oxidative phosphorylation from ATP synthesis, resulting in the dissipation
of energy as heat [4]. In addition, beige [5] or brown-in-white i.e., brite [6], adipocytes
are scattered within WAT in rodents and in humans. Both BAT and beige adipocytes
share a similar morphology with multilocular lipid droplets as compared to the unilocular
lipid droplet in WAT [6,7]. The beige adipocytes are suggested to arise from the same
non-myogenic cell precursor cells as WAT, whereas BAT is derived from the myogenic Myf5
(myogenic factor 5) encoding precursor cells [6]. Similar to BAT, beige adipocytes have also
a high mitochondrial content and express BAT genes, most notably the thermogenic UCP1.
However, beige adipose tissue also expresses specific genes (e.g., Aqp7, aquaporin 7; Asc1,
Guanine nucleotide-binding protein subunit beta-like protein; Car4, Carbonic anhydrase 4;
Tbx1, T-Box Transcription Factor 1) [8], making it a distinct adipose tissue type, despite
the shared characteristics with both WAT and BAT [6,9]. The signals triggering BAT activation and the recruitment of beige adipocytes in the “browning process” are under great
research interest due to the potential implications for metabolic research. The main route
of signaling leading to UCP1 activation in BAT and beige adipose tissue is cold-induced
noradrenaline release (NA) from the sympathetic nerve terminals and their binding to
β-adrenergic receptors (β-ARs), leading to an increase in free fatty acids and uncoupling
of the respiratory chain in the mitochondria [10,11]. In addition to β-AR agonists (e.g.,
NA and synthetic agonists), peroxisome proliferator activated receptor (PPAR) ligands
(e.g., fenofibrate), hormones (e.g., insulin and thyroid hormones), thiazolidinediones (e.g.,
rosiglitazone), natriuretic peptides (e.g., ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide), metabolites (e.g., lactate, β-hydroxybutyrate), inflammation, and exercise
related cytokines (e.g., irisin) have been found to induce beige adipocytes [12–14].
The recruitment of WAT into beige adipocytes has been studied extensively in human
and mouse adipocytes, but the underlying signaling mechanisms and the impact of the
increased energy expenditure in the form of heat production by beige adipocytes during
seasonal changes remains unclear. Animals that are subjected to non-pathological body
weight cycles according to seasonal phases and the environmental temperature changes
offer an interesting model to study the signals triggering WAT browning and the physiological relevance of beige adipose tissue. Our model species, the raccoon dog, is a middle-sized
omnivorous canid species that undergoes repeated and drastic seasonal body weight and
adiposity fluctuations [15]. Raccoon dogs can almost double their weight with the accumulated body fat storages after summer as they prepare for the winter food scarcity. During
the challenging winter conditions, the raccoon dogs rely mostly on their body fat storages
for energy and can endure long fasting periods [16]. The dramatically opposite conditions
of autumnal fattening and winter fasting are both well-tolerated [17,18]. The raccoon dog
can also enter a light hypometabolic state to preserve energy. During the winter sleep, the
raccoon dog undergoes a relatively shallow hypothermia (body temperature (TB ) reduction only 0.5–1.5 ◦ C) as compared to other winter sleeping species, e.g., the brown bear
(Ursus arctos arctos), which reduces its’ TB by 4–5 ◦ C [15,19]. Hibernating animals undergo
a more complete metabolic depression and TB reduction [20], and BAT activity decreases
as the body temperature is reduced in order to change to the energy-saving hibernation
TB in the colder climate. BAT is activated during hibernation, if the temperature of the
environment falls below 0 ◦ C, in order to maintain the TB set-point as heat production by
muscle activity or shivering cannot fully be utilized during hibernation [21]. In hibernating
animals, BAT is proposed to be more relevant in the arousal from hibernation [22,23].
In the present study, we investigated the functional role of BAT and the potential
recruitment of beige adipocytes for UCP1-dependent thermogenesis in an animal model
undergoing seasonal temperature changes and non-pathological obesity. Our hypothesis
proposes that a part of the abundant WAT storages in the raccoon dog will be recruited
into beige adipocytes with induction of UCP1. The main objectives of the study were to
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decipher the role of BAT in thermoregulation, the browning capacity of raccoon dog WAT
and the potential signals triggering this transformation.
2. Results
2.1. Whole-Body Distribution of Glucose Analogue 18 F-FDG Uptake with PET/CT Imaging
Three raccoon dogs were successfully PET/CT imaged for whole-body distribution
of glucose analog fluorodeoxyglucose F 18 (18 F-FDG) uptake up to 2 h. 18 F-FDG acts as a
marker for glucose consumption and the analog accumulates at the sites of high metabolism,
reflecting the activity of the tissue or organ. The 18 F-FDG uptake was clearly detected in
brain, lymph nodes, heart, kidneys, and urinary bladder (Figure 1a). Quantitative analysis
of PET images illustrated the uptake kinetics of 18 F-FDG in different tissues as time-activity
curves (Figure 1b). BAT was not visualized in the 18 F-FDG PET/CT. In vivo PET/CT
images revealed that several lymph nodes were metabolically active. Samples with 18 FFDG uptake in the PET images were evaluated histologically by hematoxylin-eosin staining
of paraffin sections to identify BAT. The metabolic active tissues were identified as WAT,
skeletal muscle, and lymph nodes (Supplementary Figure S1: Histological hematoxylineosin staining). Tissue radioactivity measurements confirmed the highest activity in the
scapular region tissue to arise from lymph nodes.
The analysis of PET images was in line with quantitative evaluations. When fractional
uptake of 18 F-FDG was analyzed using plasma time-activity (Figure 2) and tissue tracer uptake over scanning time, the highest uptake rates were in the brain and heart. The fractional
uptake was elevated in lymph nodes (4–5–fold increase compared with skeletal muscles)
and lowest in WAT (Table 1). Plasma glucose concentration was between 5–6 mmol/L in
the animals during the study.
Table 1. Representative plasma glucose-corrected net influx rate (Ki) of 18 F-FDG uptake obtained
by dynamic PET and Patlak analysis (please see the method section for detailes) from one of the
raccoon dogs.
Organ

Ki (mL/mL·min)

Brain
Heart
Liver
Lymph node forelimb
Lymph node hindlimb
Lymph node neck
Muscle
White adipose tissue

0.155
0.251
0.013
0.080
0.087
0.105
0.022
0.011

2.2. Dose- and Time-Dependents Treatment with Nonselective β-AR on UCP1 mRNA Expression
of Primary Raccoon Dog Adipocytes
In order to further investigate our in vivo results, we established an in vitro system
of the raccoon dog adipocytes and evaluated the dose-and time-dependent effects of the
nonselective β-AR agonist isoprenaline on the relative UCP1 expression. Raccoon dog
adipocytes treated with isoprenaline in a dose-dependent manner with five concentrations
(0.1 µmol/L, 1 µmol/L, 10 µmol/L, 100 µmol/L, and 1000 µmol/L) for 6 h [6,24] did
not significantly increase UCP1 expression (data not shown). 10 µmol/L isoprenaline
induced the strongest response, while higher isoprenaline concentrations (100 µmol/L and
1000 µmol/L) induced lipolysis. 10 µmol/L isoprenaline was then utilized for the timedependent treatment of the adipocytes (3, 6, 12, and 24 h). The relative UCP1 expression
was increased after 24-h treatment by 88.6% compared with control (p = 0.013, Figure 3),
but no differences were found at 3, 6, and 12-h treatment (p > 0.05).
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2.2. Dose- and Time-Dependents Treatment with Nonselective β-AR on UCP1 mRNA
Expression of Primary Raccoon Dog Adipocytes
In order to further investigate our in vivo results, we established an in vitro system
of the raccoon dog adipocytes and evaluated the dose-and time-dependent effects of the
nonselective β-AR agonist isoprenaline on the relative UCP1 expression. Raccoon dog adipocytes treated with isoprenaline in a dose-dependent manner with five concentrations
(0,1 µmol/L, 1 µmol/L, 10 µmol/L, 100 µmol/L, and 1000 µmol/L) for 6 h [6,24] did not
significantly increase UCP1 expression (data not shown). 10 µmol/L isoprenaline induced
the strongest response, while higher isoprenaline concentrations (100 µmol/L and 1000
µmol/L) induced lipolysis. 10 µmol/L isoprenaline was then utilized for the time-dependent treatment of the adipocytes (3, 6, 12, and 24 h). The relative UCP1 expression was
increased after 24-h treatment by 88.6% compared with control (p = 0.013, Figure 3), but
no differences were found at 3, 6, and 12-h treatment (p > 0.05).

Figure 3. Relative expression of UCP1 in raccoon dog adipocytes (n = 4) with 10 µmol/L isoprenaline
for different
time periods
(3 h, 6 h, 12of
h,UCP1
and 24 h).
adipocytes
were treated(n
with
PBS.
UCP1
Figure
3. Relative
expression
in Control
raccoon
dog adipocytes
= 4)
with
10 µmol/
expressions are normalized to the expression of beta-2 microglobulin (B2M) and the result values are
for different time periods (3 h, 6 h, 12 h, and 24 h). Control adipocytes were treated w
presented as mean ± SD. Statistically significant difference is indicated by * p < 0.05.

expressions are normalized to the expression of beta-2 microglobulin (B2M) and the
are
as mean
SD. Statistically
difference
is indicated
2.4.presented
Chronic Treatment
with±Various
Beige Adiposesignificant
Tissue Inducers
of UCP1 mRNA
Expressionby
in * p < 0.0
Differentiated Mouse 3T3-L1 Adipocytes

To validate that our browning factor is indeed inducing UCP1 expression, we used
2.3. Chronic
Treatment with Various Beige Adipose Tissue Inducers of UCP1 mRN
the mouse 3T3-L1 preadipocyte cell line as positive control. 3T3-L1 cells were treated
inwith
Raccoon
Dog Primary
Adipocytes
nonselective
β-AR agonist
isoprenaline, apelin, lactate, bone morphogenic protein

7 (BMP7), and irisin/fibronectin type III domain-containing protein 5 (FNDC5). RelaThe potential recruitment of white adipocytes to thermogenic beige ad
tive UCP1 expression was significantly increased with 5 µmol/L isoprenaline by 303.5%
further
tested
by chronic
treatment
differentiated
raccoonwith
dogcontrol
adipocytes
(p = 0.000)
and with
50 mmol/L
lactate byof
168.5%
(p = 0.008) compared
(Supplementary
Figure
S2.
Relative
expression
of
UCP1
in
mouse
3T3-L1
cells).
thetic activity-enhancing β-AR agonists and known browning-inducing fact
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expressions are normalized to the expression of beta-2 microglobulin (B2M) and the result values
are presented as mean ± SD. Statistically significant difference is indicated by * p < 0.05.

2.3. Chronic Treatment with Various Beige Adipose Tissue Inducers of UCP1 mRNA Expression
in Raccoon Dog Primary Adipocytes
The potential recruitment of white adipocytes to thermogenic beige adipocytes was
further tested by chronic treatment of differentiated raccoon dog adipocytes with sympa-
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treatments did not change the relative UCP1 expression in the raccoon dog adipocytes
(Figure 4). Acute treatment with higher concentration of isoprenaline (100 µmol/L for 24
6 of 13
h) served as positive control and increased relative UCP1 expression by 136.7% (p = 0.000)
compared with control (Figure 4c).

Figure 4. Relative expression of UCP1 in raccoon dog adipocytes treated for 7 days with (a) 1 µmol/L
Figure 4. Relative expression of UCP1 in raccoon dog adipocytes treated for 7 days with (a) 1 µmol/L
ZD 7114 hydrochloride (ZD 7114), 1 µmol/L noradrenaline, and 1 µmol/L isoprenaline (n = 4).
ZD 7114 hydrochloride (ZD 7114), 1 µmol/L noradrenaline, and 1 µmol/L isoprenaline (n = 4). (b)
(b) 100 nmol/L ANP, 100 nmol/L BNP, 1 µmol/L lactate, and 100 nmol/L apelin-12 (n = 4). (c) Acute
100 nmol/L ANP, 100 nmol/L BNP, 1 µmol/L lactate, and 100 nmol/L apelin-12 (n = 4). (c) Acute 24
24 hµmol/L
100 µmol/L
isoprenaline
as positive
163 µmol/L
irisin,
100 fenofibrate
µmol/L fenofibrate
h 100
isoprenaline
as positive
control,control,
163 µmol/L
irisin, and
100 and
µmol/L
(n = 8).
(n = 8). Control adipocytes were treated with PBS. UCP1 expressions are normalized to the expression
of B2M and the result values are presented as mean ± SD. Statistically significant difference is
indicated by *** p ≤ 0.001.
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3. Discussion
BAT has an important role in the thermogenesis of mammals after birth and in adult
life in cold environments. Beige adipose tissue includes cells interspersed among WAT that
possess capacity for UCP1 activity and can be recruited from the precursor cells scattered
in WAT to produce heat in response to physiological signals. The raccoon dog gathers
abundant WAT storages in summer and autumn to serve as an energy storage during the
cold winter season, which could represent a potential reservoir for beige adipose tissue
recruitment in the winter season [25]. Obesity and the related comorbidities are increasing
at an alarming rate with adverse consequences to common human health and subsequently
economy [26,27]. The possibility of the abundant WAT turning into energy-dissipating
beige adipocytes by browning in the raccoon dog could function as a model and offer a
broader perspective in the research of metabolic control in general.
Our in vivo results from the 18 F-FDG PET/CT scan during the winter season indicate that the imaged adult raccoon dogs did not have BAT. The areas of active glucose
metabolism in the scan were brain, myocardium, kidney, and lymph nodes. In contrast,
glucose uptake in WAT was low, indicating that it did not contain BAT. Although 18 F-FDG
PET/CT has known limitations, especially when data is analyzed using standardized uptake values (SUVs, please see method section), it is the most commonly used technique for
studying BAT. The more advanced Patlak graphical analysis, used in this study, combined
with the correction for plasma glucose concentration, provides a more accurate quantification of tissue glucose utilization [28]. In addition to 18 F-FDG, BAT accumulates a range
of radiotracers, including other metabolic substrates such as 11 C-acetate and palmitate
analogue 14 (R,S)-[18 F]fluoro-6-thiaheptadecanoic acid (18 F-FTHA) [29].
Using the stromal vascular fraction from the raccoon dog subcutaneous adipose
tissue and a protocol for culturing and differentiation of adipocytes from preadipocytes,
our in vitro results demonstrated that UCP1 expression was not induced in response to
sympathetic stimuli from NA or a selective β3-AR agonist [30]. However, we did observe
significant increases in raccoon dog adipocyte UCP1 levels in response to a nonselective
β-AR agonist, isoprenaline, which has a higher affinity to the β1- and β2-receptors, than
to β3-receptors. The UCP1 increase with the nonselective β-AR agonist and the lack of
response to a selective β-AR agonist suggest, that similarly to the guinea pig [31], the
raccoon dog might lack functional β3-ARs, and the observed increase in UCP1 expression
could be the result of β1- and β2-ARs stimulation. The UCP1 increase is a likely by-product
of the activated lipolytic and β-oxidation pathways to utilize WAT as an energy source [32]
and a remnant that may not have a physiological relevance for heat production in the
raccoon dog.
In addition to β-AR agonists, we tested the effects of irisin, natriuretic peptides
(ANP, BNP), PPARα agonist (fenofibrate), apelin, and lactate on UCP1 induction and
beige adipocyte transformation in raccoon dog adipocytes. Irisin is an adipomyokine [33],
cleaved from its parent molecule FNDC5, a G-protein coupled transmembrane protein
found in adipose and muscle tissue [34]. Cold environmental temperature and exercise is
thought to cleave irisin from FNDC5 [35], which then is transported via circulation to adipose tissue where it induces the recruitment of the beige adipocytes and their thermogenic
function [33]. Another adipose tissue-derived factor that has been found to induce WAT
browning, is apelin [36,37]. Apelin participates in energy metabolism and promotes insulin
sensitivity and glucose utilization [38,39]. Than et al. discovered that apelin treatment
increased UCP1 expression in human white adipocytes and in 3T3-L1 cells with increased
mitochondrial respiration, and induced beige adipocyte morphology [36]. In addition,
various PPAR agonists induce UCP1 expression and beige adipose tissue recruitment in
mouse and human WAT [40,41]. Fenofibrate, a PPARα agonist, induces beige adipocyte formation in mouse WAT. Cardiac natriuretic peptides have WAT browning effects via various
mechanisms. ANP treatment dose-dependently increases UCP1 and PPARγ coactivator-1α
(PGC-1α) expression in human and mouse adipocytes [42,43]. In addition to peptides, certain metabolite products are linked to browning of WAT. Lactate increases UCP1 expression
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in WAT by modifying intracellular redox reactions [44]. In our raccoon dog adipocytes
cultures, these various peptides and substances did not increase UCP1 expression and
beige adipocyte morphology, while the nonselective β-AR agonist isoprenaline did. In
contrast, we observed that lactate significantly stimulated UCP1 expression in the mouse
3T3-L1 adipocytes. These findings indicate that adipocytes in mice and other small rodents
are more susceptible to WAT browning as an additional form to produce heat, due to the
increased heat dissipation and energy expenditure from their body surface and smaller
body to surface volume ratio [45,46].
In addition to the UCP1-dependent thermogenesis via BAT and beige adipose tissue,
recent discoveries indicate possible alternative UCP1-independent pathways for thermogenesis [47]. Skeletal muscle is thought to participate in UCP1-independent thermogenesis
through the function of the contractile activity in shivering thermogenesis and the function
of SERCA [48]. Also, brown and beige adipose tissues have been found to express UCP1independent thermogenesis [47]. One of the suggested mechanisms for UCP1-independent
heat production is related to a cycling mechanism for ATP-dependent Ca2+ cycling via
SERCA2b selectively in the beige adipose tissue [49]. Creatinine-substrate cycling stimulates mitochondrial respiration and contributes to the thermogenic pathway [50]. As the
raccoon dog appears to lack BAT and beige adipose tissue UCP1 response, it is possible that
the raccoon dog might utilize some of these UCP1-independent mechanisms to contribute
to the heat production in the cold.
Our results suggest that adult raccoon dogs do not have active BAT, and WAT is not
recruited into UCP1-dependent thermogenesis via beige cells. Its’ fur coat, insulating WAT,
and muscle shivering [51,52], are likely to provide adequate heat for maintaining body
temperature in the raccoon dog.
4. Materials and Methods
4.1. Animals and Sampling
The experiment was approved by the National Committee for Animal Experimentation
(license no. ESLH-2008-09952/Ym-23). PET/CT imaging was conducted to three wild-born
raccoon dogs (n = 3, male, adult, weight 10 ± 1.5 kg) caught from the Evo region in Southern
Finland and imaged during winter (February). Additional fresh adipose tissue samples
were collected from six farm-bred raccoon dogs (n = 6, male, adult, weight 10.1 ± 0.9 kg)
reared at a farm in Kalajoki, Finland in the winter (March) for the in vitro studies.
4.2. Imaging Study:

18 F-FDG

PET/CT

For PET/CT imaging, three raccoon dogs were anesthetized using a combination of
dexmedetomidine (25 µg/kg), midazolam (0.45 mg/kg), and butorphanol (0.25 mg/kg).
The raccoon dogs were intravenously injected with 89 ± 6.6 MBq 18 F-FDG and whole-body
PET/CT data were acquired using a clinical GE Discovery VCT system (General Electric
Medical Systems, Milwaukee, WI, USA) for the two first animals for 120 min and for the
third animal along with one of the first two for 60 min starting from the time of the injection.
Serial venous blood samples were collected after injection of 18 F-FDG. Plasma glucose was
determined (Analox GM7 Analyzer; Analox Instruments, London, UK). CT was performed
for attenuation correction and for the anatomical localization of 18 F-FDG uptakes. The
PET data were reconstructed using a 3D maximum likelihood ordered subsets expectation
maximization algorithm (VUE Point, General Electric Medical Systems, Chicago, IL, USA).
Quantitative PET analysis was performed using Carimas 2.10 software (Turku PET Centre,
Turku, Finland). The regions of interests (ROIs) were defined in heart, liver, lymph nodes
(forelimb, hindlimb and neck), muscle, white adipose tissue, kidney, and urinary bladder
using CT as the anatomical reference. The radioactivity concentrations were corrected for
injected radioactivity dose and decay, and the results were presented as SUV. Time-activity
curves (TACs) extracted from dynamic PET images were used for presenting kinetics of 18 FFDG uptake. The kinetic influx constant (Ki ) of 18 F-FDG was determined using the Patlak
analysis of TACs generated for each ROI. The graphic analysis approach, as described by
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Patlak et al. [28], was used to analyze the uptake kinetics of 18 F-FDG. The rate of glucose
uptake was calculated by multiplying the Ki of 18 F-FDG by the mean plasma glucose
concentration during 18 F-FDG imaging, to obtain an index kinetic influx constant, Ki [G].
The raccoon dogs were sacrificed after the PET/CT imaging under deep anaesthesia in
accordance with the American Veterinary Medical Association’s Guidelines on Euthanasia
with an overdose of pentobarbital sodium (Euthasol Vet 400 mg/mL, Le Vet. Pharma,
Netherlands). Various tissue samples were excised and weighted, and total radioactivity
was measured using a gamma counter (1480 Wizard 3”, Perkin Elmer, Turku, Finland). The
ex vivo results were expressed as SUV. After the PET/CT imaging, tissue samples were
formalin-fixed, paraffin-embedded, and cut into 20 µm sections for hematoxylin-eosin
staining. Tissue sections were studied for morphology under a light microscope.
4.3. In Vitro Studies
Adipose tissue samples for the in vitro culturing of raccoon dog adipocytes were
obtained from six farm-raised raccoon dogs. The farmed raccoon dogs were housed in
roofed enclosures under natural temperature and photoperiod and had ad libitum access to
commercial fur animal diet and water. The animals were euthanized with an electric shock
according to the legislation of the Council of the European Union (1993) and the Finnish
Act on Animal Experimentation (62/2006). The fresh adipose tissue samples collected from
subcutaneous adipose tissue were immediately immersed in 1% penicillin-streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA) PBS solution and transferred on ice to cell
culture laboratory for the extraction of the stromal vascular fraction and further cell culture
treatments. Mouse 3T3-L1 cell line (ATCC, Manassas, VA, USA) was used as positive
control; cells were differentiated to adipocytes and used as methodological control for the
cell culture treatments.
4.3.1. Differentiating Primary Adipocytes and Browning Inducing Peptide Treatments
The raccoon dog subcutaneous adipose tissue was dissected and minced into smaller
pieces [53]. The tissue fragments were washed with PBS solution containing 1% penicillinstreptomycin. The tissue was digested with collagenase type I (1.5 mg/mL, Sigma Aldrich,
St. Louis, MO, USA) in PBS containing 1% bovine serum albumin (BSA) for 60 min
at 37◦ C with intermittent shaking. Digested fat tissues were filtered through a nylon
mesh (250 micron) and centrifuged at 300× g for 10 min. Supernatant containing mature
adipocytes were discarded and the pelleted stromal vascular cell fractions (SVF) were
washed twice with PBS containing 2.5% BSA. The cells were suspended in DMEM containing 10% fetal bovine serum (FBS), 2 mmol/L glutamine, and 50 U/mL penicillin and
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and cultured in CO2 incubator at 37 ◦ C. The cells were grown up to near confluency and differentiated into adipocytes
using adipogenic induction medium (AIM) for 3 days. After 3 days, AIM was switched to
adipogenic maintenance medium (AMM) for 3 days. This cycle was then repeated until
day 13.
For the testing of the different browning factors, individual cell wells were co-incubated
with one of the factors from day 7 onwards, the AIM (day 7) and AMM (day 10): selective
β3-adrenergic receptor agonist 1 µmol/L (ZD 7114 hydrochloride, Bio-Techne Brands
Tocris, Minneapolis, MN, USA) and noradrenaline 1 µmol/L (Sigma Aldrich, Burlington,
MA, USA), isoprenaline 1 µmol/L (Sigma Aldrich, Burlington, MA, US), ANP 100 nmol/L,
BNP 100 nmol/L (from department peptide library), lactate 1 µmol/L (Sigma Aldrich,
Burlington, MA, US) [44], apelin-12 100 nmol/L (from department peptide library) [36,54],
irisin 163 µmol/L (synthetized recombinant irisin, described later) [33,55], fenofibrate
100 µmol/L (Sigma Aldrich, Burlington, MA, US), and individually tested for their chronic
effect on beige induction. A recombinant irisin was produced in Escherichia coli, purified, and the product confirmed with mass spectrometry. Apelin-12 was synthesized
by solid-phase synthetic technique using an automatic peptide synthesizer (Model 431,
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Applied Biosystems/Thermo Fisher Scientific, Waltham, MA, USA) and purified by highperformance liquid chromatography (HPLC) after deprotection [54].
Acute study: Cells were incubated with different dosages (0.1 µmol/L, 1 µmol/L,
10 µmol/L, 100 µmol/L, and 1000 µmol/L isoprenaline) up to 24 h.
Chronic study: Cells were incubated with 1 µmol/L isoprenaline up to 7 days. Furthermore, in additional wells, 100 µmol/L isoprenaline was added on day 12, 24 h prior to
mRNA extraction as positive control [24]. PBS was used as a control in all treatments.
On day 13, adipogenic potentials were analyzed by the Oil red O staining (Sigma Aldrich,
Burlington, MA, US) and total RNA was isolated for UCP1 expression analysis as adipogenic
beige marker. In addition to the raccoon dog samples, mouse 3T3-L1 was methodological
control for the cell culture treatments as described in the Supplementary Materials.
4.3.2. Adipocyte UCP1 Expression
The expression of BAT and beige adipose tissue-specific thermogenic UCP1 was determined by quantitative real-time PCR from the treated raccoon dog adipocytes and mouse
3T3-L1 cells. Total RNA was extracted from the cell culture samples with NucleoSpin®
RNA Plus (Macherey-Nagel, GmbH & Co. KG, Düren, Germany) and RNeasy Mini Kit
(Qiagen, Hilden, Germany) assays according to the manufacturer’s instructions. SensiFAST™ cDNA Synthesis Kit (Bioline, Meridian Biosciences, Cincinnati, OH, USA) was
utilized in synthesizing cDNA from 500 ng of RNA from raccoon dog adipocytes and from
1 µg of RNA from mouse 3T3-L1 adipocytes. The TAQMAN Eagletaq (Roche Holding AG,
Basel, Switzerland) real-time PCR reactions were performed by ABI-PRISM 7300 sequence
detection system (Thermo Fisher Scientific, Waltham, MA, USA) in a total volume of 50 µL.
The samples were analyzed as duplicates along with the internal control gene beta-2 microglobulin (B2M) as housekeeping gene [56] in a 96-well plate. Sterile water was used as a
negative control. The results were analyzed and calculated according to the manufacturer
instructions. TAQMAN oligos (Thermo Fisher Scientific, Waltham, MA, USA) optimized
and tested for the sequenced domestic dog (Canis lupus familiaris) genome were used for
the analysis of raccoon dog adipocyte UCP1 (Cf02622091) and B2M (Cf02659079). Specific mouse TAQMAN oligos (Thermo Fisher Scientific, Waltham, MA, USA) were also
used for detecting mouse UCPI (Mm01244861) and B2M (Mm00437762) expressions in the
3T3-L1 adipocytes.
4.4. Statistical Analyses
The multiple comparisons were performed with the one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test using the IBM SPSS Statistics 21 Data Editor
software (IBM, Armonk, NY, USA) for the gene expression analyses. In the results, a
p-value less than 0.05 was considered statistically significant and the results were presented
as mean ± SD.
5. Conclusions
The 18 F-FDG PET/CT imaging and histopathological analysis of the adult raccoon
dog during winter indicate the absence of classical BAT. In vitro cell culturing of raccoon
dog adipocytes and treatment with a set of browning agents, including selective β3-AR
agonist, did not induce the recruitment of beige adipocytes according to thermogenic
UCP1 expression and cell morphology. The raccoon dog exhibits resilience to cold weather
without resorting to thermogenesis via BAT or WAT browning.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22179623/s1, Figure S1: Histological hematoxylin-eosin staining, Figure S2: Relative
expression of UCP1 in mouse 3T3-L1 cells.
Author Contributions: Conceptualization, S.S. and K.-H.H.; formal analysis, L.N., S.J.M. and R.V.;
investigation, L.N., S.J.M., R.V., A.R., A.A., A.K., D.V., T.N. and P.N.; resources, P.N., S.S. and K.-H.H.;
writing—original draft preparation, L.N. and K.-H.H.; writing—review and editing, L.N., K.A.M. and

Int. J. Mol. Sci. 2021, 22, 9623

11 of 13

K.-H.H.; visualization, L.N., S.J.M., R.V., A.R., A.A. and T.N.; supervision, K.A.M., S.S. and K.-H.H.;
funding acquisition, L.N., K.-H.H. and S.S. All authors have read and agreed to the published version
of the manuscript.
Funding: This study was supported financially by the Academy of Finland (grant #134048), Oulu
Scholarship Foundation and Juho Vainio Foundation.
Institutional Review Board Statement: The animal experimentation in the study was conducted
according to Finnish animal experimentation legislation (act 62/2006) and approved by the National
Committee for Animal Experimentation (license no. ESLH-2008-09952/Ym-23).
Informed Consent Statement: Not applicable for studies not involving humans.
Data Availability Statement: Not applicable.
Acknowledgments: We would like to thank Jari Ylönen for the technical assistance with handling of
the animals in the PET/CT imaging and Lloyd Ruddock for providing the recombinant irisin.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

15.
16.

17.

18.

Geiser, F. Hibernation. Curr. Biol. 2013, 23, R188–R193. [CrossRef]
Smith, R.E. Thermoregulatory and adaptive behavior of brown adipose tissue. Science 1964, 146, 1686–1689. [CrossRef]
Cannon, B.; Houstek, J.; Nedergaard, J. Brown adipose tissue. More than an effector of thermogenesis? Ann. N. Y. Acad. Sci. 1998,
856, 171–187. [CrossRef]
Heaton, G.M.; Wagenvoord, R.J.; Kemp, A., Jr.; Nicholls, D.G. Brown adipose tissue mitochondria: Photoaffinity labelling of the
regulatory site of energy dissipation. Eur. J. Biochem. 1978, 82, 515–521. [CrossRef]
Petrovic, N.; Walden, T.B.; Shabalina, I.G.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Chronic peroxisome proliferator-activated
receptor γ (PPARγ) activation of epididymally derived white adipocyte cultures reveals a population of thermogenically
competent, UCP1-containing adipocytes molecularly distinct from classic brown adipocytes. J. Biol. Chem. 2010, 285, 7153–7164.
[CrossRef] [PubMed]
Wu, J.; Boström, P.; Sparks, L.M.; Ye, L.; Choi, J.H.; Giang, A.-H.; Khandekar, M.; Virtanen, K.A.; Nuutila, P.; Schaart, G.; et al.
Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 2012, 150, 366–376. [CrossRef]
Harms, M.; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013, 19, 1252–1263.
[CrossRef]
Pilkington, A.-C.; Paz, H.A.; Wankhade, U.D. Beige Adipose Tissue Identification and Marker Specificity—Overview. Front.
Endocrinol. (Lausanne) 2021, 12, 599134. [CrossRef] [PubMed]
Walden, T.B.; Hansen, I.R.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Recruited vs. nonrecruited molecular signatures of brown,
“brite,” and white adipose tissues. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E19–E31. [CrossRef] [PubMed]
Festuccia, W.T.; Blanchard, P.-G.; Deshaies, Y. Control of Brown Adipose Tissue Glucose and Lipid Metabolism by PPARgamma.
Front. Endocrinol. (Lausanne) 2011, 2, 84. [CrossRef] [PubMed]
Zechner, R.; Kienesberger, P.C.; Haemmerle, G.; Zimmermann, R.; Lass, A. Adipose triglyceride lipase and the lipolytic catabolism
of cellular fat stores. J. Lipid Res. 2009, 50, 3–21. [CrossRef] [PubMed]
Montanari, T.; Poscic, N.; Colitti, M. Factors involved in white-to-brown adipose tissue conversion and in thermogenesis: A
review. Obes. Rev. 2017, 18, 495–513. [CrossRef] [PubMed]
Kaisanlahti, A.; Glumoff, T. Browning of white fat: Agents and implications for beige adipose tissue to type 2 diabetes. J. Physiol.
Biochem. 2019, 75, 1–10. [CrossRef] [PubMed]
Tseng, Y.-H.; Kokkotou, E.; Schulz, T.J.; Huang, T.L.; Winnay, J.N.; Taniguchi, C.M.; Tran, T.T.; Suzuki, R.; Espinoza, D.O.;
Yamamoto, Y.; et al. New role of bone morphogenetic protein 7 in brown adipogenesis and energy expenditure. Nature 2008, 454,
1000–1004. [CrossRef] [PubMed]
Mustonen, A.-M.; Nieminen, P. A review of the physiology of a survival expert of big freeze, deep snow, and an empty stomach:
The boreal raccoon dog (Nyctereutes procyonoides). J. Comp. Physiol. B 2018, 188, 15–25. [CrossRef]
Mustonen, A.-M.; Nieminen, P.; Puukka, M.; Asikainen, J.; Saarela, S.; Karonen, S.-L.; Kukkonen, J.V.K.; Hyvarinen, H. Physiological adaptations of the raccoon dog (Nyctereutes procyonoides) to seasonal fasting-fat and nitrogen metabolism and influence of
continuous melatonin treatment. J. Comp. Physiol. B 2004, 174, 1–12. [CrossRef] [PubMed]
Kinnunen, S.; Manttari, S.; Herzig, K.-H.; Nieminen, P.; Mustonen, A.-M.; Saarela, S. Effects of wintertime fasting and seasonal
adaptation on AMPK and ACC in hypothalamus, adipose tissue and liver of the raccoon dog (Nyctereutes procyonoides). Comp.
Biochem. Physiol. Part A Mol. Integr. Physiol. 2016, 192, 44–51. [CrossRef]
Niiranen, L.; Makela, K.A.; Dona, A.; Krumsiek, J.; Karhu, T.; Makinen, M.J.; Thalmann, O.; Saarela, S.; Herzig, K.-H. Seasonal
Regulation of Metabolism: The Effect of Wintertime Fasting and Autumnal Fattening on Key Central Regulators of Metabolism
and the Metabolic Profile of the Raccoon Dog (Nyctereutes Procyonoides). Int. J. Mol. Sci. 2021, 22, 4965. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 9623

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.

34.
35.

36.
37.

38.

39.
40.
41.

42.

43.

12 of 13

Hissa, R.; Siekkinen, J.; Hohtola, E.; Saarela, S.; Hakala, A.; Pudas, J. Seasonal patterns in the physiology of the European brown
bear (Ursus arctos arctos) in Finland. Comp. Biochem. Physiol.—Part A Physiol. 1994, 109, 781–791. [CrossRef]
Ruf, T.; Geiser, F. Daily torpor and hibernation in birds and mammals. Biol. Rev. Camb. Philos. Soc. 2015, 90, 891–926. [CrossRef]
Rowland, L.A.; Bal, N.C.; Periasamy, M. The role of skeletal-muscle-based thermogenic mechanisms in vertebrate endothermy.
Biol. Rev. Camb. Philos. Soc. 2015, 90, 1279–1297. [CrossRef]
Jastroch, M.; Giroud, S.; Barrett, P.; Geiser, F.; Heldmaier, G.; Herwig, A. Seasonal Control of Mammalian Energy Balance: Recent
Advances in the Understanding of Daily Torpor and Hibernation. J. Neuroendocrinol. 2016, 28. [CrossRef]
Kitao, N.; Hashimoto, M. Increased thermogenic capacity of brown adipose tissue under low temperature and its contribution to
arousal from hibernation in Syrian hamsters. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2012, 302, R118–R125. [CrossRef]
Miller, C.N.; Yang, J.-Y.; England, E.; Yin, A.; Baile, C.A.; Rayalam, S. Isoproterenol Increases Uncoupling, Glycolysis, and Markers
of Beiging in Mature 3T3-L1 Adipocytes. PLoS ONE 2015, 10, e0138344. [CrossRef] [PubMed]
Van Liefde, I.; van Witzenburg, A.; Vauquelin, G. Isoproterenol and selective agonists stimulate similar atypical beta-adrenoceptors
in rat adipocytes. Biochem. Pharmacol. 1993, 45, 974–977. [CrossRef]
Kleinert, M.; Clemmensen, C.; Hofmann, S.M.; Moore, M.C.; Renner, S.; Woods, S.C.; Huypens, P.; Beckers, J.; de Angelis, M.H.;
Schurmann, A.; et al. Animal models of obesity and diabetes mellitus. Nat. Rev. Endocrinol. 2018, 14, 140–162. [CrossRef]
Pugazhenthi, S.; Qin, L.; Reddy, P.H. Common neurodegenerative pathways in obesity, diabetes, and Alzheimer’s disease.
Biochim. Biophys. Acta—Mol. Basis Dis. 2017, 1863, 1037–1045. [CrossRef]
Patlak, C.S.; Blasberg, R.G.; Fenstermacher, J.D. Graphical evaluation of blood-to-brain transfer constants from multiple-time
uptake data. J. Cereb. Blood Flow Metab. 1983, 3, 1–7. [CrossRef] [PubMed]
Ouellet, V.; Labbe, S.M.; Blondin, D.P.; Phoenix, S.; Guerin, B.; Haman, F.; Turcotte, E.E.; Richard, D.; Carpentier, A.C. Brown
adipose tissue oxidative metabolism contributes to energy expenditure during acute cold exposure in humans. J. Clin. Investig.
2012, 122, 545–552. [CrossRef] [PubMed]
Growcott, J.W.; Wilson, C.; Holloway, B.; Mainwaring, S. Evaluation of ICI D7114, a putative stimulant of brown adipocytes, on
histamine-contracted guinea-pig ileum. Br. J. Pharmacol. 1993, 109, 1212–1218. [CrossRef] [PubMed]
Atgie, C.; Tavernier, G.; D’Allaire, F.; Bengtsson, T.; Marti, L.; Carpene, C.; Lafontan, M.; Bukowiecki, L.J.; Langin, D. Beta
3-adrenoceptor in guinea pig brown and white adipocytes: Low expression and lack of function. Am. J. Physiol. 1996, 271,
R1729–R1738. [CrossRef]
Collins, S. beta-Adrenoceptor Signaling Networks in Adipocytes for Recruiting Stored Fat and Energy Expenditure. Front.
Endocrinol. (Lausanne) 2012, 2, 102. [CrossRef]
Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A
PGC1-a-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463–468.
[CrossRef]
Roca-Rivada, A.; Castelao, C.; Senin, L.L.; Landrove, M.O.; Baltar, J.; Crujeiras, A.B.; Seoane, L.M.; Casanueva, F.F.; Pardo, M.
FNDC5/Irisin Is Not Only a Myokine but Also an Adipokine. PLoS ONE 2013, 8, e60563. [CrossRef]
Pekkala, S.; Wiklund, P.K.; Hulmi, J.J.; Ahtiainen, J.P.; Horttanainen, M.; Pollanen, E.; Makela, K.A.; Kainulainen, H.; Hakkinen,
K.; Nyman, K.; et al. Are skeletal muscle FNDC5 gene expression and irisin release regulated by exercise and related to health? J.
Physiol. 2013, 591, 5393–5400. [CrossRef]
Than, A.; He, H.L.; Chua, S.H.; Xu, D.; Sun, L.; Leow, M.K.-S.; Chen, P. Apelin Enhances Brown Adipogenesis and Browning of
White Adipocytes. J. Biol. Chem. 2015, 290, 14679–14691. [CrossRef]
Tatemoto, K.; Hosoya, M.; Habata, Y.; Fujii, R.; Kakegawa, T.; Zou, M.-X.; Kawamata, Y.; Fukusumi, S.; Hinuma, S.; Kitada, C.;
et al. Isolation and characterization of a novel endogenous peptide ligand for the human APJ receptor. Biochem. Biophys. Res.
Commun. 1998, 251, 471–476. [CrossRef] [PubMed]
Zhu, S.; Sun, F.; Li, W.; Cao, Y.; Wang, C.; Wang, Y.; Liang, D.; Zhang, R.; Zhang, S.; Wang, H.; et al. Apelin stimulates glucose
uptake through the PI3K/Akt pathway and improves insulin resistance in 3T3-L1 adipocytes. Mol. Cell. Biochem. 2011, 353,
305–313. [CrossRef] [PubMed]
Heinonen, M.V.; Purhonen, A.K.; Miettinen, P.; Paakkonen, M.; Pirinen, E.; Alhava, E.; Akerman, K.; Herzig, K.H. Apelin, orexin-A
and leptin plasma levels in morbid obesity and effect of gastric banding. Regul. Pept. 2005, 130, 7–13. [CrossRef] [PubMed]
Ohno, H.; Shinoda, K.; Spiegelman, B.M.; Kajimura, S. PPARgamma agonists induce a white-to-brown fat conversion through
stabilization of PRDM16 protein. Cell Metab. 2012, 15, 395–404. [CrossRef] [PubMed]
Rachid, T.L.; Penna-de-Carvalho, A.; Bringhenti, I.; Aguila, M.B.; Mandarim-de-Lacerda, C.A.; Souza-Mello, V. Fenofibrate
(PPARalpha agonist) induces beige cell formation in subcutaneous white adipose tissue from diet-induced male obese mice. Mol.
Cell. Endocrinol. 2015, 402, 86–94. [CrossRef] [PubMed]
Bordicchia, M.; Liu, D.; Amri, E.-Z.; Ailhaud, G.; Dessi-Fulgheri, P.; Zhang, C.; Takahashi, N.; Sarzani, R.; Collins, S. Cardiac
natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in mouse and human adipocytes. J. Clin.
Investig. 2012, 122, 1022–1036. [CrossRef] [PubMed]
Cereijo, R.; Villarroya, J.; Villarroya, F. Non-sympathetic control of brown adipose tissue. Int. J. Obes. Suppl. 2015, 5, S40–S44.
[CrossRef]

Int. J. Mol. Sci. 2021, 22, 9623

44.

45.
46.
47.
48.
49.

50.

51.
52.

53.

54.
55.
56.

13 of 13

Carriere, A.; Jeanson, Y.; Berger-Muller, S.; Andre, M.; Chenouard, V.; Arnaud, E.; Barreau, C.; Walther, R.; Galinier, A.;
Wdziekonski, B.; et al. Browning of white adipose cells by intermediate metabolites: An adaptive mechanism to alleviate redox
pressure. Diabetes 2014, 63, 3253–3265. [CrossRef] [PubMed]
Silva, J.E. Thermogenic mechanisms and their hormonal regulation. Physiol. Rev. 2006, 86, 435–464. [CrossRef] [PubMed]
Chaffee, R.R.J.; Roberts, J.C. Temperature acclimation in birds and mammals. Annu. Rev. Physiol. 1971, 33, 155–202. [CrossRef]
[PubMed]
Ikeda, K.; Yamada, T. UCP1 Dependent and Independent Thermogenesis in Brown and Beige Adipocytes. Front. Endocrinol.
(Lausanne) 2020, 11, 498. [CrossRef] [PubMed]
Liu, X.; Rossmeisl, M.; McClaine, J.; Riachi, M.; Harper, M.E.; Kozak, L.P. Paradoxical resistance to diet-induced obesity in
UCP1-deficient mice. J. Clin. Investig. 2003, 111, 399–407. [CrossRef]
Ikeda, K.; Kang, Q.; Yoneshiro, T.; Camporez, J.P.; Maki, H.; Homma, M.; Shinoda, K.; Chen, Y.; Lu, X.; Maretich, P.; et al.
UCP1-independent signaling involving SERCA2b-mediated calcium cycling regulates beige fat thermogenesis and systemic
glucose homeostasis. Nat. Med. 2017, 23, 1454–1465. [CrossRef]
Kazak, L.; Chouchani, E.T.; Jedrychowski, M.P.; Erickson, B.K.; Shinoda, K.; Cohen, P.; Vetrivelan, R.; Lu, G.Z.; Laznik-Bogoslavski,
D.; Hasenfuss, S.C.; et al. A creatine-driven substrate cycle enhances energy expenditure and thermogenesis in beige fat. Cell
2015, 163, 643–655. [CrossRef]
Korhonen, H.; Harri, M.; Hohtola, E. Response to cold in the blue fox and raccoon dog as evaluated by metabolism, heart rate
and muscular shivering: A re-evaluation. Comp. Biochem. Physiol. A Comp. Physiol. 1985, 82, 959–964. [CrossRef]
Nieminen, P.; Hohtola, E.; Pyykonen, T.; Paakkonen, T.; Aho, J.; Cittova-Kontu, M.; Asikainen, J.; Mononen, J.; Mustonen, A.M.
Thermoregulatory adaptations of the overwintering captive raccoon dog (Nyctereutes procyonoides) in boreal climate. J. Exp. Zool.
Part A Comp. Exp. Biol. 2005, 303, 776–784. [CrossRef] [PubMed]
Mutt, S.J.; Karhu, T.; Lehtonen, S.; Lehenkari, P.; Carlberg, C.; Saarnio, J.; Sebert, S.; Hypponen, E.; Jarvelin, M.R.; Herzig, K.H.
Inhibition of cytokine secretion from adipocytes by 1,25-dihydroxyvitamin D(3) via the NF-kappaB pathway. FASEB J. 2012, 26,
4400–4407. [CrossRef]
Tatemoto, K.; Takayama, K.; Zou, M.-X.; Kumaki, I.; Zhang, W.; Kumano, K.; Fujimiya, M. The novel peptide apelin lowers blood
pressure via a nitric oxide-dependent mechanism. Regul. Pept. 2001, 99, 87–92. [CrossRef]
Li, H.; Zhang, Y.; Wang, F.; Donelan, W.; Zona, M.C.; Li, S.; Reeves, W.; Ding, Y.; Tang, D.; Yang, L. Effects of irisin on the
differentiation and browning of human visceral white adipocytes. Am. J. Transl. Res. 2019, 11, 7410–7421.
Gong, H.; Sun, L.; Chen, B.; Han, Y.; Pang, J.; Wu, W.; Qi, R.; Zhang, T.-M. Evaluation of candidate reference genes for RT-qPCR
studies in three metabolism related tissues of mice after caloric restriction. Sci. Rep. 2016, 6, 38513. [CrossRef]

