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Abstract

Adipose tissue is usually laid down in small amounts in the foetus and is characterised 
as possessing small amounts of the brown adipose tissue-specific mitochondrial 
uncoupling protein (UCP)1. In adults, a primary factor determining the abundance and 
function of UCP1 is ambient temperature. Cold exposure causes activation and the 
rapid generation of heat through the free flow of protons across the mitochondria with 
no requirement to convert ADP to ATP. In rodents, housing at an ambient temperature 
below thermoneutrality promotes the appearance of beige like adipocytes. These arise 
as discrete regions of UCP1 containing cells in white fat depots. There is increasing 
evidence to show that to gain credible translational results on brown and beige fat 
function in rodent models that they should be housed at thermoneutrality. This not 
only reflects the type of environment in which humans spend a majority of their time, 
but is in accord with the rise of global temperature caused by industrialisation and the 
uncontrolled burning of fossil fuels. There is now good evidence in adult humans, that 
stimulating brown fat can improve glucose homeostasis which can be achieved either 
by nutritional or pharmacological interventions. The challenge, therefore, is to establish 
credible developmental models in animals maintained at thermoneutrality which will 
elucidate the true impact of nutrition. The primary focus should fall specifically on the 
components of breast milk and how these modulate long term effects on brown or beige 
fat development and function.

Introduction

Adipose tissue represents one of the most dynamic organs 
in the body, and has an array of functions which adapt 
to the prevailing thermal and metabolic environment 
(Seale & Lazar 2009). It acts as a site of energy storage, 
heat production and as an endocrine organ (Cypess et al. 
2014). These different functions impact on a range of 
metabolic functions including appetite control, energy 
balance, glucose homeostasis, inflammation as well as 
the reproductive success (Symonds et al. 2018b). Adipose 

tissue is comprised of at least three different sub-types, 
that is, brown, beige or white fat (Kalinovich et al. 2017). 
These are primarily distinguished by the lack of, or by 
the relative abundance of uncoupling protein (UCP)1 
located on the inner mitochondrial membrane, with 
beige fat possessing ~10-fold less UCP1 than classic brown 
adipocytes (Cannon & Nedergaard 2011). When UCP1 
is activated it enables the free flow of protons across the 
mitochondria without the need to convert ADP to ATP 
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as occurs in mitochondria of all other organs (Cannon & 
Nedergaard 2004). Consequently, the energy generated is 
used entirely to produce heat and means that the amount 
produced can be up to 300 times greater per unit mass 
than any other organ in the body (Symonds 2013). A 
major factor determining energy balance and thus the 
relative amounts of brown, beige or white adipose is 
ambient temperature, an adaptation that may be recruited 
from the first appearance of adipocytes at the foetal stage 
(Song et al. 2020). However, as is becoming increasingly 
apparent, in some but not all animal models of brown 
fat function, its impact on glucose homeostasis could be 
equally important (Arany 2019). Moreover, single-cell RNA 
sequencing has shown the lineage hierarchy of adipose 
tissue progenitors consists of distinct mesenchymal cell 
types (Merrick et al. 2019).

Fat deposition in the foetus is strictly limited due to the 
high energy cost. In most species, adipose tissue remains 
inert throughout gestation and is not activated until 
after birth (Symonds et al. 2015). The timing of maximal 
brown fat activation is largely dependent on maturity at 
birth and whether the newborn needs to ‘independently’ 
adapt to the relative cold exposure of the extra-uterine 
environment (Symonds et al. 2015). This will be further 
dependent on the balance between size at birth and the 
magnitude of thermal challenge experienced (Mellor 
& Cockburn 1986), although the intricate link between 
these two factors are not fully appreciated. In the context 
of the rapidly changing global climate the substantial 
impact that temperature has in regulating adipose tissue 
function comes into sharper focus (Symonds et al. 2018a). 
The following review will investigate these inter-related 
factors which may be driving and further accelerate the 
global obesity crisis.

The primary role of adipose tissue during early life is 
to enable the newborn to effectively adapt to and survive 
the cold thermal challenge experienced immediately 
after birth (Symonds et al. 2015). This coincides with the 
onset of breathing and the post-partum surge in a large 
number of counter-regulatory metabolic hormones. These 
act synergistically to ensure adipose tissue is sufficiently 
stimulated and thus can attain maximal thermogenic 
capacity (Symonds et al. 1995). The magnitude and timing 
of this adaptation are dependent on relative inter-species 
maturity at birth (Symonds et al. 2007). In small animal 
species born with an immature hypothalamic–pituitary 
axis initially, there is a necessary dependence on huddling 
with littermates to maintain body temperature for the first 
few days of life (Nedergaard et  al. 1986). By contrast in 
humans, brown fat is most active during childhood and 

then begins a gradual decline, with a potential rise around 
the time of puberty briefly interrupting this diminishment 
(Sacks & Symonds 2013).

The potential role of brown fat in metabolic 
homeostasis and the challenges of 
functional imaging

There remains a debate as to whether the targeting of 
brown fat activation can be effective in preventing excess 
adiposity and/or related metabolic diseases such as diabetes 
(Cypess & Kahn 2010). This is due in part to the difficulties 
in assessing brown fat function in humans, and especially 
in children (Symonds et al. 2012b). The ‘gold standard’ for 
assessing brown fat metabolism remains PET-CT despite 
the fact it involves significant exposure to radiation and 
in at least 50% of cases, brown fat is undetectable (Cypess 
et al. 2014). For these reasons, it cannot ethically be used 
in healthy children. Furthermore, it is not ideal for use in 
healthy adult subjects, who need to be in a fasted state 
to avoid the signal for any uptake in brown fat being 
‘constrained’ by the more intense image in skeletal muscle 
(Vosselman et al. 2013). A range of other modalities are 
in development and the extent to which they can be 
adopted safely for use in infants and children remains to 
be established (Symonds et al. 2018a).

The most widely used technique to identify brown 
fat in healthy children is thermal imaging, as it is able 
to detect the unique bilateral hot spots for brown fat 
within the supraclavicular region (Law et al. 2018a). The 
interpretation of some studies is limited due in part to 
inconsistencies in both taking and processing images. 
Moreover, a recent review of such studies is confounded 
due to a clear misconception as to what constitutes a 
‘clinical trial’ for which none have yet been conducted 
using thermal imaging as an outcome measure (Jimenez-
Pavon et  al. 2019). To date, the majority of published 
studies and those included in the previous review have 
aimed to develop the technology and examine specific 
interventions in healthy subjects (Law et  al. 2018a). 
Thermal imaging consistently detects a hot spot that 
collocates within the main depot of brown fat in humans, 
that is, the supraclavicular region and co-locates with 
the same area detected by PET-CT in adults (Law et  al. 
2019). The temperature of which declines with age and 
is negatively correlated with BMI percentile in children 
(Robinson et  al. 2014) and BMI in adults (van Marken 
Lichtenbelt & Schrauwen 2011). In adults, both acute and 
chronic cold exposure promotes heat production from 
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brown fat (Sidossis & Kajimura 2015), as well as individual 
nutrients or consumption of a standard meal (Scotney 
et al. 2017).

Brown adipose tissue as a target organ to 
combat metabolic disease

The extent to which stimulating brown fat can result 
in clinically relevant improvements in metabolism has 
proven difficult to demonstrate (Cypess et  al. 2014). 
Adipose tissue dysfunction, however, has a large impact 
on the onset of the metabolic syndrome (Symonds et al. 
2012a). This reflects the different roles of brown, white 
and beige fat together with depot specific responses 
(Kahn et  al. 2019). In addition, there are complex 
interactions between different types of adipocytes, 
together with the wide range of communication 
signals produced (Symonds et  al. 2018a). Sustainable 
interventions designed to modulate fat function will 
thus be critical in any new strategies aimed at preventing 
or treating complex metabolic disease. In this regard, 
two recent studies on adult humans suggest brown 
and/or beige fat could be amenable to pharmacological 
stimulation by using the β3-adrenergic receptor agonist 
mirabegron (Finlin et al. 2020, O’Mara et al. 2020). In 
one study, daily administration of 100 mg of mirabegron 
to healthy adult females (n = 14) for 4 weeks stimulated 
brown fat activity, in conjunction with an improved 
circulating lipid profile and insulin sensitivity (O’Mara 
et  al. 2020). No change in overall body composition 
was detected, suggesting that a longer period of 
administration is necessary. The effect of mirabegron 
on brown fat appeared to map to the main known 
sites of the body, for example, supraclavicular region 
and did not include subcutaneous fat. The later finding 
contrasted with the findings from another study (Finlin 
et  al. 2020) that examined the effect of administering 
50 mg of mirabegron a day for 12 weeks in obese adults 
(primarily female; n = 11 and 2 males). It found no 
effect on classic brown fat but suggested an increase 
in the brown fat specific UCP1 in subcutaneous fat. 
This study also confirmed an improvement in glucose 
homeostasis and a reduction in triglyceride content 
in skeletal muscle fibres (Finlin et  al. 2020). Taken 
together, these pioneering studies support the potential 
for targeting brown fat as a feasible intervention to 
improve metabolism in adult humans. Whether it 
would be possible to use mirabegron in children or 
juveniles remains to be established.

Environmental temperature and its impact 
on reproductive health and fat mass

The critical importance of environmental temperature 
in determining adipose tissue growth and development 
has surprisingly been ignored in the majority of studies, 
including those that have attempted to examine the 
longer-term consequences. As is becoming increasingly 
apparent this is a major deficiency of nearly all studies 
examining adipose tissue function (Cannon et al. 2020). 
For example, it has recently been shown that mice 
must be maintained at thermoneutrality and allowed 
to age in order to attain adipose tissue with a human-
like phenotype (de Jong et al. 2019). The fundamental 
impact of ambient temperature on foetal growth and 
development together with longer-term outcomes is 
further emphasized by the rise in global temperatures 
over the past 50 years (Solomon & LaRocque 2019). At 
the same time, there appears to have been an associated 
decline in adult body temperature over the past 150 
years (Protsiv et  al. 2020). This finding was based on 
data from 3 cohorts and a total of ~188,000 subjects, 
suggesting that after correcting for age, height, weight 
and related variables that mean body temperature 
has declined by 0.03°C per birth decade. A number of 
explanations were offered of which the most plausible 
is the decline in metabolic rate as contemporary life 
in developed countries is spent predominantly at a 
thermoneutral temperature. In particular, the brown 
fat activity would be diminished (de Jong et  al. 2019) 
and could explain the adaptation in energy balance. 
Moreover, with the continued increase in global 
temperatures, any such response may well accelerate. 
It is, therefore, possible that the widely accepted value 
of 37°C as ‘normal human body temperature’ may 
be too high, and has declined in parallel with the 
improvements in human health and longevity over the 
past century (de Jong et al. 2019).

Higher global temperatures are also expected to have 
an adverse effect on pregnancy outcomes. A recent report 
based on data collected in the United States between 
the years of 1969 and 1988 estimated that up to 25,000 
infants were born earlier than expected due to maternal 
heat exposure (Barreca & Schaller 2020). The same 
study reported an association with lower adult income 
in the heat exposed offspring. Given the subsequent 
accelerated rise in global temperatures since 1988 this 
problem is predicted to increase 10-fold by the end of 
the century (Barreca & Schaller 2020). Moreover, such 
adverse outcomes are not unexpected as animal studies 
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of heat exposure have shown it has multiple adverse 
effects including reduced food intake and compromised 
placental function (Symonds & Lomax 1992).

The continued rise in global temperatures driven 
by the excessive burning of fossil fuels has resulted in 
atmospheric carbon dioxide concentrations reaching 
record highs (see https://www.esrl.noaa.gov/gmd/
ccgg/trends/global.html), a further contributing factor 
to maternal obesity, as summarized in Fig. 1. It is 
apparent that in those countries with a more affluent 
and energy-consuming/sedentary lifestyle and thus 
greater gross domestic product, there is a greater 
incidence of maternal obesity (Fig. 1). To date, only one 
study in rodents has examined the impact of housing 
adult females at thermoneutrality prior to the onset of 
obesity and then through pregnancy (Albustanji et al. 
2019). This has shown a modulating effect on maternal 
adipose tissue composition and a resetting of insulin 
and glucose homeostasis that would also be expected 
to impact on foetal fat deposition, as well as longer-
term outcomes when the offspring are then reared at 
thermoneutrality.

Ambient temperature and adipose 
tissue development

The critical role of ambient housing temperature has 
recently been highlighted by a study in mice which has 
not only shown that brown fat is made up of high and 
low-thermogenic populations, but additionally that 
their relative distribution is temperature dependent 
(Song et  al. 2020). Cold exposure (i.e. 6°C) promoted 
the appearance of cells with high thermogenic capacity, 
whereas maintenance at a thermoneutral temperature 
had the opposite effect, compared with mice maintained 
at a standard (cool) temperature of 24°C. Moreover, 
these subtle changes in adipocyte recruitment had no 
impact on body weight or fat mass and were unaffected 
by feeding a high-fat diet (although no details of the diet 
were provided) (Song et  al. 2020). The impact of these 
adaptations on the animal’s phenotype is thus unclear, 
especially as measurements of glucose homeostasis were 
not provided. This type of study emphasises the potential 
confounding effect of enhanced brown fat function on all 
rodent studies of adipose tissue development undertaken 

Figure 1
Summary of the relationship between the prevalence of maternal obesity and greenhouse (primarily carbon dioxide) emissions across the developed 
world as demonstrated by gross domestic product (with increasing circle size). Overall this illustrates, that with increased affluence, and an enhanced 
‘carbon footprint’ is closely related to the onset of excess adiposity during reproduction. Data from Swinburn et al. (2019).

Downloaded from Bioscientifica.com at 10/05/2025 09:39:46PM
via free access

15-

ro 
i 
Q) 
C 
C g 
(/) 
C 
0 
'ijj 

E 
E 10-., 
(/) 
(0 
0) 

Q) 
(/) 
:, 
0 
.c 
C 
Q) 

~ 
c., 

5-

• 

• 
• 

10 

• 
• • 

20 

• 

• 

• 
• 

Female obesity prevalence(%) 

• 
• • 

• 

30 

• • 

Geographical Region 

• Africa 

• Americas 

• Asia 

• Europe 

• High income English speaking countries 

• Middle East 

• Pacific 

Gross Domestic Product ($) 

• 10000 

• 20000 

• 30000 

• 40000 

https://doi.org/10.1530/JOE-20-0075
https://joe.bioscientifica.com
https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html


https://doi.org/10.1530/JOE-20-0075
https://joe.bioscientifica.com	 © 2021 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

R23

Review

M E Symonds et al. Adipose tissue growth and 
development

248:1Journal of 
Endocrinology

to date, at standard (and thus cool) ambient temperatures 
below thermoneutrality (i.e. 27–30°C).

The importance of housing temperature, together with 
the effects of diet and age on adipose tissue function has 
been further emphasised in studies that have developed 
the ‘humanised mouse’ model. This involved maintaining 
male mice at 30°C for a prolonged period from 12 to 
at least 37 weeks of age, whilst fed a high-fat diet. This 
is a practice not often followed due to the prohibitive 
costs of housing and husbandry for this duration of the 
study. Under these conditions tissues examined from 
interscapular, but not inguinal fat depots were very 
similar histologically and in their gene signatures to 
human supraclavicular brown fat taken from a ‘healthy’ 
male cadaver aged 22 years (de Jong et  al. 2019). Thus 
careful consideration of cross-species age matching may 
be fundamental for informative future rodent modelling 
of adipose development and adaptation. Taken together 
these types of findings emphasise the plasticity of adipose 
tissue which has the capacity to adapt to changes in the 
thermal and nutritional environment to a much greater 
extent than any other tissue or organ (Symonds et al. 
2015). Moreover, this capacity is depot dependent and 
reflects the dual role of adipose tissue balancing, on the 
one hand, energy storage within white fat, whilst on the 
other energy dissemination via heat production within 
brown and beige fat (Symonds et al. 2018a). Clearly, this 
type of model now needs to be fully utilised in order to gain 
a translatable insight into the impact of excess maternal 
fat mass on both the short and longer-term outcomes in 
the offspring. Nutrition is an impact factor contributing 
to early adipose tissue development (Symonds et al. 2015) 
and recent studies in both animals (Fainberg et al. 2018) 
and humans (Yu et  al. 2019) suggest modulation of the 
diet could impact on brown adipose tissue growth.

Milk composition and its impact on adipose 
tissue development

It has long been recognised that feeding in the newborn 
is an important factor in the initiating of non-shivering 
thermogenesis in both small (Giralt et al. 1990) and large 
(Clarke & Symonds 1998) mammals. The extent to which 
the composition of milk can further impact on brown fat 
development in early life has been further illustrated by 
studies showing modulation of the maternal diet during 
lactation can modulate brown fat composition in the 
offspring (Fainberg et al. 2018). One recent and fascinating 
developmental study (and accompanying commentary 

(Gliniak & Scherer 2019)) suggests that a unique 
ingredient of human breast milk, that is, alkylglycerols 
can promote the browning process in adipose tissue (Yu 
et al. 2019). Due to the practical limitations of obtaining 
fat samples from human infants, the study was only able 
to look at subcutaneous fat. It will be fascinating to see 
whether other depots (e.g. epicardial (Ojha et al. 2016)) 
show the same response. Intriguingly, the presence of 
alkylglycerols in milk does not appear to be extended to 
ruminants which could explain the rapid loss of brown 
fat after birth in these species, although adipose tissue 
composition of young sheep can still be manipulated by 
modifying milk composition (Fainberg et  al. 2018). In 
addition, complementary mouse studies that show high 
amounts of alkylglycerols have illustrated the potential 
to induce browning of inguinal fat in obese but not lean 
mice (Yu et  al. 2019). The putative mechanism is that 
alkylglycerols are converted into a platelet-activating 
factor in macrophages that infiltrate neonatal fat. In 
addition, M1-type macrophages have the required 
enzyme constitution to facilitate this process, whereas 
M2-type macrophages do not. The platelet-activating 
factor then elicits an autocrine function that ultimately 
stimulates IL-6 production to promote the browning 
process by activating the STAT3 pathway. Fascinatingly, 
this response only occurred in the inguinal depot of obese 
mice, although the precise phenotype that results does 
not appear to be detailed (Yu et al. 2019). It remains to be 
seen whether the same response will be found in animals 
reared at thermoneutrality (~30°C) as opposed to the 
standard (21°C), and cool temperature used in the study.

Other molecular characteristics of brown fat 
and the potential role of the secretome in 
regulating brown fat function

There is increasing recognition that brown fat has the 
capacity to secrete a range of hormones termed ‘batokines’ 
that may have an effect on whole-body metabolism 
(Villarroya et  al. 2017). The first of these was identified 
from studies on the neonate and showed that feeding per 
se stimulates the release of FGF21 from the liver (Hondares 
et al. 2010), as well as brown fat (Hondares et al. 2011). 
More recently the investigation of potential batokines has 
been extended using high-sensitivity mass-spectrometry-
based proteomics on cell media of human adipocytes 
derived from supraclavicular brown adipose tissue and 
subcutaneous white fat depots (Deshmukh et  al. 2019). 
A total of 101 proteins were exclusively quantified within 
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brown fat and included ependymin-related protein 1 
(EPDR1). Initial gene knock out studies suggested that 
EPDR1 did impact on energy balance, possibly linked 
to reduced brown fat activity. However, when mice 
housed at thermoneutrality were injected with human 
recombinant EPDR1 the main response was increased 
physical activity, rather than a change in brown fat 
function. Taken together, this study indicated that EPDR1 
secreted from brown fat could have a role in thermogenic 
determination during adipogenesis, rather than a role 
in modulating thermogenesis per se. In humans, EPDR1 
was, however, only detectable in a small number of adult 
subjects (7 out of 30 of which 6 were male) and was only 
present in low amounts in three of these (Deshmukh et al. 
2019). Given the higher activity of brown fat in children, 
this type of approach may yield very different results 
when undertaken in a paediatric population (Robinson 
et  al. 2014), although clearly, it is much more difficult 
ethically to obtain relevant tissue samples.

miRNA, which are endogenous non-coding RNAs 
comprised of ~22 nucleotides can also modulate organ 
function by inhibiting the gene expression of individual 
RNAs by repressing their translation (Krol et  al. 2010). 
With respect to adipose tissue, specific miRNA have been 
identified as markers of adipocyte-like cells cultured from 
different anatomical adipose depots in mice (Walden 
et al. 2009). In this regard, miR-143 was sparsely expressed 
in mature brown but highly expressed in mature 
white adipocytes. Conversely miR-206 which is highly 
expressed in muscle and therefore has been termed a 
‘myomiR’, was found to be expressed in pre and mature 
brown adipocytes but absent from white adipocytes. Two 
further miRNA, miR-1 and miR-133a were also identified 
to follow this later pattern and also identified as brown 
markers. The tissue-specific distribution of these myoMIRs 
provides further evidence of the shared myogenic lineage 
in early brown fat development. It has also been proposed 
that microRNA sequences and their targets may vary by 
species, adipose tissue depot and stage of development 
(Ha et al. 2008). In the sheep whose fat rapidly transforms 
from brown to white adipose tissue over the first month 
of life, mir-206 appears to be largely absent from fat. 
There is some early expression evident in the clavicular 
depot but this is an order of magnitude below levels found 
in skeletal muscle, however, such abundance in muscle 
is perhaps expected of a ‘myomiR’. It is noteworthy that 
previous studies did not compare the adipose expression 
levels with that of muscle (Walden et  al. 2009). Gene 
expression in sheep adipose tissue seems to decline soon 

after birth (Fig. 2). In contrast, mir-143 is more abundant 
in both clavicular and peri-renal fat, than muscle but 
does not change with age. It has also been suggested that 
the measurement of exosomal concentration of miRNA 
may indicate functional differences in brown fat, but to 
date, this has shown very modest differences in adults 
(Okamatsu-Ogura et al. 2019). The increasing complexity 
and interaction between miRNA in preadipocytes and 
adipocytes could provide new insights into cardiovascular 
disease (Icli & Feinberg 2017).

New strategies to screen potential 
thermogenic compounds and test their  
in vivo efficacy

It is clear that alternative strategies are required to 
investigate the potential of targeting brown fat as a 
therapeutic target for preventing obesity and diabetes 
in humans. One such development has been the 
establishment of in vitro models including those using 
adipocytes derived from stem cells (Velickovic et al. 2018). 
It offers a novel way to screen individual compounds for 
their thermogenic potential before subsequent testing 
on human volunteers as summarised in Fig. 3. These 
types of approaches have shown that in vitro brown or 
beige adipocytes retain their temperature sensitivity and 
potentially high-light previously over-looked endocrine 
roles of cytokines such as leptin. It is known that leptin 
can have a thermogenic effect in young sheep that is 
indicative of promoting brown fat function (Mostyn 
et al. 2002), although adult based studies have questioned 
this role. In vitro, however, leptin is translocated into the 
nucleus and this adaptation appears to be enhanced with 
cold exposure. Interestingly, similar responses are found 
in stem cells of human or murine origin, which could 
accelerate the identification of thermogenic compounds, 
especially those related to individual dietary ingredients.

There are increasing indications from animal studies 
that brown and beige cells could be activated through 
individual nutrients such as capsaicin analogues (Darre & 
Domene 2015, Derbenev & Zsombok 2016). Capsinoids 
exert similar effects in increasing BAT-dependent energy 
expenditure as does cold exposure (Luo et  al. 2012). 
Caffeine (1,3,7-trimethylxantine), a widely consumed 
plant alkaloid found in coffee, and tea has been shown 
to aid weight loss and increased energy expenditure in 
both human and animals, thus reducing the risk of type 
2 diabetes (Bukowiecki et  al. 1983, Dulloo et  al. 1989, 
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Astrup et al. 1990, Bracco et al. 1995, Kobayashi-Hattori 
et al. 2005, Bhupathiraju et al. 2013). By using a stem cell 
model of adipocyte browning (Velickovic et  al. 2018) a 
physiological amount of caffeine was shown to promote 
UCP1 function (Velickovic et  al. 2019). This result was 
then validated by measuring the effect of the amount 
of caffeine normally present in a standard caffeinated 
beverage, that is, 65 mg dissolved in 200 mL water, on 
healthy volunteers by thermal imaging. A thermogenic 

effect in supraclavicular brown fat was shown (Velickovic 
et al. 2019). It was assessed from an increased temperature 
of this region following consumption, and correlates well 
with the known pattern of enhanced radiolabelled glucose 
uptake into brown fat measured during cold exposure 
using PET-CT (Law et al. 2018b). It should now be possible 
to use a comparable approach (Fig. 3) to screen potential 
compounds for a thermogenic role in both adults and 
children.

Figure 2
Summary of the development differences 
between the relative abundance of microRNAs 
206 and 143 in young sheep between the main 
brown fat depots, that is, clavicular and peri-renal 
(Fainberg et al. 2018) and skeletal muscle that is 
very different to that seen in adult rodents 
(Walden et al. 2009).

Downloaded from Bioscientifica.com at 10/05/2025 09:39:46PM
via free access

5 

4 

"' '2 3 
:::) 

~ 
~ ... 
:e 2 
<( 

"' ... 
'i: 
:::) 

~ 

1 

0 

4 

3 

~ 2 
:ii ... 
<( 

1 

• 

f. 
=-t 

o lL-.---- ~7 - 'J2188 
1 

miR-206 

V 

-i-t 
V 

7 28 

7 28 
Age (Days) 

https://doi.org/10.1530/JOE-20-0075
https://joe.bioscientifica.com


https://doi.org/10.1530/JOE-20-0075
https://joe.bioscientifica.com	 © 2021 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

R26Adipose tissue growth and 
development

M E Symonds et al. 248:1Journal of 
Endocrinology

In conclusion, the past decade has seen an 
exponential increase in research interest and publications 
examining brown fat. Very few of these have focussed on 
development in early life or on animals maintained at 
thermoneutrality. Data generated by the many studies not 
conducted at thermoneutrality may have compromised 
our understanding of brown adipose biology. There is 
tremendous opportunity to utilise these models to correct 
our understanding and move forward to identify effective 
and credible compounds or nutrients that can enhance 
brown and/or beige fat function.
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