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ABSTRACT

Brown adipose tissue (BAT) mitochondria are distinct from their counterparts in other tissues in that
ATP production is not their primary physiologic role. BAT mitochondria are equipped with a
specialized protein known as uncoupling protein 1 (UCP1). UCP1 short—circuits the electron
transport chain, allowing mitochondrial membrane potential to be transduced to heat, making BAT
a tissue capable of altering energy expenditure and fuel metabolism in mammals without
increasing physical activity.

The recent discovery that adult humans have metabolically active BAT has rekindled an interest in
this intriguing tissue, with the overarching aim of manipulating BAT function to augment energy
expenditure as a countermeasure for obesity and the metabolic abnormalities it incurs.
Subsequently, there has been heightened interest in quantifying BAT function and more
specifically, determining UCP1-mediated thermogenesis in BAT specimens - including in those
obtained from humans.

In this article, BAT mitochondrial bioenergetics will be described and compared with more
conventional mitochondria in other tissues. The biochemical methods typically used to quantify
BAT mitochondrial function will also be discussed in terms of their specificity for assaying UCP1
mediated thermogenesis. Finally, recent data concerning BAT UCP1 function in humans will be
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described and discussed.

Introduction
Brown adipose tissue in metabolic physiology

Brown adipose tissue (BAT) occupies an unusual role in
mammalian physiology. Although BAT possesses an oxi-
dative capacity comparable to tissues like striated muscle
and liver, it is incapable of producing ATP in any great
quantity.! Indeed, much like the extra-ocular superior
rectus muscle (heater muscle) of Billfish such as Blue
Marlin and Swordfish, BAT functions like a heater organ
in mammalian endotherms. Intriguingly, like the Billfish
heater muscle, BAT hails from a skeletal muscle lineage.
However, this is where the similarity ends. Unlike the
heater muscle of Billfish, which generates heat through
increased ATP hydrolysis on account of an inefficient
sarcoplasmic reticulum Ca** ATPase,” BAT mitochon-
dria are equipped with a specialized protein that func-
tions as an energy transducer, short-circuiting the
electron transport chain and turning the mitochondrion
into a biologic furnace.*

Uncoupling protein 1 (UCP1), originally termed ther-
mogenin owing to its role in non-shivering thermogenesis
(NST), resides within the inner mitochondrial membrane.*
When activated, UCP1 permits significant inner membrane
proton conductance, uncoupling mitochondrial fuel oxida-
tion and respiration from ATP production.” In keeping
with the laws of thermodynamics, the electro-chemical
potential generated by fuel oxidation in BAT mitochondria
is largely dissipated as heat as opposed to being used for
ADP phosphorylation. Thus, when switched on, UCP1
turns BAT mitochondria into small, internalized radiators -
which can assist in maintaining the core temperature of
endothermic mammals." While this role of BAT in NST
has long been appreciated in certain mammals, only very
recently has BAT been shown to be present and functional
in adult humans.® This has rekindled interest in a putative
role for BAT in human energy metabolism, arising largely
from the desire to manipulate BAT as a strategy to increase
energy expenditure and substrate metabolism in the con-
text of obesity and its metabolic complications.
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BAT mitochondrial bioenergetics

The mitochondrion is the hub of cellular bioenerget-
ics. Acting much like an electrical transducer, mito-
chondria convert the energy stored in carbon fuels
such as glucose and fatty acids, to a potential energy
that can be used to produce ATP. Specifically, elec-
tron flow coupled to proton excursion in the electron
transport chain (ETC) generates electro-chemical
potential across the inner mitochondrial membrane.
This potential energy, oftentimes referred to as pro-
ton-motive force, is harnessed by the penultimate
complex of the ETC (ATP synthase), phosphorylating
ADP.” This chemiosmotic mechanism of ATP pro-
duction represents the quintessential function of the
mitochondrion, which has earned it its label as the
powerhouse of the cell. Accordingly, when we think
of mitochondria, we think of oxidative phosphoryla-
tion. BAT mitochondria represent a striking anomaly
in this paradigm, owing to their propensity to pro-
duce heat instead of ATP. While BAT of both rodents
and humans is densely populated with mitochondria,
endowing BAT with considerable oxidative capacity,
in contrast to tissues such as striated muscle and
liver, mitochondrial electron transfer and respiration
can be almost completely uncoupled from ATP pro-
duction in BAT mitochondria.*® This ability of BAT
mitochondria to respire in the leak or uncoupled state
(i.e., respiration not coupled to ATP production) is
due to the presence of UCPI in the inner mitochon-
drial membrane, which has been shown to be respon-
sible for NST in BAT mitochondria.>"°

UCP1, a 32kDa protein resides within the inner
mitochondrial membrane.* Upon activation, which
requires the binding of a fatty acid, UCP1 allows pro-
ton transfer from the membrane space to the matrix
of the mitochondrion, effectively dissipating the pro-
ton gradient that would otherwise be used to drive
ATP synthesis. While the specific mechanism by which
the binding of a fatty acid allows proton transfer
remains contentious, recent evidence suggest that
UCP1 functions as a symporter of free fatty acids
(FFA) and protons.'' Owning to their hydrophobic
nature, FFAs cannot readily disassociate from UCPI,
meaning UCP1 effectively acts as a membrane proton
carrier that requires a FFA to be active."' Accordingly,
physiologic stimuli that result in an adrenergic
response and subsequent lipolysis activate UCP1 by
increasing intracellular FFA levels.>'*'” Further, BAT
mitochondria can be recoupled by purine nucleotides
such as ADP, ATP, GTP and GDP,">'° since UCP1
has as a high-affinity nucleotide binding site.** Inter-
estingly, the knowledge that FFAs and purine

nucleotides modulate the coupling of BAT mitochon-
dria pre-dates the identification and characterization
of UCP1'°. Indeed, purine nucleotides, particularly
GDP, are often used as a means to directly quantify
UCP1 function, which will be discussed in more detail
below.

UCP1 is not active in the presence of purine
nucleotides.?! However, BAT mitochondria are
extremely sensitive to changes in FFA concentrations,
where a physiologic increase in intracellular FFA con-
centrations effectively overcomes purine nucleotide
inhibition, activating UCP1.”> This has been demon-
strated experimentally by Matthias and colleagues.'
These authors reported that ImM of GDP could
recouple BAT mitochondria, restoring membrane
potential to levels comparable to BAT mitochondria
from animals lacking UCP1. Further, BAT mitochon-
dria coupled by GDP could be uncoupled again by
increasing concentrations of oleic acid (~20-
1000nM)."* Presumably the lowering of FFA concen-
trations is conducive to purine nucleotide binding
and inactivation of UCP1 in vivo.

Assaying mitochondrial function in cells,
organelles and permeabilized tissue

Choosing the best parameter

Numerous parameters reflecting different aspects of
mitochondrial function can be assayed in cells, isolated
organelles and permeabilized tissue; careful consider-
ation should be taken to define the aspect of mitochon-
drial function that is of interest (i.e., ATP production,
Ca®" uptake, membrane potential, superoxide produc-
tion, or respiration), to select the most appropriate
approach. An comprehensive description and discussion
of methods available to biochemically assay mitochon-
drial function can be found elsewhere.” In the context of
bioenergetics, using bioluminescence to assay ATP pro-
duction in isolated mitochondria or determining respira-
tory capacity in cells, isolated mitochondria or
permeabilized tissue are approaches frequently used.
However, since ATP production is of little interest in the
context of BAT bioenergetics, assaying mitochondrial
respiratory capacity is the approach most used in studies
of BAT mitochondrial function. Importantly, in isolated
brown adipoctyes,** mitochondria isolated from brown
adipoctyes,” and in BAT homogenates,*® respiration has
been shown to represent an accurate measure of heat
production. Thus, quantification of UCP1 dependent
respiration is analogous to quantification of UCP1
dependent thermogenesis.



Choosing an appropriate instrumental platform

Classically, an amperometric approach using a Clarke
electrode has been used to determine mitochondrial
respiratory rate. Originally developed in the 1950s by
Leyland Clarke, a Clarke or oxygen electrode comprises
of a platinum (or gold) cathode and a sliver/silver-chlo-
ride anode separated by a conduction solution (such as
potassium chloride) incased by an oxygen permeable
Teflon (polytetrafluoroethylene) membrane. Oxygen in
the respiration solution can permeate the Teflon mem-
brane and reduce the cathode, forming hydrogen perox-
ide. This hydrogen peroxide is then oxidized by the
anode, which generates an electrical current that is pro-
portional to the oxygen concentration in the respiration
buffer. Thus, the Clarke electrode can be used to quantify
the respiratory rate of biologic samples by computing the
decline in oxygen concentration over time within the
closed chamber.

The advent of high-resolution respirometry systems
(i.e., the O2K, Oroboros Instruments, Innsbruck, Aus-
tria) combining closed respiration chambers composed
of inert glass and plastic that utilize precise electrodes
have made the accurate quantification of respiratory rate
possible in relatively small biologic specimens (cells, iso-
lated mitochondria or permeabilized tissue). Moreover,
the incorporation of software allowing for the real-time
visualization and interpretation of experimental data
permits the straightforward determination of respiratory
steady-states. While the accurate determination of mito-
chondrial respiratory rates is arguably best achieved with
Clarke electrode approaches, the relatively low through-
put of this approach may act as a barrier to its wide
spread utilization.

A high throughput approach for determining respira-
tion rate became available approximately 10-years ago
(the XF Extracellular Flux Analyzer, Seahorse Bioscience,
Agilent). A principal benefit of this micro-chamber
approach is that respiration rate can be assayed in adher-
ent cells or mitochondria in an 8, 24 or 96 well plate for-
mat. The Seahorse XF° utilizes oxygen
fluorophores localized in a sensor probe. These probes
are periodically advanced into the wells of the micro-
plate forming a transient micro-chamber (7 ul) ~200
microns above the cell/mitochondria monolayer. Fiber
optics incased within the sensor probe excite the sample
and the light emission of the fluorophores are recorded
and used to calculate the dissolved oxygen concentration
within the micro-chamber. While this platform lends
itself to high-throughput determination of respiratory
rate in cells and mitochondria, it is not without its limita-
tions. The use of components that may be permeable to
oxygen such as polystyrene micro-plates, the periodic

sensitive
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opening of the micro-chamber, and the small volume of
the chamber itself, may introduce artifacts that effect
data quality. However, efforts have been made to develop
algorithms to correct for some of these limitations.>”

The various platforms available that allow mitochon-
drial respiratory function to be assayed in cells, isolated
organelles and tissue all have certain benefits and draw-
backs. Careful consideration should be taken to select
the most appropriate platform. Broadly speaking,
researchers valuing a high-throughput cell based
approach will likely find most utility in 24 and 96 well
formats offered by the Seahorse XF¢. However, research-
ers with a greater focus on quantitative data that may be
generated over several months to years, from samples
collected from animals and/or humans, will perhaps find
a closed chamber high-resolution respirometer more
suitable, such as the O2K (Oroboros Instruments). Irre-
spective of the instrumental platform used, there are sev-
eral other important factors that need to be considered
when designing assay protocols to quantify BAT mito-
chondrial function.

Turning on UCP1

UCP1 isn’t inherently leaking, and thus must be acti-
vated to produce heat. It is therefore important to
consider the activation state of UCP1 when attempt-
ing to assay its function. Owning to their role in acti-
vating UCPI, it may be important to control FFA
concentration in respiration buffer when quantifying
UCP1 function in isolated BAT adipocytes or mito-
chondria. This issue has been discussed in detail
recently.”®** In short, for respirometry experiments
performed on isolated mitochondria, a buffer contain-
ing 0.5-1% fatty acid free albumin appears to effec-
tively scavenge residual FFAs.'? Similarly, others have
shown that respiration buffers containing 2-4% albu-
min are effective in quenching FFAs in experiments
using isolated brown adipocytes.> The use of albu-
min described above allows experiments to be initi-
ated with UCP1 in an inactivated state. Thereafter,
addition of fatty acids (for isolated mitochondria) or
an adrenergic stressor (for isolated adipocytes) can
then be used to activate UCP1.

While it is feasible to quantify the respiratory function
of UCP1 in digitonin permeabilized adipose tissue sam-
ples from rodents® and humans® in a respiration buffer
containing 1% albumin, it is unlikely that extracellular
fatty acids were effectively quenched by this albumin
concentration. Indeed, several mgs (wet weight) of
rodent interscapular or human supraclavicular BAT are
required for high-resolution respirometry,® and as much
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as 10-20 mg (30) and 50-100 mg (8) (wet weight) of tis-
sue is required for high-resolution respirometry on sub-
white fat from rodents and humans,
respectively. With relatively large amounts of minced
adipose tissue suspended in 2 ml of respiration buffer,
not all FFAs are albumin bound in a 1% albumin buffer.
Indeed, in permeabolized BAT tissue preparations, leak
respiration is responsive to GDP,® suggesting that fatty
acids levels in the respiration buffer are high enough to
activate UCP1 when assaying whole tissue. Interestingly,
while UCP1 can be inhibited by ImM GDP when study-
ing isolated adipocytes or isolated mitochondria, a signif-
icantly higher concentration of GDP (~20mM) is
required to inhibit UCP1 in BAT tissue samples, likely
due to unavoidable high FFA levels in this type of sample
preparation.

cutaneous

Assaying UCP1 function

When designing assay protocols to determine BAT mito-
chondrial function, and in particular UCP1 function, it is
critical to acknowledge the fundamental differences
between BAT mitochondria and the mitochondria found
in almost all other cell types. For example, researchers
interested in the respiratory function of mitochondria
within striated muscle will likely focus on the ability of
mitochondria to make ATP. Accordingly, respiration
protocols should focus on the determining respiration
coupled to ATP production. The use of mitochondrial
uncouplers and inhibitors can also be incorporated to
add additional qualitative information on the coupling
control and reserve capacity of mitochondria.

Two typical respirometry protocols used to assay
mitochondrial respiratory capacity and coupling control
are shown in Figure 1. In the first protocol, the sequential
addition of substrates followed by ADP permits the
quantification of both leak (state 2) and coupled (state 3)
respiration. Thereafter, the addition of the ATP synthase
inhibitor oligomycin transition respiration to another
leak state; state 4 respiration. While state 2 respiration
was classically referred to the respiratory rate when ADP
was added but no substrate, and state 4 respiration as the
respiratory rate proceeding state 3, once ADP had been
used up by the mitochondria,’! here state 2 refers to res-
piration supported by substrates but no ADP, while state
4 refers to respiration when ATP synthase is pharmaco-
logically blocked by oligomycin. Further, it should be
pointed out here that state 2 and state 4 respiration are
both referred to as leak respiration and not uncoupled
respiration, since they reflect inner membrane proton
leaks in mitochondria not chemically treated with an
ionophore. This is to differentiate state 2 and state 4 res-
piration from chemically induced uncoupling of
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Figure 1. A typical respiration protocol to determine the oxygen
consumption rate (OCR) of mitochondria (isolated organelles or
permeabilized tissue) in the leak and coupled state (Panel A). The
respiratory states being assayed following the sequential added
of substrates, ADP and the ATP synthase inhibitor oligomycin are
shown at the top of the oxygraph trace. In Panel B, a similar oxy-
graph trace is shown, with the exception that this protocol is
designed to assay respiration in the leak, coupled and uncoupled
states following the sequential added of substrates, ADP and an
ionophore, such as FCCP.

mitochondria by ionophores such as dinitrophenol, Car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) and Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) (referred to here as state 3U respiration). This
may appear trivial, since during state 2, state 4 and state
3U respiration, respiration is indeed not coupled to ATP
production. However, the differentiation between leak
(state 2 and state 4) and uncoupled (state 3U) respiration
is useful since it avoids some important assumptions
being made. Specifically, while all mitochondrial respira-
tory states are influenced by mitochondrial protein levels
to a certain degree, state 2 respiration and state 4



respiration offer a measure of the capacity of the mito-
chondria to respire without making ATP, whereas state
3U respiration is more often used to reflect the overall
respiratory capacity of the mitochondrion or pool of
mitochondria. By way of example, state 2 and state 4 res-
piration are comparatively low when compared with
state 3U respiration in human skeletal muscle, whereas
state 2, state 4 and state 3U respiration are more or less
comparable in human BAT when UCP1 is active.®

The second protocol depicted in Figure 1 differs from
the one described above in that instead of titrating oligo-
mycin once maximal state 3 respiration is achieved, oxi-
dative phosphorylation is uncoupled by adding a
ionophore into the respiration chamber. The advantage
of this approach in that maximal respiratory capacity
can be determined (state 3U respiration). Interestingly,
respiratory flux is somewhat curtailed in the coupled
state, although the reasons for this are not clear. Addi-
tion of an ionophore such as FCCP or CCCP increases
respiration to a rate greater than that of state 3. Beyond
providing a measure of mitochondrial respiratory capac-
ity, state 3U respiration can be used as another tool to
gauge mitochondrial coupling control. Specifically, cal-
culation flux control ratios by normalizing state 2 or state
3 respiration to state 3U respiration provide internal
indices of mitochondrial flux control.>* Given the simi-
larity of the 2 assay protocols described in Figure 1, it
may seem cumbersome to perform both assays in paral-
lel. However, it should be noted that state 3U respiration
may be curtailed when assayed in the presence of oligo-
mycin. Indeed, experimental evidence in cells supports
this conclusion,” suggesting that state 3U respiration
may not be a measure of maximal or total respiratory
capacity when assayed in the presence of oligomycin.

The 2 protocols described above provide a robust
means to quantify mitochondrial respiratory function.
Accordingly, the use of these or similar protocols is wide-
spread. Analogous protocols have been developed to
allow similar indices of mitochondrial respiratory capac-
ity and flux control in intact cells (see Fig. 2), where res-
piration can be determined in the routine state (in a
buffer containing substrates that can cross the cell mem-
brane). Thereafter, ATP production can be blocked by
addition of oligomycin before mitochondrial uncoupling
with an ionophore such as FCCP.*> While these assays
are straightforward to perform and provide useful infor-
mation on mitochondrial respiratory function, their use
as a means of quantifying UCP1 function in adipocytes
has several critical limitations that will be discussed
below.

The limitations of assays used to quantify UCP1 func-
tion in samples of BAT or BAT like cells/tissue (i.e.,
Fig. 1) stem from the fact that these assays were
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Figure 2. A respiration protocol derived from those depicted in
Figure 1 to allow mitochondrial respiratory function to be quanti-
fied in intact cells. Respiration in the coupled (routine), leak and
uncoupled state are quantified following the sequential addition
of the ATP synthase inhibitor oligomycin and an inophore. The
respiratory states being assayed are shown at the top of the
oxygraph trace.

primarily developed to interrogate mitochondrial func-
tion in cells where the mitochondrions primary role is
ATP production. Therein lies the problem - BAT mito-
chondria are fundamentally different from their counter-
parts in other cells in that oxidative phosphorylation is
not there main function. Presumably the use of protocols
to quantify UCPI function such as the one depicted in
Figure 2 is based on the assumption that BAT mitochon-
dria are more or less analogous to mitochondria found
in other cells. Indeed oligomycin insensitive leak respira-
tion and maximal uncoupled respiration derived from
the assay described in Figure 2 are frequently reported as
measures of BAT UCPI function. However, since leak
respiration and uncoupled respiration are not specific to
UCP1, differences in these respiration rates may simply
reflect greater mitochondrial respiratory capacity.

A more appropriate respirometry protocol for the
quantification of UCP1 function in mitochondria, adi-
pocytes or adipose tissue is shown in Figure 3. This
approach utilizes the addition of GDP to inhibit
UCP1 and thus recouple BAT mitochondria. The
reduction in respiration following GDP added repre-
sents a direct measure of UCPIls ability to support
mitochondrial respiration. It is important to note that
samples should first be stimulated to activate UCP1
(i.e., added of fatty acids),”'****” although this is not
necessary when using whole adipose tissue prepara-
tions.>*° Further, when using adipocytes or tissue
preparations, permeabilization should be performed
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Figure 3. A respiration protocol designed to quantify UCP1
dependent leak respiration and maximal uncoupled respiration is
depicted. Following the activation of UCP1, UCP1-dependent
leak respiration is differentiated from UCP1-independent leak res-
piration following the addition of GDP. The respiratory states
being assayed following the sequential added of GDP and an ion-
ophore (FCCP) are shown at the top of the oxygraph trace.

since GDP does not readily cross the cell membrane.
While approaches similar to the one described above
have been used for decades to quantify UCPlin BAT
preparations, a Clarke electrode respirometer has typ-
ically been used to make such measurements. How-
ever, it should be noted that similar protocols have
been developed for microplate-based platforms.*®

Do humans have functional UCP1 in BAT
mitochondria?

While radio-labeled glucose uptake data in individuals
exposed to acute mild cold indicated that humans do
indeed have functional BAT, information regarding the
function of the mitochondria within these BAT depots was
lacking. Recent data has shed light on this issue, suggesting
that gram for gram, UCP1 function in human BAT is more
or less comparable to UCP1 function in rodent BAT.®
These data were generated by assaying the respiratory func-
tion and in particular GDP dependent respiration in WAT
and BAT collected from humans and mice, where BAT was
biopsied from the supraclavicular depot of humans and the
intrascapular pad of mice.® Interestingly, while there were
species differences in the absolute respiratory capacities of
human and murine BAT, their responses to GDP were
near identical,® providing evidence that per mitochondrion,
UCP1 function is comparable in human and murine BAT.
Specifically, UCP1 dependent respiration was approxi-
mately 3-fold greater in mice compared to humans. There

are likely several factors contributing to this species differ-
ence in BAT oxidative capacity. One possibility is that a life
time of being housed at temperatures which constitute mild
cold exposure for a mouse (22-24°C), leads to increased
mitochondrial volume density and UCP1 abundance in
rodent BAT. With that said, despite greater mass specific
UCP1 dependent respiration in rodent compared with
human BAT, BAT from both species exhibited a compara-
ble response to GDP. Specifically, respiration declined by
approximately 50% in rodent and human BAT following
addition of GDP.® In other words, the respiratory control
ratio for GDP was comparable in human and rodent BAT,
which suggests that per mitochondrion UCP1 function is
similar in humans and rodents.

It is important to note that while a significant portion
of respiratory capacity in human BAT can be attributed
to UCP1, in WAT from the same individuals - UCP1
dependent respiration was essentially undetectable.® This
underlines the critical importance of using GDP to assay
UCPI1 function in BAT. Indeed, when comparing the
respiratory capacity of human BAT to skeletal muscle, it
was clear that oligomycin insensitive leak respiration and
uncoupled respiration following the addition of an iono-
phore were more or less the same in these 2 tissues.® This
underscores the point that oligomycin insensitive leak res-
piration or uncoupled respiration are not particularly use-
ful measures of BAT mitochondrial function - since they
do not specifically reflect UCP1 function.

Summary

Brown adipose tissue research has seen a huge resur-
gence in the last decade. However, in comparison to
other fields of human biochemistry and physiology,
human BAT research remains in its infancy. The
goal of the current article was to discuss BAT bioen-
ergetics and the tools available to assay BAT and in
particular UCP1 function. BAT mitochondria are
not conventional, in that they do not produce ATP
in any great amount. Therefore, assays developed to
determine bioenergetic function in coupled mito-
chondria may not be particularly useful when assay-
ing the function of mitochondria in BAT. In short,
determining the respiratory response of brown fat
mitochondria to GDP provides a direct measure of
UCP1 function. Utilizing this approach, recent data
has demonstrated that human supraclavicular BAT
mitochondria have functional UCP1, and that UCP1
function in human and rodent BAT are comparable.
Future studies should strive to directly quantify
UCP1 function to enhance the translation of preclin-
ical data and discern the role of BAT or beige fat
cells in human metabolic physiology.
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