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Abstract

The large capacity of brown adipose tissue (BAT) to expend energy as heat makes it an interesting potential player in
weight regulation and other metabolic conditions. This is of particular interest as it has been recognized that adult humans
possess BAT. The protein responsible for the heat production is uncoupling protein 1 (UCP1), which, as the name
implies, uncouples the respiratory chain from ATP production; instead heat is produced. Cold is the strongest recruiter
and activator of BAT. However, also obesogenic food has a low but nonetheless significant effect on the recruitment and
activation of UCP1, although the significance of this has been discussed.

In the present thesis, I have studied the effect of diet on BAT and the possibilities for it to be obesity-protective. This
can be done by comparing responses in wild-type mice and in UCPI-ablated mice. Since the effect of diet on BAT is
low, it is of importance to control the temperature and maintain thermoneutrality. Other confounding factors to keep
in mind are differences in actual energy and composition of food and also cohort differences. When controlling all the
parameters mentioned and giving the mice the same obesogenic diet, the mice possessing UCP1 compared to UCP1-
ablated mice had higher energy expenditure, and lower weight gain, despite eating more. This confirms the presence of a
UCP1-dependent diet-induced thermogenesis. Thus, the conclusion must be that possessing UCP1 does result in obesity
protection at thermoneutrality. However, the relevance for human energy balance is still not established.

Keywords: Brown adipose tissue, BAT, UCP1, diet-induced thermogenesis, DIT, obesity, high-fat diet, energy
expenditure.
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“True knowledge exisls

in knowing that vou know
nothing.”
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Abbreviations

ALA = a-linolenic acid

BAT = Brown adipose tissue

CLA = Conjugated linoleic acid

DE = Digestible energy

DHA = Docosahexaenoic acid (22:6n-3)
DIT = Diet-induced thermogenesis

€% = energy percent

EE = Energy expenditure

EPA = Eicosapentaenoic acid (20:5n-3)
EFA = Essential fatty acid

eWAT = Epididymal white adipose tissue
FA = Fatty acid

GE = Gross energy (= ingested food)
HFD = High-fat diet (i. e. high-fattening diet)
ingWAT = Inguinal white adipose tissue
IBAT = Interscapular brown adipose tissue
LA = Linoleic acid

LBM = lean body mass

LCFA = Long-chain fatty acid

LCT = Long-chain triglyceride
LC-PUFA = Long-chain polyunsaturated fatty acid
MCFA = Medium-chain fatty acid

MCT = Medium-chain triglyceride

ME = Metabolizable energy

MEff = Metabolic efficiency

MUFA = Monounsaturated fatty acid

NE = Norepinephrine

NE = Net energy

NME = Net metabolizable energy

PUFA = Polyunsaturated fatty acid
SCFA = Short-chain fatty acid

SFA = Saturated fatty acid

TG = Triglyceride

TNZ = Thermoneutral zone

UCP1 = Uncoupling protein 1

WAT = White adipose tissue



Preface

On my way to Stockholm University I pass 3 kiosks, 3 grocery stores (open
until 10 pm) and 1 hot-dog man. On the subway platform there are 2 vending
machines for snacks. In addition, aggressive and sophisticated advertising
encourages me that I need or deserve certain (unhealthy) food items (Figure
1). Thus, within 10 minutes I have access to and possibility to — at low cost
and no hard work at all — ingest my whole daily energy demand. This reality
really puts a pressure on us to cope with both resisting the temptations and, if
not doing that, handling all the ingested food items in our bodies.

Obviously, it is not strange, being constantly exposed to extremely palata-
ble, energy-dense, highly processed food in combination with a low amount
of movement and furthermore a warm environment, that metabolic problems
increases. Rather, it is strange that we do not have more problems. As I see it,
we have three directions to go, but of course all three can be considered in
parallel, and the question is where to put the focus.

One is to go back at least to as we lived 100 years ago. This will not hap-
pen and is not even possible. Another option is to find new treatments. Abso-
lutely. However, we have normalized that more and more people have meta-
bolic problems and that we then need more and more treatments. [ must say I
was a little chocked when I read that new clinical guidelines published this
year by leading international diabetes organizations (including the Interna-
tional Diabetes Federation), suggested that bariatric surgery, involving sur-
gery of (not sick) stomach or intestine, should be considered a standard
treatment option for type 2 diabetes. This is a very drastic action, and can
maybe be a complement or an option in rare cases.

A third way to go is to learn more about metabolism to at least have a
possibility to change attitudes or approaches to make other choices for both
society, as well as for individuals, of rather preventing metabolic problems
than treating them once they are a fact. To be able to resist aggressive adver-
tisements and commercial interests.

This is what I think is one of the most important ways to go. The years
spent working with physiology has increased my understanding of the ex-
treme complexity of metabolism and of brown adipose tissue, but also has
generated more questions and the realization of how much more is needed to
be known. Apart from learning more about energy expenditure in general and
diet-induced thermogenesis in particular, I have gained insight into the im-
portance of spending years and years of maybe not so glamorous, not so ex-



travagant and not so spectacular and often tedious work to insights. However,
there is no short-cut to understanding. I really want to stand up for basic sci-
ence. I prefer to work on understanding to at least have the possibility to
prevent rather than treat diseases. I am thankful and proud if I just can con-
tribute a tiny piece of understanding to that complicated puzzle of knowledge
in metabolism. Although, and with all respect: “The truth is rarely pure and
never simple” (Oscar Wilde, 1895).

Ireadyyintroduced altaxipunishmentionithe/comiort
lorder of obesity/a B0 ¢ (Naturen harfredan
tie straff-skatt pa lyckomateni f av overvikt och
_ sjukdomar.)

K> i3 WehalkndessonaDatdgiiine 2016
LAl T e

Figure 1. It is flavoursome, it is accessible, it is energy-dense, it is cheap. Being sur-
rounded by an obesogenic world 24/7 is a big challenge for both our bodies, minds
and society.
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1. Why Brown Adipose Tissue

Metabolic problems are rising in the world, with increasing prevalence of
diabetes in almost all countries, with a predictive increase of 55 % worldwide
in 20 years (IDF diabetes, 2016). The incidence of obesity (BMI > 30) has
doubled in Sweden in the last 25 years, from 5% to 10% (The National Board
of Health and Welfare, Sweden). Even a worldwide rise in blood glucose has
been seen during the last 30 years, with an increase in serum glucose by 0.07
mM (Danaei et al., 2013). All this implies a shift towards a more unhealthy
metabolism.

Despite work to counteract obesity and diabetes by many researchers, and
by guidelines (often confusing though) from health authorities (National
Food Agencies, WHO), as well as treatment by physicians, metabolic diseas-
es have not decreased; on the contrary metabolic disorders are increasing.
Treatment and prevention of the development of obesity and other metabolic
conditions have obviously not been successful, which focuses the question on
understanding and investigating the nature of metabolism further.

The metabolic condition associated with and preceding type I diabetes
and obesity is the metabolic syndrome. It consists of at least three of the five
following symptoms: high blood glucose or insulin resistance, central obe-
sity, dyslipidemia in serum (high triglycerides and low HDL), high blood
pressure, and microalbuminuria (IDF, WHO).

Brown adipose tissue (BAT), with its main function to generate heat to
defend body temperature during cold, is — when active — a highly energy-
expending tissue. The Uncoupling protein 1 (UCP1) is responsible for this
and, when active, BAT/UCP1 has the capacity to modify at least the first
three parameters in the metabolic syndrome. Since the re-emerged interest in
brown fat due to the discovery of its presence in adult humans (Nedergaard et
al., 2007), it has been shown that humans with lower BMI do have more
brown fat than obese people (Cypess et al., 2009; Saito et al., 2009; van
Marken Lichtenbelt et al., 2014, 2009; Zingaretti et al., 2009). Furthermore,
BAT has a high capacity of glucose uptake (Matsushita et al., 2014), and
BAT-positive compared to BAT-negative humans have lower fasting blood
glucose and triglyceride levels in the blood (Wang et al., 2015). In mice,
BAT has a capacity to clear triglycerides from the blood stream (Bartelt et
al., 2011). In addition, mice lacking UCP1 are more prone to obesity com-
pared to wild-type (Feldmann et al., 2009; Rowland et al., 2016; Paper I).
Altogether, this makes BAT an interesting tissue to study for its potential
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involvement in metabolism and energy expenditure, as well as a promising
target for counteracting metabolic imbalances.

The first question addressed in the present thesis is: what is the BAT-
dependent contribution to energy expenditure depending on diet, so-called
diet-induced thermogenesis. And secondly: can this BAT-dependent diet-
induced thermogenesis protect against obesity. The approach has been to
analyse patterns and consequences of active or not active BAT on obesity
and energy expenditure, rather than to investigate molecular mechanisms.
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2. Brown adipose tissue

For endothermic mammals, brown adipose tissue (BAT) has developed dur-
ing evolution as a thermogenic organ specialized in adaptive non-shivering
thermogenesis (NST) to maintain and defend body temperature at tempera-
tures below thermoneutrality. Thermoregulation can also be achieved by
shivering, but for obvious reasons this is associated with less comfort. To
cope with challenges such as seasonal environmental temperature fluctua-
tions, complex mechanisms and strategies have evolved such as daily torpor
and hibernation in some mammals (Cannon and Nedergaard, 2004; Jastroch
et al., 2016). These energy saving strategies and NST to lower, increase and
maintain body temperature to cope with environmental stress, involve BAT
and require a dynamic regulation controlled by the sympathetic nervous sys-
tem and mediated by norepinephrine. Since the 1960s, 88 eutherian mammal
species have been tested for their NST-capacity by injecting norepinephrine
(summarized in a review of Oelkrug et al. (2015)), revealing that NST capac-
ity is inversely correlated to increases in body mass (Oelkrug et al., 2015).
That is why it is not surprising that BAT is particularly important for smaller
mammals, their newborns and also human babies (Cannon and Nedergaard,
2004; Oelkrug et al., 2015). Human BAT was mentioned for the first time
over 100 years ago (Hatai, 1902), but was thought to disappear with age,
since it visibly disappeared and adults were later shown to have much lower
concentrations of uncoupling protein compared to young children (Lean,
1989). However, since ten years ago, it has become clear by positron emis-
sion tomography (PET), that BAT is even present in adult humans (Cypess et
al., 2009; Nedergaard et al., 2007; Saito et al., 2009; van Marken Lichtenbelt
et al., 2009; Virtanen et al., 2009; Zingaretti et al., 2009), which has in-
creased interest in whether BAT can contribute to whole body energy ex-
penditure and therefore have an impact on weigh regulation in humans, as it
does in mice (Paper I).

2.1 The BAT, the WAT and the Brite/Beige

Traditionally, the view was that there are in principle two types of adipose
tissue: white adipose tissue (WAT) and brown adipose tissue (BAT). Alt-
hough brown adipose tissue implies adiposity through its name, it can be
distinguished from white adipose tissue (WAT), which stores energy as tri-
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glycerides, whereas BAT expends energy as heat. Cells in WAT contain only
one large lipid droplet, which is an appropriate way to store triglycerides,
whereas the lipids in BAT are multilocularly stored to facilitate rapid mobili-
zation of the triglycerides. Furthermore, BAT is, in contrast to WAT, highly
innervated and vascularized, has high lipolytic capacity and high mitochon-
drial density and a large amount of uncoupling protein 1 (UCP1).

Recently, another type of adipose tissue has been recognized, “brite”
(brown-like in white) or “beige” cells. Certain cells within some white adi-
pose depots have a capacity to become more thermogenic, a phenomenon
referred to as browning, first described already 30 years ago (Young et al.,
1984). This inducible ability to become thermogenic (i.e. to express UCP1
and incorporate it into mitochondria) is now well accepted (Carey and
Kingwell, 2013; Dempersmier and Sul, 2015; Kajimura and Saito, 2014;
Nedergaard and Cannon, 2014; Peirce et al., 2014; Petrovic et al., 2010;
Seale et al., 2008; Wu et al., 2012). Thus, adipose tissue has high plasticity
and consists of at least three types of cells, the white, the beige and the
brown, where some of them can (under certain circumstances) visually trans-
form into each other, referred to “browning” (i.e. increased thermogenic ca-
pacity) and “whitening” (i.e. decreased thermogenic capacity). In attempts to
distinguish and identify the different types of fat tissues, especially the “new’
brite/beige tissues, a number of marker genes have been proposed (de Jong et
al., 2015; Wu et al., 2012). However, the magnitude and the significance of
such inducability or browning capacity in WAT are still under debate. None-
theless, UCP1 is the strongest marker of high thermogenic capacity in all fat
depots. For simplicity, I will refer to BAT when discussing thermogenic ca-
pacity. Furthermore, in terms of total UCP1 content, BAT has far higher
amounts compared to Brite/Beige (i.e. inguinal WAT), implying its superior
thermogenic capacity (Paper I, 11, III).

>

2.2 Sympathetic B-adrenergic stimulation

BAT is under adrenergic control via norepinephrine, which, similarly to epi-
nephrine, also underlies the fight-or-flight response during stress, affecting
smooth muscle, cardiac muscle, glands and other non-motor organs such as
white and brown adipose tissue. The sympathetic nervous system, being part
of the autonomic nervous system, is always active at a basal level, a sympa-
thetic tone exists, to maintain all aspects of homeostasis, such as body tem-
perature and blood pressure.

When released from nerves, norepinephrine binds to a;-, 0,- and -
adrenergic receptors (BARs), where the B;ARs are the most significant in
rodents in mature brown adipocytes (Cannon and Nedergaard, 2004). PARs
are G-protein coupled receptors, that, when stimulated by norepinephrine,
activate a downstream pathway via adenylyl cyclase, cyclic AMP and protein
kinase A, which stimulates lipolysis by activating perilipin and adipose tri-
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glyceride lipase (ATGL) to release free fatty acids (FFAs) from the triglycer-
ide droplets. FFAs are activated to acyl-CoA and enter the mitochondria via a
carnitine shuttle system, supplying the electron transport chain with substrate
for thermogenesis. Furthermore, norepinephrine stimulates expression of
Ucpl mRNA, also via PKA.

Stimulation by norepinephrine thus stimulates both gene transcription and
cell differentiation, as well as thermogenesis in BAT.

2.3 UCP1, thermogenesis and lipolysis

The protein responsible for the heat production in BAT (and Brite) is the
uncoupling protein 1 (UCP1), which is part of the mitochondrial carrier pro-
tein family. UCP1 catalyses a proton leak in the inner mitochondrial mem-
brane whereby ATP production is bypassed and heat is released instead.

Fatty acids are presumably involved in the direct regulation and/or func-
tion of UCP1 (Azzu et al., 2010; Cannon and Nedergaard, 2004; Shabalina et
al., 2004). The generally accepted model is that purine nucleotides (experi-
mentally usually GDP, but probably ATP in vivo) constantly inhibit UCP1
activity, and when stimulated through norepinephrine and possibly with a
direct interaction of fatty acids, UCPI is activated (Shabalina et al., 2010).
However, the exact mechanism of how fatty acids, in addition of being a
substrate, are involved in regulation of UCP1 is not yet clarified. It is not
clear whether they are just overcoming the inhibition (by nucleotides) or
whether they are involved in the functional mechanism of UCP1. Although
the 32 kDa UCP1 protein responsible for heat production was identified al-
ready in 1970s (Nicholls and Rial, 1999), it has not been fully understood in
terms of the exact regulation and function. Nonetheless, the $-adrenergic
receptor system, together with fatty acid stimulation and nucleotide inhibi-
tion, plays a critical role in regulating lipolysis and thermogenesis. In BAT,
lipolysis and thermogenesis are dependent on each other; if lipolysis is occur-
ring, heat is always produced and vice versa (Cannon and Nedergaard, 2004;
Collins and Surwit, 2001). Stimulation of the ;ARs thus increases lipolysis
and thermogenesis, thereby increasing energy expenditure, implying a possi-
ble participation of B-adrenergic stimulation in regulating body weight. In
fact, impaired adrenergic signaling in adipose tissue is linked to obesity
(Collins and Surwit, 2001).

BAT activity thus needs to be controlled to regulate the amount of heat
that needs to be produced in order to defend normothermic body temperature
when exposed to the cold. Both the recruitment of the tissue and the activa-
tion of UCP1 are mainly under adrenergic control. Inactive brown adipocytes
have a low amount of free fatty acids and high purine nucleotide concentra-
tions in the cytosol, resulting in low UCP1 activity. Sympathetic stimulation
of lipolysis leads to increased free fatty acid levels and activated UCP1. The
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degree of heat dissipated at a certain time-point and condition depends on the
state of recruitment and the level of activity (Cannon and Nedergaard, 2004).

Figure 2. Cold, and to a lesser extant
; obesogenic food, perceived by the
C 0 | d ;ﬁ brain, stimulates norepinephring (NE)
. release from narves going to the

Cbascganie food/body fat brown adipose cells. NE binds to

i racaptors on tha cell membrane,
which in a downstream signaling
NE pathway, stimulates degradation of
i the triglycerides (TG} in the lipid drop-

lets. The released free fatty acids
(FFA) interact with UCP1 and the
inhibition of UCP1 from cytosclic ATP
is overcome. This event lzads to that
ATP synthesis is bypassed and in-
stead heat is dissipated. Stimulation of
the receptors on the cell membrane,
can also be achieved by injecting NE
or an agonist into the body. This is
often done in experiments to mimic
sympathetic action. {Adapted from
Cannon and Nedergaard 2010).

2.4 Diet-induced thermogenesis

Apart from the well established non-shivering thermogenesis, brown fat is
believed to have one more physiological function. The second task is more
controversial, and implicates an increase in energy expenditure to ensure that
sufficient nutrient intake 1s achieved (Cannon and Nedergaard, 2004). That
15, by decreasing metabolic efficiency (i.¢. dissipating extra energy intake as
heat instead of storing it). adequate intake of ¢ssential nutrients can be sup-
plicd when overeating a nutrient-poor diet without excessive weight gain.
This part of metabolism 1s referred to as adaptive thermogenesis or faculta-
tive diet-induced thermogenesis (DIT). In fact, already 1979, overfeeding a
so-called cafeteria diet was shown to activate BAT (Rothwell and Stock,
1979), implving the activity of UCP1 to be affected by food, in addition to
cold. Since then. a numerous compounds have been shown to induce adap-
tive thermogenesis: caffeine, certain fatty acids, chili, olive oil, fish oil to
mention a few (Bonet et al., 2013; Dulloo et al.. 2012).
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3. Temperature

Thermoneutrality refers to an environmental temperature zone of a few de-
grees when no extra heat production is required for homeothermic organisms
to maintain core temperature. The lower critical temperature in this range
represents a threshold when the thermoregulatory svstem has to produce ad-
ditional heat. through either shivering or non-shivering thermogenesis. The
upper critical temperature is when metabolic rate increases to cool down the
body by evaporative water loss. For humans, the thermoneuiral zone is 28 —
30 °C when naked and 22 — 25 °C when wearing clothes (Lodhi and
Semenkovich, 2009). For mice, thermoneutrality is around 30°C or more
under most conditions, that is when the mice are not gestational or lactating
(Gordon, 1985),

Heat production Heat loss

Single howsed
Sparse bedding

Metabolic rate

Thermoneutral BMR
L = =303 4
Lower critical Upper oritical

Ambient temperature, *C

Figure 3: Ambient temperature and metabolic rate. Metabolic rate is dependant on
ambient temperature. However, there is a zone where metabolic rate is as low as it
can get and no extra heat is needad to keep euthermia — the thermaneutral zone.
Below this zone, the body has to increase metabolism to heat up. Above this zone,
the body has to increase metabolism to cool down so as to avoid hyserthermia.
(Adapted from Cannon and Medergaard, 2004; Gordon 2012)

3.1 Housing temperature and metabolic rate

Guidelines for animal vivariums are usually recommended to have an ambi-
ent temperature of 20 — 24 °C (room temperature), but this temperature plac-
es rodents into a chronic mild cold stress to uphold core temperature. Rats
and mice have approximately the same lowest critical temperature to avoid
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elevated metabolic rate, about 30 °C. However, when having a choice they
spend time in a large range of ambient temperatures but rats prefer a lower
temperature, an average of 24.9 °C for Sprague-Dawley rats (Gordon, 1987),
whereas mice select an average of 30.9 °C (Gordon, 1985). When rats are
placed in environmental temperatures where metabolic rate is the lowest,
they reduce physical movement, probably to reduce their own heat produc-
tion to avoid heat stress (Gordon, 1987). Mice are ten times smaller than rats,
consequently their own heat production by, for instance, movement, does not
affect ambient temperature to the same extent thus higher environmental
temperature is both preferred and sustained. Rats have to increase metabolic
rate 20 % when lowering the housing temperature from 30 °C to 22 °C
(Gordon, 1987). Mice, on the other hand, have to increase their metabolic
rate by 50 percent when lowering the temperature from 30 °C to 20 °C
(Golozoubova et al., 2004; Paper V). Mice are, therefore more sensitive to
housing temperature than rats.

The Scholander plot' in Paper IV illustrates the importance of every de-
gree for energy expenditure. Even a housing temperature of 27 °C versus 30
°C results in an increase in metabolic rate by as much as 10 to 20 % (Paper
IV). This clearly illustrates the importance of being aware of how sensitive
mice are to ambient temperature. This is also what Gordon et al. (2012) con-
clude that mice have a more narrow zone of thermoneutrality than do rats,
about 30-32 °C. When the use of laboratory animals was changed from rats
(most used rodents up to 1997) to mice, the housing temperature is of major
importance compared to when rats were used. Furthermore, mice are espe-
cially used in the fields of obesity and diabetes, where measurement of me-
tabolism is central and crucial. Just a few degrees can alter the outcome and
therefore the interpretation.

Furthermore, by measuring BAT temperature, a 3-fold greater increase
was shown when lowering housing temperature from 31 °C to 26 °C, and a
5-fold greater increase between 31 °C and 21 °C in BAT in C57Bl1/6 mice
(David et al., 2013), also clearly illustrating the need for increased thermo-
genesis when using lower housing temperatures.

3.2 Parameters affecting perceived temperature

Many parameters affect the thermoneutral zone, for instance size, strain,
bedding, nesting material, number of animals in the cage. Interestingly, hair
coat and insulation also affect the metabolic rate, but not when mice are
housed in the thermoneutral zone (Paper 1V).

' A study design performed by Scholander et al. in the 1940s, where metabolic rate is plotted
as a function of ambient temperature for a large number of species (Scholander et al., 1950). In
our study, we measured mice in metabolic chambers by lowering the temperature in steps for
two hours each in a temperature range from 33 °C to 7 °C (Paper 1V).
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The lower critical temperature is well studied, and shown to be highly
variable but clearly body-mass-dependent (Riek and Geiser, 2013), whereas
the upper critical temperature is more difficult to establish and define. De-
spite difficulties in measurements, it is reasonable to assume that the upper
limit for a mouse to keep normothermy is above 32 but below 34 °C
(Gordon, 2012). The lower critical temperature is maybe of more importance
in mice, due to the sensitivity of mice to cold stress, which, as mentioned, has
a great impact on metabolic rate. Furthermore, the breadth of the thermoneu-
tral zone is somewhat correlated to body size (broader in larger animals), but
is also influenced to a large degree to insulation (Riek and Geiser, 2013).
Summarizing a large number of studies performed between 1940 and 1987
Gordon concluded a lower critical temperature between 24.6 (42.5 g mice)
and 32 °C (22.8-32 g) for a number of strains with different weights and sex
(Gordon, 2012).

C57Bl/6 (Black 6) mice, which are one of the most common used strains,
have been shown to when given a choice, to prefer 28 °C at night and 33 °C
at day (Leon et al., 2010). In an old study from the 40s, C57 mice had their
lowest metabolic rate at around 32 °C in the daytime (Herrington, 1940).

Importantly, cage conditions have a high impact for the temperature actu-
ally perceived by the mouse. At an air temperature of 22 °C and giving mice
different bedding material and conditions (as a possibility to be buried, pine
shavings, filter etc.) and measuring the temperature near the mouse, the oper-
ative temperature differed from 20.5 °C when mice had no bedding and a
wire bottomed cage to 30.0 °C for mice buried in wood shavings (Gordon et
al., 1998). Thus, it is extremely important to be aware of the enrichments and
conditions inside the animal cages.

Another parameter that affects the operating housing temperature is the
number of mice in the cage. Mice housed at 28 °C with a density of 1, 2 or 6
mice per cage showed a significant depression (in the range of 1/3 and 5/6
less compared to single caged, respectively) of BAT, mitochondrial GDP
binding and UCP concentrations with increased mice density (Himms-Hagen
and Villemure, 1992), clarifying that social thermoregulation (huddling)
clearly reduces the need for BAT thermogenesis.

Housing temperature: the set ambient temperature in the
vivariums

Operating temperature: the actual ambient temperature
perceived by the mouse. Dependent on housing conditions,
cage density, size, insulation

Thus, huddling, housing conditions such as bedding and nesting material
are just as important as the selected housing temperature, and affect what the
actual perceived housing temperature is, thereby influencing the outcome of
an experiment.
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Nonetheless, mice always choose thermoneutrality when having a choice,
and to be able to approximate human conditions to mice, thermoneutral tem-
perature is therefore recommended (Cannon and Nedergaard, 2011; Gordon,
2012; Overton, 2010). Furthermore, if the objective is to study BAT in any
context other than cold, thermoneutrality is also preferred since every degree
cooler than thermoneutrality has a larger impact on BAT activity than for
instance food. In addition, cooler housing temperature affects most physio-
logical parameters associated with the metabolic syndrome (Cannon and
Nedergaard, 2011; Overton, 2010).

3.3 Confounding factors in determining housing temperature

Thus, every degree matters for metabolism in the tiny temperature-sensitive
mouse, possibly a lot more than for rats and humans. That is one of the rea-
sons that I compiled all my studies in Figures 6 to 14, to be able to ascertain
any the patterns, despite unconscious differences in the execution of the stud-
ies.

It cannot be excluded that the papers included in present thesis and all the
studies on high-fat fed male C57BI6 mice presented in Figures 6 to 14, as
well as in Papers I-1V, could have had slightly different operating tempera-
tures. Firstly, it is difficult to have an exact control over the heating system in
every spot in vivariums, it may certainly vary a degree or two. This is proba-
bly why it is common in articles, to specify the housing temperature in a
range, for instance 21-22 °C rather than one exact temperature. Secondly, the
mice could have had different amounts of nesting material. Thirdly, the mice
differ in size, for instance the UCP-ablated mice are smaller (in average 2 g
less than the wild-type, see Table 2). All this could be confounding factors
affecting the results. Especially the UCP1-ablated mice that are cold-
sensitive (Enerbéck et al., 1997; Liu et al., 2003) are possibly very affected
by every the slightest cooler temperature.

Nevertheless, despite such a potential confounding mild cold-stress in
some/any of the cohorts in Figures 6 to 14, which would protect them against
weight gain, the UCP1-ablated mice still had higher weight gain and meta-
bolic efficiency than wild-type mice, and this was accompanied by lower
energy expenditure (Paper I).
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4. Energy Metabolism

Metabolism (from Greek: petafoin metabolg, "change") is chemical trans-
formations within the body to sustain life. The energy originally comes from
food and then flows through the system. Basically the energy from food has
three fates; use for body functions, loss as heat and storage. Wilbur Olin At-
water (1844-1907), who worked with energy content in food and energy
expenditure over a hundred years ago expressed it as: “Food may be defined
as material which, when taken into the body, serves to either form tissue or
yield energy, or both” (Atwater, 1905). This basically captures the purpose of
these conversions: to generate energy for cellular processes and produce
building blocks for molecules and tissues from the ingested food.

Furthermore, the balance between intake and expenditure determines the
storage, which can be referred to metabolic efficiency (i.e. the amount of
energy from food which is stored as body fat). Like most functions in the
body, energy metabolism is regulated and dynamic but not so easily cap-
tured. Measuring the energy content in food, the energy expended and the
energy stored are more complicated than first thought of, and will be further
discussed. Brown adipose tissue is one of many factors involved in regulating
energy metabolism. Since brown fat — when active — contributes to a signifi-
cant degree to energy expenditure, it has the capacity to be significantly in-
volved in weight homeostasis and thereby possibly in counteracting over-
weight.

4.1 Weight balance — Gaining or losing weight

During evolution humans have developed complex genetic and physiological
systems to protect against starvation and defend stored body fat rather than
the opposite. The last century of industrialization has provided highly acces-
sible mass-produced, high-calorie, readily digestible foods, and simultane-
ously we have adopted a more sedentary lifestyle. Starvation, cold and heavy
manual work, which used to protect us against weight gain, are practically
abolished in our part of the world. In this modern obesogenic (warm, hyper-
phagic and sedentary) environment, individuals having the appropriate com-
bination of ancestral energy-conserving genes are at greater risk for over-
weight and obesity (Bellisari, 2008).
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Apart from the obvious causes of obesity such as hyperphagia and low ac-
tivity (which can be both genetically and environmentally determined), also
low resting metabolic rate, low rates of fat oxidation or high respiratory ex-
change ratio, low spontaneous physical activity and impaired sympathetic
nervous activity have been found to be connected to susceptibility to weight
gain in both animals and humans (Galgani et al., 2008).

When having the same food intake, the tendency to gain or lose weight
varies more between pairs of identical twins than within pairs, indicating that
genetics plays a major role (Bouchard and Tremblay, 1997). Low resting
metabolic rate, also a genetic factor in, for example, the Pima Indians, is as-
sociated with obesity (Tataranni et al., 2003). In fact, from studies with
monozygotic twins, it has been shown that as little as one-third of the varia-
bility in body weight is attributable to non-genetic factors (Galgani et al.,
2008).

Hormones play a major role in regulating fat storage, where for instance,
high levels of insulin in the blood, are tightly connected to obesity (e.g.
Collins and Surwit, 2001).

To further aggravate the interpretation of causes of obesity and weight
regulation it is also surrounded by a lot of myths and presumptions both from
society and researchers (Casazza et al., 2013). The well-spread belief that
small sustained changes in energy intake and energy expenditure would lead
to large long-term weight changes, is a long-lived myth. When humans are
assigned to weight-loss programs in either research or under health authori-
ties, they are commonly referred to the 3500-kcal rule (Wishnofsky, 1958)
with the goal to lose one pound a week (body fat contain roughly 3500
kcal/pound or 32 MJ/kg?). Even under very controlled conditions, when
comparing predicted weight loss against actual weight loss, most subjects
lost much less than predicted (Thomas et al., 2013). The idea that it is possi-
ble to exact calculate and predict a certain weight loss or gain, by only count-
ing the calories in and out, is a myth because such simplistic calculations
ignore physiological compensatory mechanisms that limits changes in body
weight.

Thus, many variables affect the energy balance involuntarily — far beyond
any conscious control or theoretical calculations on energy in and out of the
body. Even though in theory positive or negative weight balance is deter-
mined by the difference between energy in and energy out, both measure-
ments in themselves consist of many problems, which will be further dis-
cussed.

21 pound equals 0.454 kg and 1 kcal equals 4.18 kJ. Pure triglycerides contains ~ 37 MJ/kg,
but body fat also contain other components, thus body fat contain less energy.
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4.2 Energy flow from ingested food

The energy from ingested food flows through the system with losses of ener-
gy along the way. These energy steps are summarized in Figure 4. To esti-
mate the actual energy available for body functions, these losses have to be
considered. By putting food in a bomb calorimeter, the total energy can be
measured when a substance undergoes complete combustion under standard
conditions. This total energy is referred to gross energy (GE), but does not
represent the energy, that is actually available to the body. Wilbur Olin At-
water (1844—1907) and colleagues did a vast amount of experimental studies
with Calorimetry and different food items in the late 19™ century and early
20" century, and from that developed a system to calculate the available en-
ergy content in macronutrients and food items. The term Available energy
that Atwater used is equivalent to the modern term metabolizable energy
(ME), which is gross energy minus the losses in gastric tract, kidneys and
surfaces. Basically these losses are physical matter not incorporated or ab-
sorbed in the body (i.e. feces, passing wind, urine, skin and hair), thereby not
available for the body.

Losses in secretions and gases are usually ignored. Metabolizable energy
can thus be defined as “food energy available for heat production (= energy
expenditure) and body gains” (Atwater and Bryant, 1900). However, the
remaining energy (ME), after subtracting the physical losses from the gross
energy, has a high variability depending also on the composition of the food,
for example the content of fibers (Merrill and Watt, 1973).

Not even all the metabolizable energy is available for the body for
maintenance and physical activity. Some energy is utilized during the meta-
bolic processes associated with absorbing and digesting the food and can be
measured as heat production. This can be considered an indispensable part in
energy expenditure and is referred to as obligatory diet-induced thermogene-
sis, or thermic the effect of food, and varies with the type of food ingested. A
small part of the energy is also lost as heat due to microbial fermentation.

These obligatory heat losses are subtracted from the ME and result in net
metabolizable energy (NME).

Furthermore, extra energy can also be lost in the heat produced by other
metabolic processes, such as the effects of cold (thermoregulation), hor-
mones, and drugs etc. In addition, when processing of the food a non-
obligatory heat producing part can occur referred to facultative diet-induced
thermogenesis. In these cases the amount of heat produced is not dependent
on the type of food alone and consequently these energy losses are not taken
into consideration when assigning energy factors to foods. When subtracting
also the optional heat losses, the energy remaining is referred to as net energy
for maintenance (NE), which is the energy that can is used by the body for
maintenance = basal metabolism, physical activity and the energy needed for
growth, storage, fetus, lactation etc. (Livesey, 2001; Warwick and Baines,
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2000). Cold. together with facultative diet-induced thermogenesis are associ-
ated with brown adipose tissue activity,

Thus, the steps between ME and NE include the heat losses which are
used by the body to maintain euthermia and facultative diet-induced thermo-
genesis, which are associated with BAT. Nongctheless, the issue of what the
food actually contains in terms of energy 1s a very complicated matter.
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Figure 4. Overview of the food energy flowing through the body. After losses

in the form of physical matter and heat, the availabe energy for basal metabalism,
physical activity and tissue gains remains. Total energy expenditure, which can be
measured in metabolic chambers, includes the Met Meatabolizable Energy and all the
heat losses. Based on and expanded from figures in FAO 77 (2002), Livesey (2001)
and Warwick & Bainas (2000).

4.3 Storing — Metabolic efficiency

When energy from food flows through the system. it can be more or less
efficient (i.e. more or less can be lost as heat). The amount of the energy
from ingested food which is stored as body fa: determines the metabolic effi-
ciency. High values mean more is stored and less is lost as heat. This also
clearly illustrates that counting calories is difficult, since we do not know the
efficiency or rather whether calories go to ATP or go to heat. or when in
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excess are stored. Low metabolic efficiency is largely correlated to posses-
sion of UCP1 (Paper I) and to temperature (Paper II).

4.4 Energy expenditure

When subtracting the loss of energy in feces, urine and gas, the rest resem-
bles the energy expenditure that can be measured in metabolic chambers.
Many parameters contribute to the total energy expenditure, where the
amount of activity and the ambient temperature have the largest impact. Lean
mass, genotype (UCP1+/+ or -/-) and type of food also affect total energy
expenditure to a not small degree (Wanders et al., 2015).

4.4.1 Compartments of energy expenditure

Total daily energy expenditure can be subdivided into different compart-
ments. When dealing with humans, because we live in a thermoneutral envi-
ronment usually, only three components are used: basal metabolic rate
(BMR), thermic effect of food, and physical activity (Westerterp, 2004).
When referring to smaller mammals, one more compartment is added in total
energy expenditure, the thermoregulation. In addition, some of the compart-
ments can be subdivided into an obligatory part and to a facultative part
(Clapham, 2012; Dulloo et al., 2012; van Marken Lichtenbelt and
Schrauwen, 2011). It is in the facultative compartments that energy expendi-
ture can be affected the most, whereas the obligatory parts, BMR, food diges-
tion and lowest possible involuntary physical movement (such as posture and
fidgeting) are more inflexible.

The most obvious facultative compartment is physical activity, which can
be altered consciously by exercise in humans or encouraged in rodents by for
instance access to a running wheel. The degree of physical activity has been
shown not to contribute to the differences between wild-type and UCP1-
ablated (Wanders et al., 2015), indicating that the higher energy expenditure
in wild-type in Paper I is not due to physical movement. Furthermore, physi-
cal movement does not differ between 23 °C and 28 °C housing temperature
either (Wanders et al., 2015). Thus, we can probably exclude differences in
physical activity between the wild-type and the UCP1-ablated mice in our
studies (Paper I and III).

In a thermoneutral environment, heat production from all reactions in the
body is sufficient to maintain core temperature without additional heat pro-
duction. When not staying in a thermoneutral housing temperature, ther-
moregulation can have a large effect on total energy expenditure. Mice spend
50 % more energy when kept in mild cold such as room temperature
(Golozoubova et al., 2004). Even though cold has greater capacity to recruit
BAT, it is not a feasible method for humans, therefore putting interest in the
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compartment of dict-induced thermogenesis as a more realistic targel. The
scarch for a wav or a compound to affect facultative diet-induced thermogen-
esis would be of great interest because of its possible involvement in coun-
teracting obesity. The different compartments of energy expenditure are
summarized in Figure 5.

Voluntary movement
Main site: skeletal muscle

Thermoregulation™: NST, shivering
Main site: Brown adipose tissue, skeletal muscle

Facultative EE

Facultative DIT: adaptive response to eating
Main site: Brown adipose tissue

Obligatory DIT: digestion, absorption, storing
Mairr site: all issues

Involuntary movement: fidgeting, posture
Main site: skeletal muscle

Chbligatory EE

Basal metabolic rate (BMR): sleeping, arousal
Main site: all tissues

Figure 5. The compartments of energy expenditure. All reactions in the body
release heat in the process of converting substrates to ATP and can be divided into
two categories: obligatory and facultative. The obligatory (blue) energy expenditure is
the heat generated from all processes necessary for life. The facultative (brown) en-
argy expenditure cccurs mainly in skeletal muscle and brown adipose tissue and is
referred to as the regulated part of thermogenesis in response to diet and temperature
changes in the environment. * Adaptive thermogenesis below or above thermaoneautral
zone. Adapted from Clapham, 2012; Dulloo et al., 2012; van Marken Lichtenbelt and
Schrauwen, 2011,

The capacity of BAT thermogenesis

In cold-acclimated rodents BAT may dissipate heat about 300400 W/kg wet
weight of the tissue (Foster and Frvdman, 1979; Heldmaier and Buchberger,
1985; Klingenspor et al., 2008, Puchalski et al., 1987), which for a mouse
with 200 mg interscapular BAT would correspond to about (0.15-0.3 W.
Considering a mouse expend about 0.4-0.6 W (see for instance Paper 11,
figure 4A) in thermoneutrality and the double in the cold. BAT has the ca-
pacity to contribute to a vast amount of total encrgy expenditure. That is of
course. only il 1t 1s active. For BAT to reach its fully potential of heat release
{energy) it would need dense svmpathetic innervation and vascularisation,

high lipolvtic capacity and mitochondrial density and a high amount of
UCP1, which takes about 4 weeks.
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4.4.2 Measuring energy expenditure

In the 17th century it was known that bodies releases heat in some way and
the first direct calorimeters was developed by placing objects in chambers
surrounded by ice and the melting time was measured (Frankenfield, 2010).
This method, direct calorimetry (measuring heat), resembles energy expendi-
ture very well (see Figure 4 and the heat losses), but was back then, and still
is a difficult method to execute. Antoine Lavoisier (1743 — 1794) was one of
the first to recognize the connection between oxygen consumption and com-
bustion, although he did not know what this “something from the air*” was
(Scott, 2014). From this knowledge the indirect calorimetry* (measuring gas
exchange) was developed, which is the most common method to measure
energy expenditure today. Indirect calorimetry is based on the fact that heat
(energy) corresponds to oxygen consumption. However, this is true for aero-
bic combustion, but indirect calorimetry cannot capture anaerobic combus-
tion, which is one reason that direct calorimetry could be recommended
(Kaiyala and Ramsay, 2011). The anaerobic part of energy expenditure is
usually very low and can basically be ignored. However, it cannot be exclud-
ed that it might influence the measurement. Some studies when studying both
methods in parallel have concluded that there is a risk of overestimating
HFD-feeding compared to chow-feeding in indirect calorimetry (Burnett and
Grobe, 2014, 2013). But it can also be interpreted that direct calorimetry
failed to detect the difference (Speakman, 2014).

Because measurements of energy expenditure can have some confounding
issues depending on type of macronutrients and compositions, it is at least
“safe” to compare mice eating the same diet, as we do in Paper I and II.

Nonetheless, it should be awareness of, that the method used for measur-
ing energy expenditure, might or might not be totally true. It has been shown
that medium-chain triglycerides (MCT) compared to long-chain triglycerides
(LCT) are associated with increased microbiota fermentation (anaerobic)
(Rial et al., 2016). Thus it could be that we did not catch a difference be-
tween the MCT-fed versus LCT-fed mice in Paper 111, which could be due to
heat produced by gut microbiota in MCT-fed mice (although this part of heat
losses are very low). However, long-term even very small numbers add up
and can result in large differences.

3 In the 17 century the theory was that materials when combusted released phlogiston, an
odorless and weightless substance, which generated heat. Later carbon dioxide (1754) and
oxygen (1774) was discovered, but the connection between the components was not clear.
Lavoisier proposed that something was taken up from the air (which turned out later to be O5)
rather than released to the air (phlogeston), to dissipate heat. (Frankenfield, 2010; Scott, 2014)
* The first indirect Calorimetry experiment on animals was performed 1783 and on humans
already 1790 by Lavoisier. (Frankenfield, 2010)
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5. Food

In diets for research, as well as food items from grocery stores, the labels tell
us the energy content in the food. I had not earlier been thinking of how these
energy values are actually determined, and was a little surprised when I real-
ized that the most common way to assign diet and food items with energy
content is to calculate the macronutrients by weight and use general energy
factors. In the next section, I will discuss this issue and the problems with
that. Furthermore, I will discuss some components in food associated with
BAT.

5.1 Energy in food

About a hundred years ago, as mentioned, Wilbur Olin Atwater came up with
the factors for the metabolizable part of the macronutrients containing ener-
gy. These factors are based on the heats of combustion of the macronutrients,
and corrected for energy losses. It uses a single factor (a mean) for each of
the energy-yielding substrates, regardless of the food in which they are
found. The energy values Atwater came up with are 16.7 kJ/g for protein,
16.7 kl/g for carbohydrates and 37.4 kJ/g for fat (Atwater, 1916), which are
referred to as “Atwater’s general factors”, and resemble metabolizable ener-
gy (ME, see Figure 4). These factors are easy and convenient to use, but in
some cases inaccurate. For instance, when humans were served high amounts
of almonds, the Atwater factors resulted in 32 % overestimation compared to
their actual energy content (Novotny et al., 2012). Furthermore, the Atwater
general factors were less accurate in high-fibre, low-fat diets compared to a
highly refined diet, in that they overestimate the energy in fibre-rich food
(Zou et al., 2007). Possible implications of using the general Atwater factors
would be that shorter fatty acids (as in Paper III) and carbohydrates are often
overestimated, whereas longer fatty acids and protein are often underestima-
ted.

To further confuse the matter, there are also other factors around with
slightly different conversion factors, for instance the Rubner factors
17.2/17.2/38.9, which presumably overestimate the ME (Livesey, 1995).
Also, it is common to round off the factors to 17, 17 and 37 (Atwater) or 39
kJ/gram (Rubner).
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The Atwater general factors are now uniformly used in nutrient labeling
and diet formulation, in part because of their obvious simplicity: protein
16.7; carbohydrates 16.7 and fat 37.4 kJ/gram. In addition, they are usually
rounded off and recommended as 17 for protein and carbohydrates, and fat
37 kJ/gram (FAO, 2002). This rounding off could also interfere with what
numbers end up being used. One kcal equals 4.184 kJ and one kJ equals
0.239 kcal (FAO, 2002). Sometimes these values are rounded of to 4.18 or
4.2 and when recalculating from kcal to kJ can then affect what numbers are
used.

Furthermore, these general factors do not take into account that the mac-
ronutrients differ in composition and also do not have the same availability in
different food, that, for instance, protein differs in amino acid composition,
yielding different energy contents (Ferrer-Lorente et al., 2007). Thus, in the
1950s Merrill and Watt re-examined the Atwater system and came up with
the “Atwater specific factor system”. This new system integrated 50 years of
research and derived different factors for proteins, fats and carbohydrates,
depending on the foods in which they are found. They emphasized that there
are rather ranges in the heats of combustion, and in the coefficients of digest-
ibility of different proteins, fats and carbohydrates, and these should be re-
flected in the energy values applied to them (Merrill and Watt, 1973). To
mention a few discrepancies: the heat of combustion of protein in potatoes is
10.2 kJ/g whereas it is 18.2 kJ/g for eggs; digestibility in carbohydrates due
to the fibre content affects the available energy content significantly, 10.4
kJ/g in lemon and 17.4 kJ/g in polished rice; for fat the differences are small-
er, but still significant, from 35 kJ/g in barley, 36.8 in milk products and 37.7
kJ/g in meat (FAO, 2002; Merrill and Watt, 1973). These ranges for protein,
fat and carbohydrate are 44, 7 and 35 percent differences respectively, which
are not negligible values. However, in practice, the difference is not as large.
Application of the specific factors to a common mixed diet in the United
States would result in values that are on average about 5 percent higher than
those obtained with general factors (FAO, 2002). Thus, the most commonly
used general factors (Atwater), may underestimate the actual energy in food
but not so much.

Even though the specific factors are more accurate than the general fac-
tors, they are not so user-friendly, which led to another system for determin-
ing the energy content in food, the net metabolizable energy (NME) proposed
by Livesey 2001. The NME system takes into account that especially protein
and fibre content influence the availability of the food energy.

Protein is particularly thermogenic and the net metabolizable energy
(NME) is actually only 13 kJ/g (Livesey, 2001). Reported values for thermic
effects (obligatory diet-induced thermogenesis) of macronutrients are 0-3%
for fat, 5-10% for carbohydrate, and 20-30% for protein (Tappy, 1996).

Thus, depending on the larger thermic effect of protein and the lower en-
ergy content in fibre-rich carbohydrates, the actual energy in food is difficult
to determine.
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Table 1. Models for predicting energy in macronutrients (alcohol is excluded). Round-
ed values. (Atwater, 1916; FAO, 2002; Livesey, 2002, 2001; Merrill and Watt, 1973).

GE DE, ME as ME as ME as NME
kJ/g kJ/g Atwater Atwater modified factors,
general specific general kJd/g
factors, factors, factors,
kJd/g kJd/g kJd/g
Protein 23.6 21.5 16.7 8-18 17 13.3
Fat 39.3 37.6 37.4 35-38 37 36.6
Carbohydrates, 16.7 11-17 17
total
-Monosaccarides 16 16
(available)
-Available by differ- 17 17 16.7 17 17
ence (minus fat and
protein
Dietary fibre
-Fermentable 17 11 11
-Non-fermentable 17 11

-In conventional
foods (assuming
70% is fementable

GE = Gross energy (from combustion in bomb calorimeter); DE = Digestable energy;
ME = Metabolizable energy; NME = Net metabolizable energy.

Atwater (1900) defined metabolizable energy (ME) as “food energy
available for heat production (= energy expenditure) and body gains”. A
hundred years later, ME is still valid and defined by Livesey (2001) as “the
amount of energy available for total (whole body) heat production at nitrogen
and energy balance”. ME then includes all energy needs plus heat production
and this is what is measured in a metabolic chamber.

On the other hand, net metabolizable energy (NME) is based on the ATP-
producing capacity of food components, rather than on the total heat-
producing capacity of foods, i.e. “food energy available for body functions
that require ATP”, which means that food components differ in the efficiency
in with which they are converted to ATP, and therefore their ability to fuel
energy needs of the body (FAO, 2002; Livesey, 2002; Warwick and Baines,
2000).

Depending on the lower efficiency of converting proteins and fermentable
carbohydrates into ATP, it has been suggested that they should be assigned
lower energy values, as proposed in the NME system (Livesey, 2001), which
thus can be argued to be superior to the ME system. However, when measur-
ing energy expenditure, all heat losses are included which thus is comparable
with energy in food, and furthermore it is difficult to determine the exact
amount of heat loss, which would favor the ME system (Warwick and
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Baines, 2000). Whether the energy content in food should be assigned to ME
or NME is still under debate.

Thus, currently there is no way to exactly determine how much energy an
individual actually obtains from 1 g of protein, carbohydrate, fibre, or fat.
The general factors 17/17/8/37 kilojoule/gram, respectively for ME are usual-
ly all we have to go on, or in some cases the specific factors, but it is im-
portant to keep in mind that the numbers do not always reflect reality.

5.2 Consequences of different energy factors

The discrepancy in estimating energy in food can be avoided at least by using
the same kind of diet in experiments. A common diet used for obesity studies
is the semi-synthetic high-fat diet (HFD, D12451) from Research Diets (New
Brunswick, US), which is specified in all the ingredients and does not differ
between batches. We used this diet and a chow diet in all our studies in Paper
I-IV (plus another diet in paper III).

Chow versus high-fat diet

In Paper I, we see both a clear genotype effect (wild-type versus UCP1-
ablated) and a diet effect (HFD versus chow). The HFD-fed wild-type ex-
pend more, eat more but gain less compared to UCP1-ablated, therefore the
wild-type have lower metabolic efficiency (expressed as % of food which is
stored as body fat). This result of a lower metabolic efficiency is robust and
not biased since the two genotypes eat the same food (HFD). However, the
metabolic efficiency is also clearly higher, when mice eat HFD compared to
chow, which is a little more ambiguous. We cannot know for certain that we
use the correct energy content for the two diets. The chow diet is high-fibre
and low-fat, which contains plant-derived ingredients and it is not processed,
and can furthermore vary depending on season and batch. Fibre content
(Livesey, 2002) and crudeness (Zou et al., 2007) of a diet are inversely corre-
lated to available energy in the food. Thus, even though the supplier of the
chow we use (R70, Labfor) takes into account that not all energy is available
for metabolism, it could still differ from the actual energy content. The sup-
plier of the HFD diet uses Atwater general factors (17/17/37) for estimating
the energy content in the diet, which also possibly do no reflect the exact
actual energy content in the diets. However, the metabolic difference was
still so large that we can assign the HFD a larger fattening effect than chow.

Implication of energy in fatty acids
This food (energy) issue was also apparent when I was working with Paper

III with the two high-fat diets containing either long-chain triglycerides or
medium-chain triglycerides. The product data sheets contained the same val-
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ues for energy in both diets, even though it is known that fatty acids differ in
energy content (Marten et al., 2006). Both high-fat diets used in Paper 111
were obtained from Research Diets and had a stated macronutrient composi-
tion of 45 energy% fat, 20 energy% protein and 35 energy% carbohydrates.
The standard high-fat diet contained 40 % lard, mainly long-chain triglycer-
ides (abbreviated LC), whereas the diet high in medium-chain triglycerides
(abbreviated MC) contained 40 % medium-chain triglycerides (see also
5.3.3). According to the manufacturer’s product data, the energy content of
all these high-fat diets is 19.8 kJ/g, which is based on 24 g protein, 41 g car-
bohydrates and 24 g lipid source per 100 g food, and an estimated energy
content of the individual macronutrients of 17, 17 and 37 kJ/g (Atwater gen-
eral factors), respectively. However, depending on chain length and satura-
tion, different fatty acids differ in energy content.

To account for difference in energy content for the different composition
of fatty acids, I recalculated the energy values by multiplying the amount of
the fatty acids in the high-fat diets with values for different fatty acids from
Livesey et al. (1988). The calculations yielded different energy values for the
lipid part of the diets: 39.6 kJ/g fat for LC and 36.0 kJ/g fat for MC. These
values were used together with 17 kJ/g protein and carbohydrates for the
different diets, generating new energy contents for the diets: 20.6 kJ/g for LC
and 19.7 kJ/g for MC.

The LC mice in Paper III had slightly higher food intake, but gained sig-
nificantly more body fat, about 5 g. When using the Atwater general factors
for energy in food, the difference between the groups was 67 kJ in three
weeks, which corresponds to 1.8 grams body fat (67 kJ x 37° klJ/g body fat).
This explains then 36 % of the body fat differences. However, when using
the recalculated specific factors for the energy, the difference was 118 kJ,
which would correspond to 3.2 g. This difference of 1.4 grams between the
two diets explains 64 % of the body fat differences. For the other assigned
energy factors, the values might be wrong, but at least they are systematically
wrong in the same magnitude. Nonetheless, possibly biased values for energy
in the two diets in Paper III cannot be ignored. By recalculating the food
factors due to the differences in fatty acid composition, thus explains a major
part of the body fat differences.

Thus, when studying specific components of food, the difficulties with as-
signing food energy can have large consequences, as in Paper III when we
actually masked 1.4 g body fat by using the same general factors for estimat-
ing food energy. This can really impact the results and furthermore the inter-
pretation. The remaining about 2 gram body fat difference between groups,
which cannot be simply explained by differences in food intake could be
caused by differences in metabolic efficiency. Indeed, the metabolic efficien-
cy (kJ body fat stored divided by kJ eaten) was notably low for the MC mice,

> When measuring body composition, the fat part is actually pure triglycerides and can thus be
assigned 37 kl/g.
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10 % versus 25 % for the LC mice. So, the LC mice being more metabolical-
ly efficient, store a larger part of the food ingested, which explains the higher
body fat gain.

Thus, greater food intake and higher metabolic efficiency explain the
higher body fat gain in LC mice. This should also be reflected and further-
more explained by a higher energy expenditure in the MC mice. This is also
a reason to use the ME system, because it correspond to the expenditure.
However, we could not detect any significant difference in energy expendi-
ture between MC and LC (although a tendency was visible). Nor did we see
higher amounts of UCP1 protein, which supposedly could explain the lower
metabolic efficiency in the MC-fed mice. An objection is of course that the
energy expenditure was measured for a too short period (only 22 hours). The
UCPI1 content was in fact quite low in the MC mice, rather it correlated sig-
nificantly to the amount of body fat, see Figure 12A.

5.3 Fatty acids affecting BAT

Fatty acids have many functions in the body. They can be oxidized for ener-
gy, be stored as triglycerides, be incorporated in membranes and work as
ligands in signaling. Fatty acids have also been shown to have direct effects
on UCP1 in isolated mitochondria from BAT (Shabalina et al., 2008). This
part has been more elaborated my licentiate thesis “The effect of various
dietary fatty acids on adaptive thermogenesis” (von Essen, 2014).

5.3.1 Dietary fatty acids

Dietary lipids contain a mixture of fats, where the most abundant structure is
fatty acids, usually in the form of triglycerides (90-95% of total dietary fat
content). Fatty acids are a diverse group of molecules containing a hydrocar-
bon chain that terminates with a carboxylic acid group. Human diets contain
at least 20 different types of fatty acids with different lengths and degree of
saturations (Surette, 2008). The most abundant dietary fatty acids contain an
even number of carbons from 8 to 22 and have 0—6 double bonds (Innis,
2011). Short chain fatty acids (< 6C), are mainly produced by bacteria from
non-digestable carbohydrates in the colon, but small amounts are also found
in the diet.

Depending on the chain-length of the fatty acids, they are absorbed and
metabolized differently, basically through two metabolic fates. Short- and
medium-chain fatty acids (SCFAs and MCFAs), 12 carbon and shorter, are
readily absorbed in the intestine and transported bound to albumin via the
portal vein directly to the liver, where they are metabolized or further trans-
ported to other tissues. Long-chain fatty acids (LCFA), >14 carbons are ab-
sorbed by enterocytes, and transported in chylomicrons via the lymph system
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to the circulation. By the action of lipoprotein lipase (LPL), chylomicrons
deliver fatty acids to peripheral tissues and eventually, as chylomicron rem-
nants, enter the liver.

Fatty acids can be saturated or have different amounts of double bonds in
different configurations. The double bonds in monounsaturated and polyun-
saturated fatty acids can have cis or trans configurations. The cis form is
when hydrogen atoms are on the same side, whereas the trans form is when
hydrogen atoms are on opposite sides of a double bond. The Cis configura-
tion is the naturally occurring fatty acid in the diet and in the body. The trans
form occurs when liquid oils are processed through hydrogenation to make
oils solid in room temperature to increase shelf-life in commercial products
(Igbal, 2014). This form has lately been considered unhealthy, due to in-
creased risk of heart- and coronary disease (Igbal, 2014; Remig et al., 2010).
Fatty acids can also occur both as cis and trans forms as in naturally occur-
ring conjugated fatty acids, only having one carbon between the double
bonds.

All these different dietary fatty acids, from the 2-carbon short fatty acid
acetate, to polyunsaturated docosahexaenoic, DHA (C22:6-n3) and different
conjugated linoleic acid isomers (CLA), affect the body differently, apart
from supplying the body with almost the same energy content. One aim of
this thesis is to present how lipids in the diet affect brown adipose tissue and
the implication on body weight, adiposity and other features related to adap-
tive thermogenesis.

5.3.2 Short-chain fatty Acids (SCFA)

Increasing evidence implies that short-chain fatty acids (SCFAs) are im-
portant in gut microbiota health, as well as being involved in the regulation
of lipid, glucose and cholesterol metabolism in various tissues (den Besten et
al., 2013; Tan et al., 2014). SCFA have a chain length of two to six carbons
where C2-C4 are most abundant (> 95%) and can provide up to 10% of daily
energy intake in humans (Bergman, 1990; den Besten et al., 2013). Dietary
fibre including non-starch polysaccharides, resistant starches and oligosac-
charides are resilient to digestion in the small intestine and reach the colon
undigested, where they are fermented by colonic bacteria producing SCFA
(Tan et al., 2014; Ziegler et al., 2003). Fermentation of complex carbohy-
drates is important in all vertebrates, as no enzymes break down these carbo-
hydrates, and SCFA contribute to energy demand from 5 % in rat to 70 % in
sheep (Bergman, 1990). Furthermore, a small portion is also found in dairy
products from cows (Neveu et al., 2014) as well as in goat, buffalo and
sheep. SCFAs are taken up by transporters, and to a lesser extent by passive
diffusion, to the colonocytes, supplying them with energy. SCFAs not used
by the colonocytes reach the liver via the portal vein. How SCFAs are taken
up from the blood by tissues is largely unknown.
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Mice exposed to high-fat diets where 5 % of the LCFAs were exchanged to
different ratios of acetate and propionate did not differ in body weight and
body fat, but the mice showed healthier lipid profile and improved insulin
sensitivity, indicting an importance of especially propionate on health
(Weitkunat et al., 2016).

GPR receptors

In addition to their role as energy substrates, SCFAs have also been recog-
nized to bind to some receptors. The G protein-coupled receptors, GPR41,
GPR43 and GPR109a, are highly expressed in the gastrointestinal tract, im-
mune, nervous system and white adipose tissue, and have been found to be
activated by SCFA (Brown et al., 2003; Tan et al., 2014). So far, only mRNA
expression of GPR43 has been found in brown adipose tissue (Regard et al.,
2008). Recently, it has also been confirmed by Western blotting that even the
receptor GPR43 is present in BAT culture (Hu et al., 2016). Furthermore, the
same group showed that acetate increased levels of UCP1 protein by 2-fold,
indicating a physiological role of acetate by activation of GPR43 in BAT.
This was confirmed by inhibition of the acetate-effect in GPR43 knock-down
brown adipocytes.

The effects of SCFA binding to GPR43 and the involvement in lipid me-
tabolism can be studied by knocking down the Gpr43 gene. One study
showed that GPR43 KO mice (C57BI5 background) gained less weight, had
lower adiposity and higher energy expenditure when high-fat fed in a 30-
week study (Bjursell et al., 2011). These results contradict another study
performed by Kimura et al. (2013), where GPR43 knockout mice (129 back-
ground) became obese when HFD-fed, but not in a germfree environment (no
SCFA production). Thus, GPR43 KO mice on a 129 background showed
weight gain on a normal and a high-fat diet (Kimura et al., 2013) and also
impaired glucose tolerance (Kimura et al., 2013; Tolhurst et al., 2012)
whereas GPR43 KO mice on a C57Bl16 background had a lean phenotype on
a high-fat diet (Bjursell et al., 2011). This discrepancy in the effects of
knocking down GPR43 receptors could depend on genetic background, 129
versus BI6 (Kim et al., 2014).

The field of GPRs and BAT function is not yet very explored, however
increasing evidence shows a link to BAT thermogenesis. Another recent pa-
per found that the GPR3 receptor is involved in the thermogenic function of
BAT. GPR3 knockout mice had lower amounts of both UCP1 mRNA and
protein, lost their thermogenic capacity and had higher body fat with aging
compared to wild-type littermates (Godlewski et al., 2015).

Butyrate

Since SCFAs are involved in lipid metabolism and have receptors in brown
fat could indicate an effect on BAT activity. Not many studies have been
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performed in this context: only one by Gao et al. (2009) added butyrate to the
diet. The result showed improved insulin sensitivity, higher energy expendi-
ture and increased mRNA and protein levels of UCP1 in mice, which could
indicate a slight thermogenic effect. However some data were presented in a
biased way, for instance division of food intake and energy expenditure by
total body weight.

Altogether, SCFAs have metabolically beneficial features, probably partly
through GPR43 and GPR41 receptors. Not many studies have been conduct-
ed studying the involvement of SCFA on activated brown adipose tissue;
however, butyrate as indicated above, did seem to increase UCP1 protein in
interscapular BAT (Gao et al., 2009). Furthermore, mRNA for SCFAs recep-
tors has been detected in BAT (Regard et al., 2008; Zaibi et al., 2010), which
could be a promising target for further investigations, but more studies need
to be performed.

5.3.3 Medium-chain triglycerides (MCT)

Medium-chain triglycerides (MCTs) have been shown to reduce adiposity
and have other metabolic beneficial effects in both animals and humans
(Marten et al., 2006; Mumme and Stonehouse, 2015; Nagao and Yanagita,
2010; Paper III). Lately, MCTs have also arised an interest in improving gut
microbiota and possibly turning unhealthy obese into a more healthy obese
phenotype (Rial et al., 2016).

Medium-chain fatty acids (MCFA) are saturated fatty acids, having a
chain length of 8-10 carbons; sometimes C6 and C12 are also included in the
MCFAs. Most dietary fats contain fatty acid carbon length of 14 and more,
but there are some natural sources of shorter fatty acids such as coconut oil
and palm kernel oil, where MCFA (C8—C10) make up more than 10 % of
total fatty acid content; when C12 is included it is almost 60 %. Even bovine
milk contain small amount of MCFA, 4-12 % depending on lactating stage.
The most used MCFAs in trials are octanoic (C8) and decanoic (C10) oils, in
ratios of 50:50 to 80:20. Compared to long-chain fatty acids (LCFA),
MCFAs have a lower melting point, lower molecular weight, are liquid at
room temperature, and have slightly less energy content, 33.4 kJ/g for C8,
35.5 kl/g for C10 versus 39.2 kJ/g in LCFA (Bach et al., 1996; Marten et al.,
2006). Since MCFA are shorter, they have a slightly different ratio of CO,
production and O, consumption when oxidized, giving a slightly higher RER,
0.727 for C8 versus 0.696 for C16 (Bach et al., 1996). These properties make
them more efficiently absorbed in the intestine and faster hydrolyzed com-
pared to LCFA. Most MCFA are transported via the portal vein to the liver,
as opposed to LCFA, which are transported via the lymph in the form of
chylomicrons; consequently, the MCFAs do not stimulate bile acid and chol-
ecystokinin secretion as much as LCFAs (Marten et al., 2006).
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Furthermore, MCFAs produce more ketone bodies (Maki et al., 2009) and
are not stored in triglyceride droplets in fat cells or ectopically in liver and
skeletal muscle (De Vogel-van den Bosch et al., 2011a, 2011b), to the same
extent as LCFAs. Similar to SCFAs, MCFAs are readily oxidized primary in
the liver but also transported to other tissues for oxidation.

Apparently contradictory results

The lower body fat gain by feeding of MCT is associated with higher energy
expenditure, which has been suggested to be due to activation of brown adi-
pose tissue. Indeed, already in 1987 Rothwell et al. showed that rats intubat-
ed by gavage with MCT compared to water, gained less weight, had higher
energy expenditure and lower metabolic efficiency, accompanied by a 71 %
increase of thermogenic capacity estimated as GDP-binding in isolated mito-
chondria from interscapular BAT (Rothwell and Stock, 1987). The same year
Baba et al. (1987) concluded that the increased thermogenesis shown in
MCT-fed rats (Baba et al., 1982) was not due to activated interscapular
brown adipose tissue (IBAT). The increased thermogenesis still occurred
despite excising IBAT (Baba et al., 1987). However, further study by the
original authors showed that when surgically removing 40 % of BAT in rats,
a complete compensation by other BAT depots occurred within 13 days
(Rothwell and Stock, 1989). Hence, the six-week study by Baba et al (1987)
cannot rule out involvement of activated BAT caused by MCT feeding.

Different types of diets

The above mentioned studies added purified MCT of only C8 and C10 fatty
acids to the diets. Naturally occurring oils, high in MCT, such as coconut oil,
contain only about 15 % of these fatty acid, but also high amounts of lauric
acid (47 %), as well as smaller amounts of longer fatty acids.

When rats were fed a semisynthetic high-fat diet (60 % fat) containing a
large amount of coconut oil, the rats gained only slightly but significantly
more weight than when fed semisynthetic low-fat diet (12 % fat) (Portillo et
al., 1998). These findings were associated with significantly higher levels of
UCPI1 protein in the coconut oil-fed rats. The same group performed another
study where rats were first fed the high-fat coconut diet followed by two
energy restricted (40 % reduced) diets with different lipids. Despite eating
and losing the same in the two energy-restricted groups, the coconut-fed rats
had higher amounts of UCP1 protein (Portillo et al., 1998). The results of the
studies are difficult to interpret, when comparing “normal-fat olive oil ener-
gy-restricted diet” with a “high-fat coconut oil energy restricted diet”, there
are many parameters including the amount of fat content and sucrose and
type of fat, which makes it difficult to assign the effect to amount of fat or
type of fat or some other differences in ingredients such as sucrose. Further-
more, when diets are not similar in macronutrients, the energy content has a
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high risk of being miscalculated (see section 5.2), causing errors in interpre-
tation.

Low MCT

Whether a MCT-induced increase in UCP1 is due to the fatty acids affecting
brown fat directly or indirectly through sympathetic stimulation is not com-
pletely clear, although it is suggested that the increased energy expenditure in
MCT-fed animals is, partly at least, due to sympathetic activation of brown
fat thermogenesis. In experiments by Liu et al. (2012), male C57BI16 mice
were assigned to one of two semisynthetic high-fat diets, with either 2 %
MCT or 2 % of LCT yielding approximately 4 energy percent of MCT or
LCT. The MCT oil contained only C8 and C10 in a ratio of 75:25, while the
LCT contained fatty acids >16 carbons, including essential fatty acids (LA
and ALA). During 12 weeks, both groups gained weight, and from week 8
the MCT-fed weighed slightly (1.2 grams) less. Even though the amounts of
MCT were quite low, the MCT-fed mice versus LCT-fed had higher levels of
UCP1 protein in BAT and in inguinal WAT. Furthermore, mRNA of ATGL
and Bs-adrenergic receptors were higher in iWAT and IBAT, as well as HSL
in IBAT, indicating increased lipolysis (Liu et al., 2012). Metabolic variables
in serum were also more favorable in MCT-fed mice with lower TG, FFA
and LDL, along with higher levels of HDL and norepinephrine. A similar
study was performed by same group a few years later with same results
(Zhang et al., 2015). Both these studies indicate that even a very low level of
MCT can have a large effect on body weight.

Altogether, this indicates that MCT stimulate the sympathetic nervous
system to increase lipolysis in BAT, which stimulates the activity of UCP1.
A mechanism for this could be that MCT, as opposed to LCT, lead to more
ketone body production (Bach et al., 1996), and these have been showed to
stimulate the firing rate of sympathetic efferent fibers to BAT (Sakaguchi et
al., 1988).

Diet-induced thermogenesis from MCT feeding

The increased energy expenditure (EE) by MCT has also been shown to in-
crease EE directly after feeding (Noguchi et al., 2002). Fasting rats were
starved for 18 hours and then administered 1 gram of either MCT (C8 and
C10) or LCT (=16C); thereafter oxygen consumption was monitored for 6
hours. After administration of the oils, the EE was much higher in the MCT
group, indicating that the effect of MCT is in the diet-induced thermogenesis
(DIT) compartment of EE (Noguchi et al., 2002).

Paper 111

Taken together, the positive effects on adiposity and energy expenditure by
medium-chain fatty acids might very well be mediated by a stimulatory ef-
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fect in BAT. The above studies showed increased UCP1 when MCT fed.
This may be seen as surprising considering the fact that the longer the fatty
acid chain is, the more oxygen the mitochondria consume (Shabalina et al.,
2008), which would then fit with less UCP1 in MCT fed mice in Paper III.
But the study in Paper I1I showed clear obesity protection when mice were
fed MCT.

However, the effect of MC on UCP1-ablated mice was not qualitatively
different from that in wild-type, also demonstrating that the obesity-
protective effect of medium-chain triglycerides is not dependent on UCP1.
The study was coherent with other studies in showing an anti-obesity effect
of medium-chain triglycerides versus long-chain triglycerides for the mice.
Notably, the effect was much larger when the mice are kept at thermoneutral-
ity (Paper III) than at room temperature (most other studies).

Another consideration is that the relative absorption in the gut may differ.
We did not follow fecal energy content. But it seems that medium-chain fatty
acids are actually more easily absorbed than long-chain fatty acids. In one
study, rats were fed high-fat diets either high in LCT or MCT. The LCT fed
rats did eat more as in our present study, but they also lost more energy in
feces, resulting in a non-significant difference in net energy intake (Hoeks et
al., 2003).

The novel findings in Paper III are that even at thermoneutrality, MCT
protects (even more) against obesity. However, disappointingly, the effect is
essentially not due to UCPI. It cannot be excluded that a small part is UCP1-
dependent, due to the fact that the difference in metabolic efficiency between
the two diets was larger in the wild-type than in the UCP1-ablated mice.
Thus, the difference in weight balance could not be totally explained, and we
must conclude that this issue needs further investigation.

5.3.4 Long-chain fatty acids (LCFA)

Fatty acids longer than 12 carbons, or sometimes 14 carbons, are considered
long-chain fatty acids (LCFA). Since long-chain fatty acids differ in structure
depending on length and degree and placement of double bonds, they have
different effects in the body.

It has recently been discovered that LCFAs are involved in regulation of
energy metabolism (Nakamura et al., 2014) and therefore some effect on
brown adipose tissue (BAT) is likely. Furthermore, it has been shown that
different dietary fatty acids activate the norepinephrine (NE) turnover rate in
interscapular brown adipose tissue (IBAT) (Young and Walgren, 1994).

Lipid pool
A factor to keep in mind, Young et al. (1994) point out, is that for longer

dietary fatty acids to affect sympathetic nervous system (SNS), the lipids in
the diet have to be ingested some considerable time prior to measurement in
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order to alter the endogenous fatty acid pool in the brain and possibly in pe-
ripheral tissues. Rats receiving 50 % of energy from safflower-oil (high in
LCTs) and 50 % from chow did not show any alteration in the SNS activity
after 5 days, but did so after 14 days, compared to only chow fed. In contrast,
when rats were fed coconut oil (high in MCFAs) instead, no effect on turno-
ver rate of NE in IBAT was seen within 14 days, indicating that chain-length
and double bonds of fatty acids have different effects on the SNS in IBAT.
Furthermore, depending on chain-length and oxidation rate, the metabolic
fate of the fatty acids is different. When ingestion of either 30 g LCT or 30 g
MCT/LCT in humans, the LCT were totally oxidized to a lower extent than
MCT, 20 % versus 61 %, indicating that more of LCFAs compared to
MCFAs end up in the endogenous pool, in lipoproteins, NEFAs and lipid
stores (Binnert et al., 1998). Interestingly, obese subjects had a lower oxida-
tion rate of LCT compared to lean controls, but showed no difference in
MCT oxidation rate, indicating defective dietary LCT oxidation.

C18 fatty acids

An 18-carbon fatty acid chain, readily supplied in diet, can have 0-4 double
bonds in different configurations, for instance oleic acid (C18:1), alfa-
linolenic acid (18:3n-3) and linoleic acid (18:2n-6).

The C18 fatty acids can have several structures, which could have differ-
ent physiological effects. Vogler et al. (2008) gave different C18-oils by
gavage for 7 days to chow-fed 16 week old male rats. The oils used were
oleic acid (C18:1cis,; OA), elaidic acid (C18:1trans; EA), stearic acid (C18:0;
SA), linoleic acid (C18:2; LA) and a synthetic derivate of oleic acid with an
OH-group in a-position (C18:10H; 2-OHOA). Compared to the other C18
fatty acids, only the 2-OHOA rats showed an increase in UCP1 mRNA and
protein in white adipose tissue (WAT), but not in BAT. This was accompa-
nied by the highest weight reduction for the 2-OHOA-fed rats; however,
oleic acid-fed rats also reduced their weight, but the others did not. This indi-
cates that even the same length of fatty acids, but with different configura-
tions, can affect weight and UCP1 expression, possibly by enhanced energy
expenditure (Vogler et al., 2008). However, when looking at food intake, the
2-OHOA ate less, followed by the oleic acid-fed, implying that weight reduc-
tion follows lower food intake, though it is difficult to see whether the net
effect would give lower metabolic efficiency since this is not accounted for.
Nonetheless, the 2-OHOA fed rats did increase the UCP1 content in WAT,
which indicate a possibility to manipulate fatty acids to make them more
thermogenic. However, the comparison in both WAT and BAT was to the
control set to 1, which could mean that in absolute values the increase in
WAT might be very low, since the control is very, very low. Whether this
would have an impact on weight homeostasis — a 20-fold increase of mRNA
in WAT compared to other groups — is not clear, since the metabolic effi-
ciency might be similar in the different C18 fatty acid-fed rats. Also, the
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UCP1 mRNA and protein levels in WAT are initially very low so that the
total amount would still be very low.

Dietary fat sources

Since both MCT and PUFA have been shown to increase diet-induced ther-
mogenesis, Rodriguez et al. (2002) wanted to investigate the further effect of
different fat sources. Adult male rats were fed different high fat diets (40 ¢%)
namely: beef tallow (rich in animal-derived SFA), palm oil (rich in plant-
derived SFA), olive oil (rich in MUFA) and sunflower oil (rich in PUFA).
After 4 weeks of ad libitum feeding, the groups did not show any difference
in weight gain, IBAT and pWAT wet weights, but the olive oil-fed did have a
slightly higher whole body energy expenditure and upregulated mRNA ex-
pression of UCP1 in IBAT, indicating that olive oil had some thermogenic
effect (Rodriguez et al., 2002). However, no difference was seen in the pro-
tein content of UCP1 between groups. The fact that no difference in weight
gain was seen might be explained by a too short study (4 weeks) such that the
differences would not yet have become visible.

When a compound such as a long fatty acid has a very weak effect at the
whole animal level, but still some effect, the influence on, for instance
weight gain, has possibly to be observed during a longer exposure. This is
evident in a 12-week study, where the difference between two high-fat (dif-
ferent lipid profile)-fed groups did not appear until after 7 weeks (Ludwig et
al., 2013). Furthermore, it is also possible that other components in olive oil
than oleic acid give the mild thermogenic indication. Olive oil contains, in
addition to high levels of oleic acids also phenolic compounds, which have
been shown to increase UCP1 protein in IBAT and norepinephrine secretion
in rats (Oi-Kano et al., 2008, 2007).

Monoacylglycerides

Capsaicin (CAP), the ingredient in red chili pepper, binds to the TRPV1 re-
ceptor, leading to an activation of the sympathetic nervous system and up-
regulation of UCP1 (Sharma et al., 2013). It has been shown that monoacyl-
glycerol (MG) can function as a novel TRPV1 agonist (Iwasaki et al., 2008).
Two experiments were performed with 18:1 fatty acids in a triacylglyceride
(TG) diet and 18:1 or 18:1 plus 18:2 plus 18:3 in a MG diet. Two doses of
monoacylglycerol were used, 15 €% and 30 €%, and the TG diet contained
30e% TG. No difference in food intake and body weight were seen in the 4-
week study. However, by supplying the high-fat diet with 30 % monoacyl-
glycerol, UCP1 protein in BAT was upregulated by two-fold in IBAT versus
TG and 15% monoacylglycerol, suggesting a possible adrenergic stimulation
in IBAT by monoacylglycerol intake (Iwasaki et al., 2011). Body weight and
IBAT weight did not differ, but the distribution of fat depots showed small
differences with significantly lower epididymal white adipose tissue (¢eWAT)
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in rats fed the high amount of monoacylglycerol, which might be beneficial
since eWAT is a visceral fat depot associated with metabolic syndrome. The
effect of high amounts of monoacylglycerides is modest, but might be more
pronounced long-term. However, long-term feeding of high amounts of a
synthetically derived monoacylglycerides seems to be not so feasible.

5.3.5 Polyunsaturated fatty acids (PUFA)

Two families of fatty acids cannot be synthesized in the body and have to be
supplied by the diet: a-linolenic acid (ALA) and linoleic acid (LA), therefore
considered essential fatty acids (EFA). The EFAs are divided into two
groups, the omega-3 and the omega-6, where omega number marks the start-
ing point of the first double bond counting from the methyl-group. ALA (n-
3) and LA (n-6) can be further metabolized in the body to their longer deri-
vates, (which have many important functions in the body), for instance
eicosapentenoic acid, EPA (20:5n-3) and docosahexaenoic acid, DHA
(22:6n-3). EPA and DHA are of animal origin and are referred to as long-
chain PUFA (LC-PUFA) as they are longer than 18 carbons, whereas short-
chain PUFA (SC-PUFA) are up to 18 carbons, usually originating from
plants. The conversion from the short chain n-3 PUFA (ALA), to long chain
n-3 PUFA (EPA and DHA), seems to be efficient in mice (Pauter et al.,
2014). Whether this is true also for humans is discussed, and the conversion
capacity might not be totally sufficient, although not lead to deficiency
(Ruxton et al., 2007).

Short-chain and long-chain PUFA

Polyunsaturated fatty acids (both n-3 and n-6) have been shown to increase
thermogenesis or thermogenic markers in rodents (Le et al., 2012; Ludwig et
al., 2013; Oudart et al., 1997; Takahashi and Ide, 2000). The effect of PUFA
on thermogenesis is most pronounced when long-chain-n-3 PUFA are used
(LC-n-3-PUFA). Fish-oil and fatty fish contain high amounts of EPA (C20)
and DHA (C22), which are LC-n-3-PUFAs, as opposed to plant-derived n-3-
PUFAs, which are shorter, such as ALA (18C). Exchanging part of the lipid
content in a high-fat diet for EPA and DHA did not decrease body weight,
but reduced adiposity in rats together with increased thermogenic markers
(Oudart et al., 1997; Takahashi and Ide, 2000). In both studies, there was a
tendency to lower weight in EPA/DHA-fed rats, however, this was not sig-
nificant, which maybe could change if studies were performed longer than 3-
4 weeks.

Takahashi et al. (2000) also studied the effect of short-chain-n-3 PUFAs
(SC-n-3 PUFA), supplying the diet with 39 % perilla oil (high in ALA) and
compared it to long-chain- n-3 PUFA (LC-n-3-PUFA) fish-oil (high in EPA
and DHA) and short-chain-n-6 PUFA (SC-n-6-PUFA) safflower oil (high in
LA). The tendency in terms of eating was SC-n-6-PUFA > SC n-3-PUFA >
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LC-n-3-PUFA, with significant differences only between the first and the
last. In terms of weight gain, it was the reversed pattern, however not signifi-
cant. The feeding efficiency might therefore be similar in the groups. None-
theless, perirenal and epididymal white adipose tissue weights were higher in
n-6-PUFA group than in both n-3-PUFA groups, and these latter also showed
higher mRNA UCP1 levels in BAT, indicating some protection for visceral
fat increase from n-3-PUFA fatty acids, possibly due to activation of UCP1.

Flachs et al. (2005) also compared short-chain (flax seed) and long-chain
n-3 (EPA/DHA) PUFA, but in contrast to Takahashi, Flachs et al. saw a
small difference with lower delta body weight and eWAT in LC-n-3-
PUFA.This study was performed in mice, as opposed to rats in the Takahashi
et al. study. Furthermore, increased fatty acid oxidation in the gonadal WAT
depots were observed, indicating that part of the adipose reduction in these
depots was due to a metabolic switch in the adipocytes (Flachs et al., 2011,
2005).

Mice fed low levels (=5 ¢%) of long-chain n-3 PUFA (LC n-3 PUFA) un-
der long-term (30 weeks) thermoneutral conditions, compared to n-6-PUFA-
fed mice, did not differ in weight and energy expenditure, but n-3 PUFA-fed
showed decreased fat content in a visceral depot, the eWAT (Janovska et al.,
2013). Together with Flach et al. (2005, 2011) studies showing no change in
UCP1 mRNA expression in long-chain n-3 PUFA versus n-6 PUFA,
Janovska et al. concluded that the anti-obesity effect from LC n-3 PUFA is
not UCP1-dependent, which is the opposite conclusion from Oudart et al.
(1997) who concluded that increased GDP-binding in BAT mitochondria,
together with lower eWAT, is due to adaptive thermogenesis in BAT; again
however, these were rats. Furthermore, Oudart et al. seeing a BAT-dependent
effect compared LC n-3 PUFA to MUFA, whereas Flachs and Janovska see-
ing no BAT-dependent effect compared LC n-3 PUFA to other PUFA. This
may convey that a possible effect is dependent on what the comparison is
against.

When replacing 35 percent of dietary lipids with EPA/DHA in a high-fat
diet (48 energy %), the mice had gained less body fat after 12 weeks despite
eating more than the control group eating high-fat diet (Ludwig et al., 2013).
Furthermore, these mice showed reduced visceral fat and ectopic fat accumu-
lation, as well as improved insulin sensitivity, indicating beneficial effects
from LC n-3 PUFA, including increased thermogenic capacity.

Whereas most studies on PUFA show apparently more effect on browning
of WAT than increased activity in BAT, pine nut oil, high in PUFA, has been
shown to increase UCP1 protein in BAT (Le et al., 2012). Pine nut oil from
Korean pine is used in many countries. It contains high amounts of PUFA
and MUFA, as the control diet high in soybean oil also did. However, pine
nut oil contains pinolenic acid, an unusual n-6 fatty acid with 3 double bonds,
which the control diet did not contain. After long-term feeding (12 weeks),
pine nut oil-fed mice had significantly lower body weight, increased mito-
chondrial biogenesis and increased thermogenesis in BAT. The authors sug-
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gest that this possibly, at least partly, was mediated by activating PPARa
and/or PPARGS. A limitation to the study is that food intake is not presented,
which could, if lower than soy bean oil, explain the lower body weight.
However, the UCP1 protein is higher in pine nut oil-fed mice, which indi-
cates a clear thermogenic effect.

An aspect to keep in mind is not only weight, but also a state of health,
which is rarely mentioned. Rats fed both low (0.3 %) and high (10 %)
amounts of a mixture of linoleic acid and a-linolenic acid (n-6/n-3 PUFA)
had some health issues in a study by Nedergaard et al. (1983). They were
described as being scrubby and low-weight, compared to rats fed an interme-
diate dose (3 %). Note though, that the rats had been on the different diets for
three generations, which could affect the results and further worsen the defi-
ciency or surplus of the fatty acids. The higher dose was, furthermore, asso-
ciated with increased BAT activity and lower weight (Nedergaard et al.,
1983). However, the lower weight might not only be beneficial if health is
decreased. The dose issue is therefore an aspect to keep in mind.

Oxidative stress

Polyunsaturated fatty acids (PUFA) while being essential for healthy, are
also more sensitive to oxidation, due to the double bonds. Processing, heating
and storing food, procedures common in modern diets since we eat more
fried and refined foods, can hasten this process, forming unhealthy peroxides
and dienes. Penumetcha et al. (2013) showed that C57BL/6 J mice fed a diet
containing heated (causing mild oxidation) soybean oil for 16 weeks in-
creased body fat, despite decreased weight gain compared to mice pairfed
soybean oil. Furthermore, together with higher epididymal WAT weight, also
interscapular BAT weight was increased, but not UCP1 protein in the heated
soybean oil fed mice. A limitation, the authors argue, is that energy expendi-
ture was not measured, to see whether there was an effect on thermogenesis
associated with the oxidized lipids (Penumetcha et al., 2013). Nonetheless, it
is interesting to see that mild oxidized lipids can alter fat pads without weigh
gain, attributing the concept that there is far more to health than total body
weight.

Duration

Another factor influencing the outcome of studies is their duration. The ef-
fects of diet is most often quite low, and might need some time to become
detectable. However, this varies with type of fatty acid. MCTs seem to have a
quite rapid effect, illustrated by an acutely higher diet-induced thermogenesis
in MCT versus LCT when these were given by gavage (Noguchi et al.,
2002). Even though longer fatty acids have a direct stimulatory effect when
administered directly on mitochondria (Shabalina et al., 2008), they need
weeks to enter the endogenous lipid-pool to have an effect on the sympathet-
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ic nervous system (Young et al., 1994). Actually, this seems to be the case in
PUFA feeding, where the largest effects on thermogenic markers were seen
in the long-term studies of 12-30 weeks (Janovska et al., 2013; Le et al.,
2012; Ludwig et al., 2013).

Weak dietary inducers of thermogenesis, such as PUFA and MUFA, may
need thermoneutrality and a longer duration to be more pronounced.

5.3.6 Conjugated linoleic acid (CLA), C18:2

Conjugated linoleic acids (CLA) are naturally occurring fatty acids primarily
found in products from ruminants. They are a family of isomers of linoleic
acid (C18:2), with two double bonds separated by a single bond between
them. 17 isomers have been found to occur naturally in milk, dairy, beef,
human milk and human adipose tissue (Dhiman et al., 2005). The most abun-
dant naturally occurring isomers, which also possibly possess the most bio-
logical activity, are the cis-9, trans-11 isomer (c9t11-CLA) and the trans-10,
cis-12 isomer (t10c12-CLA). The c9t11-CLA is the most abundant of food
from ruminant origin (73-94%), whereas in synthetic CLA, for instance used
in clinical studies and research, the t10c12-CLA accounts for half the content
or more, together with ¢9t11-CLA (Dhiman et al., 2005). CLAs have been
shown to be anti-cancerogenic (Ha et al., 1987) and reduce adiposity in ro-
dents and humans (reviewed in Kennedy et al., 2010), where the anti adiposi-
ty effect was first described 1997 (Park et al., 1997).

Browning effect

The reduction of body fat when CLA (especially t10c12-CLA) is added to
the diet is suggested to be a combination of increased energy expenditure and
apoptosis, decreased pre-adipocyte differentiation and lipogenesis, and in-
creased fatty acid oxidation in white adipose tissue (House et al., 2005). Sev-
eral studies have shown an increase of UCP1 mRNA and protein in white
adipose tissue when mice are fed CLA (House et al., 2005; LaRosa et al.,
2006; Peters et al., 2001; Wendel et al., 2009). This effect is not seen in
brown adipose tissue, which suggests that the anti-obesity effect is at least
partly due to browning of white adipose tissue. Wendel et al. (2009) show
that the induced UCP1 in WAT is possibly not through B;-adrenergic signal-
ing, since no increase in B;ARs and down-stream markers were seen. How-
ever, the authors argue, this effect cannot be ruled out, due to increased levels
of serum norepinephrine two hours after CLA administration, as seen in an-
other study performed by Ohnuki et al. (2001), which could mean that the
B3ARs are stimulated at an earlier stage (Ohnuki et al., 2001). Bonet et al.
(2012), when referring to Wendel’s study, discuss that the simultaneous
down-regulation of the RIP 140-gene, being a co-regulator suppressing
UCP1 expression (Nautiyal et al., 2013) could explain the CLA effect as an
inhibitor of the inhibitory effect of RIP140 on UCP1 gene expression.
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Dose-dependent

The robust anti-obesity effect of primarily t10c12-CLA administration in the
diet is dose-dependent and yields larger effect, the higher the dose. However,
at higher doses, apart from reducing fat mass, t10c12-CLA also induces side
effects, such as increased storage of lipids in the liver and chronic inflamma-
tion (Letona et al., 2011; Poirier et al., 2005). The content of naturally occur-
ring CLA in milk is 0.34—1.07 % of total fat and slightly less in meat
(Dhiman et al., 2005) which is less than usually used in trials, where mice
can be fed up to 1.5 % CLA of total diet (Shen et al., 2013).

Thus, the dose is important; when giving mice different doses of CLA, the
intermediate dose was most beneficial in terms of reduced adiposity, whereas
the higher dose caused lipid storage in liver. Interestingly, the UCP1 content
in epididymal and inguinal white adipose depots were also higher in the in-
termediate dose versus the higher dose, and notably UCP1 mRNA in iWAT
was highest in the lowest dose with c9t11-CLA. The most abundant isomer,
c9t11-CLA, naturally occurring in food, has not been shown to be as anti-
fattening as the t10c12-CLA isomer. However, c9t11-CLA has shown other
benefits, such as having anti-diabetic and anti-inflammatory effects in white
adipose tissue (Moloney et al., 2007).

Taken together, CLA has been shown to have an anti-obesity effect; how-
ever, the dosage and isomers have to be investigated further to obtain the
most beneficial effects without unwanted side-effects.

5.4 Some other diet points

Fructose

In Paper 11, all mice were fed high-fat diet but housed at two temperatures, 4
°C and 30 °C. The mice in the cold were obesity-protected to some degree,
but when transferred to the warm, they gained weight very rapidly, despite a
50-times higher UCP1 content compared to warm-acclimated mice. Thus,
UCP1 is not the least active, which is of course disappointing. The obesity
protection from UCP1 seen in cold-acclimated mice is shut down, but the
question is why did the mice gain body fat at an even faster rate than the
constantly warm-acclimated mice. Some of the explanation was due to higher
food intake, but not all. We do not know why they eat slightly more, but pos-
sibly there is still a habit of high energy intake. However, it is also remarka-
ble how fast they actually do adjust to lower energy demands.

Yet another explanation could also be that the larger amount of fructose
ingested in the cold (166 % more) could affect the metabolism. The ordinary
high-fat diet (D12451, Research Diets), commonly used in obesity studies, is
not only high in fat (45 energy%), but also high in sucrose (17%), which
makes it highly palatable and obesogenic. Fructose, as opposed to glucose, is
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not highly regulated. Throughout history, the low intake of fructose from
fresh fruit has not put any evolutionary pressure on taking care of large
amounts of fructose, such as the diet contains today, from sucrose and the
recent considerable increase of high fructose corn syrup (HFCS). Fructose,
like glucose, is readily taken up from the intestine and transported via the
portal vein to the liver. While glucose is then spread to all tissues and is taken
up and metabolized, fructose is mainly metabolized in the liver. Excess fruc-
tose bypasses the regulatory steps of glycolysis and provides additional sub-
strate for glycogenesis and more importantly de novo lipogenesis and triglyc-
eride synthesis (Basciano et al., 2005). Consequently, hepatic accumulation
of triglycerides and formation of VLDL for export will increase. Further-
more, not only is there lipotoxicity as a consequence of high intake of fruc-
tose, mice also become leptin resistant, which affects appetite and energy
expenditure (Shapiro et al., 2008). It could be possible that mice eating a high
fructose diet in the cold are more vulnerable to the effect of fructose, since
the total ingestion of the poorly regulated fructose is higher compared to
mice in warmer temperatures. The ability of fructose to induce leptin re-
sistance, insulin resistance and features of the metabolic syndrome (Basciano
et al., 2005; Lustig, 2010; Tappy et al., 2010) might indirectly counteract
brown fat activity and, in this case, promote subsequent higher metabolic
efficiency when the brown-fat-activator (cold) is withdrawn, causing highly
increased fat storage.

That the type of diet, not only the energy content, matters for the results is
also clear when comparing the result for the chow-fed mice in Paper II. The
chow-fed cold-acclimated mice did not show any difference in terms of body
fat gain, food consumption and metabolic efficiency when moved from the
cold to the warm, compared to warm-acclimated, thus, clarifying again, that
the type of diet matters.

Low-Fat Control diets

To exclude one confounding factor when comparing the chain-length of fatty
acids, most studies compare diets with the same dietary composition, with
the only difference being exchanging one fatty acid or oil. This is apparent
when discussing the Portillo et al. study (1998), where high-fat (HF) diet
containing 50 energy percent coconut oil is compared to a low-fat (LF) diet
containing 12 €% of olive oil. UCP1 protein in BAT is upregulated, along
with a lower body weight, in coconut oil versus olive oil, which was inter-
preted such that the coconut oil induces the thermogenic effect; however it
could be the higher fat amount per se, which has been showed to increase
UCP1 in BAT (Feldmann et al., 2009; LeBlanc et al., 2003; Mercer and
Trayhurn, 1984). Furthermore, when comparing a low-fat diet with a high-fat
diet, it is also important to consider which type of low-fat diet is used. A
natural mix of grain (chow) can show different results compared to a low-fat
semi-synthetic control diet. Benoit et al. (2013), showed that semi-synthetic
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high-fat fed mice, compared to semi-synthetic low-fat fed, did not differ in
body weight gain, BAT weight and some WAT depots, in contrast to a semi-
synthetic high-fat diet versus a chow-fed where the same parameters (Benoit
et al., 2013) showed difference in mentioned parameters. Thus, to both be
able to repeat an experiment and to exclude variability it can be recommend-
ed to use a semi-synthetic control diet, at least it is of importance to be aware
of the importance of the type of control diet (Hoevenaars et al., 2012). Roth-
well and Stock (1987) used a stock diet (which could be chow), and tube-fed
rats with either water or MCT oil. Despite the same energy intake, MCT-fed
rats increased energy expenditure, possibly due to increased BAT activity,
leading to decreased body weight and metabolic efficiency. Whether this is
an MCT effect or a lipid effect per se is not completely clear. However, when
taken together with other results on MCT, it seems likely that MCT do have
an effect on BAT. Nonetheless, to get a clear result concerning whether the
studied fatty acid, and not the fat content, is responsible for the results, it is
recommended to use the same composition and ratio of macronutrients.

Essential nutrients

When studying effects of nutrient compounds, it is important to have control
over the amounts of essential nutrients. Both low protein diets (Rothwell et
al., 1983), deprivation of certain amino acids (Cheng et al., 2010; Hasek et
al., 2010; Plaisance et al., 2010) and low amounts of essential fatty acids
(EFA) (Yazbeck et al., 1989) or high amounts of EFA (Nedergaard et al.,
1983) show increased thermogenic activities in BAT or browning of WAT in
rodents.

In the study of Yazbeck et al. (1989), the rats (Long Evans rats) weighed
only 35 grams at the start, which means a very young age. When feeding the
rats an EFA-deficient diet, they gained less weight, had lower metabolic effi-
ciency (body fat gain/energy food intake), higher resting metabolic rate,
which was suggested to be due to the higher thermogenic capacity in BAT.
The increased thermogenesis could evolutionarily been a way for the body to
cope with low nutritive density to have a means to allow overeating to obtain
essential nutrients without obesity. However, rats in this study did not over-
eat despite increased energy expenditure, probably giving them severe prob-
lems, including growth retardation. In contrast, Nedergaard et al. (1983) did
not see any increased thermogenesis in low EFA-fed rats, but saw an increase
in high EFA-fed rats, indicating diet-induced thermogenesis.

As with many essential and non-essential nutrients, the amount that is op-
timal is not clarified. By giving EFA-deficient rats different amounts of lino-
leic acid, the intermediate dose, 2.5 % opposed to 1 % and 5 %, was most
beneficial in terms of lipolysis and insulin sensitivity (Harant-Farrugia et al.,
2014), indicating that EFA do not have to be supplied in high amounts. This
was also observed in the Nedergaard study, where the intermediate dose (3
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%) was most beneficial in health parameters such as skin condition and body
weight, as opposed to both low (0.3 %) and high (10 %) doses of EFA.

Indirect effects on BAT by handling food-producing animals

A little sidetrack into dietary fatty acids affecting BAT is that how we feed
our cattle can indirectly affect the thermogenic properties of the animal-
derived products. When cattle were fed a grass-based diet compared to a
grain-based diet, the muscle tissue contained 2.3 fold more LC-n-3 PUFA
(Cherfaoui et al., 2013). Another interesting study showing that how we treat
and feed animals affects the composition of, for instance, fatty acids in our
food, which, in turn, affects how we respond metabolically, is the following.
Ruminant products such as milk and beef contain up to 500 % more CLA
when cows are fed all pasture feed (fresh grass) versus being grain fed
(Dhiman et al., 1999). To take it further and speculate: when we feed our
cows grain instead of grass, we might remove a large fraction of beneficial
fatty acids, CLA and LC n-3 PUFA, resulting in reduced adaptive thermo-
genesis.

Diet diversity

Despite a seemingly vast diversity of food items in the grocery shops, the
truth is that we have decreased the number of species we ingest. From about
150 species being ingested per week a thousand years ago, we now only con-
sume about 20 today, of which most are processed (Spector, 2015). This
might also be one of the issues in laboratory diets. Chow contains many in-
gredients and complex food components, whereas the semi-synthetic high-fat
diets contain only a few, highly purified ingredients.

Thus, it cannot be excluded that some of the metabolic problems today
arise not only from what we eat, but also from what we do not eat.
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6. Is UCP1 obesity-protective?

As the main function of brown adipose tissue is to produce heat by uncou-
pling protein 1 (UCP1), low temperature is the strongest inducer of brown fat
recruitment, as well as of its activity. The difference in UCP1 protein be-
tween warm-acclimated (30 °C) and cold-acclimated (4 °C) mice is in the
order of 10-20-fold (Fischer et al., 2016; Mattsson et al., 2010). However,
food (i. e. obesogenic food) also has the capacity to recruit brown adipose
tissue, which was first demonstrated in 1979 by Rothwell and Stock in rats
fed a cafeteria diet. Both mRNA and protein of UCP1 are increased by HFD
versus chow, although the variation is large (Fromme and Klingenspor, 2011;
Garcia-Ruiz et al., 2015).

That certain diets have a not inconsiderable capacity to increase UCP1-
dependent thermogenesis is referred to as facultative diet-induced thermo-
genesis. To unmask the lower effect from diet versus cold (even mild, as in
room temperature), the animals are preferably housed in a thermoneutral
temperature. In contrast to the greatly increased total UCP1 protein levels by
cold (Paper II), the high-fat diet induced UCP1 levels are moderately in-
creased (Paper I and III). Recruitment in cold is well studied, whereas the
diet recruitment of UCP1 needs further investigation. The latter issue will be
discussed in this section.

At thermoneutrality, diet-dependent UCP1 recruitment has not (yet) been
studied to a large extent. However, we have robust indications that obesogen-
ic diets versus chow increase both Ucpl mRNA (unpublished) and UCP1
protein about 5-fold compared to chow (Feldmann et al., 2009, Paper I).
Thus, this diet effect on UCP1 has the potential to be significant for energy
expenditure and accompanying weight homeostasis, even at thermoneutrali-
ty. Interestingly, combining cold and obesogenic food gave a 50-fold in-
crease in UCP1 protein when mice had been in the cold for 4 weeks com-
pared to being in a thermoneutral temperature (Paper II).

6.1 Fluctuations in Ucp1 expression

Recruitment of Ucpl mRNA takes only hours, whereas full recruitment of
UCP1 protein rather takes several weeks (Nedergaard and Cannon, 2013).
Thus, the mRNA level of UCP1 can be a sign of activation, since the process
of recruitment starts with transcription. The rather quick response to a stimu-
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lus is apparent when measuring mRNA in BAT from mice where the food
was removed 7 hours before euthanizing the mice, showing a 25 % decrease
(Figure 6A). Furthermore, Ucpl mRNA seems to have a diurnal variation
(Figure 6B), which coincides with wakefulness and possibly eating, and also
body weight changes (Figure 6C). The circadian rhythm of Ucp1 has been
observed earlier with higher values during the night, which also correlated
with the highest BAT temperatures (Gerhart-Hines et al., 2013). Gerhart-
Hines et al. (2013) had the highest values of Ucpl mRNA later at night and
in the early morning, whereas we had higher values early in the night (Fig.
5B). Nonetheless, some diurnal variation of Ucpl mRNA seems likely
(Gerhart-Hines et al., 2013; Figure 6B), and there is also a suggested clock
mechanism in BAT that could be pharmacologically targeted to even
counteract obesity (Nam et al., 2015), but all this needs further investigation.
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Figure 6. Ucp1 mRNA in IBAT in chow-fed 12 weeks old mice. A: Mice were eu-
thanized at 10 pm. Half of them had the food removed 7 hours before. n=7. BC: Diur-
nal study with mice euthanized every other hour for 24 hours. n = 3. (von Essen, un-
published data).

6.2 Does UCP1 matter for obesity?

High-fat diet-dependent increases in UCP1 protein are higly variable, but the
effect seems to be independent of fat content and duration (Fromme and
Klingenspor, 2011). There is nonetheless a clear UCP1 increase following
HFD (Feldmann et al., 2009; Fromme and Klingenspor, 2011; Paper I, I1I).
The question then is; does this diet-recruited UCP1 protein have an impact on
protection against obesity. One way to study this is to compare wild-type
with UCP1-ablated mice at thermoneutrality (to distinguish the effect from
that of cold), and indeed the wild-type mice are to some extent protected
against obesity (Feldmann et al., 2009; Rowland et al., 2016; Paper I). How-
ever, some data show that UCP1-deficient mice at thermoneutrality do not
gain more weight but do have a tendency to higher adiposity (Liu et al.,
2003; Rowland et al., 2015) or show no effect or the opposite result (Paper
III). Since the diet effect depending on genotype is absent sometimes and the
effect is at any case not very large, I compiled a number of studies from our
lab, using both wild-type and UCP1-ablated mice, to be able to reveal a pat-
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tern. I only used studies with male C57B1/6 mice that had been fed high-fat
diet (HFD) for 4 weeks at thermoneutrality. Furthermore, only studies where
both genotypes had been studied together were included. I collected 10 co-
horts and about 75 wild-type and 70 UCP-ablated mice.

This overview of C57B1/6 male mice fed high-fat diet for 4 weeks at
thermoneutrality showed varied and not completely consistent results. Start-
ing weights and n-numbers of the cohorts from Figures 7 to 12 are compiled
in Table 2.

Table 2. C57BI/6 wild-type and UCP1-ablated male mice, fed HFD for 4 weeks at
thermoneutrality. All studies are on male mice at the age of 8—16 weeks at the start of
the study, housed at thermoneutrality and fed high-fat diet (D12451, Reserach Diets)
for 4 weeks. UCP1(+/+) mice were C57BI/6 from our own breeding or obtained from
Scanbur (Europe). Mice from Scanbur are indicated with ”S” in the table. UCP1(-/-)
mice were from our own breeding and descendents of the mice described in Enerback
et al. (1997) and then backcrossed to the C57BL/6 strain for more than ten genera-
tions.

UCP1(+/+) UCP1(-/-)

Cohort Initial weight = SEM Initial weight = SEM FEETEED

1 24.6 +0.59g (n=6) 24.9+0.1g(n=6) Feldman et al. 2009
2 279 +0.5 (n=6) 25.7 +0.4 (n=6) Feldman et al. 2009
3 28.1+06g(n=7);all S 23.2+0.8g(n=5) Paper I

4 25.7+06g(n=8);4S 27.6 +0.8g (n=8) Paper |

5 30.8+0.8g(n=10) 26.5+0.6g(n=12) Paper |

6 25.0+0.6 g (n=10) 22.1+0.2g(n=6) Paper |

7 27.0+0.1g(n=8);all S 246 +1.0g (n=6) Paper IlI

8 25.7+0.4 g (n =10) 232+04g(n=09) Unpublished

9 27.9+1.0g(n=6) 25.7 +0.4 g (n=6) Unpublished"

10 28.78 +0.5g (n = 6) 27.2+05g(n=7) Unpublished®

' Monitored by Gustavo Abreu-Vieira
2 Monitored by Anastasia Kalinovich

6.2.1 Body weight

In all cohorts except number 4, the UCP1-ablated mice were smaller at the
start (Table 2 and Figure 7A). This resulted in no weight differences after 4
weeks of HFD feeding (Figure 7B). However, the weight gain in the UCP1-
ablated mice was significantly larger when compiling all the 70 mice from
each genotype (Figure 7C). Considering separate cohorts, only number 7 had
higher body weight gain in the wild-type compared to the UCP1-ablated
mice. However, only three cohorts showed significantly higher body weight
gain in the UCP1-ablated mice (Figure 7D), which increased to six cohort
when calculating percent body weight gain, depending on smaller starting
weights for the UCP1-ablated mice (Figure 7E). Instead of looking at all the
individual data, the means for all mice show significance (Figure 7F). Note
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that in both genotypes the variability is large, but in fact almost all the high
values in the wild-type mice belong to cohort number 7 indicated in pink.
Thus, the weight gain is not only genotype-dependent, in that the UCP1-
ablated mice gained more weight both on an individual level (Figure 7G) or
when comparing all studies together (Figure 7G), but there is also a cohort-
dependent effect (Figure 7DE). Most of the time, the UCP1-ablated mice
gain more weight, sometimes no difference and seldom the wild-type gain
more. In all figures, cohort 7 (indicated in pink) is conspicuous and it would
be a little tempting to exclude this cohort, since it could be considered an
outlier in differing so much from the other wild-type groups. However, this is
how it sometimes looks (the world does contain outliers) and by compiling
many cohorts, the impact from “outliers” is not so large and thus, the “real”
effect can still be revealed.

Thus, it is important to be aware of this; since when referring only to one
study, the results can differ markedly.
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Figure 7. Body weight for of C57BI/6 mice (UCP1+/+ and UCP1-/-) listed in Table 2.
A—C: Mean for all individual mice from the 10 cohorts, n=73-79. D—E: means for each
cohort respectively, n=5-12. F: each dot resembles one mouse. G: Each dot is one
cohort (from E). Cohort 7 indicated in pink. Significance indicated as *<0.5;
**<0.01;***<0.001 when comparing wild-type with UCP1-ablated; # (black) when
UCP1-ablated exceeds wild-type; #(green) when wild-type exceeds UCP1-ablated.
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Furthermore, some of the studies did not show any difference between the
genotypes, for instance cohort 6, which was used in Paper I for the part
where the food was removed (Paper I, Figure 4). However, I happened to
keep these mice, and for the first 4 weeks, both genotypes had identical body
weight gain and body fat gain. But, after leaving them for 16 more weeks, the
UCP1-ablated mice had significantly higher body weight and body fat (Fig-
ure 8AB). Thus, the UCP1-ablated mice clearly gained more weight, but the
effect did not appear until after some weeks. This is also in accordance with
another study, where the effect of HFD feeding was only seen after 3 months
(Kontani et al., 2005) and not after normally 4 weeks. Furthermore, even the
chow fed UCP1(-/-) gained more weight after 20 weeks, despite a lower
starting weight compared to wild-type mice. Although Feldman et al. (2009)
already saw this in a 4-weeks study, these results had never been repeated for
chow-fed mice, only for HFD-fed mice (Feldmann et al., 2009; Rowland et
al., 2016; Paper I).
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Figure 8. Cohort 6. (Paper | until 4 weeks, thereafter not published). Significance
indicated as in Figure 6.

6.2.2 Metabolic efficiency

For most of the cohorts, body composition has been measured, but not for all.
In some cases, I only had body weight, but nevertheless, most of the weight
gain is body fat, see Figure 9. This example is from Paper I, but the course of
events usually follows the same pattern, most body weight gain is body fat.
Thus, body weight gain, body weight gain per food intake and percent body
weight gain are almost as good measurements as body fat in obesity studies
(unless, of course, the mice exercise, but that is not the case in these con-
texts). Thus, metabolic efficiency can also be indicated as grams of body
weight gain per ingested food energy.
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Figure 9. Body composition during 4 weeks of HFD feeding (Paper I).

In all cohorts except one, food intake was measured and then the metabol-
ic efficiency can be calculated. In all studies, the food intake was similar
between the two genotypes or in some cases lower for the UCP1-ablated
(Paper 1). Thus, the metabolic efficiency follows the same pattern as in the
case of body fat gain. Only one cohort, again number 7 (Paper III), showed
higher fat-storing capacity for the wild-type compared to the UCP1-ablated
(Figure 10A), resulting in significantly higher body weight gain per ingested
food energy totally (Figure 10BC).

In those cases where the body composition was obtained, the pattern is
more pronounced (Figure 10DEF). The outlier wild-type cohort number 7
was not measured. Thus the individual pattern was clearly that a larger frac-
tion of the UCP1-ablated mice are more efficient in storing food as body fat
(Figure 10F). Furthermore, the variability in UCP1-ablated mice is larger in
that some of the mice do have as low metabolic efficiency as the wild-type
mice, but a larger proportion of the UCP1-deficient mice have higher meta-
bolic efficiency.
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6.2.3 Obesity Index (OBI) as a mouse BMI

In humans, we often use body mass index (BMI) to categorize weight imbal-
ances (or normal weight). By taking the square of body mass (kilogram) and
dividing by the body height (meter), we can define normal weight (20-25),
underweight (>20), overweight (25-30) and obesity (<30). Interestingly, high
BMI is inversely correlated to low levels of BAT (Cypess et al., 20010; van
Marken Lichtenbelt et al., 2014, 2009; Zingaretti et al., 2009). In mice, we
instead have an obesity index (which I will abbreviate OBI), by dividing
body fat with lean body mass, as an indicator of excess lipid storing. Also
this measure resulted in higher values for the UCP1-ablated mice compared
to wild-type mice (Figure 11 ABC), indicating higher adiposity. Furthermore,
most cohorts showed a higher obesity index for the UCP1-ablated mice and
so did the individual mice. Cohort 7 (Paper III) was measured week 3 instead
of week 4, which resulted in no higher values for the wild-type, as was
shown for the other parameters in that particular cohort.

Furthermore, to see the development of the obesity index over time by di-
et and temperature, I compiled some complementary studies together with B6
mice, in Figure 11DE. We can consider 12 week old wild-type housed in
room temperature (RT, = 21 °C) as the “standard” mouse. The mice from
Paper IV, Figure 7, had this condition at the start, with a mean OBI of 0.15.
After 4 weeks, the OBI had increased to 0.21, which indicates a slight age-
dependent increase (Figure 11D, two right columns). The rest of the mice had
been at thermoneutral temperature and for chow-fed mice the increase was
slightly higher and more so for the HFD-fed mice. Furthermore, the UCP1-
ablated mice showed slightly higher OBI on chow than the wild-type mice,
and much more in the HFD fed mice.

Thus, the obesity index shows age-dependent, temperature-dependent and
genotype-dependent effects. To make it a little more useful, I suggest some
limits for categorizing adiposity as follows: up to 0.25 in obesity index, the
mice can be considered normal weight, 0.25-0.45 overweight and > 0.45 as
obese. This would thus indicate that both high-fat feeding and high tempera-
ture leads to obesity, which is worsened for the UCP1-ablated mice.

There also seems to be an aging effect, at least at thermoneutrality. Some-
times the mice are kept for further studies and we have the opportunity to
study them at older ages. In wild-type mice, they increase the OBI slightly
with age even when chow-fed at thermoneutrality, where some individuals
even become obese, although this particular cohort at the age of 35 weeks did
not (Figure 11E, 4™ column). However, mice lacking UCP1 are more prone
to obesity, where half of the male 40 week-old mice were obese (over 0.45),
and a small group of females had an OBI over 1.0 (right column), notably
when chow fed (Figure 11E).

Among cohorts and studies, there is some significant variability. Howev-
er, taken together the clear tendency is that at thermoneutrality the UCP1-
ablated mice are more susceptible to obesity, even when chow fed.
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Figure 11. Obesity index (body fat/lean body mass) ABC: Measured before and after
4 weeks of HFD. DE: Measured at indicated age of mice. RT = room temperature (=
22 °C); w = weeks of age; WT = wild-type mice; KO = UCP1-ablated mice. Signifi-
cance indicated as in Figure 6. $ = measured at 3 weeks.

6.2.4 Body fat, oxygen consumption and UCP1 activity

Even though UCP1 amount is correlated to some protection from obesity
when wild-type mice are compared to UCP1-ablated mice (Feldmann et al.,
2009; Kontani et al., 2005; Rowland et al., 2016), UCP1-amount is also cor-
related to amount of body fat (Figure 12AB, from Paper I and III). This con-
comitant body fat gain and recruitment of UCP1 might seem somewhat con-
tradictory. However, it has been suggested that BAT also is involved in in-
creasing energy expenditure to allow for uptake of sufficient protein and
other nutrients when overeating a nutritionally poor diet (Cannon and
Nedergaard, 2004). Since serum leptin correlates to body fat (e.g. Iwamoto et
al., 2011; Figure 12C) and to Ucpl mRNA levels (Figure 12D), it could be
suggested that this UCP1 recruitment could be leptin-mediated. However,
this has been shown to not be the case (Fischer et al., 2016a). Thus, the ques-
tion of why UCP1 correlates with body fat and/or HFD, remains to be further
investigated.

Rats have been shown to have higher levels of circulating norepinephrine
when they are fed lard compared to chow, as a result of increased SNS activi-
ty (Young et al., 1994). Furthermore, the same group showed that when add-
ing sucrose to the chow diet, the rats also had an increased SNS activity in
IBAT. The HFD we use contains both lard (40 %) and sucrose (17 %), which
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could thus fit with higher SNS activity in IBAT with a subsequent higher NE
in the circulation, thus a slightly higher SNS tone, which could contribute to
some recruitment/activation of UCP1.

Increased sympathetic tone has been shown to be significantly higher by
circulating norepinephrine (NE) in both obese and HFD-fed rats (Olea et al.,
2014) twice the concentration versus chow-fed. One study in mice showed a
slight increase in plasma NE in HFD-fed versus chow-fed mice (Male
C57Bl/6) as well as higher concentrations of NE in hypothalamus (D’Souza
and Abraham, 2016). Thus, obesity and HFD-feeding is associated with in-
creased sympathetic tone, which likely affect BAT.

Furthermore, mice eating a high-fat diet have higher levels of fatty acids
and triglycerides in serum compared to chow (Glastras et al., 2016). Since
fatty acids have a direct effect on UCP1 in isolated mitochondria from BAT,
(Shabalina et al., 2008), the higher amount of fatty acids per se in the serum
could contribute to a low activation of BAT. However, this is not confirmed
in vivo.

In Paper I oxygen consumption was measured and UCP1 protein was de-
termined, in parallel. A clear correlation was seen between amount of UCP1
and 4 weeks of HFD feeding, especially at eating time (7—12 pm) (Figure
12E). It has been shown that most of the food is consumed during the first
period of the night, starting one hour before lights off (Mukherji et al., 2015;
Tempel et al., 1989; Tsai et al., 2013), which also coincides with the largest
energy expenditure (Tsai et al., 2013). Thus, it is reasonable to assume that
the higher energy expenditure in HFD-fed wild-type mice occurring mainly
between 7 pm to midnight is eating-dependent and furthermore UCP1-
dependent. This diet- and UCP1-dependent higher energy expenditure can
thus be termed facultative diet-induced thermogenesis.

One objection could be that the UCP1-ablated mice had lower food intake
(Paper I), which could explain the lower energy expenditure due to decreased
demand for obligatory DIT in the UCP1-ablated. However, even though the
wild-type mice did eat 17 % more than the UCP1-ablated mice (50.7 kJ/day
versus 42.0 kJ/day, p = 0.007) in the metabolic chambers, the difference in
energy cost of handling the ingested food (obligatory DIT) would not be
large. Based on calculations using different thermic effect of macronutrients®
yields 4.0 kJ/day for wild-type mice and 3.3 kJ/day for UCP1-ablated to di-
gest the food eaten. A difference of 0.7 kJ/day extra in expenditure would be
difficult to detect when measuring oxygen consumption. To estimate energy
expenditure from oxygen consumption and respiratory exchange ratio (RER),
the Weir equation can be used, yielding a difference of 4.2 kJ in daily energy

6 fat (2.5 %), carbohydrates (7.5 %) and protein (25 %) respectively (Food and Nutrition
Board, 2005), together with the composition of the HFD would yield 8.7 % thermic effect of
measured food intake.
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expenditure between HFD fed wild-type and UCP1-knockout mice’. This is a
higher value than the calculated difference in obligatory DIT (0.7 kJ/day)
between the genotypes when HFD-fed. Thus, most of the extra oxygen that
the wild-type mice consume is not due to slightly higher demand for obliga-
tory digestion.

Furthermore, the difference in body fat gain in Paper I is 3.5 grams in 4
weeks between the two HFD-fed genotypes, which equals 130 kJ (3.5 x 37
kJ/g fat). Dividing this number with 28 days yields 4.6 kJ/day in body fat
gain for the UCP1-ablated. It fits remarkably well (assuming this difference
was the same for the whole period of 4 weeks, which we do not know, alt-
hough it seems likely). Wild-type mice expend 4.2 kJ (whereof 0.7 kJ is for
digesting the extra food) more per day and the UCP1-ablated mice gain 4.6
kJ more body fat per day. This thus explains the higher metabolic efficiency
in the UCP1-ablated mice. The facultative DIT can furthermore be estimated
to be around 10 %.*

Taken together, the data from Papers I, III and Figure 12 indicate that
HFD feeding is associated with UCP1 recruitment. This rather clear recruit-
ment of UCP1 from HFD is likely to result in a low activation or slight in-
crease in sympathetic tone, which explains the higher energy expenditure
(=10% termed facultative diet-induced thermogenesis) giving partial obesity
protection.

7(16.3 J/ml x ml/min O, used) + (4.6 J/ml x ml/min O, used x RER) (Weir, 1949), yielding
J/min (or energy per some chosen time unit). In theory the RER for the high-fat diet is 0.84
calculated by using %carbohydrates + %protein + %lipids in the high-fat diet and an RER of
1, 0.85 and 0.7 respectively (Livesey and Elia, 1988). Taking the total oxygen consumption for
24 hours day and using the Weir equation would yield a difference of 5 kJ in daily energy
expenditure (37 kJ for WT and 32 for KO, p = 0.007).

8 By taking the calculated higher energy expenditure of 4.2 kJ/day minus obligatory DIT of
0.7, which is about 3.5 kJ/day, and dividing it by total energy expenditure of 37 KJ/day for
wildtype.
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Figure 12. UCP1 correlates with body fat, leptin and oxygen consumption. A: Mice
from Paper Il fed chow and three types of high-fat diets. B: Mice from Paper | fed
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circles), Oxygen consumption at eating time correlates with total UCP1 (Paper ).

6.2.5 UCP1 in outbred NMRI mice

The previous figures (Figure 7 to 12) have concerned male C57BL/6 (B6)
mice at thermoneutrality. B6 mice are inbred and obesity-prone and have
been shown to be sensitive to UCP1 deficiency (i.e. gaining excess of lipids).
To broaden the picture a bit, I have also studied outbred NMRI mice. We
constructed a UCP1-ablated NMRI stock by breeding the wild-type with
UCP1-ablated mice on an FVB-background. Thus, we got a first generation
of heterozygotes (UCP1+/-) and by breeding these mice for several genera-
tions we obtained 3 genotypes: UCP1+/+, UCP1+/- and UCP1-/-. To keep

62



the stock outbred, new mates were obtained from outside (Scanbur, Europe)
and bred in some of the generations. By doing this, we obtained a unique
(semi)outbred stock of UCP1-ablated mice, which thus more resembles hu-
mans (as we are outbred) in having larger variability. Since the goal of using
outbred stocks is to maintain maximum heterozygosity to minimize systemat-
ic genetic change (Chia et al., 2005), the stock is also less amenable to show
differences when effects are low. Furthermore, the NMRI stock is not obesity
prone, which could also mean that the presence or not of UCP1 would not
have as large an effect as in B6. Nonetheless, | monitored about 200 mice
from 19 litters, males and females, the 3 genotypes, a few on chow and most
on HFD (Table 3).

Table 3. The NMRI study.

Wildtype (WT), UCP1+/+: 22 males 15 females
Heterozygot (HZ), UCP1+/-: 37 males 36 females
Knockout (KO), UCP1-/-: 42 males 30 females

81 female (23.3—-44.8 g, mean 30.1 g)
122 male (29.1-46.8 g, mean 37.8 g)
19 litters

NMRI mice, being outbred, show larger variation than for instance B6, which
is obvious looking at the starting weights (Table 3). However, in terms of
body weight gain, the NMRI do not gain as much weight as the obesity prone
B6 strain (Figure 13AB). Sometimes the mean values can be somewhat
meaningless, due to high variation, and the metabolic efficiency did not show
any significant difference between the groups (Figure 13C). However, plot-
ting the individual values reveal an interesting, larger dispersion in males
(Figure 13D). This is also the case for the females, but here the “high-
gainers” were very few (Figure 13EF). Grouping all males and females for
only wild-type and UCP1-ablated mice showed no significant differences
between groups, but a small group of outliers gaining larger amounts than the
others in the UCP1-ablated group was evident (Figure 13G).

Altogether, wild-type and heterozygotes show the same effect, and UCP1-
ablated mice did not differ very much, but had some individuals being more
susceptible to obesity. Despite monitoring about 200 mice, the number could
still be too few in each group, due to the large variation, which is expected,
since the mice are outbred. However, there is a risk of masking a real effect.
Furthermore, there was a larger difference between litters than between geno-
types in that only a few litters contained the “high-gainers”.

Nonetheless, there seems to be a small group of more obesity-prone indi-
viduals in the UCP1-ablated group, an issue that would be interesting to in-
vestigated further. Since the NMRI are more different from each other and in
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that sense a little more like humans, it cannot be excluded that there is a
small UCP1-negative group of individuals, which are more obesity-prone.
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Figure 13. NMRI mice from Table 3. WT=UCP1+/+; HZ=UCP1+/-; KO=UCP1-/-.

6.2.6 UCP1-dependent metabolic efficiency

So far, [ have concluded that in B6, UCP1 has a significant effect on body
weight in that the UCP1-ablated mice had significantly higher metabolic
efficiency than the wild-type mice (Paper 1, Figures 6 to 11). Furthermore,
UCP1 protein amount in wild-type mice correlates to body fat and HFD-fed
mice have higher energy expenditure. In addition, there is a possible disad-
vantage even in the outbred NMRI stock for some individuals not possessing
UCP1. To draw some conclusions even further on the advantages of having
UCPI1 or not, I will also include a few other cohorts, including the 129sv
strain (inbred, obesity resistant).

The 129sv mice are only from one study and, as discussed before, even an
inbred strain can vary to a large degree, but I wanted to include as many
mice, genders and strains as possible. The overview in Figure 14A shows
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firstly that chow-fed mice as expected, have lower metabolic efficiency than
HFD-fed mice. Secondly, C57B1/6 mice (obesity-prone) as a group have the
highest metabolic efficiency. Thirdly, female mice and UCP1-ablated mice
(both males and females) show the largest variation. Also, 129sv mice, con-
sidered obesity-resistant, do actually eat much less and thus the metabolic
efficiency is high anyway, at least in males and UCP1-ablated females.

Compiling all mice eating HFD (males, females, strains) in a wild-type
(n=126) group and in an UCP1-ablated (n=132) group demonstrated that
UCP1-ablated mice are significantly more efficient in storing ingested energy
as body mass (Figure 14BC).

On average, UCP1-ablated mice gain almost 1 gram more body weight
per ingested mega joule food (although, as discussed before, we cannot know
the exact food energy, but all these mice at least ate the same diet) for 4
weeks (Figure 14C). Even though a higher rate gain of body fat does not last
for ever, this higher gain might be rather large over time, as seen in the
chow-fed 40-week old UCP1-ablated mice in Figure 11E.

So, back to the question, does UCP1 protect the mice from obesity? Yes,
at least for a good fraction of the population.
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Figure 14. Wild-type versus UCP1-ablated mice — the outcome. Mice from Paper |
and lll, Table 2 plus from some unpublished studies (von Essen) compiled showing
grams of body mass per ingested food energy. BC: wild-type, n=126; UCP1-ablated,
n=132. Significans indicated as * when p<0.5 in wild-type versus UCP1-ablated.
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7. Concluding remarks

The large capacity of brown adipose tissue (BAT) to expend energy as heat
makes it as an interesting player in weight regulation and other metabolic
conditions. Cold is the strongest recruiter and activator of BAT, illustrated in
Paper II with 50-fold higher UCP1 levels in cold-acclimated versus warm-
acclimated. Cold is also obviously accompanied by higher energy expendi-
ture (Paper 1V), thus protecting against weight gain (Paper II). However, also
food and/or high amount of body fat at thermoneutrality had to a low but
nonetheless significant recruitment and activation of UCP1 (Paper I, I1I).

It is somehow strange that we (and mice) do not fully compensate in-
creased energy demand with increased food intake and subsequent weight
gain. The “low-gainer groups” included in this thesis did not eat more to gain
as much as the “high-gainer groups”: the wild-type versus UCP1-ablated
mice (Paper I) or the cold-exposed versus the warm-exposed (Paper II), or
the medium-chain fatty acid fed versus the long-chain fatty acid fed (Paper
III). Increasing the energy expenditure to even a small extent (long-term
though) in any way (e.g. by physical activity or cold) is not fully compen-
sated by increased food intake. It is not fully known why mice (and humans)
reduce food intake less than they reduce energy expenditure at thermoneu-
trality, resulting in increased adiposity (Xiao et al., 2015). This is one reason
why increased energy expenditure is desirable and why BAT is interesting
(to increase energy expenditure without physical movement and cold and to
thus permit higher food intake).

There is a clear effect of possessing UCP1 in low amounts at thermoneu-
trality, in that both UCP1-positive mice ( et al., 2009; Rowland et al., 2016;
Paper 1) and UCP1/BAT-positive humans (Cypess et al., 2009; Saito et al.,
2009; van Marken Lichtenbelt et al., 2009; Zingaretti et al., 2009) have lower
body weight. There is also a clear indication that just having high levels of
UCPI1 protein does not in itself protect against obesity at all (Paper II). Re-
cruitment is one side of the story and activation is the other. To have the ben-
eficial effects from UCP1 (increased energy expenditure) both need to be
present.
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Figure 15. A summary of the degree of recruitment and activation of UCP1 (or degree
of sympathetic tone) discussed in the Papers in present thesis. Details are discussed
in the main text.

Figure 15 is an attempt to discuss some of the scenarios involved in Pa-
pers I-11 (1.¢. UCPI) and to summarize the present thesis. The two main
states of thermogenic outcome are the degree of recruitment and the degree
of sympathetic tone (i.e. activation of UCP1) (Cannon and Nedergaard,
2004). Noteworthy is also that the discussion in this thesis is mainly the ef-
fects of diet (and temperature) on BAT activity. It is also of course possible
to achieve thermogenesis by chemical uncouplers or targeting expression of
UCPI1 by pharmacological stimuli in BAT and even in other tissues (Ost et
al., 2017), but this will not be discussed here.

Scenario A resembles when both states are basicallv absent or very low as
in thermoneutrality and in chow-feeding (e.g. Paper |, Figure 7). Further-
more, white adipose tissue (WAT) is not associated with thermogenesis, nor
obviously are UCP I-ablated mice (e.g. low energy expenditure for UCP1-
ablated mice in Paper ). All these parameters are therefore placed under the
dotted line in Figure 15, which means very low or no recruitment, nor activa-
tion of UCPI (= very low svmpathetic tone). The strongest inducer of ther-
mogenesis is cold as in Paper 11, which takes the mice to Scenario B (or
chronic cold-induced thermogenesis, CIT). Only cold and only hrown adi-
pose tissue (BAT) are involved in the highest amount of thermogenesis or the
strongest browning (= high svmpathetic tone). A lower amount of browning,
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Scenario C, can be obtained by high-fat diet (or high amount of body fat’),
which then can be termed diet-induced thermogenesis (DIT). Furthermore, it
is facultative since this does not happen in UCP1-ablated mice. Browning
can also occur in certain WAT depots, which by cold (and only by cold) be-
come more thermogenic, then referred to as beige/brite or inducible WAT.

It is important to distinguish between absolute level of thermogenesis and
relatively high increases in thermogenesis. This is nicely described in Kali-
novich et al. (2017), where the degree of browning from UCP1 depends on
what the starting point is. Transferring mice from 20 °C to 4 °C (a common
experimental procedure to study thermogenic capacity) showed a low relative
increase in BAT (due to already recruited state at room temperature), but a
high relative increase in brite. In contrast, when transferring mice from 30 °C
to 20 °C (a possibly more relevant step for humans) showed a high relative
increase of UCP1 in BAT but no increase in brite (Kalinovich et al., 2017).
Nonetheless, in absolute values, the levels of UCP1 in brite/beige are much
lower compared to BAT no matter the degree of recruitment.

In Paper 11, the highly cold-recruited mice were moved to the warm and
the thermogenic activity immediately disappeared and the mice turned obese
(despite functional UCP1, Paper II, CL-injection), which is of course ex-
pected since there is no need for thermogenesis. This resembles Scenario D
and is an acute effect of the temperature decrease. What was a little surpris-
ing was that the thermogenic outcome seems to go below DIT (Scenario C).
The cold-acclimated mice increased body fat gain to an even higher extent
than the warm-acclimated mice after transfer from the cold to the warm. One
could expect that the sympathetic tone would be the same as in the warm-
acclimated mice (a slight increase).

It is not exactly known what causes the adaptive thermogenesis or DIT
from HFD-feeding (first shown 1979 by Rothwell and Stock), but a clue was
when Feldmann et al. (2009) demonstrated that DIT was UCP1-dependent by
showing that UCP1-ablated mice had higher adiposity (Virtue and Vidal-
Puig, 2013). Furthermore, the relationship in terms of regulation between
cold-induced thermogenesis (CIT) and diet-induced thermogenesis (DIT) is
not totally clear either. It has been concluded in a human study that CIT and
DIT are probably differently regulated (Peterson et al., 2016). This might be
the case.

The nervous regulation of NE (by sympathetic nervous system, SNS) is
fast and very effective to regulate the amount of heat produced, which is
important because environmental temperature can change fast. On the other
hand, overeating and/or adiposity is a state that evolutionary did not have to
be regulated. Thus, it is possible that overfeeding results in a low increase in
sympathetic tone which happen to affect BAT if BAT happens to be present.

° It is not yet clarified whether UCP1 expression is mainly due to an obesogenic diet or a high
amount of body fat.
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Thus, in a fully recruited thermogenic state (Scenario B), it is crucial to be
able to turn off the activity, so that the mice do not get hyperthermic'’,
whereas the regulation and “fine tuning” of thermogenesis would not be as
important in Scenario C. In a very low thermogenic state, it could be that the
regulation is somehow “sloppy” because there is no need for turning it on or
off. It is possible that the low recruitment and activity is secondary to the
slight increase in sympathetic tone associated with high-fat feeding.

The little discrepancy between a mildly increased sympathetic tone (as in
HFD-feeding) and the totally shut down of thermogenesis (where both condi-
tions actually do not need heat production) is indicated as a red arrow in Fig-
ure 15 and is thus the UCP1-dependent diet-induced-thermogenesis.

The first question addressed in the present thesis was: what is the BAT-
dependent (i.e. UCP1) contribution to energy expenditure depending on diet.
This issue has been questioned (Kozak, 2010; Maxwell et al., 1987), since it
does not seem logical in an evolutionary perspective to have a mechanism to
increase energy expenditure. However, as discussed above, this could just be
a side effect from obesogenic food, resulting in a very low (but still in a long-
term perspective) significant increase of sympathetic tone. HFD-feeding
leads to increased levels of UCP1 (Paper I and III), accompanied of higher
energy expenditure at eating time (Paper I). This can be considered faculta-
tive (due to UCP1) diet-induced (due to high-fat diet) thermogenesis. Fur-
thermore, why have higher amounts of UCP1 protein, if it is not used? Thus,
this facultative diet-induced thermogenesis is UCP1-dependent. Noteworthy,
this slight increase of sympathetic tone is also most desirable when eating an
obesogenic diet, as we do.

And secondly: Can this UCP1-dependent diet-induced thermogenesis pro-
tect against obesity even at thermoneutrality. Since the effect of diet on BAT
is low, it is of importance to control the temperature and keep thermoneu-
trality. Furthermore, other confounding factors to keep in mind are differ-
ences in actual energy and compositions of food and also cohort differences.
However, when controlling all mentioned parameters and giving the mice the
same obesogenic diet, the presence of UCP1 or not, had a larger effect on
metabolic efficiency than did strain and sex (Figure 14A). This confirms the
presence of UCP1-dependent diet-induced thermogenesis.

Thus, the conclusion must be that possessing UCP1 does result in obesity
protection, even at thermoneutrality, at least for a good portion of a popula-
tion.

1 Actually, this was painfully evident when we injected the cold-acclimated mice with CL 316
243 (a B3-agonist) after transfer to 30 °C, and most of them died within 24 hours. It is thus
extremely important to instantly be able to totally shut down the activation when not needed to
avoid hyperthermia.

69



Svensk sammanfattning

Metabola sjukdomar som fetma och typ 2 diabetes har 6kat markant de
senaste 30 aren. Aktivt brunt fett har visat sig kunna ha en positive inverkan
pa dessa tillstdind. Eftersom det visat sig att &ven vuxna personer har brunt
fett, har intresset for fysiologin och regleringen av brunt fett 6kat, framst for
dess potential att reducera vikt. Det bruna fettet har som funktion att produc-
era virme till skillnad fran det vita fettet som lagrar fett. Proteinet UCP1
(uncoupling protein 1) som gor detta sitter i mitokondriernas innermembran
och frankopplar andningskedjan fran ATP produktion, vilket resulterar i
viarme produktion. Detta dr viktigt for att halla virmen vid kalla tempera-
turer, men det har dven visat sig att fettande mat kan ge en viss 6kning av
brunt fett.

I denna avhandling har jag studerat matens inverkan pa det bruna fettet
och dess paverkan pa fetma i mdss. Framst har tre parametrar studerats: mat-
intag, energiomséttning och huruvida nérvaro eller franvaro av UCP1
paverkar mossens vikt. Detta kan géras genom att jamfora vildtyps-moss
med moss diar man tagit bort genen for UCP1 (UCP1-knockout). Eftersom
bruna fettets funktion &r att producera varme &r det mer aktivt i kyla, darfor
maste studier utforas i termoneutral zon (den temperature dir djuret inte
behover 6ka sin energiomséttning for att hélla varmen).

Béde mitning av energi i mat och métning av energiférbrukning innebér
vissa svarigheter som ocksa diskuteras i avhandlingen. For att underlitta
tolkningen av resultaten har jag sammanstéllt manga olika studier och bara
jamfort moss (vildtyp och UCP1-knockout) i termoneutral temperatur och
vid samma alder som fatt exakt samma mat. Sammanstéllningen och artiklar-
na i denna avhandling visar att vildtypsméssen har lite hogre ener-
giomsittning och att de har lagre vikt &n UCP1-knockout mossen. Detta dr
med stor sannolikhet kopplat till ndrvaron av brunt fett, samt att detta bruna
fett dr lite aktiverat. Dock slas aktiveringen omedelbart av om kyl-anpassade
moss tas in i virme.

En slutsats fran denna avhandling &r att dven ett sa lite aktiverat brunt fett
kan ha betydelse for vikten, men att det ocksa ar viktigt att ha konstant ak-
tivering for att upprétthalla de positive effekterna av det bruna fettet.
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