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ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS

ABSTRACT

Brown adipose tissue (BAT) combusts high amounts of fatty acids into heat, thereby
lowering plasma triglyceride levels and reducing obesity. However, the precise role
of BAT in plasma cholesterol metabolism and atherosclerosis development remains
unclear. Here we show that BAT activation by the R3-adrenergic receptor agonist
CL316243 in dyslipidemic APOE*3-Leiden.CETP mice, a well-established model for
human-like lipoprotein metabolism, increases energy expenditure, lowers body fat
and plasma triglyceride levels, and attenuates plasma cholesterol levels and the
development of atherosclerosis. Mechanistically, we show that BAT activation
enhanced the selective uptake of fatty acids from glycerol tri[3H]oleate-labeled
VLDL-like emulsion particles into BAT. Importantly, the cholesterol and atherosclerosis
lowering effects of BAT activation were dependent on a functional hepatic apoE-LDLR
clearance pathway, as BAT activation in Apoe”/- and Ldlr/- mice, while lowering
triglyceride levels, did not attenuate hypercholesterolemia and atherosclerosis.
We demonstrate that activation of BAT is a powerful therapeutic tool to improve
dyslipidemia and protect from atherosclerosis.
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INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality in the
Western world, and are mainly caused by atherosclerosis for which dyslipidemia is a main
risk factor. As current treatment strategies of atherogenic dyslipidemia prevent only 30% of
all cardiovascular events (1), novel treatment strategies are highly warranted.

Brown adipose tissue (BAT) is a highly active metabolic tissue being present and active
in adults (2,3). Brown adipocytes are mainly present in fat pads, but also lie scattered in
certain white adipose tissue (WAT) depots. The development of these so-called peripheral,
inducible brown adipocytes or ‘beige cells’can be stimulated by prolonged cold exposure or
pharmacological adrenergic stimulation, a process called ‘browning’ (4,5). Both brown and
beige adipocytes are characterized by a large number of mitochondria and numerous small
lipid droplets and both cell types are functionally thermogenic (6). Physiologically, BAT is
activated by cold exposure via sympathetic neurons that release noradrenalin (7). The
noradrenalin-stimulated activation of brown adipocytes can be pharmacologically mimicked
by selective R3-adrenergic receptor (83-AR) treatment (8,9). Activation of the 83-AR rapidly
induces intracellular lipolysis of TG from lipid droplets, releasing fatty acids (FA). FA are
directed towards mitochondria where they either allosterically activate the uncoupling
protein-1 (UCP1) in the inner membrane of the mitochondrion (10), or undergo oxidation.
The intracellular TG stores of the brown adipocyte are replenished mainly by uptake of FA
derived from TG-rich lipoproteins in the plasma (11).

The magnitude of the plasma TG clearance capacity of BAT became clear only recently.
We showed that activation of BAT in mice via cold or metformin potently reduces plasma TG
levels and obesity (12,13). Therefore, activation of BAT is now considered a promising new
therapeutic avenue to combat hypertriglyceridemia and obesity (14,15). However, increased
turnover of plasma lipoproteins may also lead to adverse side effects when pro-atherogenic
cholesterol-rich remnants that arise from TG turnover accumulate in plasma. In that vein,
BAT activation by cold exposure has been described to aggravate hypercholesterolemia and
atherosclerosis development in Apoe~-and LdIr- mice (16). We reasoned that the enhanced
clearance of plasma TG upon BAT activation requires efficient clearance of cholesterol-
enriched lipoprotein remnants by the liver, a pathway that is considered to be crucially
dependent on a functional apoE-LDLR axis. Here, we investigate the effects of $3-AR-mediated
BAT activation on cholesterol metabolism and atherosclerosis development in APOE*3-
Leiden.CETP (E3L.CETP), a well-established model for human-like lipoprotein metabolism
that unlike Apoe+-and Ldlr/- mice responds well to the lipid-lowering and anti-atherogenic
effects of statins, fibrates and niacin (17-19).

We show that pharmacological activation of BAT in E3L.CETP mice enhances lipolytic
conversion of TG-rich lipoproteins in BAT, resulting in a pronounced reduction in plasma
cholesterol and TG levels and ultimately marked attenuation of atherosclerosis development.
In addition, we show that Apoe7-and Ldlr"- mice do not respond to the plasma cholesterol-
lowering activity of BAT and are not protected from atherosclerosis development, under-
lining the importance of the apoE-LDLR axis for the anti-atherogenic potential of BAT.
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ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS

RESULTS

Activation of BAT augments fatty acid combustion and uptake under atherogenic conditions
We first assessed the effect of BAT activation on energy expenditure and lipid storage in
E3L.CETP mice fed an atherogenic Western-type diet (WTD) for 10 weeks while treated
with the selective 83-AR agonist CL316243 (3x 20 pg/mouse/week; subcutaneous) or vehicle
(PBS). B3-AR agonism tended to reduce body mass (up to -8%; P=0.05; FIGURE 1A) and
markedly reduced total fat mass gain (up to -81%; P<0.001; FIGURE 1B), without affecting lean
mass (FIGURE 1€). Accordingly, in the 83-AR agonist-treated mice the weight of the individual
WAT pads was lower (ranging from -25 to -52%; P<0.05; FIGURE S1A), and the lipid droplets
within white adipocytes were smaller (-48%; P<0.001; FIGURES S1B-C).

The B3-AR-mediated reduction in body fat gain was likely the consequence of increased
adaptive thermogenesis as energy expenditure was markedly increased on the day of treat-
ment (+17%; P<0.001; FIGURE 1D) without differences in activity levels (FIGURE 1E) or food intake
(not shown). The increase in energy expenditure was confined to an increased fat oxidation
(+67%; P<0.007; FIGURE IF) rather than carbohydrate oxidation (FIGURE 1G), and consequently,
3-AR agonism reduced the respiratory exchange ratio (-3.5%; P<0.001; FIGURE 1H). The enhanced
energy expenditure was accompanied by a marked activation of interscapular BAT (iBAT) as
evidenced by reduced intracellular lipid vacuole size in iBAT (-87%; P<0.05; FIGURES S2A-B),
reduced BAT pads weight (approx. -25%; FIGURE S1A), and increased expression of UCP1 (+43%;
P<0.01; FIGURES S2€-D). In addition, 83-AR agonism increased browning of WAT (FIGURES S3A-B).
BAT activation markedly reduced plasma TG levels throughout the treatment period (-54%;
P<0.0071; FIGURE 2A), caused by a reduction in VLDL-TG (FIGURE 2B). To confirm that this reduction
was caused by enhanced uptake of TG-derived FA by BAT, we determined the effect of BAT
activation on the serum decay and organ uptake of glycerol tri[3H]oleate (triolein, TO)-labeled
VLDL-mimicking emulsion particles (20). Indeed, B3-AR agonism markedly accelerated the
serum clearance of [3H]TO (FIGURE 2¢; t/2= 1.7+0.2 vs. 3.6+0.8 min; P<0.05) by selectively
increasing the uptake of [3H]TO-derived activity by the various BAT depots (approx. +120%;
P<0.05; FIGURE 2D). Interestingly, the uptake of [3H]oleate by WAT fat depots was also
increased (approx. +120%; P<0.01), indicating enhanced uptake by beige adipocytes within
WAT. Taken together, these data show that also under atherogenic conditions 83-AR agonism
activates BAT E3L.CETP mice, resulting in increased uptake and combustion of VLDL-TG-
derived FA and a consequent decrease in plasma TG levels.

Activation of BAT reduces cholesterol-rich remnant lipoproteins levels

Since disturbed cholesterol metabolism rather than disturbed triglyceride metabolism is
the main determinant for atherosclerosis development (21), we next investigated the effect
of BAT activation on cholesterol metabolism in E3L.CETP mice. BAT activation consistently
reduced plasma total cholesterol (TC) levels throughout the treatment period (approx.-23%;
P<0.05; FIGURE 2E) which was due to a reduction of plasma (V)LDL-cholesterol ((V)LDL-C)
levels (approx. -27%; P<0.05; FIGURE 2F). Lipoprotein fractionation using fast performance
liquid chromatography (FPLC) confirmed the improved cholesterol profile (FIGURE 2G).
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FIGURE 1 - 3-AR agonism reduces body fat mass and increases energy expenditure. Western-type diet-fed
E3L.CETP mice were treated with the B3-AR agonist CL316243 or vehicle and body weight I, gain of total body
fat mass Bl and lean mass B were determined at the indicated time points. During the ninth week of treat-
ment, mice were housed in fully automated metabolic cages and energy expenditure B, physical activity &,
fat oxidation B and carbohydrate oxidation B were determined. In addition, respiratory exchange ratio was
determined Bl Data are shown as the first 12 hours directly after the injection with CL316243 or vehicle (‘Day
of treatment’) and the same 12-hours period 24 hours later (‘Day after treatment’).

Values are means + S.E.M. (n=13-19 per group). **P<0.01, ***P<0.001
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ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS
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FIGURE 2 - Activation of BAT improves both TG and cholesterol metabolism. Western-type diet-fed £3L.CETP
mice were treated with the R3-AR agonist CL316243 or vehicle and fasting plasma TG levels BN were measured
at the indicated time points. The distribution of TG over lipoproteins was determined after 10 weeks of
treatment on pooled plasma samples per group B. CL316243- and vehicle-treated mice were injected with
[3H]TO-labeled VLDL-like emulsion particles and clearance from plasma B and organ and tissue uptake
15 min after injection Bl were determined. Fasting plasma total cholesterol B and (V)LDL-cholesterol ((V)LDL-C;
@) were assessed at the indicated times during the study. The distribution of total cholesterol over lipoproteins
was determined after 10 weeks of treatment on pooled plasma samples per group [

Values are means + S.E.M. (n=13-19 per group). *P<0.05, **P<0.01, ***P<0.001
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ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS

FIGURE 3 - Activation of BAT reduces atherosclerotic lesion development and severity via improving the
plasma cholesterol profile. Slides of the valve area of the aortic root of 33-AR agonist CL316243- and vehicle-
treated E3L.CETP mice were stained with hematoxylin-phloxine-saffron and representative pictures are shown
X Lesion area as a function of distance was determined in four consecutive sections per mouse starting from
the appearance of open aortic valve leaflets Bl The mean atherosclerotic lesion area was determined from the
four cross sections from Bl and lesions were categorized according to lesion severity B). The smooth muscle
cellE collagen A and macrophage [ content of the lesions were determined and the stability index (collagen/
macrophage content of the lesions; EJ) was calculated. The square root (SQRT) of the atherosclerotic lesion area
from B was plotted against the plasma total TG Il total cholesterol Il and (V)LDL-cholesterol ((V)LDL-C; K)
exposure during the 10 week treatment period. Linear regression analyses were performed.

Values are means + S.E.M. (n=13-19 per group). *P<0.05, **P<0.01

Activation of BAT reduces atherosclerosis development by improving the plasma cholesterol
profile

Next, we studied whether the decreased (V)LDL levels were accompanied by reduced athero-
sclerosis development.To this end, we determined atherosclerotic lesion area as well as severity
and composition of the lesions in the root of the aortic arch after 10 weeks of BAT activation.
Indeed, sustained BAT activation by 83-AR agonism markedly reduced atherosclerotic lesion
area throughout the aortic root (FIGURES 3A-B), resulting in 43% lower mean atherosclerotic
lesion area (FIGURE 3€). BAT activation clearly reduced the severity of the lesions, as indicated by
more mild lesions (i.e. type I-lll; +64%; P<0.05) and less severe lesions (ie. type IV-V; -66%;
P<0.05) (FIGURE 3D) without significantly affecting atherosclerotic lesion composition (ie.
collagen, vascular smooth muscle cell and macrophage content of the lesions; FIGURES 3E-G) or
the lesion stability index (i.e. ratio collagen/macrophage area; FIGURE 3H).

To evaluate the contribution of TG versus TC lowering to the reduction in atherosclerosis,
univariate regression analyses were performed.To linearize data for analysis, the atheroscle-
rotic lesion area was square root (SORT)-transformed (19) and plotted against the exposure
(i.e. AUC of plasma lipid for the complete treatment period) of TG, and TC. The SORT of the
lesion area did not correlate with plasma TG exposure (8=0.028; R2=0.086; P=0.10; FIGURE 3l),
but did correlate with plasma TC exposure (8=0.054; R2=0.333; P<0.001; FIGURE 3J). Additional
univariate regression analyses showed that the (V)LDL-C exposure specifically predicts the
SORT of the lesion area (8=0.055; R2=0.358; P<0.007; FIGURE 3K). These analyses thus strongly
indicate that a reduction in plasma (V)LDL-C is the main contributor to the anti-atherogenic
effect of 83-AR-mediated activation of BAT.

The anti-atherogenic potential of BAT activation crucially depends on functional hepatic
lipoprotein clearance

As BAT activation by cold in Apoe~* and Ldlr/- mice has been described to aggravate atheroscle-
rosis development (16), we evaluated the role of apoE, the main clearance ligand for TG-rich
lipoprotein remnants, in the (V)LDL-C-reducing effect of BAT activation. In order to control
for increases in food intake as described in these mouse models during cold adaption (16),
as well as to match dietary cholesterol intake we studied the effect of 83-AR-mediated
BAT activation in WTD-pair-fed Apoe- mice. Similar as in E3L.CETP mice, activation of BAT
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reduced body weight, WAT pad size and plasma TG levels (FIGURES 4A and S4A-C). However,
activation of BAT did neither reduce plasma TC and (V)LDL-C levels (FIGURES 4B and $4D) nor
did it reduce atherosclerosis development (FIGURES 4c-D) or alter plaque composition (data
not shown) in Apoe”~ mice. Accordingly, the SORT of the lesion area did not correlate with
either total plasma TG exposure or plasma TC exposure during the study (FIGURES 4E-F).

As the (V)LDL-C-reducing effect of BAT activation thus crucially depends on apoE-mediated
clearance, we next investigated the role of the LDLR, the main hepatic clearance receptor
for apoE-containing lipoprotein remnants. Similar as in E3L.CETP mice, activation of BAT

FIGURE 4 - Activation of BAT in Apoe” and
LdIr”- mice reduces plasma TG, but not TC
and atherosclerosis. Western-type diet-fed
Apoe”" mice were treated with the R3-AR
agonist CL316243 or vehicle and fasting
plasma TG Bl and total cholesterol B levels
were measured at the indicated time points.
Slides of the valve area of the aortic root of
CL316243- or vehicle-treated Apoe”” mice
were stained with hematoxylin-phloxine-
saffron (HPS) and representative pictures
are shown B Mean atherosclerotic lesion
area was determined from four consecutive
cross sections per mouse starting from the
appearance of open aortic valve leaflets B
The square root (SORT) of the atherosclerotic
lesion area from D in Apoe”” mice was plot-
ted against the plasma total TG Bl and total
cholesterol Il exposure during the 12-week
treatment period. Linear regression analyses
were performed.

176

Plasma triglycerides (mg/dl) H

(um)

SORT of lesion area

Apoe'/'

2504
* *kk
2004 — -
1504

1004

v
o
1

04
6 12
Time of treatment (weeks)

Vehicle

B CL316243

Plasma total cholesterol (mg/dl) ﬂ

Atherosclezrotic lesion area
(x10% pm?/cross section)

(pm)

SORT of lesion area

1500-
1000 )
1.4 ‘90
i T o
500+ o° R?=0.002
£=0.008
P=0.84
0

Plasma TG exposure
(mg/dI*weeks)

0 1000 2000 3000 4000

3000 1 [ Vehicle
EE (1316243
2000 1
1000
04
6 12

Time of treatment (weeks)

80~

60 -

40 -

201

Vehicle  CL316243

15004 O Vehicle

® (1316243
°
1000+ °
s
°
o
5001 ° R2_0.036
£=0.010
P=0.42

0 T T T
0 1000 2000 3000

Plasma TC exposure
(mg/dI*weeks)



ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS

reduced body weight, WAT pad size and plasma TG levels in WTD-pair-fed Ldlr* mice (FIGURES
4G and s5A-C). However, activation of BAT in Ld/r+ mice did neither reduce plasma TC and (V)
LDL-C levels (FIGURES 4H and s5D), nor reduce atherosclerosis development (FIGURES 4l-J) or
alter plague composition (data not shown), nor did the SORT of the lesion area correlate
with the total plasma TG and TC exposure during the study (FIGURES 4K-L). Taken together,
these findings indicate that activation of BAT reduces plasma (V)LDL-C and subsequently
reduces atherosclerosis development through enhanced LDLR-mediated hepatic clearance
of apoE-containing lipoprotein remnants.
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Western-type diet-fed LdIr’" mice were
treated with the 83-AR agonist CL316243 or
vehicle and fasting plasma TG [ and total
cholesterol Bl levels were measured at the
indicated time points. Slides of the valve area
of the aortic root of CL316243- or vehicle-
treated Ldlr”" mice were stained with HPS
and representative pictures are shown Il
Mean atherosclerotic lesion area was deter-
mined from four consecutive cross sections
per mouse starting from the appearance of
open aortic valve leaflets Il The square root
(SORT) of the atherosclerotic lesion area
from Jin Ldlr” mice was plotted against the
plasma total TG B and total cholesterol Il
exposure during the 12-week treatment
period. Linear regression analyses were
performed.

Values are means + S.E.M. (n=8-11 per group or pool). *P<0.05,
**P<0.01, ***P<0.001
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DISCUSSION

Since its rediscovery in human adults in 2009 (2,3,22), BAT has been considered a promising
therapeutic target for obesity and associated metabolic disorders. The anti-obesity potential
of BAT has been irrefutably proven in murine studies (23,24) and shown in human studies
(2,25,26). However, the effect of BAT activation on cholesterol metabolism and atherosclerosis
development remained controversial if not elusive. The present study demonstrates that
activation of BAT potently improves plasma cholesterol metabolism via a mechanism
involving local lipolysis of TG-rich lipoproteins in BAT followed by increased clearance of
apoE-containing lipoprotein remnants via the LDLR pathway. As a result, BAT activation
reduces atherosclerotic lesion size and severity.

We observed that BAT activation decreased atherosclerosis development in E3L.CETP
mice that possess a functional apoE-LDLR clearance pathway, but not in Apoe~” and Ldlr’
mice, both of which have an abrogated apoE-LDLR clearance pathway. This indicates that a
crucial event in the anti-atherogenic property of BAT is the concomitant ability of the liver to
clear apoE-enriched lipoprotein remnants, generated by BAT-mediated lipolysis of TG-rich
lipoproteins, via the LDLR. E3L.CETP mice express a naturally occurring mutant form of
human apoE3 that slows down remnant clearance, but does not abrogate the interaction
with the LDLR (27). This results in an attenuated hepatic remnant clearance that is sufficient
to induce dyslipidemia and atherosclerosis when feeding a WTD, but, importantly, the
hepatic remnant clearance route is still functional and can be modulated. Accordingly,
E3L.CETP mice respond to cholesterol-lowering drugs such as statins (18), fibrates (17) and
niacin (19) in a similar manner as humans, whereas Apoe7- and Ldlr"- mice do not. According
to this view, it is not surprising that Dong et al. (16) recently observed that BAT activation by
cold in Apoe~ and Ldlr+- mice actually increased plasma (V)LDL-C levels and atherosclerosis.
Likely, in these hyperlipidemic mouse models prolonged BAT activation results in lipoprotein
remnant levels in plasma exceeding the hepatic clearance capacity.

Our work sets the foundation for future studies that may investigate the anti-atherogenic
potential of BAT in humans. As the discovery that functional BAT is present and active in
human adults was made only in the last decade (2,3), recent studies have focused on the
physiological relevance of BAT for humans. That BAT is likely involved in energy metabolism
and obesity development in humans appeared from studies that showed that BAT activity is
inversely correlated to obesity (28) and that cold acclimation recruits BAT (29) and lowers fat
mass (26). In addition, South Asians, who have a high susceptibility to metabolic disorders,
have decreased energy expenditure associated with decreased BAT volume and activity (30).
Importantly, BAT activation by means of cold acclimation also improved cholesterol meta-
bolism in human patients with hypercholesterolemia (31), underscoring the potential of
BAT activation as an anti-atherogenic treatment in humans. Future prospective studies are
evidently needed to verify the anti-atherogenic properties of BAT activation in human subjects.

Though the £3-AR is abundantly present on rodent BAT, it is still uncertain whether this
isoform also controls BAT activity in humans. Although differentiated brown adipocytes
from human multipotent adipose-derived stem cells could be activated by the 83-AR agonist
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ACTIVATION OF BAT REDUCES ATHEROSCLEROSIS

CL316243 (32), treatment of humans with 3-AR agonists showed no or only minor improve-
ment of metabolic parameters (33,34). This may be due to low bioavailability of the agonist
or low 33-AR expression in human BAT, as plasma concentration of the agonist and reduction
in fat mass and resting metabolic rate were in fact positively correlated. Alternatively, the
1-AR and/or 82-AR may be involved in human BAT function, as blockade of these receptors
by propranolol decreased '8F-fluorodeoxyglucose uptake by BAT as visualized by PET-CT
scans (35), though the thermogenic responses remain unaffected (36). Collectively, this
may suggest that '8F-fluorodeoxyglucose uptake is regulated by R1- or 2-ARs, whereas
mitochondrial uncoupling itself is regulated by [33-ARs. Future studies should thus be directed
at investigating the precise role of 8-ARs in human BAT function.

The long-term objective of this work is to set out novel therapeutic targets to activate
BAT beyond -AR stimulation. Promising targets include the cannabinoid 1 receptor (CB1R)
on BAT (Boon and Rensen, unpublished), irisin (37) and the fibroblast growth factor FGF21(37),
which massively activate BAT and induce browning in mice, and lowers plasma cholesterol
in both mice and humans (37-39).

In conclusion, our data demonstrate that activation of BAT lowers plasma cholesterol
levels and protects against atherosclerosis development, a scenario that is dependent on
the apoE-LDLR clearance pathway for lipoprotein remnants. Future research should focus
on elucidating whether BAT activation is a valuable strategy to combat obesity and athero-
sclerosis in humans. We expect that BAT activation, resulting in accelerated generation of
lipoprotein remnants, should preferentially be combined with strategies that increase
hepatic LDLR expression, including statins and/or PCSKg blockers, fully unraveling the thera-
peutic potential of BAT for atherosclerosis prevention and treatment.

EXPERIMENTAL PROCEDURES

Animals, diet and B3-AR agonist treatment

Female E3L were crossbred with mice expressing human cholesteryl ester transfer protein
(CETP) under control of its natural flanking regions to generate heterozygous E3L.CETP mice
(18). Female E3L.CETP mice were 10-12 weeks of age and housed under standard conditions
with a 12-hours light/dark cycle, free access to food and water and 22°C room temperature.
Mice were fed a Western-type diet (WTD) supplemented with 0.1% cholesterol and treated
with the B3-AR agonist CL316243 (Tocris Bioscience Bristol, United Kingdom; 3x 20 pg/
mouse/week; subcutaneous) or vehicle (PBS). Food intake and body weight as well as total
body fat and lean mass by Echo-MRI were monitored during the studies. Male Apoe~~ and
Ldlr7- mice (Jackson Laboratory, Bar Harbor, ME) were fed a WTD supplemented with 0.2%
cholesterol with or without CL316243 (0.001% w/w). As CL316243 treatment of Apoe~
and LdIr/- mice increased food intake, these mice were pair-fed to their respective controls
after onset of effect. All animal experiments were approved by the Institutional Ethics
Committees on Animal Care and Experimentation.

179




Indirect calorimetry

Indirect calorimetry was performed in fully automatic metabolic cages (LabMaster System,
TSE Systems, Bad Homburg, Germany) during the ninth week of treatment. After 1 day
of acclimatization, O2 consumption, CO> production and caloric intake were measured for
3 consecutive days. Carbohydrate and fat oxidation rates were calculated from O2 consumption
and CO: production as described previously (40). Total energy expenditure (EE) was calcu-
lated from the sum of carbohydrate and fat oxidation. Physical activity was monitored using
infrared sensor frames. The first 12 h directly after injection with CL316243 or vehicle (‘Day
of treatment’) were analysed and compared to the same 12-h period 24 h later (‘Day after
treatment’).

In vivo serum decay and organ uptake of VLDL-like emulsion particles

VLDL-like TG-rich emulsion particles (8o nm) labeled with glycerol tri[3H]-oleate (triolein, TO)
were prepared and characterized as described previously (20). After 4 weeks of treatment
with the B3-AR agonist CL316243 mice were fasted for 4 h, and injected (t=0) via the tail vein
with the emulsion particles (1.0 mg TG/mouse in 200 pl PBS). Blood samples were taken
from the tail vein at 2, 5,10 and 15 min after injection to determine the serum decay of [3H]
TO. Plasma volumes were calculated as 0.04706 x body weight (g) as described (41). After
15 min, mice were sacrificed by cervical dislocation and perfused with ice-cold heparin solution
(01% v/v in PBS) via the heart to remove blood from the organs and tissues. Subsequently,
organs and tissues were isolated, dissolved overnight at 56°C in Tissue Solubilizer (Amersham
Biosciences, Rosendaal, The Netherlands), and quantified for 3H-activity. Uptake of [3H]
TO-derived radioactivity by the organs and tissues was expressed per gram wet tissue
weight.

Plasma parameters and lipoprotein profiles

Blood was collected from the tail vein of 4-h fasted mice into EDTA- (E3L.CETP) or lithium-
heparin-coated tubes (Apoe~~ and LdIr/- mice). Tubes were placed on ice, centrifuged, and
plasma was isolated and assayed for TG and TC using commercially available enzymatic kits
from Roche Diagnostics (Mannheim, Germany). Plasma HDL-C levels were determined by
precipitating apoB-containing lipoproteins from plasma by addition of 20% polyethylene
glycol (PEG) in 200 mM glycine buffer with pH 10, and TC was measured in the supernatant
as described above. Plasma (V)LDL-C levels were calculated by extraction of HDL-C from TC
levels. The distribution of triglycerides and cholesterol over lipoproteins was determined in
pooled plasma by fast performance liquid chromatography on a Superose 6 column (GE
Healthcare, Piscataway, NJ).

Sacrification and Histology of BAT and WAT

At the end of the study mice were anesthetized by intraperitoneal injection of acepromazine
(6.25 mg/kg; Alfasan, Woerden, The Netherlands), midazolam (0.25 mg/kg; Roche, Mijdrecht,
The Netherlands) and fentanyl (0.31 mg/kg; Janssen-Cilag, Tilburg, The Netherlands), bled
and killed by cervical dislocation or transcardial blood withdrawal. The blood circulation was
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perfused with ice-cold heparin solution (0.1% v/v in PBS) and organs and tissues were
weighed and collected for further analyses. Epididymal WAT and interscapular BAT were
removed and fixated in phosphate-buffered 4% formaldehyde and embedded in paraffin.
Hematoxylin-eosin (HE) staining was performed using standard protocols. Intracellular lipid
droplet size in WAT and percentage of lipid-droplet-positive area in BAT were quantified
using Image J software (version 1.47).

For UCP1 staining, 5 um sections were deparafinnated in xylene, rehydrated in ethanol
and treated with 3% H.0. (Sigma-Aldrich, Zwijndrecht, The Netherlands) in absolute methanol
for 30 min to block endogenous peroxidase activity. Sections were immersed in citrate buffer
(1o mM, pH 6) and boiled for 10 min. Slides were blocked with 1.3% normal goat serum (in
PBS) and incubated overnight at 4°C with rabbit monoclonal anti-UCP1 antibody (Abcam,
Cambridge, United Kingdom; 1:400 in 1.3% normal goat serum). Subsequently, sections were
incubated for 60 min with biotinylated goat a-rabbit secondary antibody (Vector Labs,
Burlingame, CA) diluted in 1.3% normal goat serum. Immunostaining was amplified using
Vector Laboratories Elite ABC kit (Vector Labs) and the immunoperoxidase complex was
visulalized with Nova Red (Vector Labs). Counterstaining was performed with Mayer’s
hematoxylin (1:4). Expression of UCP1was quantified using Image J software (version 1.47).

Atherosclerosis quantification

Hearts were collected and fixated in phosphate-buffered 4% formaldehyde, embedded in
paraffin and perpendicular to the axis of the aorta cross-sectioned (5 pm) throughout
the aortic root area starting from the appearance of open aortic valve leaflets. Per mouse
4 sections with 5o pm intervals were used for atherosclerosis measurements. Sections
were stained with hematoxylin-phloxine-saffron for histological analysis. Lesions were
categorized for lesion severity according to the guidelines of the American Heart Association
adapted for mice (42). Various types of lesions were discerned: mild lesions (types 1-3) and
severe lesions (types 4-5). Lesion area was determined using Image J Software (version 1.47).
Lesion composition with respect to smooth muscle cell and collagen content was deter-
mined as described previously (42). Rat monoclonal anti-MAC-3 antibody (BD Pharmingen,
San Diego, CA) was used to quantify macrophage area. The stability index was calculated by
dividing the collagen by the macrophage area.

Statistical analyses

Statistical analyses were assessed using the unpaired two-tailed Student’s t-test. Univariate
regression analyses were performed to test for significant correlations between atherosclerotic
lesion area and plasma lipid exposures during the study. Multiple regression analysis was
performed to predict the contribution of plasma TG and TC exposures during the study
to the atherosclerotic lesion area. The square root (SORT) of the lesion area was taken to
linearize the relationship with the plasma lipid exposures. Data are presented as mean
+S.E.M, unless indicated otherwise. A probability level (P) of 0.05 was considered significant.
SPSS 20.0 for Windows (SPSS, Chicago, IL) was used for statistical analyses.
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SUPPLEMENTARY APPENDIX
A
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FIGURE S1 - B3-AR agonism reduces adiposity and lipid droplet size in white adipose tissue. £3L.CETP mice
were fed a Western-type diet and treated with the 83-AR agonist CL316243 or vehicle for 10 weeks. After
sacrification at week 10, the weight of various organs was determined I} Epididymal white adipose tissue
(epiWAT) was stained with hematoxylin-eosin (HE) and representative pictures are shown B Lipid droplet
size of white adipocytes was determined using Image J software Bl visWAT, visceral WAT; scWAT, subcutaneous
WAT; intBAT, interscapular brown adipose tissue; subBAT, subscapular BAT; PVAT, perivascular adipose tissue.

Values are means + S.E.M. (panel A-B: n=13-19 per group; panel D: n=8 per group). *P<0.05, **P<0.01, ***P<0.001.
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FIGURE S2 - R3-AR agonism markedly increases brown adipose tissue activity. £3L.CETP mice were fed a
Western-type diet and treated with vehicle or the 83-AR agonist CL316243 during 10 weeks. Interscapular BAT
was stained with HE and representative pictures are shown . Lipid droplet-positive area was quantified
using Image J software Bl In addition, representative pictures are shown of UCP1-stained interscapular BAT
I The UCP1 expression was quantified using Image J software E1

Values are means + S.E.M. (panel B: n=3 per group; panel D: n=7-8 per group). *P<0.05, **P<0.01.
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FIGURE S3 - 83-AR agonism increases browning of white adipose tissue. £3..CETP mice were fed a Western-
type diet and treated with vehicle or the 83-AR agonist CL316243 for 10 weeks. Epidydimal WAT was stained
with HE B and for UCP1IBE and representative pictures are shown.
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FIGURE S4 - BAT activation in Apoe”” mice reduces fat mass and plasma triglycerides, but not total cholesterol.
Apoe”” mice were fed a Western-type diet and treated with vehicle or the B3-AR agonist CL316243, pair-fed to
the vehicle-treated group, during 12 weeks. Body weight was determined after 6 and 12 weeks of treatment Il
Organ weight was determined after sacrification at week 12 B The distribution of triglycerides Il and
cholesterol Bl over lipoproteins was determined at week 12 in fasted plasma samples that were pooled per group.

Values are means + S.E.M. (n=9-10 per group). *P<0.05, ***P<0.001.
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FIGURE S5 - BAT activation in Ldlr’" mice reduces fat mass and plasma triglycerides, but not total cholesterol.
Ldlr” mice were fed a Western-type diet and treated with vehicle or the B3-AR agonist CL316243, pair-fed to
the vehicle-treated group, during 12 weeks. Body weight was determined after 6 and 12 weeks of treatment
BX. Organ weight was determined after sacrification at week 12 Bl The distribution of triglycerides I and
cholesterol Bl over lipoproteins was determined at week 12 in fasted plasma samples that were pooled per group.

Values are means + S.E.M. (n=8-11 per group). **P<0.01, ***P<0.001.




