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PERIPHERAL CB1R BLOCKADE ACTIVATES BROWN FAT

ABSTRACT

The endocannabinoid system is an important player in energy metabolism by regu-
lating appetite, lipolysis and energy expenditure. Chronic blockade of the cannabinoid
1 receptor (CB1R) leads to long-term maintained weight loss and reduction of dyslipi-
demia in experimental and human obesity. The molecular mechanism by which CB1R
blockade reverses dyslipidemia in obesity has not been clarified yet. In this study, we
show that systemic CB1R blockade by rimonabant in a diet-induced obese mouse
model for human-like lipoprotein metabolism reversed obesity, increased energy
expenditure and lowered plasma VLDL-triglycerides (TG). Mechanistic studies showed
that rimonabant selectively increased VLDL-TG clearance by brown adipose tissue
(BAT) accompanied by decreased lipid droplet size in BAT. Of note, the mechanism
involved peripheral activation of BAT since the effects were still present at thermo-
neutral temperature at which sympathetic output towards BAT is negligible and
could be fully recapitulated by using the strictly peripheral CB1R antagonist AM6545.
In support, we demonstrate that the CB1R is highly expressed in BAT and that in vitro
blockade of the CB1R in cultured brown adipocytes increased UCP-1 content and
lipolysis. Our data indicate that selective targeting of the peripheral CB1R in BAT has
therapeutic potential in attenuating dyslipidemia and obesity.
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INTRODUCTION

The endocannabinoid system regulates a broad range of physiological functions (1) and
consists of G-protein coupled cannabinoid receptors, its endogenous lipid ligands (endocanna-
binoids) and the enzymes involved in the biosynthesis and degradation of endocanna-
binoids (2,3). The cannabinoid type 1 receptor (CB1R) is expressed at high levels in the brain
but also at functionally relevant concentrations in various peripheral tissues (1). In contrast,
the cannabinoid type 2 receptor is mainly expressed on immune cells (4). CB1R knockout
mice display reduced adiposity and are resistant to diet-induced obesity (5). Moreover, over-
weight and obese humans exhibit an overactive endocannabinoid system (6,7), suggesting
a role of the endocannabinoid system in energy metabolism.

Chronic systemic blockade of the CB1R with the inverse agonist rimonabant leads to
long-term maintained weight loss and reduction of dyslipidemia in obese rodents (8,9) and
humans (10-13). Rimonabant was considered one of the most promising therapeutic drugs
to treat obesity, until the appearance of central psychiatric side effects resulted in its removal
from the market in 2008. Nevertheless, several lines of evidence indicate that the effect of
CB1R blockade is not restricted to a central mode of action, especially since the CB1R has
been shown to be present in peripheral tissues including the liver (14), skeletal muscle (15)
and adipocytes (16). More specifically, Tam et al (17) recently showed that the strictly peripheral
CB1R antagonist AM6545 induced weight loss and diminished hepatic steatosis in a mouse
model. Thus, it seems plausible that psychiatric side effects can be avoided by strict peripheral
blockade of the CB1R, while retaining the beneficial anti-obesity and lipid-lowering effects.

Despite clear evidence that pharmacological CB1R antagonism improves dyslipidemia,
the exact mechanisms and the peripheral tissues involved have not yet been elucidated.
Recently, brown adipose tissue (BAT) emerged as an important player in triglyceride (TG)
clearance (18). In contrast to white adipose tissue (WAT), which stores excess TG as fat, BAT
dissipates energy into heat, a process mediated by the mitochondrial uncoupling protein-1
(UCP-1) (19). The best known trigger for activation of BAT is cold, which increases sympa-
thetic outflow from the hypothalamic temperature centre towards BAT, leading to release of
noradrenalin and increased thermogenesis (19). Metabolically active BAT stores exist in adult
humans (20-22), and BAT volume and activity are lower in obese subjects (22). In addition,
BAT volume and activity are lower in South Asians, a population prone to develop type 2
diabetes mellitus and cardiovascular disease (23). Together, these findings have increased
interest in the therapeutic potential of BAT to combat obesity and related disorders, such as
dyslipidemia.

In this study, we aimed at elucidating the molecular mechanism by which CB1R blockade
attenuates dyslipidemia in diet-induced obesity by using a mouse model for human-like
lipoprotein metabolism.
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MATERIALS AND METHODS

Animals and diet

Homozygous human cholesteryl ester transfer protein (CETP) transgenic mice were crossbred
with hemizygous APOE*3-Leiden (E3L) mice at our Institutional Animal Facility to obtain E3L.
CETP mice, as previously described (24). We chose to perform our studies in this specific
mouse model, since these mice are a well-established model for human-like lipoprotein
metabolism and respond to lipid-lowering pharmacological interventions (24-26). In all the
studies described below, 10 week-old E3L.CETP male mice were housed under standard
conditions in conventional cages in a 12:12 h light: dark cycle with ad libitum access to food
and water, and were fed a high-fat diet (HFD; Research diets, New Brunswick, USA, 60% lard
fat) for 12 weeks to induce obesity. From the 7th week onwards, the drinking water was
supplied with 10% fructose. All mouse experiments were performed in accordance with the
Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals
and have received approval from the Departmental Ethical Review Board (Leiden University
Medical Center, Leiden, The Netherlands).

Pharmacological intervention

After 12 weeks of HFD, diet-induced obese (DIO) mice were randomised according to
their body weight and plasma total cholesterol (TC) and triglyceride (TG) levels into four
groups. Subsequently, mice were housed at either 21°C (subthermoneutral) or 28°C (thermo-
neutral), and received 60% HFD with or without 10 mg/kg body weight/day (0.00885%,
w/w) rimonabant (Axon Medchem, Groningen, the Netherlands) or AM6545 (Sigma-Aldrich,
St. Louis, USA) for 4 weeks.

Body weight and food intake

In all experiments, mice were housed individually during the 4 week treatment period. Food
intake was recorded daily by weighing the food that was left in the cage or was recorded
automatically in metabolic cages (see below). Body weight was measured twice a week.

Indirect calorimetry and physical activity

Indirect calorimetry was performed in fully automatic metabolic cages (LabMaster System,
TSE Systems, Bad Homburg, Germany) during the fourth week of treatment. After 20 h
acclimatization, oxygen uptake (V' Oz), carbon dioxide production (V' CO.) and caloric intake
were measured for 5 consecutive days. Carbohydrate (CHO) and fat oxidation rates were
calculated from V' 02 and V' CO2 as described previously (27). Total energy expenditure (EE)
was calculated from V" O2 and V' CO2 using the Weir equation (28). Physical activity was
measured using infrared sensor frames.

Dual-energy X-ray absorptiometry (DEXA) scan

After 4 weeks treatment, body composition was measured by DEXA using the Norland
pDEXA Sabre X-ray Bone Densitometer. Mice were anaesthetized intraperitoneally with a

127




combination of 6.25 mg/kg acepromazine (Alfasan), 6.25 mg/kg midazolam (Roche) and
0.31 mg/kg fentanyl (Janssen-Cilag). The total body of the mice was scanned, yet the heads
were excluded from the analyses.

Plasma parameters

Blood was collected from the tail vein of 4-6 hour fasted mice into chilled capillaries
that were coated with paraoxon (Sigma, St. Louis, MO) to prevent ongoing lipolysis (29).
Capillaries were placed on ice and centrifuged, and plasma was assayed for TG, TC, and
phospholipids (PL) using commercially available enzymatic kits from Roche Diagnostics
(Mannheim, Germany for TG and TC) and Instruchemie (Delfzijl, the Netherlands for PL). Free
fatty acids (FFA) were measured using NEFA C kit from Wako Diagnostics (Instruchemie,
Delfzijl, The Netherlands).

Lipoprotein profiles

To determine lipid distribution over plasma lipoproteins, pooled plasma was used for fast
performance liquid chromatography (FPLC). Plasma was injected onto a Superose 6 column
(AKTA System, Amersham Pharmacia Biotech, Piscataway, NJ) and eluted at a constant flow
rate of 50 pL/min with PBS pH 7.4.TG and TC were measured as described above in collected
fractions of 50 pL.

In vivo clearance of labeled 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 (30).To study the in vivo clearance
of the VLDL-like particles, mice were fasted for 4 h and injected (t = o) via the tail vein with
200 plL of emulsion particles (1.0 mg TG per mouse). Blood samples were taken from the tail
vein at 2,10, 20 and 30 min after injection to determine the serum decay of [3H]TO. Plasma
volumes were calculated as 0.04706 x body weight (g) as determined from 125|-BSA
clearance studies as described previously (31). After taking the last blood sample, mice were
cervically dislocated and perfused with ice-cold PBS via the heart to remove blood from
the organs. Subsequently, the liver, heart, spleen, hindlimb muscle, gonadal WAT (gWAT),
subcutaneous WAT (sWAT) and brown adipose tissue (BAT) were collected. Organs were
dissolved overnight at 60°C in Tissue Solubilizer (Amersham Biosciences, Rosendaal, The
Netherlands), and 3H activity was quantified. Uptake of [3H]TO-derived radioactivity by the
organs was expressed per gram wet tissue weight.

In vivo hepatic VLDL-TG and VLDL-apoB production

To measure VLDL production in vivo, mice were fasted for 4 h and anesthetized by intra-
peritoneal injection of 6.25 mg/kg acepromazine (Alfasan), 6.25 mg/kg midazolam (Roche)
and 0.31 mg/kg fentanyl (Janssen-Cilag). Mice were injected intravenously with Tran[355]
label (150 pCi/mouse) (MP Biomedicals, Eindhoven, The Netherlands) to label newly
produced apolipoprotein B (apoB). After 30 min, at t=0 min, Triton WR-1339 (Sigma-Aldrich)
was injected intravenously (0.5 mg/g body weight, 10% solution in PBS) to block serum
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VLDL-TG clearance. Blood samples were drawn before (t = 0) and at 15, 30, 60, and 9o min
after injection of Triton WR-1339 and used for determination of plasma TG concentration as
described above. After go min, mice were exsanguinated via the retro-orbital plexus. VLDL
was isolated from serum after density gradient ultracentrifugation at d<1.006 g/mL by
aspiration (32) and examined for incorporated 35S-activity.

RNA isolation and qRT-PCR analysis

Total RNA was isolated with the Nucleospin® RNA Il Kit (Macherey-Nagel) according to the
manufacturer’s instructions. 1 pug of total RNA was reverse-transcribed with iScript cDNA
synthesis kit (Bio-Rad), and the obtained cDNA was purified with Nucleospin Extract Il kit
(Macherey-Nagel). Real-time PCR was carried out on the 105 PCR machine (Bio-Rad) using
the Sensimix SYBR Green RT-PCR mix (Quantace). Melt curve analysis was included to assure
a single PCR product was formed. Expression levels were normalized using glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), S2-microglobulin and 36b4 as housekeeping genes.
Primer sequences are listed in TABLE 1.

Histology

Interscapular BAT, liver and sWAT were removed and fixed directly in 4% paraformaldehyde,
dehydrated and embedded in paraffin. For UCP-1 staining in BAT, sections (5 pm) were
dewaxed in xylene, rehydrated in ethanol and treated with 3% H.O. (Sigma) in absolute
methanol for 30 min. Next, sections were immersed in 10 mmol/L citrate buffer (pH 6.0),
boiled for 10 min and cooled down at room temperature. Slides were blocked during 60 min
with normal goat serum (1:75 in PBS) and incubated overnight at 4°C with rabbit monoclonal
anti-UCP-1 antibodies (Abcam) diluted 1:400 in normal goat serum (1:75). Next, sections

TABLE 1 - List of primer sequences for RT-PCR

Gene Forward primer Reverse primer

36b4 GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG
Acc2 AGATGGCCGATCAGTACGTC GGGGACCTAGGAAAGCAATC
Acsh TGCCAGAGCTGATTGACATTC GGCATACCAGAAGGTGGTGAG
Atgl ACAGTGTCCCCATTCTCAGG TTGGTTCAGTAGGCCATTCC
f82-microglobulin TGACCGGCTTGTATGCTATC CAGTGTGAGCCAGGATATAG
Cd36 GCAAAGAACAGCAGCAAAATC CAGTGAAGGCTCAAAGATGG
Fasn GCGCTCCTCGCTTGTCGTCT TAGAGCCCAGCCTTCCATCTCCTG
Hsl AGACACCAGCCAACGGATAC ATCACCCTCGAAGAACAGCA

Lpl CCCTAAGGACCCCTGAAGAC GGCCCGATACAACCAGTCTA
Pgcia TGCTAGCGGTTCTCACAGAG AGTGCTAAGACCGCTGCATT
Prdm16 ACTTTGGATGGGAGCAGATG CTCCAGGCTCGATGTCCTTA

Scd1 GCGATACACTCTGGTGCTCA CCCAGGGAAACCAGGATATT
Ucpr TCAGGATTGGCCTCTACGAC TGCATTCTGACCTTCACGAC
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were incubated for 60 min with biotinylated goat a-rabbit secondary antibodies (Vector
Labs) diluted 1:600 in normal goat serum (1:75). Immunostaining was amplified using Vector
Laboratories Elite ABC kit (Vector Labs) and the immunoperoxidase complex was visualized
with Nova Red (Vector Labs). Counterstaining was performed with Mayer’s hematoxylin
(1:4). Haematoxylin and Eosin stainings of liver and sWAT sections were done using standard
protocols. Intracellular lipid content in BAT was quantified by use of ImageJ (version 1.47).

Liver lipid extraction

Lipids were extracted from livers consistent with a modified protocol from Bligh and Dyer
(33). Small liver samples (approx. 50 mg) were homogenized in 10 pL of ice-cold methanol
per mg tissue. Lipids were extracted into an organic phase by adding 1800 L of CH30H:
CHCl3 (31, vol/vol) to 45 pL of homogenate and subsequent centrifugation. The lower, organic
phase was dried and suspended in 2% Triton X-100. Hepatic TG and TC concentrations were
measured using commercial kits, as explained (see: Plasma parameters). Liver lipids were
expressed per milligram of protein, which was determined using the BCA protein assay kit
(Thermo Scientific, Rockford, IL, USA).

In vitro experiments with brown adipocytes

The murine brown preadipocyte cell line T37i (34) was cultured in HAM'S-F12 medium
(Gibco-Invitrogen) supplemented with 10% fetal calf serum, 2 mM HEPES, 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco-Invitrogen). For experiments, T37i cells were seeded in
6-wells plates and grown towards confluence. Two days after reaching confluence, cells
were differentiated using normal culture medium supplemented with 2 nM triiodothyronine
(T3) (Sigma) and 112 ng/mL bovine insulin (Sigma). The differentiation medium was replaced
every 2 or 3 days. After g days of differentiation, cells were stimulated for 8 h with rimonabant
(Axon Medchem) at 0.1 pM or 1 uM or with vehicle (DMSO). Then, 500 pL of supernatant was
collected and snap-frozen in liquid nitrogen. Cells were washed twice with ice-cold PBS and
cells were harvested in ice-cold lysis buffer as described below.

Protein isolation and Western Blot

T37i cells or snap-frozen tissue samples were lysed in ice-cold buffer containing 50 mM
Hepes (pH 7.6), 50 mM NaF, 50 mM KCl, 5 mM NaPPi,1 mM EDTA, 1 mM EGTA,1 mM DTT, 5 mM
B-glycerophosphate,1 mM sodium vanadate, 1% NP40 and protease inhibitors using cocktail
tablets (Roche). Homogenates were centrifuged at 13,000 rpm for 15 min at 4°C and the
protein content of the supernatant was determined using the BCA Protein Assay Kit from
Thermo Scientific. Proteins (20 pg) were separated by 10% SDS-PAGE followed by transfer
to a polyvinylidene fluoride transfer membrane (Merck, Amsterdam, The Netherlands).
Membranes were blocked for 1 h at room temperature in Tris-buffered saline tween-20 buffer
with 5% non-fat dry milk followed by an overnight incubation with specific primary
antibodies. Primary antibodies specific for cannabinoid type 1 receptor (CB1R), E2-F, AMPK,
P-AMPK, ACC, P-ACC and tubulin were purchased from Cell Signaling (Leiden, The Nether-
lands). A primary antibody specific for uncoupling protein 1 (UCP1) was purchased from
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Sigma-Aldrich. All antibodies were diluted 1:1000. Blots were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room temperature. Bands were
visualized with SuperSignal West Pico Chemiluminescent Substrate (Pierce) and quantified
using ImageJ (version 1.47).

Statistical analysis

All data are expressed as mean + SEM. Statistical analysis using the unpaired two-tailed
Student’s test was performed with the SPSS 20.0 software package for Windows (SPSS,
Chicago, United States) to determine differences between vehicle- and compound-treated
groups. A P-value < 0.05 was considered statistically significant.

RESULTS

Systemic CB1R blockade by rimonabant in DIO mice reduces obesity and dyslipidemia and
increases energy expenditure. To investigate the effect of systemic CB1R blockade on body
composition and energy balance, E3L.CETP transgenic mice were fed a HFD for 12 weeks to
render them obese (mean body weight: 53.2 + 0.9 g) and treated with rimonabant or vehicle
for 4 weeks. Rimonabant elicited a profound decrease in body mass (-25%, P<0.001; FIGURE
1A) which was not due to a decrease in lean mass but rather to a massive decrease in fat
mass (-32%, P<0.001; FIGURE 1B). Rimonabant decreased caloric intake transiently (i.e. until
day 6) (FIGURE 1¢), in accordance with previous observations (35, 36), while it persistently
induced weight loss throughout the treatment period (i.e. 4 weeks). Furthermore, rimona-
bant markedly diminished plasma TG levels (-59%, P<o.05) and TC levels (-40%, P<0.01)
(FIGURE 1D), which is in line with previous human studies (10-12). Rimonabant tended to
reduce plasma phospholipid (PL) levels (-31%, P=0.05) and had no effect on plasma free fatty
acid (FFA) levels. Lipoprotein profiling showed that the marked decrease in plasma TG mostly
resulted from a reduction in VLDL-TG (AUC -62%) (FIGURE 1E). The persistent reduction in
body weight despite the transient decrease in food intake following rimonabant treatment
suggests increased energy expenditure. Indeed, rimonabant increased substrate utilization
reflected by increased fat oxidation (+18%, P<0.05; FIGURE 1F), carbohydrate (CHO) oxidation
(+18%, P<0.05; FIGURE 1G), and consequently total energy expenditure (+17%, P<0.05; FIGURE
1H), as measured via indirect calorimetry, without increasing locomotor activity (FIGURE 11).

Systemic CB1R blockade by rimonabant attenuates dyslipidemia by activating brown adipose
tissue. Plasma VLDL-TG levels are determined by the balance between hepatic VLDL-TG
production and VLDL-TG clearance by lipoprotein lipase (LPL)-expressing peripheral organs.
Therefore, to gain insight into the mechanism by which systemic CB1R antagonism reduces
plasma VLDL-TG, we first assessed the effect of rimonabant on VLDL production. DIO mice
were treated with rimonabant or vehicle for 4 weeks and then sequentially injected with
Trans35S and Triton WR1339 resulting in linear accumulation of VLDL in which newly synthe-

131




Bl Fat mass
*kk
. 5 I J 50 [ Lean mass 8 . :
%n — O C?ntro
& 0 = 40 ® 6 -@- Rimonabant
< e o
S -5 2 30 =
2 £ E .
§° -10 g 20 3 3% ton- By AW
@ K ‘ ;

_§- 15 O C?ntrol 10
o -@- Rimonabant

-20¢ T T T T 0 T T T T

0 7 14 21 28 Control leonabant 7 14 21 28
Time (days) Time (days)

8- 3 Control 039 VLDL A IDL/LDL . HDL ,
Il Rimonabant y N ’ )
S 6+ =
B " Z o024 O Cfmtrol
s e =@~ Rimonabant
g 4 P=0.05 .
- ]
g S 0.1
s 24 * =
I~ S
. nl B
0 T T T 0.0 T A g
TG TC PL FFA 0 5 10 15 20 25
Fraction
o @ o |

Bl Rimonabant

0.015 0.020 _. 0.040 T 100
- x - * a £
9 e g * 3 g T
§E SE 0015 c 0.030 s
5§ 35 2 S 60
Ew 8 0010 ¥ 0.02 5
S o< = S 40
£3  0.005 53 ] =
© o (v R~ ‘_‘>~
& £ o0.005 = 0.010 S0
= S = 2
<
0.000 : 0.000 0.000 0 7

FIGURE 1 - Systemic CB1R blockade by rimonabant in DIO mice reduces obesity and dyslipidemia and
increases energy expenditure. Male E3L.CETP mice were fed a HFD for 12 weeks to induce DIO and were then
treated with rimonabant or vehicle for 4 weeks while housed at 21°C. Bl Body weight change (g) during the
treatment period. B Lean and fat mass (g) as measured via DEXA-scan after 4 weeks of treatment. [ Mean
daily food intake (g) during the treatment period. Bl Plasma triglyceride (TG), total cholesterol (TC), phospholipid
(PL), and free fatty acid (FFA) levels in 4-hour fasted mice after 4 weeks of treatment. B TG distribution over
lipoproteins after separation from pooled plasma (n=9) by FPLC. Il Fat oxidation, B carbohydrate (CHO)
oxidation, Elenergy expenditure (EE), and Ml activity levels as measured during 5 consecutive days in the fourth
week of treatment via fully automatic metabolic cages. IZll Measurements were corrected for lean mass.

Values are means + SEM (n=9) *P<0.05, **P<0.01, ***P<0.001 compared to the control group.
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sized apolipoproteins are radiolabeled. Rimonabant did not affect the time-dependent
accumulation of plasma TG following Triton injection (FIGURE 2A). Therefore, the VLDL-TG
production rate, as determined from the slope of the curve, was not significantly different.
In addition, the rate of VLDL-apoB production did not change (FIGURE 2B). In line with these
observations, hepatic expression of lipogenic genes such as fatty acid synthase (Fasn) and
stearoyl-CoA desaturase (Scd1) was unchanged (FIGURE 2¢). All together, these data demon-
strate that global CB1R antagonism does not diminish dyslipidemia by lowering hepatic
VLDL-TG production.

To investigate whether rimonabant increases VLDL-TG clearance, we determined the
kinetics of iv.injected [3H]TO-labeled TG-rich VLDL-like emulsion particles, which have been
previously shown to mimic the metabolic behavior of TG-rich lipoproteins (30), and studied
the plasma clearance and organ distribution of [3H]TO-derived fatty acids (FA) in mice
treated with rimonabant or vehicle for 4 weeks. Rimonabant accelerated clearance of [3H]TO
from plasma (tV2 =3.9 + 0.6 vs. 6.4 + 0.4 min, P<0.05) (FIGURE 2D), as explained by increased
uptake of [3H]TO-derived activity by energy-dissipating BAT (+53%, P<0.05; FIGURE 2E). Of
note, rimonabant decreased the uptake of [3H]TO by the energy-storing SWAT depot (-42%,
P<0.05).

To further investigate the molecular mechanism by which systemic CB1R blockade
increased FA uptake by BAT, the mRNA expression of genes involved in both BAT differentiation,
BAT activity, TG lipolysis and FA uptake were determined. Rimonabant did not affect expression
of genes involved in BAT differentiation (Pgcia, Prdm16) and intracellular lipolysis (Hsl, Atgl)
(data not shown). However, as shown in FIGURE 2F, rimonabant increased expression of
Lpl (+30%, P<0.05) and Cd36 (+24%, P<0.05) that drive extracellular VLDL-TG lipolysis and
subsequent uptake of FA by BAT (18). In addition, rimonabant increased expression of Ucpi,
which encodes the uncoupling protein that mediates thermogenesis (+49%, P<0.05).
Furthermore, histology showed a more intense immunohistochemical staining of UCP-1in
BAT (FIGURE 2G) as well as a decrease in intracellular lipid droplet size, reflected by a decrease
in relative lipid area (-39%, P<0.001; FIGURE 2H), both pointing to more active BAT (37). Thus,
these data provide strong evidence that systemic CB1R antagonism diminishes dyslipidemia
and increases energy expenditure, by promoting VLDL-TG uptake and subsequent combustion
by BAT.

Systemic CB1R blockade by rimonabant diminishes TG storage in WAT and liver. To investi-
gate whether the increased flux of TG towards BAT reduces (ectopic) TG accumulation, we
analyzed WAT and the liver in more detail. Indeed, from the VLDL-TG clearance experiment it
appeared that retention of [3H]TO-derived activity by the energy storing SWAT depot was
diminished after rimonabant treatment (-42%, P<0.05; FIGURE 2E). In line with this, the cell
size of white adipocytes was decreased in this depot as evident after H&E staining (SUPPL.
FIGURE 1A). In addition, rimonabant diminished expression of the lipogenic genes Fasn (-58%,
P<0.05) and Scd1 (-54%, P<0.05), while it increased expression of the lipolytic enzyme hormone
sensitive lipase (Hsl) (+126%, P<0.05) in WAT (SUPPL. FIGURE 1B), suggesting net FA efflux from
WAT. In liver, rimonabant markedly decreased liver weight (SUPPL. FIGURE 2A), which was
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FIGURE 2 - Systemic CB1R blockade by rimonabant in DIO mice attenuates dyslipidemia by activating brown
adipose tissue. Male E3L.CETP mice were fed a HFD for 12 weeks to induce DIO and were then treated with
rimonabant or vehicle for 4 weeks while housed at 21°C Bl After 4 weeks of treatment, 4-hour fasted mice were
injected intravenously with Tran[3°S] and TritonWR1339 and blood samples were drawn at the indicated time
points. TG concentrations were determined and plotted as the increase in plasma TG relative to t=o. & ApoB
production rate, as measured by counting 35S-activity in the VLDL fraction isolated after 9o min. Il Expression of
Fasn and Scd1 in liver as measured by qRT-PCR. Bl After 4 weeks of treatment, 4-hour fasted mice were injected
intravenously with [3H]TO-labeled VLDL-like emulsion particles, blood was collected at the indicated time points
and radioactivity was measured in plasma. Bl Uptake of [3H]TO-derived radioactivity by various organs was
determined, and expressed as percentage of the injected dose per gram wet tissue weight. Bl Expression of
Lpl, Cd36, and Ucp1 in BAT as measured by qRT-PCR. Bl Representative pictures of immunohistochemical UCP-1
stainings of BAT in vehicle (top) and rimonabant (bottom) treated mice. Pictures were taken at 100x magnifi-
cation (scale bar 100 um). Bl Percentual lipid content in BAT tissue sections as quantified by use of Image).

Values are means + SEM (n=9) and expression of genes was corrected for the housekeeping genes R2-microglobulin and 36b4. *P<0.05, ***P<0.001
compared to the control group.
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FIGURE 3 - The anti-obesity and lipid-lowering effects of systemic CB1R blockade by rimonabant in DIO mice
are not abrogated at thermoneutrality. Male E3L.CETP mice were fed a HFD for 12 weeks to induce DIO and
were then treated with rimonabant or vehicle for 4 weeks while housed at 28°C Il. Body weight change (g)
during the treatment period. Bl Lean and fat mass (g) as measured via DEXA-scan after 4 weeks of treatment.
Mean daily food intake (g) during the treatment period. B Plasma triglyceride (TG) levels in 4-hour fasted
mice after 4 weeks of treatment. BTG distribution over lipoproteins after separation from pooled plasma
(n=9 per group) by FPLC. Il Energy expenditure (EE) as measured during 5 consecutive days in the fourth
week of treatment via fully automatic metabolic cages, corrected for lean mass. G| Expression of Lpl, Cd36,
and Ucp1 in BAT as measured by qRT-PCR Bl Representative pictures of immunohistochemical UCP-1 stainings
of BAT in vehicle (left) and rimonabant (right) treated animals. Pictures were taken at 100x magnification
(scale bar100 pm).

Values are means + SEM (n=9) *P<0.05, ** P<0.01, ***P<0.001 compared to the control group.



accompanied by a reduction in liver TG content (-45%, P<0.01) (SUPPL. FIGURE 2B) and smaller
intracellular lipid vacuoles (SUPPL. FIGURE 2€). Furthermore, rimonabant caused a (likely
compensatory) downregulation of hepatic expression of genes involved in lipid oxidation,
such as acyl-CoA synthetase long-chain family member 1 (Acs/7) and acetyl-CoA carboxylase
2 (Acc2) (SUPPL. FIGURE 2D), while genes involved in lipogenesis were not affected (FIGURE 2¢).
Thus, these data suggest that systemic CB1R blockade reduces storage of TG in WAT and
liver, which may, at least in part, be a consequence of increased FA demand and flux towards
BAT.

The anti-obesity and lipid-lowering effects of systemic CB1R blockade by rimonabant are
not abrogated at thermoneutrality. BAT is densely innervated by the sympathetic nervous
system (SNS) (19). Therefore, one of the mechanisms by which systemic CB1R blockade may
lead to BAT activation could involve central CB1R blockade resulting in increased sympathetic
outflow towards BAT. To investigate whether rimonabant acts centrally by increasing sym-
pathetic nervous system (SNS) activation towards BAT, we next evaluated the effects of
rimonabant in DIO mice that were housed at thermoneutral temperature (28°C). At thermo-
neutrality, imonabant still markedly reduced obesity (FIGURE 3A-B) without affecting lean
mass. This was accompanied by a transient decrease in food intake (i.e. until day 6) (FIGURE 3¢).
Importantly, at thermoneutrality rimonabant still lowered plasma TG (-70%, P<0.05; FIGURE
3D), which was mainly due to a reduction in VLDL-TG (AUC -52%; FIGURE 3E). Furthermore,
rimonabant still increased whole-body fat and carbohydrate oxidation (SUPPL. FIGURE 3A-B),
resulting in increased total energy expenditure (+21%, P<0.05; FIGURE 3F), accompanied by
increased markers of BAT activation both on mRNA (FIGURE 3G) and histological levels (FIGURE
3H). Thus, these data suggest that the reduction in dyslipidemia, increase in energy expen-
diture and activation of BAT by systemic CB1R blockade occurs at least in part independent of
SNS activation of BAT.

In vitro CB1R blockade by rimonabant induces activation of brown adipocytes and stimula-
tion of AMPK phosphorylation. To explore the possibility that direct blockade of a CB1R in
BAT may be responsible for the anti-obesity and lipid-lowering effect induced by systemic
CB1R blockade, we first investigated whether the CB1R is expressed on BAT. Indeed, western
blots on protein from tissues derived from untreated mice showed that the CB1R is highly
expressed in BAT (FIGURE 4A), even when compared to the expression in hypothalamus
and liver. Furthermore, in vitro treatment of T37i brown adipocytes with rimonabant
dose-dependently increased glycerol release (FIGURE 4B), pointing to increased intracellular
lipolysis, and upregulated UCP-1 protein (FIGURE 4C). AMP-activated protein kinase (AMPK)
serves as an intracellular energy sensor and activation of AMPK by means of phosphory-
lation results in enhanced fatty acid and glucose oxidation in a variety of tissues (38). Of
note, CB1R blockade has been shown to increase AMPK phosphorylation in both liver cells
(39) and white adipocytes (40). In line with this, we found that in vitro treatment of cultured
T37i brown adipocytes with rimonabant induced AMPK phosphorylation (FIGURE 4D) as well as
phosphorylation of ACC (FIGURE 4E), the downstream effector of AMPK.
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Altogether, these data indicate that direct blockade of the CB1R on brown adipocytes
directly stimulates their activity with respect to intracellular lipolysis and UCP-1 protein
content, accompanied by enhanced phosphorylation of AMPK and ACC.

Strictly peripheral CB1R blockade by AM6545 reduces obesity and dyslipidemia and increases
energy expenditure in DIO mice. To investigate whether peripheral CB1R blockade is suffi-
cient to induce weight loss and reverse dyslipidemia in vivo, we treated DIO mice for four
weeks with vehicle or AM6545, a peripherally restricted CB1R antagonist that has been
previously shown not to elicit central side effects (17). AM6545 markedly reduced body
weight (-19%, P<0.001; FIGURE 5A) and fat mass (-23%, P<0.01; FIGURE 5B), without altering lean
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FIGURE 4 - Rimonabant directly stimulates BAT activity in T37i brown adipocytes in vitro. B} CB1R protein
expression was measured via western blot in BAT, hypothalamus and liver derived from diet-induced obese
E3L.CETP transgenic mice with elongation factor 2 (EF-2) as housekeeping protein. IEZ# T37i brown adipo-
cytes were treated with rimonabant (o, 0.1 or 1 uM) for 8 hours and B glycerol release was measured in the
supernatant, and protein content of (C) UCP-1, (D) p-AMPK/AMPK Il p-ACC/ACC and Il Pgc1a was measured
via western blot. Tubulin was used as housekeeping protein.

Values are means + SD (n=3) *P<0.05, ***P<0.001 compared to the control group.
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FIGURE 5 - Strictly peripheral CB1R blockade by AM6545 reduces obesity and dyslipidemia and increases
energy expenditure in DIO mice. Male E3L.CETP mice were fed a HFD for 12 weeks to induce DIO and were then
treated with AM6545 or vehicle for 4 weeks while housed at 21°C. Y Body weight change (g) during the
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daily food intake (g) during the treatment period. B Plasma triglyceride (TG) levels in 4-hour fasted mice after
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5 consecutive days in the fourth week of treatment via fully automatic metabolic cages, corrected for lean mass.
Values are means + SD (n=9) *P<0.05, ***P<0.001 compared to the control group.
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FIGURE 6 - Strictly peripheral CB1R blockade by AM6545 attenuates dyslipidemia in DIO mice by activating
brown adipose tissue. Male E3L.CETP mice were fed a HFD for 12 weeks to induce DIO and were then treated
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mass. AM6545 did not induce the initial transient decrease in food intake as seen with
rimonabant, although a slight decrease was evident later during the treatment period
(FIGURE 5C). However, total caloric intake was not affected. Furthermore, AM6545 substantially
decreased plasma TG levels (-49%, P<0.05; FIGURE 5D), which mostly resulted from a reduction
in VLDL-TG (AUC -73%; FIGURE 5E). In addition, AM6545 increased total energy expenditure
(FIGURE 5F), which was due to an increase in both fat and carbohydrate oxidation (FIGURE
5G-H). Thus, these data demonstrate that peripheral CB1R blockade is sufficient to diminish
obesity and dyslipidemia in DIO.

Strictly peripheral CB1R blockade by AM6545 attenuates dyslipidemia by activating brown
adipose tissue. To investigate whether peripheral CB1R blockade also diminished dyslipi-
demia by increasing FA uptake by BAT, we again assessed VLDL-TG production and clearance.
Just like rimonabant, AM6545 did not affect the production rates of VLDL-TG and VLDL-apoB
(FIGURE 6A-B) or hepatic expression of lipogenic genes (FIGURE 6C). Instead, AM6545 also
accelerated clearance of [3H]TO-labeled VLDL-like emulsion particles from plasma (FIGURE
6D), accompanied by a marked increase of 3H retention by BAT (+235%, P<0.01; FIGURE 6E), and
a decrease in 3H uptake by SWAT (-51%, P<0.01). In BAT, AM6545 increased expression of Lpl
(+67%,P<0.05), Cd36 (+59%, P<0.05) and Ucp1 (+32%, P<0.05; FIGURE 6F) and decreased lipid
content (FIGURE 6G), all pointing to increased BAT activity. AM6545 also decreased white
adipocyte size (SUPPL. FIGURE 4A) and liver weight (-24%, P<0.001; SUPPL. FIGURE 4B) accompa-
nied by a reduction in liver TG content (-17%, P<0.05) (SUPPL. FIGURE 4€) and lipid vacuole size
(SUPPL. FIGURE 4D). Thus, peripheral CB1R blockade is sufficient to diminish dyslipidemia,
and probably also obesity, by promoting VLDL-TG uptake and subsequent combustion of
engulfed FA by BAT.

DISCUSSION

Systemic CB1R blockade by the inverse CB1R agonist rimonabant alleviates the excess body
weight and dyslipidemia that are associated with obesity, both in mice and in humans
(8-12). In this study, we demonstrate that systemic CB1R blockade reverses DIO and reduces
plasma VLDL-TG by selectively increasing VLDL-TG clearance by metabolically active BAT
followed by combustion. Of note, the mechanism involves peripheral activation of BAT since
the effects were still present at thermoneutrality and could be recapitulated by using the
strictly peripheral (17) CB1R antagonist AM6545. Accordingly, cultured brown adipocytes
could be activated by blockade of the CB1R with rimonabant.

Systemic CB1R blockade by rimonabant resulted in massive activation of BAT, as evi-
denced by reduced lipid content and increased UCP-1 expression, accompanied by increased
energy expenditure, which is in accordance with previous studies (36,41). Of note, by per-
forming kinetic studies with radioactively labeled VLDL-TG we provided clear evidence that
the TG-lowering effect of rimonabant is due to increased uptake of TG-derived FAs by BAT.

140



PERIPHERAL CB1R BLOCKADE ACTIVATES BROWN FAT

Since metabolically active BAT has been shown to be present and active in human adults
(20-23), it is tempting to speculate that the body weight-reducing and TG-lowering effects
of rimonabant previously found in obese subjects might be due to activation of BAT,
although the precise role of BAT in TG metabolism in humans remains to be established.

Previous studies suggested central CBiR blockade as the main mechanism by which
rimonabant induces BAT activation, resulting in increased sympathetic outflow towards BAT
and increased energy expenditure (36,41). For instance, Bajzer and colleagues (36) reported
that denervation of BAT in mice blunted the effect of rimonabant on insulin-mediated
glucose uptake. However, in their study, the increase in energy expenditure and the reduction
in body weight and fat mass were not blunted by BAT denervation, suggesting that a
peripheral mechanism is at least in part involved in these beneficial effects. Indeed, we
found that treatment of DIO mice with the strictly peripheral CB1R antagonist AM6545 still
resulted in increased energy expenditure accompanied by increased uptake of TG-derived
FAs by BAT as well as significant weight loss and reduction in dyslipidemia. Furthermore, we
showed that the CB1R is highly expressed in BAT, and rimonabant increased the activity of
brown adipocytes, further supporting the possibility of a peripheral mode of action of CB1R
blockade in BAT.

We found that systemic blockade of the CB1R by rimonabant did not affect VLDL-TG
production following either systemic or selective peripheral CB1R blockade. In contrast, a
study by Tam and colleagues (17) reported that blocking the peripheral CB1R by AM6545
treatment resulted in a marked increase in the production of VLDL-TG in both DIO C57BI/6
and leptin-deficient ob/ob mice. This might be explained by differences in study set-up,
since Tam and colleagues measured VLDL-TG production after 1 week of treatment while in
the present study VLDL-TG production was measured after 4 weeks. Likely, CB1R blockade
transiently increases VLDL-TG production, leading to a fast initial reduction in hepatic
steatosis as was also observed in their study. The subsequent normalization in VLDL production
that we found in our study after 4 weeks of treatment may then be the consequence of
a lower supply of FFAs towards the liver for incorporation into VLDL-TG, since these are
efficiently cleared by BAT.

While we provide clear evidence that the TG-lowering effect of CB1R blockade is due to
peripheral activation of BAT, the mechanism by which CB1R blockade lowers body weight
and fat mass is less clear and no consistent mechanism has been reported up to date.
Although BAT activation has been repeatedly shown to decrease body weight and fat mass
(18,42,43), we cannot exclude that CB1R blockade on peripheral tissues other than BAT may
contribute to the weight-reducing effect. For instance, the CB1R has been shown to be
present on white adipocytes (16) and treatment of mice with rimonabant and AM6545
increased lipolysis (17,44,45). Accordingly, we also found that rimonabant increased mRNA
expression of Hsl in subcutaneous WAT. Furthermore, the weight-reducing effect of global
CB1R blockade is also at least in part due to an initial transient decrease in food intake
induced by rimonabant. The greater efficacy of rimonabant over AM6545 in reducing body
weight is then likely explained by the fact that AM6545 did not affect total caloric intake
over the treatment period, as has been shown before (17). Thus, future studies are needed to
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elucidate the specific contribution of BAT in the weight-reducing effect of (peripheral) CB1R
blockade.

The intracellular mechanism by which CB1R blockade is linked to BAT thermogenesis
likely involves phosphorylation of AMP-activated kinase (AMPK), a key evolutionary conserved
cellular energy sensor that regulates metabolism (37). We show that CB1R blockade resulted
in increased AMPK phosphorylation in brown adipocytes, which is in accordance with previous
studies performed in hepatocytes (39) and white adipocytes (40). Thus, AMPK might be a
central player by which CB1R blockade results in BAT activation. Future studies should be
directed at investigating these pathways in more detail.

Together, our study shows that CB1R blockade diminishes dyslipidemia by inducing BAT-
mediated VLDL-TG uptake and BAT thermogenesis via a peripheral mode of action. Our data
suggest that blockade of the peripheral CB1R in BAT may be a promising therapy to combat
obesity and to lower cardiovascular risk without inducing centrally mediated side effects.
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SUPPLEMENTARY APPENDIX
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SUPPLEMENTARY FIGURE 1 - Effect of systemic CB1R blockade by rimonabant on subcutaneous WAT. Male E3L.
CETP mice were fed a HFD for 12 weeks to induce diet-induced obesity and were then treated with rimonabant
or vehicle for 4 weeks while being housed at an environmental temperature of 21°C. I Representative pictures
of H&E stainings of sWAT in vehicle (left) and rimonabant (right) treated animals. Sections were enlarged
100x (scale bar 100 um). B Expression of Fasn, Scd1, and Hsl in SWAT as measured by qRT-PCR.

Values are means + SEM (n=9) and expression of genes was corrected for the housekeeping genes £2-microglobulin and 36b4. *P<0.05 compared
to the control group.

mRNA BAT
(relative to control)

I [ Control
1.54 B Rimonabant

*%

Weight liver (g)
Liver lipid content
(1mol/mg protein)

, il B
L) L]
Control Rimonabant TG TC PL

G E =1 Control
Il Rimonabant

1.0

0.5

mRNA liver
(relative to control)

Acsh Acc2

SUPPLEMENTARY FIGURE 2 - Effect of systemic CB1R blockade by rimonabant on hepatic steatosis. Male E3L.
CETP mice were fed a HFD for 12 weeks to induce diet-induced obesity and were then treated with rimonabant
or vehicle for 4 weeks while being housed at an environmental temperature of 21°C. Y Liver weight (g). B
Liver content of triglycerides (TG), total cholesterol (TC) and phospholipids (PL). @ Representative pictures of
H&E stainings of livers from vehicle (left) and rimonabant (right) treated animals. Pictures were taken at 100x
magnification (scale bar 100 pm). B Expression of Acsl1 and Accz in liver as measured by qRT-PCR.

Values are means + SEM (n=9) and expression of genes was corrected for the housekeeping genes B2-microglobulin and 36bg4. *P<0.05 , **P<0.01
compared to the control group.
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SUPPLEMENTARY FIGURE 3 - Systemic CB1R blockade increases fat and carbohydrate oxidation at thermo-
neutrality. Male E3L.CETP mice were fed a HFD for 12 weeks to induce diet-induced obesity and were then
treated with rimonabant or vehicle for 4 weeks while being housed at an environmental temperature of 28°C.
XA rat and carbohydrate (CH) oxidation as measured during 5 consecutive days in the fourth week of treat-
ment via fully automatic metabolic cages, corrected for lean body mass.

Values are means + SEM (n=9). *P<0.05 compared to the control group.
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SUPPLEMENTARY FIGURE 4 - Effect of strictly peripheral CB1R blockade by AM6545 on lipid storage in sWAT
and liver. Male E3L.CETP mice were fed a HFD for 12 weeks to induce diet-induced obesity and were then treated
with AM6545 or vehicle for 4 weeks while being housed at an environmental temperature of 21°C. n
Representative pictures of H&E stainings of SWAT in vehicle (left) and AM6545 (right) treated animals. Pictures
were taken at 100x magnification (scale bar 100 um). B Liver weight (g). 8 Liver content of triglycerides (TG),
total cholesterol (TC) and phospholipids (PL). Bl Representative pictures of H&E stainings of liver in vehicle
(left) and AM6545 (right) treated animals. Pictures were taken at 100x magnification (scale bar 100 pm).

Sections were enlarged 100x (scale bar 100 pm).
Values are means + SEM (n=9). *P<0.05 , ***P<0.001 compared to the control group.
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