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A B S T R A C T   

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition, by increasing hepatic low density lipoprotein 
(LDL) receptor (LDLR) levels, has emerged as a strategy to reduce atherosclerosis by lowering circulating very 
low density lipoprotein (VLDL)-cholesterol. We hypothesized that the therapeutic effectiveness of PCSK9 inhi
bition can be increased by accelerating the generation of VLDL remnants, which typically have a high affinity for 
the LDLR. Therefore, we aimed to investigate whether accelerating lipolytic processing of VLDL by brown fat 
activation can further lower (V)LDL and reduce atherosclerosis on top of PCSK9 inhibition. APOE*3-Leiden.CETP 
mice were fed a Western-type diet and treated with the anti-PCSK9 antibody alirocumab or saline. After 2 weeks, 
both groups of mice were randomized to receive either the selective β3-adrenergic receptor (AR) agonist 
CL316,243 to activate brown fat or saline for 3 additional weeks to evaluate VLDL clearance or 12 additional 
weeks to analyze atherosclerosis development. β3-AR agonism and alirocumab combined decreased (V)LDL- 
cholesterol compared to alirocumab alone, which was explained by an accelerated plasma clearance of VLDL- 
cholesteryl esters that were mainly taken up by the liver. In addition, the combination promoted the transfer 
of VLDL-phospholipids to HDL to a higher extent than alirocumab alone, accompanied by higher plasma HDL- 
cholesterol levels and increased cholesterol efflux capacity. Consequently, combination treatment largely 
reduced atherosclerotic lesion area compared to vehicle. Together, β3-AR agonism enhances the lipoprotein- 
modulating effects of alirocumab to further improve dyslipidemia and non-significantly further attenuate 
atherosclerosis development. Our findings demonstrate that brown fat activation may enhance the therapeutic 
effects of PCSK9 inhibition in dyslipidemia.   

1. Introduction 

Atherosclerotic cardiovascular disease (CVD) is the leading cause of 
death globally. Dyslipidemia is a well-documented risk factor for 
atherosclerosis. Despite the effectiveness of cholesterol-lowering thera
pies, e.g. using statins, 55–75% of cardiovascular events still remain 
[1–3]. The residual risk is considered to be due to inadequate reduction 

of low density lipoprotein (LDL)-cholesterol (-C) and triglycerides (TG), 
in addition to inadequate improvement of high density lipoprotein 
(HDL) function and inflammation [4]. Therefore, new therapeutic 
strategies to overcome these limitations are needed. 

The hepatic LDL receptor (LDLR) is one of the major proteins 
involved in plasma cholesterol catabolism. Proprotein convertase 
subtilisin-like kexin type 9 (PCSK9) is a hepatic protease that attaches to 
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the LDLR to promote its intracellular transport into lysosomes for 
degradation. Clinical studies showed that individuals with loss of func
tion mutations in PCSK9 have lower levels of LDL-C and lower preva
lence of CVD [5,6], indicating that inhibition of PCSK9 is a promising 
new strategy for lowering cholesterol levels. In 2015, the U.S. Food and 
Drug Administration approved the PCSK9 monoclonal antibodies alir
ocumab and evolocumab for the treatment of hypercholesterolemia. The 
efficacy of these PCSK9 inhibitors to lower LDL-C reaches up to 55% as 
monotherapy and up to 61% when added to standard therapy, while also 
reducing the risk of atherosclerotic CVD [7,8]. In both heterozygous [9] 
and homozygous [10] familial hypercholesterolemic (FH) patients, 
PCSK9 inhibition reduced LDL-C levels by more than half. However, to 
maintain a decrease in LDL-C, relatively high doses of PCSK9 antibodies 
are required by subcutaneous administration, which leads to a high 
financial burden for patients and insurance companies. Therefore, 
ongoing research focuses on the development of new PCSK9 inhibitors 
using siRNA or antisense oligonucleotides, vaccines, and inhibitors of 
PCSK9 secretion. 

Brown fat, which is a metabolically active tissue in mammals 
including humans [11,12] and characterized by a large number of 
mitochondria and small lipid droplets, is also emerging as a promising 
target to combat cardiometabolic disease. Physiologically, cold expo
sure activates brown fat by stimulating sympathetic neurons to release 
noradrenalin that can bind to β-adrenergic receptors such as the 
β3-adrenergic receptor (β3-AR) on brown adipocytes. Cold exposure also 
induces the appearance of beige/brite adipocytes within white adipose 
tissue, a process which is referred to as ‘browning’ [13,14]. Brown fat 
activation via β3-AR agonism facilitates uptake of plasma TG-rich lipo
protein (TRL)-derived fatty acids (FAs) into brown adipocytes for 
oxidation within mitochondria, and increases hepatic uptake of the 
generated cholesterol-enriched TRL remnants. By this mechanism, 
brown fat activation reduces TG and non-HDL-C levels in APOE*3-Lei
den.CETP (E3L.CETP) mice, a well-established translational hyper
lipidemic model with an intact hepatic ApoE-LDLR axis [15–17], which 
is the predominant pathway for TRL remnant clearance. Since brown fat 
activation via β3-AR agonism does not influence the hepatic levels of the 
LDLR [18], the cholesterol-lowering effect of brown fat activation is 
predominantly attributed to enhanced generation of TRL remnants for 
subsequent uptake by LDLR. 

We hypothesized that, by accelerating lipolytic processing of TRL 
and rapidly generating TRL remnants that have a high affinity for the 
LDLR, the levels of which are increased by PCSK9 inhibition, brown fat 
activation increases the therapeutic effectiveness of PCSK9 inhibition in 
the treatment of hypercholesterolemia and atherosclerosis. Therefore, 
we aimed to evaluate the effect of a β3-AR agonist, the PCSK9 inhibitor 
alirocumab and their combination on lipoprotein metabolism and 
atherosclerosis development in E3L.CETP mice. 

2. Material and methods 

2.1. Animals and treatments 

This study was approved by the Animal Ethical Committee of Leiden 
University Medical Center, Leiden, The Netherlands (DEC14119.1 and 
PE.18.034.002). All animal procedures were performed conform to the 
U.K. Animals (Scientific Procedures) Act, 1986 and associated guide
lines, EU Directive 2010/63/EU for animal experiments and the ARRIVE 
guidelines. 

Hemizygous APOE*3-Leiden (E3L) mice were crossbred with homo
zygous human cholesteryl ester transfer protein (CETP) transgenic mice 
to generate heterozygous E3L.CETP mice [19]. Mice were group-housed 
in individually ventilated cages in standard conditions at 22 ◦C room 
temperature with 40 ± 5% relative humidity and a 12-h light/dark 
cycle. Water and standard rodent chow were available ad libitum, unless 
indicated. At the age of 10–12 weeks, female mice weighing 20–25 g 
were fed a Western-type diet (WTD; Altromin, Germany) containing 

15% cacao butter, 1% corn oil and 0.15% (wt wt− 1) cholesterol. Mice 
were daily handled for 5 min for 1 week before experimentation to 
minimize stress effects. Mice were selected for treatment randomly and 
observed without knowledge of the treatments administered. We used 
female mice because only female E3L.CETP mice develop WTD-induced 
dyslipidemia and atherosclerosis, and therefore have been in use as a 
well-established disease model [16,20–22]. 

In a first experiment, mice were randomized into two groups after a 
run-in period of 3 weeks on WTD based on body weight, body compo
sition and plasma lipid levels and subsequently received the anti-PCSK9 
monoclonal antibody alirocumab (symbol: ab; Sanofi and Regeneron, 
USA; 1 mg kg− 1 body weight week− 1) or vehicle (0.9% saline) weekly 
by subcutaneous injections between 14:00 and 16:00 h (week − 2). After 
2 weeks (week 0), when plasma lipid levels reached a new set point, 
mice in each treatment group were again randomized into two sub
groups based on body weight, body composition and plasma lipid levels 
and additionally treated with the β3-AR agonist CL316,243 (symbol: β 
Tocris Bioscience Bristol, United Kingdom; 20 μg mouse− 1) or vehicle 
(0.9% saline) 3 times per week by subcutaneous injections between 
14:00 and 16:00 h for additional 12 weeks to evaluate effects on 
cholesterol metabolism and atherosclerosis development. This resulted 
in the following four treatment groups: (i) vehicle (ctrl), (ii) anti-PCSK9 
antibody (ab), (iii) CL316,243 (β), (iv) anti-PCSK9 antibody +

CL316,243 (ab+β) (Supplemental Fig. 1A). Food intake was determined 
during the first 3 weeks of treatment, and body weight was measured 
every 3 weeks. The order of CL316, 243 or saline treatment was ran
domized during the whole experiment. 

In a second experiment, the effects of these four treatments on 
plasma clearance and hepatic uptake of TG-rich lipoprotein (TRL)-like 
particles were investigated. The study set-up was similar to the first 
experiment, with the exception that mice were treated with CL316,243 
or vehicle 5 times per week for 3 weeks. The order of CL316, 243 or 
saline treatment was randomized during the whole experiment. The 
concentrations, doses, and frequency of CL316, 243 and anti-PCSK9 
antibody were based on previous studies [16,23] and a dose-finding 
study, respectively. 

In both experiments, before and after treatment body composition (i. 
e. body fat mass and lean mass) was evaluated by putting conscious mice 
in a red tube that was scanned within 2 min by EchoMRI (EchoMRI-100; 
Houston, TX, USA). At the end of both experiments, mice were eutha
nized by CO2 suffocation, perfused with ice-cold saline via cardiac 
perfusion, and various organs were isolated for further analysis. 

In both experiments, sample sizes of all groups were equal (n = 11 
mice per group). Mice/samples were excluded from statistical analysis 
(exclusion criteria) owing to technical failure, including unsuccessful 
intravenous injection and poor histological quality, which has been 
clearly described in the figure legends. 

2.2. Plasma lipid assays and lipoprotein profiles 

Blood (75 µL) was collected from the lateral tail vein of 4 h-fasted 
mice into heparin-coated capillaries that were subsequently placed on 
ice and centrifuged. Plasma was assayed for TG and total cholesterol 
(TC) using enzymatic kits from Roche Diagnostics (Mannheim, Ger
many). To measure HDL-cholesterol (C), ApoB-containing lipoproteins 
were precipitated from plasma using 20% polyethylene glycol 6000 in 
200 mM glycine buffer (pH 10). HDL-C was measured in the supernatant 
as described for TC. Plasma non-HDL-cholesterol (non-HDL-C) levels 
were calculated by subtraction of HDL-C from TC levels. Plasma TG and 
cholesterol exposure was calculated as the area under the curve of 
plasma TG/TC/non-HDL-C during the vehicle or CL316,243 treatment 
period. The distribution of cholesterol over lipoproteins was determined 
in pooled plasma of each treatment group by fast-performance liquid 
chromatography using a Superose 6 column (GE Healthcare, Piscat
away, NJ, USA). 
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2.3. Plasma PCSK9 assay 

In the second experiment, blood (75 µL) was collected from the 
lateral tail vein of 4 h-fasted mice after 3 weeks of vehicle or CL316,243 
treatment. Plasma PCSK9 levels were determined using a commercially 
available ELISA kit (R&D system, Minneapolis, MN, USA) according to 
the manufacturer’s protocol. 

2.4. Western blotting 

From each group of 11 mice of the second experiment, 6 liver sam
ples were randomly chosen. Pieces of snap-frozen liver tissue (50 mg) 
were lysed in 400 µL RIPA buffer containing 150 mM NaCl, 1.0% NP-40, 
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate and phos
phatase inhibitor cocktail (Piece Thermo Fisher Scientific, IL, USA). 
Each sample was homogenized with glass beads at 6.5 m s− 1 with 
Advanced Bench-Top Bead Beating Lysis System (MP biomedicals, CA, 
USA) for 20 s. Samples were then centrifugated at 16,200g for 15 min at 
4 ◦C to remove debris, protein concentration in the supernatant was 
determined using a bicinchoninic acid protein assay (Piece Thermo 
Scientific, IL, USA), and samples were diluted with sample buffer (Wes, 
ProteinSimple, CA, USA) to reach a protein concentration of 0.2 µg µL− 1 

for subsequent Western blotting. Western blots for LDLR and GAPDH 
were performed separately with capillary electrophoresis immunoassay 
using 12–230 kDa capillary cartridges (Wes, ProteinSimple, CA, USA) 
according to the manufacturer’s protocol (https://www.proteinsimple. 
com/ebooks.html). 3 µL of protein samples (0.2 µg µL− 1), 10 µL goat 
IgG anti-mouse LDLR (RRID: AB_355203; 4 µg mL− 1, Catalog: AF2255, 
R&D system, USA) or 10 µL rabbit IgG anti-mouse GAPDH (RRID: 
AB_10167668; 4 µg mL− 1, Catalog sc-25778, Santa Cruz, USA) were 
loaded in pre-filled plates. 10 µL anti-goat or anti-rabbit secondary an
tibodies from Detection Module kits (DM-006 and DM-001, Pro
teinSimple, CA, USA) were used per sample. Plates were then 
centrifuged at 1000g for 5 min at room temperature to spin down liquid 
to the bottom of the wells. No solutions or reagents were reused in this 
experiment. LDLR and GAPDH protein levels were quantified separately 
by Compass for SW 4.0.1 (ProteinSimple, CA, USA) automatically. Data 
were presented as peak area of LDLR and GAPDH separately (fold of the 
control mean). 

2.5. In vivo plasma decay and hepatic uptake of TG-rich lipoprotein-like 
particles 

TG-rich lipoprotein (TRL)-like particles (80 nm), labeled with [14C] 
cholesteryl oleate ([14C]CO), were prepared as described previously 
[24]. After 3 weeks of treatment with vehicle or CL316,243 (second 
experiment), mice were fasted for 4 h (from 9.00 am to 13.00 pm) and 
injected (t = 0) via the lateral tail vein with 200 µL of TRL-like particles 
(1 mg TG per mouse). Blood samples (approx. 25 µL) were taken from 
the lateral tail vein at 2, 5, 10 and 15 min after injection to determine the 
plasma decay of [14C]CO. After 15 min, mice were perfused with 
ice-cold saline, livers and other organs were isolated and weighed, and 
14C-activity was quantified. Mice were not included for further analysis 
when intravenous injection failed. 

2.6. In vivo transfer and clearance of surface phospholipid of TRL-like 
particles 

TRL-like particles (80 nm) were prepared as described previously 
[24] and labeled with [3H]dipalmitoylphosphatidylcholine (DPPC; 
PerkinElmer, USA). After 12 weeks of vehicle or CL316,243 treatment 
(first experiment), mice were fasted for 4 h and injected (t = 0) via the 
lateral tail vein with 200 µL of TRL-like particles (1 mg TG per mouse). 
Blood samples (approx. 25 µL) were taken from the lateral tail vein at 2, 
5, 10 and 15 min after injection to determine the plasma decay of [3H] 
DPPC. To measure the transfer of [3H]DPPC onto HDL, ApoB-containing 

lipoproteins were precipitated from plasma with 20% polyethylene 
glycol 6000 in 200 mM glycine buffer (pH 10), and 3H-activity in su
pernatant was quantified. Mice were not included for further analysis 
when intravenous injection failed. 

2.7. In vitro HDL cholesterol efflux capacity assay 

Cholesterol efflux capacity was measured as described previously 
[25]. The human monocyte cell line THP-1 was obtained from European 
Collection of Cell Cultures (ECACC; RRID: CVCL_0006), and maintained 
in RPMI 1640 Glutamax medium containing 10% fetal bovine serum, 
100 U mL− 1 penicillin and 100 μg mL− 1 streptomycin at 37 ◦C in 5% 
CO2. THP-1 cells were differentiated into macrophages by the addition 
of 100 nmol L− 1 phorbol 12-myristate-13-acetate (PMA; Sigma Aldrich, 
USA) within 3 days. Macrophages were then washed 3 times with 
phosphate buffered saline (PBS) and incubated in RPMI 1640 Glutamax 
medium containing 2% fetal bovine serum, 100 U mL− 1 penicillin and 
100 μg mL− 1 streptomycin, 50 μg protein mL− 1 acetyl-LDL and 
1 μCi mL− 1 [1α,2α(n)-3H]cholesterol (Perkin Elmer, The Netherlands) 
for 2 days at 37 ◦C in 5% CO2 to generate macrophage foam cells. After 
incubation, cells were washed 3 times with PBS and a cholesterol efflux 
assay was started by adding 2% ApoB-depleted mouse plasma (first 
experiment after 12 weeks of treatment) in RPMI 1640 Glutamax me
dium supplemented with 100 U mL− 1 penicillin, 100 μg mL− 1 strep
tomycin and 0.5 mg mL− 1 BSA. Each assay was carried out in triplicate. 
Efflux to a standard preparation of HDL (50 μg protein mL− 1) was used 
to correct for plate-to-plate variation. After 6 h incubation, medium was 
collected and centrifuged. 3H-activity was quantified by liquid scintil
lation counting. Total cellular 3H-activity was measured after dissolving 
the cells with 0.1 M NaOH. Background values (i.e. efflux in the absence 
of plasma) were subtracted. Cholesterol efflux capacity was calculated 
by dividing the 3H-activity in the medium by the sum of 3H-activity in 
the medium and the cell homogenate. 

2.8. Atherosclerosis plaque characterization and quantification 

After 12 weeks of treatment (first experiment), hearts were collected, 
fixed in phosphate-buffered 4% formaldehyde, and embedded in 
paraffin. Four sections of the aortic root area with 50 µm-intervals were 
used and 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 [26] and 
classified as mild lesions (types 1–3) and severe lesions (types 4–5). 
Monoclonal mouse antibody M0851 (RRID: AB_2223500; 1:800, Catalog 
M0851, Dako, Heverlee, The Netherlands) against smooth muscle cell 
(SMC) actin was used to quantify the SMC area. A Envision System-HRP 
labelled polymer anti-mouse kit (Catalog K4001, Dako, Heverlee, The 
Netherlands) was used to detect primary antibody. Macrophage area 
was determined using rat anti-mouse antibody MAC3 (RRID: 
AB_393587; Catalog 550292, 31.25 ng mL− 1, BD Pharmingen, San 
Diego, CA, USA) which was detected by a ImmPRESS goat anti-rat IgG 
polymer kit (Catalog MP-7444, Vector Laboratories, CA, USA). Sirius 
Red staining was used to quantify the collagen area. Lesion area and 
composition were determined with Image J Software (version 1.50i). 
The lesion stability index was determined as the ratio of stable markers 
(smooth muscle cell area and collagen area) to unstable marker 
(macrophage area). Mice were not included for further analysis when 
histological quality was poor. 

2.9. Materials 

The anti-PCSK9 monoclonal antibody alirocumab was purchased 
from Sanofi and Regeneron, USA and was diluted into 0.22 mg mL− 1 in 
0.9% saline before administration. CL316,243 compound was purchased 
from Tocris Bioscience Bristol, UK were dissolved in 0.9% saline at 0.22 
mg mL− 1 and store at − 20 ◦C. All solutions were prewarmed at room 
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temperature before the injection. Enzymatic kits to measure plasma TG 
and TC levels were from Roche Diagnostics, Germany. PCSK9 ELISA kit 
was from R&D system, USA. Anti-mouse LDLR (RRID: AB_355203) and 
GAPDH (RRID: AB_10167668) were from R&D system and Santa Cruz, 
USA, respectively. Secondary antibodies and other solutions for Western 
blotting were from commercial kits, ProteinSimple, USA. Anti-mouse 
antibody against SMC actin (RRID: AB_2223500) was purchased from 
Dako, The Netherlands. Anti-mouse antibody against MAC3 (RRID: 
AB_393587) was purchased from BD Pharmingen, USA. Human mono
cyte cell line THP-1 (RRID: CVCL_0006) was obtained from European 
Collection of Cell Cultures. 

2.10. Data and statistical analysis 

Experiments were designed to generate groups of equal size and 
group size is the number of independent values. All samples were blin
ded and randomly distributed before each assay. Differences between 
four groups were determined using one-way analysis of variance 
(ANOVA) with the LSD post hoc test if F achieved statistical significance 
(P < 0.05) and there was no significant variance inhomogeneity. The 
square root (SQRT) of the lesion area was transformed and univariate 
regression of analyses was performed to test for significant correlations 

between atherosclerotic lesion area and plasma TG/TC/non-HDL-C 
exposure as well cholesterol efflux rate. Multiple regression analysis 
was performed to predict the contribution of plasma TG/TC/non-HDL-C 
exposure and cholesterol efflux capacity to the atherosclerotic lesion 
area. Probability values less than 0.05 were considered statistically 
significant. All statistical analyses were performed with the GraphPad 
Prism 8.0.1 for Windows except for univariate and multiple regression 
analyses which were performed with SPSS 25 for Windows. 

3. Results 

3.1. β3-AR agonism enhances cholesterol-lowering effects of alirocumab 

To evaluate the effects of brown fat activation on top of anti-PCSK9 
treatment on cholesterol metabolism and atherosclerosis development, 
WTD-fed E3L.CETP mice fed a WTD pretreated with vehicle (ctrl), or the 
anti-PCSK9 antibody alirocumab (ab) from week − 2, were cotreated 
with vehicle or the β3-AR agonist CL316,243 (β) for 12 additional weeks 
(Supplemental Fig. 1A). β3-AR agonism without or with alirocumab 
marginally increased food intake (+ 9%, β vs. ctrl; + 10%, ab+β vs. 
ctrl; Supplemental Fig. 1B) and decreased total body weight (− 9%, β 
vs. ctrl; − 10%, ab+β vs. ctrl; Supplemental Fig. 1C), accompanied by 

Fig. 1. β3-AR agonism on top of anti-PCSK9 treatment 
further reduces plasma non-HDL cholesterol levels. E3L. 
CETP mice fed a WTD and pretreated with vehicle (ctrl) or 
the anti-PCSK9 antibody alirocumab (ab) from week − 2, 
were cotreated with vehicle or the β3-AR agonist 
CL316,243 (β) from week 0 for 12 additional weeks. Blood 
was collected to determine plasma (A) triglycerides (TG), 
(B) total cholesterol (TC), and (C) non-HDL-cholesterol (-C) 
levels at the indicated time points. (D) TG exposure, (E) TC 
exposure, and (F) non-HDL-C exposure were calculated. 
n = 11, 11, 10, 11 mice respectively. One mouse was 
excluded due to loss of the blood sample. Values are 
means ± SEM. Differences between 4 groups were deter
mined using one-way ANOVA with the LSD post hoc test. 
*P < 0.05 vs. vehicle (ctrl); $P < 0.05 vs. anti-PCSK9 
antibody (ab); #P < 0.05 vs. β3-AR agonist (β).   
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decreased body fat mass (Supplemental Fig. 1D) without effects on body 
lean mass (Supplemental Fig. 1E). β3-AR agonism alone, and on top of 
alirocumab, clearly reduced gonadal white adipose tissue (gWAT) 
weight (Supplemental Fig. 1F). 

Plasma lipid levels were monitored every 3 weeks during the 12 
weeks (co)treatment and lipid exposures were calculated as the area 
under the curve of lipid levels. While alirocumab did not influence 
plasma triglyceride (TG) levels and TG exposure, β3-AR agonism alone 
decreased plasma TG levels (Fig. 1A) and TG exposure (− 45%, β vs. 
ctrl; Fig. 1D) as we previously reported [16,18]. β3-AR agonism on top of 
alirocumab lowered plasma TG levels (Fig. 1A) and TG exposure to a 
similar extent as β3-AR agonism alone did (− 51%, ab+β vs. ctrl; 
Fig. 1D). As compared to vehicle, both alirocumab and β3-AR agonism 
alone lowered plasma total cholesterol (TC) levels (Fig. 1B), resulting in 
reduced TC exposure (− 17% and − 12%, vs. ctrl; Fig. 1E). Notably, 
β3-AR agonism on top of alirocumab further lowered plasma TC levels 
(Fig. 1B) and TC exposure as compared to vehicle (− 38%) and each 
single treatment (− 25%, ab+β vs. ab; − 30%, ab+β vs. β Fig. 1E). 
Furthermore, both alirocumab and β3-AR agonism alone lowered 
plasma non-HDL-C levels (Fig. 1C), which resulted in reduced plasma 
non-HDL-C exposure (− 19% and − 16%, vs. ctrl; Fig. 1F). As 
compared to alirocumab or β3-AR agonism alone, combination treat
ment further lowered plasma non-HDL-C levels (Fig. 1C) and non-HDL-C 
exposure (− 33%, ab+β vs. ab; − 35%, ab+β vs. β Fig. 1F). 

3.2. β3-AR agonism on top of alirocumab increases TRL remnant 
clearance via enhancing uptake by the liver 

We next explored how β3-AR agonism enhances the non-HDL-C- 
lowering effects of anti-PCSK9 treatment. While β3-AR agonism did 
not influence plasma PCSK9 levels, alirocumab alone and in combina
tion with β3-AR agonism largely increased plasma PCSK9 levels (5–6- 
fold; Fig. 2A). In the liver, alirocumab increased LDL receptor (LDLR) 
protein levels (+ 24%, ab vs. ctrl; Fig. 2B) without affecting GAPDH 
protein levels (Supplemental Fig. 2A). We next investigated if the 
increased hepatic LDLR levels can functionally accelerate cholesterol- 

enriched TRL remnant uptake upon brown fat activation [16]. As 
compared to vehicle, both β3-AR agonism alone and β3-AR agonism in 
combination with alirocumab accelerated the clearance of TRL-like 
remnant particles from circulation (Fig. 2C). The hepatic uptake of 
these remnants was increased by alirocumab alone (+ 21%), β3-AR 
agonism alone (+ 23%) and the combination treatment (+ 36%) as 
compared to vehicle treatment (Fig. 2D). β3-AR agonism in combination 
with alirocumab increased TRL remnant uptake into subscapular brown 
adipose (sBAT) as compared to control (+ 42%) and alirocumab alone 
(+ 91%). The TRL remnant uptake by various organs/tissues is 
described in Supplemental Fig. 2B. 

3.3. β3-AR agonism on top of alirocumab accelerates surface 
phospholipid transfer to HDL, increases HDL levels and HDL cholesterol 
efflux capacity in vitro 

The cholesterol distribution over lipoproteins showed that besides 
decreasing non-HDL-C (fractions 0–15), β3-AR agonism alone and in 
combination with alirocumab increased HDL-C (fractions 15–25) 
(Fig. 3A). Indeed, both β3-AR agonism alone and in combination with 
alirocumab increased plasma HDL-C levels and HDL-C exposure 
compared to vehicle treatment (+ 45%, β vs. ctrl; + 47%, ab+β vs. 
ctrl), while alirocumab alone had no effect (Fig. 3B,C). These observa
tions are in line with our previous studies showing that brown fat acti
vation by cold exposure or β3-AR agonism increases HDL-C levels [16, 
27]. We hypothesized that brown fat activation-mediated lipolytic 
processing of TRL particles results in the release of phospholipids that 
are transferred into HDL particles thus increasing HDL remodeling. To 
test this hypothesis, we injected mice with [3H]dipalmitoylphosphati
dylcholine (DPPC)-labeled TRL-like particles. As compared to vehicle 
and alirocumab alone, both β3-AR agonism alone and in combination 
with alirocumab accelerated [3H]DPPC clearance from the circulation, 
related to increased hepatic remnant removal (Fig. 3D). β3-AR agonism 
increased the [3H]DPPC fraction in HDL as compared to control group 
(Fig. 3E). alirocumab slightly increased the [3H]DPPC fraction in HDL, 
which was further enhanced by β3-AR agonism treatment (Fig. 3E). 

Fig. 2. β3-AR agonism on top of anti-PCSK9 treatment 
increases TRL remnant clearance via enhancing uptake by 
the liver. E3L.CETP mice fed a WTD and pretreated with 
vehicle (ctrl) or the anti-PCSK9 antibody alirocumab (ab) 
from week − 2, were cotreated with vehicle or the β3-AR 
agonist CL316,243 (β) from week 0. At week 3, (A) plasma 
PCSK9 (n = 11 in each group) and (B) hepatic LDL receptor 
(LDLR) protein levels (6 mice were randomly selected from 
each group) were measured. GAPDH protein levels were 
measured separately as loading control (Supplemental 
Fig. 2A). Mice were injected with [14C]cholesteryl oleate 
(CO)-labelled TRL-like particles, and (C) plasma clearance 
of [14C]CO, and (D) hepatic uptake of [14C]CO after 15 min 
were measured (n = 8, 6, 8, and 11 mice respectively). 
Mice were excluded in case of technical failure of intrave
nous injection. Values are means ± SEM. Differences be
tween 4 groups were determined using one-way ANOVA 
with the LSD post hoc test. *P < 0.05 vs. vehicle (ctrl); 
$P < 0.05 vs. anti-PCSK9 antibody (ab); #P < 0.05 vs. β3- 
AR agonist (β).   
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Next, the cholesterol efflux capacity of HDL was evaluated in vitro using 
cholesterol-laden THP-1 cells incubated with ApoB-depleted plasma 
from the first animal experiment. We found that the cholesterol efflux 
capacity of HDL was increased by β3-AR agonism alone (+ 19%, β vs. 
ctrl) and on top of alirocumab (+ 23%, ab+β vs. ctrl; + 19%, ab+β vs. 
ab) (Fig. 3F). Taken together, combined β3-AR agonism with alirocumab 
increased HDL-C levels related to increased phospholipid transfer to 
HDL, and increased the cholesterol efflux capacity of HDL. 

3.4. β3-AR agonism on top of alirocumab non-significantly further 
reduces atherosclerosis development, and largely attenuates atherosclerosis 
compared to vehicle treatment 

Next, we investigated if the further decreased plasma non-HDL-C 
levels and increased HDL functionality resulting from the combination 
therapy as compared to single treatments alone are accompanied by 
attenuation of atherosclerosis progression. The aortic roots of the hearts 
were isolated and stained to evaluate atherosclerotic lesion area and 
severity. As compared to vehicle, alirocumab alone, β3-AR agonism 
alone, and the combination treatment decreased atherosclerotic lesion 
area throughout the aortic root (Fig. 4A,B), resulting in lower mean 
atherosclerotic lesion area (− 62%, − 32%, − 72% respectively; 
Fig. 4C). In addition, β3-AR agonism on top of alirocumab further 

reduced mean atherosclerotic lesion area by 27% as compared to alir
ocumab alone, although statistical significance was not reached 
(Fig. 4C). The non-HDL-C-lowering effects largely explained the pro
tection of atherosclerosis development as the non-HDL-C exposure was 
strongly associated with the square root (SQRT) of atherosclerotic lesion 
area (R2 = 0.47; P < 0.05, Fig. 4D). A marginal association was detec
ted between plasma TG exposure and SQRT of lesion area (R2 = 0.09; 
P = 0.05, Fig. 4E), while no significant association was found between 
plasma HDL-C exposure or HDL cholesterol efflux capacity and SQRT of 
lesion area (Supplemental Fig. 3A,B). Additionally, alirocumab com
bined with β3-AR agonism reduced atherosclerotic lesion severity by 
increasing mild lesions and decreasing severe lesions (Fig. 4F). 

We further characterized atherosclerotic lesion composition by 
quantifying the relative plaque content of smooth muscle cells, collagen, 
and macrophages. Relative smooth muscle cell area (Fig. 5A,B), collagen 
area (Fig. 5A,C) and macrophage area (Fig. 5A,D) were not affected by 
any of the treatments. In addition, none of the treatments influenced the 
lesion stability index, as calculated from the ratio of stable markers (i.e. 
smooth muscle cell and collagen area) versus the unstable marker (i.e. 
macrophage area). Taken together, while β3-AR agonism non- 
significantly increased the anti-atherogenic effect of alirocumab, the 
combination of alirocumab and β3-AR agonism largely reduced 
atherosclerotic lesion area and lesion severity. 

Fig. 3. β3-AR agonism on top of anti-PCSK9 treatment 
accelerates surface phospholipid transfer from TRL-like 
particles to HDL, increases HDL-C levels, and enhances 
cholesterol efflux capacity of HDL. E3L.CETP mice fed a 
WTD and pretreated with vehicle (ctrl) or the anti-PCSK9 
antibody alirocumab (ab) from week − 2, were cotreated 
with vehicle or the β3-AR agonist CL316,243 (β) from week 
0. (A) At week 12, blood samples were collected and 
pooled per group to determine cholesterol distribution over 
lipoproteins. (B) Plasma HDL cholesterol (-C) levels were 
measured at the indicated time points and (C) HDL-C 
exposure was calculated accordingly (n = 11 mice per 
group). At the end of week 12, mice were injected with 
[3H]dipalmitoylphosphatidylcholine (DPPC)-labelled TRL- 
like particles and (D) plasma clearance of [3H]DPPC was 
determined. HDL was isolated and (E) the fraction of [3H] 
DPPC in HDL was calculated at the indicated time points 
after particle injection (n = 10, 11, 10 and 10 mice, 
respectively). Mice were excluded in case of technical 
failure of injection. (F) HDL cholesterol efflux capacity was 
evaluated using ApoB-depleted plasma (n = 11 mice per 
group). Values are means ± SEM. Differences between 4 
groups were determined using one-way ANOVA with the 
LSD post hoc test. *P < 0.05 vs. vehicle (ctrl); $P < 0.05 vs. 
anti-PCSK9 antibody (ab); #P < 0.05 vs. β3-AR agonist (β).   
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4. Discussion and conclusion 

Considerable evidence demonstrates that more effective LDL-C 
lowering further reduces atherosclerotic burden supporting the notion 
“the lower, the better” for LDL-C levels. While the anti-PCSK9 antibodies 
alirocumab and evolocumab lower cholesterol levels effectively [7,28], 
room remains for additional LDL-C lowering. Here we showed that 
activating brown fat increases the (V)LDL-C-lowering efficacy of 
anti-PCSK9 treatment using alirocumab. This effect is probably exerted 
by a more efficient hepatic uptake of generated cholesterol-enriched 
TRL remnants that can subsequently be taken up via the more func
tional hepatic LDLR pathway, although this effect did not reach signif
icance. Additionally, adding brown fat activation to alirocumab, 
through surface phospholipid transfer to HDL, increased HDL func
tionality with respect to its capacity to induce cholesterol efflux. 
Although brown fat activation non-significantly attenuated atheroscle
rosis development compared to alirocumab alone, combining brown fat 
activation with alirocumab largely reduced atherosclerosis development 
as compared to vehicle. 

Previously we showed that brown fat activation enhances TRL 
remnant formation in mice [29]. In mice without an intact hepatic 
ApoE/LDLR pathway, such as Apoe-/- and Ldlr-/- mice, these generated 
TLR remnants cannot be efficiently taken up by the liver, thus 

exacerbating hyperlipidemia and atherosclerosis development [30]. In 
favorable contrast, β3-AR agonism improves hepatic TRL remnant 
clearance, hypercholesterolemia and atherosclerosis in our E3L.CETP 
mice, as they have an intact ApoE/LDLR pathway [16]. Although β3-AR 
agonism per se does not increase hepatic LDLR levels [16], TRL rem
nants are rich in ApoE and therefore have a high binding affinity to 
hepatic LDLR to facilitate TRL remnant removal. Since we hypothesized 
that an increase in hepatic lipoprotein receptors would accelerate 
removal of these TRL remnants, we now combined brown fat activation 
with PCSK9 inhibition to increase hepatic LDLR. Alirocumab and β3-AR 
agonism alone, and the combination treatment significantly increased 
the hepatic remnant uptake, albeit the combination did not further in
crease the hepatic remnant uptake as compared to alirocumab alone 
(P = 0.13) or β3-AR agonism alone (P = 0.16). Besides limited power, 
this may be related to the relatively low dose of alirocumab 
(1 mg kg− 1 week− 1) used in the present study, leading to a modest 
increase in hepatic LDLR levels (+ 24%). As a previous study observed 
higher increases in hepatic LDLR levels (+ 88% and + 133%) at higher 
doses (3 and 10 mg kg− 1 week− 1) in the same mouse model [31], it 
would be interesting to assess the additive effect of brown fat activation 
on top of higher doses of alirocumab. It would also be worthwhile to 
investigate the effects of brown fat activation on top of other PCSK9 
inhibitors such as evolocumab. Nevertheless, in our study β3-AR 

Fig. 4. β3-AR agonism on top of anti-PCSK9 treatment 
reduces atherosclerotic lesion area and lesion severity. E3L. 
CETP mice fed a WTD and pretreated with vehicle (ctrl) or 
the anti-PCSK9 antibody alirocumab (ab) from week − 2, 
were cotreated with vehicle or the β3-AR agonist 
CL316,243 (β) from week 0 for 12 additional weeks. (A) 
Cross-sections of the aortic roots were stained with 
hematoxylin-phloxine-saffron and representative pictures 
of atherosclerotic lesions of each group are presented. From 
these pictures, (B) plaque lesion area as a function of dis
tance from the appearance of open valves and (C) mean 
atherosclerotic lesion area were calculated. The square root 
(SQRT) of the mean atherosclerotic lesion area was plotted 
against the plasma (D) non-HDL cholesterol (-C) exposure 
and (E) TG exposure. (F) Lesions were categorized ac
cording to lesion severity (n = 11, 10, 10 and 10 mice, 
respectively). Three samples were lost due to technical 
failure of staining. Values are means ± SEM. Differences 
between 4 groups were determined using one-way ANOVA 
with the LSD post hoc test. *P < 0.05 vs. vehicle (ctrl); 
#P < 0.05 vs. β3-AR agonist (β).   
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agonism did greatly increase the cholesterol-lowering effect of 
1 mg kg− 1 week− 1 alirocumab to a similar reduction as attained by 
3 mg kg− 1 week− 1 alirocumab in E3L.CETP mice [31]. 

Although it has now been well-established that an increase in HDL-C 
as induced by genetic variants or CETP inhibitors does not causally 
reduce cardiovascular disease [32,33], the cholesterol efflux capacity of 
HDL is predictive marker for cardiovascular events [34,35]. Most clin
ical trials showed that PCSK9 inhibitors only modestly increase HDL-C 
and ApoA1 levels (i.e. < 10%) [36]. Accordingly, we did not observe 
an effect of alirocumab on HDL-C levels. PCSK9 has been reported to 
inhibit ATP binding cassette transporter A1-mediated cholesterol efflux 
induced by liver X receptor and retinoic X receptor agonists [37]. Our 
study did not show any effect of alirocumab on cholesterol efflux ca
pacity, which could be explained by the low dose of alirocumab used or 
the difference between both models. In the current study we do show 
that brown fat activation without and with PCSK9 inhibition increased 
HDL-C levels as well as the cholesterol efflux capacity of HDL, the key 
initial step in reverse cholesterol transport. We previously showed that 

brown fat activation enhances HDL remodeling associated with specific 
lipidomic changes in both mouse and human HDL [27]. We now add 
direct evidence that brown fat activation increases surface phospholipid 
transfer from TRLs to HDL particles, probably promoting HDL remod
eling, to enhance the capacity of HDL to induce cholesterol efflux from 
macrophages. The cholesterol distribution over the lipoproteins indi
cated that the increased HDL-C is mainly associated with the large HDL 
fractions (Fig. 3A). Previous studies have shown an inverse relationship 
between HDL size and CAD risk [38,39], suggesting that this effect may 
contribute to the anti-atherogenic effect of brown fat activation. 

Inadequate reduction of LDL-C, high levels of TG and low levels of 
HDL-C are considered to be residual risks to be overcome to further 
reduce CVD events. Since we observed that brown fat activation 
enhanced non-HDL-C-lowering effects of anti-PCSK9 treatment, and 
additively decreased TG and increased HDL-C as well as the cholesterol 
efflux capacity of HDL on top of anti-PCSK9 treatment, it is tempting to 
speculate on the relative contribution of these variables to the observed 
reduction in atherosclerosis development. Linear regression analysis 

Fig. 5. β3-AR agonism on top of anti-PCSK9 treatment 
does not influence atherosclerotic plaque composition 
and stability. E3L.CETP mice fed a WTD and pretreated 
with vehicle (ctrl) or the anti-PCSK9 antibody alir
ocumab (ab) from week − 2, were cotreated with 
vehicle or the β3-AR agonist CL316,243 (β) from week 
0 for 12 additional weeks. Cross-sections of aortic root 
were stained for (A, B) smooth muscle cells, (A, C) 
collagen and (A, D) macrophages, and their relative 
areas within the lesions were quantified. (E) The plaque 
stability index was calculated as the ratio of stable 
markers (i.e. smooth muscle cell area and collagen 
area) to unstable marker (i.e. macrophage area) 
(n = 11, 10, 10 and 10 mice, respectively). Three 
samples were lost due to technical failure of staining. 
Values are means ± SEM. Differences between 4 groups 
were determined using one-way ANOVA with the LSD 
post hoc test.   
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revealed that plasma non-HDL-C exposure markedly correlated with 
atherosclerotic lesion size (R2 = 0.47, P < 0.05). Also, TG exposure 
modestly correlated with lesion size (R2 = 0.09, P = 0.05), which is 
likely explained by the fact that plasma TG represents atherogenic TRL 
remnant levels [40]. In contrast, neither HDL-C exposure (R2 = 0.06, 
P = 0.13) nor HDL cholesterol efflux capacity (R2 = 0.212; P = 0.19) 
significantly correlated with lesion size. Given the strong correlation 
between non-HDL-C exposure and lesion size over all experimental 
groups, brown fat activation on top of PCSK9 inhibition further 
decreasing non-HDL-C levels may imply further enhanced 
anti-atherogenic effects. However, the combination therapy did not 
significantly reduce atherosclerotic lesion area as compared to PCSK9 
inhibition alone, which is likely explained by inadequate statistical 
power and/or the relatively short dietary intervention period. In addi
tion to improving lipid and lipoprotein metabolism, activating brown fat 
reduces fat mass, improves glucose tolerance and insulin sensitivity 
[41], and reduces inflammation [42], all of which may also contribute to 
attenuate atherosclerosis development. 

Currently, anti-PCSK9 antibodies belong to the most effective med
ications to lower cholesterol levels in the clinic. However, despite the 
recent price cut, approved anti-PCSK9 antibodies including alirocumab 
and evolocumab are still not as cost-effective as other cholesterol- 
lowering medications. If the results of the present study can be trans
lated to humans, this may pave a way to increase the cholesterol- 
lowering effectiveness of anti-PCSK9 treatment by increasing TRL 
remnant formation via brown fat activation. Human brown fat is 
metabolically active, even in obese individuals [43] and brown fat 
activation by means of cold exposure reduces LDL-C levels in hyper
cholesterolemic patients [44]. Moreover, human white adipose tissue 
has remarkable plasticity and via browning may contain beige/brite 
adipocytes with thermogenic properties, which makes them attractive as 
pharmacological target for the treatment of cardiometabolic diseases 
[14,45]. In addition, high brown fat activity is associated with a reduced 
risk of CVD events [46] and less accumulation of visceral fat [47,48]. 
The benefits of brown fat in humans seem further confirmed by a large 
study examining as many as 139,224 [18F]FDG-PET-CT scans of 53,475 
individuals. This study showed that individuals with detectable brown 
fat have improved glucose, TG and HDL levels, and lower prevalence of 
cardiometabolic diseases. In addition, these effects of brown fat seem 
more pronounced in overweight and obesity, indicating that brown fat 
can overcome the deleterious effects of obesity [49]. Although not 
monitored in the current study, we previously did not observe any side 
effects of β3-AR agonism on physical activity [18] and the core body 
temperature [50] in E3L.CETP mice. Furthermore, a recent study 
showed that the clinically-approved chronic β3-AR agonist mirabegron 
increases brown fat activity, HDL-C and insulin sensitivity in humans 
[51]. Although in some FH subjects, due to the mutations of LDLR, the 
activity of LDLR is impaired, PCSK9 inhibitors still show great 
cholesterol-lowering effects [9,10]. This indicates that our combination 
therapy possibly applies in both normal and FH subjects. Interestingly, a 
recent study identified that the adipokines leptin and resistin regulate 
PCSK9 expression, suggesting an additional link between adipose tissue, 
PCSK9 and atherosclerosis [52]. Together, these data support the hy
pothesis that brown fat activation can be combined with PCSK9 inhi
bition in humans in such a way that dosages of PCSK9 inhibitor can be 
reduced. 

In conclusion, brown fat activation on top of PCSK9 inhibition with 
alirocumab further improves dyslipidemia by decreasing non-HDL-C via 
increasing hepatic uptake of cholesterol-enriched TRL remnants and by 
increasing HDL-C levels and the cholesterol efflux capacity of HDL. 
Probably by a combination of these mechanisms, combination treatment 
non-significantly reduces atherosclerotic lesion area compared to PCSK9 
inhibition alone and largely reduces atherosclerotic lesion area 
compared to vehicle. We anticipate that brown fat activation via 
accelerating lipolytic processing of TRL and increasing TRL remnant 
formation can further increase the effectiveness of anti-PCSK9 strategy 

in the treatment of dyslipidemia and CVD in humans. 
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