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Abstract
Background: Cellular	cholesterol	efflux	is	a	key	step	in	reverse	cholesterol	trans-
port	that	may	impact	on	atherosclerotic	cardiovascular	risk.	The	process	may	be	
reliant	on	the	availability	of	apolipoprotein	(apo)	B-	100-	containing	lipoproteins	
to	accept	cholesterol	from	high-	density	lipoprotein.	Evolocumab	and	atorvastatin	
are	known	to	lower	plasma	apoB-	100-	containing	lipoproteins	that	could	impact	
on	cholesterol	efflux	capacity	(CEC).
Methods: We	 conducted	 a	 2-	by-	2	 factorial	 trial	 of	 the	 effects	 of	 subcutaneous	
evolocumab	(420 mg	every	2 weeks)	and	atorvastatin	(80 mg	daily)	for	8 weeks	
on	CEC	in	81 healthy,	normolipidaemic	men.	The	capacity	of	whole	plasma	and	
apoB-	depleted	plasma,	including	ATP-	binding	cassette	transporter	A1	(ABCA1)-	
mediated	and	passive	diffusion,	to	efflux	cholesterol,	was	measured.
Results: Evolocumab	and	atorvastatin	 independently	decreased	whole	plasma	
CEC	(main	effect	p <  .01	 for	both).	However,	 there	were	no	significant	effects	
of	evolocumab	and	atorvastatin	on	apoB-	depleted	plasma,	ABCA1-	mediated	and	
passive	diffusion-	mediated	CEC	(p > .05	in	all).	In	the	three	intervention	groups	
combined,	 the	 reduction	 in	 whole	 plasma	 CEC	 was	 significantly	 correlated	
with	the	corresponding	reduction	in	plasma	apoB-	100	concentration	(r = .339,	
p < .01).	In	the	evolocumab	monotherapy	group,	the	reduction	in	whole	plasma	
CEC	was	also	significantly	correlated	with	the	corresponding	reduction	in	plasma	
lipoprotein(a)	concentration	(r = .487,	p < .05).
Conclusions: In	normolipidaemic	men,	evolocumab	and	atorvastatin	decrease	
the	capacity	of	whole	plasma	to	efflux	cellular	cholesterol.	These	effects	may	be	
chiefly	 owing	 to	 a	 fall	 in	 the	 availability	 of	 apoB-	100-	containing	 lipoproteins.	
Reduction	 in	 circulating	 lipoprotein(a)	 may	 also	 contribute	 to	 the	 decrease	 in	
whole	plasma	cholesterol	efflux	with	evolocumab	monotherapy.
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statin1 |  INTRODUCTION
Cholesterol	efflux	from	macrophages,	the	first	step	of	re-
verse	 cholesterol	 transport	 (RCT),	 plays	 a	 major	 role	 in	
anti-	atherogenesis.1-	3	 Recent	 observational	 studies	 sug-
gest	 that	 the	 capacity	 of	 plasma	 to	 affect	 cholesterol	 ef-
flux	 is	 inversely	 related	 to	atherosclerotic	cardiovascular	
disease	 (ASCVD),	 independent	 of	 traditional	 cardiovas-
cular	 risk	 factors,	 including	 the	 levels	 of	 low-	density	 li-
poprotein	(LDL)-	cholesterol	and	high-	density	lipoprotein	
(HDL)-	cholesterol.4,5

Cholesterol	 efflux	 capacity	 (CEC)	 is	 a	 measure	 of	
plasma	acceptors	to	accept	cholesterol	released	from	cells	
through	 different	 receptor-	mediated	 pathways,	 such	 as	
ATP-	binding	 cassette	 transporter	 A1	 (ABCA1),	 ABCG1	
and	scavenger	receptor	class	B	type	I	(SR-	BI),6-	8	and	un-
specific	 passive	 diffusion.9	 HDL	 plays	 a	 central	 role	 in	
RCT	 through	 interaction	 with	 cellular	 receptors,	 lipid	
transfer	proteins,	lipases	and	apolipoprotein	(apo)	B-	100-	
containing	 lipoproteins.	 Such	 an	 integrated	 system	 en-
ables	cholesterol	efflux	from	peripheral	cells,	particularly	
macrophages	and	foam	cells,	and	transport	of	cholesterol	
back	to	the	liver,	so-	called	RCT.3	RCT	is	the	best-	recognised	
mechanism	 by	 which	 HDL	 protects	 against	 atherogene-
sis.3	However,	the	precise	mechanisms	or	factors	govern-
ing	cholesterol	 efflux	 is	 complex	but	may	be	affected	by	
the	 latter	 steps	 in	RCT.	These	 include	 the	availability	of	
apoB-	100-	containing	lipoproteins	to	accept	cholesteryl	es-
ters	from	HDL	particles,	which	allows	the	plasma	system	
to	maintain	the	capacity	of	HDL	to	take	up	free	cholesterol	
in	HDL	particles	constant.10 We	have	shown	in	men	with	a	
wide	range	of	body	mass	index	(BMI)	that	cellular	choles-
terol	efflux	was	positively	associated	with	the	plasma	level	
of	apoB-	100	and	 inversely	with	plasma	HDL-	cholesterol	
concentration	and	 the	clearance	of	apoB-	100-	containing	
lipoproteins.11

Proprotein	convertase	subtilisin/kexin	type	9	(PCSK9),	
a	secretory	protease	expressed	chiefly	in	the	liver,	is	a	key	
regulator	 of	 apoB-	100-	containing	 lipoprotein	 metabo-
lism	because	of	its	ability	to	enhance	the	degradation	of	
the	 LDL	 receptor.12,13	 PCSK9	 inhibition	 with	 monoclo-
nal	 antibodies	 (mAbs),	 such	 as	 evolocumab	 and	 aliro-
cumab,	has	been	consistently	shown	to	profoundly	lower	
plasma	 concentrations	 of	 apoB-	100-	containing	 lipopro-
teins,	 including	 very-	low-	density	 lipoprotein	 (VLDL),	
intermediate-	density	 lipoprotein	 (IDL),	 LDL	 and	 lipo-
protein(a)	 [Lp(a)],	with	a	modest	 significant	 increase	 in	
HDL-	cholesterol	but	no	significant	effect	on	apoA-	I	con-
centrations.14,15	 Statins	 inhibit	 3-	hydroxy-	3-	methylglutar

yl-	coenzyme	A	reductase,	which	stimulates	LDL	receptor	
activity	 for	 hepatic	 clearance	 of	 apoB-	100-	containing	 li-
poproteins,	 thereby	 leading	 to	 markedly	 lower	 concen-
trations	of	plasma	apoB-	100	and	LDL-	cholesterol	but	do	
not	have	a	significant	impact	on	HDL-	cholesterol	concen-
tration.14	 Recent	 endpoint	 trials	 have	 demonstrated	 an	
improvement	 in	 clinical	 outcomes	 with	 PCSK9mAb	 in	
high-	risk	patients	against	background	statin	therapy.16,17	
However,	 patients	 are	 still	 at	 high	 residual	 risk	 even	
after	 a	 substantial	 reduction	 in	 plasma	 LDL-	cholesterol	
concentration	 with	 statins	 and	 PCSK9	 inhibitor	 treat-
ment.18,19 This	suggests	that	these	agents	may	not	be	suffi-
cient	to	correct,	or	in	contrast,	to	worsen	other	metabolic	
cardiovascular	 risk	 factors.	 Given	 that	 most	 cholesterol	
esters	(>70%)	are	removed	from	plasma	through	the	ca-
tabolism	of	apoB-	100-	containing	lipoproteins,20	we	spec-
ulate	 that	 the	 reduction	 in	 apoB-	containing	 lipoprotein	
with	 PCSK9mAb	 and	 statin	 may	 influence	 the	 capacity	
of	plasma	to	affect	cholesterol	efflux	from	macrophages,	
measured	as	CEC.	Since	these	agents	only	have	modest	ef-
fects	on	HDL	metabolism,14	we	considered	that	their	pre-
dominant	effect	on	CEC	would	be	mediated	by	changes	in	
apoB-	100-	containing	lipoproteins.

We	 previously	 reported	 in	 a	 factorial	 trial	 that	 evolo-
cumab	and	atorvastatin	decreased	plasma	concentration	
of	apoB-	100	in	VLDL,	IDL	and	LDL.14	Evolocumab	alone	
or	in	combination	with	atorvastatin	also	lowered	plasma	
Lp(a)	 concentration.21  The	 primary	 aim	 of	 the	 present	
study	 was	 to	 investigate	 the	 effects	 of	 evolocumab	 and	
atorvastatin	on	ex	vivo	CEC.	The	second	aim	was	to	explore	
whether	the	reduction	in	plasma	apoB-	100-	containing	li-
poprotein	concentration	with	evolocumab	and/or	atorvas-
tatin	 was	 associated	 with	 the	 corresponding	 changes	 in	
cellular	cholesterol	efflux	ex	vivo.

2 	 | 	 METHOD

2.1	 |	 Subjects and study design

The	subjects	reported	were	derived	from	a	substudy	of	a	
randomised,	 double-	blind,	 placebo-	controlled,	 interven-
tion	trial	employing	a	two-	by-	two	factorial	design	that	ex-
amined	the	effect	of	evolocumab	and	atorvastatin	on	apoB	
metabolism.14	Full	details	of	study	subjects	and	protocols	
were	published	previously.14	Reporting	of	the	study	con-
forms	to	broad	EQUATOR	guidelines.22	Briefly,	we	stud-
ied	healthy,	normolipidaemic	men	aged	18–	65 years	with	
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fasting	plasma	LDL-	cholesterol	of	≥2.5	and	<4.9 mmol/L	
and	triglycerides	of	<1.7 mmol/L,	and	BMI	of	18–	32 kg/
m2.	 None	 had	 diabetes;	 familial	 hypercholesterolaemia;	
hypertension;	 or	 cardiovascular,	 renal,	 hepatic,	 thyroid,	
musculoskeletal,	 psychiatric	 or	 other	 medical	 disorders;	
abnormal	 liver	or	muscle	enzymes;	alcohol	or	substance	
abuse;	 nor	 were	 taking	 medications	 affecting	 lipid	 me-
tabolism.	 All	 were	 consuming	 isocaloric	 diets	 and	 took	
light-	to-	moderate	 exercise.	 The	 study	 was	 approved	 by	
a	 national	 ethics	 committee	 (Bellberry	 Ltd,	 Eastwood,	
South	Australia);	all	subjects	provided	informed	consent.

Eligible	 subjects	 were	 randomised	 (1:1:1:1)	 to	 one	 of	
the	four	treatment	groups	for	8 weeks—	placebo	subcuta-
neous	(SC)	every	two	weeks	(Q2W)	and	oral	placebo	once	
a	day	(QD;	placebo);	placebo	SC	Q2W	and	oral	atorvasta-
tin	80 mg	QD	(atorvastatin);	SC	evolocumab	420 mg	Q2W	
and	 oral	 placebo	 QD	 (evolocumab);	 or	 SC	 evolocumab	
420  mg	 Q2W	 and	 oral	 atorvastatin	 80  mg	 QD	 (evolo-
cumab/atorvastatin).	Study	visits	were	every	2 weeks	for	
evolocumab	dosing,	treatment	adherence	assessment,	lab-
oratory	testing	and	safety	measurements.	Fasting	venous	
blood	was	collected	at	baseline	and	week	8	for	laboratory	
measurements	of	biochemical	analyses	and	CEC.

2.2	 |	 Isolation of apoB- depleted plasma 
samples for cholesterol efflux

ApoB-	depleted	 plasma	 was	 obtained	 after	 precipitation	
of	 apoB-	containing	 lipoproteins	 using	 the	 polyethylene	
glycol	 (PEG)	 method	 as	 previously	 described.23	 Briefly,	
plasma	samples	were	treated	with	PEG	solution	to	precip-
itate	apoB-	containing	lipoproteins.	The	precipitate	was	re-
moved	by	high-	speed	centrifugation	(10,000 rpm,	30 min,	
4°C)	to	obtain	the	PEG	supernatant	containing	the	HDL	
lipoprotein	fraction.

2.3	 |	 Measurement of cholesterol 
efflux capacity

Efflux	 studies	 were	 performed	 as	 previously	 described	
using	 J774  macrophages.23,24  Whole	 plasma,	 apoB-	
depleted	plasma,	ABCA1-	mediated	and	passive	diffusion-	
mediated	CEC	were	determined	through	the	use	of	specific	
cell	 condition	 models.	 Briefly,	 cells	 were	 labelled	 with	
[1,2-	3H]	cholesterol	 in	 the	presence	of	an	ACAT	 inhibi-
tor	(2 µg/ml,	Sandoz	58035;	Sigma-	Aldrich,	Milano,	Italy).	
J774	cells	were	treated	with	0.3 mM	cAMP	analogue	(cpt-	
AMP;	Sigma-	Aldrich,	Milan,	Italy)	 in	0.2%	BSA	for	18 h	
to	upregulate	ABCA1.	The	efflux	medium	was	prepared	
using	 2%	 (v/v)	 whole	 plasma	 (or	 2.8%	 apoB-	depleted	
plasma)	and	incubated	with	cells	for	4–	6 h.	Whole	plasma	

(or	 apoB-	depleted	 plasma)	 CEC	 was	 expressed	 as	 a	 per-
centage	 of	 radiolabelled	 cholesterol	 released	 to	 the	 me-
dium	 over	 the	 total	 radioactivity	 incorporated	 by	 cells.	
Using	apoB-	depleted	plasma,	the	ABCA1-	mediated	CEC	
was	calculated	as	 the	difference	between	the	percentage	
efflux	 obtained	 in	 cAMP	 treated	 cell	 (i.e.	 apoB-	depleted	
plasma	CEC)	and	that	obtained	in	cells	not	treated	with	
cAPM	 (i.e.	 passive	 diffusion-	mediated	 CEC).	 To	 mini-
mise	the	intra-	assay	variability,	every	serum	sample	was	
run	in	triplicate	and	for	each,	the	percentage	of	efflux	was	
obtained	 and	 the	 average	 and	 standard	 deviation	 were	
calculated.	 A	 standard	 pool	 of	 human	 serum	 from	 our	
laboratory	(SN1)	permitted	correction	for	inter-	assay	vari-
ability	and	a	second	serum	standard	pool	(SN2)	was	used	
to	determine	inter-	assay	variability.25

2.4	 |	 Quantification of apoB 
other analytes

Full	 details	 for	 laboratory	 methods,	 including	 quantifi-
cation	 of	 very-	low-	density	 (VLDL)-	apoB,	 intermediate-	
density	lipoprotein	(IDL)-	apoB	and	LDL-	apoB	have	been	
published	elsewhere.14,21	Briefly,	apoB	in	the	VLDL,	IDL	
and	LDL	fractions	were	separated	by	sequential	ultracen-
trifugation	and	isolated	using	the	isopropanol	method.	A	
modified	Lowry	method	was	used	to	determine	the	apoB	
concentration	 in	 each	 fraction.	 Plasma	 Lp(a)	 concentra-
tion	was	measured	as	particle	number	in	nmol/L	by	im-
munoturbidimetry	 (Denka	 Seiken	 Co	 Ltd,	 Lp(a)	 assay,	
Polymedco).	This	immunoturbidimetry	method	has	been	
demonstrated	to	be	insensitive	to	apo(a)	isoform	size	het-
erogeneity.26	 All	 routine	 lipid	 and	 lipoprotein	 analyses	
were	 assayed	 in	 serum	 samples	 by	 Medpace	 Reference	
Laboratories	according	to	the	Centers	for	Disease	Control	
and	 Prevention	 Lipid	 Standardization	 Program.	 Plasma	
apoE	(R&D	Systems),	 lipoprotein	lipase	(LPL)	(Cusabio)	
and	cholesteryl	ester	transfer	protein	(CETP)	(Cell	Biolabs,	
Inc)	 concentrations	 were	 determined	 using	 enzyme-	
linked	immunoassay.	Free	PCSK9	concentration	was	as-
sayed	by	a	quantitative	ELISA	method	(PPD	Bioanalytical	
Lab,	Richmond,	VA,	USA).

2.5	 |	 Statistical analyses

Data	 were	 analysed	 using	 SPSS	 26  software	 (SPSS,	
Chicago,	USA).	Data	were	presented	as	geometric	mean	
(95%	confident	 interval)	unless	otherwise	 indicated.	The	
Shapiro-	Wilk	 test	 was	 used	 to	 determine	 whether	 vari-
ables	were	normally	distributed.	Main	effects	of	treatment	
(i.e.	 isolated	effect	of	 evolocumab	 treatment	 irrespective	
of	 the	 effect	 of	 atorvastatin	 treatment)	 and	 interactive	
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effects	 of	 treatment	 (i.e.	 effect	 of	 the	 combination	 of	
each	 treatment)	 were	 assessed	 by	 maximum-	likelihood	
random-	effects	regression	models.	The	models	contained	
3-	way	interactions	of	time,	evolocumab	and	atorvastatin.	
If	 the	3-	way	interaction	of	evolocumab,	atorvastatin	and	
time	was	not	statistically	significant,	then	only	the	main	
effects	(time-	evolocumab	and	time-	atorvastatin)	were	in-
cluded	in	the	model.14	Changes	in	variables	with	interven-
tions	 relative	 to	 baseline	 were	 described	 as	 percentages.	
Associations	 were	 examined	 by	 Pearson's	 correlational	
analyses.	 Statistical	 significance	 was	 defined	 at	 the	 5%	
level	using	a	two-	tailed	test.

3 	 | 	 RESULTS

3.1	 |	 Baseline clinical and biochemical 
characteristics

Of	245 subjects	screened,	81	completed	the	study	and	were	
randomly	assigned	to	either	placebo	(n = 20),	atorvastatin	
(n  =  22),	 evolocumab	 (n  =  20)	 or	 evolocumab/atorvas-
tatin	(n = 19)	 (see	CONSORT	flow	diagram;	Figure	S1).	
Full	details	of	the	subject	clinical	and	biochemical	char-
acteristics	 were	 summarised	 previously.14	 As	 shown	 in	
Table 1,	the	81	eligible	subjects	were	on	average	31 years	
old,	nonobese,	normotensive,	nondiabetic	and	had	overall	
normal	plasma	lipid	and	lipoprotein	profiles.	There	were	
no	significant	group	differences	in	any	of	the	variables	in	

Table 1.	Adherence	to	randomised	treatments	was	100%.	
The	spectrum	of	an	adverse	event	after	treatments	was	as	
reported	previously.14

3.2	 |	 Treatment effect on fasting plasma 
lipid, lipoprotein and apolipoprotein

Treatment	effects	on	fasting	plasma	lipid,	lipoprotein	and	
apolipoprotein	concentration	in	81 subjects	were	reported	
previously.14	 Briefly,	 both	 evolocumab	 and	 atorvastatin	
independently	decreased	fasting	plasma	concentration	of	
total	 cholesterol,	 LDL-	cholesterol,	 total	 apoB	 and	 LDL-	
apoB	(p <  .001	for	all);	 the	reduction	being	significantly	
greater	with	combination	therapy	compared	with	mono-
therapy	 (p  <  .001	 for	 all).	 There	 were	 significant	 main	
effects	 of	 evolocumab	 in	 raising	 HDL-	cholesterol	 (+9%,	
p  <  .001)	 and	 lowering	 VLDL-	apoB	 (−31%,	 p  =  .001),	
IDL-	apoB	(−30%,	p =  .001),	apoE	(−27%,	p <  .001)	and	
Lp(a)	(−25%,	p = .002),	and	of	atorvastatin	in	lowering	tri-
glycerides	(−23%,	p = .001),	VLDL-	apoB	(−30%,	p = .001),	
IDL-	apoB	 (−31%,	 p  =  .001)	 and	 apoE	 (−28%,	 p  <  .001)	
concentrations	(Table S1).	There	were	also	significant	ef-
fects	(p < .001)	of	atorvastatin	in	increasing	(+41%)	and	of	
evolocumab	in	decreasing	(−98%)	plasma-	free	PCSK9 lev-
els.	 There	 were	 no	 significant	 main	 effects	 on	 apoA-	I,	
LPL	 or	 CETP	 mass	 concentrations	 with	 evolocumab	 or	
atorvastatin.

T A B L E  1 	 Clinical	and	biochemical	characteristics	of	the	81 subjects	enrolled	at	baseline

Placebo (n = 20)
Atorvastatin 
(n = 22)

Evolocumab 
(n = 20)

Evolocumab/Atorvastatin 
(n = 19)

Age	(years) 32.9	(27.8–	39.1) 29.7	(26.6–	33.1) 32.2	(27.2–	38.1) 30.1	(26.1–	34.6)

Body	mass	index	(kg/m2) 24.6	(23.2–	26.0) 24.9	(23.7–	26.2) 24.6	(23.7–	25.6) 25.6	(24.2–	27.2)

SBP	(mmHg) 127	(124–	130) 123	(119–	127) 124	(120–	129) 124	(118–	130)

DBP	(mmHg) 78.3	(75.0–	81.7) 76.5	(72.7–	80.6) 74.2	(67.8–	81.2) 76.3	(72.3–	80.6)

Glucose	(mmol/L) 5.23	(5.06–	5.41) 5.31	(5.16–	5.47) 5.35	(5.11–	5.60) 5.39	(5.24–	5.55)

Total	cholesterol	(mmol/L) 4.57	(4.40–	4.76) 4.69	(4.43–	4.97) 4.52	(4.23–	4.83) 4.60	(4.21–	5.02)

Triglycerides	(mmol/L) 0.82	(0.75–	0.90) 0.90	(0.79–	1.04) 0.80	(0.67–	0.96) 0.94	(0.77–	1.15)

HDL-	cholesterol	(mmol/L) 1.17	(1.06–	1.30) 1.22	(1.12–	1.33) 1.11	(0.98–	1.25) 1.14	(1.01–	1.28)

LDL-	cholesterol	(mmol/L) 3.05	(2.89–	3.22) 3.09	(2.89–	3.31) 3.04	(2.84–	3.26) 2.99	(2.71–	3.29)

ApoB,	g/L 0.84	(0.79–	0.89) 0.84	(0.79–	0.89) 0.84	(0.79–	0.90) 0.85	(0.78–	0.94)

VLDL-	apoB,	mg/L 41.7	(34.3–	50.7) 47.0	(37.8–	58.5) 46.9	(34.8–	63.2) 53.0	(40.3–	69.5)

IDL-	apoB,	mg/L 32.7	(28.4–	37.7) 33.2	(28.5–	38.9) 36.5	(29.2–	45.7) 40.9	(33.5–	50.0)

LDL-	apoB,	mg/L 465	(411–	527) 431	(378–	492) 447	(369–	541) 456	(391–	533)

Lipoprotein	(a),	nmol/L 23.2	(12.0–	45.1) 11.7	(7.33–	18.7) 19.9	(10.3–	38.3) 20.9	(10.9–	40.0)

Note: Values	expressed	as	geometric	mean	(95%	CI).
Abbreviations:	Apo,	apolipoprotein;	CI,	confidence	interval;	DBP,	diastolic	blood	pressure;	HDL,	high-	density	lipoprotein;	LDL,	low-	density	lipoprotein;	SBP,	
systolic	blood	pressure.



   | 1209 of 1214YING et al.

3.3	 |	 Treatment effect on cholesterol 
efflux capacity

Table  2  shows	 the	 treatment	 effect	 on	 whole	 plasma,	
apoB-	depleted,	 ABCA1-	mediated	 and	 passive	 diffusion-	
mediated	CEC	in	the	subjects.	As	seen,	all	of	the	four	in-
dices	of	CEC	at	baseline	were	not	 significantly	different	
among	 the	 four	 groups	 (ANOVA	 p  >  .05	 for	 all).	 There	
were	also	no	significant	interactions	between	evolocumab	
and	atorvastatin	for	any	of	the	variables	shown	in	Table 2.	
Relative	to	the	nontreatment	group,	evolocumab	and	ator-
vastatin	 independently	decreased	whole	plasma	CEC	by	
−12%	and	−13%	(main	effect	p <  .01	 in	both,	Figure	1).	
However,	 there	 were	 no	 significant	 main	 effects	 of	 evo-
locumab	or	atorvastatin	on	apoB-	depleted	CEC,	ABCA1-	
mediated	 CEC	 and	 passive	 diffusion-	mediated	 CEC	
(p > .05	in	all).

At	 baseline,	 the	 capacity	 of	 whole	 plasma	 to	 effect	
cholesterol	efflux	ex	vivo	was	significantly	and	positively	
correlated	 with	 plasma	 apoB	 (r  =  .240;	 p  =  .031),	 but	
not	 with	 VLDL-	apoB	 (r  =  −.034;	 p  =  .762),	 IDL-	apoB	

(r = −.062;	p =  .584),	LDL-	apoB	(r = −.062;	p =  .465)	
and	 Lp(a)	 concentration	 (r  =  .047;	 p  =  .680).	 Plasma	
HDL-	cholesterol	 concentrations	 were	 also	 not	 signifi-
cantly	 associated	 (p  >  .05	 for	 all)	 with	 whole	 plasma	
(r  =  .042),	 apoB-	depleted	 plasma	 (r  =  .004),	 ABCA1-	
mediated	 (r  =  −.114)	 and	 passive	 diffusion-	mediated	
CEC	(r = .107).

In	 the	 three	 intervention	 groups	 combined,	 the	 per-
centage	reduction	in	whole	plasma	CEC	was	significantly	
correlated	 with	 the	 corresponding	 reduction	 in	 plasma	
LDL-	cholesterol	 (r  =  .359,	 p  <  .05;	 Figure	 2A),	 LDL-	
apoB	 concentrations	 (r  =  .264,	 p  <  .05;	 Figure	 2B)	 and	
apoB	(r = .339,	p < .01;	Figure	2C).	However,	 there	was	
no	 significant	 association	 (p  >  .05	 for	 all)	 between	 the	
changes	in	whole	plasma	CEC	and	plasma	concentrations	
of	VLDL-	apoB	(r = .008),	IDL-	apoB	(r = .126)	and	Lp(a)	
concentration	(r = −.041).	Using	data	from	our	previous	
report,14	 the	 reduction	 in	 whole	 plasma	 CEC	 was	 also	
significantly	 correlated	 with	 the	 corresponding	 increase	
in	 the	 fractional	 catabolic	 rate	 (FCR)	 of	 LDL-	apoB-	100	
(r = −.327,	p < .05).

T A B L E  2 	 Effect	of	the	interventions	on	whole	plasma	CEC,	apoB-	depleted	CEC,	ABCA1-	mediated	CEC	and	passive	diffusion

Placebo ATV EVO ATV + EVO Main effect Interaction

(n = 20) (n = 22) (n = 20) (n = 19)

p- value p- value

ATV EVO ATV vs EVO

Whole	plasma	
CEC	(%)

Baseline 18.1	(16.5–	19.9) 20.9	
(19.0–	23.0)

19.5	
(17.3–	22.0)

19.2	(16.9–	21.7) .003 .001 .67

Week	8 17.2	(15.6–	19.1) 16.3	
(14.5–	18.3)

15.4	
(13.6–	17.4)

13.5	(12.1–	15.2)

ApoB-	depleted	
CEC	(%)

Baseline 13.6	(12.8–	14.4) 13.9	
(13.0–	14.8)

14.1	
(12.7–	15.7)

13.6	(12.5–	14.9) .486 .133 .146

Week	8 15.0	(14.2–	15.8) 15.3	
(14.3–	16.4)

15.4	
(14.2–	16.6)

14.3	(13.3–	15.4)

ABCA1-	mediated	
CEC	(%)

Baseline 2.5	(1.8–	3.6) 2.9	(2.3–	3.8) 2.6	(1.8–	3.6) 2.2	(1.6–	3.0) .594 .689 .732

Week	8 4.0	(3.4−4.7) 4.5	(3.8–	5.3) 4.0	(3.4–	4.7) 3.7	(2.8–	4.8)

Passive	diffusion	
(%)

Baseline 10.6	(10.0–	11.2) 10.6	
(10.0–	11.2)

11.1	
(10.0–	12.3)

11.1	(10.4–	11.8) .180 .295 .231

Week	8 10.7	(10.0–	11.4) 10.7	
(10.1–	11.3)

11.0	
(10.4–	11.5)

10.2	(9.8–	10.7)

Note: Data	presented	as	geometric	mean	(95%	CI).	Bold	values	denote	statistically	significance	of	main	effect	of	treatments	compared	with	the	placebo	group	
using	maximum-	likelihood	random-	effects	regression	models.
Abbreviations:	ABC,	ATP-	binding	cassette	transporter;	Apo,	apolipoprotein;	ATV,	atorvastatin;	CEC,	cholesterol	efflux	capacity;	EVO,	evolocumab.
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In	the	evolocumab	monotherapy	group,	the	reduction	
in	 whole	 plasma	 CEC	 was	 significantly	 correlated	 with	
the	corresponding	 reduction	 in	plasma	Lp(a)	concentra-
tion	(r = .487,	p < .05;	Figure	3);	this	association	remained	
significant	 (p <  .05	 for	all)	after	adjusting	 for	 the	corre-
sponding	changes	 in	plasma	LDL-	cholesterol	 (r =  .508),	
LDL-	apoB	 (r  =  .540)	 or	 apoB	 (r  =  .534).	 However,	 the	
decrease	in	whole	plasma	CEC	was	not	significantly	cor-
related	with	the	corresponding	reduction	in	plasma	Lp(a)	
concentration	in	patients	with	combination	treatment.

4 	 | 	 DISCUSSION

Our	principal	finding	was	that	evolocumab	and	atorvasta-
tin	lowered	the	capacity	of	whole	plasma	to	affect	choles-
terol	efflux	ex	vivo	in	healthy	normolipidaemic	subjects.	
The	reduction	in	whole	plasma	cholesterol	capacity	may	
be	mediated	by	their	effects	in	lowering	plasma	apoB-	100-	
containing	 lipoprotein	 concentrations,	 including	 LDL	
and/or	 Lp(a)	 particles.	 However,	 evolocumab	 and	 ator-
vastatin	 did	 not	 show	 a	 significant	 effect	 on	 cholesterol	

F I G U R E  1  Main	effects	of	atorvastatin	(A)	and	evolocumab	(B)	
on	whole	plasma	cholesterol	efflux	capacity	(CEC)
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F I G U R E  2  Correlation	between	change	in	whole	plasma	
cholesterol	efflux	capacity	(CEC)	and	change	in	plasma	
concentrations	of	LDL-	cholesterol	(A),	LDL-	apoB-	100	(B)	and	
apoB-	100	(C)	in	three	intervention	groups

F I G U R E  3  Correlation	between	change	in	whole	plasma	
cholesterol	efflux	capacity	(CEC)	and	change	in	Lp(a)	
concentration	in	subjects	receiving	evolocumab	monotherapy
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efflux	to	apoB-	depleted	plasma	mediated	by	both	ABCA1	
and	passive	diffusion	pathways.

4.1	 |	 Previous cellular cholesterol efflux 
studies with statins and PCSK9 inhibitors

The	 effects	 of	 statins	 on	 cellular	 cholesterol	 efflux	 have	
been	 previously	 examined,	 but	 with	 divergent	 results	
showing	increased,	decreased	or	no	change	in	the	capac-
ity	 of	 plasma	 to	 efflux	 cholesterol	 ex	 vivo.27-	33  We	 have	
previously	 reported	 that	 rosuvastatin	 treatment	 resulted	
in	a	significant	reduction	of	whole	plasma	CEC,	but	not	
apoB-	depleted	plasma	CEC	in	overweight	subjects.29 The	
discrepant	 findings	of	 the	aforementioned	studies	might	
be	accounted	for	by	differences	in	study	design	(controlled	
vs	 uncontrolled	 observations),	 the	 methods	 to	 measure	
cellular	cholesterol	efflux	(whole	plasma	vs	apoB-	depleted	
plasma),	the	type	and	dose	of	statin	employed	(atorvastatin	
vs	rosuvastatin).	Only	one	study	has	reported	on	the	effect	
of	 PCSK9  monoclonal	 antibodies	 on	 CEC.34	 Lappegård	
et	al	found	that	treatment	with	evolocumab	had	no	effect	
on	 whole	 plasma	 CEC	 in	 3	 patients	 with	 heterozygous	
familial	 hypercholesterolemia.34	 However,	 the	 results	
needed	to	be	interpreted	with	caution	because	of	the	very	
small	sample	size.	We	have	extended	previous	studies	by	
investigating	 the	 comparative	 effect	 of	 evolocumab	 and	
atorvastatin	on	cellular	cholesterol	efflux	capacity	under	
normal	physiological	conditions.

4.2	 |	 Effect of atorvastatin on cholesterol 
efflux capacity

Inhibition	of	de	novo	cholesterol	synthesis	by	statins	is	well	
recognised	 to	 upregulate	 LDL	 receptor	 activity,	 thereby	
increasing	 hepatic	 removal	 of	 apoB-	100-	containing	 lipo-
proteins.35,36	Statins	are	also	known	to	increase	transcrip-
tion	of	micro-	RNA33	and	to	decrease	transcription	of	liver	
X	receptor,	leading	to	down-	regulation	of	the	expression	
of	 ABCA1	 and	 ABCG1	 for	 cholesterol	 efflux.37  We	 con-
firmed	this	 in	an	earlier	report	by	showing	that	atorvas-
tatin	 treatment	 decreased	 the	 plasma	 concentrations	 of	
VLDL,	IDL	and	LDL	in	these	patients.14 We	have	also	pre-
viously	 demonstrated	 that	 the	 capacity	 of	 whole	 plasma	
to	 affect	 cholesterol	 efflux	 ex vivo	 was	 significantly	 and	
positively	 correlated	 with	 plasma	 apoB-	100	 concentra-
tion.11  This	 supports	 the	 notion	 that	 the	 availability	 of	
apoB-	100-	containing	 lipoproteins	plays	a	key	role	 in	 the	
latter	steps	in	RCT	to	accept	cholesterol	cholesteryl	esters	
from	HDL	particles	and	maintain	the	capacity	of	HDL	to	
pass	cholesterol	it	acquired	from	macrophages	to	choles-
terol	 pools	 within	 apoB-	100-	containing	 lipoproteins.10	

In	 the	 present	 study,	 the	 lowering	 effects	 of	 apoB-	100-	
containing	 lipoprotein	 particles	 with	 atorvastatin	 would	
be	expected	to	reduce	the	availability	of	these	lipoproteins	
to	 accept	 cholesterol	 cholesteryl	 esters	 from	 HDL	 parti-
cles.	Accordingly,	we	found	that	atorvastatin	significantly	
and	independently	decreased	whole	plasma	CEC,	but	not	
apoB-	depleted	 plasma	 CEC	 (i.e.	 both	 ABCA1	 and	 pas-
sive	 diffusion-	mediated	 pathways).	 In	 the	 pooled	 analy-
sis	from	three	intervention	groups,	we	also	observed	that	
the	 reduction	 in	 whole	 plasma	 CEC	 was	 significantly	
associated	 with	 the	 corresponding	 reductions	 in	 plasma	
LDL-	cholesterol,	 LDL-	apoB	 and	 total	 apoB	 concentra-
tions.	These	observations	were	 further	 supported	by	 the	
significant	 association	 between	 the	 reduction	 in	 whole	
plasma	CEC	and	the	corresponding	increase	in	the	FCR	
of	LDL-	apoB-	100.	The	FCR	of	LDL-	apoB-	100	determines	
the	 plasma	 pool	 size	 of	 apoB	 in	 the	 circulation.	 It	 was	
therefore	not	unexpected	that	the	reduction	in	total	apoB	
concentration	 and	 the	 corresponding	 changes	 in	 whole	
plasma	CEC	was	inversely	correlated	with	the	increase	in	
the	FCR	of	LDL-	apoB-	100.	Taken	together,	this	finding	re-
inforces	the	potentially	greater	role	of	the	total	availability	
of	apoB	particles	in	influencing	cholesterol	efflux	in	RCT.

4.3	 |	 Effect of evolocumab on cholesterol 
efflux capacity

The	role	of	PCSK9	inhibition	in	the	upregulation	of	LDLR	
activity	is	also	well	recognised.14,15	Like	atorvastatin,	the	
capacity	 of	 whole	 plasma	 to	 affect	 cholesterol	 efflux	 ex	
vivo	would	be	expected	to	be	decreased	with	evolocumab	
because	 this	 agent	 decreases	 the	 plasma	 concentration	
of	 apoB-	100-	containing	 lipoproteins	 by	 enhanced	 LDL	
receptor-	mediated	 clearance	 pathway.	 Accordingly,	 we	
found	 that	 evolocumab	 significantly	 and	 independently	
decreased	 whole	 plasma	 CEC,	 but	 not	 apoB-	depleted	
plasma	 CEC	 and	 other	 indices	 of	 CEC	 (i.e.	 ABCA1	 and	
passive	diffusion-	mediated	CEC).

Cell-	based	data	also	show	that	PCSK9 may	downregu-
late	ABCA1	protein	expression	and	subsequent	ABCA1-	
mediated	cholesterol	efflux	capacity	from	peripheral	cells	
in	 the	 initial	 stage	 of	 RCT.24	 However,	 the	 experimental	
conditions	from	these	observations	do	not	reflect	those	of	
our	study.	In	the	present	study,	we	found	opposing	effects	
on	plasma-	free	PCSK9 levels	of	evolocumab	and	atorvas-
tatin.	Given	that	whole	plasma	CEC	decreased	with	both	
treatments,	our	data	do	not	support	a	direct	for	PCSK9	on	
cellular	cholesterol	efflux.

Given	 the	 role	 of	 HDL	 in	 RCT	 as	 an	 initial	 acceptor	
of	 free	 cholesterol	 from	 peripheral	 cells,	 the	 increase	 in	
plasma	HDL-	cholesterol	concentration	with	evolocumab	
would	 be	 expected	 to	 enhance	 cholesterol	 efflux	 from	
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peripheral	 cells	 to	 HDL	 particles.	 However,	 such	 in-
crease	 in	 plasma	 HDL-	cholesterol	 was	 only	 modest	 and	
therefore	 unlikely	 to	 impact	 on	 the	 predominant	 effect	
on	cholesterol	efflux	mediated	by	the	reduction	in	apoB-	
100-	containing	lipoproteins	with	evolocumab.	Consistent	
with	 this	 notion,	 we	 found	 that	 whole	 plasma	 CEC	 at	
baseline	 was	 only	 significantly	 associated	 with	 plasma	
apoB,	but	not	HDL-	cholesterol.	It	is	also	possible	that	the	
capacity	of	HDL	to	store	cholesterol	released	from	cells	is	
limited.	To	 maintain	 its	 capacity	 to	 affect	 cholesterol	 ef-
flux,	free	cholesterol	from	HDL	needs	to	be	transferred	to	
larger	pools	of	lipoproteins,	such	as	apoB-	100-	containing	
VLDL	and	LDL	particles.	Hence,	the	association	between	
plasma	HDL-	cholesterol	concentration	and	cholesterol	ef-
flux	might	have	been	diminished	and	confounded	by	the	
simultaneous	 presence	 of	 apoB-	100-	containing	 lipopro-
teins.	Measurement	of	HDL	kinetics	may	further	help	to	
clarify	the	precise	contributory	role	of	the	HDL	system	in	
effectuating	CEC.

We	have	previously	demonstrated	that	treatment	with	
evolocumab	 monotherapy	 or	 in	 combination	 with	 ator-
vastatin,	 but	 not	 atorvastatin	 monotherapy,	 resulted	 in	
a	 significant	 reduction	 in	 plasma	 Lp(a)	 concentration.21	
Like	 LDL	 particles,	 Lp(a)	 may	 act	 a	 role	 as	 an	 acceptor	
of	cholesteryl	esters	 from	HDL	particles.10	Experimental	
data	also	suggest	that	Lp(a)	can	directly	promote	choles-
terol	efflux	from	HepG2	cells	 to	HDL	through	upregula-
tion	of	ABCA1.38,39	Consistent	with	it,	we	found	that	the	
reduction	in	whole	plasma	CEC	with	evolocumab	mono-
therapy	was	significantly	associated	with	the	correspond-
ing	 reduction	 in	 plasma	 Lp(a)	 concentration	 (Figure	 3),	
independent	of	LDL-	cholesterol,	LDL-	apoB	or	apoB	con-
centrations.	However,	the	lack	of	a	significant	association	
between	 the	 changes	 in	 whole	 plasma	 CEC	 and	 plasma	
Lp(a)	concentration	in	patients	with	the	combined	treat-
ment	(i.e.	evolocumab	plus	atorvastatin)	might	seem	par-
adoxical.	The	reason	for	this	observation	remains	unclear.	
As	 discussed	 earlier,	 experimental	 data	 have	 suggested	
that	statins	can	exert	a	direct	effect	on	cellular	cholesterol	
efflux	by	regulating	the	expression	of	ABCA1	expression	
in	 human	 macrophages.40	 Hence,	 it	 is	 possible	 that	 the	
association	between	the	reduction	in	whole	plasma	CEC	
and	 plasma	 Lp(a)	 with	 evolocumab	 might	 have	 been	
diminished	 in	 the	 background	 setting	 of	 atorvastatin	
treatment.40,41	 However,	 this	 speculation	 remains	 to	 be	
investigated.

4.4	 |	 Study limitations

Our	study	has	limitations.	We	only	studied	healthy,	non-
obese,	 insulin	 sensitive,	 overall	 normolipidaemic	 men.	

Whether	 our	 findings	 apply	 to	 women,	 patients	 with	
obesity,	 type	 2	 diabetes,	 dyslipidaemia	 or	 FH	 remains	
to	 be	 tested.	 We	 cannot	 strictly	 exclude	 the	 possibility	
that	 our	 sample	 size	 was	 not	 sufficient	 to	 demonstrate	
that	evolocumab	or	atorvastatin	might	have	had	a	small	
but	significant	impact	on	the	capacity	of	cholesterol	ef-
flux	to	apoB-	depleted	plasma	or	other	indices	of	choles-
terol	 efflux.	 The	 association	 between	 CEC	 and	 plasma	
concentrations	of	apoB-	containing	lipoproteins	[such	as	
LDL-	apoB	and	Lp(a)]	with	the	two	agents	were	also	only	
moderate	 and	 require	 further	 confirmation	 in	 larger	
sample	size,	particularly	 in	patients	with	elevated	LDL	
and/or	 Lp(a).	 Cholesterol	 efflux	 was	 measured	 ex	 vivo	
reflects	only	the	earlier	stage	of	RCT	in	which	the	second	
major	part	(delivering	cholesterol	to	the	liver)	is	lacking.

4.5	 |	 Clinical implications

Cholesterol	 efflux	 capacity	 is	 a	 measure	 of	 reverse	 cho-
lesterol	 transport	 that	 is	 inversely	 related	 to	 the	 risk	
of	 ASCVD,	 independent	 of	 traditional	 classic	 risk	 fac-
tors.2,4  Targeting	 cholesterol	 efflux	 may	 therefore	 be	 an	
important	 therapeutic	approach	to	preventing	and	treat-
ing	 ASCVD.3,5	 Clinical	 benefits	 of	 statins	 and	 PCSK9	
inhibitors	 in	 the	prevention	of	ASCVD	have	been	estab-
lished	by	several	landmark	clinical	trials.16,17,42 The	ben-
efits	of	these	agents	are	not	only	related	to	their	effects	on	
LDL	but	also	involve	several	anti-	atherosclerotic	mecha-
nisms	that	could	involve	RCT.

Our	findings	suggest	that	the	capacity	of	plasma	to	af-
fect	cholesterol	efflux	is	reduced	by	both	evolocumab	and	
atorvastatin;	this	is	in	part,	associated	with	a	reduction	in	
the	acceptor	capacity	of	apoB-	100-	containing	lipoproteins,	
including	LDL	and/or	Lp(a).	The	clinical	significance	of	
reduced	 cholesterol	 efflux	 observed	 in	 vitro	 after	 evolo-
cumab	and/or	atorvastatin	treatment	is	uncertain;	it	may	
appear	 counterintuitive	 given	 the	 documented	 ASCVD	
benefits	of	 lowering	elevated	plasma	levels	of	apoB-	100-	
containing	 lipoproteins.16,17,42,43  The	 anti-	atherogenic	
benefits	 of	 lowering	 apoB-	100-	containing	 lipoproteins	
with	evolocumab	and	atorvastatin	may	override	the	neg-
ative	impact	on	their	effect	on	cholesterol	efflux	in	RCT,	
reflecting	a	feedback	mechanism	in	response	to	the	reduc-
tion	 in	vivo	 flux	of	 cholesterol	 into	 the	artery	wall	 from	
LDL	 and	 VLDL.	 It	 is	 also	 noteworthy	 that	 the	 net	 flux	
of	cholesterol	to	the	liver	for	faecal	excretion	in	the	later	
stages	of	RCT	may	be	enhanced	due	to	the	upregulation	of	
LDL	receptor	activity	by	both	evolocumab	and	atorvasta-
tin	treatments.44	However,	this	speculation	needs	further	
testing	with	detailed	HDL	kinetic	and	cholesterol	balance	
studies.



   | 1213 of 1214YING et al.

5 	 | 	 CONCLUSION

Given	 that	 the	 capacity	 of	 cholesterol	 efflux	 was	 de-
creased	 by	 both	 evolocumab	 and	 atorvastatin,	 further	
investigation	 should	 also	 explore	 the	 incremental	 ef-
fect	 of	 peroxisome	 proliferator-	activated	 receptor	
(PPAR)	alpha	agonists	or	selective	PPAR	γ	modulators	
(SPARMs)	 added	 to	 a	 statin	 or	 PCSK9	 inhibitor.45,46	
Such	an	approach	may	be	useful	for	addressing	the	high	
residual	 risk	of	ASCVD	demonstrated	with	statins	and	
PCSK9	inhibitors	in	clinical	outcome	trials	in	secondary	
prevention.16,17,42
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