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Abstract
Cholesterol efflux is the key process protecting the vascular system from the development of atherosclerotic lesions. Various 
extracellular and intracellular events affect the ability of the cell to efflux excess cholesterol. To explore the possible pathways 
and processes that promote or inhibit cholesterol efflux, we applied a combined cheminformatic and bioinformatic approach. We 
performed a comprehensive analysis of published data on the various substances influencing cholesterol efflux and found 153 
low molecular weight substances that are included in the Chemical Entities of Biological Interest (ChEBI) database. Pathway 
enrichment was performed for substances identified within the Reactome database, and 45 substances were selected in 93 sig-
nificant pathways. The most common pathways included the energy-dependent processes related to active cholesterol transport 
from the cell, lipoprotein metabolism and lipid transport, and signaling pathways. The activators and inhibitors of cholesterol 
efflux were non-uniformly distributed among the different pathways: the substances influencing ‘biological oxidations’ activate 
cholesterol efflux and the substances influencing ‘Signaling by GPCR and PTK6’ inhibit efflux. This analysis may be used in 
the search and design of efflux effectors for therapies targeting structural and functional high-density lipoprotein deficiency.

Key Points 

We performed a comprehensive analysis of the various 
substances influencing cholesterol efflux, with pathway 
enrichment using the Reactome database.

The activators and inhibitors of cholesterol efflux are 
non-uniformly distributed among different pathways.

The substances influencing biological oxidation activate 
cholesterol efflux, and the substances influencing signal-
ing by G protein-coupled receptors (GPCR) and non-
receptor tyrosine kinase (PTK6) inhibit efflux.

1  Reverse Cholesterol Transport

High-density lipoprotein (HDL) heterogeneity influences 
its atheroprotective effect via reverse cholesterol transport 
from macrophage to the liver [1]. Cholesterol efflux from 

a macrophage to the extracellular cholesterol acceptor is 
the first, and rate-limiting, step of reverse cholesterol trans-
port [2, 3]. Four mechanisms of cholesterol efflux, namely 
aqueous diffusion, facilitated diffusion mediated by the 
scavenger receptor class B member 1 (SR-B1) receptor, 
and active unidirectional efflux mediated by the ATP bind-
ing cassette subfamily A member 1 (ABCA1) and the ATP 
binding cassette subfamily G member 1 (ABCG1) trans-
porters are known [4]. ATP hydrolysis with concomitant 
conformational transition is required for cholesterol efflux by 
ABCA1 and ABCG1 transporters. The SR-B1 mediates cho-
lesterol efflux by facilitated diffusion via hydrophobic tunnel 
within the molecule. Various HDL fractions and lipid-free 
apolipoprotein A1 (apoA-1) are able to accept cell-derived 
cholesterol with a different efficiency [2]. Cholesterol trans-
port between intracellular compartments proceeds by both 
energy-dependent and energy-independent processes [5]. 
The energy-dependent vesicular traffic partly contributes 
to cholesterol flux between endoplasmic reticulum, plasma 
membrane (PM) and endocytic vesicles. The membrane 
contact sites and lipid transfer proteins are involved in non-
vesicular lipid traffic [6–11]. Importantly, the PM cholesterol 
is the cholesterol that participates in the efflux to the extra-
cellular acceptors [12].
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Cholesterol efflux from the macrophage is clinically sig-
nificant for two reasons. First, there is a significant relation-
ship between the cholesterol efflux capacity (CEC) of apoli-
poprotein B (apoB)-depleted plasma and the manifestations 
of various cardiovascular events. The predictive significance 
of CEC for cardiovascular risk is stronger than for HDL 
cholesterol level [13–16]. The second reason is the positive 
effect of efflux stimulation on the regression of atheroscle-
rotic plaques [15, 17, 18].

The molecular events in cellular cholesterol efflux, along 
with the contribution of various pathways, have been exten-
sively studied; however, there is no systematic evaluation of 
the influence of various low molecular weight substances on 
cholesterol efflux as a process directed by both donor and 
acceptor participants. A combined cheminformatic and bio-
informatic approach has been applied in the present review 
to classify and compare the known efflux effectors. Our work 
may be applicable in the targeted therapy of structural and 
functional HDL deficiency.

2  Effectors of Cholesterol Efflux

The PubMed database was initially searched using the 
term ‘cholesterol efflux’, and papers involving the use of 
low molecular weight substances were selected. This anal-
ysis of published data on the influence of low molecular 
weight substances on cholesterol efflux with various donors 
and acceptors revealed 191 substances with activating and 
inhibiting effects (Table 1). These substances were grouped 
into the following classes by means of small-molecule high-
throughput screening (Fig. 1): (1) inhibitors and activators 
of SR-B1 receptors or ABC transporters, including sulfony-
lureas (inhibitors of ATP-sensitive K+ channels); (2) cyclic 
nucleotides, nucleotide triphosphates, ligands of nucleo-
tide-dependent protein kinases; (3) nuclear receptor ligands 
and their precursors; (4) cytokines and their receptors; (5) 
hormones, hormone receptor ligands (excluding ligands of 
nuclear receptors), hormone metabolism and growth factors; 
(6) lipid metabolism—intracellular and extracellular; (7) 
fatty acids and lipid membrane-disturbing agents; (8) pro-
tein kinase B, mammalian target of rapamycin, phosphati-
dylinositol-phospholipase C; (9) ceramide signaling; (10) 
mitogen-activated protein kinase and non-receptor tyrosine 
kinase signaling; (11) ion channels and Ca2+ regulation; 
(12) protein synthesis and degradation; (13) structural and 
trafficking proteins and their ligands; (14) DNA-dependent 
processes; (15) other factors; (16) vitamins, coenzymes and 
metabolites; and (17) extracts, components of plants, and 
other natural sources. Overall, 153 substances were present 

in the Chemical Entities of Biological Interest (ChEBI) data-
base [220]. 

The subsequent Reactome database search [221] identi-
fied 67 substances, and 9 substances were excluded due to 
dual activating and inhibiting properties. Pathway enrich-
ment was then performed for the remaining 58 substances 
using the standard Reactome tools with a ‘small molecules 
(chebi)’ key. The significant (p < 0.05) 93 pathways were 
selected, including 45 from 58 substances. The number of 
significant pathways was reduced to 31 by the replacement 
of pathways of very low level with higher-level (parent) 
pathways (Table 2). These pathways included the Neu-
ronal System (R-HSA-112316); transcriptional regulation 
of white adipocyte differentiation (R-HSA-381340); the 
citric acid (TCA) cycle and respiratory electron trans-
port (R-HSA-1428517); integration of energy metabolism 
(R-HSA-163685); metabolism of vitamins and cofactors 
(R-HSA-196854); biological oxidations (R-HSA-211859); 
fatty acid metabolism (R-HSA-8978868); regulation of 
lipid metabolism by peroxisome proliferator-activated 
receptor-α (PPARα; R-HSA-400206); metabolism of 
steroids (R-HSA-8957322); metabolism of amino acids 
and derivatives (R-HSA-71291); cell junction organiza-
tion (R-HSA-446728); signaling by nerve growth factor 
(R-HSA-166520); signaling by Wnt (R-HSA-195721); 
visual phototransduction (R-HSA-2187338); signaling by 
GPCR (R-HSA-372790); signaling by retinoic acid (R-HSA-
5362517); death receptor signaling (R-HSA-73887); sign-
aling by PTK6 (R-HSA-8848021); disorders of transmem-
brane transporters (R-HSA-5619115); diseases of signal 
transduction (R-HSA-5663202); metabolic disorders of 
biological oxidation enzymes (R-HSA-5579029); diseases of 
carbohydrate metabolism (R-HSA-5663084); immune sys-
tem (R-HSA-168256); plasma lipoprotein assembly, remod-
eling, and clearance (R-HSA-174824); transport of bile 
salts and organic acids, metal ions, and amine compounds 
(R-HSA-425366); transport of vitamins, nucleosides, and 
related molecules (R-HSA-425397); metabolism of proteins 
(R-HSA-392499); circadian clock (R-HSA-400253); vesicle-
mediated transport (R-HSA-5653656); RNA polymerase II 
transcription (R-HSA-73857); and digestion and absorption 
(R-HSA-8963743). Importantly, the energy-dependent pro-
cesses (R-HSA-1428517, R-HSA-163685, R-HSA-211859, 
R-HSA-5619115, R-HSA-5579029), lipoprotein metabo-
lism and lipid transport (R-HSA-400206, R-HSA-8957322, 
R-HSA-174824, R-HSA-5653656) and signaling path-
ways (R-HSA-166520, R-HSA-195721, R-HSA-372790, 
R-HSA-5362517, R-HSA-73887, R-HSA-8848021, R-HSA-
5663202) are included (Table 2).
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The distribution of activators and inhibitors between par-
ticular pathways is shown in Fig. 2. Importantly, the sub-
stances are distributed non-uniformly among different path-
ways; the ‘biological oxidations’ pathway includes mostly 
substances with an activating effect on cholesterol efflux 
(all-trans retinoic acid, ethanol, 17β-estradiol, progesterone, 
hydrocortisone, resveratrol), while signaling by the G pro-
tein-coupled receptor and protein tyrosine kinase 6 pathways 
include substances with an inhibiting effect (oleic and eicosa-
pentaenoic acids). ‘Biological oxidations’ include biotrans-
formation of xenobiotics and endogenous compounds in the 
liver, kidneys, gut and lungs. As far as chemicals that undergo 
functionalization, the electrophilic or nucleophilic species 
can be detrimental to biological systems. Electrophiles can 
react with electron-rich macromolecules such as proteins, 
DNA and RNA by covalent interaction, while nucleophiles 
have the potential to interact with biological receptors [221]. 
Thus, in addition to nuclear receptor ligands and their precur-
sors activating cholesterol efflux and lipoprotein metabolism, 
and widely used in clinics (bezafibrate and fenofibric acid 

[222], pioglitazone [223], telmisartan [224]), targeting bio-
logical oxidation processes looks promising for the correc-
tion of inefficient reverse cholesterol transport in humans. For 
instance, the stimulating effect was described for chloroquine 
[225], diosgenin [226], 17β-estradiol [227], all-trans retinoic 
acid [228], ethanol [229], spermidine [230, 231], resveratrol 
[232] and 9-cis-retinoic acid [233].

3  Conclusions

We performed a comprehensive analysis of the various 
substances influencing cholesterol efflux, with pathway 
enrichment using the Reactome database. The activators 
and inhibitors of cholesterol efflux are non-uniformly dis-
tributed among different pathways. The substances influenc-
ing biological oxidation activate cholesterol efflux, and the 
substances influencing signaling by GPCR and PTK6 inhibit 
efflux. This analysis may be useful in the targeted therapy of 
structural and functional HDL deficiency.

Fig. 1  Cholesterol efflux effec-
tors grouped by signal and 
metabolic pathways. ABC trans-
porter ATP-binding cassette 
transporter, Akt/mTOR protein 
kinase B/mammalian target 
of rapamycin, MAP kinase 
mitogen-activated protein 
kinase, PI-PLC phosphatidylin-
ositol-specific phospholipase C, 
SR-B1 scavenger receptor class 
B member 1

Inhibitors and 
ac�vators of 
SR-BI or ABC 
transporters

Cholesterol 
efflux

Cyclic nucleo�des, 
nucleo�de 

triphosphates, 
ligands of 

nucleo�de-
dependent protein 
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Nuclear 
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their 

precursors
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and their 
receptors Hormones, 
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