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Regulation of cholesterol homeostasis in health and diseases:
from mechanisms to targeted therapeutics

Yajun Duan'?, Ke Gong?, Suowen Xu', Feng Zhang?, Xianshe Meng? and Jihong Han>3™

Disturbed cholesterol homeostasis plays critical roles in the development of multiple diseases, such as cardiovascular diseases
(CVD), neurodegenerative diseases and cancers, particularly the CVD in which the accumulation of lipids (mainly the cholesteryl
esters) within macrophage/foam cells underneath the endothelial layer drives the formation of atherosclerotic lesions eventually.
More and more studies have shown that lowering cholesterol level, especially low-density lipoprotein cholesterol level, protects
cardiovascular system and prevents cardiovascular events effectively. Maintaining cholesterol homeostasis is determined by
cholesterol biosynthesis, uptake, efflux, transport, storage, utilization, and/or excretion. All the processes should be precisely
controlled by the multiple regulatory pathways. Based on the regulation of cholesterol homeostasis, many interventions have been
developed to lower cholesterol by inhibiting cholesterol biosynthesis and uptake or enhancing cholesterol utilization and excretion.
Herein, we summarize the historical review and research events, the current understandings of the molecular pathways playing key
roles in regulating cholesterol homeostasis, and the cholesterol-lowering interventions in clinics or in preclinical studies as well as
new cholesterol-lowering targets and their clinical advances. More importantly, we review and discuss the benefits of those
interventions for the treatment of multiple diseases including atherosclerotic cardiovascular diseases, obesity, diabetes,
nonalcoholic fatty liver disease, cancer, neurodegenerative diseases, osteoporosis and virus infection.

Signal Transduction and Targeted Therapy (2022)7:265

INTRODUCTION
Cholesterol is a waxy and fat-like substance with pivotal
pathophysiological relevance in humans. More than two centuries
ago, Michel Eugene Chevreul, a French chemist, found that
cholesterol is one of the components in human gallstones.'
Following this event, many scientists input a lot efforts to
elucidate cholesterol structure. In 1927, Heinrich Otto Wieland
from Germany won the Nobel Prize in Chemistry for his work on
clarifying the structure of cholesterol and bile acids. A year later,
Adolf Windaus also from Germany was awarded the Nobel Prize in
Chemistry for his work on sterols and the related vitamins, such as
vitamin D which is derived from cholesterol.” However, it was until
1932, the correct cholesterol structure was finally formulated.’

Cholesterol can be synthesized in our body and the biosynth-
esis of this complex molecule starts from acetyl coenzyme A
(acetyl-CoA) with involvement of nearly 30 enzymatic reactions.
Among these reactions, the step for reduction of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) to mevalonate catalyzed
by HMG-CoA reductase (HMGCR) is rate-limiting, indicating
regulation of HMGCR expression/activity is critical for cholesterol
biosynthesis. In 1964, Konrad Emil Bloch and Feodor Lynen won
the Nobel Prize in the Medicine and Physiology for discovering
the major intermediate reactions in the pathway for cholesterol
biosynthesis.

The cholesterol biosynthesis is an intensely regulated process
biologically.* The first demonstration of feedback inhibitory loop
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by the end product in biosynthetic pathways is that cholesterol
inhibits its own synthesis intracellularly. In 1933, Rudolph
Schoenheimer demonstrated that animals can also synthesize
cholesterol, more importantly, he observed that the cholesterol
synthesis in animal body was inhibited by cholesterol supplied in
the diet. This finding laid the groundwork for discovering sterol
regulatory element binding protein (SREBP) pathway.” SREBP
binds to the sterol regulatory element (SRE) in the proximal region
of the promoter of HMGCR. The binding of SREBP triggers
transcription of HMGCR to speed up cholesterol biosynthesis.®
SREBP is also able to bind to the SRE in the promoter of low-
density lipoprotein receptor (LDLR), the molecule responsible for
the LDL cholesterol (LDL-C) clearance in the liver® As a
transcription factor, SREBP needs to be chaperoned by SREBP
cleavage activating protein (SCAP) from endoplasmic reticulum
(ER) to Golgi, where SREBP is cleaved into mature and functional
form by sphingosine-1-phosphate (S1P) and S2P proteases.
Cholesterol can interact with unmatured SREBP on the ER.5’
Thus, when the cellular cholesterol level is reduced, the mature
SREBP is increased and consequently to activate HMGCR expres-
sion. Reciprocally, increased cellular cholesterol level inhibits
HMGCR expression.®

Mounting evidence has established the intricate link between
cholesterol levels and atherosclerotic cardiovascular disease
(ASCVD). In fact, atherosclerosis is a disease with a long research
history. The role of cholesterol in atherosclerosis was initially
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reported in 1910.° Adolf Windaus found that cholesterol content
in atherosclerotic plaques of human diseased aorta was 25 times
higher than that of normal aortas® Three years later, the first
experimental recapitulation of atherosclerosis was completed by
Nikolaj Anitschkow. He fed rabbits pure cholesterol contained in
diet, and observed severe atherosclerosis in aortas of the
animals.'® In history, Robert Wissler and coworkers set up the
first mouse model for atherosclerosis in 1960s."" Now, the mice
with genetic manipulation, such as ApoE or LDLR deficient mice, is
the most frequently-used animal model for investigation on
atherosclerosis based on the time and cost issues.

Accumulation of cholesterol in atherosclerotic plagues may lead
to formation of cholesterol crystals, a hallmark of advanced
atherosclerotic plaques.'™'* Cholesterol crystals can stimulate the
generation of NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3) inflammasome to promote inflammation and accelerate
atherogenesis.”>'® It also induces arterial inflammation and
involves in destabilizing atherosclerotic plaques.'” Currently, the
critical role of inflammation in mediating all stages of athero-
sclerosis has been well defined, and targeting inflammatory
pathways may provide a new notion for atherosclerosis preven-
tion and/or treatment.'®'?

Cholesterol is a hydrophobic molecule which travels through
the bloodstream on proteins called “lipoproteins”. Ultracentrifuge
was used to separate lipoproteins in plasma by John Gofman. He
also demonstrated that heart attacks were associated with
increased blood cholesterol levels, especially LDL-C. In contrast,
when blood high-density lipoprotein (HDL) levels rise, the heart
attack frequency was reduced.’>*> Moreover, the beneficial
effects of HDL cholesterol (HDL-C) and the negative effects of
LDL-C on heart diseases were further confirmed by the Framing-
ham Heart Study, one of the most important epidemiological
studies in cardiovascular arena.”®

It was first time that Carl Miller discovered the genetic link
between cholesterol and heart attacks. He demonstrated that
families with high plasma cholesterol levels and early-onset heart
disease are autosomal dominant traits.>* This kind of disease is
called familial hypercholesterolemia (FH). Avedis Khachadurian
described two different clinical forms of FH in inbred families.
Homozygous patients showed severe hypercholesterolemia at
birth (the plasma cholesterol level in this kind of patients is about
800 mg/dl), and they can have heart attack as early as 5 years old,
while the heterozygous patients showed cholesterol levels of
300-400 mg/dl and early-onset heart attack usually between 35-
60 years old.?> In 1970s, Joseph Goldstein and Michael Brown
discovered the essence of LDLR functional defect in FH, which led
them to be awarded the Nobel Prize in 1985.2° The cellular uptake
of LDL requires LDLR and most LDL-C is cleared from circulation
by LDLR expressed in the liver. In the absence of LDLR, LDL-C
reaches high level in the circulation, eventually deposits in the
artery to drive the formation of atherosclerotic plaques.”” The
seminal work by Goldstein and Brown strongly supports the
importance of lipid hypothesis in onset of cardiovascular diseases
(CVD). In addition to HMGCR, SREBP also regulates LDLR
expression in response to cellular cholesterol levels to fine-tune
the cholesterol level in cell membranes constant.®™

Based on the evidence from epidemiological studies and
randomized clinical trials, a cholesterol hypothesis was sug-
gested which indicates the high circulating cholesterol level as a
major risk factor for ASCVD while cholesterol-lowering strategies
can reduce ASCVD risk.?® In 1976, Akira Endo discovered the first
HMGCR inhibitor, thus inaugurating a category of cholesterol-
lowering drugs called statins, which is a therapeutic milestone
for CVD treatment.?® Statins deprive hepatocytes of endogenous
synthesis as a source of cholesterol, which can alleviate the
feedback inhibition of LDLR, and thus the increased LDLR
expression will further reduce plasma LDL-C levels.*° In 1987,
lovastatin (Mevacor) developed by Merck was approved as the
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first statin for human use to lower plasma LDL-C. Currently,
statins are used as the first-line therapy to reduce LDL-C and
prevent ASCVD.?'

However, the doubled dose of a statin only leads to about 6%
increase in LDL-C lowering efficacy, which may cause statin
resistance/intolerance.®> Thus, there is a need to develop novel
lipid-lowering approaches beyond statins. In 2002, ezetimibe was
introduced as an intestinal cholesterol absorption inhibitor to
decrease total cholesterol (TC) and LDL-C levels. In 2003, Nabil
Seidah and co-workers discovered proprotein convertase sub-
tilisin/kexin type 9 (PCSK9).3® PCSK9 is synthesized in the liver and
then secreted into plasma. The circulating PCSK9 can bind
hepatic LDLR and disrupt the recycle in which LDLR returns to the
cell surface after internalization and release of the bound
LDL-C.>*3*° The decrease of cell surface LDLR results in impaired
LDL-C clearance and elevated LDL-C level. In 2015, alirocumab
and evolocumab, the fully human anti-PCSK9 antibodies, were
approved by US FDA to treat patients with hypercholesterole-
mia.*® Likewise, a long-acting synthetic siRNA targeting PCSK9
mMRNA called inclisiran was developed by Novartis and used to
treat hypercholesterolemia. In 2020, inclisiran was approved by
EU.>” ATP citrate lyase (ACLY) is a cytoplasmic enzyme catalyzing
acetyl-CoA generation, with which cholesterol biosynthesis
begins.®® Thus, inhibition of ACLY can also reduce cholesterol
synthesis. Indeed, among ACLY inhibitors, bempedoic acid was
approved by US FDA in 2020 for hypercholesterolemia treat-
ment.>® Notably, bempedoic acid only acts locally in the liver,
thereby avoiding the muscle-related toxicities associated with
statin use.*

Taken together, when reviewing the milestones of cholesterol
research, we realize that the findings in regulation of cholesterol
homeostasis determined the progress on the development of
therapeutic strategies, and the feedback from clinical observations
may further advance the investigation on cholesterol homeostasis,
thereby promoting clinical progress. “HMGCR-statin-LDLR-rule of
6%-PCSK9” should be a typical example. To lower cholesterol
synthesis in the liver, statins were initially developed to inhibit
HMGCR. Later on, Brown and Goldstein proved that statins
increased LDLR on hepatocyte surfaces to soak up excess blood
LDL-C, thereby reducing heart attack. Associated with wide use of
statins in clinics, the “rule of 6%" was observed, which was
mysterious until the discovery of PCSK9. SREBP-2 activates LDLR
and PCSK9 expression simultaneously and activated PCSK9 binds
to LDLR toward lysosomal degradation, which clearly antagonizes
the efficacy of statin-induced LDL-C clearance. Therefore, PCSK9
has become a valuable therapeutic target for cholesterol-lowering
therapy and PCSK9 inhibitors have been developed rapidly.

Nowadays, the cholesterol homeostasis is involved in develop-
ment of various diseases and determined by processes of
biosynthesis, uptake, efflux, transport, storage, utilization, and/or
excretion. Therefore, in this article, we will summarize the key
regulations in cholesterol homeostasis and cholesterol-lowering
interventions. Furthermore, we will discuss the benefits of the
pharmaceutical interventions targeting cholesterol homeostasis
on the multiple related diseases, such as ASCVD, obesity, diabetes
and more.

METHODS

The references used in this review were acquired using the
PubMed search engine with a time range from January 1930 to
April 2022 by four researchers (Y. D, K. G, F. Z. and X. M)
independently. A list of relevant literature that met the inclusion
criteria was manually searched. The following search strategy was
applied by using the keywords of “cholesterol history”, “choles-

nou )

terol development”, “cholesterol metabolism”, “cholesterol home-

ostasis”, “cholesterol synthesis”, “cholesterol transport”, “ASCVD
cholesterol”, “ASCVD cholesterol ester”, “ASCVD foam cells”,
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“ASCVD statins”, “ASCVD ezetimibe”, “ASCVD PCSK9 inhibitor”,
“ASCVD bempedoic acid”, “ASCVD bile acid sequestrants”, “ASCVD
lomitapide”, “ASCVD evinacumab”, “ASCVD fibrates”, “ASCVD
lipoprotein apheresis”, “ASCVD APOC3", “ASCVD lipoprotein (a)”,
“ASCVD LXRs”, “ASCVD LOX-1", “ASCVD SR-BI”, “ASCVD LCAT",
“ASCVD MiR-33", “ASCVD MiR-122", “ASCVD prekallikrein”, “cho-
lesterol homeostasis NAFLD”, “cholesterol homeostasis obesity”,
“cholesterol homeostasis diabetes”, “cholesterol homeostasis
Alzheimer's disease”, “cholesterol homeostasis Parkinson’s dis-
ease”, “cholesterol homeostasis Huntington’s disease”, “cholesterol
homeostasis cancer”, “cholesterol homeostasis osteoporosis”, or
“cholesterol virus infection”. No additional restrictions were placed
on the type of research model (in vivo/in vitro), article type
(e.g., research article, review, editorial, letter, etc.), or publication
language. References cited in articles associated with the literature
search were also analyzed for additional information. The studies
were excluded from the content retrieved if they are irrelevant or
of limited relevance to the main topic.

nou

REGULATORY MECHANISMS OF CHOLESTEROL HOMEOSTASIS
Disturbed cholesterol homeostasis is not only the pathological
basis of cardiovascular and cerebrovascular diseases, but also
participates in the progression of other kinds of diseases including
neurodegenerative diseases and cancers. Maintaining cholesterol
homeostasis plays a crucial role physiologically. Normally, the
cholesterol homeostasis can be well maintained by a dynamic
balance among the intake, biosynthesis, transport, cellular uptake
and efflux, and/or esterification. Thus, we will review the state-of-
the-art research on the molecular mechanisms that regulate
cholesterol homeostasis, and provide future research directions.

Sources of cholesterol: intake or biosynthesis

Dietary cholesterol. Two main sources of cholesterol are present
in our body, one is through dietary intake, known as exogenous
cholesterol or dietary cholesterol; and another one is through the
de novo biosynthesis, known as endogenous cholesterol.*' A
variety of daily foods, such as eggs, animal offal and seafood,
contain cholesterol, of which eggs are the main source of dietary
cholesterol.*? The solubility of cholesterol in an aqueous environ-
ment is extremely low, so before absorption, it must be dissolved
into bile salt micelles, which can be transported to the brush edge
of intestinal cells. Then the net cholesterol is absorbed, the
process is regulated by Niemann-Pick C1 (NPC1) like 1 (NPC1L1)
protein. Inhibition of NPC1L1 by ezetimibe can reduce cholesterol
absorption, thereby improving coronary artery disease.*® After a
series of processes, the absorbed cholesterol is esterified and then
secreted into circulation as chylomicrons and eventually being
taken up by the liver.*** In addition, phytosterols/phytostanols
can be added into the foods to replace cholesterol in micelles,
leading to less cholesterol is absorbed by enterocytes and enters
the liver.*

To maintain hepatic cholesterol pool, the liver enhances LDL-C
uptake from plasma by increasing LDLR expression and decreases
cholesterol efflux, thereby reducing plasma TC and LDL-C levels.*’
NPC1L1 promoter also contains a SRE, the sterol-sensing structural
domain, therefore, NPC1L1 expression is repressed by a high-
cholesterol contained diet and increased by cholesterol-depleted
food.*® In addition, endogenous cholesterol synthesis is negatively
regulated by the exogenous cholesterol. Hepatic cholesterol
biosynthesis accounts for approximately three-quarters of the
total endogenous cholesterol production at the low cholesterol
intake situation. However, hepatic cholesterol biosynthesis is
completely inhibited when 800-1000 mg exogenous cholesterol is
ingested in experiments with baboons and humans.***°

Biosynthesis of cholesterol. Cholesterol can be synthesized by all
nucleated cells, with most by hepatocytes, indicating the liver is
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the main site for cholesterol biosynthesis in vivo.”' Acetyl-CoA is
used as the starting material for cholesterol biosynthesis via the
mevalonate pathway including nearly 30 enzymatic steps
(Fig. 1). The biosynthesis of cholesterol can be divided into four
stages: (I) Synthesis of mevalonate (MVA); () Production of
isopentenyl pyrophosphate (IPP) and dimethylallyl pyropho-
sphate (DMAPP); (lll) Synthesis of squalene; (IV) Squalene cyclizes
to form lanosterol and subsequently to synthesize cholesterol.
The process is regulated by a negative feedback mechanism
with the downstream products.®>** The SREBP pathway and the
HMGCR degradation pathway serve as two major negative
feedback regulatory mechanisms to regulate cholesterol de
novo synthesis.>*

SREBPs, the transcription factors anchored to the ER, include
three isoforms, SREBP1a, SREBP1c and SREBP2. The N-terminal
sequences of SREBPs belong to the basic-helix-loop-helix-leucine
zipper (bHLH-Zip) protein superfamily.®>> When cellular choles-
terol is depleted, the N-terminus of SREBPs can be cleaved into the
form of mature and functional SREBP, which can translocate with
chaperone by SCAP to the nucleus where the mature SREBP
identifies and binds to the SRE in the target gene promoter,
followed by activation of these genes transcription.

Further studies revealed that SREBPs interact with SCAP to form
a complex in a stoichiometric ratio of 4:4.°° When ER membrane
cholesterol is depleted, SCAP binds to COPII vesicles that allows
the SCAP-SREBP complex to move from ER to Golgi for cleavage.
When ER membrane cholesterol exceeds 5% of total ER lipids at
molar basis, cholesterol and oxysterols, such as 25-hydroxycho-
lesterol, trigger the interaction between SCAP sterol-sensing
domain (SSD) and insulin-induced gene (INSIG), thereby blocking
the binding of SCAP to COPII vesicles and keeping the SCAP-
SREBP complex in the ER*”*® (Fig. 2). At present, the structure of
SCAP in cholesterol-free and cholesterol-bound states, as well as
the structure of SCAP-INSIG or SCAP-COPII complex need to be
verified by further ultrastructural study. In the recent studies, the
conformation of SCAP-INSIG has been resolved by the cryo-
electron microscopy technology.>®° These findings may benefit
to the screening of the small molecules affecting the conforma-
tion change of SCAP to inhibit cholesterol synthesis.f

In the process of cholesterol biosynthesis, HMGCR is subjected
to strict feedback regulation®* (Fig. 2). As a target gene of SREBP2,
HMGCR is regulated by SREBP2 at the transcriptional level. In
addition to this long-term transcriptional regulation, HMGCR is
also subject to short-term epigenetic modulation. Ubiquitination
and phosphorylation of HMGCR are two common post-
translational modifications.®’

HMGCR is located in the ER and divided into an N-terminal
transmembrane region and a C-terminal cytoplasmic region based
on its function and structure. The amino acid sequence of the
transmembrane region is highly conserved and the membrane
structural domain can respond to increases of sterols and mediate
its own degradation.®® In 2005, Song et al. found that gp78, also
known as autocrine motility factor receptor (AMFR), functions as a
ubiquitin ligase to mediate HMGCR degradation. In cells with high
cholesterol levels, INSIG binds to both HMGCR and gp78, which
allows gp78 to catalyze the ubiquitination of the lysine residues at
position 89 and 248 of HMGCR.®® The ubiquitin fusion degradation
1 (Ufd1) protein contains ubiquitin binding sites, which serves as
an accelerator of degradation by binding to gp78 to accelerate
HMGCR degradation.®* Meanwhile, gp78 is also involved in the
ubiquitination and proteasomal degradation of INSIGs, and
promotes SREBP maturation and lipid synthesis. Surprisingly, in
hepatic gp78-deficient mice, both cholesterol and fatty acid
synthesis were reduced despite enhanced HMGCR enzymatic
activity, which resulted from reduced SREBP maturation to
suppress downstream gene expression.®>®® The recent studies
have found that increased postprandial insulin and glucose
concentrations enhance the effect of mechanistic target of
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Fig. 1 The pathway for cholesterol biosynthesis. In cholesterol biosynthesis, all the carbon atoms are derived from acetyl-CoA. The
biosynthesis of cholesterol can be divided into four stages. (I) Synthesis of mevalonate (MVA). Two molecules of acetyl-CoA are reversely
catalyzed by thiolase to form acetoacetyl-CoA. Acetoacetyl-CoA and acetyl-CoA are catalyzed to form 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) by HMG-CoA synthase (HMGCS). Finally, the HMG-CoA is catalyzed by HMG-CoA reductase (HMGCR) to convert to MVA, a step
that requires two molecules of NADPH and H™ and determines the rate of cholesterol biosynthesis. (Il) Production of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). MVA is sequentially phosphorylated twice by mevalonate kinase and
phosphomevalonate kinase to produce 5-pyrophosphate mevalonate, which is further decarboxylated by 5-pyrophosphatemevalonate
decarboxylase to produce isopentenyl pyrophosphate (IPP). IPP is converted to dimethylallyl pyrophosphate (DMAPP) catalyzed by
isopentanoyl pyrophosphate isomerase, and DMAPP is used together with IPP as the starting materials for the third step of cholesterol
synthesis. (lll) Synthesis of squalene. IPP and DMAPP are condensed by farnesyl transferase to form geranyl pyrophosphate (GPP), followed by
a second condensation reaction between GPP and IPP to form farnesyl pyrophosphate (FPP), and finally two molecules of FPP are condensed
by squalene synthase to form squalene. (IV) Squalene cyclizes to form lanosterol and subsequently to synthesize cholesterol. Squalene forms a
closed loop catalyzed by squalene monooxygenase and 2,3-oxidosqualene lanosterol cyclase to form lanosterol. Lanosterol is converted into

cholesterol in more than twenty steps totally

rapamycin complex 1 (mTORC1) on phosphorylation of ubiquitin
specific peptidase 20 (USP20). Once phosphorylated, USP20 can
be recruited to HMGCR complex to antagonize HMGCR degrada-
tion. Thus, deleting or inhibiting USP20 significantly reduces diet-
induced weight gain, serum and liver lipid levels, improves insulin
sensitivity and increases energy expenditure.®” Taken together,
these studies suggest that ubiquitin ligase gp78 and USP20 could
be the new targets for treatment of diseases with cholesterol
metabolic disorders.

In addition to ubiquitination, HMGCR is also regulated by
phosphorylation. Clarke and Hardie found that Ser-872 within the
catalytic fragment of rat HMGCR can be phosphorylated by AMP-
activated protein kinase (AMPK), which inactivates HMGCR and
reduces the flux of the formaldehyde valerate pathway.®® Mean-
while, Sato et al. found that AMPK-activated phosphorylation of
Ser-872 did not affect sterol-mediated feedback regulation of
HMGCR, but functioned when cellular ATP levels were depleted,
thereby reducing the rate of cholesterol synthesis and preserving
cellular energy stores.® In contrast, dephosphorylation of HMGCR
activates itself and increases cholesterol synthesis. Studies have
shown that miR-34a, a microRNA increased in nonalcoholic fatty
liver disease (NAFLD), dephosphorylates HMGCR via inactivating
AMPK, leading to dysregulation of cholesterol metabolism and
increased risk of cardiovascular disease.”® Subclinical hypothyroid-
ism leads to elevated serum thyroid stimulating hormone (TSH)
and elevated serum cholesterol levels. Zhang et al. found that TSH
can reduce HMGCR phosphorylation to increase its activity in the
liver via AMPK also, revealing a mechanism for hypercholester-
olemia in subclinical hypothyroidism.”’
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Uptake and transport of cholesterol

Dietary cholesterol absorbed by enterocytes or hepatic de novo
synthesized cholesterol can form the protein-lipid complexes
with lipoproteins and then release into circulation, followed by
transportation to cells for utilization. In humans, about a quarter
of excess cholesterol is excreted directly through enterocytes
into feces, and the rest enters the liver via reverse cholesterol
transport (RCT) and to be excreted with bile. Only a small
percentage is re-circulated back into the free cholesterol (FC)
pool’>7 (Fig. 3). A variety of proteins are involved in cholesterol
uptake and transport. Thus, targeting these key proteins to
regulate cholesterol levels is also a potential strategy for
treatment of hypercholesterolemia and CVD.””

Cholesterol uptake and efflux in enterocytes. Dietary cholesterol is
one of the main sources of cholesterol access in humans, and its
uptake is mediated by NPC1L1 protein in enterocytes.*> NPC1L1
contains 13 transmembrane helices, five of which form the SSD
that mediates NPC1L1 movement between the plasma mem-
brane and the endocytic recycling compartment in response to
intracellular cholesterol concentrations.”®”” In addition, the
N-terminal structural domain of NCP1L1 has a sterol-binding
pocket which interacts with cholesterol to change NPC1L1
conformation and allows cholesterol to enter cells.”® In earlier
years, Song et al. found that the VNXXF (X for any amino acid)
sequence at the C-terminus of NPC1L1 is involved in clathrin/
adaptin 2-dependent endocytosis to mediate cholesterol
uptake.”*®° However, NPC1L1-mediated cholesterol uptake is
not mainly dependent on endocytosis.®'
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Fig. 2 SREBP2 pathway in regulation of cholesterol biosynthesis. The process of cholesterol biosynthesis is strictly regulated by negative
feedback, of which the sterol regulatory element binding protein (SREBP) pathway and the HMG-CoA reductase (HMGCR) degradation
pathway are the two main mechanisms of negative feedback regulation. a SREBP2 forms a complex with SREBP cleavage activating protein
(SCAP) at the ER. When sterol depletion occurs to cells, SCAP binds to COPII vesicles, allowing the SCAP-SREBP complex to translocate from
the ER to the Golgi for cleavage. SREBP2 is sequentially cleaved by S1P and S2P in the Golgi, and the N-terminal of SREBP2 is subsequently
transported to the nucleus, where the N-terminal of SREBP2 recognizes and binds to the SRE sequence on the target gene promoter to
activate the target gene transcription. In addition, HMGCR is also prevented from binding to INSIGs and gp78 (ubiquitin ligase) during
cholesterol depletion, thereby stabiliziing HMGCR to activate cholesterol biosynthesis. b When the cell sterol is replete, it triggers the
interaction of SCAP with INSIGs, resulting in blocking the binding of SCAP to COPIl and keeping the SCAP-SREBP2 complex in the ER. At the
same time, HMGCR also binds to INSIGs and gp78, which catalyzes the ubiquitination of HMGCR. The ubiquitinated HMGCR is eventually
degraded in the proteasome via ER-related degradation (ERAD). Ub ubiquitin
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In 2020, the NPC1L1 structure was fully elucidated by the cryo- and so on. Among them, SR-A1 and CD36 mediate most of the
electron microscopy, making it easier to understand the  endocytosed LDL (75-90%).°' 2% Meanwhile, compared with LDL,
mechanism of NPC1L1-mediated cholesterol uptake.®? After these scavenger receptors have higher affinity for modified LDL,
binding to the sterol-binding pocket, cholesterol triggers particularly the oxidatively modified LDL (oxLDL).** In athero-
NPC1L1 conformation changes to form a delivery tunnel for sclerosis, expression of SR-A1, LOX-1, and CD36 in macrophages
cholesterol uptake by cells.®? Recently, Hu et al. found that SSD are increased. The activated scavenger receptors can elevate the

in NPC1L1 can respond to cholesterol concentrations by binding levels of pro-inflammatory cytokines, oxLDL, lysophosphatidylcho-
different amounts of cholesterol.®® In addition, the effective line, advanced glycosyl end products (AGEs), and vasopressors in
cholesterol uptake by NPC1L1 depends on its dimerization.®* macrophages, further promoting cholesterol accumulation and
Based on the crucial role of NPC1L1 in cholesterol uptake, foam cell formation.®®

ezetimibe has been developed and used clinically as an inhibitor After endocytosis, lipoproteins will be hydrolyzed in lysosomes

of hypercholesterolemia, and other NPC1L1 inhibitors are being by action of lysosomal acid lipase (LAL, also named as cholesterol
developed.®>®® Cellular cholesterol uptake by NPCI1