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Cholesterol Paradigm and Beyond in Atherosclerotic
Cardiovascular Disease

Cholesterol, Sterol Regulatory Element-Binding Protein, Inflammation,
and Vascular Cell Mobilization in Vasculopathy
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Abstract: Hypercholesterolemia is a well-established risk factor for athero-
sclerotic cardiovascular disease (ASCVD). How cholesterol and its carrier
lipoproteins are involved in ASCVD is still under extensive investigation.
Satins are thus far the best-proven class of cholesterol-lowering medications
to improve the clinical outcomes of ASCVD. Statins specifically inhibit the
rate-limiting enzyme 3-hydroxy-3-methylglutaryl-CoA reductase of the mev-
alonate pathway for cholesterol biosynthesis. The widely accepted theory is
that statins inhibit the hepatic cholesterol synthesis causing upregulation of
hepatocyte low-density lipoprotein (LDL) receptor; receptor-mediated LDL
uptake and metabolism in the liver results in reduction of circulating LDL
cholesterol, which subsequently reduces vascular deposition and retention of
cholesterol or LDL in atherogenesis. Nevertheless, cholesterol biosynthesis is
ubiquitous, also in extrahepatic cells including those in vascular wall, under
tight regulation by sterol regulatory element-binding protein (SREBP), the
master gene transcription factor governing cholesterol biosynthesis. Stud-
ies have shown that SREBP can be upregulated in vascular wall subject to
injury or stent implantation. SREBP can be activated by proinflammatory
and mitogenic factors in vascular cells, leading to hyperactive mevalonate
pathway, which promotes vascular cell mobilization, further proinflammatory
and mitogenic factor release from vascular cells, and vascular inflammation.
In this article, we review the cellular cholesterol homeostasis regulation by
SREBP and SREBP-mediated vascular hyperactive cholesterol biosynthesis,
we term vascular hypercholesterolism, in the pathogenesis of ASCVD and
vasculopathy. SREBP functions as a platform bridging cholesterol, inflamma-
tion, and vascular cell mobilization in ASCVD pathogenesis. Targeting vascu-
lar hypercholesterolism could open a new avenue in fighting against ASCVD.
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H ypercholesterolemia is a well-established risk factor for athero-
sclerotic cardiovascular disease (ASCVD). In the past decades
since the cholesterol hypothesis was put forward to explain ASCVD,
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great efforts have been made in lowering the blood level of choles-
terol, mostly focused on low-density lipoprotein (LDL) cholesterol
(LDL-C) level. For a long time, LDL-C has been labeled as “bad”
cholesterol and high-density lipoprotein cholesterol as “good” cho-
lesterol. Many approaches have been studied and applied to lower
LDL-C level or manipulate the levels of lipoprotein or apolipopro-
teins, including bile acid sequestrants, fibrates, niacin, cholesteryl
ester transfer protein inhibitors, apolipoprotein A-I and high-density
lipoprotein mimetics, apolipoprotein B (ApoB) regulators, acyl coen-
zyme A:cholesterol acyltransferase inhibitors, cholesterol absorption
inhibitors, statins, proprotein convertase subtilisin kexin 9 inhibitors,
and ATP-citrate lyase inhibitor. Some approaches have been success-
ful in improving ASCVD clinical outcomes, such as statins, but many
have not been as rewarding and even ended in failures. Although it is
not yet fully understood why different cholesterol lowering or lipo-
protein regulators result in variable clinical outcomes for ASCVD,
their mechanism of action may be relevant.

Thus far, statins remain the best-proven class of choles-
terol-lowering medications in improving clinical outcomes includ-
ing reducing cardiovascular and all-cause mortality in patient
with ASCVD. Statins uniquely inhibit the rate-limiting enzyme,
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), in the mev-
alonate (MVA) pathway for cholesterol biosynthesis (Fig. 1). It is
generally believed that by decreasing hepatic cholesterol synthesis,
statins upregulate the hepatic LDL receptors (LDLRs) resulting in
more LDLR-mediated clearance of apoB-containing lipoproteins,
particularly LDL. This reduces circulating LDL-C and thus LDL
vascular deposition in ASCVD. Statins can also directly reduce the
hepatic assembly and secretion of apoB lipoproteins.

A body of evidence has shown that statins have pleiotropic
effects, which is related to the MVA pathway, and this is believed to at
least partly contribute to the beneficial effect of statins for ASCVD.!
In humans, the 27-carbon cholesterol is synthesized with all of the
carbon atoms originally from acetate through the MVA pathway.>*
The enzymes catalyzing the MVA pathway are tightly regulated
by the master gene transcription factor, sterol regulatory element-
binding protein (SREBP), in response to cellular cholesterol contents
and homeostasis not only in hepatic cells but also in nonhepatic ones
such as vascular cells (Fig. 1).

In this article, we review cellular cholesterol homeosta-
sis and its regulation by SREBP and role in bridging cholesterol,
inflammation, and vascular cell mobilization, and its implication in
vasculopathy.

CHOLESTEROL HOMEOSTASIS VIA MVA PATHWAY
GOVERNED BY SREBP
In 1933, a landmark study using mice sealed in ventilated
bottles by Schoenheimer and Breusch?® first demonstrated that dietary
cholesterol could inhibit endogenous cholesterol biosynthesis. When
fed a cholesterol-free diet, mice would make more endogenous
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FIGURE 1. Gene regulation by SREBPs and vascular cell biology in vasculopathy. The diagram shows some of the genes regu-
lated by SREBPs in the biosyntheses of cholesterol and fatty acids and their roles in atherosclerosis and injury-induced neointima
formation. SREBP governs cholesterol and fatty acid biosyntheses and homeostasis. In response to proinflammatory or mitogenic

factors, SREBP in vascular wall is upregulated (at gene transcription

and protein level) and activated at protein level. The choles-

terol biosynthesis in vascular cells such as endothelial cells and VSMCs synthesize cholesterol and phospholipids for cell mem-
brane production and for membrane biophysical property adaptation needed for cell migration and proliferation. The cholesterol
biosynthesis also produces isoprenoids such as FPP and GGPP for prenylation of small GTPases including Rho, Rac, and CDC42,

among others to drive the cytoskeletal dynamics for cell functional
sis or injury-induced neointima formation. AT Il indicates angiotens

change, migration, and proliferation, leading to atherosclero-
in II; bFGF, basic fibroblast growth factor; FPP, farnesyl diphos-

phate; GGPP, geranylgeranyl pyrophosphate; GPP, geranylgeranyl pyrophosphate synthase; HMG CoA, 3-hydroxy-3-methylglu-
taryl-CoA; ILs, interleukins; IPP, isopentenyl diphosphate; LPA, lysophosphatidic acid; PDGF, platelet-derived growth factor; SREBP,
sterol regulatory element-binding protein; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cell.

cholesterol but when fed a cholesterol-containing diet, endogenous
cholesterol synthesis was no longer observed. This was the first dem-
onstration that an end-product could inhibit a biosynthetic pathway
through a feedback mechanism. The feedback regulation of cho-
lesterol biosynthesis is present in various animal species including
humans.®® The feedback suppression and regulation of cholesterol
biosynthesis was more recently discovered to be a coordination of
gene product expression via the key gene transcription factor SREBP.*
The mammalian genome harbors 2 SREBP isoform genes,
SREBP-1 and SREBP-2. SREBP-1 gene encodes SREBP-1a and
SREBP-1c derived from a single gene with different N-termini due
to alternative promoters and different first exons.” SREBP-1 was
first isolated in 1993 by the Goldstein and Brown laboratory when
studying cellular cholesterol homeostasis.!” The group further elu-
cidated the SREBP activation pathway.”!' SREBP-1a activates the
genes encoding enzymes for cholesterol biosynthesis, LDL-R, and
the enzymes for fatty acid synthesis. SREBP-1c¢ mainly activates the
genes for fatty acid synthesis. SREBP-2 is encoded by a different
gene, which more specifically activates the genes of the cholesterol
biosynthetic enzymes and LDL-R. SREBP can also upregulate them-
selves at the gene expression level. All 3 SREBP molecules require
processing at the protein level for activation (Figs. 1 and 2).
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SREBPs are endoplasmic reticulum (ER) membrane-bound,
with the N- and C-termini protruding into the cytoplasm and the
central hydrophilic domain spanning the ER lumen. In sterol-loaded
cells, SREBPs form a complex with the ER membrane-bound SREBP
cleavage-activating protein and SREBPs remain inactivated. When
the cells sense deficiency in lipids or sterols, SREBP cleavage-activat-
ing protein escorts SREBPs from the ER to the Golgi, where SREBPs
are cleaved by site 1 and site 2 proteases, a process named activation
(Fig. 2). This SREBP activation process is followed by release and
subsequent nuclear translocation of the SREBP N-terminal leucine
zipper transcription factor to direct the transcriptional activation of
target genes including those for the enzymes in MVA pathway, such as
HMGCR, as well as LDLR, and fatty acid synthase, among others.?

CHOLESTEROL PARADIGM, INFLAMMATION,
AND VASCULAR CELL MOBILIZATION, BEYOND
CHOLESTEROL IN ASCVD

The Justification for the Use of Statins in Prevention: An
Intervention Trial Evaluating Rosuvastatin trial is a randomized
placebo-controlled large-scale study investigating the effects of rosu-
vastatin in traditionally normocholesterolemic, apparently healthy

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. SREBP activation and vasculopathy. SREBP activation in the regulation of cholesterol biosynthesis (A) and its implica-
tion in vascular hypercholesterolemia, cell mobilization, and inflammation in the pathogenesis of vasculopathy (B). A, When
cells are depleted of lipid/cholesterol or in response to proinflammatory or mitogenic factors, SREBP is escorted by SCAP from
the ER to the Golgi apparatus and the SREBP is cleaved by STP. ST1P cleaved SREBP is then further cleaved by S2P to release the
active nSREBP from the membrane. The nSREBP enters the nucleus and binds to the SRE of target genes to turn on the expres-
sion of the downstream genes including those for cholesterol and fatty acid biosyntheses, LDL-R, and SREBP itself, among
others. B, Atherosclerosis or injury-induced neointima formation begins with endothelial cell dysfunction or injury. Mitogenic,
chemotactic, and proinflammatory factors from the blood circulation and produced locally by dysfunctional vascular cells and
inflammatory cells cause further cell dysfunction such as endothelium layer permeability increase, recruitment of circulating
monocytes and lymphocytes to subendothelial space, intimal migration of VSMC from the media, formation of foam cells from
macrophages and VSMC, and angiogenesis, culminating in intimal hyperplasia and plaque formation. SREBP plays an impor-
tant role linking inflammation and cellular cholesterol biosynthesis process in the pathogenesis of vasculopathy. AT Il indicates
angiotensin Il; bFGF; basic fibroblast growth factor; EC, endothelial cell; ER, endoplasmic reticulum; HMG CoAR, 3-hydroxy-
3-methylglutaryl-CoA reductase; ILs, interleukins; LDL, low-density lipoprotein; LDL-R, low-density lipoprotein receptor; LPA,
lysophosphatidic acid; nSREBP, N-terminal sterol regulatory element-binding protein; PDGF, platelet-derived growth factor; STP,
site-1 protease; S2P, site-2 protease; SCAP, SREBP cleavage-activating protein; SRE, sterol regulatory element; SREBP, sterol regu-
latory element-binding protein; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cell.

subjects with high levels of inflammatory marker high-sensitivity
C-reactive protein (hs-CRP). A total of 17,802 subjects with LDL-C
levels below 130mg/dL (3.4 mmol/L) but hs-CRP levels of 2.0mg/
dL or higher were assigned to rosuvastatin or placebo. Rosuvastatin
decreased LDL-C levels by 50% and hs-CRP levels by 37%. Rosu-
vastatin treatment led to a significant reduction in primary end point
including significant decrease, respectively in myocardial infarction
(MI), stroke, revascularization or unstable angina, and combined end
point of MI, stroke, or death from cardiovascular causes, as well as in
death from any cause.'* The Justification for the Use of Statins in Pre-
vention: An Intervention Trial Evaluating Rosuvastatin trial indicated
that a proinflammatory state as reflected by high levels of hs-CRP is
a risk factor for ASCVD and rosuvastatin has anti-inflammatory and
LDL-C lowering effect, suggesting a link between inflammation and
cholesterol homeostasis, more specifically the MVA pathway.

Proinflammatory and Mitogenic Factors Cause
Vascular Cell SREBP Activation and Hyperactive
Cholesterol Biosynthesis

The cholesterol hypothesis implies that hepatic cholesterol
biosynthesis is the cause of hypercholesterolemia, and excessive
vascular deposition and retention of cholesterol or ApoB-containing
lipoproteins from blood circulation drives atherogenesis. However,
cholesterol biosynthesis is ubiquitous, not only in hepatic cells but
also in vascular wall and other nonhepatic cells. Atherosclerosis car-
ries pathological features of inflammation.' Proinflammatory state
with elevated levels of interleukins (ILs) and other inflammatory
markers in patients with ASCVD including ACS has been well rec-
ognized."> ! Insulin resistance and hyperinsulinemia are a hallmark

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

of type Il diabetes mellitus, an equivalent of ASCVD, which is con-
sidered an inflammatory disease characterized by high blood levels
of proinflammatory cytokines."

Studies showed that SREBP could be activated in vascular
cells such as endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs), by many proinflammatory and mitogenic factors
known to be involved in atherosclerosis and neointima formation,
such as vascular endothelial growth factor, platelet-derived growth
factor, basic fibroblast growth factor, thrombin, IL-8, IL-1p, angio-
tensin II, insulin, phenylephrine, and lysophosphatidic acid.”**
These factors can be from the systematic circulation or produced
locally in the injured vascular wall (Figs. 1 and 2). The SREBP acti-
vation is followed by upregulation of its downstream genes such as
HMGCR and other enzymes for MVA pathway, LDLR, and enzymes
for fatty acid biosynthesis.

SREBP-Mediated Vascular Hyperactive Cholesterol
Biosynthesis Promotes Vascular Cell Proliferation
and Migration and Vascular Inflammation

Cholesterol and phospholipids are the major components of
cell membrane and therefore cholesterol and fatty acid production
is needed when a cell divides into daughter cells during prolifera-
tion. During cell migration, extension of pseudopodia is followed
by cell body movement, membrane detachment, and retraction at
the rear edge. During cell migration, such as in ECs, plasma mem-
brane microviscosity increases at the leading edge, and cholesterol
enrichment in the front edge is responsible for the generation of
this microviscosity gradient, which affects actin function during cell
migration.?>2
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The MVA pathway is essential in the de novo biosynthesis of
cholesterol. MVA is synthesized from 3-hydroxy-3-methylglutaryl-
CoA in an irreversible step via the rate-limiting HMGCR and is then
further metabolized to the isoprenoids, farnesyl pyrophosphate, and
geranylgeranyl pyrophosphate, among other molecules, either as
precursors for cholesterol production or as “side products” upstream
or away from cholesterol formation (Fig. 1). Isoprenoids farnesyl
pyrophosphate and geranylgeranyl pyrophosphate derived from the
MVA pathway are critical in the isoprenylation and thus activation
of small GTPases (Rho, Ras, Rac, and Cdc42). When isoprenylated,
these small GTPases anchor in cell membranes enabling signaling
and regulation of actin and other cell cytoskeleton dynamics to form
actin stress fibers and provides the driving force of cell movement
through actin cytoskeletal processes called lamellipodia and filopo-
dia.?”? Activated small GTPases play an important role in the migra-
tion and proliferation of vascular EC and VSMC. The activated small
GTPases also play an important role in inflammatory cell migration
into vascular wall and inflammatory mediator production by VSMC,
EC, and inflammatory cells in vascular wall.?’

Med

NI

Med

NI

Cholesterol biosynthesis process mediated by SREBP and the
resultant intermediates may play a role well beyond cholesterol in
ASCVD pathogenesis (Fig. 1). Studies showed that SREBP is impor-
tant in regulating vascular EC function and angiogenesis, both in
vitro and in vivo,?*?'** which is an important process in atheroma
formation, inflammation, and post-intervention vascular intimal
hyperplasia.*® Angiogenic factors of different classes, such as basic
fibroblast growth factor, thrombin, IL-8, insulin, and vascular endo-
thelial growth factor could upregulate the expression and stimulate
the activation of SREBP in EC.?*?!** SREBP-mediated MVA path-
way activation and resultant isoprenoids-mediated small GTPase
RhoA activation in EC played an indispensable role in vascular
EC proliferation, migration, and angiogenesis, as well as increased
endothelial layer permeability in response to proinflammatory and
mitogenic stimuli. Inhibition of SREBP activation can modify EC
behavior resulting in suppression of endothelial migration and pro-
liferation and angiogenesis.?

Aberrant migration of VSMC from medium into intima
and proliferation play an important role in atherogenesis and

SREBP1

FIGURE 3. SREBP-1 is increased in the neointima following stent placement. A stent was deployed in rat abdominal aortas for 4
weeks. Subsequently, vessels were harvested and analyzed by immunohistochemistry and immunofluorescence. Six pm sections
were stained as described below. A, Control normal rat abdominal aorta stained with H&E reveals no neointima but a medial
and adventitial (top) layer. B, Immunohistochemical staining for SREBP-1 in normal control untreated rat abdominal aorta is
undetectable. C, Following stent placement for 4 weeks, a neointima layer is now visible and robust staining of SREBP-1 is
detected. D, Higher magnification of SREBP-1 staining within the neointima. E, Immunofluorescence of FITC-anti-aSMA reveals
robust staining within the neointima. F, H&E staining of the abdominal aorta following 4 weeks of stent placement. Reprinted
with permission from Zhou et al.?2 Copyright American College of Cardiology Foundation. All permission requests for this image
should be made to the copyright holder. FITC indicates fluorescein isothiocyanate, H&E, hematoxylin and eosin; NI, neointima;
SREBP1, sterol regulatory element-binding protein 1; aSMA, a-smooth muscle actin.
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injury-induced intimal hyperplasia in vasculopathy. SREBP can be
upregulated in VSMCs as well, at both gene and protein levels in
response to multiple stimuli known to cause atherosclerosis, inflam-
mation, and post-intervention restenosis.?*>> The SREBP activation,
that is, its cleavage to release N-terminal active protein form, is fol-
lowed by upregulation of its target gene products involved in cho-
lesterol biosynthesis.?’?> Targeted inhibition of SREBP also led to
decreased VSMC migration and proliferation in response to proin-
flammatory and mitogenic stimuli.??

s

VASCULAR HYPERCHOLESTEROLISM AND
VASCULOPATHY

VSMC migration and proliferation, foamy macrophage accu-
mulation, and inflammatory cell infiltration in vascular wall are
among the key features of atherosclerosis of the native coronary
artery and vein grafts and of the neoatherosclerosis and neointima
formation for in-stent restenosis.’*3! In addition to their circulating
blood source, inflammatory and mitogenic factors local to the vas-
cular wall also derive from infiltrating inflammatory cells, locally

FIGURE 4. SREBP-1 is increased in both the neointima and VSMC layer of mouse carotid arteries following vascular injury using

a model of angioplasty. Four weeks after probe injury, carotid arteries were harvested and subjected to immunofluorescence or
immunohistochemistry as indicated. Sections of 6 pm were stained with anti-SREBP-1 or Cy3-anti-a-SMA or stained using H&E.
Nuclei were stained with DAPI in blue. Merge image of SREBP-1 (green) and a-SMA (red) is shown in yellow. SREBP-1 detected
using immunohistochemistry is represented in purple and indicated by the small arrow. Neointima is indicated as the area be-
tween arrowheads in the H&E-stained and immunohistochemistry sections. In uninjured arteries from the same animals, SREBP-1
was barely detected under the same conditions by both methods (data not shown). Reprinted with permission from Zhou et

al.?2 Copyright American College of Cardiology Foundation. All permission requests for this image should be made to the copy-
right holder. DAPI indicates 4',6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; IH-SREBP-1, immunohistochemistry for
SREBP-1; SREBP1, sterol regulatory element-binding protein 1; VSMC, vascular smooth muscle cell; aSMA, a-smooth muscle actin.
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adhering platelets, and dysfunctional vascular EC and VSMC.3*3
These proinflammatory and mitogenic molecules can then activate
cellular SREBP and subsequently the MVA pathway for cholesterol
biosynthesis. Hyperactive MVA pathway and subsequent acceler-
ated production of pleiotropic molecules cause prenylation and acti-
vation of the small GTPases, such as Rho, Rac, CDC42, and Ras
proteins, which in turn further promotes proinflammatory cytokine
release by vascular cells and increase in endothelial/leukocyte adhe-
sion, endothelial permeability, and inflammatory cell accumulation,
as well as in vascular cell migration and proliferation.> This self-
perpetuating mechanism, composed of inflammatory and mitogenic
factors—SREBP activation—MVA pathway—vascular inflamma-
tion and cellular mitogenesis—inflammatory and mitogenic factor
release—SREBP activation, may play a critical role in the pathogen-
esis of ASCVD and vasculopathy (Figs. 1 and 2). In injury-induced
arterial intimal hyperplasia and in-stent restenosis animal models,
SREBP was found to be overexpressed abundantly in arterial wall,
strikingly prominent in the VSMCs of the neointima as demonstrated
by histological analysis with immunofluorescence and immunohisto-
chemistry studies, reflecting a hyperactive cholesterol biosynthesis
mechanism (Figs. 3 and 4).*

The hyperactive cellular cholesterol biosynthesis in vascular
wall, here we label as vascular hypercholesterolism, in response to
the proinflammatory and mitogenic milieu created by circulating
or locally produced factors could play a crucial “pleiotropic” role
beyond cholesterol itself in the pathogenesis of ASCVD. Given that
the vascular cells are not secretory cells for cholesterol, it is conceiv-
able that vascular hypercholesterolism would not influence the blood
level of cholesterol. The Canakinumab Anti-inflammatory Thrombo-
sis Outcome Study (CANTOS) trial is thus far the only positive trial
showing that directly targeting inflammation reduces cardiovascular
events without affecting blood LDL-C level.?* In the CANTOS trial,
IL-1p inhibition by canakinumab administration in addition to opti-
mal medical treatment in patients with a history of MI and levels of
hs-CRP greater than 2 mg/L led to reduction of hs-CRP levels without
affecting the lipid levels and resulted in a 15% reduction in the risk
of the primary composite end point of nonfatal MI, nonfatal stroke,
or cardiovascular death, as compared with placebo-treated patients.>
Further analysis showed that in those patients who achieved lower
on-treatment hs-CRP concentrations (<2 mg/L), cardiovascular mor-
tality and all-cause mortality were significantly reduced by 31%,
whereas these benefits were not observed in those with a hs-CRP
concentrations of 2mg/L or above.*® Based on the CANTOS trial
data, it was found that reduction of the cardiovascular events and
total mortality was associated with IL-6 blood level reduction inde-
pendent of blood lipid level.’” Of note, IL-1p is among the factors
known to activate SREBP and upregulate cholesterol biosynthesis in
VSMC.? Sirolimus, an immunosuppressant used in renal transplant
recipients and in the first generation drug-eluting stents to minimize
intimal hyperplasia and reduce repeat revascularization, can inhibit
IL-1p—induced SREBP activation and thus endogenous cholesterol
synthesis in human VSMC.?

CONCLUSIONS

Statins are currently the best-proven cholesterol-lowering
medications to improve the clinical outcomes of the patients with
ASCVD and their unique mechanism of action suggests that endog-
enous cholesterol biosynthesis MVA pathway plays an important
role in ASCVD. MVA pathway is tightly regulated ubiquitously in
all cell types by the master gene, SREBP, for cellular cholesterol
homeostasis. SREBP is overexpressed in vascular wall in response
to injury or stent implantation and SREBP can be activated in vas-
cular cells, in response to proinflammatory and mitogenic factors
causing hyperactive MVA pathway activity, here we termed vascular
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hypercholesterolism, as a new concept. SREBP functions as a cross-
link platform bridging inflammation, cholesterol biosynthesis, and
cell mobilization in vascular wall. Vascular hypercholesterolism
through pleiotropic molecules promotes vascular cell mobiliza-
tion and further proinflammatory and mitogenic factors production,
forming a self-perpetuating mechanism to participate in the patho-
genesis of atherosclerosis or vasculopathy (Figs. 1 and 2); therefore,
targeting vascular hypercholesterolism to break the self-perpetuating
mechanism could become a new avenue in the prevention and treat-
ment of ASCVD.
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