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The formation and consequences
of cholesterol-rich deposits in
atherosclerotic lesions
Frederick R. Maxfield*, Noah Steinfeld and Cheng-I J. Ma

Department of Biochemistry, Weill Cornell Medicine, New York, NY, United States

Cardiovascular diseases remain the leading cause of death throughout the

world. Accumulation of lipoprotein-associated lipids and their interaction with

macrophages are early steps in the development of atherosclerotic lesions. For

decades, it has been known that aggregates of lipoproteins in the subendothelial

space are found in early plaques, and these aggregates are tightly associated

with extracellular matrix fibers. Additionally, most of the cholesterol in these

subendothelial aggregates is unesterified, in contrast to the core of low-density

lipoproteins (LDL), in which cholesteryl esters predominate. This suggests that

the hydrolysis of cholesteryl esters occurs extracellularly. At the cellular level,

macrophages in early plaques engage with the LDL and ingest large amounts

of cholesterol, which is esterified and stored in lipid droplets. When excessive

lipid droplets have accumulated, endoplasmic reticulum stress responses are

activated, leading to cell death. The cholesterol-laden dead cells must be

cleared by other macrophages. For many years, it was unclear how unesterified

(free) cholesterol could be formed extracellularly in early lesions. Papers in the

past decade have shown that macrophages form tightly sealed extracellular

attachments to aggregates of LDL. These sealed regions become acidified, and

lysosomal contents are secreted into these compartments. Lysosomal acid lipase

hydrolyzes the cholesteryl esters, and the free cholesterol is transported into the

macrophages. High concentrations of cholesterol can also lead to formation

of crystals of cholesterol hydrate, and these crystals have been observed in

atherosclerotic blood vessels. Characterization of this process may lead to novel

therapies for the prevention and treatment of atherosclerosis.
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Introduction

With the advent of improved treatment and prevention of infectious diseases and
reduction of malnourishment, cardiovascular diseases associated with atherosclerosis are
now the leading cause of death worldwide (1–3). Ironically, this growth in mortality has
coincided with extraordinary research advances over the past 50 years into the causes and
treatment of cardiovascular diseases (4).

Among the advances that have been made are the identification of the low-density
lipoprotein (LDL) receptor by Michael Brown and Joseph Goldstein as well as other receptors
for lipoproteins (5, 6). Pathways for internalizing lipoproteins, digesting their lipid cores,
and transporting cholesterol throughout the cell have also been described (4). Additionally,
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mechanisms for the regulation of the levels of free cholesterol in
cells have been explored in detail (4, 7). These findings led to the
widespread acceptance of the importance of controlling circulating
cholesterol levels for the prevention of atherosclerosis (4). In
addition to control of diet, several pharmacological interventions
have been developed that have a significant impact on circulating
LDL levels. These include statins, discovered by Akira Endo (8),
which block a key early step in the synthesis of cholesterol and
have shown significant benefit in long term trials (9). Ezetimibe
can block the uptake of cholesterol by intestinal cells by inhibiting
the NPC1L1 cholesterol transport protein on these cells (10),
and this has been shown to effectively reduce circulating LDL
cholesterol (10). A more recent discovery is proprotein convertase
subtilisin/kexin type 9 serine protease (PCSK9), which can block
the efficient recycling of LDL receptors on liver cells, leading
to their degradation (11, 12). This reduction of LDL receptors
increases the level of circulating LDL (11). Monoclonal antibodies
against PCSK9 can prevent its interaction with LDL receptors,
which has been shown to reduce circulating LDL levels (13). RNAi
treatments have also been developed that target PCSK9, and one of
these, Inclisiran, was approved by the United States Food and Drug
Administration in 2021 (14, 15). Small molecule pharmacological
agents against PCSK9 are also in development (16).

All of these developments are having a very important effect
on reducing disability and death from atherosclerotic diseases.
Nevertheless, as noted above, atherosclerotic diseases are still
the worldwide leading cause of death. It is likely that more
widespread adoption of healthy lifestyles accompanied by more
widespread use of therapeutic treatments now available would have
a major impact in reducing atherosclerotic diseases. However, it
is also true that there are still gaps in our understanding of the
causes of atherosclerotic diseases, which opens the opportunity for
development of new therapeutic approaches.

Lipoproteins in the vessel wall

One widely accepted contributor to atherosclerosis is oxidized
forms of LDL (Ox-LDL) (17, 18). Macrophages have receptors
for Ox-LDL (17), and numerous studies support a role for Ox-
LDL in development of atherosclerosis (19, 20). One possibility
is that Ox-LDL is endocytosed by scavenger receptors, leading
to foam cell formation as a consequence of cholesterol uptake
(21). There is some controversy about which receptors are
used for endocytosis of Ox-LDL (22, 23). A recent study
reported that the transcription factor Nuclear Factor of Activated
T-cell isoform c3 (NFATc3) induces expression of microRNA-204
(miR-204), which reduces expression of two receptors reported
to bind oxidized lipoproteins, the class A scavenger receptor
(SRA) and CD36 (24). Macrophage-specific ablation of NFATc3
increased atherosclerotic plaque formation in a mouse model,
while NFATc3 overexpression reduced plaque formation. There was
also an inverse correlation between NFATc3 expression in human
monocytes and atherosclerosis. An accompanying review suggested
that it will be important to follow up by characterizing all the genes
whose expression is altered by miR-204 (25).

Studies have indicated that there are effects of minimally
oxidized LDL that are dependent on Toll-like receptor 4 (TLR4)
and its downstream signaling that result in increased pinocytic

lipoprotein uptake and subsequent foam cell formation (18).
Interestingly, several of the signaling pathways activated by
minimally oxidized LDL, including TLR4, tyrosine kinase SYK,
guanine nucleotide exchange factor VAV, phosphatidylinositol 3-
kinase (PI3K), and small GTPase CDC42 are also involved in
regulation of an alternative lipid uptake process called digestive
exophagy (26), which is discussed in detail later. Since several
studies testing anti-oxidant treatment found no or only modest
benefits (2), it will be important to continue exploring the role of
Ox-LDL and how to counter its effects.

Despite years of study, there are some aspects of atherosclerotic
plaques that remain poorly characterized. Better understanding
of the development and growth of plaques as well as their
conversion to disease-associated states may provide new insights
for treatment. Mature atherosclerotic lesions are characterized by
chronic inflammation, a distorted endothelium, and lipid-laden
foam cells that are derived from macrophages and smooth muscle
cells. In late stages, there is an accumulation of dead cells, which are
remnants of foam cells that were overloaded with stored cholesteryl
esters (27).

Low-density lipoproteins, which have a diameter of 22–
24 nm, percolate through the endothelium into the interstitial
space between smooth muscle cells and the endothelium. The
LDL is acted on by lipases, including lipoprotein lipase (28) and
sphingomyelinase (29). These changes cause the lipoproteins to
aggregate, and they also become tightly linked to the extracellular
matrix by bridging proteins including lipoprotein lipase (28, 30–
32). It has long been known that the vast majority of LDL in
atherosclerotic lesions is tightly bound and not freely soluble (28). It
has been suggested that these retained and aggregated lipoproteins
are responsible for the inflammation and macrophage foam cell
formation in atherosclerosis.

Interactions between macrophages
and lipoprotein aggregates

Macrophages that cross the endothelium rapidly encounter
these lipoprotein aggregates (30, 33). It has also long been known
that the cholesterol in these retained and aggregated lipoproteins
is mostly unesterified, free cholesterol (34–36), which is surprising
because nearly all the cholesterol in LDL is esterified. More
recently, 3-dimensional electron microscopy studies in human
carotid arteries have shown that there are also cholesterol crystals
in atherosclerotic lesions, and these are in regions close to
macrophages in the interstitial space (33). While it is clear that the
cholesteryl esters in the cores of lipoproteins have been hydrolyzed
to produce free cholesterol, the mechanism for this hydrolysis
has been unclear.

Studies over the past 20 years provide an explanation for this
hydrolysis of cholesteryl esters outside the cells and may lead to new
insights into the development of atherosclerotic lesions. This new
understanding may, in the future, lead to new treatment modalities.

To model the interaction of macrophages with LDL aggregates
enmeshed in the extracellular matrix, bovine aortic endothelial
or smooth muscle cells were grown to confluency to allow them
to form a network of extracellular matrix above the cells. LDL
was then added, followed by treatment with sphingomyelinase to
induce aggregation and lipoprotein lipase to non-covalently link
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FIGURE 1

3D imaging of lysosomal synapses. (A,B) Focused ion beam-scanning electron microscopy (FIB-SEM) images were acquired from J774 cells
incubated with colloidal-gold-labeled aggregated LDL (agLDL) for 1 h. A stack of 100 FIB-SEM images with 40 nm separating each image was
obtained, and agLDL was observed within the lysosomal synapse that was connected with the extracellular space. Panel (A) shows a single scanning
EM image of a macrophage interacting with agLDL. Regions of agLDL labeled with colloidal gold are outlined in red. A 3D representation of the
region highlighted by the box in panel (A) was generated using image processing software to display agLDL and the cellular plasma membrane
forming the compartment. Panel (B) shows both extracellular agLDL and the portion contained in deep membrane invaginations. Plasma membrane
in the invagination (labeled green) tightly surrounds the agLDL contained within the lysosomal synapse. (C) Mouse bone marrow derived
macrophages were incubated with Alexa546-agLDL for 1 h, fixed and stained with Alexa488-phalloidin to visualize F-actin. A 3D reconstruction
from a confocal microscopy stack shows features such as rings and “fingers” of F-actin (green) surrounding the aggregate (red). The plasma
membrane is labeled in gray [adapted from Singh et al. (43)].

the aggregated LDL to the extracellular matrix (37, 38). In some
experiments the LDL was aggregated by gentle vortexing. The
aggregates of LDL formed deep penetrations into the macrophages,
and the cholesteryl esters were hydrolyzed much more rapidly
than the apoB, which was unexplained at the time. It was
demonstrated that the cholesteryl ester hydrolysis was carried out
by lysosomal acid lipase, which, at the time, was interpreted to
indicate that cholesteryl esters were somehow selectively extracted
from the aggregates and delivered to lysosomes (38). These initial
studies provided evidence for part of the mechanism by which
retained and aggregated LDL contributes to the development of
atherosclerosis (28).

More recent studies characterized the interaction of
macrophages with aggregated LDL in more detail. It was found that
macrophages create tight interactions with the aggregates to allow
acidification of the contact region by the vacuolar ATPase, which is
found on the plasma membrane of macrophages (39, 40). Secretion
of lysosomal contents onto the aggregated LDL was demonstrated
by internalizing biotinylated-fluorescein-dextran into lysosomes
and attaching streptavidin to the LDL (39). Within 30–90 min,
there was abundant release of the lysosomal contents onto the
aggregated LDL, as seen by previously lysosomal dextran bound to
aggregated LDL outside the cell via biotin-streptavidin interactions.
There was significant hydrolysis of the cholesteryl esters in the
core of the lipoproteins by lysosomal acid lipase, as shown by
labeling of the aggregates with filipin, a fluorescent dye that binds
to unesterified cholesterol. It was also found that interaction with
aggregated LDL triggered polymerization of filamentous actin
(F-actin) at or near the contact site. Furthermore, inhibition of
cholesteryl ester hydrolysis blocked this actin polymerization
(41), indicating that the formation of F-actin was increased by
increased cholesterol in the plasma membrane (42). It had been
shown previously that F-actin was required for the hydrolysis of
cholesteryl esters by macrophages (38). As shown in Figure 1,
confocal microscopy and 3-D electron microscopy demonstrated
that the aggregated LDL was pulled into deep invaginations in

the macrophages, and these were closely associated with F-actin
(43). These deep invaginations have been described as “lysosomal
synapses,” and the process of extracellular digestion has been called
“digestive exophagy” (26). Reactive oxygen species are released
from macrophages into the lysosomal synapses (44).

Similar deep invaginations of aggregated LDL into
macrophages were observed in an aortic atherosclerotic plaque

FIGURE 2

Signaling pathways associated with digestive exophagy of
aggregated LDL. Aggregated LDL-induced TLR4/CD14 signaling
activates MYD88, PI3K and AKT and leads to formation of the
lysosomal synapse. Activation of signaling through AKT1 and AKT2
stimulates lysosome exocytosis, which delivers lysosomal acid
lipase (LAL) to the compartment. Vacuolar ATPase (V-ATPase),
present on the plasma membrane and the lysosomal membranes,
lowers the pH of the compartment. This activates LAL in the
compartment, which stimulates agLDL degradation and generation
of free cholesterol. This cholesterol inserts into the plasma
membrane and further stimulates signaling. The cholesterol is
re-esterified in the cell, leading to formation of lipid droplets. The
activity of PI3K and AKT2 lead to VAV and CDC42 activation that
support longer term stabilization of the compartment by promoting
actin polymerization.

Frontiers in Cardiovascular Medicine 03 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1148304
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-10-1148304 February 22, 2023 Time: 15:23 # 4

Maxfield et al. 10.3389/fcvm.2023.1148304

in an ApoE−/− mouse on a high fat diet (45). The aggregated
LDL stained brightly with filipin, indicating that cholesteryl
esters in the core of the aggregated LDL had already been
hydrolyzed to free cholesterol while outside the macrophage. The
plaque itself was filled with filipin-labeled deposits, confirming
previous studies on the composition of lipids in retained LDL in
plaques (34–36). These studies in cell culture and in vivo show
that extracellular hydrolysis of cholesteryl esters in the core of
retained and aggregated LDL generates abundant free cholesterol
in atherosclerotic plaques. These very high concentrations of
cholesterol would lead to formation of cholesterol crystals, which
are observed in atherosclerotic lesions (33, 46). These cholesterol
crystals can further contribute to inflammatory activation of
macrophages (47).

The signaling mechanisms that regulate digestive exophagy
are partially understood (Figure 2). There have been several
studies of the receptors that interact with aggregated LDL. The
LDL receptor-related protein (LRP1) has been shown to be
involved in the interaction and degradation of aggregated LDL
by macrophages (38, 44, 48). Loss of LDL receptor, CD36, or
the SCARA1 scavenger receptor did not affect interactions of
macrophages with aggregated LDL (38, 44). A partial signal
transduction pathway for digestive exophagy of aggregated LDL
has been described (26, 44, 49, 50). TLR4 and MYD88 are plasma
membrane proteins that appear to initiate a signaling system
that includes SYK, PI3K, serine/threonine kinases AKT1&2,
VAV, and CDC42. The RHOA/RHO kinases are activated
by ceramide, which is generated by acid sphingomyelinase
in the lysosomal synapse (50). The increase in ceramide
inhibits the actin polymerization around the lysosomal
synapse.

Interestingly, much of this signaling pathway has also been
described for the enhanced pinocytic activity in macrophages
exposed to minimally oxidized LDL (18). Since reactive oxygen
species are generated when macrophages contact aggregates formed
from non-oxidized LDL (44), it seems quite possible that the
responses of aggregated LDL and minimally oxidized LDL are very
similar. In vivo, both may occur essentially simultaneously.

There are important aspects of the signaling pathways for
digestive exophagy that remain unresolved. For example, organelle
secretion would certainly involve RAB and SNARE proteins, but
knockdowns of several of these proteins in macrophages that are
required for lysosome secretion in other situations (51, 52) have no
significant effect on lysosome secretion during digestive exophagy.
There are certainly several other signaling pathways involved in
regulation of digestive exophagy that remain to be explored. It
is not entirely clear how free cholesterol is transferred from the
aggregated LDL to the macrophage. It appears to enter via the
plasma membrane, but it is not known if there are any proteins
involved in the transfer from the aggregated LDL to the plasma
membrane. In a cell culture model, both HDL and β-cyclodextrins
can remove cholesterol from aggregated LDL in contact with
macrophages (45). This reduces the transfer of cholesterol into the
macrophages, leading to a reduction in lipid droplet formation.
It has been noted that smooth muscle cells are often in close
proximity with macrophages in atherosclerotic lesions (53, 54). It
seems plausible that the free cholesterol in the aggregated LDL
might also be transferred to the smooth muscle cells leading to lipid
droplet formation, but this has not yet been explored.

Possible new therapeutic
approaches

It seems likely that there are valuable therapeutic opportunities
based on this enhanced understanding of the mechanisms of
catabolism of LDL in atherosclerotic lesions. A fundamental
question is whether slowing digestive exophagy in lesions would
be beneficial in slowing atherosclerotic progression. This could
be achieved, for example, by inhibiting the processes contributing
to digestion of cholesteryl esters and transfer of cholesterol to
the macrophages. Unfortunately, the signaling pathways identified
so far are used widely throughout the body, so they are not
good candidates for therapeutics. It is possible that more specific
molecules, such as the RABs and SNAREs involved in lysosomal
secretion, might be useful therapeutic targets. Another mechanism
for reducing digestive exophagy would be to reduce the aggregation
of lipoproteins in atherosclerotic lesions as discussed in a recent
review (33). Another possibility is to inhibit the retention of
aggregated LDL on the extracellular matrix, which is mediated
by lipoprotein lipase (28). Inhibition of this binding to the
matrix would allow rapid endocytosis or phagocytosis of the LDL-
derived lipoproteins. It also seems likely that removal of the free
cholesterol from the extracellular aggregates before it can enter the
macrophages would be beneficial. As noted above, both HDL and
β-cyclodextrins extract cholesterol directly from aggregated LDL.
In addition to the possible benefits of HDL in removing cholesterol
from lesions, it has been shown that injection of hydroxypropyl-
β-cyclodextrin can promote regression of atherosclerotic lesions
in mice (55). This promotion of cholesterol efflux by cyclodextrin
was independent of ABCA1- and ABCG1-mediated reverse
cholesterol transport. A problem with the potential use of
cyclodextrins therapeutically is that, as small polar molecules, they
are rapidly cleared after injection. However, larger cholesterol-
binding molecules such as β-cyclodextrin polymers might be useful
for this purpose, and they are being explored as drug carriers
(56). One additional possibility would be to use the unique
chemical properties of the retained and aggregated lipoproteins to
concentrate beneficial drugs, such as anti-inflammatory agents.

Summary

Recent studies described in this review describe a novel
mechanism for macrophage digestion of lipoproteins in arterial
vessel walls. Further investigation of this may lead to new therapies
for atherosclerosis.

Author contributions

FM wrote the first draft which was edited and revised by C-IM
and NS. All authors contributed to the article and approved the
submitted version.

Funding

The research in the authors’ laboratory has been supported by
NIH Grant R01HL093324.

Frontiers in Cardiovascular Medicine 04 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1148304
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-10-1148304 February 22, 2023 Time: 15:23 # 5

Maxfield et al. 10.3389/fcvm.2023.1148304

Acknowledgments

We are grateful for the many contributions by several former
members of the laboratory, especially Abigail S. Haka and
Rajesh K. Singh.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships

that could be construed as a potential conflict of
interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Dai H, Much AA, Maor E, Asher E, Younis A, Xu Y, et al. Global,
regional, and national burden of ischaemic heart disease and its attributable
risk factors, 1990–2017: results from the global burden of disease study 2017.
Eur Heart J Qual Care Clin Outcomes. (2020) 8:50–60. doi: 10.1093/ehjqcco/qcaa
076

2. Libby P. The changing landscape of atherosclerosis. Nature. (2021) 592:524–33.
doi: 10.1038/s41586-021-03392-8

3. Lindstrom M, DeCleene N, Dorsey H, Fuster V, Johnson CO, LeGrand KE, et al.
Global burden of cardiovascular diseases and risks collaboration, 1990–2021. J Am Coll
Cardiol. (2022) 80:2372–425. doi: 10.1016/j.jacc.2022.11.001

4. Goldstein Joseph L, Brown Michael S. A century of cholesterol and coronaries:
from plaques to genes to statins. Cell. (2015) 161:161–72. doi: 10.1016/j.cell.2015.0
1.036

5. Goldstein JL, Brown MS. The LDL receptor. Arterioscler Thromb Vasc Biol. (2009)
29:431–8. doi: 10.1161/ATVBAHA.108.179564

6. Goldstein JL, Ho YK, Basu SK, Brown MS. Binding site on macrophages that
mediates uptake and degradation of acetylated low density lipoprotein, producing
massive cholesterol deposition. Proc Natl Acad Sci USA. (1979) 76:333–7. doi: 10.1073/
pnas.76.1.333

7. Rosenson RS, Brewer HB Jr., Davidson WS, Fayad ZA, Fuster V, Goldstein J, et al.
Cholesterol efflux and atheroprotection: advancing the concept of reverse cholesterol
transport. Circulation. (2012) 125:1905–19. doi: 10.1161/CIRCULATIONAHA.111.
066589

8. Endo A. A gift from nature: the birth of the statins. Nat Med. (2008) 14:1050–2.
doi: 10.1038/nm1008-1050

9. Kazi DS, Penko JM, Bibbins-Domingo K. Statins for primary prevention of
cardiovascular disease: review of evidence and recommendations for clinical practice.
Med Clin North Am. (2017) 101:689–99. doi: 10.1016/j.mcna.2017.03.001

10. Davis HR, Veltri EP. Zetia: inhibition of niemann-pick C1 Like 1 (NPC1L1)
to reduce intestinal cholesterol absorption and treat hyperlipidemia. J Atheroscler
Thromb. (2007) 14:99–108. doi: 10.5551/jat.14.99

11. Cohen J, Pertsemlidis A, Kotowski IK, Graham R, Garcia CK, Hobbs HH.
Low LDL cholesterol in individuals of African descent resulting from frequent
nonsense mutations in PCSK9. Nat Genet. (2005) 37:161–5. doi: 10.1038/ng
1509

12. Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, et al.
Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-
like repeat A of low density lipoprotein receptor decreases receptor recycling
and increases degradation. J Biol Chem. (2007) 282:18602–12. doi: 10.1074/jbc.
M702027200

13. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, et al.
Atherosclerosis. Nat Rev Dis Primers. (2019) 5:56. doi: 10.1038/s41572-019-0106-z

14. Ray KK, Wright RS, Kallend D, Koenig W, Leiter LA, Raal FJ, et al. Two phase
3 trials of inclisiran in patients with elevated LDL cholesterol. N Engl J Med. (2020)
382:1507–19. doi: 10.1056/NEJMoa1912387

15. Arnold N, Koenig W. PCSK9 inhibitor wars: how does inclisiran fit in with
current monoclonal antibody inhibitor therapy? Considerations for patient selection.
Curr Cardiol Rep. (2022) 24:1657–67. doi: 10.1007/s11886-022-01782-6

16. Suchowerska AK, Stokman G, Palmer JT, Coghlan PA, Pieterman EJ, Keijzer N,
et al. A novel, orally bioavailable, small-molecule inhibitor of pcsk9 with significant
cholesterol-lowering properties in vivo. J Lipid Res. (2022) 63:100293. doi: 10.1016/j.
jlr.2022.100293

17. Boullier A, Bird DA, Chang MK, Dennis EA, Friedman P, Gillotre-Taylor K,
et al. Scavenger receptors, oxidized LDL, and atherosclerosis. Ann N Y Acad Sci. (2001)
947:214–22; discussion 22–3. doi: 10.1111/j.1749-6632.2001.tb03943.x

18. Choi SH, Harkewicz R, Lee JH, Boullier A, Almazan F, Li AC, et al.
Lipoprotein accumulation in macrophages via toll-like receptor-4-dependent fluid
phase uptake. Circ Res. (2009) 104:1355–63. doi: 10.1161/CIRCRESAHA.108.19
2880

19. Miller YI, Viriyakosol S, Worrall DS, Boullier A, Butler S, Witztum JL.
Toll-like receptor 4-dependent and -independent cytokine secretion induced
by minimally oxidized low-density lipoprotein in macrophages. Arterioscler
Thromb Vasc Biol. (2005) 25:1213–9. doi: 10.1161/01.ATV.0000159891.731
93.31

20. Bae YS, Lee JH, Choi SH, Kim S, Almazan F, Witztum JL, et al. Macrophages
generate reactive oxygen species in response to minimally oxidized low-density
lipoprotein: toll-like receptor 4- and spleen tyrosine kinase-dependent activation
of NADPH oxidase 2. Circ Res. (2009) 104:210–8, 21 following 8. doi: 10.1161/
CIRCRESAHA.108.181040

21. Rahaman SO, Lennon DJ, Febbraio M, Podrez EA, Hazen SL, Silverstein RLA.
CD36-dependent signaling cascade is necessary for macrophage foam cell formation.
Cell Metab. (2006) 4:211–21. doi: 10.1016/j.cmet.2006.06.007

22. Moore KJ, Kunjathoor VV, Koehn SL, Manning JJ, Tseng AA, Silver JM, et al. Loss
of receptor-mediated lipid uptake via scavenger receptor A or CD36 pathways does not
ameliorate atherosclerosis in hyperlipidemic mice. J Clin Invest. (2005) 115:2192–201.
doi: 10.1172/JCI24061

23. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell.
(2011) 145:341–55. doi: 10.1016/j.cell.2011.04.005

24. Liu X, Guo JW, Lin XC, Tuo YH, Peng WL, He SY, et al. Macrophage NFATc3
prevents foam cell formation and atherosclerosis: evidence and mechanisms. Eur Heart
J. (2021) 42:4847–61. doi: 10.1093/eurheartj/ehab660

25. van Solingen C, Moore KJ. Two birds, one stone: NFATc3 controls dual actions of
miR-204 in foam cell formation. Eur Heart J. (2021) 42:4862–4. doi: 10.1093/eurheartj/
ehab640

26. Maxfield FR, Barbosa-Lorenzi VC, Singh RK. Digestive exophagy: Phagocyte
digestion of objects too large for phagocytosis. Traffic. (2020) 21:6–12. doi: 10.1111/
tra.12712

27. Gerlach BD, Ampomah PB, Yurdagul A Jr., Liu C, Lauring MC, Wang X,
et al. Efferocytosis induces macrophage proliferation to help resolve tissue injury. Cell
Metab. (2021) 33:2445–63e8. doi: 10.1016/j.cmet.2021.10.015

28. Tabas I, Williams KJ, Boren J. Subendothelial lipoprotein retention as the
initiating process in atherosclerosis: update and therapeutic implications. Circulation.
(2007) 116:1832–44. doi: 10.1161/CIRCULATIONAHA.106.676890

29. Devlin CM, Leventhal AR, Kuriakose G, Schuchman EH, Williams KJ, Tabas
I. Acid sphingomyelinase promotes lipoprotein retention within early atheromata
and accelerates lesion progression. Arterioscler Thromb Vasc Biol. (2008) 28:1723–30.
doi: 10.1161/ATVBAHA.108.173344

30. Tamminen M, Mottino G, Qiao JH, Breslow JL, Frank JS. Ultrastructure of
early lipid accumulation in ApoE-deficient mice. Arterioscler Thromb Vasc Biol. (1999)
19:847–53. doi: 10.1161/01.ATV.19.4.847

31. Schissel SL, Tweedie-Hardman J, Rapp JH, Graham G, Williams KJ, Tabas
I. Rabbit aorta and human atherosclerotic lesions hydrolyze the sphingomyelin of
retained low-density lipoprotein. Proposed role for arterial-wall sphingomyelinase in
subendothelial retention and aggregation of atherogenic lipoproteins. J Clin Invest.
(1996) 98:1455–64. doi: 10.1172/JCI118934

Frontiers in Cardiovascular Medicine 05 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1148304
https://doi.org/10.1093/ehjqcco/qcaa076
https://doi.org/10.1093/ehjqcco/qcaa076
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1016/j.jacc.2022.11.001
https://doi.org/10.1016/j.cell.2015.01.036
https://doi.org/10.1016/j.cell.2015.01.036
https://doi.org/10.1161/ATVBAHA.108.179564
https://doi.org/10.1073/pnas.76.1.333
https://doi.org/10.1073/pnas.76.1.333
https://doi.org/10.1161/CIRCULATIONAHA.111.066589
https://doi.org/10.1161/CIRCULATIONAHA.111.066589
https://doi.org/10.1038/nm1008-1050
https://doi.org/10.1016/j.mcna.2017.03.001
https://doi.org/10.5551/jat.14.99
https://doi.org/10.1038/ng1509
https://doi.org/10.1038/ng1509
https://doi.org/10.1074/jbc.M702027200
https://doi.org/10.1074/jbc.M702027200
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1056/NEJMoa1912387
https://doi.org/10.1007/s11886-022-01782-6
https://doi.org/10.1016/j.jlr.2022.100293
https://doi.org/10.1016/j.jlr.2022.100293
https://doi.org/10.1111/j.1749-6632.2001.tb03943.x
https://doi.org/10.1161/CIRCRESAHA.108.192880
https://doi.org/10.1161/CIRCRESAHA.108.192880
https://doi.org/10.1161/01.ATV.0000159891.73193.31
https://doi.org/10.1161/01.ATV.0000159891.73193.31
https://doi.org/10.1161/CIRCRESAHA.108.181040
https://doi.org/10.1161/CIRCRESAHA.108.181040
https://doi.org/10.1016/j.cmet.2006.06.007
https://doi.org/10.1172/JCI24061
https://doi.org/10.1016/j.cell.2011.04.005
https://doi.org/10.1093/eurheartj/ehab660
https://doi.org/10.1093/eurheartj/ehab640
https://doi.org/10.1093/eurheartj/ehab640
https://doi.org/10.1111/tra.12712
https://doi.org/10.1111/tra.12712
https://doi.org/10.1016/j.cmet.2021.10.015
https://doi.org/10.1161/CIRCULATIONAHA.106.676890
https://doi.org/10.1161/ATVBAHA.108.173344
https://doi.org/10.1161/01.ATV.19.4.847
https://doi.org/10.1172/JCI118934
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-10-1148304 February 22, 2023 Time: 15:23 # 6

Maxfield et al. 10.3389/fcvm.2023.1148304

32. Khalil MF, Wagner WD, Goldberg IJ. Molecular interactions leading to
lipoprotein retention and the initiation of atherosclerosis. Arterioscler Thromb Vasc
Biol. (2004) 24:2211–8. doi: 10.1161/01.ATV.0000147163.54024.70

33. Öörni K, Kovanen PT. Aggregation susceptibility of low-density lipoproteins-
a novel modifiable biomarker of cardiovascular risk. J Clin Med. (2021) 10:1769.
doi: 10.3390/jcm10081769

34. Chao FF, Amende LM, Blanchette-Mackie EJ, Skarlatos SI, Gamble W, Resau JH,
et al. Unesterified cholesterol-rich lipid particles in atherosclerotic lesions of human
and rabbit aortas. Am J Pathol. (1988) 131:73–83.

35. Kruth HS. Localization of unesterified cholesterol in human atherosclerotic
lesions. Demonstration of filipin-positive, oil-red-O-negative particles. Am J Pathol.
(1984) 114:201–8.

36. Simionescu N, Vasile E, Lupu F, Popescu G, Simionescu M. Prelesional events
in atherogenesis. Accumulation of extracellular cholesterol-rich liposomes in the
arterial intima and cardiac valves of the hyperlipidemic rabbit. Am J Pathol. (1986)
123:109–25.

37. Buton X, Mamdouh Z, Ghosh R, Du H, Kuriakose G, Beatini N, et al.
Unique cellular events occurring during the initial interaction of macrophages
with matrix-retained or methylated aggregated low density lipoprotein (LDL).
Prolonged cell-surface contact during which ldl-cholesteryl ester hydrolysis exceeds
ldl protein degradation. J Biol Chem. (1999) 274:32112–21. doi: 10.1074/jbc.274.45.
32112

38. Sakr SW, Eddy RJ, Barth H, Wang FW, Greenberg S, Maxfield FR, et al. The
uptake and degradation of matrix-bound lipoproteins by macrophages require an
intact actin cytoskeleton, Rho family GTPases, and myosin ATPase activity. J Biol
Chem. (2001) 276:37649–58. doi: 10.1074/jbc.M105129200

39. Haka AS, Grosheva I, Chiang E, Buxbaum AR, Baird BA, Pierini LM,
et al. Macrophages create an acidic extracellular hydrolytic compartment to digest
aggregated lipoproteins. Mol Biol Cell. (2009) 20:4932–40. doi: 10.1091/mbc.e09-07-
0559

40. Brisseau GF, Grinstein S, Hackam DJ, Nordstrom T, Manolson MF, Khine AA,
et al. Interleukin-1 increases vacuolar-type H+-ATPase activity in murine peritoneal
macrophages. J Biol Chem. (1996) 271:2005–11. doi: 10.1074/jbc.271.4.2005

41. Grosheva I, Haka AS, Qin C, Pierini LM, Maxfield FR. Aggregated LDL in
contact with macrophages induces local increases in free cholesterol levels that regulate
local actin polymerization. Arterioscler Thromb Vasc Biol. (2009) 29:1615–21. doi:
10.1161/ATVBAHA.109.191882

42. Qin C, Nagao T, Grosheva I, Maxfield FR, Pierini LM. Elevated plasma
membrane cholesterol content alters macrophage signaling and function. Arterioscler
Thromb Vasc Biol. (2006) 26:372–8. doi: 10.1161/01.ATV.0000197848.67999.e1

43. Singh RK, Barbosa-Lorenzi VC, Lund FW, Grosheva I, Maxfield FR, Haka AS.
Degradation of aggregated LDL occurs in complex extracellular sub-compartments of
the lysosomal synapse. J Cell Sci. (2016) 129:1072–82. doi: 10.1242/jcs.181743

44. Singh RK, Haka AS, Asmal A, Barbosa-Lorenzi VC, Grosheva I, Chin HF, et al.
TLR4 (toll-like receptor 4)-dependent signaling drives extracellular catabolism of LDL
(low-density lipoprotein) aggregates. Arterioscler Thromb Vasc Biol. (2020) 40:86–102.
doi: 10.1161/ATVBAHA.119.313200

45. Singh RK, Lund FW, Haka AS, Maxfield FR. High-density lipoprotein or
cyclodextrin extraction of cholesterol from aggregated LDL reduces foam cell
formation. J Cell Sci. (2019) 132:jcs237271. doi: 10.1242/jcs.237271

46. Lehti S, Nguyen SD, Belevich I, Vihinen H, Heikkilä HM, Soliymani R, et al.
Extracellular lipids accumulate in human carotid arteries as distinct three-dimensional
structures and have proinflammatory properties. Am J Pathol. (2018) 188:525–38.
doi: 10.1016/j.ajpath.2017.09.019

47. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al.
NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol
crystals. Nature. (2010) 464:1357–61. doi: 10.1038/nature08938

48. Llorente-Cortes V, Royo T, Otero-Vinas M, Berrozpe M, Badimon L.
Sterol regulatory element binding proteins downregulate LDL receptor-related
protein (LRP1) expression and LRP1-mediated aggregated LDL uptake by human
macrophages. Cardiovasc Res. (2007) 74:526–36. doi: 10.1016/j.cardiores.2007.02.020

49. Singh RK, Haka AS, Bhardwaj P, Zha X, Maxfield FR. Dynamic actin
reorganization and Vav/Cdc42-dependent actin polymerization promote macrophage
aggregated LDL (low-density lipoprotein) uptake and catabolism. Arterioscler Thromb
Vasc Biol. (2019) 39:137–49. doi: 10.1161/ATVBAHA.118.312087

50. Singh RK, Haka AS, Brumfield A, Grosheva I, Bhardwaj P, Chin HF, et al.
Ceramide activation of RhoA/Rho kinase impairs actin polymerization during
aggregated LDL catabolism. J Lipid Res. (2017) 58:1977–87. doi: 10.1194/jlr.M076398

51. Czibener C, Sherer NM, Becker SM, Pypaert M, Hui E, Chapman ER, et al.
Ca2+ and synaptotagmin VII-dependent delivery of lysosomal membrane to nascent
phagosomes. J Cell Biol. (2006) 174:997–1007. doi: 10.1083/jcb.200605004

52. Singh RK, Mizuno K, Wasmeier C, Wavre-Shapton ST, Recchi C, Catz SD, et al.
Distinct and opposing roles for Rab27a/Mlph/MyoVa and Rab27b/Munc13-4 in mast
cell secretion. FEBS J. (2013) 280:892–903. doi: 10.1111/febs.12081

53. Xiang P, Blanchard V, Francis GA. Smooth muscle cell-macrophage interactions
leading to foam cell formation in atherosclerosis: location, location, location. Front
Physiol. (2022) 13:921597. doi: 10.3389/fphys.2022.921597

54. Tabas I, Garcia-Cardena G, Owens GK. Recent insights into the cellular biology
of atherosclerosis. J Cell Biol. (2015) 209:13–22. doi: 10.1083/jcb.201412052

55. Zimmer S, Grebe A, Bakke SS, Bode N, Halvorsen B, Ulas T, et al. Cyclodextrin
promotes atherosclerosis regression via macrophage reprogramming. Sci Transl Med.
(2016) 8:333ra50. doi: 10.1126/scitranslmed.aad6100

56. Kim H, Han J, Park JH. Cyclodextrin polymer improves atherosclerosis therapy
and reduces ototoxicity. J Control Release. (2020) 319:77–86. doi: 10.1016/j.jconrel.
2019.12.021

Frontiers in Cardiovascular Medicine 06 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1148304
https://doi.org/10.1161/01.ATV.0000147163.54024.70
https://doi.org/10.3390/jcm10081769
https://doi.org/10.1074/jbc.274.45.32112
https://doi.org/10.1074/jbc.274.45.32112
https://doi.org/10.1074/jbc.M105129200
https://doi.org/10.1091/mbc.e09-07-0559
https://doi.org/10.1091/mbc.e09-07-0559
https://doi.org/10.1074/jbc.271.4.2005
https://doi.org/10.1161/ATVBAHA.109.191882
https://doi.org/10.1161/ATVBAHA.109.191882
https://doi.org/10.1161/01.ATV.0000197848.67999.e1
https://doi.org/10.1242/jcs.181743
https://doi.org/10.1161/ATVBAHA.119.313200
https://doi.org/10.1242/jcs.237271
https://doi.org/10.1016/j.ajpath.2017.09.019
https://doi.org/10.1038/nature08938
https://doi.org/10.1016/j.cardiores.2007.02.020
https://doi.org/10.1161/ATVBAHA.118.312087
https://doi.org/10.1194/jlr.M076398
https://doi.org/10.1083/jcb.200605004
https://doi.org/10.1111/febs.12081
https://doi.org/10.3389/fphys.2022.921597
https://doi.org/10.1083/jcb.201412052
https://doi.org/10.1126/scitranslmed.aad6100
https://doi.org/10.1016/j.jconrel.2019.12.021
https://doi.org/10.1016/j.jconrel.2019.12.021
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	The formation and consequences of cholesterol-rich deposits in atherosclerotic lesions
	Introduction
	Lipoproteins in the vessel wall
	Interactions between macrophages and lipoprotein aggregates
	Possible new therapeutic approaches
	Summary
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


