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Aneurysmal subarachnoid hemorrhage (aSAH) is a highly fatal and morbid type of
hemorrhagic strokes. Intracranial aneurysms (ICAs) rupture cause subarachnoid
hemorrhage. ICAs formation, growth and rupture involves cellular and molecular
inﬂammation. Macrophages orchestrate inﬂammation in the wall of ICAs. Macrophages
generally polarize either into classical inﬂammatory (M1) or alternatively-activated antiinﬂammatory (M2)-phenotype. Macrophage inﬁltration and polarization toward M1phenotype increases the risk of aneurysm rupture. Strategies that deplete, inhibit
inﬁltration, ameliorate macrophage inﬂammation or polarize to M2-type protect against
ICAs rupture. However, clinical translational data is still lacking. This review summarizes
the contribution of macrophage led inﬂammation in the aneurysm wall and discuss
pharmacological strategies to modulate the macrophageal response during ICAs
formation and rupture.
Keywords: intracranial aneurysms, monocytes, macrophages, inﬂammation, subarachnoid hemorrhage, stroke,
macrophage polarization

INTRODUCTION
Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating subtype of hemorrhagic strokes
and it accounts for 5% of all strokes. The worldwide incidence of aSAH is approximately 700000
person-years; the mortality of aSAH is approximately 40% despite appropriate surgical and
medical care (1, 2). aSAH has a poor prognosis with signiﬁcant lifelong morbidity and cognitive
deﬁcits for those who survive. Moreover, aSAH has a signiﬁcant impact on society, as it often
affects young people at the peak of their productive life (1, 2). This highly fatal and morbid type
of intracranial hemorrhage is due to intracranial aneurysm (ICA) rupture in nearly 85% of SAH
cases (3).
ICAs are weak ballooning, bulging, or abnormal dilatations that tend to form at arterial
bifurcations due to chronic hemodynamic stress and inﬂammation (4). Intracranial aneurysms
are usually found in 3% to 5% of the population and are slightly more prevalent among females (5).
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important pro-inﬂammatory genes, including TNF, IL-1b, and
COX-2. A genetic deletion of NF-kB has been shown to reduce
ICA formation and growth (12). Moreover, pro-inﬂammatory
genes regulated by NF-kB, including IL-1b (13), COX-2 (14),
iNOS (15), and matrix metalloproteinase-9 (16) contribute to
ICA formation. Furthermore, macrophage speciﬁc deletion of
the prostaglandin E (PGE) receptor subtype 2 (EP2) (Ptger2),
an upstream signaling receptor for NF-kB activation,
signiﬁcantly suppresses the development of ICAs in mice,
indicating that prostaglandin E2-EP2-NF-kB signaling in
macrophages plays a crucial role in ICA development (12).
Intriguingly, macrophage-speciﬁc expression of a variant of
IkBa, which abrogates the translocation of NF-kB, prevents
ICA formation (17).
Transcriptomic analysis of ICAs revealed upregulation
of pro-inﬂammatory cytokine genes associated with
leukocyte inﬁltration (18–23). For instance, Nakaoka,
Tajima (19) have shown an upregulation of genes related to
inﬂammation, immune response and phagocytosis, whereas antiinﬂammatory genes were downregulated. Similarly, upregulation
of TNF-a and pro-apoptotic gene expression was shown along
with suppressed IL-10 expression in ruptured ICAs. Moreover,
SNPs in the IL-10 gene are associated with formation of ICAs
(24, 25). Similar, transcriptomic and bioinformatic analyses of
ruptured and unruptured ICAs have revealed enhanced
expression and upregulation of inﬂammatory pathways such as
TLR signaling, cytokine-cytokine receptor interaction, leukocyte
trans-endothelial migration, NF-kB signaling, and many other
inﬂammation-related gene ontology categories (18). Activation
and involvement of the complement system has also been
observed in ICAs and suggests that chronic inﬂammation
underlies the pathogenesis of ICAs (10, 26). Further, shear
stress due to disturbed blood ﬂow at arterial branching points
(which contributes to ICA development) upregulates
inﬂammatory pathways such as NF-kB, promotes monocyte
recruitment, and triggers sterile inﬂammation (27, 28).
Inﬂammation in ICA walls is characterized by immune cell
inﬁltration and altered composition of the immune cell
populations such as natural killer cells, mast cells, lymphocytes,
and importantly macrophages (29).

The risk factors for aneurysm development are arterial
hypertension, smoking, chronic alcohol consumption, aging,
female gender, and family history of aSAH in ﬁrst-degree
relatives (6). Some genetic disorders such as autosomal
dominant polycystic kidney disease, Marfan syndrome, EhlersDanlos syndrome type IV, neuroﬁbromatosis type 1, and
ﬁbromuscular dysplasia are associated with ICA formation (6).
Moreover, single nucleotide gene polymorphisms (SNPs) in or
near the genes CDKN2B-AS1, SOX17 transcription regulator
gene, endothelin receptor gene, HDAC9, and the gene
encoding elastin have been revealed in genome-wide
association studies (GWAS). Linkage analysis suggests that
these genes are strongly associated with intracranial aneurysms
(5). An exome-wide association study identiﬁed a SNP of the
collagen type XVIIa1 chain gene to be signiﬁcantly associated
with aSAH (7). Most ICAs are found incidentally and need
preventive care to prevent enlargement and rupture. Prevention
of growth and rupture is necessary, as the current treatment
modalities, such as surgical clipping and endovascular modalities
(coiling, with or without stent and ﬂow diverter placement) are
associated with some risks.
Patient factors (age, sex, comorbidities, family history,
previous history of SAH, hypertension and smoking) and
aneurysm characteristics (size, location, wall irregularity,
presence of secondary pouches) are key factors that aid in
deciding upon treatment for an unruptured ICA. It is
challenging to predict exactly the rupture risk based on
aneurysm characteristics and patient risk factors. It is thus,
unclear which ICAs require active treatment.
A better understanding of the pathobiology of ICA is
important to clarify when active treatment is needed and may
facilitate development of pharmacological treatments with no or
minimal risk.
Recent evidence from human and animal studies revealed
that macrophage-mediated cellular and molecular inﬂammation
is the key player in aneurysm formation and rupture. Here, we
brieﬂy review the current knowledge on the role of macrophages
in aneurysm formation and their rupture.

INFLAMMATION IN INTRACRANIAL
ANEURYSMS

MONOCYTES/MACROPHAGES IN
INTRACRANIAL ANEURYSMS

The hallmarks of ICAs include endothelial cell dysfunction,
smooth muscle cell phenotypic switch, matrix metalloproteinase
secretion, and innate immune cell activation leading to
vascular remodeling and vessel wall weakening (8–10).
Histopathological analysis of aneurysm wall biopsies has
revealed an upregulation of inﬂammatory mediators,
disruption of lamina elastic interna, and thinning of media
including mural cell death (11). Both cellular and molecular
inﬂammation are crucial in aneurysm formation and rupture.
Inﬁltration of inﬂammatory cells (especially macrophages) has
been observed in the biopsies of ICAs, which shows a possible
involvement of macrophages in aneurysm formation. NF-kB is
a key transcription factor and is a major known regulator of
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Monocytes/macrophages are among the main components of
innate immunity and represent important members of the
mononuclear phagocyte system comprised of myeloid-derived
cells (30). Data from human and animal studies has revealed an
increased inﬁltration of immune cells in the aneurysm wall (24,
25, 31, 32). Several lines of evidence have shown increased
inﬁltration of T and B lymphocytes and macrophages along
with increased pro-inﬂammatory molecular expression in
clinical resections of ICAs (24, 31, 32).
Studies have clearly demonstrated that monocyte/macrophage
inﬁltration in the wall of ruptured aneurysms is not only found

2

March 2021 | Volume 12 | Article 630381

Muhammad et al.

Intracranial Aneurysms and Vascular Macrophages

MACROPHAGE POLARIZATION AND
INTRACRANIAL ANEURYSMS

after aneurysmal rupture, but contributes to aneurysm formation
and rupture (33). Increased monocyte/macrophage marker CD68
expression has been observed in mice carrying negative mutations
of PPARg in smooth muscle cells of cerebral arteries along with
CXCL1, MCP-1, TNF-a expression upregulation. These mice
have an increased incidence of aneurysm formation and rupture
(34). Aoki, Frò̀sen (12) demonstrated that macrophage inﬁltration
driven by MCP-1 and activation of NF-kB involving PGE2PGEP2 (PGE receptor subtype 2) signaling in the macrophages
of arterial wall leads to aneurysm formation, suggesting that
inﬂammation is not only present after aneurysm rupture, but
also drives aneurysm formation. As intracranial arteries lack vasa
vasorum in the arterial wall, the macrophages may inﬁltrate
through endothelial cell junctions. Sphingosine-1-phosphate
(S1P) receptor type 1 signaling activation strengthens the
endothelial barrier. Interestingly, activation of S1P receptor type
1 reduced the number of inﬁltrated macrophages and enlargement
of ICAs (35).

Mills, Kincaid (36) described for the ﬁrst time the M1/M2
paradigm, where M1 represents classically activated proinﬂammatory monocytes/macrophages, whereas M2 represents
alternatively activated anti-inﬂammatory monocytes/macrophages.
A very brief and simplistic overview of M1/M2 biology is
represented in Figure 1. However, there is a considerable
heterogeneity in macrophage phenotypes and several subtypes
have been described such as M1, M2a, M2b, M2c, M2d, Mhem,
Mox, M4 (37–40). This over simplistic representation of M1 as proinﬂammatory and M2 as anti-inﬂammatory macrophages is
considered here to recognize different functional states of these
polarized phenotypes to assign pro-inﬂammatory and antiinﬂammatory role. Macrophage polarization has implications in
aneurysm formation and rupture (Figure 2). Aortic aneurysms
formation has been shown to be promoted by inﬂammatory M1

FIGURE 1 | Representation of M1 and M2 distinguishing features and some of the pharmacological agents employed experimentally to polarize macrophages to
M2-anti-inﬂammatory subtype.
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FIGURE 2 | Representation of the M1 role in the formation and rupture of intracranial aneurysm and therapeutic strategies to modulate the macrophage mediated
inﬂammation during aneurysm formation and rupture. (MCA, Middle cerebral artery: M1, M1 – Classically activated macrophages, MCP-1, Monocyte chemoattractant
protein-1; COX-2, Cyclooxygenase-2, PGE2: Prostaglandin E2, EP2: Prostaglandin E2 receptor, NF-kB: nuclear factor-kappa B; TNFa, Tumor necrosis factor a).

response to a luminal thrombus trapped and lysed erythrocytes, and
may promote degenerative arterial wall remodeling (46). In a mouse
model of ICAs, M1 (F4/80+ iNOS+) dominate over M2 (F4/80+
Arg1+) during aneurysm development (47). Interestingly, M1
dominance leading to aneurysm development is dependent on
neutrophil inﬁltration, which when blocked led to an increased
M2 polarization with reduced aneurysm formation (47). Shimada,
Furukawa (48) employed different macrophage markers to assess
the polarization of macrophages in ICAs. The authors employed
CD68 as a macrophage marker and IL-12p40 and CD206 as M1
and M2 markers, respectively. They observed signiﬁcant
impairment in the M1/M2 ratio in ICAs associated with
upregulation of M1-related gene expression (48).

macrophages, whereas reparative M2 polarization prevents the
formation, development and progression of aortic aneurysms (38,
41). It has been shown that GM-CSF contributes toward M1
polarization and M-CSF favors an M2 response (42). Intriguingly,
GM-CSF has been shown to promote aortic aneurysm formation
(43) and the levels of GM-CSF measured in plasma and lumen of
the intracranial aneurysms have also shown a direct correlation with
the size of intracranial aneurysms, highlighting a common
inﬂammatory process upregulated by M1 macrophages underlie
the development of both aortic and intracranial aneurysms (44).
Consequently, immunohistochemical analysis of intracranial
aneurysm dome resections have revealed that ruptured
intracranial aneurysms from patients possess increased M1 (HLADR+) cells opposed to M2 (CD163+) cells (45). These ﬁndings
suggest that a balance shift toward M2 may prevent aneurysm
rupture. Previously, Froesen and colleagues demonstrated
differences in CD68+ and CD163+ macrophages in human
ruptured and unruptured ICAs (29). Intriguingly, CD68+ and
CD163+ (hemoglobin-haptoglobin scavenger receptor)
macrophages, mostly HLA-DR-, co-localize with glycophorin A (a
component of the erythrocyte membrane) and inﬁltrate ICAs as a
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MACROPHAGE MODULATION AS A
TREATMENT STRATEGY FOR
INTRACRANIAL ANEURYSMS
Recent case-control studies have shown that the use of statins
and non-steroidal anti-inﬂammatory drugs (NSAIDs) is
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inversely associated with SAH by affecting rupture of ICAs (49–
52), supporting the notion that rupture of ICAs can be prevented
by pharmacological therapy.
Aspirin protects against ICA rupture through modulation of
inﬂammatory pathways (COX-2 and microsomal PGE 2
synthase-1 inhibition) and macrophage burden in ICAs (53–
55). A prospective cohort study revealed that usage of
atorvastatin in secondary prevention for ischemic stroke
increases the incidence of hemorrhagic stroke (hazard ratio
1.66) (29). Therefore, statin usage to prevent aneurysm rupture
should be approached with caution. Due to hemorrhagic
diathesis by the antiplatelet effect, the use of NSAIDs as a preemptive medication to prevent SAH also requires caution. Thus,
drugs with highly speciﬁc targets with minimal or no side effects
should be explored for long-term prophylaxis.
Given the fact that macrophages are key players in
orchestrating the inﬂammatory response during ICA formation
and rupture, they may represent vital therapeutic targets to
modulate and inhibit inﬂammation (48). Multiple targets at the
level of macrophages and macrophage-mediated inﬂammation
have been explored recently (Figure 2). Inhibition of a key
chemoattractant molecule, monocyte chemotactic protein-1
(MCP-1) and depletion of macrophages are associated with
reduced ICAs in animal models (8, 33) demonstrating that
reducing macrophage burden with both strategies effectively
prevented aneurysm formation and rupture. In contrast,
CXCL1 (neutrophil chemoattractant) blockade reduced
neutrophil inﬁltration and prevented aneurysm formation
without modifying the macrophage burden in a mouse model
of ICAs (47), which suggests that other molecular and cellular
mechanisms may be involved. Interestingly, inhibition of
neutrophil inﬁltration with CXCL1 inhibition is associated
with a shift toward M2 macrophages from a M1 phenotype
(47). Activation of PPARg by Pioglitazone has also been shown
to effectively reduce the rupture of ICAs through a reduction in
inﬁltrating macrophages and the M1/M2 ratio (48). Clodronate
liposome-mediated depletion of macrophages also reduced the
rupture of ICAs similar to that shown with pioglitazone, which
was associated with a decrease in M1-phenotype related gene
expression (48).
In addition to cellular targets, molecular targets have also
been successful in experimental models. Anagliptin, a dipeptidyl
peptidase-4 inhibitor, suppresses ICA growth through inhibition
of macrophage inﬁltration and activation via ERK-5-mediated
suppression of NF-kB (56). Moreover, Eplerenone, a
mineralocorticoid receptor blocker, has been shown to reduce
ICA formation, in part via reduction in MCP-1, MMP-9
expression and CD68+ macrophage inﬁltration in a rat model
of ICAs (57). A pilot clinical study showed the beneﬁcial effects
of Eplerenone in preventing growth and rupture of ICAs (58).
Employment of NF-kB p50 decoy oligodeoxynucleotide (ODN)
has been shown to downregulate the expression of macrophage
related inﬂammatory genes and reduced macrophage inﬁltration
with a decline in ICAs growth in a rat model (59). Nifedipine, the
drug known to be associated with better outcomes after aSAH,
has been shown to prevent the enlargement and degenerative
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ICAs wall changes through reduced macrophage inﬁltration,
MCP-1, and MMP-2 expression probably by modulating the
DNA binding capacity of NF-kB (60).
Macrophage polarization as a therapeutic venture has been
studied across various disease models. For instance, tumor
associated macrophages (TAMs) represent primarily M2 like
macrophages promoting tumors and their polarization toward
M1 phenotype through the application of various agents such as
CSF-1R inhibitor BLZ945, anti-CSF-1 mAb, Zoledronic acid,
Histidine-rich glycoprotein, Hydrazinocurcumin, vadimezan
(5,6-dimethylxanthenone-4-acetic acid; DMXAA), ﬂavone
glycoside Baicalin, IL10R mAb, CD40 mAb, corosolic acid, N(2-hydroxy acetophenone) glycinate (CuNG), imiquimod, etc.
have been investigated as potential tumoricidal drugs (61, 62).
Interestingly, certain pieces of evidence support the antagonism
of M-CSF as a beneﬁcial tumor therapy leading to M1
polarization of macrophages from M2 tumor associated
macrophage phenotype (42). Similarly, in rheumatoid arthritis
with a predominance of M1 response, an opposite approach
polarizing macrophages from M1 to M2 type has been shown to
reduce inﬂammation and disease severity (63). Several M1 to M2
polarizing agents such as gene therapy by using IL-10 DNA
plasmid incorporated in nanoparticles carrying tuftsin protein to
target synovial tissue macrophages, Withaferin-A incorporated
in manosylated liposomes, paeoniﬂorin-6′-O-benzene sulfonate
(CP-25), sSiglec-9, fucose/galactose analog 2-D-gal and JWH133
have been shown to reduce disease severity in experimental
arthritis models and polarize macrophages to antiinﬂammatory M2 type (63). Similar, approaches to modulate
macrophage polarization from M1 to M2 may prevent the
rupture of ICAs. For instance, molecular genetic approaches
leading to polarization toward M2 macrophages using miRNAs
such as miRNA-181a (64) could be of great potential. Aptamer
based enrichment of M2 polarized macrophages in ICAs may
also be developed (65). Epigenetic control of macrophage
polarization could also be exploited to abrogate the chronic
inﬂammation leading to ICAs formation (66). Egress of
macrophages may also be promoted to decrease macrophage
burden (67). Berberine, an alkaloid from Coptis chinensis, has
been shown to inhibit macrophage activation and inﬁltration in
ICAs by modulation of the phospho-focal adhesion kinase
(pFAK)/Grp78/unfolded protein response signaling pathway
and reduced the elaboration of inﬂammatory factors from
macrophages such as MCP-1, IL-1b, IL-6, TNF-a, and MMPs
(68). Intriguingly, cutaneous non-invasive vagus nerve
stimulation has been shown to reduce aneurysm rupture rates
and improve outcomes after aneurysm rupture, and may
implicate reduced MMP-9 expression as a potential
mechanism of action (69). Suppression of MMP-9 expression
in macrophages and polarization of macrophages/microglia to
the M2 phenotype has already been shown to stem from vagus
nerve stimulation-mediated modulation of inﬂammatory
pathways (69, 70). Taken together, there are multiple strategies
at the level of inﬂammation and macrophage modulation that
have translational potential in human disease. However, the
heterogeneity and the complexity of macrophageal response

5

March 2021 | Volume 12 | Article 630381

Muhammad et al.

Intracranial Aneurysms and Vascular Macrophages

TABLE 1 | A brief summary of macrophage modulation studies for prevention of intracranial aneurysms (ICAs) formation and rupture.
Study
Type

Model

Clinical

–

No intervention

Clinical

–

No intervention

Clinical

–

No intervention

Clinical

–

Clinical

–

ferumoxytol
enhanced MRI
Aspirin 81 mg for 3
months, ferumoxytol
enhanced MRI
Clodronate
MCP-1 KOa,
MMP-12 KO
Berberine 200mg/
kg/d for 35 days

Preclinical C57BL/6J mice, Elastase
& Ang.IIg induced HTNc
Preclinical Male Sprague Dawley
rats, left internal carotid
artery ligation, elastase
and high salt diet
Preclinical C57BL/6J mice, ligation
of left CCA and right renal
artery, Ang. II, elastase,
8% NaCl, 0.12% baminopropionitrile
Preclinical Deoxycorticosterone
acetate-salt HTN, elastase

Preclinical Male Sprague Dawley
rats, left renal and
common carotid arteries
ligation, 8% sodium
chloride and 0.12% 3‐
aminopropionitrile,
Preclinical Female Sprague-Dawley
rats, Ligation of right
common carotid artery
and renal artery, 1%
saline administration and
bilateral oophorectomy
Preclinical Sprague-Dawley rats,
unilateral ligation of
common carotid artery
along with baminopropionitrile

Preclinical Sprague-Dawley rats,
ligation of left common
carotid artery and
posterior branches of
bilateral renal arteries, 8%
sodium chloride and
0.12% baminopropionitrile
Preclinical Sprague-Dawley rats
C57BL/6NCrSlc, Ligation

Intervention

Macrophage
markers

Main Findings

References

CD68+, CD163+, HLA-DR- macrophages inﬁltrate ICAs and correlate
with GPAf, loss of a-SMA, wall degeneration, rupture

Ollikainen
et al. (46)

CD68+, CD163+, CD11b+ macrophages increased in ruptured than
unruptured ICAs

Froesen
et al. (29)

M1 macrophages were dominant compared to M2 macrophages in
ruptured ICAs

Hasan et al.
(45)

Increased macrophage inﬁltration in ICAs wall assessed by enhanced
uptake of ferumoxytol and CD68+ expression
Decreased inﬂammation in ICAs due to macrophages with daily intake of
Aspirin

Hasan et al.
(45)
Hasan et al.
(54)

CD68+

Increased CD68+ macrophage inﬁltration in ICAs, macrophage depletion
and MCP-1 KO reduced ICAs formation

Kanematsu
et al. (33)

CD68+

Quan et al.
(68)

CD68+,
CD163+,
HLA-DR+
CD68+,
CD163+,
CD11b+
HLA-DR+
(M1), CD163+
(M2)
CD68+

anti-CXCL1/GRO-a/
KC/CINC-1 antibody

F4/80+, iNOS
+ (M1), Arg1+
(M2)

CD68+ macrophages inﬁltration in ICAs was decreased by berberine
through suppressed expression of MMP-9 and secretion of MCP-1, IL1b, TNF-a, and IL-6 via down regulation of pFAK/Grp78/UPR signaling
pathway
M1/M2 ratio increased in ICAs formation over time, CXCL1 blocked of
neutrophils shifted the polarization toward M2 macrophages and reduced
aneurysm formation

Pioglitazone 10 mg/
kg/db, GW9662 2
mg/kg/d for 3
weeks, macrophage
PPRg KO, clodronate
liposome depletion
of macrophages
Anagliptin 300 mg/
kg

CD68+, IL-12
p40 (M1),
CD206 (M2),
CD36

Pioglitazone reduced the incidence and rupture of ICAs via reduced
inﬁltration of M1 and M1/M2 ratio in cerebral arteries. Pioglitazone effect
was lost in macrophage speciﬁc PPRg KO. Pioglitazone also reduced
expression of MCP-1, IL-1 and IL-6.

Shimada
et al. (48)

Iba-1+, MCP1+

Anagliptin prevented the growth of ICAs, inhibited the inﬁltration and
activation of macrophages through reduced MCP-1 expression and
suppressed p65 phosphorylation through ERK5 activation.

Ikedo et al.
(56)

Nowicki
et al. (47)

Eplerenone30 or 100 CD68+, MCP- Increased inﬁltration of CD68+ macrophages in ICAs walls with
mg/kg/d
1+
upregulation of MCP-1 and MMP-9, which was prevented by Eplerenone
administration associated with reduced incidence of ICAs.

Tada et al.
(57)

CD68+, MCP- Activated NF-kB (p65) colocalized with CD68+ macrophages in ICAs and
1+
also with MCP-1 and VCAM-1. Gene expression of MCP-1, VCAM-1,
MMP-2, MMP-9, IL-1b, and iNOS along with reduced inﬁltration of CD68
+ macrophages was observed in NF-kB p50 KO mice associated with
decreased incidence of ICAs formation. Macrophage inﬁltration,
expression of downstream genes, and ICAs formation were dramatically
inhibited by NF-kB decoy ODN.
CD68+, MCP- Nifedipine prevented the enlargement and degeneration of the walls of
1+
preexisting ICAs. Nifedinpine led to reduced macrophage inﬁltration,
MCP-1, MMP-2 expression and NF-kB DNA binding.

Aoki et al.
(16)

CD68+

Aoki et al.
(12)

NF-kB p50 KO, NFkB decoy ODNd 40
mg/60 ml every 2
weeks

Nifedipine 10mg/kg/
d for 2 months i.pe.

Macrophage-speciﬁc
deletion of Ptger2

EP2 and COX-2 correlated with ICAs macrophage inﬁltration. NF-kB
activated in macrophages in the adventitia and in endothelial cells and,

Aoki et al.
(60)

(Continued)
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TABLE 1 | Continued
Study
Type

Model

of the left common
carotid artery and left
renal artery along with a
salt loading dose (8%
0.12% 3aminopropionitrile
a

Intervention

(which encodes EP2)
or macrophagespeciﬁc expression
of an IkBa mutant
that restricts NF-kB
activation, EP2
antagonist

Macrophage
markers

Main Findings

References

subsequently, in the entire arterial wall. Upregulation of proinﬂammatory
genes, including Ptgs2 (encoding COX-2). EP2 signaling also stabilized
CCL2 (encoding MCP-1). Rats administered an EP2 antagonist had
reduced macrophage inﬁltration and ICAs formation and progression

KO, Knock out; bd, day; cHTN, Hypertension; dODN, oligodeoxynucleotide; ei.p, intraperitoneally; fGPA, Glycophorin A; gAng. II, Angiotensin II.

should be cautiously considered in future studies aiming at
characterizing the role of these main sentinel cells of ICAs
inﬂammation (39, 40). A recent study revealed that during
Ang-II induced inﬂammation of the aorta, primarily
adventitial macrophage population expanded due to the
inﬁltration of the bone marrow derived macrophages, whereas
the residential embryonic macrophages do show local
proliferation, but retain their homeostatic roles (40). Similar,
studies utilizing fate mapping, mass cytometry, single cell
transcriptomics and proteomics may be required to unveil the
complexity and heterogeneity of ICAs macrophages, which may
be helpful to design better therapeutic strategies. A summary of
various clinical and preclinical observations and interventions
aiming to prevent macrophage mediated inﬂammation in ICAs
is represented in Table 1. Clinical trials are needed to conﬁrm the
efﬁcacy observed in animal studies.

CONCLUSION
Inﬂammation and macrophages represent the cornerstones of
ICAs development and rupture. Macrophage modulation seems
to represent an important therapeutic target and may lead to
treatments against ICAs growth and rupture.
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