
 International Journal of 

Molecular Sciences

Review

Mast Cells as Potential Accelerators of Human
Atherosclerosis—From Early to Late Lesions

Petri T. Kovanen

Wihuri Research Institute, Biomedicum Helsinki 1, 00290 Helsinki, Finland; Petri.Kovanen@wri.fi

Received: 1 August 2019; Accepted: 4 September 2019; Published: 11 September 2019
����������
�������

Abstract: Mast cells are present in atherosclerotic lesions throughout their progression. The process
of atherogenesis itself is characterized by infiltration and retention of cholesterol-containing
blood-derived low-density lipoprotein (LDL) particles in the intimal layer of the arterial wall,
where the particles become modified and ingested by macrophages, resulting in the formation of
cholesterol-filled foam cells. Provided the blood-derived high-density lipoproteins (HDL) particles
are able to efficiently carry cholesterol from the foam cells back to the circulation, the early lesions
may stay stable or even disappear. However, the modified LDL particles also trigger a permanent
local inflammatory reaction characterized by the presence of activated macrophages, T cells, and
mast cells, which drive lesion progression. Then, the HDL particles become modified and unable
to remove cholesterol from the foam cells. Ultimately, the aging foam cells die and form a necrotic
lipid core. In such advanced lesions, the lipid core is separated from the circulating blood by a
collagenous cap, which may become thin and fragile and susceptible to rupture, so causing an acute
atherothrombotic event. Regarding the potential contribution of mast cells in the initiation and
progression of atherosclerotic lesions, immunohistochemical studies in autopsied human subjects
and studies in cell culture systems and in atherosclerotic mouse models have collectively provided
evidence that the compounds released by activated mast cells may promote atherogenesis at various
steps along the path of lesion development. This review focuses on the presence of activated mast
cells in human atherosclerotic lesions. Moreover, some of the molecular mechanisms potentially
governing activation and effector functions of mast cells in such lesions are presented and discussed.
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1. Experimental Atherosclerosis: from Mouse to Mechanisms and Proofs of Concept—Still Far
from Perfection

Atherosclerosis is a progressive inflammatory disease which is characterized by accumulation of
blood-derived lipids in the arterial wall, and, as a consequence of it, a long-lasting process ensues,
in which local lesions are formed as a result of a series of highly specific cellular and molecular
responses [1–3]. The above definition of human atherosclerosis as a lipid-driven disease perfectly
matches with the animal models used for atherosclerosis research already for a period of almost one
hundred years. Thus, as a rule, the experimental animals are fed a cholesterol-rich Western-type diet,
which causes strong elevation of plasma lipid levels, which, again, continues to induce lipid-containing
atherosclerotic lesions in the susceptible areas of the arterial tree. Traditionally, rodents (rabbits, rats,
hamsters, and guinea pigs), swine, and non-human primates have been used as animal models of
atherosclerosis [4,5].

In 1992, a dramatic change in the field of experimental atherosclerosis studies occurred, as the
first line of genetically engineered knockout animal models, namely, the apolipoprotein E knock-out
(Apoe-/-) mice, was published by two groups of scientists [6,7]. Such mice developed spontaneous
hypercholesterolemia and arterial lesions [8]. Ever since an increasing number of knockout/transgenic
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animal models have been generated, a common feature of all models having been a genetically
determined hypercholesterolemia, i.e., high plasma cholesterol level since birth. Of note, mice lacking
low-density lipoprotein receptors, the Ldlr-/-mice, are counterparts to the severe homozygous form
of human disease familial hypercholesterolemia (FH), and, like the patients with homozygous FH,
the mice show strong increase in the concentration of low-density lipoprotein (LDL) cholesterol [9].
Such mice show an early development of atherosclerotic lesions in the arterial tree, and, moreover,
an accumulation of cholesterol in the skin, particularly, when the mice are also fed a cholesterol-rich
high-fat diet.

Despite the above-described progress in creating animal models of human atherosclerosis, a great
challenge has been the lack of spontaneous atherothrombotic events, i.e., absence of the very final
acute stages of atherosclerosis, as they occur in humans. Importantly, however, cross-breeding
Apoe-/- mice with mice containing a heterozygous mutation of the fibrillin-1 gene (equivalent to the
Marfan syndrome) has generated mice which show many features of human end-stage atherosclerosis,
resulting in plaque rupture, myocardial infarction, and sudden death of the mice [5]. Thus, at present,
the various genetically engineered mouse models as a whole provide suitable tools to get insight into
the mechanisms of various stages of atherogenesis, such as they occur in humans.

The genetically engineered mice as models of atherosclerosis have provided invaluable tools
to examine the roles of mast cells in atherogenesis in vivo. Thus, by using Ldlr-/- mice which had
been crossbred with mast cell-deficient KitW-sh/W-sh mice, i.e., Ldlr-/-KitW-sh/W-sh double knockout mice ,
Sun and colleagues demonstrated that mast cells promote atherosclerosis by releasing pro-inflammatory
cytokines (IL-6 and IFN-γ) [10]. Moreover, in the same year, Bot and colleagues demonstrated in Apoe-/-

mice that targeted activation of perivascular mast cells in an atherosclerotic carotid arterial segment
promotes atherogenesis and, most importantly, also induces plaque destabilization [11]. These two
seminal pieces of work provided the first proof of the concept of a mast cell—atherosclerosis axis.

This review will revolve around on the presence activated mast cells in human atherosclerotic
lesions. Also, some selected molecular mechanisms potentially governing activation and effector
functions of mast cells in the human lesions are briefly discussed.

2. Atherogenesis—A Brief Outline of a Long Path of Events

Infiltration of circulating apolipoprotein(apo) B-containing lipoproteins, notably of the
apoB-100—containing LDL particles, into the inner layer, the intima, of atherosclerosis-susceptible
segments of the arterial tree is the root cause of atherogenesis ([12]. Because of the prolonged
residence time in the intima, the LDL-particles, whether proteoglycan-bound or free-floating in the
intimal extracellular fluid, are susceptible to modification by intimal proteases, lipases, or oxidizing
agents [13–15]. The extracellular modifications of the infiltrated LDL-particles initiate local innate
and adaptive immune responses in the intima, the modified lipid components of the particles
possessing particularly strong proinflammatory properties [16,17]. Thus, for example, even the
bioactive lipids generated in minimally oxidized LDL-particles induce chemotaxis and endothelial
adhesion of circulating monocytes to endothelial cells [18]. The monocytes then enter the intima and
differentiate into macrophages, so generating an even-growing population of intimal macrophages.
Regarding the “big bang” initiation of atherosclerosis, it is not possible to decide which comes
first—the circulating monocytes or the circulating LDL-particles. Rather, they may start entering the
atherosclerosis-susceptible sites of the arterial tree in parallel.

As the monocytes are transformed into macrophages, they also begin to express scavenger
receptors, which are able to recognize the modified LDL particles and then to ingest them [19]. Uptake
of the modified cholesterol-containing LDL particles leads to accumulation in the macrophages of
cholesterol as cholesteryl ester-containing cytoplasmic lipid droplets, thereby making the cells appear
“foamy”. The emergence of foam cells is the first sign of incipient atherogenesis, and thereby presents
the typical histological hallmarks of early atherosclerosis, the fatty streak stage [20].
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A gradual accumulation of cholesterol in the intima is a fundamental process in the progression of
atherosclerosis. Actually, there is no atherosclerosis without intimal cholesterol accumulation, as stated
by the founder of the lipid hypothesis of atherosclerosis Nikolai Anitschkow already more than
100 years ago [21]. Since cholesterol cannot be degraded into its building blocks, it must be removed
from the intima in order not to accumulate there. The plasma apolipoprotein A (apoA)-containing
high-density lipoprotein (HDL) particles which have entered the intimal space perform this critical
anti-atherosclerotic function. Particularly, a subfraction of HDL, the pre-beta HDL particles, bind
to ABCA1 receptors on macrophage surfaces, and efficiently take up cholesterol from them [22,23].
Since the HDL particles do not directly accept LDL cholesterol, the only way for intimal LDL cholesterol
to return back to the circulating blood is via macrophages. Thus, the intimal macrophages are
functioning as essential intermediaries in this from LDL to HDL transfer of cholesterol. However,
since the intimal macrophages become cholesterol-filled foam cells, it appears that the HDL-dependent
induction of cholesterol efflux from macrophages is continually dysfunctional, i.e., less cholesterol is
released than taken up [24,25].

During such imbalance between cholesterol uptake and release by macrophages, cholesterol
keeps accumulating as cytoplasmic cholesteryl ester droplets, until the cytoplasm is filled with the
droplets, i.e., foam cells are formed. And even worse, the lipid droplets are metabolically active and
constitute a futile ATP-wasting energy-consuming cycle of continual hydrolysis of cholesteryl esters
and re-esterification of the liberated cholesterol, and by time may prepone the death of the ageing foam
cells [26]. If the apoptotic foam cells are not effectively efferocytosed by their neighboring macrophages,
then they undergo post-apopotic secondary necrosis, whereupon the cytoplasmic cholesteryl ester
droplets become displaced into the extracellular space of the intima, and, together with the remains of
the dead macrophages form a necrotic lipid core [3,27,28].

The appearance and growth of a necrotic lipid core heralds the generation of an advanced
atherosclerotic lesion, i.e., a conversion of a fatty streak into an atherosclerotic plaque or atheroma [29].
In an atheroma, the necrotic lipid core is separated from the passing blood by a protective fibrous cap,
in which the smooth muscle cells of a “synthesizing phenotype” produce the collagen fibers necessary
to stabilize the plaque. Thus, an advanced atherosclerotic lesion is a composite of lipids and fibrotic
tissue, and, depending on which of the components dominates, the lesion is called a fibrous, fibro-fatty,
or fatty plaque. Of note, in this terminology “fatty” refers to the macroscopically visible fat, which is
composed of the extracellular lipid core.

The atherosclerotic cardiovascular diseases, particularly coronary artery disease, remains silent
until the arterial blood flow becomes compromised and causes ischemic symptoms—either chronically
due to slowly narrowing of the arterial lumen, or acutely due to a thrombotic occlusion of the lumen [30].
The growth of an atheroma, particularly of a fibro-atheroma, typically causes stenotic obstruction of the
blood flow with ensuing turbulence of the flow. The flow disturbance causes endothelial dysfunction,
and if further surface damage occurs due to metabolic disturbances or immune insults, the endothelial
cells may become detached from the basement membrane, and so expose the blood to a prothrombotic
surface with ensuing local platelet-rich thrombus formation [31]. When compared with the superficial
plaque erosions, deeper plaque fissures due to rupture of a thin fibrous cap are usually more dramatic,
as they allow the blood to become in contact with the exceedingly prothrombotic necrotic lipid core,
so enhancing the likelihood of an extensive thrombus growth with ensuing full occlusion of the
coronary artery lumen [30].

Clinically the most significant and dangerous process in coronary atherosclerosis is the
development of a fatty plaque, which often grows outward and therefore fails cause chronic ischemic
symptoms [32]. Such non-obstructing lesions are characterized by an ever-growing necrotic lipid core
accompanied with an ever-thinning fibrous cap, and they cause atherothrombotic complications often
without warning [33].

Taken together, intimal infiltration and accumulation of atherogenic plasma lipoproteins, notably
of LDL particles, and infiltration of monocytes and their conversion into macrophages are the driving
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forces of atherosclerotic lesion growth. The local process within the intima is a low-degree chronic
“atheroinflammation”, and the executors of the inflammation are inflammatory cells of three types,
notably the macrophages, T cells, and mast cells [34]. Vast arrays of subtypes of both macrophages and
T cells have been characterized in atherosclerotic lesions [3,35–37]. In this review, the possible roles
and relevance of mast cells in the pathogenesis of atherosclerosis, as briefly outlined above, will be
presented and discussed.

3. Mast Cells and Their Presence in Human Atherosclerotic Lesions

3.1. General Definition of Mast Cells and Their Functions

Mast cells are tissue-dwelling immune cells of hematopoietic origin, which have a widespread
distribution in nearly all tissues, but are typically most abundant at host-environment interfaces,
such as the skin and various mucosal surfaces. Thus, mast cells are ideally situated to act during the
first line defense against external pathogens and other environmental insults [38]. Because of their
high reactivity to external allergens, the mast cells are canonically viewed as primary effector cells in
allergic disorders [39]. The potential roles of mast cells in the connective tissue-rich internal organs
have received less attention, but, more recently, mast cells have become known for their detrimental
actions in several local or systemic diseases such as rheumatoid arthritis, cancer, and cardiometabolic
diseases [40–43]. Importantly, mast cells are currently emerging as multifunctional effector cells not
only in several pathological but also physiological clinical conditions [44]. In the tissues, mast cells are
usually found in close proximity to epithelial cells, endothelial cells, and nerves [45], and this also
applies to cardiac mast cells, being located in the myocardium or in the epicardial coronary arteries.
Rodent mast cells, which contain a vast armamentarium of proteases in their granules have been
traditionally classified into connective-tissue mast cells and mucosal mast cells due to their location,
while human mast cells, based on their more restricted protease expression pattern, have been classified
into those containing both tryptase and chymase, and into those containing only one of the two granule
neutral serine proteases, namely tryptase [46,47]. However, it is important to note that the human mast
cells constitute a highly heterogenous population of cells with differences in surface receptors and
mediator content [48]. Moreover, like macrophages and neutrophils, the mast cells show phenotypic
and functional plasticity [49].

3.2. The Abdominal Aorta

Historical analysis of the early findings demonstrating the presence of mast cells in the arterial
walls is beyond the scope of this review. The reader is advised to consult excellent reviews on the topic,
in which the presence and potential roles of histamine and heparin derived from the mast cells present
the in the arterial wall of human beings and experimental animals are discussed with a particular focus
on atherosclerosis research [50,51].

More recently, evidence for the presence of mast cells in the atherosclerotic human aortic wall was
presented independently by two groups [52,53]. Atkinson and coworkers studied autopsied young
subjects aged 15 to 34 years, who had in their aortas and coronary arteries both healthy segments
and segments containing raised lesions, which were classified as fatty streaks, fibrofatty plaques,
and fibrous plaques. Overall, they found that mast cells were located primarily in the outer arterial
layer or adventitia, although occasional mast cells were seen in the bordering media and in the
intima. Surprisingly, the numbers of mast cells in the adventitia were reported to approach those
observed in histologic sections of skin in patients with mastocytosis, a disease in which very high
numbers of mast cells accumulate particularly in the skin [54]. Moreover, mast cell numbers in the
segments with advanced lesions had about twice as many mast cells as the segments without lesions,
the greatest numbers of mast cells being found in segments with lipid-containing lesions (fatty streaks
and fibro-fatty plaques). Moreover, in that study, more mast cells were found in the samples derived
from the dorsal than from the ventral half of the aortic segments. Since the dorsal half of the aortic wall
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was known to be more lesion-prone than the ventral half, Atkinson and coworkers rightly suggested
that adventitial mast cells may potentially play a role in the initiation and evolution of atherosclerotic
lesions in the aorta.

In our laboratory, Dr. Kaartinen focused on mast cells in the intimal layer of the abdominal aortic
wall [53]. Specimens of normal and atherosclerotic aortic segments from 35 autopsies of persons
ranging from 13 to 67 years old were stained with monoclonal antibodies against the two major
proteases of mast cells, tryptase and chymase. As expected, like the mast cells in all human tissues,
the mast cells in the aortic intima contained tryptase, and, moreover, a highly variable number of them
also contained chymase. Thus, in the normal intima, the fatty streaks, and the atheromas, the number
of chymase-containing mast cells ranged from 0 to 100%, the average proportion of chymase-containing
mast cells of the total number of mast cells being about 40% in each lesion type. Thus, mast cells of two
phenotypes differing in their neutral protease composition were found in the human aortic intima,
the expression of chymase being highly individual. However, no association between the mast cell
phenotype, i.e., chymase-positive versus chymase-negative, and lesion severity could be observed.
Disappointingly, in this particular study, the most advanced lesions, the atheromas, contained far
less mast cells (3/mm2) than did the normal intima (15/mm2) or the fatty streaks (15/mm2). A closer
analysis of the regional distribution of mast cells in the atheromas revealed, however, a highly uneven
distribution of the mast cells in the various parts of the atheromas. Thus, while no mast cells were
present in the necrotic lipid core, on average, 1 and 8 mast cells per mm2 were observed in the fibrous
cap and the vulnerable shoulder regions, respectively.

Although the numbers of mast cells reported in the above-cited study were low when compared
with other types of inflammatory cells in the atheromas, the key finding demonstrating that the
vulnerable shoulder regions of the atheromas contained relatively the highest distribution density of
mast cells among all the regions in the atheromas strongly suggested that mast cells may potentially
play a role also in the late stages of atherosclerosis when the vulnerable shoulder regions develop as
parts of a raised lesion. This particular finding was actually the starting signal for further studies,
in which we focused on atherosclerotic coronary arteries of patients who had succumbed to an acute
atherothrombotic event with ensuing myocardial infarction. In an infarct-related coronary artery,
often many anatomically remote complex plaques are found, and, moreover, between them lesions
displaying all stages of atherogenesis ranging from a near-normal intima to the ruptured culprit plaque,
also exist [55]. Thus, even a single atherosclerotic human coronary artery obtained at autopsy from a
patient who died of myocardial infarction allowed us to evaluate the potential role of mast cells in
various stages of atherogenesis, as will be described below.

3.3. Epicardial Coronary Arteries

Like in the human aorta, in the myocardial infarct-related human coronary artery mast cells
accumulate during the progression of atherosclerosis [56]. Overall, the anatomic distributions of
mast cells in coronary lesions were found to be similar to those in aortic lesions, the numbers being
highest in the vulnerable shoulder regions, the predilection sites of plaque rupture. However, the
increases in mast cell numbers in the progressing coronary atherosclerotic lesions were found to be
much stronger than those in aortic lesions. Most importantly, light and electron microscopic studies of
mast cells in the shoulder regions revealed degranulation of mast cells as a sign of their activation.
The proportion of activated mast cells was much higher (50-fold) in the shoulder region than in
the normal intima, suggesting that they had actively participated in the destabilization and ensuing
rupture of the coronary atheromas, and so may have contributed to the triggering of the acute coronary
events. This expectation received strong support from the observation that in patients who had died of
acute myocardial infarction, up to 200-fold more activated mast cells were present at the actual site of
atheromatous erosion (endothelial desquamation) or rupture in the culprit lesion than in the unaffected
coronary intima of the same culprit coronary artery [57]. Figure 1 shows immunostaining of mast cells
in a highly atherosclerotic human coronary artery. In this coronary segment, the endothelial layer was
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eroded, and the severely narrowed lumen was totally occluded with a thrombus. Accumulations of
mast cells (red-brown) can be clearly discerned. Numerous macrophages and T lymphocytes had also
accumulated in this area (not shown).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 6 of 22 

 

 
Figure 1. Mast cells in an advanced atherosclerotic plaque of a highly atherosclerotic human coronary 
artery. This is a histological cross section of an eroded coronary segment with thrombotic occlusion. 
The specimen was from a 78-year-old man who died of myocardial infarction 3 h after the onset of 
symptoms of an acute coronary event. Mast cells were stained with monoclonal antibody G3 for the 
mast cell-specific neutral serine protease tryptase (red-brown). (A) Original magnification ×20. (B) 
Detail of the erosion site; original magnification × 200. “Thr” indicates thrombus. Numerous 
macrophages and T lymphocytes also accumulated in this area (not stained in this particular section). 
Reproduced from Kovanen PT, Kaartinen M, Paavonen T. Infiltrates of activated mast cells at the site 
of coronary atheromatous erosion or rupture in myocardial infarction [57]. 

However, the causal relationship between activation of mast cells in vulnerable coronary 
plaques and in already ruptured plaques has been questioned. Thus, one may ask a critical question 
whether mast cell activation is a cause or consequence of an acute coronary event. Although no 
definitive answer to this question can be given in humans, the following findings support the notion 
that mast cells are activated before the actual event. First, in ruptured plaques, not only the number 
of mast cells but also the degree of mast cell degranulation is highest at those sites where the numbers 
of other inflammatory cells are highest [57]. Moreover, in atherectomized coronary samples obtained 
from patients with unstable angina pectoris, the lesional mast cells were shown to be accompanied 
by T cells and macrophages, and, the more severe were the symptoms of angina pectoris, the greater 
were also the numbers of the T cells surrounding the mast cells [58]. Moreover, the Human Leukocyte 

Figure 1. Mast cells in an advanced atherosclerotic plaque of a highly atherosclerotic human coronary
artery. This is a histological cross section of an eroded coronary segment with thrombotic occlusion.
The specimen was from a 78-year-old man who died of myocardial infarction 3 h after the onset of
symptoms of an acute coronary event. Mast cells were stained with monoclonal antibody G3 for
the mast cell-specific neutral serine protease tryptase (red-brown). (A) Original magnification ×20.
(B) Detail of the erosion site; original magnification × 200. “Thr” indicates thrombus. Numerous
macrophages and T lymphocytes also accumulated in this area (not stained in this particular section).
Reproduced from Kovanen PT, Kaartinen M, Paavonen T. Infiltrates of activated mast cells at the site of
coronary atheromatous erosion or rupture in myocardial infarction [57].

However, the causal relationship between activation of mast cells in vulnerable coronary plaques
and in already ruptured plaques has been questioned. Thus, one may ask a critical question whether
mast cell activation is a cause or consequence of an acute coronary event. Although no definitive
answer to this question can be given in humans, the following findings support the notion that mast
cells are activated before the actual event. First, in ruptured plaques, not only the number of mast
cells but also the degree of mast cell degranulation is highest at those sites where the numbers of
other inflammatory cells are highest [57]. Moreover, in atherectomized coronary samples obtained
from patients with unstable angina pectoris, the lesional mast cells were shown to be accompanied
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by T cells and macrophages, and, the more severe were the symptoms of angina pectoris, the greater
were also the numbers of the T cells surrounding the mast cells [58]. Moreover, the Human Leukocyte
Antigen—DR Isotype (HLA-DR) expression in the T cells and macrophages was increased, revealing
that the T cells and macrophages were also in an activated state. Thus, in addition to mast cells, the T
cells and macrophages in the infiltrates of inflammatory lesions also showed signs of activation, which
supports the idea that this entire triad of inflammatory cells plays a primary, i.e., causative role in the
final atherothrombotic events of atherosclerotic coronary artery disease.

4. Grading Mast Cell Activation in Human Atherosclerotic Coronary Arteries

In the human arterial wall, like in other human tissues, histological determination of mast cell
activation depends on microscopic observation of extracellular granules in the immediate vicinity of a
mast cell. Among all tissue resident cells, only mast cells produce heparin and tryptase, and then pack
them densely together in cytoplasmic granules, which allows completely reliable and specific detection
of mast cells in tissues. Surprisingly, however, in our hands the immunocytochemical staining for mast
cell granule heparin proteoglycans yielded paradoxical results which indicated almost a complete
loss of mast cells in the shoulder areas of aortic atheromas, i.e., the areas which were later shown by
immunohistochemical detection of tryptase to contain most of the mast cells in coronary atheromas,
as discussed above [53,56,57]. The explanation for this discrepancy appears to lie in the different
sensitivities of the two methods. Since mast cell degranulation leads to a variable loss of the heparin- and
tryptase-containing cytoplasmic secretory granules from the activated mast cells, the insensitive heparin
staining failed to detect excessively stimulated mast cells which had lost a significant proportion of the
heparin they had contained. In contrast, the sensitive immunohistochemical staining of tryptase must
have detected even the remaining traces of tryptase, and so provided a tool for accurate determination
of the actual mast cell numbers irrespective their state of activation.

Another advantage of the sensitive immunostaining for tryptase is its ability to detect at high
magnification exocytosed mast cell granules, i.e., those residing extracellularly in the near vicinity
of a mast cell, so allowing one to detect and quantify the mast cells which have been activated
to degranulate [57]. Since a fraction of the heparin proteoglycans and of proteoglycan-complexed
tryptase appears to be lost from the exocytosed granules, any tryptase-poor extracellular “granule
remnants” particularly need the sensitive tryptase immunostaining for their detection [59,60]. Since the
total number of mast cells and the number granules around each mast cell can be counted, not only
quantification of the proportion of degranulated mast cells but also the degree of degranulation of
an individual mast cell is possible. Applying the sensitive tryptase-staining method for adventitial
mast cells in the culprit coronary arteries of patients who had died of myocardial infarction, we could
observe that the total number of mast cells present in the adventitia backing ruptured plaques was
higher (on average about 100 mast cell/mm2) than that in the adventitia backing non-ruptured plaques
(40 mast cells/mm2), which, again, was higher than that in the adventitia backing normal intima
(20 mast cells/mm2) [61]. These high numbers of mast cells in the coronary adventitial layer were
similar to those obtained earlier for the adventitial mast cells in the human abdominal aortas by
Atkinson and coworkers [52].

The most relevant finding in our coronary death study was that the percentage of adventitial
mast cells with extensive degranulation (defined as > 5 extracellular granules in the section plane) was
significantly higher in the segments with plaque rupture (about 50%) than in those with non-ruptured
plaque (17%) or in segments with normal intima (11%) [61]. These observations on mast cell number
and activation strongly supported the general concept of the inflammatory cells present in the adventitia
actively participating in the pathogenesis of atherosclerosis, even from the early stages on [62]. Recent
studies in many laboratories suggest an important role also for the coronary perivascular adipose
tissue as a source of inflammatory mediators in atherosclerotic coronary artery disease and vasospastic
angina [63,64]. Inasmuch as mast cells are known to be present in various adipose tissue depots
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in human subjects and to participate in chronic low-grade inflammation [43,65], studies about the
proinflammatory role of mast cells in the pericoronary adipose tissue will be of great interest.

5. Potential Mast Cell Triggers in Human Atherosclerotic Coronary Arteries

As presented above, microscopic observations in human atherosclerotic coronary arteries have
demonstrated the presence of degranulated mast cells in the lesions, so providing firm evidence for
the presence of mast cell-activating principles in the diseased arteries. What may then have triggered
the mast cells to degranulate in the lesions? A clear-cut demonstration of increased numbers of
extracellular granules around tissue mast cells has been generally considered to reflect an allergic or
anaphylactic, i.e., immunoglobulin E (IgE)-dependent activation of mast cells [39,48,66]. Thus, we can
consider IgE as a possible activator of mast cells in atherosclerotic lesions. However, the only clear-cut
clinical example of a potentially IgE-mediated activation of human coronary mast cells is the allergic
angina or Kounis syndrome, defined as the co-incidental occurrence of an acute coronary syndrome
with a hypersensitivity reaction [67]. Mechanistically, the IgE-mediated mast cell degranulation with
ensuing local histamine and protease release leads to coronary spasm of an atherosclerotic segment of
a coronary artery, and even to an atherothrombotic coronary event due to plaque erosion or rupture.
This hypersensitivity disorder of the atherosclerotic coronary arteries may present itself as an allergic
angina, allergic myocardial infarction, or stent thrombosis, in which the coronary wall adjacent to a stent
is infiltrated with mast cells and/or eosinophils [68]. Very recently, Niccoli and coworkers extensively
reviewed the potential roles of effector cells of allergic inflammation, i.e., mast cells, eosinophils, and
basophils, in the context of coronary artery disease progression and instability, and in the occurrence of
adverse events after stent implantation [69]. As will be discussed later, also non-classical IgE-mediated
(superantigenic) activation of human myocardial mast cells has been demonstrated [70].

In the above cited studies in which we found degranulated, i.e., activated mast cells in
atherosclerotic coronary arteries of autopsied patients, there were no suspicions of allergy-related
deaths [56,57]. Thus, we are inclined to reject the hypothesis of an allergic inflammation being a
component of evolving human coronary atherogenesis, and, rather need to consider stimuli which do
not trigger the classical antigen-specific IgE-mediated mast cell activation with ensuing degranulation.
Indeed, recent work has identified a vast number of mast cell-activating factors which trigger
differential release of newly synthesized proteinaceous and lipid mediators from the activated mast
cells. Such stimulus-specific secretory pathways usually involve exocytosis of the cytoplasmic secretory
granules, as well, and may result from mast-cell activation by e.g., adrenomedullin, complement
factors, defensins, endothelin, immunoglobulins of the IgG class, hemokinin, nerve growth factor,
sphingosine-1-phosphate, substance P, thrombin, IL-33, stem cell factor, Toll-like receptor ligands,
and neuropeptides [44,48,71–75]. Of major interest are the findings demonstrating that human mast
cells release the matrix metalloproteinase MMP-9 and cytokines on contact with activated T cells,
and that mast cells can be activated by microparticles released from T cells [76,77] Considering that
atheroinflammation involves both T cells and mast cells, such cell-cell interaction between activated
T cells and mast cells may promote locally degradation of the extracellular and pericellular matrices,
and so render the plaque unstable and susceptible to erosion or rupture.

However, only a few of the above-listed stimuli used in experimental systems have been tested for
their ability to activate cultured non-transformed human mast cells, and, actually, many of the tested
ones have failed to act as an effective stimulant of such mast cells. What are then the potentially relevant
triggers of mast cells in an evolving human atherosclerotic lesion? Clearly, the minimum requirement
is that the mediator (agonist) is present in the lesion and that the lesional mast cells express a receptor
which is responsive to the agonist [43,44,75]. Of note, as noted above, most of the experimental cell
culture results have been obtained using mast cells of non-human origin, or immortalized human
mast cell mast cell lines, such as the HMC-1 and the LAD-2 cell lines, and so provide only suggestive
evidence regarding their more physiological counterparts [78]. In our laboratory, we have performed
experiments with cultured primary human mast cells [79]. Using these cells, we observed that,
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in contrast to some other laboratories, oxidized LDL particles, which are considered critical components
of atherogenesis, do not trigger mast cell activation, whereas addition of immune complexes composed
of oxidized LDL particles and IgG antibodies directed against LDL particles did trigger degranulation
of the cultured mast cells [80]. However, a word of caution is appropriate. Thus, although we used
human primary mast cells, such “physiological” mast cells were allowed to differentiate and grow in a
culture medium whose composition contained only a few selected growth and differentiation factors
known to be present in the human arterial intima. Thus, it is obvious that the growth and differentiation
conditions did not even closely resemble those of the dynamically changing multicompartmental
extracellular fluid present in a human atherosclerotic lesion. Moreover, no coculture experiments were
performed, so precluding us to draw any conclusion from the complex cell-to-cell interactions present
in such lesions. Thus, we have to conclude that, since the mast cells readily adapt their phenotype in
response to changes in the microenvironmental factors [49], only isolation of lesional mast cells and
examination of their sensitivity to the ligands present in the lesions will take us further in search for
actual responsiveness of coronary mast cells to triggers relevant to human atherogenesis.

At present, among the candidate triggers of mast cells in advanced atherosclerotic human coronary
lesions is the complement system [81]. Thus, in such lesions the complement system is activated with
ensuing generation of the anaphylatoxins C3a and C5a, and, moreover, the lesional mast cells express
the anaphylatoxin receptor C5aR, so rendering C5a a strong candidate of mast cell activation in human
coronary plaques [82]. Indeed, C5a-mediated mast cell activation was shown to promote vein graft
disease in apolipoprotein E-deficient mice by accelerating the formation of atherosclerotic lesions and
plaque disruptions in the grafts [83] Importantly, substance P- and calcitonin gene-related peptide
(CGRP)-containing sensory neurons are found in the adventitial layer of human coronary arteries
(but not in the atherosclerotic lesions), where they are in close contact with mast cells backing the
atherosclerotic lesions [84]. Accordingly, the mast cell-activating potential of these neuropeptides is
restricted to the adventitial layer of a coronary artery. However, since the adventitial mast cells are
located adjacent to vasa vasorum which grow across the medial layer into advanced coronary lesions
forming there neovascular sprouts, the mast cell-derived soluble products can reach the contractile
smooth muscle cells of the medial layer, and ultimately find their way to the lesions, where they can
act locally [84]. Interestingly, strongly increased numbers of activated coronary adventitial mast cells
have been found in a patient who suffered from the classic variant form of angina pectoris, i.e., the
Prinzmetal angina, which is characterized with spontaneous coronary spasms, and who ultimately
suffered sudden cardiac death [85]. The clinicopathological obervations strongly suggested that the
soluble vasoactive substances, such as histamine, prostaglandin D2, and leukotrienes C4 and D4
derived from the adventitial mast cells present in the atherosclerotic segments of the culprit coronary
artery had caused the ultimately fatal spastic angina in this patient. Intriguingly, the cytoplasm of
human mast cells contains numerous triglyceride-rich lipid droplets, which have been recently found
to serve as a significant source of arachidonic acid for the production and release of eicosanoids upon
mast cell activation [86].

As noted above, besides an IgE-dependent “anaphylactic degranulation” response, mast cells can be
activated also by non-IgE-mediated activators with ensuing release of an individual mediator or release
of a plethora of bioactive mediators as cocktails of varying compositions, and also constitutively secrete
de novo synthesized cytokines and chemokines either singly or in varying combinations [73,74,87].
Obviously, such selective release of individual mediators escapes light microscopic observation, and
therefore has remained unnoticed in the human arterial samples we have studied. Interestingly, cardiac
events in humans may result from psychological or social stress, and, based on studies in restraint
stressed mice, a role for the corticotropin-releasing hormone as a trigger of coronary mast cells in this
context has been suggested [88].

Whether mast cell activation leading to the selective type of release of the granule contents, e.g., via
piecemeal degranulation, also occurs in the inflamed human coronary arteries has not been determined.
Actually, the piecemeal type degranulation has been identified in other settings which are also relevant
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to the mast cells in atherosclerotic human arteries [73]. They range from the chronic psychosocial
stress [88,89] to presence of monocyte chemoattractant protein-1 (MCP-1 or CCL2) [90], to activators
of Toll-like receptor 2 in mast cells [91], and to mast cell interactions with regulatory T cells [92].
Of note, identification of the inflammation-associated type of mast cell activation response (piecemeal
degranulation) requires sophisticated ultrastructural analysis [93], and clearly remains a challenge for
future studies when attempting to define the entire spectrum of mast cell activity in atherosclerotic
lesions. Finally, whether release of cytokines and chemokines via constitutive exocytosis of secretory
vesicles by lesional mast cells takes place has not been determined. The presence of TNF-α -containing
cytoplasmic secretory granules in mast cells in the rupture-prone areas of human coronary atheromas
supports the idea that this cytokine is released when a mast cell becomes activated to degranulate in
these critical areas of atherosclerotic coronary arteries [94].

6. Mast Cells as Effector Cells in Atherogenesis

The sequence of the various steps in atherogenesis were outlined in the first part of this review,
and here the potential modulating effects of mast cells on the individual steps will be briefly described
and interpreted in the light of the presented scheme of atherogenesis. For a more extensive description
of the processes, the reader is referred to a recent review in which both the activators and actions
of mast cells in atherosclerotic cardiovascular disease, in cell culture systems, and particularly in
mouse models of atherosclerosis are described in more detail [75]. In the said review, we describe
a study, in which a comprehensive and versatile series of experiments in an atherosclerotic mouse
model were performed in Leiden, the Netherlands by one of the two authors. In that particular study,
carotid artery plaque formation was induced by local perivascular collar placement, as described
earlier [95]. The fundamental advantage in the collar model used is a rapid induction of carotid
atherosclerosis, and the possibility to locally activate and inhibit the adventitial mast cells present in
the atherosclerotic arterial segment [11]. The experimental options then allow not only testing the
various proposed hypotheses about the atherosclerosis-modulating roles of mast cells but also testing
novel mast cell activating ligands and their inhibitors in vivo. In the following sections, some insights
will be provided into the potential roles of mast cells in the initiation and progression of atherosclerosis.
Such information has been gained from experimental systems involving in vitro incubations, cellular
co-cultures, and mouse models of atherosclerosis, in which arterial mast cells are stimulated locally or
in which mast cells are genetically absent.

6.1. Actions Related to Early Atherogenesis

The mast cells can contribute to the initiation of atherogenesis by accelerating infiltration
of circulating LDL particles into the intimal layer of an atherosclerosis-susceptible arterial
segment. By increasing the permeability of aortic endothelium to circulating LDL particles via
endothelial histamine H1 receptor activation, histamine drives the formation of atherosclerosis in
hypercholesterolemic mice [96]. Of note, although mast cells are major histamine stores in tissues,
histamine can be synthesized also by endothelial cells and other types of cell, so preventing one to
define a histamine-dependent effect automatically mast cell-specific. This restrictive specification
applies to most mast cell-derived compounds, with the notable exception of the mast cell-specific
compounds heparin and tryptase. Also, tryptase can break the endothelial barrier to LDL particles in a
PAR-2-dependent fashion [97].

Activated mast cells secrete monocyte-attracting chemokines, and they can also activate the
endothelial cells to express adhesion molecules, thereby inducing monocyte recruitment to the
subendothelial space [98]. Moreover, cell culture experiments have shown that mast cell chymase
specifically cleaves the carboxyl terminal part of the anti-inflammatory apoA-I component of the
lipid-poor pre-beta HDL particles [99]. The C-terminally truncated apoA-I, again, was found to be
unable to suppress the TNF-α-induced expression of adhesion molecules in human coronary artery
endothelial cells. Thus, by secreting chemokines, TNF-α, and neutral proteases, subendothelially



Int. J. Mol. Sci. 2019, 20, 4479 11 of 23

activated coronary mast cells may significantly contribute to monocyte recruitment to inflamed
athero-prone coronary sites.

In the intimal space, the exocytosed heparin-containing mast cell granules may bind LDL
particles via electrostatic interactions between granule heparin and the apoB-100 component of
LDL [43]. Then the granule heparin-bound chymase proteolyzes the apoB-100, and renders the LDL
particles unstable, whereupon the particles fuse to form larger particles, reminiscent of those found
extracellularly in human atherosclerotic lesions. The fusion process of LDL particles on granule
surface allows more LDL particles to bind to the granule, and so allows a heavier LDL cholesterol
load per granule. The newly discovered proteolytic LDL aggregation/fusion model has served as a
model for understanding of supersaturation of LDL binding to extracellular intimal proteoglycans
with ensuing continuous accumulation of extracellularly located cholesterol in the evolving intimal
lesions [14,100]. Mechanistically, also a novel pathway for foam cell formation was described, as it
turned out that macrophages avidly phagocytose such LDL-coated mast cell granules, become filled
with the cholesterol contained in the granule-bound LDL particles, and ultimately turn into foam
cells [101,102]. With immunoelectron microscopic techniques, evidence was obtained that such
“granule carrier pathway” may indeed operate in vivo in the human arterial intima [103].

Histamine released by the activated mast cells also increases endothelial permeability to the
HDL particles [104]. Among the particles, the preβ-HDL particles are considered to be the most
efficient ones for removal of cholesterol from the macrophage foam cells. However, this process can be
blocked by proteolytic degradation of the extremely protease-sensitive preβ-HDL particles, which
may become degraded by either the neutral protease tryptase and/or chymase released by an activated
mast cell [105]. Thus, activated mast cells contribute to foam cell formation by both increasing uptake
of the cholesterol-containing LDL particles and by decreasing the ability of HDL particles to induce
efflux of the accumulating intracellular cholesterol.

6.2. Actions Related to Advancing and Terminal Atherogenesis

The continuous influx of LDL-cholesterol into macrophages with ensuing foam cell formation,
a process to which phagocytosis of LDL-granule complexes and insufficient efflux of cholesterol from
the formed macrophage foam cells to mast cell-modified HDL particles may jointly contribute, appears
to immobilize the cells in the lesions, and, ultimately to render them susceptible to death [3]. Moreover,
histamine released by activated mast cells may induce apoptotic death of macrophages, and thereby
contribute to the formation of a necrotic lipid core and plaque growth [11].

As the plaque grows and obstructs the arterial lumen, the blood flow becomes turbulent and the
endothelial cells become dysfunctional and may also detach. Of note, depending on the phenotype,
the subendothelially located mast cells may be activated to release tryptase, or both tryptase and
chymase, which then degrade the endothelial basement membrane with ensuing physical detachment
of the endothelial cells [106]. Moreover, by losing contact with the basement membrane, the endothelial
cells lose their outside-in survival signaling and become apoptotic, a process facilitated by release of
TNF-α by the mast cells [107]. Recently, endothelial erosion has been proposed to ensue partly due to
the activity of circulating neutrophils, which could be recruited to the vulnerable areas partly via mast
cell-derived IL-8 [108,109]. Thus, the endothelial cells covering an advanced atherosclerotic plaque are
under threat of being attacked from both the abluminal and the luminal side, i.e., by activated mast
cells and activated neutrophils, respectively. Of note, however, mature mast cells are located under
the endothelium only, while the neutrophils are likely to attack the endothelial cells mainly from the
luminal side, and to accelerate the growth of the forming arterial thrombus after the detachment of the
endothelial cells [108].

Thinning of the fibrous cap of an atherosclerotic plaque results from gradual loss of intact collagen
fibers in the cap, which, again, is a composite of reduced formation and increased degradation
of the fibers, the former resulting from senescence and apoptotic death of the collagen-producing
smooth muscle cells, and the latter being caused by overexpression and activation of collagenolytic
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enzymes, notably the matrix metalloproteinases (MMPs) [110,111]. Chymase released from mast
cells can induce apoptotic death of smooth muscle cells by degrading fibronectin of their pericellular
matrix, and so blocking the outside-in survival signaling necessary for their survival [112]. Moreover,
chymase inhibits collagen synthesis in smooth muscle cells by both TGFβ-dependent and -independent
mechanisms [113]. Regarding the MMP-dependent collagen catabolism, chymase and tryptase can
activate the inactive proforms of MMP-1 and MMP-3, respectively [114,115]. Importantly, Johnson and
coworkers demonstrated in the vulnerable shoulder regions of human atherosclerotic carotid plaques
increased MMP-1 and MMP-3 expression, which was associated with an increased MMP net activity in
areas where also increased numbers of degranulated mast cells were present [116]. Taken together,
by releasing tryptase and chymase, activated mast cells in advanced atherosclerotic lesions appear to
significantly contribute to the lesion-weakening proteolytic events directly, and also indirectly by their
MMP-activating capabilities.

Since the arterial intima lacks capillaries, hypoxia easily develops in the deep intima, and is further
exacerbated by the additional increase in intimal thickness taking place during atherogenesis [117,118].
Particularly, the formation of a necrotic lipid core prevents oxygen diffusion into the deep intima. As a
response, the deep intimal layers become neovascularized when the pre-existing medial branches of
adventitial vasa vasorum grow into the lesion and form a microvascular network [119]. Obviously,
capillarization of the deep hypoxic areas tends to prevent hypoxic cellular dysfunction and death, and
thereby tends to stabilize an atherosclerotic plaque. However, at the same time the neovascularization
entails the risk of intraplaque hemorrhage, which will destabilize the plaque and thereby increase its
vulnerability to rupture [119,120].

The mast cells are proangiogenic cells par excellence, and their role in tumor growth-related
angiogenesis has been studied in depth in cancer biology [121]. Interestingly, mast cells survive hypoxia
and even become activated in response to hypoxia [122]. Accordingly, mast cells possess the capacity
to contribute to plaque neovascularization by releasing a variety of angiogenic mediators, not only
by releasing the classical and ubiquitous angiogenic growth factors, notably the Vascular endothelial
growth factor (VEGF) and the Basic fibroblast growth factor (bFGF), but also mast cell-specific
substances, such as heparin and the major granule proteases tryptase and chymase [123–125].

The above dichotomy regarding neovascularization—initially good and then bad—also applies
to mast cells in advanced atherosclerotic lesions [120,126,127]. Thus, we could observe mast cells
in close proximity of intact coronary microvessels, and also in areas with intraplaque hemorrhages.
As protease-secreting cells, the subendothelial mast cells have the potential to degrade the endothelial
basement membrane of the already formed microvessels by the mechanisms described above for
the plaque-covering endothelium [106]. Most importantly, however, in the deep intimal areas the
endothelial basement membrane of the neovascular sprouts is poorly developed, which must render the
microvessels exceptionally sensitive to protease-triggered leakage with ensuing intimal hemorrhage and
destabilization of the plaque [128,129]. This may also apply to advanced human carotid atherosclerotic
plaques, in which activated mast cells are present [130–132]. Indeed, regarding the clinical relevance of
mast cell-induced intraplaque neovascularization, Willems and coworkers found that in advanced
human carotid atherosclerotic plaques mast cells are present in the deep neovascularized areas, and
that their numbers strongly associate with microvessel density in patients with symptom-causing
carotid plaques, i.e., plaques with erosion or rupture [133]. Moreover, high numbers of mast cells in the
neovascularized areas also predicted the occurrence of future cardiovascular events, possibly reflecting
an advanced stage of the disease in other atherosclerosis-susceptible arterial segments, where mast
cells may also have contributed to disease progression.

Finally, could we measure the activity of mast cells of a given prespecified tissue in a clinical setting,
for example in the emergency room where a patient is examined and managed for an acute coronary
syndrome? Unfortunately, it is not possible at present. Yet, when compared with macrophages and
T cells, we can measure at least the plasma level of a molecule, the tryptase, which is derived from
mast cells and from mast cells only. However, determination of the level of circulating tryptase reflects
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both the constitutive mast cell-derived and the mast cell activation-dependent release of tryptase, and,
moreover, it reflects the amount tryptase released by the totality of mast cells in the human body [134].
When compared with the total number of mast cells in the human body, the number of mast cells in the
coronary arteries must be extremely small—maybe one per-mille or even much less. Thus, it is unlikely
that their basal production or activation-triggered release would lead to measurable changes in the
level of the circulating tryptase. Yet, an interesting observation has been made, which showed that
in patients with acute coronary syndromes with or without an ST-elevation, measurement of serum
tryptase level at admission improved the risk stratification regarding recurrent myocardial infarction
within 2 years [135]. Since atherosclerosis is a systemic disease potentially affecting all susceptible
arterial segments, we can surmise that, in the cited study, the significantly increased serum tryptase
levels in the patients with severe coronary atherosclerosis actually reflected the aggregate quantity of
tryptase derived from the totality of mast cells present in all severely inflamed atherosclerotic lesions
of the body.

7. Concluding Remarks: Allergic Atherosclerosis—Does One Exist?

Activated mast cells are present in human atherosclerotic lesions throughout the lesion
development—i.e., from start to end. Despite the presence of these “allergy cells” in the lesions,
there is little or no evidence that the chronic low-degree inflammation in the atherosclerotic plaques
would possess an allergic component, with the notable exception of the Kounis syndrome. Yet, an
association of elevated serum IgE antibody levels with the severity of coronary artery disease and
with acute coronary events has been observed [136]. However, it is not known whether the mast
cells in the human epicardial coronary arteries carry antigen-specific IgE bound to their surfaces,
which is a central requirement for acute allergic reactions. On the other hand, mast cells isolated
from human myocardium have been found to harbor IgE-receptor-bound IgE antibodies on their
surfaces [137]. Interestingly, however, mere presence of IgE on mast cells may be sufficient for their
IgE-mediated activation without the classical IgE-specific antigen (allergen)-triggered crosslinking
of two receptor-bound IgE antibodies being necessary. Indeed, there is an alternative mechanism
of IgE-mediated activation available for the human myocardial mast cells. Thus, such mast cells
can be activated by endogenous and exogenous superantigenic (bacterial or viral) stimuli when the
immunoglobulin superantigens interact with different regions of the IgE antibodies bound to their
high-affinity receptors on mast cell surface [70]. Moreover, there is evidence that some IgE preparations,
by themselves, can activate mouse and human mast cells to induce selective release of cytokines,
so reflecting structural and functional heterogeneity among human IgE antibodies [138]. Whether
the above-described mast cell activation by IgE in the absence of antigen would also occur in human
coronary arteries remains to be determined. Nevertheless, the unequivocal demonstration of mast
cell degranulation in atherosclerotic human coronary arteries, which strongly depends on the severity
of disease, unequivocally demonstrates the presence of “anaphylactic” activation of the mast cells,
whatever the nature of the actual stimulus would be. At present, the top candidates for being the
actual degranulating agents of human intimal and the adventitial mast cells are the anaphylatoxins of
the complement system and the neuropeptides, respectively [81,82,84].

Answers to the above-mentioned questions about the actual stimulators of mast cells in human
atherosclerotic lesions are now sprouting. Thus, in a very recent paper Kritikou and co-workers
elegantly describe a flow cytometry-based characterization of mast cells in plaque samples collected
after femoral or carotid endarterectomy surgery [139] They found that most of the intraplaque mast
cells were activated, and that most of the activated mast cells had bound IgE fragments on their
surfaces, while another mast cells showed IgE-independent activation. Thus, as the authors suggest
that IgE-dependent activation and actions of mast cells in advanced human atherosclerosis offer
potential for therapeutic interventions. However, when considering the emerging understanding
of the functional heterogeneity of the IgE molecules, the identity of the actual IgE-dependent mast
cell-activating ligands—whether (super)antigenic or non-antigenic—needs to be determined.
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It is important to state that atherosclerosis is not an infectious disease per se. Yet, gingival
infections and variations in the gut microbiota pose an increased cardiovascular risk [140,141].
Thus, immunologically active molecules, such as lipopolysaccharides, or even whole bacteria may
escape the oral, intestinal, or respiratory mucosal surfaces, and reach the atherosclerotic lesions and
locally accelerate the lesion development [142–145]. In this regard, the novel observation by Gupta
and coworkers demonstrating that host defense peptides and the lipopolysaccharide derived from
porphyromonas gingivalis can activate mast cells to degranulate is of extraordinary interest [146].

In summary, experimental evidences derived from cell culture systems and animal models have
provided multiple clues to the mechanisms by which the mediators released from activated mast
cells may affect the development of atherosclerotic lesions at various stages of the disease (Figure 2).
To learn about possible mast cell subsets endowed with specific repertoires of receptors and effector
functions in human atherosclerotic lesions, their isolation and functional testing at the single-cell level
is required. Such knowledge will open up opportunities to design sensible experiments in which we
selectively or jointly modify the proatherogenic functions, and possibly also improve anti-atherogenic
functions of mast cells in the evolving atherosclerotic lesions.
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thereby lose their ability to interact with the ABCA1 transporter on macrophage foam cells and to 
accept cholesterol from the foam cells. III. Necrotic core formation. (4). Mast cell-derived histamine 
is able to induce macrophage apoptosis. When a macrophage foam cell dies, the generated cellular 
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the growth of the forming platelet-rich arterial thrombus at the site of erosion. V. Plaque 
destabilization and rupture. (6). Activated mast cells in the collagen cap release chymase, which 
degrades the pericellular matrix of smooth muscle cells with ensuing apoptotic death of the cells due 
to loss of outside-in survival signaling. Loss of the collagen-producing smooth muscle cells reduces 
net collagen formation in the cap, and so weakens it. (7). Release chymase and tryptase by mast cells 

Figure 2. Potential effects of intimal mast cells on initiation and progression of human atherosclerotic
lesions. I. Initiation of lesion formation. (1). Activated subendothelial mast cells contribute to
leukocyte recruitment by releasing chemokines, and by also releasing tryptase and TNFα which
enhance adhesion molecule expression on endothelial cells. (2). Activated mast cells release vasoactive
substances, notably histamine, which increase endothelial permeability for low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) particles. II. Fatty streak formation. (3). Subendothelially,
LDL particles bind to the heparin component of exocytosed mast cell granules, after which granule
chymase proteolyzes the particles and renders them unstable and susceptible to fuse with each other.
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When macrophages phagocytose such complexes composed of granule-bound fused LDL particles,
they become filled with LDL-derived cholesterol and are converted to foam cells filled with cholesteryl
ester-containing lipid droplets. The granule neutral proteases chymase and tryptase degrade preβ-HDL
particles, which thereby lose their ability to interact with the ABCA1 transporter on macrophage foam
cells and to accept cholesterol from the foam cells. III. Necrotic core formation. (4). Mast cell-derived
histamine is able to induce macrophage apoptosis. When a macrophage foam cell dies, the generated
cellular debris and the liberated lipid droplets contribute to the formation of an extracellular necrotic
lipid core. The formation of a core is the hallmark of conversion of an early fatty streak lesion into
an advanced atherosclerotic plaque, which consists of a core and a collagen cap. The cap separates
the strongly thrombogenic core from the circulating blood. IV Erosion. (5). Release of tryptase
and/or chymase by activated subendothelial mast cells induce degradation of endothelial basement
membrane with ensuing apoptosis and detachment of the involved endothelial cells. Mast cell-derived
TNFα contributes to endothelial apoptosis, while mast cell-derived heparin tends to attenuate the
growth of the forming platelet-rich arterial thrombus at the site of erosion. V. Plaque destabilization
and rupture. (6). Activated mast cells in the collagen cap release chymase, which degrades the
pericellular matrix of smooth muscle cells with ensuing apoptotic death of the cells due to loss of
outside-in survival signaling. Loss of the collagen-producing smooth muscle cells reduces net collagen
formation in the cap, and so weakens it. (7). Release chymase and tryptase by mast cells in the collagen
cap locally activates extracellularly located proforms of matrix metalloproteinases, and so triggers
collagen degradation which further weakens the cap and destabilizes the plaque. (8). Mast cell-derived
angiogenic factors induce growth of microvessels into the hypoxic regions of the otherwise avascular
plaque. Mast cell-derived tryptase and chymase, again, may degrade the fragile microvessel walls, and
so trigger microvascular hemorrhage which contributes to plaque instability. Together, cap thinning
and intraplaque hemorrhages render the plaque susceptible to rupture with ensuing formation of a
large lumen-occluding coronary thrombus.

The emerging challenge now is to find homeostatic and healing functions for the coronary
mast cells, like those found for the myocardial mast cells. The ability of macromolecular heparin
proteoglycans derived from rat peritoneal mast cells to attenuate the growth of a platelet-rich arterial
thrombus in experimental systems can be considered as a model of such homeostatic self-correcting
functions of mast cells [147,148]. Unless we find such potentially life-saving functions for the mast
cells present in human atherosclerotic lesions, we have to ask ourselves, whether we are failing to
understand the very essence of these cells evolved as protective sentinel cells about 500 million years
ago, or whether the mast cells in atherosclerotic lesions have arrived at a wrong address.

Funding: Wihuri Research Institute is maintained by the Jenny and Antti Wihuri Foundation

Acknowledgments: The author thanks Gjada Criscuolo (University of Naples Federico II, Naples, Italy) for
excellent collaboration during the preparation of the article, and Gianni Marone (University of Naples Federico II,
Naples, Italy) for careful reading of the manuscript. This paper is dedicated to all the persons who have diligently
contributed to mast cell research at the Wihuri Research Institute in Helsinki, Finland.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Ross, R. Atherosclerosis–an inflammatory disease. N. Engl. J. Med. 1999, 340, 115–126. [CrossRef] [PubMed]
2. Libby, P.; Ridker, P.M.; Hansson, G.K. Progress and challenges in translating the biology of atherosclerosis.

Nature 2011, 473, 317–325. [CrossRef] [PubMed]
3. Bäck, M.; Yurdagul, A., Jr.; Öörni, K.; Kovanen, P.T. Inflammation and its resolution in atherosclerosis:

Mediators and therapeutic opportunities. Nat. Rev. Cardiol. 2019, 16, 389–406.
4. Moghadasian, M.H. Experimental atherosclerosis: A historical overview. Life Sci. 2002, 70, 855–865. [CrossRef]
5. Emini Veseli, B.; Perrotta, P.; De Meyer, G.R.A.; Roth, L.; Van der Donckt, C.; Martinet, W.; De Meyer, G.R.Y.

Animal models of atherosclerosis. Eur. J. Pharmacol. 2017, 816, 3–13. [CrossRef] [PubMed]

http://dx.doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://dx.doi.org/10.1038/nature10146
http://www.ncbi.nlm.nih.gov/pubmed/21593864
http://dx.doi.org/10.1016/S0024-3205(01)01479-5
http://dx.doi.org/10.1016/j.ejphar.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28483459


Int. J. Mol. Sci. 2019, 20, 4479 16 of 23

6. Plump, A.S.; Smith, J.D.; Hayek, T.; Aalto-Setälä, K.; Walsh, A.; Verstuyft, J.G.; Rubin, E.M.; Breslow, J.L.
Severe hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous
recombination in ES cells. Cell 1992, 71, 343–353. [CrossRef]

7. Piedrahita, J.A.; Zhang, S.H.; Hagaman, J.R.; Oliver, P.M.; Maeda, N. Generation of mice carrying a mutant
apolipoprotein E gene inactivated by gene targeting in embryonic stem cells. Proc. Natl. Acad. Sci. USA 1992,
89, 4471–4475. [CrossRef]

8. Zhang, S.H.; Reddick, R.L.; Piedrahita, J.A.; Maeda, N. Spontaneous hypercholesterolemia and arterial
lesions in mice lacking apolipoprotein E. Science 1992, 258, 468–471. [CrossRef]

9. Ishibashi, S.; Goldstein, J.L.; Brown, M.S.; Herz, J.; Burns, D.K. Massive xanthomatosis and atherosclerosis
in cholesterol-fed low density lipoprotein receptor-negative mice. J. Clin. Investig. 1994, 93, 1885–1893.
[CrossRef]

10. Sun, J.; Sukhova, G.K.; Wolters, P.J.; Yang, M.; Kitamoto, S.; Libby, P.; MacFarlane, L.A.; Mallen-St Clair, J.;
Shi, G.P. Mast cells promote atherosclerosis by releasing proinflammatory cytokines. Nat. Med. 2007,
13, 719–724. [CrossRef]

11. Bot, I.; de Jager, S.C.; Zernecke, A.; Lindstedt, K.A.; van Berkel, T.J.; Weber, C.; Biessen, E.A. Perivascular mast
cells promote atherogenesis and induce plaque destabilization in apolipoprotein E-deficient mice. Circulation
2007, 115, 2516–2525. [CrossRef] [PubMed]

12. Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.;
Raal, F.J.; Schunkert, H. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence
from genetic, epidemiologic, and clinical studies. A consensus statement from the European Atherosclerosis
Society Consensus Panel. Eur. Heart J. 2017, 38, 2459–2472. [CrossRef] [PubMed]

13. Binder, C.J.; Papac-Milicevic, N.; Witztum, J.L. Innate sensing of oxidation-specific epitopes in health and
disease. Nat. Rev. Immunol. 2016, 16, 485–497. [CrossRef] [PubMed]

14. Öörni, K.; Pentikäinen, M.O.; Ala-Korpela, M.; Kovanen, P.T. Aggregation, fusion, and vesicle formation
of modified low density lipoprotein particles: Molecular mechanisms and effects on matrix interactions.
J. Lipid Res. 2000, 41, 1703–1714. [PubMed]

15. Boren, J.; Williams, K.J. The central role of arterial retention of cholesterol-rich apolipoprotein-B-containing
lipoproteins in the pathogenesis of atherosclerosis: A triumph of simplicity. Curr. Opin. Lipidol. 2016,
27, 473–483. [CrossRef] [PubMed]

16. Pentikäinen, M.O.; Öörni, K.; Ala-Korpela, M.; Kovanen, P.T. Modified LDL - trigger of atherosclerosis and
inflammation in the arterial intima. J. Intern. Med. 2000, 247, 359–370. [CrossRef] [PubMed]

17. Tabas, I.; Williams, K.J.; Boren, J. Subendothelial lipoprotein retention as the initiating process in
atherosclerosis: Update and therapeutic implications. Circulation 2007, 116, 1832–1844. [CrossRef] [PubMed]

18. Lee, C.; Sigari, F.; Segrado, T.; Hörkkö, S.; Hama, S.; Subbaiah, P.V.; Miwa, M.; Navab, M.; Witztum, J.L.;
Reaven, P.D. All ApoB-containing lipoproteins induce monocyte chemotaxis and adhesion when minimally
modified. Modulation of lipoprotein bioactivity by platelet-activating factor acetylhydrolase. Arterioscler.
Thromb. Vasc. Biol. 1999, 19, 1437–1446. [CrossRef] [PubMed]

19. Geng, Y.; Kodama, T.; Hansson, G.K. Differential expression of scavenger receptor isoforms during monocyte-
macrophage differentiation and foam cell formation. Arterioscler Thromb. 1994, 14, 798–806. [CrossRef]
[PubMed]

20. Stary, H.C.; Chandler, A.B.; Glagov, S.; Guyton, J.R.; Insull, W., Jr.; Rosenfeld, M.E.; Schaffer, S.A.; Schwartz, C.J.;
Wagner, W.D.; Wissler, R.W. A definition of initial, fatty streak, and intermediate lesions of atherosclerosis.
A report from the Committee on Vascular Lesions of the Council on Arteriosclerosis, American Heart
Association. Circulation 1994, 89, 2462–2478. [CrossRef]

21. Buja, L.M.; Nikolai, N. Anitschkow and the lipid hypothesis of atherosclerosis. Cardiovasc. Pathol. 2014,
23, 183–184. [CrossRef] [PubMed]

22. Rosenson, R.S.; Brewer, H.B., Jr.; Davidson, W.S.; Fayad, Z.A.; Fuster, V.; Goldstein, J.; Hellerstein, M.;
Jiang, X.C.; Phillips, M.C.; Rader, D.J. et al.; et al. Cholesterol efflux and atheroprotection: Advancing the
concept of reverse cholesterol transport. Circulation 2012, 125, 1905–1919. [CrossRef] [PubMed]

23. Favari, E.; Chroni, A.; Tietge, U.J.; Zanotti, I.; Escola-Gil, J.C.; Bernini, F. Cholesterol efflux and reverse
cholesterol transport. Handb. Exp. Pharmacol. 2015, 224, 181–206. [PubMed]

http://dx.doi.org/10.1016/0092-8674(92)90362-G
http://dx.doi.org/10.1073/pnas.89.10.4471
http://dx.doi.org/10.1126/science.1411543
http://dx.doi.org/10.1172/JCI117179
http://dx.doi.org/10.1038/nm1601
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.660472
http://www.ncbi.nlm.nih.gov/pubmed/17470698
http://dx.doi.org/10.1093/eurheartj/ehx144
http://www.ncbi.nlm.nih.gov/pubmed/28444290
http://dx.doi.org/10.1038/nri.2016.63
http://www.ncbi.nlm.nih.gov/pubmed/27346802
http://www.ncbi.nlm.nih.gov/pubmed/11060340
http://dx.doi.org/10.1097/MOL.0000000000000330
http://www.ncbi.nlm.nih.gov/pubmed/27472409
http://dx.doi.org/10.1046/j.1365-2796.2000.00655.x
http://www.ncbi.nlm.nih.gov/pubmed/10762453
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.676890
http://www.ncbi.nlm.nih.gov/pubmed/17938300
http://dx.doi.org/10.1161/01.ATV.19.6.1437
http://www.ncbi.nlm.nih.gov/pubmed/10364074
http://dx.doi.org/10.1161/01.ATV.14.5.798
http://www.ncbi.nlm.nih.gov/pubmed/8172856
http://dx.doi.org/10.1161/01.CIR.89.5.2462
http://dx.doi.org/10.1016/j.carpath.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24484612
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.066589
http://www.ncbi.nlm.nih.gov/pubmed/22508840
http://www.ncbi.nlm.nih.gov/pubmed/25522988


Int. J. Mol. Sci. 2019, 20, 4479 17 of 23

24. Khera, A.V.; Cuchel, M.; de la Llera-Moya, M.; Rodrigues, A.; Burke, M.F.; Jafri, K.; French, B.C.; Phillips, J.A.;
Mucksavage, M.L.; Wilensky, R.L. Cholesterol efflux capacity, high-density lipoprotein function, and
atherosclerosis. N. Engl. J. Med. 2011, 364, 127–135. [CrossRef] [PubMed]

25. Kingwell, B.A.; Chapman, M.J.; Kontush, A.; Miller, N.E. HDL-targeted therapies: Progress, failures and
future. Nat. Rev. Drug Discov. 2014, 13, 445–464. [CrossRef]

26. Brown, M.S.; Ho, Y.K.; Goldstein, J.L. The cholesteryl ester cycle in macrophage foam cells. Continual
hydrolysis and re-esterification of cytoplasmic cholesteryl esters. J. Biol. Chem. 1980, 255, 9344–9352.
[PubMed]

27. Tabas, I. Macrophage death and defective inflammation resolution in atherosclerosis. Nat. Rev. Immunol.
2010, 10, 36–46. [CrossRef]

28. Tajbakhsh, A.; Rezaee, M.; Kovanen, P.T.; Sahebkar, A. Efferocytosis in atherosclerotic lesions: Malfunctioning
regulatory pathways and control mechanisms. Pharmacol. Ther. 2018, 188, 12–25. [CrossRef]

29. Stary, H.C.; Chandler, A.B.; Dinsmore, R.E.; Fuster, V.; Glagov, S.; Insull, W., Jr.; Davidson, W.S.; Fayad, Z.A.;
Fuster, V.; Goldstein, J.; et al. A definition of advanced types of atherosclerotic lesions and a histological
classification of atherosclerosis. A report from the Committee on Vascular Lesions of the Council on
Arteriosclerosis, American Heart Association. Circulation 1995, 92, 1355–1374. [CrossRef]

30. Fuster, V.; Moreno, P.R.; Fayad, Z.A.; Corti, R.; Badimon, J.J. Atherothrombosis and high-risk plaque: Part I:
Evolving concepts. J. Am. Coll. Cardiol. 2005, 46, 937–954. [CrossRef]

31. Hansson, G.K.; Libby, P.; Tabas, I. Inflammation and plaque vulnerability. J. Intern. Med. 2015, 278, 483–493.
[CrossRef] [PubMed]

32. Libby, P. Current concepts of the pathogenesis of the acute coronary syndromes. Circulation 2001, 104, 365–372.
[CrossRef] [PubMed]

33. Bentzon, J.F.; Otsuka, F.; Virmani, R.; Falk, E. Mechanisms of plaque formation and rupture. Circ. Res. 2014,
114, 1852–1866. [CrossRef] [PubMed]

34. Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352, 1685–1695.
[CrossRef] [PubMed]

35. Chinetti-Gbaguidi, G.; Colin, S.; Staels, B. Macrophage subsets in atherosclerosis. Nat. Rev. Cardiol. 2015,
12, 10–17. [CrossRef] [PubMed]

36. Tabas, I.; Lichtman, A.H. Monocyte-macrophages and T Cells in atherosclerosis. Immunity 2017, 47, 621–634.
[CrossRef] [PubMed]

37. Gisterå, A.; Hansson, G.K. The immunology of atherosclerosis. Nat. Rev. Nephrol. 2017, 13, 368–380.
[CrossRef]

38. Marshall, J.S. Mast-cell responses to pathogens. Nat. Rev. Immunol. 2004, 4, 787–799. [CrossRef]
39. Galli, S.J.; Tsai, M. IgE and mast cells in allergic disease. Nat. Med. 2012, 18, 693–704. [CrossRef]
40. Eklund, K.K. Mast cells in the pathogenesis of rheumatic diseases and as potential targets for anti-rheumatic

therapy. Immunol. Rev. 2007, 217, 38–52. [CrossRef]
41. Galinsky, D.S.; Nechushtan, H. Mast cells and cancer–no longer just basic science. Crit. Rev. Oncol. Hematol.

2008, 68, 115–130. [CrossRef] [PubMed]
42. Varricchi, G.; Galdiero, M.R.; Loffredo, S.; Marone, G.; Iannone, R.; Granata, F. Are Mast Cells MASTers in

Cancer? Front. Immunol. 2017, 8, 424. [CrossRef] [PubMed]
43. Shi, G.P.; Bot, I.; Kovanen, P.T. Mast cells in human and experimental cardiometabolic diseases. Nat. Rev.

Cardiol. 2015, 12, 643–658. [CrossRef] [PubMed]
44. Varricchi, G.; Rossi, F.W.; Galdiero, M.R.; Granata, F.; Criscuolo, G.; Spadaro, G.; de Paulis, A.; Marone, G.

Physiological roles of mast cells: Collegium Internationale Allergologicum Update 2019. Int Arch.
Allergy Immunol. 2019, 179, 247–261. [CrossRef] [PubMed]

45. Marone, G.; Galli, S.J.; Kitamura, Y. Probing the roles of mast cells and basophils in natural and acquired
immunity, physiology and disease. Trends Immunol. 2002, 23, 425–427. [CrossRef]

46. Wernersson, S.; Pejler, G. Mast cell secretory granules: Armed for battle. Nat. Rev. Immunol. 2014, 14, 478–494.
[CrossRef] [PubMed]

47. Irani, A.A.; Schechter, N.M.; Craig, S.S.; DeBlois, G.; Schwartz, L.B. Two types of human mast cells that have
distinct neutral protease compositions. Proc. Natl. Acad. Sci. USA 1986, 83, 4464–4468. [CrossRef] [PubMed]

48. Varricchi, G.; Raap, U.; Rivellese, F.; Marone, G.; Gibbs, B.F. Human mast cells and basophils-How are they
similar how are they different? Immunol. Rev. 2018, 282, 8–34. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1001689
http://www.ncbi.nlm.nih.gov/pubmed/21226578
http://dx.doi.org/10.1038/nrd4279
http://www.ncbi.nlm.nih.gov/pubmed/7410428
http://dx.doi.org/10.1038/nri2675
http://dx.doi.org/10.1016/j.pharmthera.2018.02.003
http://dx.doi.org/10.1161/01.CIR.92.5.1355
http://dx.doi.org/10.1016/j.jacc.2005.03.074
http://dx.doi.org/10.1111/joim.12406
http://www.ncbi.nlm.nih.gov/pubmed/26260307
http://dx.doi.org/10.1161/01.CIR.104.3.365
http://www.ncbi.nlm.nih.gov/pubmed/11457759
http://dx.doi.org/10.1161/CIRCRESAHA.114.302721
http://www.ncbi.nlm.nih.gov/pubmed/24902970
http://dx.doi.org/10.1056/NEJMra043430
http://www.ncbi.nlm.nih.gov/pubmed/15843671
http://dx.doi.org/10.1038/nrcardio.2014.173
http://www.ncbi.nlm.nih.gov/pubmed/25367649
http://dx.doi.org/10.1016/j.immuni.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/29045897
http://dx.doi.org/10.1038/nrneph.2017.51
http://dx.doi.org/10.1038/nri1460
http://dx.doi.org/10.1038/nm.2755
http://dx.doi.org/10.1111/j.1600-065X.2007.00504.x
http://dx.doi.org/10.1016/j.critrevonc.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18632284
http://dx.doi.org/10.3389/fimmu.2017.00424
http://www.ncbi.nlm.nih.gov/pubmed/28446910
http://dx.doi.org/10.1038/nrcardio.2015.117
http://www.ncbi.nlm.nih.gov/pubmed/26259935
http://dx.doi.org/10.1159/000500088
http://www.ncbi.nlm.nih.gov/pubmed/31137021
http://dx.doi.org/10.1016/S1471-4906(02)02274-3
http://dx.doi.org/10.1038/nri3690
http://www.ncbi.nlm.nih.gov/pubmed/24903914
http://dx.doi.org/10.1073/pnas.83.12.4464
http://www.ncbi.nlm.nih.gov/pubmed/3520574
http://dx.doi.org/10.1111/imr.12627


Int. J. Mol. Sci. 2019, 20, 4479 18 of 23

49. Galli, S.J.; Borregaard, N.; Wynn, T.A. Phenotypic and functional plasticity of cells of innate immunity:
Macrophages, mast cells and neutrophils. Nat. Immunol. 2011, 12, 1035–1044. [CrossRef]

50. Fulton, G.P.; Maynard, F.L.; Riley, J.F.; West, G.B. Humoral aspects of tissue mast cells. Physiol, Rev. 1957,
37, 221–232. [CrossRef]

51. Bydlowski, S.P. Mast cell: Its mediators and effects on arterial wall metabolism. Gen. Pharmacol. 1986,
17, 625–631. [CrossRef]

52. Atkinson, J.B.; Harlan, C.W.; Harlan, G.C.; Virmani, R. The association of mast cells and atherosclerosis:
A morphologic study of early atherosclerotic lesions in young people. Hum. Pathol. 1994, 25, 154–159.
[CrossRef]

53. Kaartinen, M.; Penttilä, A.; Kovanen, P.T. Mast cells of two types differing in neutral protease composition
in the human aortic intima. Demonstration of tryptase- and tryptase/chymase-containing mast cells in
normal intimas, fatty streaks, and the shoulder region of atheromas. Arterioscler. Thromb. 1994, 14, 966–972.
[CrossRef] [PubMed]

54. Valent, P.; Akin, C.; Metcalfe, D.D. Mastocytosis: 2016 updated WHO classification and novel emerging
treatment concepts. Blood. 2017, 129, 1420–1427. [CrossRef] [PubMed]

55. Goldstein, J.A.; Demetriou, D.; Grines, C.L.; Pica, M.; Shoukfeh, M.; O’Neill, W.W. Multiple complex coronary
plaques in patients with acute myocardial infarction. N. Engl. J. Med. 2000, 343, 915–922. [CrossRef]
[PubMed]

56. Kaartinen, M.; Penttilä, A.; Kovanen, P.T. Accumulation of activated mast cells in the shoulder region of
human coronary atheroma, the predilection site of atheromatous rupture. Circulation 1994, 90, 1669–1678.
[CrossRef]

57. Kovanen, P.T.; Kaartinen, M.; Paavonen, T. Infiltrates of activated mast cells at the site of coronary
atheromatous erosion or rupture in myocardial infarction. Circulation 1995, 92, 1084–1088. [CrossRef]

58. Kaartinen, M.; van der Wal, A.C.; van der Loos, C.M.; Piek, J.J.; Koch, K.T.; Becker, A.E.; Kovanen, P.T. Mast
cell infiltration in acute coronary syndromes: Implications for plaque rupture. J. Am. Coll. Cardiol. 1998,
32, 606–612. [CrossRef]

59. Lindstedt, K.A.; Kokkonen, J.O.; Kovanen, P.T. Soluble heparin proteoglycans released from stimulated
mast cells induce uptake of low density lipoproteins by macrophages via scavenger receptor-mediated
phagocytosis. J. Lipid Res. 1992, 33, 65–75.

60. Lindstedt, K.A.; Kokkonen, J.O.; Kovanen, P.T. Regulation of the activity of secreted human lung mast cell
tryptase by mast cell proteoglycans. Biochim. Biophys. Acta. 1998, 1425, 617–627. [CrossRef]

61. Laine, P.; Kaartinen, M.; Penttilä, A.; Panula, P.; Paavonen, T.; Kovanen, P.T. Association between myocardial
infarction and the mast cells in the adventitia of the infarct-related coronary artery. Circulation 1999,
99, 361–369. [CrossRef]

62. Kortelainen, M.L.; Porvari, K. Adventitial macrophage and lymphocyte accumulation accompanying early
stages of human coronary atherogenesis. Cardiovasc. Pathol. 2014, 23, 193–197. [CrossRef] [PubMed]

63. Brown, N.K.; Zhou, Z.; Zhang, J.; Zeng, R.; Wu, J.; Eitzman, D.T.; Chen, Y.E.; Chang, L. Perivascular adipose
tissue in vascular function and disease: A review of current research and animal models. Arterioscler. Thromb.
Vasc. Biol. 2014, 34, 1621–1630. [CrossRef]

64. Ohyama, K.; Matsumoto, Y.; Takanami, K.; Ota, H.; Nishimiya, K.; Sugisawa, J.; Tsuchiya, S.; Amamizu, H.;
Uzuka, H.; Suda, A. Coronary adventitial and perivascular adipose tissue inflammation in patients with
vasospastic angina. J. Am. Coll. Cardiol. 2018, 71, 414–425. [CrossRef] [PubMed]

65. Zelechowska, P.; Agier, J.; Kozlowska, E.; Brzezinska-Blaszczyk, E. Mast cells participate in chronic low-grade
inflammation within adipose tissue. Obes. Rev. 2018, 19, 686–697. [CrossRef] [PubMed]

66. Klein, O.; Sagi-Eisenberg, R. Anaphylactic degranulation of mast cells: Focus on compound exocytosis.
J. Immunol. Res. 2019, 2019, 9542656. [CrossRef]

67. Kounis, N.G.; Zavras, G.M. Histamine-induced coronary artery spasm: The concept of allergic angina. Br. J.
Clin. Pract. 1991, 45, 121–128. [PubMed]

68. Kounis, N.G. Kounis syndrome: An update on epidemiology, pathogenesis, diagnosis and therapeutic
management. Clin. Chem. Lab. Med. 2016, 54, 1545–1559. [CrossRef]

69. Niccoli, G.; Montone, R.A.; Sabato, V.; Crea, F. Role of allergic inflammatory cells in coronary artery disease.
Circulation 2018, 138, 1736–1748. [CrossRef]

http://dx.doi.org/10.1038/ni.2109
http://dx.doi.org/10.1152/physrev.1957.37.2.221
http://dx.doi.org/10.1016/0306-3623(86)90290-9
http://dx.doi.org/10.1016/0046-8177(94)90271-2
http://dx.doi.org/10.1161/01.ATV.14.6.966
http://www.ncbi.nlm.nih.gov/pubmed/7515278
http://dx.doi.org/10.1182/blood-2016-09-731893
http://www.ncbi.nlm.nih.gov/pubmed/28031180
http://dx.doi.org/10.1056/NEJM200009283431303
http://www.ncbi.nlm.nih.gov/pubmed/11006367
http://dx.doi.org/10.1161/01.CIR.90.4.1669
http://dx.doi.org/10.1161/01.CIR.92.5.1084
http://dx.doi.org/10.1016/S0735-1097(98)00283-6
http://dx.doi.org/10.1016/S0304-4165(98)00115-9
http://dx.doi.org/10.1161/01.CIR.99.3.361
http://dx.doi.org/10.1016/j.carpath.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24685316
http://dx.doi.org/10.1161/ATVBAHA.114.303029
http://dx.doi.org/10.1016/j.jacc.2017.11.046
http://www.ncbi.nlm.nih.gov/pubmed/29389358
http://dx.doi.org/10.1111/obr.12670
http://www.ncbi.nlm.nih.gov/pubmed/29334696
http://dx.doi.org/10.1155/2019/9542656
http://www.ncbi.nlm.nih.gov/pubmed/1793697
http://dx.doi.org/10.1515/cclm-2016-0010
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.035400


Int. J. Mol. Sci. 2019, 20, 4479 19 of 23

70. Varricchi, G.; Loffredo, S.; Borriello, F.; Pecoraro, A.; Rivellese, F.; Genovese, A.; Spadaro, G.; Marone, G.
Superantigenic activation of human cardiac mast cells. Int. J. Mol. Sci. 2019, 20, 1828. [CrossRef]

71. Befus, A.D.; Mowat, C.; Gilchrist, M.; Hu, J.; Solomon, S.; Bateman, A. Neutrophil defensins induce histamine
secretion from mast cells: Mechanisms of action. J. Immunol. 1999, 163, 947–953. [PubMed]

72. Yu, Y.; Blokhuis, B.R.; Garssen, J.; Redegeld, F.A. Non-IgE mediated mast cell activation. Eur. J. Pharmacol.
2016, 778, 33–43. [CrossRef] [PubMed]

73. Moon, T.C.; Befus, A.D.; Kulka, M. Mast cell mediators: Their differential release and the secretory pathways
involved. Front. Immunol. 2014, 5, 569. [CrossRef] [PubMed]

74. Theoharides, T.C.; Alysandratos, K.D.; Angelidou, A.; Delivanis, D.A.; Sismanopoulos, N.; Zhang, B.;
Asadi, S.; Vasiadi, M.; Weng, Z.; Miniati, A. Mast cells and inflammation. Biochim. Biophys. Acta. 2012,
1822, 21–33. [CrossRef] [PubMed]

75. Kovanen, P.T.; Bot, I. Mast cells in atherosclerotic cardiovascular disease - Activators and actions. Eur. J.
Pharmacol. 2017, 816, 37–46. [CrossRef]

76. Baram, D.; Vaday, GG.; Salamon, P.; Drucker, I.; Hershkoviz, R.; Mekori, YA. Human mast cells release
metalloproteinase-9 on contact with activated T cells: Juxtacrine regulation by TNF-α. J. Immunol. 2001,
167, 4008–4016. [CrossRef]

77. Shefler, I.; Salamon, P.; Reshef, T.; Mor, A.; Mekori, YA. T cell-induced mast cell activation: A role for
microparticles released from activated T cells. J. Immunol. 2010, 185, 4206–4212. [CrossRef]

78. Yu, T.; He, Z.; Yang, M.; Song, J.; Ma, C.; Ma, S.; Feng, J.; Liu, B.; Wang, X.; Wei, Z. The development of
methods for primary mast cells in vitro and ex vivo: An historical review. Exp. Cell Res. 2018, 369, 179–186.
[CrossRef]

79. Lappalainen, J.; Lindstedt, K.A.; Kovanen, P.T. A protocol for generating high numbers of mature and
functional human mast cells from peripheral blood. Clin. Exp. Allergy. 2007, 37, 1404–1414. [CrossRef]

80. Lappalainen, J.; Lindstedt, K.A.; Oksjoki, R.; Kovanen, P.T. OxLDL-IgG immune complexes induce expression
and secretion of proatherogenic cytokines by cultured human mast cells. Atherosclerosis 2011, 214, 357–363.
[CrossRef]

81. Laine, P.; Pentikäinen, M.O.; Würzner, R.; Penttilä, A.; Paavonen, T.; Meri, S.; Kovanen, P.T. Evidence for
complement activation in ruptured coronary plaques in acute myocardial infarction. Am. J. Cardiol. 2002,
90, 404–408. [CrossRef]

82. Oksjoki, R.; Laine, P.; Helske, S.; Vehmaan-Kreula, P.; Mäyränpää, M.I.; Gasque, P.; Kovanen, P.T.;
Pentikäinen, M.O. Receptors for the anaphylatoxins C3a and C5a are expressed in human atherosclerotic
coronary plaques. Atherosclerosis 2007, 195, 90–99. [CrossRef] [PubMed]

83. de Vries, M.R.; Wezel, A.; Schepers, A.; van Santbrink, P.J.; Woodruff, T.M.; Niessen, H.W.M.; Hamming, J.P.;
Kuiper, J.; Bot, I.; Quax, P.H.A. Complement factor C5a as mast cell activator mediates vascular remodelling
in vein graft disease. Cardiovasc. Res. 2012, 97, 311–320. [CrossRef] [PubMed]

84. Laine, P.; Naukkarinen, A.; Heikkilä, L.; Penttilä, A.; Kovanen, P.T. Adventitial mast cells connect with sensory
nerve fibers in atherosclerotic coronary arteries. Circulation 2000, 101, 1665–1669. [CrossRef] [PubMed]

85. Forman, M.B.; Oates, J.A.; Robertson, D.; Robertson, R.M.; Roberts, L.J., 2nd; Virmani, R. Increased adventitial
mast cells in a patient with coronary spasm. N. Engl. J. Med. 1985, 313, 1138–1141. [CrossRef] [PubMed]

86. Dichlberger, A.; Schlager, S.; Kovanen, P.T.; Schneider, W.J. Lipid droplets in activated mast cells - a significant
source of triglyceride-derived arachidonic acid for eicosanoid production. Eur. J. Pharmacol. 2016, 785, 59–69.
[CrossRef]

87. Theoharides, T.C.; Kempuraj, D.; Tagen, M.; Conti, P.; Kalogeromitros, D. Differential release of mast cell
mediators and the pathogenesis of inflammation. Immunol. Rev. 2007, 217, 65–78. [CrossRef] [PubMed]

88. Alevizos, M.; Karagkouni, A.; Panagiotidou, S.; Vasiadi, M.; Theoharides, T.C. Stress triggers coronary mast
cells leading to cardiac events. Ann. Allergy Asthma Immunol. 2014, 112, 309–316. [CrossRef]

89. Vicario, M.; Guilarte, M.; Alonso, C.; Yang, P.; Martinez, C.; Ramos, L.; Lobo, B.; Gonzalez, A.; Guila, M.;
Pigrau, M. Chronological assessment of mast cell-mediated gut dysfunction and mucosal inflammation in a
rat model of chronic psychosocial stress. Brain Behav. Immun. 2010, 24, 1166–1175. [CrossRef]

90. Iwamoto, S.; Asada, Y.; Ebihara, N.; Hori, K.; Okayama, Y.; Kashiwakura, J.; Watanabe, Y.; Kawasaki, S.;
Yokoi, N.; Inatomi, T. Interaction between conjunctival epithelial cells and mast cells induces CCL2 expression
and piecemeal degranulation in mast cells. Invest. Ophthalmol. Vis. Sci. 2013, 54, 2465–2473. [CrossRef]

http://dx.doi.org/10.3390/ijms20081828
http://www.ncbi.nlm.nih.gov/pubmed/10395691
http://dx.doi.org/10.1016/j.ejphar.2015.07.017
http://www.ncbi.nlm.nih.gov/pubmed/26164792
http://dx.doi.org/10.3389/fimmu.2014.00569
http://www.ncbi.nlm.nih.gov/pubmed/25452755
http://dx.doi.org/10.1016/j.bbadis.2010.12.014
http://www.ncbi.nlm.nih.gov/pubmed/21185371
http://dx.doi.org/10.1016/j.ejphar.2017.10.013
http://dx.doi.org/10.4049/jimmunol.167.7.4008
http://dx.doi.org/10.4049/jimmunol.1000409
http://dx.doi.org/10.1016/j.yexcr.2018.05.030
http://dx.doi.org/10.1111/j.1365-2222.2007.02778.x
http://dx.doi.org/10.1016/j.atherosclerosis.2010.11.024
http://dx.doi.org/10.1016/S0002-9149(02)02498-0
http://dx.doi.org/10.1016/j.atherosclerosis.2006.12.016
http://www.ncbi.nlm.nih.gov/pubmed/17234193
http://dx.doi.org/10.1093/cvr/cvs312
http://www.ncbi.nlm.nih.gov/pubmed/23071133
http://dx.doi.org/10.1161/01.CIR.101.14.1665
http://www.ncbi.nlm.nih.gov/pubmed/10758048
http://dx.doi.org/10.1056/NEJM198510313131807
http://www.ncbi.nlm.nih.gov/pubmed/2413358
http://dx.doi.org/10.1016/j.ejphar.2015.07.020
http://dx.doi.org/10.1111/j.1600-065X.2007.00519.x
http://www.ncbi.nlm.nih.gov/pubmed/17498052
http://dx.doi.org/10.1016/j.anai.2013.09.017
http://dx.doi.org/10.1016/j.bbi.2010.06.002
http://dx.doi.org/10.1167/iovs.12-10664


Int. J. Mol. Sci. 2019, 20, 4479 20 of 23

91. McCurdy, J.D.; Olynych, T.J.; Maher, L.H.; Marshall, J.S. Cutting edge: Distinct Toll-like receptor 2 activators
selectively induce different classes of mediator production from human mast cells. J. Immunol. 2003,
170, 1625–1629. [CrossRef] [PubMed]

92. Frossi, B.; D’Inca, F.; Crivellato, E.; Sibilano, R.; Gri, G.; Mongillo, M.; Danelli, L.; Maggi, L.; Pucillo, C.E.
Single-cell dynamics of mast cell-CD4+ CD25+ regulatory T cell interactions. Eur. J. Immunol. 2011,
41, 1872–1882. [CrossRef] [PubMed]

93. Dvorak, A.M. Basophils and mast cells: Piecemeal degranulation in situ and ex vivo: A possible mechanism
for cytokine-induced function in disease. Immunol. Ser. 1992, 57, 169–271. [PubMed]

94. Kaartinen, M.; Penttilä, A.; Kovanen, P.T. Mast cells in rupture-prone areas of human coronary atheromas
produce and store TNF-alpha. Circulation 1996, 94, 2787–2792. [CrossRef] [PubMed]

95. von der Thusen, J.H.; van Berkel, T.J.; Biessen, E.A. Induction of rapid atherogenesis by perivascular
carotid collar placement in apolipoprotein E-deficient and low-density lipoprotein receptor-deficient mice.
Circulation 2001, 103, 1164–1170. [CrossRef]

96. Rozenberg, I.; Sluka, S.H.; Rohrer, L.; Hofmann, J.; Becher, B.; Akhmedov, A.; Soliz, J.; Mocharla, P.; Boren, J.;
Johansen, P. Histamine H1 receptor promotes atherosclerotic lesion formation by increasing vascular
permeability for low-density lipoproteins. Arterioscler Thromb. Vasc. Biol. 2010, 30, 923–930. [CrossRef]
[PubMed]

97. Itoh, Y.; Sendo, T.; Oishi, R. Physiology and pathophysiology of proteinase-activated receptors (PARs): Role
of tryptase/PAR-2 in vascular endothelial barrier function. J. Pharmacol. Sci. 2005, 97, 14–19. [CrossRef]
[PubMed]

98. Mukai, K.; Tsai, M.; Saito, H.; Galli, S.J. Mast cells as sources of cytokines, chemokines, and growth factors.
Immunol. Rev. 2018, 282, 121–150. [CrossRef] [PubMed]

99. Nguyen, S.D.; Maaninka, K.; Lappalainen, J.; Nurmi, K.; Metso, J.; Öörni, K.; Navab, M.; Fogelman, A.M.;
Jauhiainen, M.; Lee-Rueckert, M.; et al. Carboxyl-terminal cleavage of apolipoprotein A-I by human mast
cell chymase impairs its anti-inflammatory properties. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 274–284.
[CrossRef]

100. Maaninka, K.; Nguyen, S.D.; Mäyränpää, M.I.; Plihtari, R.; Rajamäki, K.; Lindsberg, P.J.; Kovanen, P.T.;
Öörni, K. Human mast cell neutral proteases generate modified LDL particles with increased proteoglycan
binding. Atherosclerosis 2018, 275, 390–399. [CrossRef]

101. Kokkonen, J.O.; Kovanen, P.T. Stimulation of mast cells leads to cholesterol accumulation in macrophages
in vitro by a mast cell granule-mediated uptake of low density lipoprotein. Proc. Natl. Acad. Sci. USA 1987,
84, 2287–2291. [CrossRef] [PubMed]

102. Kovanen, P.T. Mast cells in human fatty streaks and atheromas: Implications for intimal lipid accumulation.
Curr. Opin. Lipidol. 1996, 7, 281–286. [CrossRef] [PubMed]

103. Kaartinen, M.; Penttilä, A.; Kovanen, P.T. Extracellular mast cell granules carry apolipoprotein
B-100-containing lipoproteins into phagocytes in human arterial intima. Functional coupling of exocytosis
and phagocytosis in neighboring cells. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 2047–2054. [CrossRef]
[PubMed]

104. Kareinen, I.; Cedo, L.; Silvennoinen, R.; Laurila, P.P.; Jauhiainen, M.; Julve, J.; Blanco-Vaca, F.; Escola-Gil, J.C.;
Kovanen, P.T.; Lee-Rueckert, M. Enhanced vascular permeability facilitates entry of plasma HDL and
promotes macrophage-reverse cholesterol transport from skin in mice. J. Lipid Res. 2015, 56, 241–253.
[CrossRef] [PubMed]

105. Lee-Rueckert, M.; Kovanen, P.T. Extracellular modifications of HDL in vivo and the emerging concept of
proteolytic inactivation of prebeta-HDL. Curr. Opin. Lipidol. 2011, 22, 394–402. [CrossRef]

106. Mäyränpää, M.I.; Heikkilä, H.M.; Lindstedt, K.A.; Walls, A.F.; Kovanen, P.T. Desquamation of human coronary
artery endothelium by human mast cell proteases: Implications for plaque erosion. Coron. Artery. Dis. 2006,
17, 611–621. [CrossRef]

107. Lätti, S.; Leskinen, M.; Shiota, N.; Wang, Y.; Kovanen, P.T.; Lindstedt, K.A. Mast cell-mediated apoptosis of
endothelial cells in vitro: A paracrine mechanism involving TNF-alpha-mediated down-regulation of bcl-2
expression. J. Cell Physiol. 2003, 195, 130–138. [CrossRef] [PubMed]

108. Libby, P.; Pasterkamp, G.; Crea, F.; Jang, I.K. Reassessing the mechanisms of acute coronary syndromes. Circ.
Res. 2019, 124, 150–160. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.170.4.1625
http://www.ncbi.nlm.nih.gov/pubmed/12574323
http://dx.doi.org/10.1002/eji.201041300
http://www.ncbi.nlm.nih.gov/pubmed/21509780
http://www.ncbi.nlm.nih.gov/pubmed/1504138
http://dx.doi.org/10.1161/01.CIR.94.11.2787
http://www.ncbi.nlm.nih.gov/pubmed/8941103
http://dx.doi.org/10.1161/01.CIR.103.8.1164
http://dx.doi.org/10.1161/ATVBAHA.109.201079
http://www.ncbi.nlm.nih.gov/pubmed/20203300
http://dx.doi.org/10.1254/jphs.FMJ04005X3
http://www.ncbi.nlm.nih.gov/pubmed/15655299
http://dx.doi.org/10.1111/imr.12634
http://www.ncbi.nlm.nih.gov/pubmed/29431212
http://dx.doi.org/10.1161/ATVBAHA.115.306827
http://dx.doi.org/10.1016/j.atherosclerosis.2018.04.016
http://dx.doi.org/10.1073/pnas.84.8.2287
http://www.ncbi.nlm.nih.gov/pubmed/3470793
http://dx.doi.org/10.1097/00041433-199610000-00004
http://www.ncbi.nlm.nih.gov/pubmed/8937517
http://dx.doi.org/10.1161/01.ATV.15.11.2047
http://www.ncbi.nlm.nih.gov/pubmed/7583588
http://dx.doi.org/10.1194/jlr.M050948
http://www.ncbi.nlm.nih.gov/pubmed/25473102
http://dx.doi.org/10.1097/MOL.0b013e32834a3d24
http://dx.doi.org/10.1016/S1567-5688(05)80015-7
http://dx.doi.org/10.1002/jcp.10235
http://www.ncbi.nlm.nih.gov/pubmed/12599216
http://dx.doi.org/10.1161/CIRCRESAHA.118.311098
http://www.ncbi.nlm.nih.gov/pubmed/30605419


Int. J. Mol. Sci. 2019, 20, 4479 21 of 23

109. Wezel, A.; Lagraauw, H.M.; van der Velden, D.; de Jager, S.C.; Quax, P.H.; Kuiper, J.; Bot, I. Mast cells
mediate neutrophil recruitment during atherosclerotic plaque progression. Atherosclerosis 2015, 241, 289–296.
[CrossRef]

110. Uryga, A.K.; Bennett, M.R. Ageing induced vascular smooth muscle cell senescence in atherosclerosis.
J. Physiol. 2016, 594, 2115–2124. [CrossRef]

111. Libby, P. Mechanisms of acute coronary syndromes and their implications for therapy. N. Engl. J. Med. 2013,
368, 2004–2013. [CrossRef]

112. Leskinen, M.J.; Kovanen, P.T.; Lindstedt, K.A. Regulation of smooth muscle cell growth, function and death
in vitro by activated mast cells–a potential mechanism for the weakening and rupture of atherosclerotic
plaques. Biochem. Pharmacol. 2003, 66, 1493–1498. [CrossRef]

113. Wang, Y.; Shiota, N.; Leskinen, M.J.; Lindstedt, K.A.; Kovanen, P.T. Mast cell chymase inhibits smooth muscle
cell growth and collagen expression in vitro: Transforming growth factor-beta1-dependent and -independent
effects. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 1928–1933. [CrossRef] [PubMed]

114. Saarinen, J.; Kalkkinen, N.; Welgus, H.G.; Kovanen, P.T. Activation of human interstitial procollagenase
through direct cleavage of the Leu83-Thr84 bond by mast cell chymase. J. Biol. Chem. 1994, 269, 18134–18140.
[PubMed]

115. Gruber, B.L.; Marchese, M.J.; Suzuki, K.; Schwartz, L.B.; Okada, Y.; Nagase, H.; Ramamurthy, N.S. Synovial
procollagenase activation by human mast cell tryptase: Dependence upon matrix metalloproteinase 3
activation. J. Clin. Investig. 1989, 84, 1657–1662. [CrossRef] [PubMed]

116. Johnson, J.L.; Jackson, C.L.; Angelini, G.D.; George, S.J. Activation of matrix-degrading metalloproteinases by
mast cell proteases in atherosclerotic plaques. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1707–1715. [CrossRef]
[PubMed]

117. Marsch, E.; Sluimer, J.C.; Daemen, M.J. Hypoxia in atherosclerosis and inflammation. Curr. Opin. Lipidol.
2013, 24, 393–400. [CrossRef] [PubMed]

118. Hulten, L.M.; Levin, M. The role of hypoxia in atherosclerosis. Curr. Opin. Lipidol. 2009, 20, 409–414.
[CrossRef]

119. Virmani, R.; Burke, A.P.; Farb, A.; Kolodgie, F.D. Pathology of the vulnerable plaque. J. Am. Coll. Cardiol.
2006, 47, C13–18. [CrossRef]

120. Ribatti, D.; Levi-Schaffer, F.; Kovanen, P.T. Inflammatory angiogenesis in atherogenesis—A double-edged
sword. Ann. Med. 2008, 40, 606–621. [CrossRef]

121. Ribatti, D.; Crivellato, E. Mast cells, angiogenesis, and tumour growth. Biochim. Biophys. Acta 2012, 1822, 2–8.
[CrossRef]

122. Gulliksson, M.; Carvalho, R.F.; Ullerås, E.; Nilsson, G. Mast cell survival and mediator secretion in response
to hypoxia. PLoS ONE 2010, 5, e12360. [CrossRef] [PubMed]

123. de Souza Junior, D.A.; Borges, A.C.; Santana, A.C.; Oliver, C.; Jamur, M.C. Mast cell proteases 6 and 7 stimulate
angiogenesis by inducing endothelial cells to release angiogenic factors. PLoS ONE 2015, 10, e0144081.
[CrossRef] [PubMed]

124. Blair, R.J.; Meng, H.; Marchese, M.J.; Ren, S.; Schwartz, L.B.; Tonnesen, M.G.; Gruber, B.L. Human mast
cells stimulate vascular tube formation. Tryptase is a novel, potent angiogenic factor. J. Clin. Investig. 1997,
99, 2691–2700. [CrossRef] [PubMed]

125. Qian, N.; Li, X.; Wang, X.; Wu, C.; Yin, L.; Zhi, X. Tryptase promotes breast cancer angiogenesis through
PAR-2 mediated endothelial progenitor cell activation. Oncol. Lett. 2018, 16, 1513–1520. [CrossRef] [PubMed]

126. Lappalainen, H.; Laine, P.; Pentikäinen, M.O.; Sajantila, A.; Kovanen, P.T. Mast cells in neovascularized
human coronary plaques store and secrete basic fibroblast growth factor, a potent angiogenic mediator.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1880–1885. [CrossRef] [PubMed]

127. Kaartinen, M.; Penttilä, A.; Kovanen P, T. Mast cells accompany microvessels in human coronary atheromas:
Implications for intimal neovascularization and hemorrhage. Atherosclerosis 1996, 123, 123–131. [CrossRef]

128. Kovanen, P.T. Mast cells and degradation of pericellular and extracellular matrices: Potential contributions
to erosion, rupture and intraplaque haemorrhage of atherosclerotic plaques. Biochem. Soc. Trans. 2007,
35, 857–861. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.atherosclerosis.2015.05.028
http://dx.doi.org/10.1113/JP270923
http://dx.doi.org/10.1056/NEJMra1216063
http://dx.doi.org/10.1016/S0006-2952(03)00503-3
http://dx.doi.org/10.1161/hq1201.100227
http://www.ncbi.nlm.nih.gov/pubmed/11742866
http://www.ncbi.nlm.nih.gov/pubmed/8027075
http://dx.doi.org/10.1172/JCI114344
http://www.ncbi.nlm.nih.gov/pubmed/2553780
http://dx.doi.org/10.1161/01.ATV.18.11.1707
http://www.ncbi.nlm.nih.gov/pubmed/9812908
http://dx.doi.org/10.1097/MOL.0b013e32836484a4
http://www.ncbi.nlm.nih.gov/pubmed/23942270
http://dx.doi.org/10.1097/MOL.0b013e3283307be8
http://dx.doi.org/10.1016/j.jacc.2005.10.065
http://dx.doi.org/10.1080/07853890802186913
http://dx.doi.org/10.1016/j.bbadis.2010.11.010
http://dx.doi.org/10.1371/journal.pone.0012360
http://www.ncbi.nlm.nih.gov/pubmed/20808808
http://dx.doi.org/10.1371/journal.pone.0144081
http://www.ncbi.nlm.nih.gov/pubmed/26633538
http://dx.doi.org/10.1172/JCI119458
http://www.ncbi.nlm.nih.gov/pubmed/9169499
http://dx.doi.org/10.3892/ol.2018.8856
http://www.ncbi.nlm.nih.gov/pubmed/30008831
http://dx.doi.org/10.1161/01.ATV.0000140820.51174.8d
http://www.ncbi.nlm.nih.gov/pubmed/15284090
http://dx.doi.org/10.1016/0021-9150(95)05794-3
http://dx.doi.org/10.1042/BST0350857
http://www.ncbi.nlm.nih.gov/pubmed/17956232


Int. J. Mol. Sci. 2019, 20, 4479 22 of 23

129. Sluimer, J.C.; Kolodgie, F.D.; Bijnens, A.P.; Maxfield, K.; Pacheco, E.; Kutys, B.; Duimel, H.; Frederik, P.M.;
van Hinsbergh, V.W.; Virmani, R. Thin-walled microvessels in human coronary atherosclerotic plaques
show incomplete endothelial junctions: Relevance of compromised structural integrity for intraplaque
microvascular leakage. J. Am. Coll. Cardiol. 2009, 53, 1517–1527. [CrossRef]

130. Jeziorska, M.; McCollum, C.; Woolley, D.E. Mast cell distribution, activation, and phenotype in atherosclerotic
lesions of human carotid arteries. J. Pathol. 1997, 182, 115–122. [CrossRef]

131. Jeziorska, M.; Woolley, D.E. Local neovascularization and cellular composition within vulnerable regions of
atherosclerotic plaques of human carotid arteries. J. Pathol. 1999, 188, 189–196. [CrossRef]

132. Lehtonen-Smeds, E.M.; Mäyränpää, M.; Lindsberg, P.J.; Soinne, L.; Saimanen, E.; Järvinen, A.A.; Salonen, O.;
Carpén, O.; Lassila, R.; Sarna, S.; et al. Carotid plaque mast cells associate with atherogenic serum lipids,
high grade carotid stenosis and symptomatic carotid artery disease. Results from the Helsinki carotid
endarterectomy study. Cerebrovasc. Dis. 2005, 19, 291–301. [CrossRef] [PubMed]

133. Willems, S.; Vink, A.; Bot, I.; Quax, P.H.; de Borst, G.J.; de Vries, J.P.; van de Weg, S.M.; Moll, F.L.; Kuiper, J.;
Kovanen, P.T. Mast cells in human carotid atherosclerotic plaques are associated with intraplaque microvessel
density and the occurrence of future cardiovascular events. Eur. Heart. J. 2013, 34, 3699–3706. [CrossRef]
[PubMed]

134. Mohajeri, M.; Kovanen, P.T.; Bianconi, V.; Pirro, M.; Cicero, A.F.G.; Sahebkar, A. Mast cell tryptase - Marker
and maker of cardiovascular diseases. Pharmacol. Ther. 2019, 199, 91–110. [CrossRef] [PubMed]

135. Morici, N.; Farioli, L.; Losappio, L.M.; Colombo, G.; Nichelatti, M.; Preziosi, D.; Micarelli, G.; Oliva, F.;
Giannattasio, C.; Klugmann, S. Mast cells and acute coronary syndromes: Relationship between serum
tryptase, clinical outcome and severity of coronary artery disease. Open Heart. 2016, 3, e000472. [CrossRef]
[PubMed]

136. Kovanen, P.T.; Mänttäri, M.; Palosuo, T.; Manninen, V.; Aho, K. Prediction of myocardial infarction in
dyslipidemic men by elevated levels of immunoglobulin classes A, E, and G, but not M. Arch. Intern. Med.
1998, 158, 1434–1439. [CrossRef] [PubMed]

137. Patella, V.; Marino, I.; Lamparter, B.; Arbustini, E.; Adt, M.; Marone, G. Human heart mast cells. Isolation,
purification, ultrastructure, and immunologic characterization. J. Immunol. 1995, 154, 2855–2865. [PubMed]

138. Kawakami, T.; Kitaura, J. Mast cell survival and activation by IgE in the absence of antigen: A consideration
of the biologic mechanisms and relevance. J. Immunol. 2005, 175, 4167–4173. [CrossRef]

139. Kritikou, E.; Depuydt, M.A.C.; de Vries, M.R.; Mulder, K.E.; Govaert, A.M.; Smit, M.D.; van Duijn, J.; Foks, A.C.;
Wezel, A.; Smeets, H.J. Flow cytometry-based characterization of mast cells in human atherosclerosis. Cells
2019, 8, 334. [CrossRef]

140. Pussinen, P.J.; Paju, S.; Koponen, J.; Viikari, J.S.A.; Taittonen, L.; Laitinen, T.; Burgner, D.P.; Kähönen, M.;
Hutri-Kähönen, N.; Raitakari, O.T. Association of childhood oral infections with cardiovascular risk factors
and subclinical atherosclerosis in adulthood. JAMA Netw. Open 2019, 2, e192523. [CrossRef]

141. Tang, W.H.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig.
2014, 124, 4204–4211. [CrossRef]

142. Progulske-Fox, A.; Kozarov, E.; Dorn, B.; Dunn, W., Jr.; Burks, J.; Wu, Y. Porphyromonas gingivalis virulence
factors and invasion of cells of the cardiovascular system. J. Periodontal. Res. 1999, 34, 393–399. [CrossRef]
[PubMed]

143. Kozarov, E.V.; Dorn, B.R.; Shelburne, C.E.; Dunn, W.A., Jr.; Progulske-Fox, A. Human atherosclerotic plaque
contains viable invasive Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler.
Thromb. Vasc. Biol. 2005, 25, e17–e18. [CrossRef] [PubMed]

144. Koren, O.; Spor, A.; Felin, J.; Fåk, F.; Stombaugh, J.; Tremaroli, V.; Behre, C.J.; Knight, R.; Fagerberg, B. Human
oral, gut, and plaque microbiota in patients with atherosclerosis. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. 1),
4592–4598. [CrossRef]

145. Grayston, J.T.; Kuo, C.C.; Coulson, A.S.; Campbell, L.A.; Lawrence, R.D.; Lee, M.J.; Strandness, E.D.; Wang, S.P.
Chlamydia pneumoniae (TWAR) in atherosclerosis of the carotid artery. Circulation 1995, 92, 3397–3400.
[CrossRef] [PubMed]

146. Gupta, K.; Idahosa, C.; Roy, S.; Lee, D.; Subramanian, H.; Dhingra, A.; Boesze-Battaglia, K.; Korostoff, J.;
Ali, H. Differential regulation of mas-related G Protein-coupled receptor X2-mediated mast cell degranulation
by antimicrobial host defense peptides and Porphyromonas gingivalis lipopolysaccharide. Infect. Immun.
2017, 85, e00246–17. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jacc.2008.12.056
http://dx.doi.org/10.1002/(SICI)1096-9896(199705)182:1&lt;115::AID-PATH806&gt;3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1096-9896(199906)188:2&lt;189::AID-PATH336&gt;3.0.CO;2-N
http://dx.doi.org/10.1159/000084497
http://www.ncbi.nlm.nih.gov/pubmed/15775709
http://dx.doi.org/10.1093/eurheartj/eht186
http://www.ncbi.nlm.nih.gov/pubmed/23756333
http://dx.doi.org/10.1016/j.pharmthera.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30877022
http://dx.doi.org/10.1136/openhrt-2016-000472
http://www.ncbi.nlm.nih.gov/pubmed/27752333
http://dx.doi.org/10.1001/archinte.158.13.1434
http://www.ncbi.nlm.nih.gov/pubmed/9665352
http://www.ncbi.nlm.nih.gov/pubmed/7533185
http://dx.doi.org/10.4049/jimmunol.175.7.4167
http://dx.doi.org/10.3390/cells8040334
http://dx.doi.org/10.1001/jamanetworkopen.2019.2523
http://dx.doi.org/10.1172/JCI72331
http://dx.doi.org/10.1111/j.1600-0765.1999.tb02272.x
http://www.ncbi.nlm.nih.gov/pubmed/10685367
http://dx.doi.org/10.1161/01.ATV.0000155018.67835.1a
http://www.ncbi.nlm.nih.gov/pubmed/15662025
http://dx.doi.org/10.1073/pnas.1011383107
http://dx.doi.org/10.1161/01.CIR.92.12.3397
http://www.ncbi.nlm.nih.gov/pubmed/8521559
http://dx.doi.org/10.1128/IAI.00246-17
http://www.ncbi.nlm.nih.gov/pubmed/28694291


Int. J. Mol. Sci. 2019, 20, 4479 23 of 23

147. Lassila, R.; Lindstedt, K.; Kovanen P, T. Native macromolecular heparin proteoglycans exocytosed from
stimulated rat serosal mast cells strongly inhibit platelet-collagen interactions. Arterioscler. Thromb. Vasc. Biol.
1997, 17, 3578–3587. [CrossRef] [PubMed]

148. Lassila, R.; Jouppila, A. Mast cell–derived heparin proteoglycans as a model for a local antithrombotic.
Semin. Thromb. Hemost. 2014, 40, 837–844. [PubMed]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/01.ATV.17.12.3578
http://www.ncbi.nlm.nih.gov/pubmed/9437208
http://www.ncbi.nlm.nih.gov/pubmed/25393636
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Experimental Atherosclerosis: from Mouse to Mechanisms and Proofs of Concept—Still Far from Perfection 
	Atherogenesis—A Brief Outline of a Long Path of Events 
	Mast Cells and Their Presence in Human Atherosclerotic Lesions 
	General Definition of Mast Cells and Their Functions 
	The Abdominal Aorta 
	Epicardial Coronary Arteries 

	Grading Mast Cell Activation in Human Atherosclerotic Coronary Arteries 
	Potential Mast Cell Triggers in Human Atherosclerotic Coronary Arteries 
	Mast Cells as Effector Cells in Atherogenesis 
	Actions Related to Early Atherogenesis 
	Actions Related to Advancing and Terminal Atherogenesis 

	Concluding Remarks: Allergic Atherosclerosis—Does One Exist? 
	References

