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 i. ABSTRACT

Background Stroke is the third leading cause of death, and a significant cause of disability. 
Approximately 20 % of ischemic strokes are due to carotid atherosclerosis, characterized by the 
formation of lipid-rich inflammatory cell collections inside the intima of the carotid bifurcation – carotid 
plaques. The main cell type is a macrophage foam cell, the archetypal cell of the atherosclerotic plaques. 
When a plaque proceeds to a vulnerable phenotype, it manifests itself with clinical symptoms. The most 
common mechanism is the rupture of the fibrous cap overlying the lipid core of the plaque, followed by 
local thrombosis and embolization, ultimately leading to cerebral infarction. Plaques are common, but 
most will remain clinically silent. The main treatment of carotid atherosclerosis is primary and secondary 
prevention with pharmacotherapy and lifestyle interventions. In advanced symptomatic atherosclerosis, 
carotid endarterectomy can be used for stroke prevention. However, selecting the treatment option is 
not clear-cut. For example, many currently surgically treated patients are potentially curable by modern 
pharmacotherapy alone, while other asymptomatic patients – those who had a catastrophic plaque-
originated ischemic stroke – would have benefited from more accurate assessment of the vulnerability 
of the carotid plaque and surgery as the primary prevention. The pathobiology behind the progression 
of the carotid plaque into a vulnerable phenotype is still unclear, and there are no clinical methods to 
evaluate it. This is a core question not only in carotid atherosclerosis, but also in other cardiovascular 
diseases such as coronary artery disease. This study aims at characterizing selected symptom-associated 
genes inside carotid plaques to generate hypotheses about the cellular events associated with plaque 
vulnerability. 

Methods 92 clinically well-characterized stroke, TIA or asymptomatic patients underwent carotid 
endarterectomy due to high-grade (> 70 %) carotid stenosis in 1997–2000 at the Helsinki University 
Central Hospital, and their plaques were collected. A DNA microarray analysis in a sub-group of 
radiologically confirmed asymptomatic and stroke-causing plaques showed 60 genes with significant 
expression differences between the symptomatology groups. Some of the genes were previously 
almost unknown for clinically symptomatic carotid atherosclerosis. The protein products of six of these 
genes – ADFP, CD36, ABCA1, CD163, HO-1 and GLUL – were studied with a detailed map-style 
immunohistochemical methodology, which combined semi-quantitatively assessed protein expression 
level in each plaque (1–2 mm2 area), amount of the most common molecular and cellular stressors inside 
the plaques, and the histopathological features of the plaques. This analysis was supported by protein 
quantification. The immunohistochemical findings were compared with macroscopic plaque data and 
clinical data, as well as with the previously published data from the same patients on other genes found 
in the original DNA microarray work. An advanced statistical methodology was designed for each study 
by a professional statistician.

Results We found meaningful spatial associations between macrophage protein expression and 
different local pathological plaque constituents, in line with previous evidence. The lipid droplet protein 
ADFP associated with erythrocytes and cholesterol clefts, indicating their role in foam cell formation. 
The relationship between CD36 and ABCA1 seemed to favor lipid loading in ruptured carotid plaque 
macrophages, supporting the theory of dysregulated lipid loading as a factor in plaque progression into 
a vulnerable phenotype. GLUL, CD36, CD163 and HO-1 associated with intraplaque hemorrhages. The 
local GLUL association with the studied local pathological factors was more pronounced in symptom-
causing plaques. Higher local GLUL associated with a thinner fibrous cap, a phenomenon linked with 
plaque vulnerability. Based on the results, we formulated the first theory about the significance of GLUL 
in atherosclerosis.
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Conclusions  The pattern of how plaque pathology-promoting factors and molecules such as iron and 
erythrocytes associated with most of the studied genes suggested that antiatherosclerotic macrophages 
were found in many pathological plaque regions. The previous literature from GLUL in other disease 
states and cell cultures supported the role of  GLUL as an evolutionarily highly conserved, life sustaining 
molecule. On the contrary, we found it to be highly associated with multiple types of different pathology-
promoting features, potentially indicating an association with with plaque pathogenesis rather than 
antiatherogenic macrophage activity. This led to a shift in the view about atherosclerosis. The question 
“What is wrong with the biology when atherosclerosis develops?” transformed into the question “Why 
do biologically meaningful responses produce atherosclerosis?” This question was analyzed in light of 
evolution. Certain pathological alterations and cellular problems might be due to evolutionarily ‘outdated’ 
mechanisms in the human. The ancient macrophage may not be programmed for phagocytosing decades 
of excess lipoproteins, a threat faced by man in the modern era of overnutrition, eventually leading to 
heightened vulnerability of the plaques.
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ii. TIIVISTELMÄ (In Finnish)   

Tausta  Noin 20 % iskeemisistä aivoinfarkteista johtuu kaulavaltimoateroskleroosista. Taustalla ole-
va ateroskleroottinen tautiprosessi synnyttää sisempään kaulavaltimoon kolesterolista, makrofageis-
ta ja kalkista koostuvan rasvaytimen eli plakin valtimon seinämän sisään. Vuosikymmenten saatossa         
krooninen tulehdus haurastuttaa valtimon seinämää, lopulta johtaen plakin sidekudoskaton repeämään. 
Revenneen plakin kohdalle syntyvä suonensisäinen verihyytymä voi aiheuttaa massiivisen aivoinfarktin 
emboloituessaan verenkierron mukana aivovaltimoihin. Ateroskleroosia ilmenee useimmissa suurissa 
valtimoissa. Sen pääasiallinen hoito on primaaripreventio lääkityksin ja elintapamuutoksin. Oireilevia 
ahtaumia voi sekä kaula- että sepelvaltimoissa hoitaa myös kirurgisin toimenpitein. Kaulavaltimoend-
arterektomia on oikein valituille potilaille tehokas tapa aivoinfarktin estoon, mutta toimenpide sisältää 
riskinsä. Lisäksi huomionarvioista on, että suurin osa aivoinfarkteista on ensimmäisiä infarkteja, eli 
primaaripreventio on näillä potilailla myöhässä. Tällä hetkellä ei ole mitään kliinistä muuttujaa, jonka 
perusteella voitaisiin valita leikkauksesta eniten hyötyvät potilaat. Ateroskleroottiset muutokset ovat on 
erittäin yleistä, mutta vain harva potilas oireilee. Silti ateroskleroosiin liittyvät sairaudet ovat maailman 
johtavia kuolinsyitä. Tämä tutkimuksen tarkoitus on tutkia oireilevaan ateroskleroosiin liittyviä geenejä 
ja näin täyttää mustia laatikoita ateroskleroosin patofysiologiassa.

Metodit  Vuosina 1997-2000 operoitiin 92 potilasta, joilla oli sisemmän kaulavaltimon merkittävästi 
( > 70 %) ahtauttava plakki. Potilaat olivat aivoinfarktin saaneita, oireettomia tai ohimenevästä aivo-
verenkiertohäiriöstä kärsineitä. DNA-mikrosirutekniikalla vertailtiin oireen aiheuttaneiden ja oireetto-
mien plakkien geeniekspression eroja. Tässä väitöskirjatyössä on tarkemmin analysoitu 6 näistä 60 
geenistä: ADFP, CD36, ABCA1, HMOX1, CD163 ja GLUL. Ensisijainen metodi oli yksityiskohtainen 
karttatyyppinen immunohistokemiallinen analyysi, jossa tutkittiin valomikroskoopilla kokonaisia pit-
kittäisiä leikkeitä kaulavaltimoahtaumista jakaen ne 1-2 mm2 alueisiin. Tutkittujen geenien lisäksi näiltä 
alueilta arvioitiin niiden sijainti ja useita erilaisia tekijöitä, jotka on liitetty ateroskleroosia edistävään 
solutoimintaan. Proteiiniekpressio analysoitiin Western blot- ja ELISA-menetelmin. Tilastollinen ana-
lyysimenetelmä suunniteltiin kuhunkin tutkimukseen yhdessä tilastotieteilijän kanssa.

Tulokset  Aiemmin tunnettujen geenien osalta tulokset viittasivat biologisesti johdonmukaisiin mak-
rofagien geeniekpression muutoksiin suhteessa plakin sisäisiin, paikallisiin ärsykkeisiin kuten rautaan, 
punasoluihin ja kolesterolikiteisiin. ADFP-proteiinin merkitys plakinsisäisen vuodon aiheuttamassa 
vaahtosolunmuodostuksessa vahvistui tutkimuksessamme. Rasvaa soluun sisään ottavan CD36-proteii-
nin ja solusta sitä poistavan ABCA1-proteiinin suhde vaikutti suosivan rasvan soluunottoa repeytyneis-
sä kaulavaltimoahtaumissa. GLUL esiintyi samanaikaisesti useiden valtimon seinämässä tavattavien 
patologisten tekijöihin ja ateroskleroottisten muutosten kanssa, ja GLUL:n suhde näihin muutoksiin oli 
suurempi oireen aiheuttaneissa ahtaumissa. GLUL-proteiinin ekspressio liittyi ohenevaan plakin side-
kudoskattoon, mikä on ilmiö, jonka on katsottu olevan merkittävä tekijä plakkiperäisten aivoverenkier-
tohäiriöiden synnyssä. Tutkimuksen tuloksista muodostui ensimmäinen teoria GLULn merkityksestä 
ateroskleroosissa.

Yhteenveto  Tapa, jolla plakin sisäiset patologiset tekijät, kuten punasolut ja rauta, liittyivät tutkittuihin 
geeneihin, viittasi antiateroskleroottiseen eli ateroskleroosia vähentävään ja kudosta korjaavaan mak-
rofagien toimintaan siellä, missä näitä patologisia tekijöitä oli nähtävissä. Aiemmat julkaisut GLULn 
ja sen lopputuotteen glutamiinin merkityksestä solutoiminnan tehostajana ja suojaajana olivat ristirii-



-8-  

dassa tulosten kanssa viitaten siihen, että enemmän GLULia ilmentävät makrofagit saattoivatkin olla 
haitallisia ahtaumissa. Miksi hyödylliseltä ja mielekkäältä vaikuttavat biologiset mekanismit liittyivät 
enemmän oireilevaan kuin oireettomaan ateroskleroosiin? GLUL on eräs vanhimpia tunnettuja entsyy-
mejä, aina ajalta ennen pro- ja eukaryoottien eriytymistä, ja sillä on tehostava vaikutus mm. makrofagin 
fagosytointikapasiteettiin. Tämä ja muut evoluution valossa vanhat solumekanismit voivat kuitenkin 
aiheuttaa makrofageille ongelmia niiden taistellessa ihmiskunnan historiassa varsin nuorta ilmiötä eli 
vuosikymmeniä kestävää ylenmääräistä rasvan saantia vastaan, johtaen lopulta ateroskleroottisen plakin 
oireellisuuteen.
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1. INTRODUCTION

The word ‘atherosclerosis’ generates over 140 000 hits from PubMed alone, an indicator of the vast clinical 
and scientifical interest in this topic. Atherosclerosis is a systemic disease highly prevalent in the human 
population, known for centuries. Among the first descriptions of the disease was Leonardo da Vinci’s: 
‘Vessels in the elderly restrict the transit of blood through thickening of the tunics’1. A characteristic of 
atherosclerosis is the development of atherosclerotic lesions – plaques – within the arterial intima. A 
chronic macrophage-dominated inflammatory process, continuous proliferation and apoptosis, along with 
vascular sclerosis together cause the growth of the plaques. The bifurcations and bends of large arteries 
are common predilection sites for plaque development. The dysfunctional arterial endothelium allows 
the entrance of the blood lipoproteins, which then induces local inflammation and tissue alterations. The 
intima becomes thickened by the migration and proliferation of vascular smooth muscle cells, causing 
luminal stenosis. The intimal lipoproteins pool and are phagocytosed by macrophages that transform 
into archetypal lipid-filled foam cells seen in the plaques. For an unknown reason, the lipid phagocytes 
undergo apoptosis. When the clearance of the apoptotic bodies is insufficient, in some lesions a necrotic 
lipid and inflammatory cell collection forms under the endothelium – the necrotic core – separated from 
the bloodstream by a thin fibrous layer – the fibrous cap. The lesions undergo repeated inflammation-
related micro- and macro-injury and repair for decades. When this process has matured, the plaque will 
becomes vulnerable; it might then destabilize, manifesting with clinical symptoms. The underlying 
mechanisms include the rupture of the fibrous layer or the surface erosion, leading to a local luminal 
thrombosis over the plaque. As the clot sends an embolus to distant arteries, it might lead to an ischemic 
injury of the end-organ, causing ischemic stroke, myocardial infarction, or sudden death. As a systemic 
disease, the pathobiology of atherosclerosis is rather similar between different arteries. Related disease 
processes underlie the clinical manifestations of vascular dementia and lower limb gangrenes3,11,12,14,21.

Most of the atherosclerotic plaques will never cause symptoms. Nevertheless, the absolute amount of 
symptom-causing plaques is still high considering the global burden of cardiovascular diseases (CVDs). 
Myocardial infarction and stroke are the two leading causes of death in the world, respectively, and 
major etiologies for disability. The steps leading to the escalation of the disease process and symptoms 
are still uncontrollable by medicine, as the statistics show4-6,8.

In the carotid circulation, where carotid atherosclerotic plaques causes 20 % of ischemic strokes11, the 
major mechanism in symptom-generation and cerebral infarction is the rupture of the fibrous cap (Fig. 
1A,B)311. Although the prognosis of stroke has improved, significantly disabled patients remain a clinical 
tragedy. A large stroke is said to be worse than death9. Moreover, a major economical load is caused by 
the ischemic stroke treatment chain. Hence, the price of strokes and CVDs to humanity is high7.

The most important treatment for carotid atherosclerosis and CVDs in general is primary prevention 
with lifestyle interventions and pharmacotherapy. However, mortality and morbidity statistics show that 
currently these methods are insufficient. Besides conservative treatment, more effective operative options 
exist. The carotid endarterectomy (CEA) procedure (Fig. 1C-D) is an important treatment option for 
reducing future stroke risk in a patient with a neurological symptom caused by a significant (> 70 %) carotid 
stenosis24. Despite its efficiency, CEA contains significant risks, and the process for patient selection is 
not clear11,28-29. The current view states that the majority of the now-operated patients could be treated 
conservatively. On the other hand, CEA could be offered as primary prevention more often, i.e., before 
the fatal first stroke, to prevent it from happening.

There are currently no biomarkers for plaque vulnerability. Hence, it is not possible to know the risk 
of destabilization and symptom-generation by a plaque before the clinical symptoms have manifested. 
The plaque cannot be called vulnerable before it has caused symptoms. Certain radiological features 
associate with the instability of the carotid plaque, but these features equally exist in lesions that will 
remain clinically silent. Along with the level of carotid stenosis, the parameters that are considered to 
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have clinical predictive value in carotid plaque symptom-generation and risk for future ischemic events 
are some morphological plaque features visible with magnetic resonance imaging (MRI) or ultrasound 
(US), or novel methods such as optic coherence tomography (OCT). These features include the speed 
of plaque growth, the presence of a lipid core, soft appearance, surface irregularity (ulcer), lack of 
calcification, presence of intraplaque hemorrhages, and a thin fibrous cap44-46. The impact of plaque 
constitution on plaque vulnerability is considered even more important than the stenosis it causes. The 
treatment plan at the Helsinki University Hospital relies on the vision of the vascular surgeon and the 
neurologist, and their mutual understanding of the needs of each patient. 

The knowledge about the pathobiology of plaque development is based on several decades of research. 
A chronic macrophage-driven inflammation21 and excess of lipoproteins58 in the circulation are the 
fundamental factors driving the development of multicellular, hypoxic, pro-oxidative (iron, heme, 
oxidized lipids) atherosclerotic plaques. The details of the cellular processes behind plaque formation 
have been extensively studied. Lipid core and plaque softness result from the availability of circulatory 
lipoproteins, leading to intimal lipid collections, inflammation and macrophage foam cell formation 
and death, that together generate the necrotic lipid core of the plaque. The growing plaque suffers from 
hypoxia, which then induces intralesional neovasculature growth. The fragile neovessels can be broken 
by macrophage-mediated lysis and cholesterol crystals etc., leading to intraplaque hemorrhages (IPHs)326-

7. Eventually, core growth, continuous inflammation, macrophage necrosis and lysis of the surrounding 
structures, crystallization of cholesterol, smooth muscle cell death, and the pulsation of the plaque 
surface and physical forces cause the cap to wear out. When the thinned fibrous tissue ruptures161,311,375, 
it can be seen as plaque surface irregularity with computed tomography angiography (CTA). 

The human biological system will attempt to heal the atherosclerotic lesions by the continuous 
entry of macrophages into the vascular wall to remove the excess, toxic, modified lipid. Naturally, 
the inflammation is balanced with continuous silencing of the inflammation, and macrophage-driven 
healing of the tissue that was inflamed. Macrophages orchestrate all of these processes, and can shift 
from pro- to anti-inflammatory phenotypes within the tissue. Unfortunately, the atheromatous plaque 
is an unfavorable environment for the macrophages and other cells that enter it. It is thought that the 
macrophages are somehow unable to remove the excess lipid and mediate the healing of the plaque 
tissue. Instead, they start to contribute to plaque growth and structural weakening, which eventually 
leads to plaque vulnerability. An unfavorable balance of the pro- and anti-inflammatory macrophage 
phenotypes within the plaques might be one of the causative factors here64,288-290.

The cellular constituents and macrophage subtypes are known to vary within plaque areas61,291. A vast 
amount of data is available about what happens in the plaque, and where. It is possible to formulate an 
idea about the plaque, how it looks in the MRI and what kind of cellular events take place in the different 
areas seen with imaging.

The Helsinki Carotid Endarterectomy Study started in 1997, with a focus on unstable carotid 
atherosclerosis. 92 clinically thoroughly assessed patients underwent CEA, and their plaques were 
collected (Fig. 1D-E). The cohort contained asymptomatic, transient ischemic attack and stroke patients. 
A DNA microarray identified 60 genes with significantly differential expression between a subgroup 
of radiologically confirmed asymptomatic and stroke-causing plaques486. The genes were linked with 
many previously known structural and biological features of the plaques, such as surface ulceration, 
intraplaque hemorrhage, apoptosis and proliferation. The major reaction pathways were linked with 
extracellular matrix interactions, PPAR-γ signalling, scavenger receptor activity and lysosomal activity. 
Some of these genes have been previously linked with different plaque morphological features that 
could also be visualized with imaging. Original articles about this material have been published in 
international scientific series18,45,486,544,548,549,560, characterizing the roles of the genes identified by the 
DNA microarray. Some of these genes have been previously nearly unknown in atherosclerosis.
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Figure 1. A schematic of carotid artery disease and carotid endarterectomy (CEA). Carotid artery 
disease causes 20% of ischemic strokes. Here, a hemiplegic stroke (A) is caused by an embolus sent to 
the middle cerebral artery from a ruptured internal carotid artery plaque (B). Patients with symptom-causing 
plaques can be treated by CEA (C), where the intima of the diseased artery is removed en bloc (D). The 
tissue samples can be used for scientifical investigation, for example with immunohistochemical methods. 
Longitudinal plaque samples have been used in this thesis (E).
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This thesis contains the analysis of six genes of the original DNA microarray data (ADFP, CD36, 
ABCA1, GLUL, CD163 and HO-1) in the carotid plaques of the same cohort. We analysed the local 
expression of these genes and their association with intraplaque pathological stress factors such as iron, 
hemorrhages, lipid and cholesterol crystals, as well as their association with morphological correlates of 
plaque vulnerability. The immunohistochemical method was previously rarely used map-type analysis, 
where the whole longitudinal section of the plaque (Fig. 1E) was divided into small squares, each graded 
for several variables (I Fig.1; III Fig.1). The results from the previously known genes were in line with 
the literature, yet novel in clinically symptomatic carotid atherosclerosis (I). The study methodology was 
observational, and no causative inferences could be made based on the results. However, when the local 
associations were integrated with the vast previous knowledge of the subprocesses in atherosclerosis, 
some interesting hypotheses were generated. One of the novel findings was the local imbalance between 
the PPAR-γ-regulated CD36 and ABCA1 proteins, which seemed to favor macrophage lipid loading in 
ruptured carotid plaques (II). The methodology applied was well-suited for this type of exploration of 
plaques.

All of the studied genes were previously well known in atherosclerosis, except GLUL (III). The 
product of this gene – the enzyme glutamine synthetase (GLUL) – is the only enzyme able to produce 
glutamine399,427, the most abundant amino acid in humans. Interestingly, almost no information about 
GLUL in atherosclerosis existed before the research of this thesis (III). GLUL showed a specific pattern 
of immunoreactivity, linking it focally to most of the morphological and histological plaque changes that 
are considered a sign of vulnerability. GLUL immunoreactivity was associated with the vulnerability-
linked histopathological alterations (lipid core, intraplaque hemorrhage), and also with different 
biochemical stressors (hypoxia, cholesterol clefts, iron). GLUL associated locally with thinner fibrous 
caps in both symptom-causing and asymptomatic lesions, and the association was linear, suggesting a 
role in asymptomatic lesion turning vulnerable. However, literature suggested an important protective 
role of glutamine in macrophage biology, and an evolutionarily important life-sustaining role for GLUL. 
Its product glutamine boosts all macrophage functions, and GLUL expression  is linked to healing-type 
macrophage behavior. 

It appeared that even though macrophages use protective machinery, such as lipid removal through 
ABCA1, glutamine-consumptive pathways and GLUL expression, the lesions seemed to fail. From 
this viewpoint, all of the other studied proteins and immunohistochemical images became meaningful 
in a new way.   A theory about proper biological machinery causing biological symptoms was generated 
based on these results and literature, and the expression of the other studied genes were interpreted from 
this perspective. 

An idea of macrophage failure raised the question: why does the plaque not heal itself by the logical 
biological mechanisms seen in the lesions? Eventually, it was possible to weave all the data together and 
formulate a novel viewpoint on atherosclerosis and human evolution.
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1.1 Questions for the literature review 

The purpose of  Part I is to draw together data about the structure of the carotid artery 
plaque, the ongoing biochemical processes linked with each histological feature, and the 
local macrophage biochemistry. The progression of an atheromatous plaque is non-linear, 
although it is often depicted as linear (Fig. 2, 5). Part I presents different stages of the 
lesions2, including the key cellular and biological events that appear during the progression 
of the disease and last throughout the lesion progression. The genes (ADFP, CD36, ABCA1, 
HO-1, CD163) that are previously known in atherosclerosis are reviewed here, and their 
expression by macrophages is integrated with the story of the plaque development. 
Importantly, the cellular and biochemical processes presented here appear in all stages of 
the disease, amplifying each other, but are presented in this order for clarity.

 
The purpose of Part II is to draw together existing information about GLUL (glutamine 
synthetase) and its product (glutamine), to generate a theory of their role in atherosclerosis.
Study III of this thesis describes, for the first time, the expression of immunodetectable 
GLUL in atherosclerosis. Although atherosclerosis is traditionally seen as a lipid-driven 
inflammation worsened by glucose metabolism disturbances, the role of amino acids in 
atherosclerosis is under active investigation. The mechanistic role of glutamine-linked 
metabolism is unknown in the atherosclerotic disease process, despite glutamine being 
the most abundant amino acid in the human system. A US patent has been published to 
measure atherosclerotic molecules from saliva, and one of the detected proteins is glutamine 
synthetase. GLUL has been identified in advanced carotid plaques in two studies486,602. Also, 
a GWAS study has linked GLUL with elevated risk of CVDs among diabetics420. Otherwise, 
there is no data about GLUL in atherosclerosis or CVDs. The results of Study III have been 
interpreted based on this review.

PART I

PART II
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2. REVIEW OF THE LITERATURE
PART I

Stroke, carotid atherosclerosis, and the interconnected structural, cellular, and biochemical 
changes during the development of carotid atherosclerotic lesions

2.1  Carotid atherosclerosis causes 20 % of ischemic strokes
2.1.1  Stroke is a major cause of death and disability

Ischemic cerebral infarction, or a “stroke” as a manifestation of CVDs, includes cerebral artery throm-
bosis and cerebral embolism, the latter also including cardioembolism3. Although the COVID19 pan-
demic emerged in 2019, the death statistics for strokes remained on the top 10 list. CVDs persist as the 
most common cause of death, both globally4 and in Finland5. Among CVDs, ischemic heart disease and 
stroke were the most common6 (Table 1).

Together with other CVDs, strokes is one of the most expensive diseases7. Besides being lethal and 
expensive, the human price of stroke is high. It is the leading cause of adult disability8. A large stroke is 
considered to be worse than death9. Strokes and CVDs are also important precursors to cognitive health 
decline and dementia10.

Table 1. Selected stroke statistics from the last decades 4-6,10,43,603-4 
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2.1.2 Carotid atherosclerosis is a local manifestation of a systemic disease

Carotid atherosclerotic plaques (CPs) cause 15–20 % of cerebral infarctions11. In these situations, the 
continuous pulsating blood flow moving the large carotid artery plaque rips open the thin fibrous roof 
of the lesion and exposes the necrotic core to cerebral circulation. The contact of the thrombogenic 
core with blood initiates a cascade of clotting and thromboembolism (Fig. 1B,2C). From the internal 
carotid artery (ICA), an embolism travels to anterior or medial cerebral arteries or to other smaller 
arterial branches of cerebral arteries, such as the ophthalmic artery (Fig. 1A), causing infarction of the 
corresponding cerebral areas: a hemiplegic stroke, a retinal infarction, infarctions of the basal ganglia, 
etc.12. The clinical significance of this event depends on the total clinical condition of the patient. A large 
hemiplegic stroke leads to massive invalidity.

The prevalence of carotid atherosclerosis is very high. In a British cohort of 56–77 year olds, 57 % had 
a carotid plaque, and altogether 1.6–2 % had a significant stenosis. In the ethnically diverse Manhattan 
Cohort, 2.2 % of the 59–77 year olds had ≥ 60 % stenosis13. Adjusted to the Finnish population of 65–84 
year olds in 2020, ~22 000 had significant carotid stenoses5.

Atherosclerosis develops over decades (Fig. 2C), and usually does not manifest before middle age. 
Aging alone, but also disease and change in mechanical load alters the structure of blood vessels14. Since 
atherosclerosis is a systemic degenerative disease, age is its most important risk factor. In addition, the 
most important and well-known causal risk factor is elevated cholesterol10; high systolic blood pressure, 
dietary risks, air pollution, obesity-associated metabolic derangements, tobacco use, high fasting plasma 
glucose, renal dysfunction, non-optimal temperature and other environmental risks, alcohol use and low 
physical activity are together the strongest predictors for the disease4. 

The arterial wall structure changes dramatically when an atherosclerotic plaque develops (Fig. 2C,3). 
The formation of plaques in limited locations is well known. The preferred predilection sites for 
atherosclerosis are the branch points of the arterial tree15 (Fig. 2A) where the vessel structure and flow 
dynamics are thought to enhance the disease development16,17, such as infrarenal aorta, iliac, coronary, 
and carotid arteries, lower limbs and cerebral arteries3.

As a systemic disease, various atherosclerotic changes are associated with each other, such as carotid 
atherosclerosis with coronary artery disease (CAD)11,18. It is not uncommon, however, to have unilateral 
carotid artery disease. Despite the fact that pathophysiology and risk factor profile are shared among 
atherosclerotic diseases, each vascular area and its gene expression profile seems to interact differently 
with systemic factors, seen as differences in lesion composition and behavior16. Even within the carotid 
arteries, the bifurcation and common carotid artery (CCA) plaques associate differentially with risk 
factors19. Variations in local flow conditions affect the plaque behavior, reflected for example as the 
differences between coronary and carotid plaques and their behaviour.

2.1.3  The structure of a carotid atherosclerotic plaque is a result of lipid-driven 
 inflammation and cellular death
 
The normal arterial structure consists of three concentric layers called intima, media, and adventitia, 
which consist of the general structural components: endothelial cell (EC) monolayer, smooth muscle cells 
(SMCs) and extracellular matrix (ECM) containing proteoglycans, collagen and elastin as load-bearing 
molecules. Endothelial dysfunction is thought to initiate atherosclerosis. This starts the course of events, 
where blood lipoproteins continuously enter the arterial intima (Fig. 2C) and induce inflammation, 
macrophage recruitment, SMC proliferation, and cellular apoptosis and necrosis in later stages of the 
disease. A plaque contains different typical alterations of the arterial wall structure, depicted as the 

 

    



-22-  

Figure 2. Progression of the carotid plaque. The proximal ICA is a typical site for the carotid 
plaque development. Here, a lipid core is separated from the blood flow by a fibrous cap (A). 
CTA shows the sclerotic stenosis in the corresponding area and reveals a surface ulceration 
(B). The progression of atherosclerosis is often depicted as a linear timeline showing different 
‘phases’ of lesion development over decades (C). This timeline is presented in greater detail in 
later chapters. In vivo, the progression of atherosclerosis might not be linear (Fig. 5).
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atheromatous/necrotic/lipid core and an overlying fibrous cap (Fig. 2C,3C,10 ; III, Fig. 1C-I). The core 
is a collection of extracellular lipid pools, acellular debris from apoptotic or necrotic cells, crystallized 
cholesterol, calcified granules and living inflammatory cells, most of which are macrophages. The 
consistency of the core can be fibrous, butter-like or liquid. The highly thrombogenic substance – 
atheroma – is separated from the circulation by a layer of thickened intima, the fibrous cap (Fig 2A; III, 
Fig. 1F, 4A). Some plaques develop into a fibrotic direction and do not form a necrotic core3,14,20,21.

Carotid plaque is a manifestation of large-artery atherosclerosis. The ICA, where the stroke-causing CP 
usually develops, is an elastic artery, like the aorta, pulmonary artery, common carotids, and common 
iliac arteries. A high number of elastic laminas alternates between medial SMCs. The muscular arteries 
external carotid (ECA), coronary and renal arteries have a higher amount of SMCs, and the subendothelial 
layer is prominent3,14. Another type of arteries is the small arterioles, which have a significant role in the 
regulation of blood pressure; the microscopic capillaries are surrounded by SMC-like pericytes3. The 
effect of systemic factors creates different changes in the small arteries.

Figure 3. Structure of the carotid atherosclerotic plaque. A CEA sample (A) (see also Fig. 22) can be studied 
either by transections (B) or longitudinal sections (C). The localization of the lipid core within the abnormally 
thickened intima is seen from both directions. Key terminology and changes in the microscopically detectable 
structural alterations of the arterial wall are presented here (for histopathological alterations, see III, Fig. 1). Not all 
of the microscopic specimens contain such clear morphology .
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Hypoxia characterizes atherosclerotic tissue22. The diffusion of oxygen from the luminal side is not 
efficient after 100–250 μm234, and local hypoxia leads to the ingrowth of the vasa vasorum, the small 
vessels from the adventitia, and from the lumen to the hypoxic areas3. This neovascularization is 
speculated to lead to later events such as intraplaque hemorrhage (IPH), which speeds up the plaque core 
growth and induces inflammation and oxidative stress3,21, although a protective role for this phenomenon 
has been recently speculated396. 

Throughout the progression of the disease, macrophages are recruited, and the chronic inflammation 
persists. Accordingly, the number of inflammatory cells is higher in symptom-causing carotid plaques23. 
The biochemical steps of CP development are discussed in later chapters.

2.2  Central aspects in the treatment of carotid atherosclerosis

2.2.1  The current treatment options include modern pharmacotherapy and surgery
In CEA, the intimal symptom-causing CP (SCP) is removed. CEA is indicated for significantly 
stenosing (>70 %) symptomatic carotid atherosclerosis (Fig. 1C,D)24, and also for patients with carotid 
atherosclerosis with high probability for future stroke, i.e., lesions/patients that are considered vulnerable. 
The lesion vulnerability evaluation is based on clinical symptoms and radiological parameters. After the 
initial symptom, carotid artery imaging is performed by US, CTA or magnetic-resonance angiography 
(MRA). Previously, digital subtraction angiography (DSA) was frequently used. The degree of carotid 
stenosis and morphological CP features, such as uneven surface indicative of ulceration, or low 
echolucency as an indicator of a soft lesion can be visualized, as well as a local thrombus, microembolic 
signals, or a thin fibrous cap. CPs that are incidentally found or contralateral to the symptom are 
considered asymptomatic, depending on the anamnesis. The CP characteristics indicative of a high-risk 
lesion are considered in the decision-making11. In the Helsinki University Central Hospital guidelines, 
the personalized treatment is planned as a collaboration between a vascular surgeon and a neurologist to 
match the needs of each patient. A patient in good clinical condition undergoes CEA in a time window 
of 48 h to 14 days from the initial symptom, as 5–8 % of strokes happen during the first week from 
the initial neurological event, and 12–19 % occur during the first month. After this period, the risk 
diminishes gradually to the level of an asymptomatic lesion25-27.  

The decision-making between surgery and conservative treatment is evolving. Currently, the accepted 
perioperative stroke and mortality level for CEA for SCPs is 6 %, and for a patient with asymptomatic 
CP (ACP) it is <3 %. It is stated that 80 % of patients undergoing CEA are possibly needlessly exposed 
to surgical risks28,29. Only 20 % of conservatively treated symptom-causing CPs cause a stroke11; with 
asymptomatic CPs, the risk is currently estimated to be as low as 0.34 % with modern medical therapy 
and lifestyle interventions30. The complication risk and stroke risk for asymptomatic patients in 5 years is 
11 % with surgery, and 5–6 % with medications (information from HUCH Vascular surgery department).

2.2.2  In the future, the efficacy of primary prevention of stroke should be enhanced
Over 70 % of strokes are first strokes31, making primary prevention crucial. Notably, 90 % of stroke risk 
and coronary disease could be explained by ten modifiable risk factors32-35 that cluster together. Low 
socioeconomic class and decreased social mobility are associated with poor health and more detrimental 
lifestyle36, which directly translates into higher carotid intima-media thickness37-40.

Strokes are manifested through optimized medical treatment as well. Importantly, the most common 
risk factors are not curable by medicaments alone (Fig. 4). Furthermore, as revealed by the Manhattan 
Cohort, there is more to carotid atherosclerosis than the traditional risk factors41. 
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Figure  4. The burden of a Western man: cardiometabolic diseases. As the population is aging, 
and detrimental lifestyle due to different environmental, psychological and philosophical factors is 
increasing, the related physiologically ‘abnormal’ states such as obesity, poor physical condition and 
stress will also rise. Cardiometabolic diseases are a result of the dysregulated metabolism seen in 
these conditions.
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As the cardiometabolic disease burden is increasing, “urgent and targeted intervention” was demanded 
for noncommunicable diseases by WHO in 2021. It is therefore the duty of medicine to develop the 
necessary strategies. The impact of atherosclerotic diseases on public health and well-being remains 
high (Table 1). Despite a decrease in stroke incidence in high-income countries, including Finland5, a 
major increase of over 100 % is still seen in low- and middle-income countries42. The total CVD burden 
due to disability is rising4. Almost 20 % of people over 70 have had a stroke43, and the lifetime risk for 
stroke is increasing on a global level (24.9 % in 2016)10.

 2.2.3  The turning point where an asymptomatic lesion turns vulnerable is unknown

Pure coincidence might play a major role in the carotid plaque symptom-generation. However, the 
central question in carotid atherosclerosis studies asks “What is the exact cause of progression of an 
asymptomatic, stable atherosclerotic lesion into a high-risk thin-cap plaque susceptible to rupture?”44 The 
increasing knowledge on plaque biochemistry and biology are considered as a promising target for medical 
interventions and plaque-stabilizing treatments, where primary prevention of stroke is the highest goal. 
The prevention of atherosclerotic CVDs could be enhanced by knowing the central steps leading to plaque 
development into the vulnerable phenotype.

2.2.4   Novel biomarkers of carotid plaque vulnerability might benefit other    
 atherosclerotic diseases

The diagnosis of unstable atherosclerosis is currently impossible, as there are no biomarkers for plaque 
vulnerability. It is not possible to exactly predict the behavior of the carotid atherosclerotic plaque45. A recent 
study combining data from two large CP studies – the Athero-Express and Oxford plaque Studies46 – showed 
that even some of the plaque pathological features previously considered as the strongest indicators of stroke 
risk, such as an IPH, are not absolute predictors of the risk. An analogous problem is also found with coronary 
atherosclerosis46, where 95 % of lesions will never cause a symptom. The progress in carotid atherosclerotic 
studies could be applied to coronary circulation as well.
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2.3  Plaque development is non-linear
The development of symptomatic and asymptomatic CP is largely similar until the end point. The lite-
rature review proceeds through the various stages of CP development. The traditional classification of 
the morphological phases of the atherosclerotic plaque (Fig. 2) has been modified by the pathologists 
Stary and Virmani2. A flowchart combining these classifications and showing the assumed evolution of 
the different lesion types is depicted in figure 5 below. The cellular processes seen in different phases 
overlap, and the transition from one lesion type to another must be gradual, from one cell at a time.

Figure 5. The histopathological evolution of atherosclerotic plaque. Different types of atherosclerotic lesions 
have been described2. The development of these lesions is not necessarily linear (Fig. 2). The lesions can cause 
symptoms through variable mechanisms that are typical for the local arterial beds. In carotid atherosclerosis, most 
ischemic symptoms are caused by rupture of a thin fibrous cap atheroma. Details of the various stages of lesion 
development are shown in figures 6, 10, 11, 13 and 15.
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2.4  Early atherosclerotic lesions

2.4.1  The immunohistochemical appearance of early lesions
The early atherosclerotic lesion is traditionally known as a “fatty streak”3, a term including differential 
early pathological changes of the arterial wall. Extracellular lipid droplets – xanthomata – as well as 
intra- and extra cellular calcium are seen in this stage. Accumulation of immune cells is also seen in the 
early lesion47, as well as accumulations of smooth muscle cells (SMCs) and surface thrombus17,48. The 
focal intimal thickening refers to the increased thickness of the layer between the endothelium and the 
lamina elastica interna17 (Fig 3 C). The thickening of the intima is not considered as atherosclerosis, as it 
can be reversed . However, the carotid intima-media thickness (IMT), which is the B-mode US measure 
between the intima-luminal and medial-adventitial borders, has been previously considered as a measure 
of increased vascular disease burden50. Increased IMT is associated with numerous CVD risk factors51,52.

2.4.2 Endothelial injury initiates the atherosclerotic process
The dysfunction of the endothelium is thought to initiate atherosclerosis. The multiple functions of the 
ECs include thromboresistance (metabolization of platelet aggregating agents, secretion of prostacyclin 
and plasminogen activator), the permeability barrier function (glycocalyx53, tight junctions, basement 
membrane consisting of collagens IV and V, laminin and proteoglycans) and the modulation of the 
vascular tone by NO secretion54. Lipoproteins can be transported through intact endothelium by 
transcytosis to the arterial intima. The thin and fragile endothelium can be injured by chemical and 
mechanical agents, such as hyperlipidemia, infections, uremia, smoking, and homocysteine21, 55, 56. These 
functions are disturbed in the endothelial injury, further facilitating the entry of blood lipoproteins into 
the arterial intima (Fig. 6).

2.4.3 Intimal lipoproteins induce the chronic inflammation typical for atherosclerosis
Prolonged nutrient excess and increased circulating lipoproteins promote harmful lipid accumulation in 
the body57. The first event in atherosclerosis is the retention of subintimal apo-B containing lipoproteins58. 
ECM components (proteoglycans, collagens I, III, and IV, V and VI, elastin, fibronectin and laminin)17 
bind lipoproteins (Fig. 6A-e) by electrochemical interactions. These particles become modified in 
the intima61,90, and they induce leucocyte chemotaxis (Fig. 6A-a). Even mildly oxidized low-density 
lipoproteins (LDL) cause monocyte attraction59,60,61 by stimulating the ECs62 and SMCs to express leucocyte-
specific adhesion molecules (Fig. 6A-d), such as MCP-163. This leads to further macrophage and T-cell 
accumulation in the intima48,64. Growing collections of macrophages produce enzymes and reactive oxygen 
species (ROS), further increasing the oxidation and other modifications of LDL and other lipoproteins 
(Fig. 6A-c)63.

Figure 6. The early atherosclerotic plaques. The start of atherosclerosis is shown in the upper panel. Panel 
A shows some of the details of the vicious cycle of increased intimal lipid trapping and heightened inflammation. 
Modified LDL is an inflammatory signal leading to monocyte recruitment into the intima (A-a). Thrombocytes 
attached to the injured endothelium (A-b) and intimal macrophages (A-c) stimulate SMC migration and proliferation. 
Trapped and modified LDL causes SMCs and ECs to express more leucocyte adhesion molecules (A-d). SMCs 
produce more ECM molecules that bind blood lipoproteins (A-e). Macrophages produce ROS that further induce 
LDL modification. The formation of foam cells (B) is central in atherosclerosis. The foam (D) consists of lipid droplets 
(C) containing various lipids, coated by typical perilipins (Ch.2.5.2-3).
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Figure 6. The early atherosclerotic plaques
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2.4.4  The main cell types in the plaques are macrophages and smooth muscle cells
Importantly, atherosclerosis is an inflammatory disease21. Monocyte-derived macrophages are the largest 
group of inflammatory cells (40 %), when considering the volume of the plaque. There are significantly 
more inflammatory cells in symptom-causing CPs than asymptomatic CPs23. Numerous macrophage 
subsets exist in atherosclerotic lesions, and they are known to shift their phenotype depending on the 
environmental needs (Ch. 2.11.4). Small populations of B-and T-cells, mast cells, dendritic cells and 
neutrophils also exist in the lesions65,47. The appearance of intimal foam cells (Fig. 6D) is an essential 
histological phenomenon in all stages of atherosclerosis66. The lipid-ingesting cells have a foamy 
appearance3 (Fig. 6E; I, Fig. 3B). They are macrophages and SMCs that contain cytoplasmic membrane-
bound lipid droplets (LDs) consisting mainly of nontoxic cholesteryl esters (CEs)64,67,47,68 formed by 
active phagocytosis69,70. LDs are also increased in conditions with cellular damage69. An LD is a means 
to store lipids. An adipocyte can store a large amount of energy in its LDs, which can be larger than 50 
µm71. Foam cell formation is reversible72.

SMC migration and proliferation are stimulated by macrophages (Fig. 6A-c), oxidized LDLs (oxLDLs), 
circulatory agents and by the thrombocytes attached to the injured endothelium (Fig. 6A-b)55,73,74,75,76. 
The role of SMCs as the other main cell type of atheromas and their functional role in atherosclerosis is 
a novel study field77. The role of SMCs in atherosclerosis is controversial due to their ability to undergo 
phenotypic change from contractile to synthetic, and interchangeability between monocyte-type cells 
has been suggested. SMC-like cells of monocyte origin have been found78, and SMC co-incubation 
with cholesterol increases SMC phagocytic activity78. SMC  transformation  into  non-actin-
expressing  HO-1/HIF74 and CD68/ABCA1/ABCG1-expressing macrophage-like cell has also 
been documented79,74,80. SMCs are not discussed further, as they are beyond the scope of this 
review.

2.4.5  Apoptosis and efferocytosis appear at the early atherosclerosis

Apoptosis regulates the cellular content of the atherosclerotic plaques. A plaque is a dynamic tissue 
where continuous recruitment, retention and migration of inflammatory cells and proliferation of SMCs 
are balanced by apoptosis. Apoptosis – ‘the programmed cellular death’ – is a controlled form of cellular 
death that already appears early in the disease67,220 (Ch. 2. 9). 

A co-phenomenon with apoptosis is efferocytosis, the removal of apoptotic cells by phagocytes. In the 
areas of cellular apoptosis and death, the spreading of the necrosis can be prevented by cellular removal 
of the dead cells. This clearance of cellular debris is one of the functions of macrophages. Efferocytosis 
by phagocytes  is a crucial part of resolving inflammation and injuries67,124,221. Apoptotic cells are scarce 
in early lesions, and efferocytosis is thought to be fast and effective. 

Efferocytosis shares molecular pathways seen elsewhere in the atherosclerotic process64,226-7. The 
pathways of the esterification and efflux of cholesterol and pro-apoptotic oxidized lipids need to 
function correctly64,90. Efferocytosis is anti-inflammatory. Uptake of apoptotic material increases 
anti-inflammatory (IL-10, TGF-β) and survival pathway (Akt, NF-κβ) signalling in efferocytotic 
macrophages, which protects them in the pro-inflammatory environment.

2.4.6  Self-amplification of the disease process starts early in atherosclerosis
Atherosclerotic processes stimulate themselves, and this self-amplification starts early. OxLDL-
derived aldehydes modify collagen type IV, and increase endothelial dysfunction81. Transmigration of 
inflammatory cells through the endothelium further injures it21,55 (Fig. 6A). The increase in SMCs82 and 
increased amount of the ECM (Fig. 6A-e) produced by SMCs21, ECs54 and monocytes/macrophages64 
further increase the lipid-trapping capacity and thickness of intima, stimulating all of the above-
mentioned processes. Some of the interactions that might induce self-amplification are shown below in 
figure 7. 
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Figure 7. Schematic of part of the complex and intertwined processes driving the development of 
atherosclerotic lesions. The secretomes of macrophages and smooth muscle cells, the biochemical and 
biophysical variables and the molecular constituents affect each other. The vicious cycle where lipid modification 
increases inflammation, which further increases lipid modification, is of major importance.

2.5 The crucial role of lipids in atherosclerosis
Three main biomolecule classes are carbohydrates, amino acids, and lipids. Lipids, including triglycerides 
(TGs), free fatty acids (FFAs), glycerophospholipids, sphingolipids, and cholesterol and other sterols 
are important for the normal function of the animal system, serving as transportable energy molecules 
and structural components of membranes, and also contribute to cellular signalling83. Lipids affect 
cellular organelle functions, metabolism and metabolic homeostasis. Importantly, they also affect the 
immunological functions of cells. Genetic factors and nutritional status are reflected in levels of systemic 
circulating lipoproteins57. Apo-B-lipoproteins that initiate atherosclerosis are spherical particles with a 
core of neutral lipids, CEs and TGs, surrounded by a monolayer of phospholipids and proteins. They 
exist in the circulation mainly as LDL, high-density lipoprotein (HDL) and VLDL excreted by liver, but 
also as intestine-originated chylomicrons64 and chylomicron remnants.

2.5.1 Atherosclerosis is strongly linked with local and systemic excess of lipids

Atherosclerosis is traditionally considered as a “lipid disease”. Increased total blood cholesterol is 
associated with plaque burden and plaque progression in coronary arteries83. LDL and triglyceride-rich 
lipoproteins cause CVDs592,593. LDL may have the strongest association with carotid atherosclerosis, and 
LDL:HDL ratio is associated with increased total plaque burden84. Male sex has been associated with 
generation of lipid-rich and inflammatory plaques85. 

In general, the systemic overload of lipids, especially harmful ones, is toxic for humans (increased 
concentration of harmful lipids = lipotoxicity), as it causes organ-specific diseases such as atherosclerosis, 
hepatic steatosis, or systemic microinflammation (metaflammation), which can affect the immunological 
status by modifying macrophage behavior86,57,87. Improperly modified lipids can be particularly harmful 
to cells57. Some of the lipid molecule types seen in atherosclerotic plaques are shown in figure 8. 
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2.5.2 The lipid droplet (LD) is a dynamic, energy-demanding form of cellular lipid  
 storage
Foam cells are linked with increased vascular wall lipid content. Lipids and lipoproteins that have 
undergone different modifications are taken in by scavenger receptors and other means of ingestion          
(Ch. 2.5.5). Cholesterol trafficking inside the foam cell is depicted in figure 6B. The CEs of the lipoproteins 
are hydrolyzed in late endosomes to cholesterol (free cholesterol, FC), and fatty acids (FFAs). FC is 
then trafficked to the endoplasmic reticulum (ER) and to the peripheral cellular sites, where it is re-
esterified by acyl coenzyme A acyltransferase 1 (ACAT1/SOAT1) to CEs67. The formation of LDs, their 
intracellular transportation, fusion, and mobilization are controlled by multiple LD-associated proteins 
(Fig. 6C), which also affect the efflux of lipids88,89,90. 

LDs are not passive storage sites for metabolically silenced lipid molecules. They are considered as 
dynamic organelles, potentially also a future treatment target91,92,93. Cholesterol in the LDs undergoes 
continuous esterification and hydrolysis, and this regulates the cholesterol available for membrane 
synthesis and efflux94. Lipolysis by neutral cholesterol ester hydrolase (NCEH1) or carboxylesterase, 
cholesterol ester hydrolase (CEH, CES1), and hormone-sensitive lipase (HSL) mediate mobilization 
of lipids from droplets, as does lipophagy (a form of autophagy), which leads to the delivery of LDs to 
lysosomes90,94.

Lipid processing is an oxygen-requiring process. FFA oxidation takes place in mitochondria interacting 
with LDs95. The freed cholesterol can be released in unesterified form for  efflux, or is re-esterified by 
ACAT194. FA desaturation and cholesterol synthesis require molecular oxygen as an enzymatic substrate, 
indicating a harmful effect of hypoxia on these processes96. Plaque macrophages suffer from hypoxia 
and acidosis22, which might be due to the increased oxygen consumption needed for housekeeping of 
the dynamic lipid storage.

The formation of foam cells is not completely understood97, and flow of lipids from LDs to metabolic 
furnaces is regulated in a complex manner. These topics will not be discussed further, as they are beyond 
the scope of this thesis.

2.5.3 Adipophilin (I) is a lipid storage molecule found in foam cells
Perilipins are located in the phospholipid monolayer surrounding the LDs facing the more aqueous 
cytoplasm. Perilipins are expressed in almost all the tissues with lipolysis69,95, 98,99, and they regulate the 
LD metabolism and intracellular lipid transport to and from the LDs95. 

One of the perilipins is adipophilin (ADFP/PLIN2, adipose differentiation related protein). It is 
considered as a major LD coating protein102,71. Other members of the perilipin family are perilipin/
perilipin-1, and TIP47/perilipin-3, and perilipins 4 and 5 (Fig. 6C)71, 89. Majority of AFPD data comes 
from animal studies86. ADFP is linked with atherosclerosis together with PLIN1100.

The 50 kDA  ADFP protein101 is expressed in multiple tissues and cell types: arterial macrophages, liver, 
heart, white adipose tissue cells, skeletal muscle and steroidogenic cells71,69,95. It is a marker of adipocyte 
differentiation101. ADFP expression is thought to follow the mass of the neutral lipids stored by the 
cell104,95. It is induced by lipid loading (Fig.9) and is stabilized on LDs105, being the rate-limiting protein 
in LD formation86. It increases the size of the droplets103. 

ADFP is increased in atherosclerosis. Its expression is elevated when comparing atherosclerotic artery 
with healthy arterial wall, and its expression increases with the growth of lipid core. Increased ADFP in 
human atherosclerotic lesions correlates with lesion instability106,107. In ruptured CPs both ADFP mRNA 
and ADFP immunoreactivity are elevated108.

Macrophage foam cells express ADFP  (I, Fig. 3). During atherosclerotic macrophage foam cell 
formation AFDP expression is induced by lipid loading110 and through LDL-receptor mediated 
aggregated LDL intake (not feedback regulated by intracellular FC amount)111. The amount of ADFP-
expressing macrophages is elevated in high-risk CPs112. Macrophages from ADFP double knockout mice 
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show reduced LD and cholesteryl ester content98. ADFP increases triglyceride storage in macrophages 
by stimulating long-chain fatty acid incorporation into triglycerides and by inhibiting fatty acid beta 
oxidation and lipid efflux113,114,86. 

PPAR-γ is an important regulator of ADFP. PPAR-γ agonists increase ADFP expression115,116 and 
macrophages induced by PPAR-γ show a less inflammatory phenotype115. However, also ADFP exerts 
immunomodulatory functions, it enhanced inflammation in ac-LDL loaded macrophages through IL-6, 
TNF-α and MCP-1 induction117,115. In FA depleted media ADFP is destabilized and degraded through 
ubiquitin/proteasome pathways105.

The exact function of ADFP is unknown114, but it is speculated to have a role in protecting cells from 
lipotoxicity and prevent fatty acid beta-oxidation86. On the other hand, the loss of ADFP has been 
found to protect mice from obesity and confer the animals higher insulin sensitivity that their wild-type 
counterparts86,109. In ADFP double knockout mouse plaques collagen content is increased indicating a 
more stable plaque phenotype98.

Taken together, ADFP influences development of atherosclerosis but its atheroprotectiveness is yet 
unclear86,102,118. The local and systemic effects might even contradict each other. ADFP might indicate a 
beneficial response to excess lipids, but its expression also heightens the expression of certain mediators 
of inflammation. 

2.5.4 Macrophage lipid metabolism can become overwhelmed
Even though the macrophage lipid intake capacity is enormous, it can become overwhelmed, leading 
to large-scale disturbances of cellular functions57,86 (Fig. 8). Increased FC modifies the properties of 
cellular membranes, causing ER stress90,57, mitochondrial stress, decreased ATP production and increased 
formation of ROS95,119, as well as defective cytoskeletal dynamics affecting lipid transportation57,87,90, 
among other serious malfunctions. 

2.5.5 Excess of modified lipids produces inflammation by stimulating macrophage  
 activation
Inflammation is a response to infection and tissue destruction. However, it can also be induced by 
excess lipids594 (Fig. 8). Lipoprotein-driven inflammation is a central phenomenon in atheroscleros
is59-61,21,47,57,5-61. The regulation of cellular lipid metabolism and immune responses are linked120, thus the 
systemic dyslipidemia is translated into plaque progression17,64,594 as extravasated lipids and lipoproteins 
gain inflammatory potential through oxidative and chemical modifications121. The modified lipids induce 
the chronic macrophage-mediated inflammatory response in all phases of atherosclerosis. The particles 
with modified lipids attract and activate macrophages into a more proinflammatory phenotype with 
elevated capacity for secretion and endocytosis, leading to their accumulation into the intima.

Different receptors recognize the modified, oxidized LDL and other modified lipids, and produce the 
typical inflammatory responses mediated by these receptors (e.g. MHC II antigen presentation of the 
ingested material, NLRP3 inflammasome activation and IL-1β expression47,90). Lipid lowering by statin 
therapy has been shown to decrease 18F-flurodeoxyglucose (FDG) visualized by PET in atherosclerotic 
rabbit aortas as a measure of inflammation122. 

Besides inducing inflammation, the modified lipids themselves can also cause tissue destruction. The 
damage signals are recognized by pattern-recognition receptors (PRRs) such as CD36, SR-A, and toll-
like receptors (TLRs). These produce NF-κβ-signalling and secretion of pro-inflammatory cytokines 
such as IL-1β, IL-10 and TNF-α, as well as other mediators of inflammation such as NO and endothelin-1, 
and lytic compounds such as matrix metalloproteinases (MMPs) 47,57,62,90, 123,124.

The immunological network with different cell types in atheroma is extremely complicated. The link 
between immune regulation and cholesterol/lipid metabolism is not discussed further in this thesis, as it 
is out of the scope of the review57,61,90,125.
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Figure 8. Effects of excess lipids on vascular wall cells. The lipoproteins and lipids trapped in the intima 
are modified by macrophages. These lipids attract more macrophages and stimulate proinflammatory 
signalling and cytokine secretion to other cell types as well. The lipidation of the intracellular organelles 
(small balls) is one of the mechanisms of lipotoxicity, causing a decline in the functions of these membranous 
organs. Mitochondrial ATP production is among the most important of them.
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2.6  Multiple pathways of macrophage lipid intake
2.6.1 Scavenger receptors mediate the lipid clearance from the intima

Multiple macrophage lipid uptake pathways exist. Originally Goldstein et al. discovered that 
macrophages take up acetylated LDL126. Macrophage foam cells can take up lipids through hydrolysis 
of free cholesterol from aggregated LDL in extracellular lytic components, by direct uptake of native 
LDL or lipoprotein remnants by macropinocytosis, or by different scavenger receptors such as SR-A, 
CD36, SR-BI, PSOX, MARCO and LOX-1127. Of these, the pathway through the scavenger receptors is 
considered to be the most important.

Scavenger receptors are typical of macrophages. Scavenger receptors are PRRs that mediate 
internalization and lysosomal degradation of not only modified lipoprotein particles, but also other 
substances such as lipopolysaccharides, malaria particles and remnants of apoptotic cells47. Some of the 
known scavenger receptors are shown in figure 6B. In atherosclerosis, the most important scavengers 
have been traditionally considered SR-A (macrophage scavenger receptor 1, Msr1) and CD36128,127,47,90. 

Lipid intake through scavenger receptors is not feedback-regulated by cellular cholesterol content124,129, 
which enables intracellular lipid overload when excess lipids are available.

2.6.2 CD36 (II) is a multifunctional macrophage scavenger receptor also found in  
 atherosclerotic lesions
CD36 (cluster of differentiation 36) is a highly glycosylated 88 kDa membrane protein. It belongs to 
the class B scavenger receptor family, together with lysosomal integral membrane protein-2 LIMP2, 
and CD36-and-LIMP analogous CLA-1130,131. It was first described 1977 as the platelet membrane 
protein IV132. CD36 is expressed by macrophages, microglia, microvascular ECs, platelets, erythrocytes, 
monocytes, adipocytes, in skeletal muscle cells and in the myocardium133,134. Because it is a major lipid 
scavenger, it is used in atherosclerosis studies to assess the susceptibility to foam cell formation and 
development of atherosclerosis. Besides scavenging, it also affects inflammatory signalling and cell 
survival, and has numerous other physiological and pathological roles130,135,136. As an immunological 
regulator, CD36 is considered important not only in atherosclerosis, but also in other sterile inflammatory 
diseases including T2DM and primary nephrotic syndrome137.

CD36 recognizes oxidized LDL and other lipoproteins such as HDL and VLDL. OxLDL binding leads 
to the internalization of CD36 through a non-clathrin, non-caveolar, lipid raft-mediated pathway136,140. 
CD36 induces itself by the uptake of its own ligand oxLDL141-143, and also by unsaturated FAs and 
their oxidation products144. OxLDL-induced oxidative stress induces CD36, SR-A and LOX-1145. On 
the contrary, decreased ROS is linked to a reduced plaque area and reduced CD36/LOX-1 expression146. 
This is mediated through PPAR-γ, a FA-activated transcription factor that regulates lipid homeostasis 
and increases lipid uptake147 through induction of CD36 expression148. CD36 is highly significant in 
macrophage lipid intake and foam cell formation138.  

2.6.3 CD36 is linked to atherogenesis and mediates proinflammatory macrophage  
 activation
The proatherogenicity of CD36 has been widely supported (Fig. 9). In mice, CD36 knockout was 
originally seen as atheroprotective, as the deletion of CD36 alone decreased atherosclerosis139. CD36/
Apoe-/- mice fed a Western diet showed 60 % less oxLDL intake and developed 76 % smaller lesions 
in the aortic tree139. Similar results have been gained through deletion of other singular scavenger 
receptors47,124,128,149,150. Besides lesion size, CD36 has also been linked to lesion morphology. CD36 
deletion resulted in less complex lesions with reduced expression of inflammatory genes and almost    
50 % less plaque necrosis, without abrogating foam cell formation151. 

In humans, the CD36 mRNA and protein level on circulating monocytes and serum have been found 
to associate with increased atherosclerotic burden in patients with systemic risk factors such as 
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hyperlipidemic conditions153,154, or in T2DM patients with hypertension155. Soluble CD36 potentially 
originating from carotid lesions in plasma was found to be increased in patients with recent (<2 months) 
carotid plaque symptoms compared to a group where symptoms had lasted for a longer time (2–6 
months) or to asymptomatic patients152. In the studied plaques, CD36 was seen in the lipid core, and 
the strongest immunoreactivity was in the lipid core areas closest to the media152 (II, Fig. 1A), Elevated 
plasma homocysteine, a risk factor in atherosclerosis, is associated with increased CD36 expression and 
elevated plasma oxLDL in mice156. HDL, on the other hand, is associated with reduced CD36 mRNA 
expression557. CVD medicaments such as rosuvastatin, simvastatin157,158 and ramipril159 have been found 
to decrease CD36 expression and oxLDL-dependent foam cell formation, and reduce atherosclerosis in 
animal models. 

The proatherogenicity of CD36 could be explained by the pro-inflammatory functions mediated by 
this protein. CD36 functions as a co-receptor with TLRs, which are the pattern-recognition receptors 
sensing conserved non-self motifs, pathogens and endogenic ligands. This signalling with TLR-2, 
4 and 6 mediates the effects of oxidized phospholipids, apoptotic cells and amyloid protein133,160,161, 
and thus causes proinflammatory effects such as NF-κβ activation as a response to oxLDL124,160,162. 
Cholesterol intake through CD36 and crystal formation mediate NLRP3 activation and oxLDL-induced 
IL-1β expression90. CD36 contributes to the production of pro-inflammatory eicosanoids137,224, and also 
promotes oxidative stress and signals with stress kinases137. Besides affecting the resident macrophage 
population, it increases their amount by mediating monocyte recruitment (rolling)163 and trapping them 
to plaques by inhibiting their migration162,164.

2.6.4 The beneficial effect of scavenger receptors in atherosclerosis
As they lack feedback inhibition, scavenger receptors are thought to lead to excess lipid intake 
and metabolic disturbances in macrophages90. On the other hand, they are crucial in the removal of 
harmful lipids from the vascular wall, exerting an atheroprotective role47. Unlike the removal of a 
singular scavenger receptor, the removal of multiple scavenger receptors has been shown to increase 
atherosclerosis47,90,127,128, indicating a more complex role for these receptors in atherosclerosis. For 
example, silencing SR-A upregulates CD36 and decreases lesion size, but simultaneous silencing of 
both receptors was not effective165. SR-A/CD36-double knock-out experiments indicate that other non-
receptor mediated ways166 of foam cell formation mediate the development of the disease in the absence 
of these receptors. Thus, it seems that when excess lipids are available, foam cell formation will be an 
unavoidable biological response of the cells, but the process is due to the complex interplay between 
these mechanisms.
CD36 has specific beneficial effects. OxLDL has been shown to induce antiatherogenic M2-phenotype 
macrophages through CD36167,168. The efferocytotic macrophages upregulate their scavenger receptors 
such as CD3664, 226 and SR-BI227. As a scavenger of apoptotic and necrotic material, the CD36-mediated 
efferocytosis is associated with anti-inflammatory signalling169. The higher amount of CD36 in more 
advanced and complex lesions might be a response to the increased local need for its expression, instead 
of being causative in lesion progression.
Taken together, CD36 might be an important mediator of the harmful effects of lipids on macrophages. It 
might have a role as a biomarker for ongoing atherosclerosis, but it could also signal a healthy response 
to local conditions. A dual role like this has been previously proposed for scavenger receptors170. 
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2.7  The removal of lipids from macrophages
The ability of foam cells to expel their cholesterol is a central event in the reversal of atherosclerosis94, 
and can lead to the regression of early lesions. Intimal xanthomas are known to regress171,172, and this can 
be observed for example in short-term intima-media-thickness (IMT) changes in the carotids173. Later 
lesions are also known to regress. Lipid lowering therapy reduces atherosclerosis by reducing plaque size 
and stabilizing their morphology83 in the coronary bed. Lipid exporters prevent the intracellular sterol 
accumulation seen in unstable plaques174, and these export pathways are induced by lipid loading90. The 
excess phagocytosed cholesterol can either passively diffuse out of the cells or can be actively exported 
by efflux molecules ABCA1 and ABCG164,175 (ATP-binding cassette subfamily A member 1/G member 
1). These belong to the ATP-binding cassette (ABC) transporter family, which is the largest single-gene 
family in both eucaryotes and procaryotes176. ABCAs depend on ATP hydrolysis. They facilitate the 
active transport of substances such as hormones, amino acids, ions, vitamins, and lipids through the 
cytoplasmic membrane bilayer177.

2.7.1 ABCA1 (II) is a key mediator of macrophage cholesterol export
Atherosclerotic plaque macrophages, SMCs and ECs show a widespread expression of ABCA1                      
(II, Fig. 1B), unlike normal arteries where it is absent178. ABCA1 is the most important mediator of 
cellular cholesterol efflux, as it is the rate-limiting factor177. ABCA1 mediates both cholesterol and 
oxysterol efflux to lipid-poor apolipoproteins apoA-I, apoA-II, apoA-IV, apoC-I-III and apoE179, 
creating HDL180. The ABCA1-mediated birth of the pre-HDL177 is followed by ABCG1-mediated efflux 
of cholesterol and oxysterols to nascent HDL177,181. It is proposed that the anti-atherosclerotic “effect” of 
HDL is due to it being a result of cholesterol removal from cells61. The systemic dynamics of HDL and 
related metabolism are not discussed in this review.

The exact route of ABCA1-mediated lipid efflux is currently unknown, but it includes trafficking 
between different organelles. Scavenger receptors deliver cholesterol to late endosomes/lysosomes177, 
which are the preferred efflux locations through ABCA1182. (Fig. 6B) The FC released from lysosomes, 
re-hydrolyzed CE droplets, and vesicles from the Golgi apparatus can be trafficked to the plasma 
membrane either for transport to the outer leaflet and then to the ABCA1 molecules, or for passive 
diffusion64,124,183,184. Next is the internalization and shuttling of the ABCA1 between plasma membrane 
and the endosomal compartments182, which are increased in foam cells185. Besides these interorganelle 
dynamics, the process of autophagy is active in lipid efflux. The autophagy of the internalized lipids 
is known as lipophagy. The autophagosome fuses with the lysosome, and the contained cholesterol is 
then available for efflux through ABCA1. Autophagy also regulates immune responses, inflammasome 
activation, antigen presentation and T-cell activation90.

Intracellular cholesterol accumulation activates Liver X receptor-retinoid X receptor (LXR-RXR) heter-
odimeric transcription factor, which upregulates both ABCA1 and ABCG1177,90,186. AcLDL (acetylated 
LDL) and oxysterols also induce ABCA1187,177. Some known proatherogenic factors such as homocys-   
teine inhibit ABCA1 and ABCG1 through LXRα188. HSP70 downregulates ABCA1 and ABCG1 through 
JNK/Elk-1, thus increasing atherosclerosis189. ABCA1 is downregulated in lipid-depleted media187.

2.7.2 ABCA1 is atheroprotective and anti-inflammatory
ABCA1’s atheroprotectiveness is largely supported. ABCA1 deficiency is known as Tangier’s 
disease, with early atherosclerosis179,177,190. IMT has been found to be elevated in individuals with 
ABCA1 mutations191. ABCA1 is normally induced in atherosclerotic arteries178 during differentiation 
of macrophages. It is speculated that with sufficient ACBA1 expression, macrophages could mediate 
reversal of atherosclerosis143,192,193,194. Thus, ABCA1 upregulation has been considered as a putative 
strategy for treatment of atherosclerosis195. Antiatherogenic medicines such as rosiglitazone have been 
found to increase ABCA1196. 
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Part of ACBA1’s atheroprotectiveness might be due to its anti-inflammatory effect. LXR activation 
and the following increase in ABCA1 are linked to decreased inflammatory signalling, and can prevent 
cholesterol/oxysterol-induced efferocyte death64. ABCA1-mediated decrease in MMP-9 and TLR2, 4 
and 9 has been found in aortas108. On the other hand, the stimulators of inflammation such as LPS are 
known to decrease lipid efflux to ApoA-I through reduction in ABCA1197. PPAR-γ, the effector upstream 
of LXR, is upregulated in IL-4 stimulated macrophages, linked with the anti-inflammatory M2 pheno-
type61. This process is counteractive to the increased inflammatory activation seen in lipid ingestion 
through CD36.

2.7.3 ABCA1 function and mRNA-protein-concordance are disturbed in atherosclerosis
A discordance between the ABCA1 mRNA and protein is a known phenomenon known to be directed by 
multiple intra- and extracellular factors202. In plaque lipotoxicity, inflammation and ATP depletion are 
potential modifiers of lipid efflux through ABCA1. 

Despite its mRNA upregulation during lipid loading, the functional capacity of the ABCA1 molecule 
has been found to be decreased in atherosclerotic foam cells and in FC-loaded macrophages578. Increased 
FC, long chain FAs and sterols cause decreased ABCA1 protein stability198-201,600, leading to increased 
mRNA transcription without translation to the protein level.  

Inflammatory stimuli and oxidative stress are known to decrease ABCA1 transcription599. The lack of 
ATP is a known phenomenon in atherosclerotic plaques. The inhibition of mitochondrial ATP production 
(miRNA33) directly decreases ABCA1 expression and macrophage cholesterol efflux203. A decrease in 
cellular ATP has been proposed to decrease ABCA1 function200.
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Figure 9. Select macrophage proteins involved in lipid management. Macrophages 
(represented by a circle in the centre) express all three studied genes (ADFP, CD36 and 
ABCA1), and the protein products regulate the flow of lipids in and out of the cells as depicted 
by the black arrow.
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2.8  The intermediate lesions

2.8.1  Histological samples show an atheromatous core and a fibrous cap
The intermediate lesions start to show a cavity filled with necrotic cells and extracellular lipids – the core 
(Fig. 3; III, Fig. 3E). The core forms within the intima, and the overlying layer of intima that separates 
it from the circulation is the fibrous cap (Fig. 10). As the lesion grows, the number of macrophages and 
SMCs also increases. The lesion becomes more complex and might protrude into the arterial lumen48. 

These intermediate lesions are classified by Stary as type IV lesions with a well-defined lipid core, 
which potentially develop a surface disruption, or a fissure. Virmani named this a fibrous cap atheroma, 
and it could progress either by forming a thrombus or erosion, later becoming a healed erosion2 (Fig. 5).

The necrotic core is a sign of advanced atherosclerosis, and is considered as a sign of a vulnerable lesion. 
The HR for the lipid-rich necrotic core in an MRI of a CP as a predictor of stroke or TIA was 3.00 (95 % CI 1.51–
5.95)204. The macrophage-surrounded lipid pools seen in early lesions (Fig. 6,10; I, Fig. 3A) grow and fuse, and 
the ECM disruption advances. The chronic complex multicellular lipid-driven macrophage-mediated 
inflammation continues205,206. Furthermore, the formation of foam cells and their death by apoptosis, 
necrosis or other pathways also continues207,208. Among other factors, lipids trigger apoptosis209, which 
happens in the cellular rim around the core, called the perinecrotic zone3. The dying macrophage remnants 
contribute to the growth of the larger necrotic collection when extracellular modified lipids and free 
cholesterol are freed from them210,211 (Fig. 10D-E). The necrotic center of atheroma is a metabolically 
silent, hypoxic cemetery of macrophages (III, Fig. 3E). Besides these remnants of macrophages and 
freed lipids212-214, a large fraction of the acellular lipid core (45 %) might consist of blood components215, 
due to microhemorrhages into the core from local neovascularization (see Ch. 2.14) (III, Fig. 2A, F and 
Fig. 3B-C). The core contains large amounts of cholesterol crystals61  (I, Fig. 3A, C, F), which potentially 
originate not only from modified lipoprotein but also from dead foam cells594 and cholesterol containing 
red blood cell membranes.

The fibrous cap consists mainly of dense connective tissue with embedded SMCs216, but no fibroblasts, 
like for example healing wounds. Macrophages and occasional T-cells also exist in the fibrous cap205 
(III, Fig. 4A). The shoulder region of the plaque, which is where it grows, is in the interface between the 
cap and the core, and a common site for cap rupture. The shoulder contains abundant accumulations of 
T-cells and macrophages, many of which are activated and produce proinflammatory cytokines47.

Figure 10. The intermediate lesion. The intermediate lesion is a stage of an atherosclerotic lesion. The lipid 
core grows inside the intima. The strip of the intimal tissue that separates it from the blood stream is called the 
fibrous cap. Efferocytes (A) clear the apoptotic remnants of macrophages, which would otherwise contribute to 
the growth of the necrotic lipid core. As the plaque grows, more plaque areas become hypoxic (B). Phenomena 
such as anaerobic glycolysis (C), and apoptosis and necrosis (D) are seen in all stages of atherosclerosis. Under 
the microscope (E), the edge of the necrotic core shows how macrophages lose their structural integrity and fuse 
into the core (GLUL+staining). See the text for the details.
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Figure 10. The intermediate lesion. 
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2.8.2   Macrophages become trapped in the lesions
Migratory macrophages have been found in regressive atherosclerosis, but not in progressive 
atherosclerosis217. As macrophages lose their mobility, they seem to become trapped in the lesions, 
which feeds the local inflammation. They express retention molecules (netrin-1, UNC5B, semaphorin 
3E, cadherins)90,218. Also, CD36 linked pathways in response to advanced glycation end products 
(AGEs) or oxLDL inhibit macrophage migration162,164 and enhance their spreading through the effect 
of polarization130,219 and cytoskeletal organization219 anchoring the macrophages to the atherosclerotic 
lesions. As the macrophage migratory potential diminishes, they are predisposed to the harmful lipid 
core contents and hypoxia, thereby increasing the probability of their final entrapment and death.

2.8.3  Apoptosis increases in advanced atherosclerotic plaques
The plaque cells are at different phases of their life, ranging from freshly recruited cells to those in 
serious multi-level stress just one step away from apoptotic death. Apoptosis appears throughout the 
pathogenesis of the disease. The stage of the lesion, the cell type involved and localization within the 
lesion define whether the net effect of apoptosis is anti-or proatherogenic67,220. In advanced lesions, 
macrophage apoptosis increases – more apoptotic particles are visible, and the functional consequences 
appear to be markedly different from those in earlier lesions. Although apoptosis might be beneficial 
in early atherosclerotic lesions, in later plaque stages the apoptosis of SMCs and ECs is detrimental to 
plaque221 due to their importance as structural components of the atheroma.

2.9  Cellular stress, apoptosis and inflammation are linked  
 in atherosclerotic lesions
2.9.1  Apoptosis is a multifactorial step-by-step event
Apoptosis starts when cellular stress has reached a critical level. A series of sub-threshold cellular 
changes leads to the gradual lowering of normal cellular functions during stress before cells become 
apoptotic. This is called the ”multi-hit model” of apoptosis, and it states that proapoptotic factors reduce 
the threshold of other apoptosis inducers to function. None of the steps alone are sufficient to induce 
apoptosis, because the proapoptotic cellular stress simultaneously activates cell survival pathways67. 
Eventually, when apoptosis starts, the harmony between the apoptotic and compensatory pathways has 
broken64. Besides lipids, numerous other causative factors for apoptosis have been recognized, one of 
them being ER stress.

2.9.2  ER stress is one of the proapoptotic mechanisms seen in lipotoxicity
Advanced plaque macrophages suffer from multifactorial ER stress, and this is thought to contribute 
to their apoptosis57,87,90. ER stress can be caused in activated plaque macrophages by increased protein 
synthesis64,67. Lipotoxicity is a major ER stress inductor in atherosclerosis. Excess availability of lesional 
FC, oxysterols like 7-ketocholesterol, locally modified lipids, other pro-oxidative factors, saturated FAs, 
homocysteine, AGEs and β-amyloid all contribute to lipotoxicity. The ER is the major location for 
lipid biosynthesis and esterification, and the overload of ingested lipids directed to the ER changes the 
cellular membranes of the ER, disturbing macrophage lipid metabolism and phagocytosis (Fig. 8). As 
lipotoxic ER modifications also decrease the cellular lipid transport function, FC then causes its own 
retention67,124,222,223. The activation of CD36 by lipids that are found in plaques can enhance apoptosis-
related pathways in ER-stressed cells223.

2.9.3  Macrophage adaptation mechanisms during stress
Cellular response to stress causes activation of different pathways and molecules, the function of which 
is to save the cell from stress and prevent their entrance to the pathway towards death. During ER stress, 
the compensatory cell survival pathways Akt, ERK, NF-κβ and p38a are activated. Other stress responses 
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are induced. One of these is autophagy: The intracellular organelles are wrapped into autophagosomes, 
where the cells remove damaged old organelles. Expression of certain key molecules is seen in stress, 
such as heat shock protein (HSP) expression, which is one of the most highly conserved adaptive 
biological responses also seen in atherosclerosis. Different, specific forms of perturbations in the ER 
physiology are connected to certain survival pathways, such as the unfolded protein response (UPR)/
integrated stress response (IRS), and their induction is aimed at correcting ER function. Cells can also 
adapt by increasing their metabolic capacity by smooth endoplasmic reticulum hypertrophy. The number 
of mitochondria might also change in cellular adaptation, as well as the cytoskeleton61,67,162,164,218,225.

2.9.4  Apoptosis and necrosis on the core edges contribute to its growth
The number of apoptotic cells increases in later plaque stages. Apoptosis of macrophages is combined 
with necrosis in advanced plaques, potentially increasing lesion vulnerability67     (Fig. 10D). When the 
capacity of the efferocytotic machinery is overwhelmed, the necrotic core starts to grow64,221,228,229. In 
necrosis, the apoptotic macrophage membrane breaks before it is sufficiently cleared by phagocytes. 
This leads to the release of toxic intracellular components and lipids to the core, causing secondary 
necrosis. Necrosis of different types is seen in atherosclerosis3. For example, cholesterol crystals induce 
pyroptosis, a more inflammatory form of cell death230. 

The formation of the necrotic core can be seen through the microscope. In the immunohistological 
sections of CP, on the edges of the atheroma, macrophage foam cells seem to lose their structural 
integrity and fuse to the atheroma as their final resting place (Fig. 10E). 

Necrotic core formation is linked with excess availability of lipids. Lipid lowering therapy has been 
found to decrease both apoptosis and necrotic core size in rabbit and human atherosclerosis221.

2.9.5  Self-amplification of inflammation and macrophage apoptosis
Again, the self-amplification of the atherosclerotic process feeds itself. The excess FC (enriched in 
the cellular membranes or ingested as cholesterol crystals and lipoproteins) and other lipids induce 
both inflammatory signalling and ER stress57,64,67,90,199,206,231. The inflammation is stimulated by increased 
apoptosis64. The decreased efferocytosis due to the overwhelming of the efferocytic machinery and 
the harmful effect of lipids on membranes, which decreases cellular lipid efflux functions232 will all 
eventually serve as proinflammatory inductors sustaining the chronic atherosclerotic inflammation221. 
This likely increases the recruitment of inflammatory cells in the atheroma. However, the new cells will 
equally then engulf the lipid-rich gruel and apoptotic and necrotic cells, developing ER stress, entering 
the same stressful conditions. There does not seem to be any macrophages that would have a different 
strategy against lipid ingestion than phagocytocing it as much as they can. 

2.9.6  Are macrophages marching to a certain death when they attack the core?
Taken together, we see that at a certain point in the development of the atheroma, the core formation 
starts, cell by cell, one defectively cleared apoptotic body after the other. However, it is unknown exactly 
when the macrophage becomes apoptotic and the point of no return has been reached. The signals that 
guide macrophages to exit the plaque remain poorly defined90. “From a teleologic viewpoint, one may 
imagine that evolution has designed the UPR to keep cells alive to enable the repair process to proceed, 
but also to have a fail-safe mechanism to trigger cell death if the perturbation is irreparable”. However, 
this critical point for a macrophage inside an atheroma is unknown67. 

How come the lipid-filled ER-stressed macrophage does not leave the atheroma before it is too late, ins-
tead of remaining destined to join the necrotic core, the proinflammatory collection of toxic lipids and 
intracellular contents, promoting more cellular stress? Is the macrophage eventually a poor ‘strategy’ for 
lipid removal in a chronic setting? This topic will be further discussed in the later chapters.
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2.10 Hypoxia complicates the atherosclerotic disease   
 process

2.10.1  Hypoxia is caused by plaque thickening and local cellular activity
One of the factors that radically worsens the environment for cellular survival is the dramatic lack of 
oxygen found in atherosclerotic plaques (Fig. 10B). In tissues with trauma, necrosis or pathogen attack, 
the oxygen levels fall radically to less than 1 %120. Within a plaque, the impaired oxygen diffusion through 
the necrotic core and the heightened inflammatory cell activation together promote hypoxia22,233,234. In 
plaques that are 400–500 µm thick, lesion zones situated 100–300 µm from the endothelium or from the 
sites of adventitial vasa vasorum have showed hypoxia in living cells235. A pO2

 of zero has been found 
from 880 µm thick atherosclerotic rabbit aortas at 300 µm depth236.

2.10.2 Hypoxia produces similar cellular responses as proinflammatory signalling 
 in normoxic conditions
Low oxygen conditions share transcriptional events with inflammation (Fig. 10C). This means that 
the intracellular responses to inflammation and hypoxia are similar on the gene expression level237. In 
hypoxia, HIF-1α transcription factor and NF-κβ are activated, leading to increased ROS production 
and further amplification of inflammation, increased IL-1 and TNF-α expression234,238, elevated NO 
and other cytotoxic mediator production, increased phagocytosis, and elevated bactericidal capacity 
of macrophages239,240. In normoxia, these pathways can be activated by cellular stress, inflammatory 
mediators and by bacterial products237, among others. For example, the proinflammatory activators 
TLRs decrease oxidative metabolism, ATP production and increase ROS production120.

In all of the aforementioned conditions, the cells adapt by shifting their metabolism into a more glycolytic 
direction; in addition to ATP production, glucose and lipid metabolism as well as the production of 
inflammatory mediators are also linked with this change. The ability of cells to adapt to challenging 
conditions is an advantage, at least in short-term stress, such as in tissue trauma. The advances of this 
metabolic shift in atherosclerosis are discussed below. The negative aspects of macrophage adaptation 
in atherosclerosis are also discussed in later chapters.

2.10.3  Glycolysis is linked with hypoxia and proinflammatory activation, as well as  
  with electron transport chain disturbances 
In hypoxia, the cellular ATP availability is threatened. Inflammation is also an ATP-demanding process. 
Glucose can either be oxidatively phosphorylated in the TCA cycle or consumed in glycolysis or in 
the pentose phosphate pathway120,122. Activated macrophages have an increased demand for energy. 
During macrophage activation, their glycolysis increases, and hexokinase activity is increased 10-fold. 
In glycolysis, extracellular pH decreases as lactate production from pyruvate increases22,120,245, and when 
the pyruvate is not taken to the TCA cycle, phagocytes consume alternative nutrients such as glutamine 
to sustain the TCA cycle241. The glutamine consumption by activated macrophages is increased241. 
Similar metabolic changes are seen in macrophages that adapt to hypoxic conditions, enabling them to 
proceed against the oxygen gradient, for example within an abscess237,242 (Fig. 10C). 

Glycolysis is an energy-ineffective but fast way of ATP production. In oxidative phosphorylation 
where Acetyl-CoA is oxidated to CO2, a molecule of glucose produces 38 ATP molecules, compared 
to 2 ATP molecules produced in anaerobic glycolysis. Indeed, the TCA cycle is not only a metabolic 
“furnace” but also a traffic circle-like system, meaning that the intermediates also have to leave the 
cycle (via conversion into glucose, fatty acids or non-essential amino acids)96,244,246,247. Despite having 
the anaplerosis (i.e., metabolite input, at least with replenishment of the intermediates248) for the TCA 
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In the “clockwise” TCA reaction, αKG is oxidized into succinate, and in the reversed reaction it is 
reductively carboxylated by isocitrate dehydrogenase96. The TCA cycle flow can be “broken” in 
proinflammatory macrophages when compared to anti-inflammatory ones245. For an unknown reason, 
the aerobic mitochondrial metabolism using oxidative phosphorylation is associated with an anti-
inflammatory effect, and proinflammatory cells prefer glycolysis – even in aerobic conditions120,243. As a 
result of proinflammatory induction, a glycolytic M1 type is favored120 (see Ch. 2.11.3-6). The metabolic 
shift is thought to serve other purposes than ATP production only3,237,244,245. A similar change in the TCA 
flow can be seen in hypoxic cells. The cells can use alternative fuels aside from the glucose-derived 
ones, such as glutamine, for the synthesis of molecules such as citrate for hypoxic lipogenesis from 
cytosolic Acetyl-CoA96 (HIF-1α downregulates lipid synthesis in hypoxia)249. In hypoxic lipogenesis, 
citrate leaves the TCA cycle244. 

Besides in proinflammatory cells and hypoxic HIF-1α -stabilized cells, this preference for the reverse 
cycle has been found in cells with problems in the electron transport chain96, linking the reverse cycle 
into serious cellular stress states.

Thus, the cellular consumption of alternative metabolites next to glucose might indicate either 
proinflammatory activation, hypoxic accommodation, or mitochondrial dysfunction. 

2.10.4 Hypoxia promotes atherosclerosis through multiple mechanisms
As a key phenomenon in atherosclerosis, hypoxia promotes atherosclerosis and increases the progression 
of already advanced lesions (“the anoxemia theory of atherosclerosis”)233,235. On the contrary, necrotic 
core expansion can be prevented with reversal of hypoxia (seen as a reduction in TUNEL+ apoptotic 
cells and increased efferocytosis)256.  

Hypoxia promotes inflammation, the key feature of atherosclerosis237,253,254. It increases the amount of 
macrophage foam cells in the plaques by increasing the production of adhesion molecules on ECs to 
increase macrophage recruitment, and by causing macrophage trapping by decreasing their migratory 
potential225. Plaques that appear to be at higher risk have a larger core and show greater FDG uptake 
than more stable plaques122.  Because hypoxia activates similar processes as the proinflammatory shift in 
macrophages, it promotes increased MMP and other lytic enzyme production, leading to increased ECM 
degradation3,237 and plaque weakening.

Hypoxia also affects another key process of atherosclerosis – foam cell formation. It affects multiple 
steps in cellular lipid processing96 and increases lipotoxicity. Hypoxia causes increased LDL oxidation250, 
increased triacylglycerol collections and lipid droplet formation, as well as decreased ABCA1 expression 
and thus decreased lipid efflux252. Hypoxia is also linked with decreased FA beta oxidation251, which 
causes the macrophages to depend on other less efficient energy sources122. The macrophages in the 
perinecrotic zone are known to lack metabolites/nutrients255, indicating that under hypoxic conditions 
the cells live in the middle of energy excess, but their inability to use this energy promotes poor survival.

cycle, the cataplerosis (output) should be in balance with the metabolite influx. Besides the balance of 
molecular influx and outflow, the direction of the TCA cycle flow can be shifted. These fluxes change 
according to the macrophage functional phenotype in inflammation, affecting their differential metabolic 
profiles and secretomes.
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2.10.5 Hypoxia causes intraplaque neovascularization
Formation of new blood vessels, i.e., neovascularization, is a physiological response to both hypoxia 
and inflammatory signalling44,234,237,257,258. The newly formed microvessels – ‘neovessels’ – grow into the 
plaque from the luminal surface or from the adventitial vasa vasorum214 (Fig. 10,11). These neovessels 
are commonly seen in the macrophage-rich plaque shoulders in atherosclerotic plaques of different 
arteries171,212,234,259-261. Their formation is indicative of a more advanced atheroma44,214. Compared to 
stable lesions, the number of neovessels is 2-fold in a thin fibrous cap atheroma and 4-fold in ruptured 
CAD plaques. A large fraction of the intraplaque neovessels are immature, weak and leaky, lacking the 
coverage of mural cells44,263. The neovessels are an entry route for inflammatory cells, phospholipids, 
and FC from lipoproteins and erythrocytes. Their rupture can lead to the development of intraplaque 
hemorrhage, which is an important feature of a complicated advanced carotid atherosclerotic plaque44. 
Neovascularization is a complex process, the treatment of which as a target in atherosclerosis might also 
cause dangerous side effects257,258,262. Recently, the causative role of the neovascularization in plaque 
progression has also been challenged, as neovasculature formation and the increased perfusion through 
them might also be important in lesion healing. The topic of intraplaque hemorrhage is further discussed 
in later sections (see Ch. 2.14, Fig. 13,14).

Taken together, hypoxia is a major proatherogenic phenomenon in the growing atheromatous lesions. 
It is both a cause and an effect of the pathological inflammatory process of the plaques, promoting the 
auto-amplification of the disease process (Fig. 7).

2.11  Advanced lesions – lesions with complex morphology
The material used in the sub-studies of this thesis consists of advanced carotid artery plaques.

2.11.1  The variable progression of intermediate lesions into “later lesions” 
After the atherosclerotic process has built an intermediate lesion, this can progress into different kinds 
of “late lesions” (Fig. 5). The disease process auto-amplifies itself multidimensionally, and the course of 
events is determined by multiple factors, the relationships of which are not known. The proinflammatory 
signalling perpetuates itself, but is also encountered by two anti-inflammatory reactions – biochemical, 
by anti-inflammatory cytokine expression, and mechanical stabilization, by increased amounts of 
SMCs, strengthening the fibrous cap264, potentially also resulting in the transformation of the plaque 
into a more stable fibrotic tissue-dominated type. Part of the lesions proceed into less stable directions. 
Increased apoptosis without efficient efferocytosis promotes core growth and its inflammatory potential, 
by the lipids released by the dying cells and also the intracellular substance leakage into the extracellular 
space67. Non-feedback regulated scavenger mediated intake of lipoproteins causes lipotoxicity, altering 
macrophage metabolism and immune phenotype into a more aggressive direction. Macrophages secrete 
proinflammatory mediators, chemokines, cytokines, ROSs and matrix degrading proteases90. When the 
lesion thickness has exceeded a certain limit, intraplaque hypoxia, ATP depletion and oxidative stress 
(Ch. 2.11.7), as well as decreased macrophage migration increase the macrophage susceptibility to death 
on the edges of the necrotic core. The vicious circle of the atherosclerotic process repeats itself, as in the 
earlier stages of the disease.
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Figure 11. Features of advanced plaques. In the more advanced “late stage” atherosclerotic plaques, increased 
amounts of the complicated features can be found. They result from different pathological processes and stress 
factors, such as hypoxia, cell death and the disruption of plaque structure. See the text for details/references.
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2.11.2    Histologically different atherosclerotic plaques are classified as late lesions
Some of the complicated features seen in atherosclerotic plaques are shown in figure 11 (Fig. 5 
shows the non-linear plaque progression). The “advanced lesions” category includes a multi-layered 
fibroatheroma with fibromuscular tissue over the lipid core marking repeated healed plaque ruptures 
and surface erosions. Also included is a plaque causing a total arterial occlusion as a result of a repeated 
rupture-healing-process (Stary class Va lesion). A fibrocalcific plaque with or without a necrotic core is 
also included in the advanced lesion category (Stary class Vb/VII). Moreover, as a result of organized 
thrombi, a fibrotic lesion with minimal lipid can develop (Stary Vc), also a type of late lesion. In the 
class of late/advanced lesions is also “thin fibrous cap atheroma” of Virmani (Ch. 2.12.)212, 265, 266, a 
‘classically’ advancing lesion often seen in medical books depicting the progression of atherosclerosis. 
It is also used as a model for typical plaque progression in this thesis.

The late lesion itself is not a synonym for a vulnerable plaque, but the term describes plaques that show 
more advanced histological changes caused by atherosclerosis. It is important to remember that the 
patient’s coagulation status and the local flow conditions also influence the symptom generation by the 
diseased arterial wall. These factors together will determine whether a local plaque event will lead to a 
healed plaque phenotype, or to a clinically manifested thromboembolic ulceration.

2.11.3   Macrophages are involved in all chronic and acute plaque events leading to  
   plaque development
The inflammation in atherosclerosis is chronic, as it is sustained over decades. The chronic inflammation 
with hypoxia, the effects of toxic lipids and apoptotic/necrotic particles are “spiced” by more acute 
stimuli, such as intraplaque hemorrhage, plaque ulceration or cholesterol crystallization, which can cause 
acute physical and chemical damage to the plaque tissues. These noxious conditions lead to enhanced 
local inflammation267. In the normal course of tissue injury or inflammation, destruction of the tissue is 
balanced by tissue repair, and before the repair is possible, the inflammation should be repressed and 
resolved90, 268,269. Macrophages mediate all of these steps270, and they are thought to direct the processes 
behind plaque injury, healing and remodelling.

2.11.4   Multifunctional macrophages can specialize into different functional 
   phenotypes
The macrophage is an ancient cell, and the first immune cell in evolution. Most animals possess 
only macrophages and no other immune cells. Macrophages were originally found in sterile wounds 
where they are the main leukocyte type271,272. Macrophages can become activated or silenced through 
different pathways by environmental, microbial, and cellular stimuli90. Depending on the pathway, the 
activated macrophages then exhibit different functional phenotypes with various rapid responses to their 
environment273. 

Macrophages attend and regulate numerous biological processes. The versatility seen in macrophage 
gene expression, synthesis and protein secretion has been referred to as “legendary”275,276. Their functions 
range from microbicidal, lytic and phagocytic to tissue repair and tissue modification, growth regulation 
and antigen-presenting functions. 

An increasing number of specialized macrophage subtypes continue to be described237, but these strict 
subcategories are not necessarily encountered in vivo277. The molecular expression between subgroups 
overlaps, making the macrophage phenotype a continuum   (Fig. 12). Importantly, macrophages can 
shift their phenotype within tissues from one functional phenotype to another90 depending on the local 
need. Since the nature of the phenotypic shifting is non-linear and diffuse, a suggested term instead of 
subgroups is differential macrophage activation states278. These activation states are classified according 
to their gene expression profiles, actions, secretomes and surface markers90,279. 
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Figure 12. Macrophage immunophenotype and its role in atheroma development. The healing M2 
macrophage phenotype can change its activation state to a more inflammatory, destructive M1-pheno-
type. Multiple factors commonly found in atherosclerotic plaques are known to promote this shift.
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2.11.5   Pro- and anti-inflammatory macrophages are found in atherosclerotic lesions
Recruitment, apoptosis and potentially local proliferation regulate the local macrophage amount90. 
Several atherosclerotic plaque macrophage subcategories have been described in plaques47, interacting 
with all other cell types of the atheromas274. A simplified abstraction of these two macrophage activation 
state “extremes” are the M1- and M2-type macrophage phenotypes. Some of the surface receptors, 
produced mediators and functions of these macrophage types are shown in figure 12.

The M1 describes a classically activated “defensive”-type macrophage mediating killing, destruction and 
proinflammatory signalling. The M2 is a “healing”-type macrophage mediating tissue repair, collagen 
production, phagocytosis and efferocytosis. M2 also mediates resolutive, anti-inflammatory activity, 
thus balancing the M1 effects247,269,272,274,280-282. 

These macrophage types were originally noticed by their differential capacity to metabolize arginine 
to NO or ornithine (for collagen/polyamines) or urea248, 272. Currently NF-κβ subunit p65 activation61 is 
seen in the core of M1 activation. M1 cells show reduced SR-A and CD36 and accumulate less OxLDL 
than the non-differentiated macrophages66. M2-type activation is linked with PPAR-γ61,247,283. CD36 is 
one of PPAR-γ induced proteins seen in M2 macrophages showing efferocytosis226. 

The aforementioned metabolic shift (Ch. 2.10.2-3) is linked to these macrophage activation states, the 
proinflammatory M1 preferring glycolysis and the “broken TCA cycle”, whereas the M2-type uses 
oxidative phosphorylation and has an intact TCA cycle284. 

The atherosclerotic lesion environment induces both M1 and M2 activation states (Fig. 12). Besides 
the plaque and patient factors, such as hypoxia, lipids and lipotoxicity, systemic proinflammatory 
factors also affect macrophage activation57,61,90,120,237,279,284,285. The Hemoglobin/haptoglobin-complex 
induces two macrophage types specialized in hemoglobin-scavenging M(Hb) and Ha-MAC. The 
M(Hb) shows increased expression of CD163 and lipid efflux proteins such as ABCA1, mediating 
hemoglobin clearance and showing high cholesterol efflux through increased ABCA1 (Ch. 2.14.3). Ha-
MAC expresses HMOX-1 and also mediates hemoglobin cleareance269, 278, 286. Efferocytosis is one of the 
factors driving M2 activation.

2.11.6   Local macrophage type is thought to direct the development of plaques
The balance between M1 and M2 subcategories is thought to direct the evolution of carotid plaques 
into different directions, either to a stable fibrotic plaque, or to a vulnerable lesion with thinning fibrous 
structures64,288-290 more prone to rupture. A macrophage activation shift called the “M2-M1 shift” (Fig. 12) 
is noticed in atherosclerotic plaques. This means that originally reparative M2s become more noxious, 
harmful cells with more protease and oxidative enzyme production282. Besides this M2-M1 shift, another 
shift from pro- to anti-inflammatory phenotype can also happen269,273,275,277,295.

M1- and M2-type macrophages are known to be localized in differentially stable plaque areas61,291. 
Symptomatic advanced carotid plaques have more M1-type cells121 enriched in the lipid-rich areas90. 
M1s are also found in more vulnerable plaque areas, for example in plaque shoulders61 and ulcerated 
plaques, or in plaques with irregular surfaces or a wall flap287. 

Asymptomatic plaques might not have any M1-type macrophages, while symptomatic ones can have 
both types61,287. Instead, the asymptomatic carotid plaques have more CD163 expressive M2 cells. CD163 
is considered a M2-marker and cells expressing it together with Th2 cytokines are inversely related to 
atherosclerosis progression292. M2-type macrophages are found in more stable plaque areas292, and in 
carotid plaques the expression of resolvins – a group of molecules inducing M2 activity – was decreased 
between vulnerable and stable areas293. M2 activity is speculated to assist in fibrous cap stability274, and 
collagen producing macrophages are present in carotid plaques294. In general, the M2-promoting factors 
are found to be atheroprotective90.  
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The macrophage categories are being explored64,274, and their modulation is a potential future treatment 
target. The macrophage activities can be investigated in other sterile inflammation conditions, such as in 
diabetic foot ulcers and in the cancer microenvironment273. Interestingly, M2s can be activated through 
dietary restriction120,245, which might be a promising and accessible method to treat atherosclerosis. The 
anti-inflammatory effect of fasting and pharmacological activation of sirtuins are thought to cause anti-
inflammatory effects through the same pathways, causing a reprogramming of macrophages to anti-
inflammatory states by limiting the expression of NF-κβ -dependent genes and a shift from glycolysis to 
fatty acid oxidation120.

2.11.7   Oxidative stress within the atheroma is linked to more complicated lesions
William A Pryor wrote in 1993: “Almost everything is gradually oxidized by oxygen: fats turn rancid; 
rubber loses elasticity; paper turns brown; and even iron gradually musts in air. Thus, it is not surprising 
that the cells of all plants and animals show a continuous level of oxidative damage”210,296.

Oxidative stress means a free radical-mediated injury of cells and tissues3. This is seen in many diseases, 
and also in normal biological processes such as inflammation and aging210. Reactive oxygen species 
(ROS) are formed during normal metabolism in the mitochondrial electron transport chain and by 
enzyme systems such as NADH oxidase, xanthine oxidase and eNOS297-299. Activated macrophages 
and neutrophils, as well as resident ECs all produce ROS. 

Some of the ROS found in atherosclerosis are superoxide anion free radical (O2
-), singlet oxygen, 

hydroxyl radical (OH-), HOCl, and hydrogen peroxide H202
210, 296,299. Also, nitrogen radicals are born. 

NO is produced by ECs, vascular myocytes, macrophages, and neutrophils. The NO reacts then with 
O2

- and generates peroxynitrite ONOO-. ROS are very reactive and can form reactive compounds, for 
example transitional metals such as iron together with superoxide can cause deep oxidative injuries3. A 
risk of chain reaction of oxidative stress is linked with the reactivity of ROS compounds3. 

ROS threaten cell functions and integrity on a large scale, causing lipid peroxidation in the cellular 
membranes, DNA fragmentation, protein degradation and enzyme inactivation, seen in tissue injuries 
and inflammation300. The antioxidant “machinery” protects the cells against oxidative stress. Endo- 
and exogenic antioxidants scavenge ROS or block their generation, decreasing the oxidative stress. 
These include vitamin C and E, superoxide dismutase, catalase and glutathione (GSH) as the most 
important3,301,302. GSH peroxidase mediates the reduction of ROS through the creation of a disulphur 
bond between two GSH molecules that transform into an oxidized glutathione pair: 
                                  2OH- + 2 GSH       2 H20 + GSSG3,299. 
The GSH/GSSG ratio is considered as an indicator of the cellular redox balance262,296. In the macrophage, 
GSH is of major importance303.

In atherosclerosis, oxidative stress due to the high amount of oxyradicals is a central pathology-promoting 
factor297,299,300. The plaques are in the state of high oxidative stress due to a high amount of oxidized 
lipids and proteins304. Oxidative stress can form upon lipid peroxidation and oxLDL loading, and by 
intraplaque hemorrhages305. Diabetes increases arterial wall oxidative stress because of hyperglycemia, 
and AGEs increase the expression and activity of NADPH oxidase by GSH peroxidase depletion and by 
glycation of the antioxidants3,305.

Lack of especially GSH leads to more complex atheromas, and the depletion of GSH has a major role 
in CVDs210. GSH expression is decreased during atherosclerotic lesion progression306, and the loss of 
macrophage ability to produce GSH quickly leads to more complex atherosclerotic lesion development 
in mice302. GSH peroxidase 1 deficiency increases oxLDL-mediated foam cell formation262. Glutamate-
cysteine ligase is the rate-limiting step in GSH synthesis, and its depletion increases plaque complexity 
and the frequency of thinner fibrous caps, larger cores and more cholesterol clefts302.
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2.12 The thin fibrous cap atheroma

2.12.1 Thin fibrous cap atheroma is a specific phase in plaque development
One of the directions the intermediate/advanced atheromatous lesion can proceed into is a “thin fibrous 
cap atheroma” (Fig. 5,13). The critical thickness for the fibrous cap in the carotids is thicker than in 
coronaries, but it is impossible to predict which cap will eventually rupture. In carotid plaque studies, 200 
µm has been used as a limit for a thin fibrous cap308. The hazard ratio for thinning/rupture of the fibrous 
cap in CP MRI as a predictor of stroke or TIA has been found to be 5.93 (95 % CI 2.65–13.20)307. The 
factors that stimulate the thinning of the fibrous cap are also thought to be important in the development 
of the thin fibrous-cap atheroma phenotype and thrombosis2,47,121. Inflammation and cellular death are 
two of these important factors. 

As the inflammation continues and increases, the proinflammatory (M1) cells secrete increased amounts 
of lytic substances such as proteases, and this tissue stress in enhanced by the mechanical forces from 
the pulsating blood flow. The plaque ECM is composed of proteins such as proteoglycans, collagen and 
elastin. These molecules maintain both the structural integrity of the lesion as well as overall circulatory 
homeostasis, as they separate the thrombogenic plaque and ECM from the circulation. Most of the ECM 
is synthesized and sustained by the vascular SMCs. The macrophage MMP secretion is a tool for tissue 
remodelling and is balanced by ECM production. However, in atherosclerosis, vascular SMCs undergo 
apoptosis, which might weaken the ECM. In coronary plaques, several MMP types are found to be 
associated with different plaque pathologies, such as MMP1 with hemorrhages, MMP7 and MMP12 
with the lipid core and MMPs 1, 2 and 9 with the fibrous caps47. 

Besides the active destructive inflammation, the necrotic death of macrophages also causes tissue 
disruption. The necrotic phagocytes release their lytic intracellular contents, potentially further 
predisposing to the fibrous cap injury124,268 (Fig. 10D). The thin fibrous cap is an important feature of the 
vulnerable plaque.
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Figure 13. Thin fibrous cap atheroma. As the name suggests, the thin fibrous cap has only a thin layer of 
connective tissue separating the thrombogenic lipid core from the circulation. Numerous plaque factors cause 
molecular and chemical stress, which are thought to cause further thinning of the cap. The consistency of the 
core can be softened with an intraplaque hemorrhage or fast necrosis, which increases the movement of the cap, 
potentially causing further cap stress and damage.
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2.13 The vulnerable plaque of the vulnerable patient

2.13.1 The vulnerability of the plaque precedes symptom generation
At a certain stage, the developing lesion might start producing thrombotic events, some of which will 
cause clinical symptoms (Fig. 5). The plaque that is in the pre-symptomatic state is called “vulnerable” 
or unstable. The progression of the carotid atherosclerotic lesion is largely similar as in the coronary 
plaques171,172.

The exact definition of a vulnerable lesion is missing and no definite biomarkers for vulnerability exist. 
However, the vulnerable plaque is a central concept in atherosclerosis. When the plaque becomes more 
vulnerable and unstable, its structure becomes weaker and more labile and more prone to fibrous cap 
rupture. Besides the structural weakening, vulnerability is increased by the enhanced inflammation. 
Plaque destabilization means disruption of the cap, or a surface erosion and subsequent thrombosis in the 
lesion with or without a clinical symptom, the latter being very common especially in the coronary bed383. 
However, not all symptomatic plaques have a ruptured fibrous cap314. Thrombotically active calcified 
nodules309, thrombi on surface ulcers or endothelial erosions325 exist, although they are uncommon in the 
carotid circulation309,312,313. The emergence of a clinically manifested thrombosis also depends on other 
clinical parameters of the “vulnerable patient”590 who carries the “vulnerable plaque” in the arterial tree.

2.13.2  Asymptomatic and symptomatic lesions share similar histopathological features  
 linked with vulnerability
The histopathological composition of the lesions has been accepted as an important contributor to the 
lesion vulnerability171,287, even though the clinical status of the plaque does not necessarily reflect its 
histopathology309. The symptom-generation potential is not solely dependent on the level of stenosis 
caused by the carotid plaque171,309-311, and mild stenosis causing vulnerable plaques also exist312,313. 

The data on the histopathology of vulnerable CPs is partially controversial and multiple studies have 
compared different plaque characteristics. Plaque features such as enhanced inflammation314-317, large 
necrotic core, intraplaque hemorrhage, thin fibrous cap with increased macrophages and decreased 
amount of SMCs67,311,318-321, ulcer/irregularity of the plaque surface314 or surface thrombus171,314,320,322 have 
been associated with plaque vulnerability, as well as the low fibrous content of the plaque313,314. The 
complexity of the lesion is also associated with its vulnerability65,323. 

Importantly, many features listed above are found in stable plaques323. As most lesions will never cause 
a stroke, asymptomatic (i.e., clinically silent plaques) can also have all of these features324 and can be 
complex310. Moreover, lesions with no obvious signs of vulnerability have caused symptoms. 



-54-  -55-  

2.14 Intraplaque hemorrhage is frequently associated 
 with a vulnerable plaque phenotype

2.14.1 Intraplaque hemorrhage decreases plaque stability
In the beginning of atherosclerosis, the progression is more steady205, but in the later stages the plaque 
growth and changes become more episodic48. One of the causes leading to more rapid growth is an 
intraplaque hemorrhage (IPH), a bleeding into the atherosclerotic plaque. IPH comes from the fissures at 
the atherosclerotic lesion surface212 or within the lesions as hemorrhages from immature neovasculature 
lacking SMC support and broken by proteases and mechanical forces326. The IPH is a widely accepted 
contributor to the development of plaque into a vulnerable symptom-causing phenotype121,328-333. Plaque 
vascularity has been shown to correlate with IPH and symptomatic carotid disease327. 

An IPH exerts both chemical and physical forces on the plaque tissue. It affects the plaque structure, 
mechanistic behavior and local biochemistry by multiple mechanisms. 

2.14.2 The intraplaque effects of an IPH are highly toxic
An IPH increases local inflammatory, lipotoxic, oxidative and physical stress301. The extravasated blood 
components carry lipids, lipoproteins and iron to the plaque129,336,335. The amount of cholesterol in the 
plaque is increased independently of the plasma cholesterol level with an IPH, because the erythrocyte 
membrane contains more cholesterol than any other cell type. This excess lipid feeds the core 
growth329,337. Larger amounts of the erythrocyte marker glycophorin A have been found to be associated 
with macrophage collections and larger necrotic cores338.

IPH also enhances inflammation. As with any type of tissue injury, an IPH exerts a proinflammatory 
signal301. IPH has been associated with more pronounced inflammatory gene expression214,338,340,341, and it is 
linked with upregulation of endothelial adhesion molecules, increasing monocyte recruitment121,129,338,339.  

The lipotoxicity and inflammation create oxidative stress, and this is increased when the blood components 
interact with the pro-oxidative environment of the atheroma301. The extravasated erythrocytes undergo 
fast lysis accelerated by lipid peroxidation products such as lipid hydroperoxides found inside the 
atheroma. Released intracellular ferrohemoglobin is oxidatively converted to ferryl (FeIII/FeIV=O) and 
ferri (FeIII) hemoglobin, eventually producing deleterious free heme that is able to enter membranes due 
to its hydrophobicity129,342. The free iron is released by oxidative scission of heme molecule129. Activated 
polymorphonuclear cells, monocytes and macrophages can also cause ferrihemoglobin formation from 
erythrocytes by H2O2

343. Iron has a major role in the pathogenesis of atherosclerosis due to its oxidative 
capacity by generating redox cycling reactions, and together with ferrihemoglobin and heme can 
further mediate oxidative modification of LDL344-346. Haptoglobin and hemopexin inhibit oxidation of 
atheroma lipids by hemoglobin129, which is compromised in diabetic patients with elevated glycosylated 
hemoglobin, generating a more severe response to IPH347.

2.14.3 The oxidative and lipotoxic stress caused by the IPH
The components of an IPH, especially hemoglobin-derived iron, induce a specific macrophage activa-
tion state – the M(Hb), as mentioned above. The molecular expression profile of the M(Hb) is aimed at 
solving the lipotoxic, oxidative and inflammatory effects of the extravasated blood (Fig. 14).

To both clear the blood and mediate the dampening of hemorrhage-associated inflammation, the cells 
express CD163. It is a protein mediating the phagocytosis of hemoglobin/haptoglobin complexes. It is 
found in M2-type macrophages in stable plaque areas274,348,349, and is a key M2-marker. CD163 is linked 
with an inflammation resolutive/anti-inflammatory354 macrophage activation state, and the M(Hb) type 
shows both decreased inflammatory cytokine production and increased expression of anti-inflammatory 
cytokines such as IL-10350,353. LPS and other proinflammatory mediators downregulate the CD163 
expression355. 
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Heme-oxygenase 1 (HO-1)352 is a CD163 associated356 molecule induced mainly by the heme sub-
strate355 in M(Hb). HO-1 mediates modification of oxidative heme, metabolizing the pro-oxidant heme 
groups into less injurious biliverdin (later transformed to bilirubin), carbon monoxide and iron. It is a 
rate-limiting enzyme in the catabolism of heme358, expressed by macrophages and SMCs in the human 
plaques359. It is an important antioxidant and anti-inflammatory molecule357. Heme and hemo-
globin-treated atheroma lipids also induce HO-1129. Expression of HO-1 provides protection against 
atherosclerosis in several experimental models129,360. 

Besides CD163, the M(Hb) macrophage functional phenotype possesses high mannose receptor expres-
sion and is resistant to foam cell formation350. Besides reduced intracellular iron and ROS, the M(Hb) 
type shows increased cholesterol efflux genes ABCA1 and ABCG1 and does not have the foamy appear-
ance of the foam cells. The ABCA1/ABCG1 activation is mediated through iron exposure that increases 
LXR alpha transcriptional activity and thus its target genes, also ferroportin that exports the iron it-
self61,350,351. Iron and lipids are correlated in atherosclerosis. Statins have been shown to activate HO-1 
gene transcription361, and their effect on iron homeostasis might be an important mechanism of their 
beneficial action362.

2.14.4 An IPH changes plaque mechanical characteristics
IPH can already appear early in the lesion development. Especially in later plaque stages, an IPH can 
cause a rapid growth of the core309,329,337, also making it softer363, which increases the cap movement 
and stress. IPH is associated with plaque rupture312. In addition, cholesterol crystallization from the ex-
travasated erythrocytes can cause volume expansion and cap stress (Fig. 11,13).

2.14.5 An IPH can give rise to local cholesterol crystal formation
The erythrocyte membrane is rich in cholesterol340,364, and when the intraplaque cholesterol concentration 
reaches a critical limit, the cholesterol can crystallize at body temperature365. Cholesterol crystals are 
found both intra-and extracellularly in plaques (I, Fig. 3C; III, Fig. 4A), and besides IPH they can also 
originate from large extracellular lipid deposits90,366. Cholesterol crystals have been found at the sites 
of plaque ruptures. The forming crystals might expand quickly while growing, and they can directly 
damage the fibrous tissues, intima and caps of the plaques364,367.

Besides lipotoxic stress, the erythrocyte-derived cholesterol can cause a specific inflammatory response, 
the inflammasome activation (Fig. 8,14). Macrophages exposed to crystalline material can promote 
inflammation by induction of the NLRP3 inflammasome368 that leads to IL-1β secretion from macro-
phages, which is linked to ER stress, apoptosis and plaque formation90.

2.14.6 Controversy about the contribution of IPH to symptom generation
IPH predicts future stroke or TIA risk307,334, and an IPH visible in an MRI has been associated with 
plaque destabilization307,316,322. However, series of lesions have been shown to have similar amounts of 
IPH between symptomatic and asymptomatic groups310. Interestingly, in larger studies IPH does not 
seem to have predictive value of future events. This controversy has been suspected to be due to a fur-
ther need to differentiate between different types and stages of IPH314.
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Figure 14. The role of erythrophagocytosis in atherosclerotic plaque. The extravasated blood components 
exert chemical, mechanical, proinflammatory and oxidative stress intra- and extracellularly as the blood interacts 
with the plaque micro-environment. The extravasated blood is phagocytosed by macrophages. This induces the 
expression of M(Hb) activation state-associated molecules such as CD163, IL-10 and HO-1. 
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2.15  The rupture of the fibrous cap of a vulnerable   
   plaque is the most common mechanism of carotid   
   atherosclerotic stroke
The ruptured cap (Fig. 15) is the most common feature of a symptomatic carotid lesion311. The ruptured 
fibrous cap is broken and discontinuous, and under this discontinuation is an excavation of the necrotic 
core with a thrombus inside or at its ostium309. Broken collagen type I, and a repair reaction with different 
types of collagen, SMCs and proteoglycans are found in the site of the cap rupture212,369. The cap rupture 
reveals the necrotic core that is highly thrombogenic, and this induces the clot formation310,312,316,320,370-372. 
Thrombus formation on the eroded endothelial surface appears more in TIAs320.

2.15.1 Thinning of the cap precedes its rupture
Thinning of the fibrous cap that potentially precedes the rupture is linked with symptom-causing 
carotid plaques307,310,316,371,373. The consistency of the cap and the softness of the underlying core mass376-

380 determine the strain, amplitude of the movement of the cap and the physical stress exerted on the 
cap by the pulsating blood flow3,14,381 (Fig. 13,15). The chronic inflammation is thought to be one of 
the major factors leading to cap thinning and softening. Macrophages weaken the cap by altering its 
cellularity and decreasing its structural ECM components. Macrophage-derived MMPs cause collagen I 
and III degradation, and they trigger SMC apoptosis by TNF-α and NO64,78,122,161,290,308. Liquid substances 
increase the core softness. 

Different critical cap thicknesses for the ICA plaques have been suggested (0.27±0.3 mm versus 0.5±0.5 
mm310, 65 μm374, 165 μm313, or 300 vs. 500 µm from the Oxford Plaque Study311). When the critical 
thickness has been reached, a temporary increase in physical or psychological stress375 can trigger the 
rupture of the cap because the mechanical stress exceeds the cap strength161.

2.15.2 Thrombus formation
The rupture of the plaque as well as the surface erosion finally causes a local thrombosis. At the ruptured 
site, a clot with different amounts of platelets and erythrocytes can develop on the thrombogenic 
core67,90,206,221. In a study of patients with ipsilateral major stroke, a thrombotically active carotid plaque 
was observed in 74 % of plaques. Of these, 90.1 % were associated with plaque rupture and 9.9 % with 
luminal surface erosion320 (Fig. 11,15).

Especially if the rupture is in the poststenotic area, the whirling blood will coagulate and the Bernoulli 
effect will suck the thrombus to the bloodstream382. This then travels in the bloodstream to the end 
organ, from the carotid plaque to the cerebral arteries (Fig. 1,3). When the thrombus and a part of the 
underlying core have embolized, an ulcer will remain171. 

The mechanisms of surface erosion, and the development of calcified nodules in the symptom generation 
will not be discussed further, nor will the effect of coagulation status on the plaque development.
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Figure 15. The vulnerable carotid plaque. The presymptomatic rupture-prone plaque is called a vulnerable 
plaque. Part of the atherosclerotic plaques will eventually develop a rupture of the thinned fibrous cap, which is a 
major mechanism leading to thromboembolic stroke of carotid atherosclerotic origin. Presented here are few of the 
plaque destabilizing factors; see the text for details.



-60-  

2.16  The postsymptomatic plaque

2.16.1  A rupture is just one of the stages of plaque development and aging
Through the different stages, a plaque that has become vulnerable has destabilized and undergone 
an injury and maybe caused a clinically symptomatic thromboembolism. After this, the plaque will 
stabilize. The life of an atherosclerotic plaque consists of continuous slow progression mixed with sudden 
complications383, and these processes of plaque activation and passivation are poorly understood384. 
Plaque development, response-to-injury and plaque remodelling are the processes that will create and 
sustain the plaque lesions and that will re-formulate the plaque after an event such as rupture (Fig. 16). 
Plaque development, i.e., its aging process including transformation, growth and shrinkage of the plaque 
tissue, is a summation of the local plaque events and the recruitment and death of plaque cells.

2.16.2  The calming of the plaque after an event
After destabilization, the plaque can be stabilized. The terminology is mixed. Symptomatic carotid 
plaques have been shown to remodel into a more stable plaque phenotype after a symptom591. Stabilization 
indicates the continuous transformation of a lipid-rich plaque into a more fibrocalcific direction383. This 
stabilization is different from plaque healing that follows the plaque injury, although the mechanisms 
overlap.

Injury happens all the time in the atherosclerotic plaque. The atheroma suffers from continuous 
microinjury as a by-product of chronic inflammatory cell activity and the multifactorial oxidative stress-
induced injury. The lytic products released from apoptotic/necrotic cells, crystallizing cholesterol and 
intraplaque hemorrhages all cause mechanical and chemical microinjuries within the plaque tissue, and 
the cellular products together with systemic factors cause endothelial injury seen as a plaque surface 
erosion. More macroscopic plaque injury occurs as plaque surface ulceration or rupture, leading to either 
local thrombosis or thromboembolism, potentially causing clinical symptoms.

As in all tissues, the injury is followed by a response. The normal response to injury contains two 
overlapping biochemical processes. One of them is tissue reparation/healing after clearance of the 
destroyed tissues. In atherosclerosis, the healing includes the regrowth of the destroyed tissue or scar 
formation to regain the vascular wall integrity385. 

Another event is the acute inflammatory reaction in response to tissue injury, and gradual dampening and 
resolution – ‘silencing’ of the inflammation when it is no longer necessary. The inflammation resolution 
phase includes and mediates the mechanisms that turn the local cellular response towards healing. One 
of these responses is the organization of plaque thrombus and regrowth of the ruptured fibrous cap, 
which is seen in ulcerated plaques; another response is the organization of the surface thrombus and its 
infiltration with SMCs384,386. The postinjurious tissue thus eventually becomes ‘passive’383,384.

2.16.3  Remodelling is a specific type of alteration in the arterial wall as a response to  
  plaque formation
Arterial remodelling describes the change of vessel size as a response to preserving the arterial lumen 
during lesion growth and after events. Whether an actively regulated mechanism or a passive tissue 
response to mechanical changes induced by an atherosclerotic plaque390, the process of remodelling 
is intertwined with the injury-and-response system. An important contributor is the ECM, which is 
affected by blood flow and interacts with the local cellular activity and recruitment, the local lipid 
amount and inflammatory signalling, among others. Remodelling has been described in both carotid 
and coronary atherosclerosis387-389. Expansive remodelling, i.e., outward growth of the carotid plaque is 
linked with a vulnerable plaque phenotype594. The significance of the medial and adventitial cells and 
the inflammatory status of these layers and the local proteolytic activity could influence the remodelling, 
for example, after the CEA85. Patients with macrophage infiltration of the CEA-removed plaque and a 
larger lipid core have been found to have a lower risk for restenosis85.
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2.16.4  Inflammatory cells mediate the plaque disruption but also healing
Different types of inflammatory cells simplified as M1 and M2 play a main role in injury, repair, healing 
and remodelling. ECs and ECM producing cells such as SMCs are also included in the regulatory 
network. ECM synthesis, cell recruitment and matrix reorganization are steps in the development of 
the plaque, especially after an injury. Systemic factors such as the systemic inflammatory/infectious 
status can also affect the intraplaque processes, potentially causing the activation of the intraplaque 
inflammation and thus plaque destabilization. M1- and M2-mediated processes “intersect” at the moment 
of the symptom (Fig. 16).

When a plaque rupture or erosion heals, the thrombus attached to the lesion will undergo lysis by 
inflammatory cells. A reparation-associated granulation tissue will form and the artery will re-
endothelialize. This process is slow. Radiologically, carotid ulcerations persist for long times. The 
carotid plaque ulceration has been radiologically shown to heal (seen as the lumen surface becoming 
smoother) within 3–12 months. However, in a small series of 26 patients, only 10 % of the injured 
plaques healed392. In a larger series of 166 carotid plaques with a mean follow-up time 20±15 months, 
the majority of plaques had remained the same during the follow up, while only 4 % of the plaques 
regressed. The conclusion in both was that the ulcerations do not disappear, also indicating that the 
ulceration itself may not be a recent event391. An unhealed plaque surface irregularity might locally 
induce flow changes leading to increased thrombosis, endothelial damage and cellular apoptosis, all 
of which increase the potential for future symptoms392. In coronary circulation, the incidence of healed 
plaques has been found to be around 24 % among non-culprit and 48 % among culprit lesions, and the 
healed lesions have been shown to have a higher incidence of thin cap fibroatheromas, plaque ruptures, 
microvessels, macrophages and calcification, altogether linked with a more fragile plaque type. The 
clinical significance of coronary plaque healing is unknown385,383.

Figure 16. Inflammatory processes intersecting in the plaque. As the plaque proceeds, the progression 
escalates at the symptom/destabilization and then the progression calms down. This event can then repeat. As 
a gross simplification, M1 and M2 type macrophages mediate the biologically overlapping processes that are 
separated into different concepts here.
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2.16.5  Plaque healing is largely an unknown process
Recently, healing has gained more attention. However, no surrogate markers for lesion stabilization/
healing exist, and the mechanisms mediating healing are largely unknown383,391. Histologically, 
features of the healed plaques in carotids and in coronaries are similar393. The healed plaques contain 
inflammatory cells, ECs and SMCs. The type III collagen seen in the early phases of healing is replaced 
with more organized collagen type I in the later healing phase. A layered lesion might also be a result of 
an organized superficial thrombus on an eroded surface383,385. The plaque calcification seen in stabilized 
lesions is also present in ruptured plaques383. Macrophage infiltration and inflammatory markers have 
been shown to decrease gradually after a carotid plaque event386.

SMC proliferation and migration are activated by platelet derived factors such as TGF-β, PDFG-β and 
thrombin, and this can be reduced by IFN-γ from Th1-cells. Interestingly, statins are associated with 
SMC proliferation and increased ECM production383. SMC number has been found to increase after a 
stroke but not after a TIA386. The clinical stability of the healed plaque might be compromised, as the 
SMCs might be of a more contractile phenotype leading to hypervasoreactivity394. The SMC staining by 
actin alone may not be sufficient to separate SMCs from myofibroblasts395.

Collagenase and MMP production by M1-type macrophages, as well as macrophage cathepsins and 
serine proteases promote tissue degradation, whereas M2-type activation triggered by the Th2-type 
cytokines IL-4 and IL-13 induces tissue repair. In post-symptomatic plaques, the MMP activity is 
elevated in relation to asymptomatic plaques384, and the expression of proinflammatory cytokines IL-6 
and IL-8 decrease386. The M2a-phenotype – the “wound healing macrophage” – shows a high level 
of scavenger receptors and produces profibrotic factors fibronectin, insulin-like growth factor-1 and 
TGF-β. Besides these functions, M2 macrophages promote apoptosis and efferocytosis, and mediate the 
resolution of inflammation and promote plaque calcification383.

Tissue healing is accompanied by the neovascularization (granulation) mediating the perfusion of the 
newly formed tissue. The proper growth of the neovasculature into the fibrous caps has recently been 
speculated to be supportive in plaque healing, indicating the beneficial effect of plaque neovascularization 
for lesion stability – a totally contradictory view to the commonly held one indicating the harmfulness 
of neovascularization396,397.

2.16.6  A healed lesions can rupture again
After the completion of healing, a plaque might destabilize, rupture and heal again. The regulation of M1-
M2-polarization is considered an important therapeutic target in the direction of the plaque behavior383.

2.17  The role of calcification in plaque evolution
Calcification is a part of the atherosclerotic process and has been traditionally seen as a sign of plaque 
stabilization. The exact mechanisms of calcification in atherosclerosis are unclear. Potentially the 
morphology of the CP calcifications is linked with the clinical profile. The use of medicaments such 
as warfarin is linked with increased calcification but also to a decreased stroke risk in patients with 
atrial fibrillation. The clinical significance of plaque calcification is under debate and its role in carotid 
atherosclerosis has been recently discussed by us606. 
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2.18  Conclusions of the plaque evolution
The atherosclerotic plaque is a local biological subsystem where the collaboration of differentially acti-
vated cells produces histologically and biochemically multiplex plaques. The plaque cells interact with 
the whole human system. Various diseases and systemic factors, most importantly metabolic diseases 
and lifestyle-associated factors, but also the current clinical parameters exert their influence on the 
biological processes that eventually lead to the end-stage events of atherosclerosis. 

Larger plaque studies have shed light on the relationship between plaque histopathology and symptom 
generation. The local cellular functions and morphology are a logical reaction to intraplaque conditions 
originally created by excess fat and worsened by inflammation and hypoxia.  

In carotid atherosclerotic plaques, the thinning and the rupture of the fibrous cap is considered an im-
portant step leading to a thromboembolic stroke. However, the plaque evolution from advanced stable 
plaque to the advanced vulnerable plaque cannot be explained only in terms of the plaque structure and 
histopathology. Much information is still missing, most importantly the factors that cause this final turn 
of events. 

The significance of spatial data in understanding the behaviour of heterogenous tissue is emphasized 
elsewhere607. The intraplaque events have been widely studied, which has made it possible to create a 
vision about what happens and where in the lesion, as described in Part I of the review. As everything is 
interconnected, it may be possible to understand the function of a molecule by knowing its location and 
relationship to other local factors in the lesions. 

THE END OF PART I
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REVIEW OF THE LITERATURE
PART II

Glutamine synthetase

“… the protein which all life ultimately depends, an equally valid case could be made 
out for glutamine synthetase.”398

Part II of the literature review is a separate review from Part I. The purpose of Part II is to review what 
is known about glutamine synthetase (GLUL), the enzyme described in Study III. 

Almost no data about this molecule in CVDs or atherosclerotic plaques exist. We found the GLUL 
gene significantly overexpressed in the previous DNA microarray study486 in stroke-causing carotid 
atherosclerotic plaques, and it was immunohistochemically confirmed to be expressed by carotid plaque 
macrophages (III). Its expression was associated with a locally thinner fibrous cap in both symptom-
causing and asymptomatic plaques, and with other features previously linked to lesion vulnerability. A 
synthesis of the current data about GLUL-mediated cellular functions is presented here with the aim of 
finding potential links to the atherosclerotic processes presented in Part I of the review.

2.19 Glutamine synthetase mediates a step in the    
 metabolism of glutamine
2.19.1 The glutamine synthetase enzyme (GLUL)

Since the description of the reaction leading to glutamine synthesis in mammals by Sir Hans Krebs 
in 1935, the GLUL enzyme, isolated for the first time from sheep brain in 1962, has been extensively 
studied in various animal species, cell types, tissues and diseases398. In addition to animals, bacteria and 
plants also contain GLUL.

GLUL is the only enzyme capable of synthesizing glutamine. It is located in the center of the mammalian 
metabolism (Fig. 17,18), intersecting with multiple other pathways intracellularly and systemically. 
GLUL is one of the oldest functioning enzymes, and a molecular clock for phylogenetic studies. GLUL 
existed before the separation of pro- and eukaryotes 3800 million years ago399,400. One of  the substrates of 
GLUL is glutamate. Glutamate is the anionic form of glutamic acid, which has been found from comets, 
and was potentially one of the constituents of the primordial soup where life maybe spontaneously 
began401-403. GLUL has continued to survive, indicating a crucial life-sustaining role throughout the 
challenges that selected the course of the evolution of species.

 2.19.2 GLUL is a metabolic nexus molecule

GLUL is at the intersection of the ammonia-creating processes, metabolism of glutamate and glutamine, 
as well as pathways linked with different physiological states such as stress, starvation, and fluctuations 
of the acid-base balance. Parts of the bodily systemic dynamics of glutamine are shown in figure 17. The 
interconnectedness of all the functions can be seen in the dynamics of glutamine, where different organs 
produce glutamine by GLUL to be stored or transported in the plasma glutamine pool, and other organs 
then consume the glutamine for different purposes.
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Figure 17. Glutamine, its synthesis and systemic balance.



-66-  

2.19.3  The production of glutamine by GLUL 
Glutamine synthetase is the only enzyme capable of producing glutamine399,427. It mediates ATP-
dependently the reaction: 

GLU + ATP + NH4
+      GLN + ADP + Pi

420,432. 
The reaction is reversible398,433. The enzyme (EC 6.3.1.2) was cloned in 1987 from liver cDNA436. The 
gene product is a mainly cytoplasmic, but also mitochondrially detected protein412 [Human Protein Atlas, 
https://www.proteinatlas.com/, Human Protein Reference Database HPDR, http://www.hprd.org/] with a 
molecular mass of 42 KD404. Six pseudogenes are found on chromosomes 2, 5, 9, 11, and 12. Alternative 
splicing results in multiple transcript variants [provided by RefSeq, Dec 2014]. 

Four unrelated cases of congenital GLUL deficiency [OMIM #610015] have been reported, and besides 
brain malformation and hyperammonemia, immune cell dysfunction has also been reported. The 
effects have been treated with glutamine and nicotinamide with success437,438.      In these individuals, 
the glutamine levels have been only slightly below average, indicating an important role for dietary 
glutamine in sustaining systemic glutamine levels.

2.19.4   GLUL contributes to sustaining the plasma glutamine pool, a dynamic   
  storage of glutamine 
Glutamine is the most abundant amino acid in humans, accounting for ~50 % of the total free amino 
acids (AAs) in the body304,398,421,422. The normal fasting glutamine level in plasma is 500–800 μM417,423, 
but individual variation between 262–798 μM has been reported588. All eukaryotes contain glutamine, 
making oral intake the main source of glutamine410 (glutamine and glutamate with proline, histidine, 
arginine and ornithine comprise 25 % of the dietary amino acid intake, the “glutamate family” of AAs, 
which are disposed through conversion to glutamate424). Lungs, liver and skeletal muscle are important 
generators of glutamine412,425-427.

Some of the cellular functions and pathways consuming glutamine are listed in the table. The details of these pathways are 
shown in Figures 17–19. The macrophage biochemistry, ATP synthesis, cytokine production, endocytosis and lipid metabolism 
are discussed in Part I of the literature review. 

Table 2.  Some intracellular functions affected by glutamine.
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As a mobile source of essential molecules stored and transported in plasma, glutamine is a main source 
of energy, secondary only to glucose as a carbon source244 and an anabolic intermediate for different 
cell types and tissues96,404. Glutamine shuttles carbon and nitrogen398,405-409. It is thought to be a suitable 
molecule for this vehicle function, as it is more lipophilic and less dipolar than asparagine, and electro-
physically inert, less charged than glutamate410,411. Glutamine supplementation supports processes 
such as cell migration, proliferation and growth, and has been found to inhibit apoptosis in certain cell 
types96,404. Processes linked with senescence and ECM deposition as well as angiogenesis are affected 
by glutamine412-420.

2.19.5  Glutamine is a multifunctional substrate for cellular metabolism
Glutamine can be metabolized either through its carbon skeleton or by cleavage of its amide N group398. 
The intermediates of the reversible reactions in the metabolism of glutamine in are shown in figure 18.      A 
zoom-out of this is shown in figure 19, which shows some of the known intracellular functional locations 
of glutamate, GLUL and glutamine, whose products have different metabolic destinies. Glutamine is 
said to be the most versatile AA due to its high interconvertibility in biochemical cycles398. In some 
resources, the role of glutamate in cellular biology has been considered as similar to glutamine due to 
this430. The cells use glutamine for ATP, protein, nucleic acid, glutathione and lipid synthesis, amongst 
others; the different uses of glutamine in cell types are listed in Table 2387,412-420. SLC1A5 and SLC7A5 
are transmembrane glutamine transport mediators431.

2.19.6  Metabolism of glutamine through the carbon skeleton starts with glutaminolysis 

Glutaminolysis is the reverse reaction for glutamine synthesis by GLUL450, cleaving glutamine into 
glutamate and ammonium. It is mediated by glutaminase, which is both cytosolic and mitochondrial 
in humans [Brenda database, http://www.brenda-enzymes.org/] and in macrophages’241 mitochondria. 
The cleaved glutamate can be directed back to cytosol for generation of glutathione, where the 
glutamate cysteine ligase is the rate limiting step (Fig. 18)248,302,412,427,451-453. The glutamate/αKG utilizing 
aminotransferases linked with glutamate dehydrogenase can channel the excess glutamine-derived 
nitrogen to ammonia and then to the synthesis of non-essential AAs. These reactions linked with amino-
keto-acid conversion also produce NADPH/NADP (TCA cycle-derived NADH/FADH2 can be used for 
the electron transport chain). These pathways are shown in figures 18 and 19412,433,439,454,455.

Besides being directed to the cytosol, the produced glutamate can then be metabolized to αKG to supply 
the TCA cycle. Here the αKG can be directed to oxidative or reductive pathways   (Fig. 19,21). The 
oxidative, “clockwise” processing of αKG in the mitochondria proceeds in the direction of the normal 
TCA cycle reactions, but the reductive “counter-clockwise” pathway is a source for non-pyruvate derived 
Acetyl-CoA248. In rapidly dividing cells, glutamine is a major alternative respiratory fuel (immune cells, 
enterocyte, fibroblasts, malignant cells)405,421,456-458.

During massive/acute need, as well as in decreased supply of energy intermediates, such as in 
hypoglycemia or hypoxia when the glycolytic flux diminishes, glutamine-derived αKG is an alternative 
ATP  source, and thus glutaminolysis has been considered a survival mechanism during low mitochondrial 
pyruvate supply. Mitochondrial pyruvate suppresses αKG production and glutamine-dependent Acetyl-
CoA production459. 

HIF-1α is known to reduce the activity of αKG-dehydrogenase and direct glutamine-derived carbon 
for hypoxic lipogenesis through increasing cytosolic Acetyl-CoA. This is considered as an adaptive 
mechanism to hypoxia. Simultaneously, the mitochondrial oxygen need diminishes96,450. In malignant 
cells and macrophages, oxidative phosphorylation has been found to be glutamine-dependent when 
they exhibit the Warburg effect, aerobic glycolysis, and hypoxic lipogenesis96,460,596. Cells with persistent 
mitochondrial dysfunction due to electron transport chain or TCA cycle mutations are potentially 
dependent on glutamine435. Mitochondrial membrane stabilization is one of the supportive effects of 
glutamine, found in neutrophils461 and in hyperglycemic ECs462.
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Figure 18. Overview of glutamine metabolism. Glutamine, its cleavage products (glutamate and ammonium) are 
linked with multiple intracellular key reactions, such as glutathione or urea syntheses. The α-ketoglutarate (αKG) is 
the entry point of the glutamine-derived carbon into the TCA cycle. Figure modified from Mora et al398.

However, in certain conditions excess mitochondrial glutamine has been linked to mitochondrial 
dysfunction, such as in astrocytes during hyperammonemia, when glutaminase releases excess ammonia 
from mitochondrial glutamine, leading to mitochondrial permeability transition, energy failure and ROS 
production463,464. Accordingly, glutamine deprivation has also been found to protect the mitochondria. 
Glutamine deficiency in LPS-activated peritoneal macrophages exposed to saturated fatty acids protected 
cells from lipid-induced lysosomal dysfunction, inflammasome activation and cell death465. Glutamine 
deficiency in hyperlipidemia prevented the suppressive effect of saturated fatty acids on mitochondrial 
respiration465. Thus, despite the ability of glutamine to support the mitochondria-located TCA cycle 
during pyruvate deprivation, its excess might have harmful effects.
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2.19.7  Metabolism of the amide N group of glutamine supports the urea cycle and  
            nucleic acid biosynthesis
Glutamine serves precursors for the synthesis of purines and pyrimidines for nucleotide biosynthesis, 
and for amino sugars. Their generation increases the amount of intracellular glutamate, which can then 
be directed to the TCA cycle or other reactions (Fig.18,19)398,466.

2.19.8  The functional compartmentalization of glutamine metabolism is reflected   
  by differential local regulation of GLUL expression and activity
Glutamine metabolism in the organs is said to be functionally compartmentalized. Depending on the 
systemic conditions (hypoglycemia, stress, diabetes (insulin/glucagon balance), starvation, fasting244, 
infection428 and acidosis429), the different organs and cell groups either increase their glutamine intake 
or generate it and release it systemically. The net effect of GLUL-mediated glutamine generation differs 
depending on the overall situation. Besides the GLUL-mediated metabolism, other molecules linked to 
GLUL in the glutamine metabolic routing such as glutaminase398 are also differentially regulated de-
pending on the organ and the systemic status, for example in the brain or kidney, where the regulation of 
these enzymes depends on other variables than, for example, in the skeletal muscle (Fig. 17,19, Tables 
2,3). 

Table 3. Some of the roles of Glutamine Synthetase in different cell types and the 
    regulation of its expression
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The function of the local GLUL expression can be seen in its localization in the metabolic compartments 
of the body, i.e., organs and cells [Uniprot, https://www.uniprot.org]. For example, the assimilation of 
ammonia in hyperammonemic situations by the liver or in astrocytes is a function of GLUL, and is 
linked to the systemic status and also reflects the function of the organ398,441,442. Some of the roles of 
GLUL in different tissues are shown in Table 3.  

Regulation of the GLUL mRNA and the enzymatically active protein are different from each other439,440, 
and their regulation again reflects the functional role of the organ/cell/subcellular compartment in the 
human system (Fig. 17). For example, depending on the metabolic situation, GLUL can exhibit TCA 
cycle cataplerosis by removing αKG, serving as a sink for it398. 

Intracellularly, GLUL expression could have different meanings. GLUL induction might be a sign of 
the need to increase intracellular glutamine level410,432,443-445. However, the glutamine concentration may 
not affect GLUL mRNA expression. In some cell types, the end-product glutamine has been shown to 
regulate GLUL activity by accelerating its degradation446,447. Again, GLUL regulation reflects the nature 
and function of the organ where it is located. For example, the brain-type GLUL produced by alternative 
splicing responds differentially to effectors and to the end-product as the peripheral GLUL. Brain-
type GLUL does not have the abovementioned end-product feedback mechanism inhibiting its function 
when glutamine concentration increases, as the function of the brain depends on effective glutamate 
clearance446,447,597.

Interestingly, GLUL is known to be expressed with gradients and compartments in cells, tissues, and 
organs. In brain this is the ‘glutamate-glutamine cycle’. In breast cancer, luminal cells with the ability 
to produce glutamine can feed it to the glutamine-requiring basal cells, enhancing their viability, a 
phenomenon described as ‘glutamine symbiosis’448. In liver, the zonation seen as pericentral GLUL 
expression is a result from a more complex morphogen-regulated process, and not just a simple response 
to blood-derived elements439,449. Neuronal cells have glutamine pools which differ in their turnover 
speed433. Renal cells have separate intramitochondrial and cytosolic metabolism398. Taken together, it 
seems that by studying glutamine metabolism, it would be possible to study the function of the whole 
human system.

2.19.9  The other functions of GLUL
Other substrates of  GLUL  are D-glutamate, α-methyl-D-glutamate, threo-methyl- and hydroxyglutamates, 
aminoadipates, and cis-L-1,3-dicarboxycyclohexane. Generation of glutamine from glutamate and 
ammonia are only one of its functions434. However, of these, the ability to produce glutamine is considered 
of major importance for animal, plants and micro-organisms398. Within an organism, cell subgroups with 
the ability to produce their own glutamine are thought to have a growth advantage435. This function has 
been the focus of the review.
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2.20   The various roles of GLUL end-product glutamine 
   in cells

2.20.1   Glutamine is protective in oxidative stress and prevents apoptosis
Besides being a source of energy and anabolic intermediates for cells, glutamine has a role in 
physiological health, as it supports multiple protective cellular pathways. Importantly, glutamine can 
be used for the generation of glutathione (GSH), the main cellular antioxidant299,467   (Ch. 2.11.7). GSH 
is produced from glutamate, cysteine and glycine412,468 (Fig. 17,18), and glutamine is an essential source 
for maintaining the intracellular glutamate pool299,450. Glutaminase inhibition can downregulate GSH 
synthesis469. Glutamine starvation depletes GSH and increases apoptosis, while dietary glutamine causes 
an increased amount of cellular GSH470. 

Glutamine increases the GSH/GSSG ratio, indicating an elevated redox capacity471-473. This is one of the 
mechanisms for decreased Fas/Fas-L and caspase 3 (ACA3)-mediated apoptosis of different cellular 
types supported by glutamine, such as HELA cells, lymphocytes, rat cardiomyoblasts and lung macro-
phages355,405,479,474-476. The other glutamine-mediated apoptosis-inhibition mechanisms in these cells are 
increased heat shock protein (HSP) expression and the promotion of autophagy471,473. Glutamine en-
hances HSP72477, HSP70 and HSP32 expression (=HO-1)355,477,478.

2.20.2  Systemic glutamine level falls in acute systemic stress 
Plasma glutamine level fluctuation reflects the cellular reactions seen in systemic stress. As a dynamic 
pool of critical metabolites, the plasma glutamine level is known to reduce during intensive catabolic 
states, intense exercise and during critical illness such as trauma, sepsis, or influenza, and after major 
surgery410,479.  Glucocorticoids increase GLUL mRNA in skeletal muscle446, which is considered an 
important mechanism during catabolic states such as trauma244,398,429. The systemic stress seen in the 
abovementioned critical states is linked with increased GSH consumption480-482. During infections, the 
glutamine reduction is thought to be caused by acute increase in immune cell proliferation423,483,484. Plasma 
glutamine drop can be as steep as 50 %, making it conditionally essential, indicating that endogenous 
synthesis does not meet optimal levels412. The drop indicates a crucial role for glutamine during acute 
stress.
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2.21 GLUL and glutamine in atherosclerosis
Although there is almost no information about the role of GLUL in CVDs, an increasing amount of      
information about the importance of glutamine in these diseases is available, as the role of amino acids 
in atherosclerosis has previously been highlighted as well485. Because glutamine is an oxidative fuel 
and lipogenic precursor, a regulator of apoptosis, proliferation, protein synthesis and degradation, redox 
potential and respiratory burst, it could be a potential target in the treatment of atherosclerosis405-408,412,431. 
Besides metabolomics, glutamine and GLUL have been studied in cell types that are also found in 
atheromatous plaques – ECs and immune system cells. Adipocytes, whose metabolism is overlapping 
with macrophage foam cells, are also known to have specific role in GLUL-mediated metabolism. The 
clinical data about glutamine in CVDs is shown in Table 4, and GLUL expression and its link to cellular 
functions in different cell types is shown in Table 3.

2.21.1 GLUL enzyme and CVDs

Earlier we found significantly elevated GLUL mRNA in symptom-causing carotid plaques compared 
to asymptomatic ones (2.2-fold)486; when comparing bilaterally operated carotid plaques from patients 
with other plaques being either symptomatic or asymptomatic, the difference was 1.6 fold45. In 2013, 
a GLUL lowering variant rs10911021 was  found to be associated with a 36 % increase in the odds of   
coronary heart disease per copy in type 2 diabetic patients420. The risk allele carriers had a 32% decrease 
in EC GLUL gene expression. No differences in plasma glutamate and glutamine levels were found, but 
the pyroglutamic-to-glutamic acid-ratio was lower in risk allele carriers. The effect of the risk allele was 
proposed to be associated with reduced availability of GSH. The variant was later also associated also 
with a more atherogenic blood lipid profile601. Although the results of these studies seem contradictory, 
this discrepancy is not easily understandable, as the local GLUL amount of the carotid plaques might 
be under regulative mechanisms that could be stronger than the effect of the GLUL lowering variant, 
and part of the found difference in coronary heart disease might be explained by other GLUL-related 
metabolic circuitries than those seen in the plaques. More data is needed before these results can be 
understood together. 

Besides these, three additional sources link GLUL with CVDs, but provide no mechanistic information 
about the topic. In 2020, a single-cell transcriptomics study recognized GLUL in different myeloid 
cell and endothelial cell populations in advanced carotid artery plaques602.  A US Patent (US5871695) 
with no background data available through internet resources links glutamine synthetase measured from 
saliva with atherosclerosis. A doctoral thesis “The Role of Glutamine Synthetase in Vascular Health 
and Disease” by Dr. Ozber from the University of Leeds has been accepted, but the data are currently 
unavailable, as it is completely unpublished (information from the author). 

2.21.2  Glutamine and CVDs
Metabolomics have shown interest in amino acids in CVD, and glutamine is one of the significantly 
altered systemic amino acids between diseased and healthy groups. The knowledge about metabolomic 
profiles in different diseases is increasing487. Table 4 combines metabolomic data about the effect of 
peroral glutamine intake, measured plasma glutamate and glutamine levels, and the glutamine/glutamate 
ratio vs. CVD risk, associated biomolecules, and certain other CVD risk measure-ments. Most of the 
studies have measured plasma glutamate and glutamine independently, as well as the ratio of these 
two interconnected molecules. Glutamine/glutamate ratio has been considered indicative for body 
homeostasis488. The studies where glutamine has been analyzed together with more complex amino acid 
patterns or related with amino acids other than glutamate have been excluded here, as well as studies 
where glutamine and glutamate have been analyzed together489,490.

In general, the studies show that higher plasma glutamine level and glutamine/glutamate ratio are             
associated with lower concentrations of harmful lipids, as well as lower fasting glucose, and smaller risk 
for developing diabetes. The measured plasma glutamine level and higher glutamine/glutamate ratio is    
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inversely associated with almost all risk factors, except that of IMT490, potentially because the molecular 
mechanisms may not be identical for the development of subclinical atherosclerosis and CVD end 
points173. Glutamine/glutamate ratio levels are said to be the most significant metabolite discriminators 
between CAD and non-CAD patients173. The risk of non-fatal stroke is inversely correlated with          
glutamine/glutamate ratio. The studies contain a certain level of controversy406-408,487,491-494. 

Clinical studies have explored the effects of oral glutamine from the cardiometabolic perspective. Oral 
glutamine intake is effective and safe in raising blood glutamine levels408,495-500. Acute oral administration 
has been found to improve glucose tolerance501,502, and a 6-week 30 mg/day oral glutamine administration 
in type 2 diabetics was found to significantly decrease body fat mass, body fat percentage and fasting 
blood glucose502. Whether the oral intake of glutamine has a similar effect on the body as the processes 
leading to elevated glutamine/glutamate ratio remains unknown. The effect of glutamine on survival on 
ischemic injuries has been reported in heart304,412, brain503 and limb504 ischemias. A beneficial effect of 
glutamine on ischemic brain has been reporter in rats, and is likely associated with the enhancement of 
HSPs503.
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Table 4. Glutamine (GLN), glutamate (GLU) and clinical correlates associated 
              with CVD morbidity and mortality



-76-  

2.22  The known cellular GLUL- and glutamine-   
 associated processes that might transmit the effect 
 of systemic glutamine availability to vascular wall   
 health and disease

2.22.1  Vascular wall cells
Glutamine has been found to associate with different functions of vascular wall cells and with the vascular 
wall structure (Fig. 20). In ECs, glutamine improves functions such as EC cytokine production405, 
L-arginine production505, proliferation and migration506-508, the latter also being linked to EC ability for 
GLUL expression, the effect being mediated by mechanisms beyond glutamine synthesis434. GLUL has 
been recognized in activated endothelial cell population in advanced CPs602. The physiological level of 
glutamine has been found to decrease EC adhesion molecule expression509,510. The ECs have been shown 
to react rapidly to extracellular glutamine availability, indicating that the fluctuation in plasma glutamine 
level might directly and rapidly affect their functions512.

Glutamine also enhances the NO production by ECs, potentially decreasing SMC proliferation, migra-
tion and collagen synthesis412. On the other hand, glutamine increases ECM production (collagen) by 
fibroblasts and SMCs405,410,511, and its metabolism has been linked with arterial stiffening in pulmonary 
hypertension431. Elevated plasma glutamate/glutamine ratio was associated with increase in IMT during 
a six year follow up study173 (Table 4 ).

Taken together, the systemic and local glutamine availability might affect the arterial wall pathophysiol-
ogy. The actual cellular effects of glutamine might produce different effects in the stage of subclinical 
lesions and during the manifestation of the atherosclerosis .

The EC ability for GLUL expression might affect the development of atherosclerotic lesions, as shown 
in the aforementioned GWAS study where a GLUL-lowering variant with 32 % reduced EC GLUL     
expression was linked with elevated risk for CVDs420. Intraplaque hemorrhage formation is linked with 
neoangiogenesis, which is potentially regulated by GLUL434, but neoangiogenesis has been suggested to 
also have a protective role as a mediator of plaque repair396.

2.22.2  Macrophages and other immune system cells
The metabolism of glutamine by lymphocytes513,514, neutrophils461 and macrophages is widely studied515,516. 
Glutamine and arginine are the main amino acids used by macrophages in cell cultures. A large amount 
of the in vitro data is generated by cell cultures where glutamine concentration exceeds the physiological 
level (2–10 mM291,405). Macrophage activation in vivo and in vitro increases their glutamine consumption516-518,241,248. 
Here, glutamine metabolism starts by mitochondrial glutaminase241,248,427, the level of which also 
increases during infections519, as glutamine is a main nutrient for the immune cells next to glucose241. 
Glutamine’s supportive role in the vitality of immune cells is wide: ingested glutamine can be directed to 
multiple directions (Table 2, Fig. 17), supporting cellular homeostasis and host-defense/proinflammatory 
functions405,520. Glutamine is considered essential for macrophage nitrite/NO production522, as glutamine-
derived citrulline can be directed to arginine and then to NO synthesis, simultaneously reducing the 
urea cycle intermediates248 (Fig. 18). Glutamine starvation in immune cells has been linked with 
accumulation of ubiquitin-protein conjugates, reduction of intracellular ATP521 and increased apoptosis.
Glutamine-linked metabolism associates with both pro- and anti-inflammatory macrophage capacities, 
and depending on the activation state, macrophages can either fully or partially oxidize glutamine518 

(Fig. 21).
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Figure 20. The effects of glutamine on carotid plaque cells. Glutamine is known to affect the functions of 
endothelial and smooth muscle cells and macrophages, which are the main cell types found in carotid atherosclerotic 
plaques. These effects might partially explain the link between plasma glutamine level and CVD outcomes (Table 
4). They might also be associated with the mechanisms linking elevated GLUL expression with symptomatic carotid 
atherosclerotic plaque phenotype. GLUL is the only enzyme able to produce glutamine.

2.22.3   Glutamine supports inflammatory functions
During serious infections, the systemic drop in glutamine is deemed to be due to increased demand 
of immune cell metabolism and glutamine consumption as a supportive intermediate for their 
function96,522. Glutamine supports the cytotoxic and bactericidal functions of the macrophages. When 
glutamine is added to the cell culture, the macrophages cultured from septic patients show increased 
mobility and enhanced ability for nucleic acid synthesis, NO and cytokine production and phagocytosis. 
Macrophage expression of IL-1, IL-6 and TNF-α is increased by glutamine523. IL-8 and macrophage-
mediated cell death are increased in vitro by administration of glutamine, and glutaminase inhibition 
has been found to block these effects524,525. Glutamine metabolism can generate NADPH that is needed 
for ROS production120,245. Also in neutrophils, glutamine supports superoxide production461. Intensive 
care patients receiving glutamine have lower levels of infections299.
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2.22.4  Glutamine, GLUL and anti-inflammatory macrophage activation
Glutamine is also known to support the anti-inflammatory M2-type macrophage activation state. The 
M2-activated cells are known to derive one-third of the carbon and half of the TCA nitrogen from 
glutamine246. LPS-stimulated mononuclear cells show diminished TNF-α expression by glutamine 
administration527, and the decreased proinflammatory cytokine expression here is potentially mediated 
through increased HSP72 expression527. Glutamine supplementation can increase the antioxidant 
GSH/GSSG ratio, which also regulates NF-κβ and affects the synthesis of proinflammatory factors470. 
Glutamine has been found to support macrophage ability for CD163 and HO-1 production355, which is 
also an M2-linked feature. Glutamine deprivation has been shown to decrease M2 polarization and skew 
the cells towards the proinflammatory M1 direction246,528.

The glutamine producer GLUL expression has been linked with the anti-inflammatory M2 pheno-
type281,602. Studies have shown that the increased intracellular glutamine level shifts macrophage polari-
zation into the anti-inflammatory M2 phenotype through uridine-5-diphosphate-N-acetylglucosamine 
biosynthesis and N-glycosylation (Fig. 21). With a decreased intracellular glutamine level, the M2-
specific macrophage markers were downregulated281. No effect on M1 polarization was found with 
glutamine deprivation246,528. Clinically, oral glutamine supplementation has been found to increase 
M2-mediated wound healing529,530, which shares characteristics with the chronic inflammation seen in     
atherosclerotic plaques.

2.22.5  Extracellular glutamine administration may not produce the same effects   
 as intracellular GLUL expression
Importantly, it is not known whether the intracellular GLUL expression and extracellular glutamine 
administration have similar effects on macrophages, as GLUL consumes glutamate, which is the product 
of glutaminolysis – the first step in macrophage-supportive glutamine consumption. This means that 
GLUL consumes the same intermediate pool as the pathways through which glutamine is metabolized 
to support macrophage functions (Fig. 19).

2.22.6  Glutamine, macrophage lipid loading and apoptosis
Glutamine has been linked with increased lipid loading in macrophages, as it has been shown to                 
increase LDL uptake and cellular cholesterol mass, TG biosynthesis through DGAT-1, TG mass through 
increased fatty acid and VLDL uptake485,531. SR-BI overexpression in macrophages can be induced by 
glutamine531, and glutamine has been found to increase oxidative stress in hyperlipidemic macrophages485.

However, glutamine is generally linked with cell survival and protection. Apoptosis is considered 
pro- atherogenic in the later stages of atherosclerosis67, and glutamine deprivation has been found to              
increase monocyte susceptibility to apoptosis by TNF-α, Fas-L and heat shock by almost 60 % (no effect 
on ACA3 activation)532. Thus, the net effect of atherosclerotic macrophage glutamine availability is    
difficult to interpret, as the data indicate controversial effects of glutamine on macrophage well-being 
in an atherosclerotic setting. 

The hyperlipidemic macrophages suffer from oxidative stress, and oxidative environment has been 
found to increase GLUL protein degradation441. GLUL was linked with a foam cell type myeloid cells 
in a single-cell transcriptomic study of advanced CPs602 and the GLUL-lowering variant has been linked 
with increased oxidative stress in T2DM/CAD patients605. Interestingly, lipid modulating therapy,        
oxidative stress and GLUL activity are linked in neurons, in which the increased GLUL activity has 
been found to transmit the modulative effect of atorvastatin on oxidative stress533.
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Figure 21. GLUL, glutamine and macrophage phenotype. The intracellular glutamine level that is mediated 
by GLUL expression is linked with the M2 macrophage activation state, indicating an anti-inflammatory/healing 
macrophage phenotype. On the other hand, in the proinflammatory and hypoxic macrophages, the counter-
clockwise TCA cycle is preferred, and this is associated with glutamine-derived αKG incorporation into the TCA 
cycle to replace pyruvate-derived intermediates. In both situations, the macrophage could increase its GLUL 
expression to provide glutamine for these pathways. The elevated GLUL expression might then indicate either an 
M1- or M2-type macrophage activation.
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2.22.7  Adipose tissue and adipocytes
Adipose tissue has the highest GLUL expression in the body. The GLUL-mediated glutamine production 
is paracrine and local, as the adipose tissue does not export a large amount of glutamine435,534,535. GLUL 
is important during adipocyte differentiation from 3T3-L1 cells, during which GLUL mRNA  increases 
100-fold435,536, and GLUL knockdown prevents this differentiation534. In diet-induced obesity, GLUL 
activity increases by 50 %537, but also starvation increases its expression in white adipose tissue538.

The exact nature of the role of GLUL in adipocyte differentiation is unclear. However, the functional 
consequences of GLUL knockout in cultured adipocytes are linked to their glutamine availability534,535. 
Glutamine is needed by adipocytes for maximal lipid accumulation534,535, and glutamine is also used by 
them as a precursor for lipid synthesis539. Furthermore, glutamine is also known to potentiate glucose-
dependent increase in fatty acid synthase (FAS) in cultured rat adipocytes540. However, glutamine itself 
does not have an effect on adipocyte GLUL expression435,534,536,541. 

GLUL inhibition and the associated intracellular drop in glutamine has been found to cause mature 
adipocytes to exhibit a diminished inflammatory response to LPS542. Glucocorticoids increase                      
GLUL mRNA while insulin decreases it, along with the effect of glucocorticoids537. Of note, PPAR-γ in 
adipocytes 534,543.

2.23 Conclusions on GLUL in atherosclerosis
GLUL might have various roles in atherosclerosis, depending on the cell type, function and the 
intraplaque localization of the cells that express it. The local GLUL expression in cells might reflect 
their local glutamine-consuming metabolism, as many cellular pathways that can be sustained by 
extracellular glutamine are active in atherosclerotic plaques. As glutamine metabolism is known to be 
compartmentalized, the intracellular GLUL expression might also indicate a need to produce glutamine 
for the transportation between different cellular compartments, such as cytosol and mitochondria, as 
GLUL is known to be mainly cytoplasmic.

As the localization of the cells inside atherosclerotic plaques and their association with local factors such 
as eryhtrocytes, iron and cholesterol crystals is known to affect their metabolism, it might be possible to 
gain insight into the role of GLUL in atherosclerosis by studying its immunohistochemical localization 
alongside these factors. Because the plaques are known to contain hypoxia in certain areas, the localization 
of GLUL at different depths within the plaques might provide information about its relation to hypoxic 
macrophage metabolism, which is known to be similar to proinflammatory macrophage activation.

     END OF PART II
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3.  AIMS OF THE STUDY

 1. To identify local associations between pathological plaque features and the genes upregu- 
 lated the in symptom-causing carotid artery plaques of the Helsinki Carotid Endarterectomy  
 Study (Studies I–III).

2. To describe the expression pattern of these genes within the plaque tissue and formulate   
 meaningful hypotheses about their roles in the atherosclerotic process (Studies I–III).

3. To create a theory about the meaning of glutamine synthetase (GLUL) – one of the oldest  
 enzymes – in atherosclerosis, the major pathological process behind the world’s most lethal  
 diseases, i.e., cardiovascular diseases (Study III).

4. To further develop the immunohistochemical method used throughout the studies in   
 atherosclerosis research (Studies I–III).

5. To advance the understanding about the intraplaque processes leading to destablization and  
 symptom-generation of the carotid atherosclerotic plaque as a starting point for in-depth  
 mechanistic and pharmacological studies, the results of which could also be applied to other  
 types of atherosclerosis research (Studies I–III).
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4.  MATERIALS AND METHODS

Table 5. The used methods and technologies

4.1  Study design
The Helsinki Carotid Endarterectomy study started in 1995 and contained five study lines, one of 
which was focused on studying carotid atherosclerotic plaques. During 1995–2000, 92 patients with 
and without neurological symptoms underwent CEA due to a significant carotid stenosis, and their 
plaques were collected. A DNA microarray study486 revealed differences in gene expression between 
stroke-causing and asymptomatic carotid plaques. Studies I–III of this thesis were designed to further 
understand the expression of the identified genes in the carotid plaques. The study protocol has been 
published previously 544,545,I-III.

4.2  Study patients and plaques 
4.2.1  Patient selection

97 consecutive patients underwent CEA because of a high-grade (70–99 %) carotid artery stenosis in 
DSA according to the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria. 
The diagnosis of large artery atherosclerosis was set according to the Trial of Org 10172 in Acute 
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Stroke Treatment (TOAST) criteria546. The patients were recruited at the Helsinki University Central 
Hospital during 1995–2000. Written informed consent was given before attending the study. The study 
was approved by the Ethics Committees of the Departments of Neurology and Surgery of Helsinki 
University Central Hospital. 

Besides the DSA, all patients underwent either CT or MRI for cerebral imaging. Routine laboratory 
analysis included blood lipid profiles.

The patients were classified as either symptomatic or asymptomatic based on medical history and 
clinical findings by an experienced stroke neurologist, who also defined the symptom status of the 
carotid plaque. The presence/absence of ipsilateral cerebral/retinal symptoms 120 days prior to CEA 
was the division criteria for the symptomatic (transient ischemic attack, stroke, amaurosis fugax or 
retinal infarction) and asymptomatic groups. Patients with other potential sources of cerebral embolism 
were excluded. 

In total, 92 patients were included in the study. Five were operated bilaterally, and 98 plaques were 
obtained (Fig. 23).

4.2.2  Plaque processing and selection for Studies I-III
The operating vascular surgeon recorded the macroscopic characteristics of the endarterectomy samples 
(ulcerated/smooth surface, hemorrhage, intraplaque thrombus, lipid core). The plaque was sliced into 
five longitudinal sections (Fig. 22), each containing a zone of the lesion with the maximum stenosis. The 
sections were used for lipidomic analysis, biochemical/molecular analyses and for immunohistochemistry 
(Carnoy’s, or liquid nitrogen fixation stored at -70°C).  

The DNA microarray analysis was performed on a plaque group named “Extremes” containing 22 
plaques from the clinical extremities, including 13 symptom-causing CPs (the stroke-causing plaque 
ipsilateral to the stroke and stroke confirmed with imaging) and nine clinically asymptomatic CPs 
(neither clinical symptoms nor radiological findings). A group “Extended extremes” contained 44 CPs, 
25 symptom-causing CPs ipsilateral to clinical symptoms and 18 asymptomatic CPs from patients with 
no history of clinical symptoms). These plaques were included in the Studies II and III. The whole 
cohort was included in the immunohistochemical analysis of Study I. 

Figure 22. A picture of a representative CEA sample. A fresh, longitudinal slice of an 
internal carotid artery plaque (Fig. 1,3). The medial side is below, and the luminal surface 
and the endothelium is visible. Under the smooth endothelium and a thin fibrous layer, a 
soft-looking red mass is visible. This is the atheromatous core. In the adjacent slice, the 
luminal surface is irregular, potentially due to an ulceration.   
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Figure 23. Sample selection flowchart for the sub-studies of this thesis. The Helsinki Carotid Endarterectomy 
Study patients were stroke, TIA or asymptomatic patients. The selection of the samples for Studies I–III and the 
relationship of these cohorts to the original DNA microarray cohorts are shown in the flowchart. See Table 8 for the 
details on the samples used in the sub-studies.

4.3  RNA extraction and quantitative real-time 
 RT-PCR (I–II)
Total cellular RNA was extracted with Trizol reagent (Invitrogen Life Technologies)486,548 and purified 
with the RNeasy Total RNA Isolation Kit (Qiagen), and the quantitative real-time RT-PCR was performed 
using Assays-on-Demand Gene Expression Products and ABI PRISM 7000 Sequence Detection System 
(Applied Biosystems), both according to the manufacturer’s recommendations. The relative ADFP 
gene expression was determined by the comparative CT method, normalizing expression to β-actin and 
GADPH. Relative CD36 and ABCA1 gene expressions were determined using the comparative CT and 
standard curve methods, respectively, and expression of β-actin was used for normalization.

4.4  Protein isolation and Western blotting (I)
Total cellular proteins were isolated from the phenol-chloroform phase left over from the RNA 
extraction with Trizol reagent. The ADFP protein amount was quantified by the Bradford method. 15 µg 
was separated on 10 % SDS-polyacrylamide gel with electrophoresis followed by electroblotting onto 
PVFD membranes (Hybond P, Amerham Biosciences UK limited). Successful transfer of proteins was 
confirmed using Ponceau S staining. Membranes were blocked in 5 % skimmed milk and 0.1 % Tween 
100 in tris-buffered saline. ADFP (American research products) and β-actin (Sigma-Aldrich) were 
detected using mouse monoclonal antibodies at working dilutions of 1:500 and 1:4800, respectively. 
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Peroxidase-conjugated goat anti-mouse IgG (Molecular probes, Eugene, OR, USA) was used as a 
secondary antibody. Proteins were visualized using ECL Plus Western Blotting detection reagents and 
Typhoon 9400 Variable Mode Imager, and ADFP and β-actin were quantified using Image-Quant TL 
1D Gel Analysis v2003.1 software, all according to the manufacturer’s recommendations (Amersham 
Biosciences). The relative amount of ADFP protein was given as the ratio of the total fluorescence signal 
intensities of ADFP and β-actin, resulting in semiquantitative ratios of proteins in the sample.

4.5  ELISA (III)
The amount of GLUL protein in the CP lysate (one slice of en bloc removed CP section that was rinsed 
in saline and the proteins were isolated with Trizol-reagent) was measured with the Human Glutamine 
Synthetase ELISA kit (LF-EK1085, Abfrontier) according to the manufacturer´s recommendations. The 
GLUL protein was measured from undiluted CP lysates, because it was immeasurable in 1:4 lysates. 
In the non-diluted (1:1) plaque lysates, the GLUL protein mass proportion was maximally 0.000201 % 
of the total plaque protein (n=29). The quantities were located at the extreme low end of the standard 
curve of the ELISA used, thus making the results unreliable. The difference between the lowest and 
highest GLUL protein fractions in ELISA was 20-fold. Both the highest and lowest concentration groups 
contained symptom-causing CPs and asymptomatic CPs, and did not permit conclusions relating to 
symptom state. We concluded that the ELISA we used detected minor amounts of GLUL protein, but 
we did not use the results for further correlations, partly also due to the distinct site-specificity of the 
immunohistochemically observed GLUL expression (see below).

4.6 Immunohistochemistry and reagents used (I–III)
For the immunohistochemical staining methods and antibodies used, see Table 6 for all protocols. The 
stainings were performed by professional laboratory personnel and one researcher (P.S.). All of the 
paraffin embedded specimens were fixed in Carnoy’s fluid.

4.7  Light microscopy (I–III)
Information about the microscope and associated softwares, as well as the grading scales of the samples 
for each study are presented in Table 7. All samples were primarily analyzed by one researcher (P.S.), 
totally blinded to the clinical data. K.N. performed part of the analysis of the samples (Study I, II) and 
quality control by random assessment together with M.I.M. (III).

4.7.1  Sample microphotographing
The samples were photographed, and an image of the whole section was acquired by piecing the 
photomicrographs together with Photoshop. A grid layer was positioned on each image, and it was 
scaled to 1 mm2 or 2 mm2 size according to a scale bar attached to the image by the microscope software. 
The squares were named ROIs (“Regions Of Interest” after Kockx et al161). This image was used as a 
map for grading of the ROIs.

4.7.2  Grading of the light microscopy samples
The principles of the ROI method are shown in figures 24 and 25. In each sub-study, the 1 mm2 or                
2 mm2 ROIs were evaluated for the immunostained proteins and specific morphological parameters, and 
compared. The orientation of the samples was based on the visualization of medial elastin fibers, but no 
information about the blood stream direction was originally recorded for these samples.
The scoring of the samples of Study I–III is shown in Table 7. In Study I, a few samples underwent double 
stainings to confirm the protein localization in macrophages; these were interpreted with a pathologist 
(M.I.M.) for accuracy. In Study II, CD68 was used to detect macrophages to confirm their identity. The 
localization of ABCA1 outside macrophages was interpreted with a pathologist (M.I.M.).  
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Figure 24. The immunohistochemical methodology. After photographing the immunohistochemical sections 
with a microscope-attached camera system, a squared grid was edited onto the microphotographs and adjusted to 
the 1 or 2 mm scale bar gained from the camera software. This map was used for sample grading. Each square, 
i.e., a Region of Interest (=R.O.I.) was then graded semiquantitatively for the selected parameters.  

4.7.3 Special notes on Study III methodology
In Study III, a significantly larger amount of information was recorded from the ROIs than in Studies 
I and II. The analysis included immunohistochemical, morphologically matching slides from previous 
studies. The Prussian blue stained slides45 were graded semiquantitatively for the amount of tissue iron 
(0–3: 0=0, 1=+, 2=++, 3=+++) as well as cellularity (amount of nuclei, 0–3). HO-1 (0–3) and CD163  
(0–3) were also rated45. Slides from a previous staining study were used if the morphology was matching. 
The size of the core was defined as ROI amount. The CD68 staining of the core mass was scored from 
0–3. The microvessels were not stained in this series. Glycophorin A staining for erythrocytes was not 
possible with Carnoy’s fixation used for our plaques, and we were satisfied with their recognition based 
on their typical morphology in the lesions.

Each ROI was graded for its main histological type. The visual scoring scale used for plaque 
histopathology is shown in figure 25 and in Table 7 (see also III, Fig. 1). An ‘atheromatous core’-ROI 
was mainly composed of an acellular/necrotic atheromatous mass, often with cholesterol clefts. Part of 
the atheroma had the appearance of organizing hemorrhage with more amorphous hyaline. A ‘fibrous 
cap’-ROI was an area which contained part of the fibrous cap. The local thickness of the cap in each cap-
ROI was measured from the printed photomicrographs with a scale bar based on the grid with 50 µm 
resolution steps. An ‘edge-of-core’-ROI was a perinecrotic area which contained the often very cellular 
margin where the atheroma transitioned into the non-necrotic tunica intima matrix with more preserved 
tissue architecture (Fig. 10E). A ‘shoulder/inflammation’-ROI was an area with an inflammatory cell 
infiltrate but no atheroma. A ‘tunica intima’-ROI was an area of arterial wall which was not part of the 
actual plaque lesion, however it could contain a fatty streak or small amounts of inflammatory cells, 
but was generally silent, i.e., devoid of gross pathology. A ‘tunica media’-ROI was an area mainly 
consisting of elastic fibers and the SMCs of the tunica media. 
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Figure 25. Analysis of the plaque features from micrographs. Not all ROI parameters were possible to record 
from the same section. The same ROI was graded for numerous different parameters from adjacent sections with 
matching morphology. Part of the plaque cohorts used in Studies I–III have been immunostained for other genes 
and published previously.

The ROIs were further divided into categories based on the layer where the ROI was located: superficial 
layer (ROIs closest to the endothelium), bottom layer (ROIs closest to the IM-border in the deepest parts 
of the thickened intima) and middle layers between them. The distance of the ROI center was measured 
from either the endothelium or from the intima-media-(IM) border, to indicate how far the ROI is from 
a potential source of oxygen (III, Fig. 1C, star and arrow) 235. According to the literature, tissue hypoxia 
commences at a distance of 150–300 µm from the oxygenated areas of the plaque, i.e., endothelium or 
IM border235. We calculated from this data a hypothetical “hypoxic domain” of each ROI. We calculated 
the area that fell within     300 µm from either the endothelium or IM-border and divided it with total 
ROI area (1000 µm2) to define the fraction of the ROI area located deeper than this.
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To explore the concept of “vulnerable patient” inspired by Finn et al289, we calculated a “total 
vulnerability score” for each patient. This score takes into consideration both CP and patient features. 
Asymptomatic patients and asymptomatic plaques could be fitted to this scale of scored features 
‘pointing’ towards destabilization. The more of these vulnerability features, the more likely a case will 
develop a thromboembolic stroke. The features were: I) plaque ulceration, intraplaque hemorrhage, 
intraplaque thrombus, and symptom state of the CP (each gives 1 point, the sum of these divided by 4), 
II) diagnosed CAD or other large vessel atherosclerosis, indicating the general atherosclerotic burden of 
the patient (1 point from each, divided by 2), III) all diagnosed disorders of brain circulation (1 point), 
yielding a patient score from 0 to 3.

4.7.6  Quality control 
The junior microscopist (P.S.) was trained by two senior investigators (K.N. and M.I.M.) first by doing 
the microscopy together to learn how to recognize the typical atherosclerotic histopathology. The 
accuracy of the researcher was confirmed later by comparing the similarity of the interpretation in 
random ROIs. The researchers were blinded to the clinical data and the symptomatology of the plaques 
throughout the study. Although the ROI method must have reduced it, the unconscious priming of the 
researchers was nevertheless unavoidable, as the samples have become familiar along the study. The 
selection of the methodology and quality control is further discussed in chapters 6 and 8.  

4.8  Statistical analyses
Statistical analyses were performed with the assistance of a professional statistician (J.P., J.T.), and their 
complexity accounts for the codependency of the data points on each other. For correlations between 
different molecules within each ROI, a Spearman’s correlation was used due to the nonparametric 
quality of the data. A p-value < 0.05 was considered statistically significant. ROI expression difference                  
> 0.5 was be considered clinically significant. The n of the ROIs is large, thus even smaller differences 
might show good P-values. The ROI analyses were further confirmed with more developed statistical 
methodologies.

In Study I, the statistical analyses of baseline characteristics were performed using parametric (t test and 
Pearson correlation; continuous normal variables), nonparametric (Kruskall-Wallis and Mann–Whitney 
U test; non-normal variables) or exact (Fisher exact test; binary variables) statistical tests. These were 
performed by means of SPSS for Windows software (version 10.07, SPSS). To explore the associations 
between covariates (cholesterol crystals, red blood cells and ulceration) and ordinal outcome (adipophi-
lin in ROIs), a fixed effects proportional odds regression model was used. Each covariate was analyzed 
univariately (no other risk factors) and multivariately (blood cholesterol concentration, BMI, age and 
gender). Additionally, to account for the grid-based multiple measurements of adipophilin ROI levels 
in each specimen, where the grid of ROIs covers all the area of a specimen, a mixed effects proportio-
nal odds model was used. Technical details and results of the statistical analysis are presented in the    
Appendix (I, Supplementary data).

In Study II, nonparametric statistical tests were used because of the small sample size. Ordinal variables 
were tested with Mann–Whitney U and Jonckheere-Terpstra tests, and continuous variables were tested 
with Spearman rank correlation. To adjust for confounding factors such as age, gender, BMI, blood 
low-density lipoprotein concentration, and the amount of plaque macrophages, a multinomial logistic 
regression model was used to explore the association between regions of interest levels and ABCA1/
CD36, as in Study. Statistical analyses were performed using SPSS (version 14.0).
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In Study III, for correlation analyses, either a nonparametric (Spearman rank correlation) or parametric 
(Pearson correlation) correlation coefficient was used where applicable. For comparisons of two groups, 
a nonparametric Mann–Whitney U test was used (IBM SPSS Statistics 24; IBM, Armonk, NY). The 
ROI statistical analyses were performed with the assistance of a professional statistician (J.T.). Each 
CP consists of several ROIs, which makes ROIs non-independent. Each ROI is “nested” inside the CP 
it comes from. This dependency was taken into account by applying a hierarchical mixed modelling 
approach. It also allows one to assess the effects of explanatory variables and to adjust for the effects 
of possible confounding factors, just as any other traditionally used regression modelling approach. 
Depending on the response variable type, a suitable mixed modelling technique was used. For continuous 
variables, a linear mixed model was applied. For ordinal variables, a cumulative link mixed model was 
fitted. Continuous variables were, e.g., distance from the lumen of the blood vessel. Ordinal variables 
were typically results from histological stainings. These models were fitted using R 3.3 software (R 
foundation for Statistical Computing, Vienna, Austria) and its add-on packages – nlme550, lme551 and 
ordinal552.
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5.1  Description of the study population and the plaques
The demographic data of the study population and the plaques studied in each sub-study are described in 
the original papers (I, Baseline characteristics Table, III, Supplementary Table 2). The study population 
generally contained more males. In Studies II and III, the plaques in the symptom-causing CP group 
were more frequently ulcerated and contained intraplaque thrombus and intraplaque hemorrhage, and 
significantly less calcification than in the asymptomatic CP group. 

All lesions were histologically classified as complicated Stary class VI lesions545.  

The DNA microarray performed on the Extremes subgroup in 2011 showed a total of 60 differentially 
expressed genes between the symptom-causing CP and asymptomatic CP groups486,547. Enrichment in 51 
GO categories and seven pathways was shown in the functional clustering. The most important of these 
were related to scavenger receptor and lysosomal activity, PPAR-γ signalling and ECM interactions486. 
The genes in the sub-studies of this thesis were included in the probes [the fold change between symptom-
causing CP and asymptomatic CP after each gene, p]: ADFP [1.5, p = 0.012], CD36 [2.1, p = 0.005], 
ABCA1 [1.5, p = 0.102], GLUL [2.2, p = 0.016], CD163 [1.7, p = 0.007] and HMOX1 [2.2, p = 0.055].
  

      Table 8.   The plaques included in the studies

The results of the sample processing in each study. See also figure 23 for the selection of the plaque cohorts.

5. RESULTS
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5.2  STUDY I. Adipophilin (ADFP) in clinically    
 symptomatic carotid atherosclerosis was associated  
 with intraplaque hemorrhages

In the original DNA microarray analysis of the Helsinki Carotid Endarterectomy Study population, 
ADFP was found to be induced 1.7-fold in symptom-causing CPs when compared to asymptomatic CPs. 
ADFP has been previously detected in atherosclerotic macrophages110,112. However, Study I provided 
the first ever link between ADFP and clinically symptomatic carotid atherosclerosis, and described its 
association with local factors. The main results are shown in figure 26.

5.2.1  Characterization of ADFP in the clinically defined CP cohort
Besides mRNA, ADFP protein was also significantly higher in symptom-causing CPs (1.04 ± 0.23 
versus 0.46 ± 0.14, p = 0.043) (I, Fig. 2). ADFP mRNA associated with the presence of macroscopic 
ulceration (p = 0.001). These parameters are used as supportive measurements when deciding for a 
CEA27. Of the traditional atherosclerosis risk factors, ADFP mRNA was associated with male gender, 
diabetes and hypertension. The time delay between symptom and CEA was not significantly associated 
with ADFP mRNA or protein expressions.

5.2.2  ADFP associated with intraplaque hemorrhage components
ADFP is a known lipid loading marker, and its immunoreactivity was mainly seen in the macrophages 
and foam cells near the atheromatous core area (I, Fig. 3), even though it was also located in the non-
necrotic portions of the vascular wall. No specific association with CP shoulder areas was seen. Both 
the immunohistochemistry and the ROI method revealed significant co-localization of ADPF with both 
erythrocyte silhouettes and cholesterol clefts (I, Fig 3B,C,F and Fig. 4). ADFP mRNA was previously 
found to be associated with both CD163 and HO-1 mRNAs (rs = 0.677, p = 0.001 and rs = 0.751, 
p = 0.001, respectively), which are features of IPH-associated macrophages274,348,349,359. Ulcerated CPs 
showed higher microvessel density, and these microvessels associated with the extravasated erythrocytes 
(p = 0.029). 

A role of IPH as a source for plaque lipid and cholesterol has been suggested214,553. The results of Study 
I supported this theory of microvessel-originated IPH as a source for plaque lipid by showing the 
lipid loading marker ADFP vicinity to erythrocytes. This was further supported by the association of 
ADFP mRNA expression with CD136 and HO-1. The immunohistochemically detected close spatial 
co-localization between ADFP and IPH components could be also statistically confirmed by the ROI 
method.

5.2.3 ADFP and a potential connection with the lipid core growth
Both ADFP mRNA and protein (rs = 0.328, p = 0.002 and r = 0.269, p = 0.014, respectively) associated 
with a higher CP stenosis degree. The mean adipophilin protein immunoreactivity also associated 
positively with total plasma cholesterol (r = 0.222, p = 0.045) and plaque macrophages (r = 0.379, 
p = 0.001). ADFP is known to prevent lipid efflux from macrophages, and thus potentially promote 
plaque progression and core growth by increasing excess lipid concentration, leading to symptom-
generation554,113. However, as a protective role for AFDP in foam cells has also been proposed, the 
significance of this finding as a response to excess local lipids or as a causative factor remains to be 
elucidated.
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5.2.4  The ROI method revealed close intralesional associations between proteins and  
 plaque components and can aid in interpretation of genomic and protein data

The results of the multiple methodologies employed were in line with each other and with the previous 
literature. The mean value of the semiquantitatively defined ADFP protein expression of the lesions was 
also used to compare ADFP levels to systemic factors, but the main advantage of the ROI method was 
in revealing the co-localization of ADFP with other studied variables. The theory about erythrocytes 
as a source of intraplaque cholesterol was supported by our study. The results support the idea that in 
symptom-causing CP macrophages, there is a need for increased lipid storage seen as the upregulated 
ADFP expression. It might be a consequence of a plaque destabilizing hemorrhage, but as increased lipid 
loading and storage are associated with lipotoxic, metabolic and oxidative stress, the ADFP expression 
might be a causative factor leading to core growth.

Figure 26. The expression of adipophilin (ADFP) in carotid plaques.
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5.3  STUDY II. The counteractive lipid trafficking
 proteins CD36 and ABCA1 showed a local imbalance  
 favoring foam cell formation in ulcerated carotid   
 plaques
The original DNA microarray study revealed increased CD36 and ABCA1 mRNAs in symptom-causing CPs (2.1- 
and 1.5-fold difference between symptom-causing CPs and asymptomatic CPs, respectively, p = 0.005/p = 0.102). 
Their protein expression was studied together from adjacent plaque sections due to their shared regulatory network 
and counteractive properties in macrophage lipid loading, and the quantification of intra-and extracellular neutral 
lipid was included. The ROIs were also graded for the presence of the atheromatous mass and erythrocytes.               
A complex immunohistochemical expression pattern was found. The main results of Study II are shown in           
figure 27. 

 

Figure 27. The expression of CD36 and ABCA1 in carotid plaques.
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5.3.1  The expression of CD36 and ABCA1 proteins correlated with clinical   
 parameters and plaque lipids
The immunoreactivity pattern of CD36 was in line with previous literature. CD36 was seen only in 
macrophages. As a lipid and erythrocyte scavenger and a mediator of efferocytosis, CD36 was found 
surrounding the atheromatous/necrotic core (p < 0.001) but not in all perinecrotic macrophages. The 
mRNA and protein expressions of the ADFP from the same material in Study I correlated positively 
with CD36 mRNA and protein levels (rs = 0.370, p = 0.024; rs = 0.390, p = 0.040, respectively), which 
is in line with the previously published CD36 inductions seen in lipid loading mediated by activation of 
nuclear receptors143.

The immunoreactivity pattern of ABCA1 was more complex. ABCA1 was seen in sporadically 
scattered macrophages throughout the CPs, but also in ECs and SMCs. Besides around the lipid core, 
subendothelial ABCA1 immunoreactive cell infiltrates were also seen, as with ADFP. ABCA1 as a lipid 
export protein is one of the crucial mediators of lipid efflux192 and its amount is known to increase upon 
lipid loading. The ABCA1 protein was elevated in plaques with an increased amount of intracellular 
lipid (p = 0.005), and ABCA1 mRNA and protein correlated with ADFP mRNA and protein expressions 
(rs= 0.419, p = 0.030, and rs=0.404, p = 0.030). Some foam cells were negative for ABCA1. Decreased 
ABCA1 expression, despite the need for it, is a known phenomenon (see below).

The ABCA1 mRNA correlated with the presence of an IPH (rs = 0.484, p = 0.002), and local ABCA1 
immunoreactivity correlated with the presence of erythrocytes (rs = 0.321, p < 0.0001) (unpublished 
data). CD36 immunoreactivity also locally correlated with the erythrocytes (p = 0.006) (II, Fig. 2C).

The intra- and extracellular lipid staining supported previously published mechanisms in plaque 
pathophysiology. Extracellular lipid amount was higher in symptom-causing CPs (p = 0.040) and ulcerated 
CPs (p = 0.038). Erythrocytes in this material also associated with a higher amount of extracellular lipid 
(p = 0.002), supporting the IPH as a source of CP lipids. Intracellular lipid was associated with Fas-
receptor and ligand expression (p = 0.042; p = 0.042). Fas-L mediates one of the pathways of apoptosis 
induction with lipid loading277,532,555. Excess intracellular lipid loading and associated lipotoxicity are 
thought to contribute to the enlargement of the lipid core by increasing apoptosis and the release of lipids 
from dying foam cells556. 

5.3.2  The simultaneously overexpressed CD36 and ABCA1 mRNAs are not   
 analogically translated in CPs with ulceration
A mRNA-protein discrepancy was found in the material (III, Fig. 3D). When compared to asymptomatic 
CPs, the CD36 mRNA in symptom-causing CPs was more intensely upregulated than ABCA1 (2.1- 
vs. 1.5-fold, respectively). When comparing ulcerated and non-ulcerated CPs, a 1.1-fold upregulation 
was seen for CD36 mRNA, and a 1.6-fold for ABCA1 mRNA, showing that ulceration was a feature 
of the plaque that associated with more pronounced ABCA1 than CD36 mRNA expression. In the 
postsymptomatic period, both ABCA1 mRNA (rs = 0.718, p = 0.000) and CD36 mRNA (rs = 0.679,          
p = 0.000) dropped significantly when the time from symptom to operation was higher. CD36 mRNA 
correlated with mean CD36 protein of the plaques (rs= 0.511, p < 0.001), and the protein amount was 
higher in ulcerated than non-ulcerated lesions (p = 0.001) (II, Fig. 2A). ABCA1 mRNA correlated 
positively with protein expression (rs = 0.367, p = 0.05). However, no significant difference was found 
in the protein expression level between the ulcerated and non-ulcerated CPs (p = 0.367), and the protein 
expression was slightly lower in ulcerated CPs (II, Fig. 2B) indicating that the 1.6-fold difference seen 
in the ABCA1 mRNA expression was not translated to the protein expression difference in these plaques.

The amount of the proteins was graded semiquantitatively, and the local CD36/ABCA1 ratio was 
calculated from each ROI. Surrogate variables linked with progression and regression of plaques 
associated logically with the CD36/ABCA1 ratio. Higher CD36/ABCA1 ratio areas were seen more 
frequently in plaques with higher stenosis. On the other hand, factors linked to enhanced lipid export/
decreased lipid loading such as higher plasma HDL or decreased ADFP mRNA expression were 
associated with higher ABCA1 than CD36 expression (p = 0.001, p < 0.001, respectively).
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Thus, a relatively higher lipid scavenging activity when compared to lipid efflux capacity was linked to 
ulcerated CPs. The CD36 and ABCA1 mRNAs are known to be induced partially by the same PPAR-γ-
LXR/RXR nuclear receptor pathway linking lipid intake and export143. To study their local relationship, 
we categorized all ROIs based on their CD36/ABCA1 ratio. The ROIs with higher CD36 than ABCA1 
expression were more often from the ulcerated CPs, while the opposite was true for non-ulcerated CPs 
(p = 0.006). 

5.3.3  Plaque ulceration and symptomatology are strongly associated
Although our data did not show similar significant differences of local CD36/ABCA1 ratios between CP 
symptomatology than it did with ulceration, the association with ulceration is of clinical significance. 
An irregular/ulcerated carotid plaque surface is one of the strongest risk predictors for future stroke314,558. 
Angiographical ulceration has been associated with plaque rupture, IPH, a large lipid core, decreased 
amount of plaque fibrous tissue and increased overall instability559. 
Not all CP symptoms are generated by atherothrombosis after a cap rupture, but instead by endothelial 
denudation. The presence of intact endothelium was studied and previously published in the same 
material544, and the data was analyzed with the new data of Studies I and II. A negative correlation 
between mean ADFP protein expression with the presence of endothelium (r = 0.306, p = 0.005) was 
found, and CPs with less intact endothelium had a higher total lipid burden (p = 0.004), indicating that 
similar factors linked to lipid loading are associated with the denudation of the endothelium in our 
material (the phenomenon is shown in figure 6A-a and d; hyperlipidaemia is known to cause endothelial 
injury, and plaque lipids are known to attract monocytes that might cause endothelial injury while 
entering the plaque). In Study II, increased extracellular lipid was seen in the symptomatic plaque group. 

5.3.4  Decreased ABCA1 translation could be causative in CP symptom generation
Discordance between ABCA1 mRNA and protein is a known phenomenon, directed by multiple intra- 
and extracellular factors202. In our study, the data supported an idea of potentially insufficient lipid export 
by ABCA1 in ulcerated CPs. ABCA1 was not seen in all foam cells in the perinecrotic zone, indicating 
that not all macrophages possess the capacity to export their lipids, potentially threatening their vitality. 

Different intra- and extracellular causes may affect ABCA1 expression and stability. This mechanism 
might be causative in the progression of the atherosclerotic plaque, as the arterial lipid collections are 
known to be reversible and increased lipid loading is a proapoptotic factor, potentially increasing core 
growth. Excess intracellular lipids are thought to be manageable if cells can sufficiently express the 
ABC transporters143. It is possible that in the ulcerated CPs the ABCA1 function has been insufficient, 
eventually resulting in, for example, the faster growth of a softer, more lipid-rich core, which can also 
cause higher fibrous cap stress. The potential explanation for the declined ABCA1 is discussed further 
in chapter 6.3.2. 

5.4  Study III. Characterization of the glutamine
 synthetase gene in carotid atherosclerotic plaques   
 revealed an association with multiple vulnerability   
 features
There are no previous data about GLUL in atherosclerotic plaques, besides its elevated expression in 
carotid plaques. The original microarray analysis showed that GLUL mRNA was significantly elevated 
in symptom-causing CPs (2.2-fold). Different plaque pathological features associated with both mRNA 
expression and local GLUL protein expression studied with the ROI method. 
A follow-up study of the Helsinki Carotid Endarterectomy material and the thromboembolic complications 
in the same cohorts has been published, and the data from that study was included is Study III18.
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The expression of glutaminase mRNA – the first step in cellular glutamine metabolism – was not 
increased in the original microarray486.  
Figures 28 and 29 show the main results of Study III. The association of GLUL protein to different local 
ROI variables are shown in the Supplementary Tables 3 and 4 of Study III. 

5.4.1  GLUL mRNA overexpression associated with plaque features linked with   
 vulnerability and was highest immediately after the symptom
GLUL mRNA associated with plaque vulnerability features (III, Supplementary Table 1). It was higher 
in ulcerated CPs (1.8-fold difference, p = 0.006), and in CPs with IPH (rs = 0.397, p = 0.009), but lower 
in the CPs with calcification (rs = -0.392, p = 0.010)486. The mRNA expression correlated negatively 
with the time from symptom to operation (rs = -0.423, p =0.050); this correlation was slightly steeper              
(rs= -0.419, p = 0.041, Fig. 27) when the CPs were grouped according to Peeters et al386, who showed that 
the inflammatory activity and macrophage amount decline significantly after the first 30 days following 
a stroke in the plaque remodelling period. In a few outliers, high GLUL mRNA expression was observed 
after a prolonged postsymptomatic time. No association was found between GLUL mRNA and future 
thromboembolic complications18. 

Figure 28. GLUL mRNA decreased linearly in the postsymptomatic period. See the text for details 
and the selection of the groups.
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5.4.2  GLUL protein colocalized with different pathological factors within    
 the plaques, but not exclusively with any of them
GLUL immunoreactivity varied largely between the CPs. A few different overall patterns were seen    
(III, Fig. 2-4). GLUL was expressed by macrophages and positively associated with them (p < 0.001, 
III, Fig. 2H). However, large pathological plaque areas and foam cell infiltrates were also devoid of 
GLUL. In a subgroup of plaques, GLUL expression was exclusively seen in the fibrous cap. Erythrocyte 
shadows and iron were associated with GLUL, but not regularly. 
No intra- or extracellular GLUL immunoreactivity was seen in the intima, media, endothelium or deep 
within the atheromatous mass, but a fading GLUL gradient in foam cells losing their membrane and 
seemingly becoming part of the atheromatous core was seen (III, Fig. 2A-C). In one sample, a GLUL 
immunoreactive cell group associated with extravasated red blood cells were pooled together with 
cholesterol crystals (III, Fig. 4C), indicative of cholesterol crystallization. However, in this lesion the 
GLUL expression was confined to only a small subgroup of macrophages, while significantly more local 
macrophages expressed ADFP. 
In all the staining patterns, GLUL was a feature of a subgroup of macrophages. To understand the nature 
of the local macrophages, we studied the surrounding elements and the biochemistry that is known to 
be associated with them.

5.4.3  GLUL expression was inversely associated with the fibrous cap thickness in  
 both symptom-causing CPs and asymptomatic CPs
A higher local GLUL level associated with a thinner fibrous cap (p = 0.012) within a ROI (III, Fig. 4A,B). 
This finding relates to the fundamental theory that fibrous cap rupture is preceded by its thinning. In 
our material, the highest and lowest cap thickness values correlated with the observed CP cap thickness 
difference between ruptured and non-ruptured CPs published in the Oxford Plaque study (500 µm vs. 
300 µm)598, linking our finding with previously published clinical data from a large cohort (III, Fig. 4B).

GLUL associated with other features that potentially indicate a threatened, injured or weakened fibrous 
cap. In the ‘fibrous cap’ ROIs of symptom-causing CPs, the quantity of cholesterol clefts correlated 
positively with GLUL immunoreactivity (p = 0.004). The SMC amount was lower in ‘fibrous cap’ ROIs 
with higher GLUL in the symptom-causing CP group (p = 0.001), and in all ROIs the asymptomatic CP 
group had a positive association (ns) between local GLUL and SMC amounts, while the association in 
the symptom-causing CP group was negative. 

Thus, GLUL immunoreactivity was associated with local features indicative of altered cytoarchitecture 
and endangered tissue strength, particularly in the areas that are central in symptom generation, i.e., a 
thin fibrous cap, and this was seen in both symptomatology groups. One potential explanation for this 
finding would be that in the areas of tissue injury, GLUL expression was linked with the ‘healing’ M2-
activation (Ch. 5.4.5). However, the literature has supported the existence of M1-type macrophages in 
more vulnerable plaque areas. The topic is discussed further in chapter 6. 
 



-100-  

Figure 29. The expression of glutamine synthetase (GLUL) in CPs.
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5.4.4  GLUL associated with indicators of oxidative stress, hypoxia and nutrient   
 depletion
GLUL immunoreactivity was strikingly associated with extravasated RBCs (p < 0.0001) and iron 
(p < 0.0001), CD163 (p < 0.001) and HO-1 (p < 0.001) (III, Fig. 3). When the ROI was at a depth 
deemed to contain hypoxia (Ch. 2.10.1), the local GLUL expression was higher, but its expression 
disappeared in the deepest ROIs (III, Supplementary Fig. 4). One of the main GLUL-expressing areas 
was the perinecrotic plaque zone. Throughout the material, the local GLUL expression associated with 
pathological morphology (atheromatous core, fibrous cap, the edge of the core) or with cellular stressors 
(erythrocytes, iron, cholesterol crystals) and was higher in symptom-causing CPs than in asymptomatic 
CPs. 

The product of GLUL glutamine has been found to support macrophage survival and function (Ch. 
2.22.2-6) during all biochemical stress situations linked with the aforementioned variables we quantified 
from CPs. Glutamine has been found to support erythrophagocytosis525, CD163 and HO-1 expression255,281, 
and protect cells from oxidative stress478 which is elevated by an IPH. In hypoxia, glutamine can be 
consumed in mitochondria as an alternative TCA cycle intermediate when the mitochondrial pyruvate 
flow is decreased, as is seen in hypoxia, hypoglycemia or in the proinflammatory M1-type cells (Fig. 
21). 

We did not study the intracellular localization of GLUL (Fig. 19). The significance of GLUL expression, 
its association with multiple plaque pathological features despite the protective nature of extracellular 
glutamine administration, and the consequences of glutamine consumption in chronic cellular stress are 
discussed in more detail in chapter 6.

5.4.5  Secondary unpublished results from Study III material
Multiple local associations supported by literature were found in the ROI material of Study III 
(unpublished data).

To maximize the amount of data on GLUL, we combined data from previous studies. GLUL was 
compared with the amount of intra- and extracellular lipid deposits, the amount of denuded endothelium, 
the amount of intraplaque microvessels, and the amounts of the apoptosis marker ACA3 and Ki67 
proliferation marker-positive areas on the endothelium, and the total CP area544,549,560.

The cap ROIs: We tested the idea that the fibrous cap SMC amount would be linked with the CD163 
expression as a sign of M2-type activity. It seemed that when a higher fraction of local macrophages 
expressed CD163, there were more SMCs in the same area, while a higher amount of GLUL 
immunoreactive macrophages was associated with a thinner fibrous cap. The amount of  SMCs in 
ulcerated CPs was lower than in non-ulcerated CPs (ns), and macrophage amount was increased in 
ulcerated CPs. The CD163/macrophage ratio correlated positively with the local SMC amount (rs= 0.279, 
p = 0.043, n = 53). Local cap thickness showed a positive yet statistically non-significant correlation 
with the amount of SMCs (rs= 0.182, p = 0.058, n = 110). The fibrous cap GLUL/macrophage ratio 
correlated negatively with the cap thickness (rs = -0.236, p = 0.011, n = 114). Combined, these results 
could be explained by the fact that the injured cap macrophages have been proinflammatory ones, and 
are shifting to M2 by increasing GLUL expression, and since they used to be proinflammatory, they have 
also caused SMC apoptosis. Although this theory remains to be strengthened, it is still an example of 
how localization data is significant and could be used for hypothesis generation.

The plaque luminal surface: The idea of GLUL expression being linked with increased plaque 
thrombogenicity due to endothelial erosion was tested by studying GLUL in the ROIs in contact with 
the endothelium, i.e., the most luminal ROIs. It was found that in CPs with even a slight amount of 
endothelial denudation, the luminal ROIs showed elevated GLUL expression, and in CPs with intact 
endothelium, GLUL expression in the luminal ROIs was minimal. On the luminal ROIs, the GLUL 
expression was higher in the symptom-causing CP group when the TUNEL-detected endothelial cell 
apoptosis increased. The most luminal ROIs (n = 359) had more GLUL in symptom-causing CPs than 
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asymptomatic CPs (p = 0.004). Part of the superficial ROIs had a visible mass on them, and it mostly 
had morphology of a grainy mass containing erythrocytes, i.e., a thrombus. The ROIs with thrombus had 
more GLUL locally (p = 0.0345 after final statistical analysis). 

The composition of the atheromatous core: In symptom-causing CPs, the core ROIs consisting 
mainly of the atheromatous mass showed higher CD68 immunoreactivity than in asymptomatic CPs                               
(p = 0.003). The significance of this finding remains unknown, but it could be linked to the mechanism 
behind the core growth. In this series, we tried – albeit unsuccessfully – to perform glycophorin-A-
staining for the erythrocyte membranes. Analysis of the composition of the atheromatous core by its 
layers with a similar methodology could provide insights about the dynamics in its development.

Patient-plaque vulnerability score and GLUL mRNA: To explore how the GLUL expression might 
reflect the stage of the patients’ atherosclerotic burden, a “total vulnerability” score for each patient was 
calculated following Finn et al289. This score considered both the CP and patient features. Asymptomatic 
patients or asymptomatic CPs can also be fitted to a scale of scored features pointing towards 
destabilization. The idea was that the more vulnerability features were present in a case, the more likely 
a thromboembolic stroke would be. The features were: I) plaque ulceration, IPH, intraplaque thrombus, 
and symptom state of the CP (each gives 1 point, the sum of these divided by 4), II) diagnosed CAD or 
other large vessel atherosclerosis indicating the general atherosclerotic burden of the patient    (1 point from 
each, divided by 2), and III) all diagnosed disorders of brain circulation (1 point), yielding a patient score from 
0–3. This general vulnerability amount was higher in symptom-causing CPs    (p < 0.001), and plaque GLUL 
mRNA was higher in more vulnerable patients (rs= 0.411, p = 0.010). There is no clinical significance 
for this finding, as part of the parameters are impossible to measure without a CEA procedure. However, 
with this score it was possible to compare all cases with their GLUL mRNA expression, indicating an 
association between GLUL mRNA expression and clinical vulnerability, i.e., a vulnerable plaque of a 
vulnerable patient.

5.4.6  Macrophages in the symptom-causing CPs exhibited a higher local GLUL   
 “response” to all the studied pathological tissue changes or substances than the
 macrophages from asymptomatic CPs 
In symptom-causing plaques, the local GLUL expression showed a steeper association in relation to 
erythrocyte remnants, ferric iron and cholesterol crystals when compared to asymptomatic plaques, even 
though both showed a similar positive association with them. Similarly, in the symptom-causing CPs, the 
local GLUL expression was positively correlated with the presence of atheroma, the perinecrotic zone 
and inflammation. A positive correlation was also seen in the asymptomatic CPs, but the correlation was 
less steep. Not all differences were statistically significant, but all studied parameters showed a similar 
pattern: the GLUL response to all of these changes was higher in the symptom-causing CP group 
(III, Fig. 4D).
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6. DISCUSSION

6.1  Plaque vulnerability is the net effect of the local   
 pathological processes 

6.1.1  What are the roles of the studied genes in the atherosclerotic process?
This thesis presents a small sub-set of genes from all genes that were found to be differentially regulated 
between symptom-causing and asymptomatic advanced carotid plaques. Similar gene sets including 
CD36, ADFP and ABCA1 have been previously found in recently symptomatic carotid plaques569, 
and these gene sets have also been discussed with different CVD risk factors such as circulating 
lipoproteins570,571. The combined expression of the same genes has also been found elsewhere572, for 
example in a lipid retentive macrophage phenotype of advanced carotid plaques (CD36, ADFP)573 and 
the dysregulation of these genes has been linked with foam cell formation (CD36, ABCA1)574. The 
elevation of CD36 and ABCA1 in the circulation has also been linked with pathological plaque features 
such as higher plaque echolucency152 and carotid plaque rupture108. GLUL has been recognized in 
advanced carotid plaque previously486,602, but its role in atherosclerosis is totally unknown.

All of the studied genes also have protective, antiatherogenic functions. However, their upregulation was 
associated with a symptomatic plaque phenotype. They might be causative for the plaque vulnerability, 
or a response to a local event. 

We studied their local associations within the plaque tissue, which is known to contain different factors 
that cause cellular stress. In this discussion, these ‘loci’ of such associations within the atherosclerotic 
disease processes is evaluated. This led to the further support of certain parts of the theory about 
atherosclerosis. Also, a novel piece for the disease theory was added based on our data.

6.1.2  Self-perpetuating pathological processes auto-amplify during the progression of  
 atherosclerosis in both symptom-causing CPs and advanced asymptomatic CPs
The figure 30 shows the gross interactions between the processes that create the typical pathological 
changes seen in the carotid plaques and the processes that are induced with the typical stressors found 
throughout the carotid atherosclerotic plaques. The phenomena are interlinked: lipid intake creates 
lipotoxicity and hypoxia, which enhance inflammation and subsequently worsens hypoxia. These 
decrease lipid export, increasing cell susceptibility to apoptosis, which increases core growth and 
releases lipids into the atherosclerotic core. This further increases the need for lipid phagocytosis and 
macrophage recruitment, etc. The progression of the atheroma from fatty streak, core, cap thinning, and 
rupture is a simplification.

The atherosclerotic plaque development takes decades. Figure 30 shows some of the main protective 
processes that potentially sustain plaque stability during the first decades of life. The plaque proceeds 
episodically with potentially rapid series of ulceration, local thrombosis and thrombus organization, 
followed by re-endothelialization. These can be followed by repeated ruptures. The mechanisms of the 
injury and repair are as important in the plaque evolution as the mechanisms behind core formation    
(Ch. 2.16)561. 

When a carotid plaque becomes vulnerable, its cap might rupture. Depending on the physiological 
conditions, the patient might manifest a clinical symptom – a thromboembolic stroke. The carotid plaque 
rupture cannot be understood only through the physical laws. In biomechanics, the structure and the 
properties of the material studies should be able to predict the function of the tissue. The geometry and 
spatial structure of a tissue (in carotid plaque, including the anatomical, morphological, histological and 
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other structural studies) and the mechanical properties of the materials of the system (in carotid plaques, 
for example, the consistency of the atheromatous core and the mechanical properties of the fibrous cap) 
affect the basic laws governing the system20. Mathematical modelling of the carotid circulation is a 
growing field of research. 

For unknown reasons, in a minority of the advanced carotid plaques the meshwork of cellular 
functions produces the crucial biomechanical complication – the fibrous cap weakening and rupture. 
This is a combination of plaque-weakening and core softening processes. The factors that lead to the 
cap rupture are difficult to define and study for four reasons. First, it is difficult to know where to 
locate the asymptomatic plaques in this diagram, as some of them might be on the way to the rupture. 
Secondly, the ruptured plaques are also postsymptomatic, and the high inflammatory activity seen in the 
postsymptomatic period386 might be either causative or a response. Some of the cellular interactions they 
show might be linked to the postsymptomatic plaque remodelling phase. Thirdly, in certain intraplaque 
areas of both symptom-causing CPs and asymptomatic CPs, there might also be ongoing plaque 
progression/inflammation, while the other plaque areas exhibit the processes of healing/remodelling. 
Finally, the identified interactions must represent cells in different phases of their life – some cells being 
freshly recruited while others are on the verge of apoptosis. 

The ability to stop plaque progression is considered crucial67, and this needs knowledge of the factors 
driving plaque progression. 

Thus, is it possible to generate an idea about how the presymptomatic plaque looks and how it behaves? A 
vast amount of literature supports a role for each of our genes in multiple subprocesses of atherosclerosis.

Figure 30. Some of the interlinked pathobiological processes seen in atherosclerotic plaques. The 
meshwork of the biochemical pathways, cellular functions and physicochemical phenomena that are present in the 
atherosclerotic plaques is complex. This is the framework into which the results from the studies have been integrat-
ed. Blue font indicates the simultaneously activated anti-atherogenic processes that modulate the proatherosclero-
tic events (black font). All processes together will lead to the vulnerable plaque phenotype, and eventually to the 
plaque rupture. Importantly, the asymptomatic plaques are a result of the same biological processes. It cannot be 
known where they are located in the diagram.
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Figure 31. The studied genes are associated with different phenomena and subprocesses that are known to 
modulate plaque growth. Whether the gene is pro- or antiatherogenic depends on the processes it sustains during 
the development of atherosclerosis. It is probable that the same gene has a different role depending on the timing 
of its expression, the local micro-environment and its localization within the plaque. For example, the expression 
of the lipid intake protein CD36 might be antiatherogenic, but if it is expressed in the hypoxic plaque area, the local 
oxidative stress and ATP-depletion might lead to insufficient expression of ABCA1, turning the originally beneficial 
macrophage-mediated lipid clearance into a proatherogenic process. This in turn leads to excess lipid loading, foam 
cell formation and lipotoxicity.

6.1.3  Local pathological tissue alterations are the result of different cellular activities  
 that mediate these vascular wall modifications
The histological structure of the plaque is a result of the atherosclerotic process. Biological variables and 
clinical parameters are known to associate with the development of atherosclerotic lesions in different 
localizations of the arterial tree and phases of the disease process. The clinical significance of a detailed 
understanding of the carotid plaque structure and composition has been discussed before152,562. The 
plaque behavior cannot be foretold by only knowing the plaque structure, because the pathological 
plaque features are largely found in the general population563. An understanding of the cellular behavior 
that creates these changes is needed.
Systemic factors modulate plaque development. Age, gender, LDL, smoking and soluble mediators 
including CD36 have been associated with certain plaque biochemical/biomechanical variables such as 
core consistency, plaque distensibility152,562, the presence of a lipid core563 and plaque thickness565. The 
complexity of the lesion and the ratios between these pathological atherosclerotic changes are thought to 
affect overall plaque behavior. The importance of the balance between IPH/calcification/lipid core size 
was speculated in the Rotterdam study566. 
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Physical forces and local cell populations affect the plaque structure. Different histopathological changes 
are known to be located in specific plaque areas, and certain kinds of cell populations are associated 
with them. For example, ulceration exists more often in the upstream area, and these areas contain more 
collagen and macrophages, but less SMCs564. The cells near the ruptured sites express specific genes 
such as ABCA1 and ADFP108. Macrophages also have a key role in the necrotic core and fibrous cap 
formation independent of the size of the lesion64. The differential balance of macrophage subpopulations 
is thought to affect the disease progression61. 

What kind of pathological alterations are mediated by our gene set? The studied genes were mainly 
expressed by macrophages. Here, I concentrate on the two key plaque biomechanical processes – the 
weakening of the fibrous cap, and the growth/softening of the plaque core, and the roles of our gene set 
in these processes. 

6.2  What kind of cellular populations are found in the CP  
 areas where the lipid core is known to grow, or the cap  
 is known to become weaker?
Figure 32 presents the gene sets associated with the main plaque histopathological changes linked with 
vulnerability. The localization of the previously known proteins follows the previous literature. GLUL 
was linked with all the features of plaque vulnerability, and the literature supported its different roles in 
different plaque areas.

 

6.3  The associations of the genes of interest with the   
 necrotic lipid core
6.3.1  CD36, ADFP and GLUL are induced in the core and the perinecrotic zone
In line with previous evidence, we found CD36 and ADFP expressing macrophages colocalizing with 
the atheromatous core152. We found ADFP, CD36 and GLUL all associated positively with the degree 
of stenosis as an indicator of the lesion size. Atheromatous core macrophages have been shown to 
have elevated CD36 immunoreactivity, be larger and contain more lipid than luminal macrophages575. 
Moreover, ADFP has been found near areas of rupture in carotid plaques108.  We found an imbalance 
between the lipid loading and efflux proteins CD36 and ABCA1 that seemed to favor lipid intake in 
ulcerated carotid plaques, and increased lipid storage to LDs by ADFP in ulcerated/symptomatic plaque. 
We found GLUL expressive macrophages in the perinecrotic zone surrounding the core and these cells 
in certain locations appeared to express GLUL until they faded into the atheroma (Fig. 35). In the 
perinecrotic zone, part of the foam cells did not express ABCA1. The necrotic core stained more heavily 
with CD68 in the symptom-causing lesions, potentially indicating a faster formation of the core or the 
core being a result of increased macrophage-derived core mass, i.e., a result of apoptosis/necrosis.

The expression of CD36 and ADFP is a logical response when a macrophage encounters lipid or 
cellular debris. The ingestion of lipid and scavenging of apoptotic bodies of the demised foam cells is 
mediated by CD36 and is not feedback regulated141,577,134. The lipid is then stored inside the cells with the 
export-diminishing molecule ADFP, which also protects the cells from lipotoxicity86. OxLDL induces 
PPAR-γ expression, upregulating ADFP and CD36 itself115,116. PPAR-γ has been found to be glutamine 
dependent543,534, and GLUL expression is also linked with maximal adipocyte lipid loading capacity, 
which could partially also explain the induction of GLUL in the foam cells, besides being induced due 
to the need for ammonia clearance in active phagocytes.
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Figure 32. The main associations between the studied genes and local plaque variables. The three major 
biomechanical plaque variables affecting the plaque rupture are the core size, core consistency altered by an IPH, 
and fibrous cap strength, linked with its thickness. The results from Studies I–III are grouped under these three bio-
mechanical variables to understand the potential contribution of these genes in the development of these important 
plaque features. Unlike the other studied genes, no previous data about the role or function of GLUL in atherosclerotic 
plaque progression exists.
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6.3.2  Decline in ABCA1 is a previously known phenomenon in FC-loaded macrophages
It is speculated that with a proper amount of lipid export machinery, macrophages could process the 
ingested lipids. The PPAR-γ-LXRα/RXR577 activation also induces the expression of ABCA1143, cou-
pling lipid intake and efflux. We hypothesized a role for insufficient ABCA1 protein expression in the 
ulcerated plaques. This phenomenon has been previously recognized in the plaques elsewhere567,576,202.  

The lipid-engorged foam cells are known to suffer from ER stress, hypoxia and oxidative stress, which 
can all affect ATP production, and thus the ATP-dependent ABCA1. FC-loaded macrophages have a 
decline in ABCA1 function before the common signs of cytotoxicity, suggesting this as an early event 
in the foam cell578. Subtotal blockage of mitochondrial ATPase on a non-toxic level causing partial 
ATP depletion has been found to cause an increase in ABCA1 mRNA and simultaneous reduction in 
cholesterol efflux252, leading to cellular stress and decreased survival. In line with the literature, Study II 
found that the intracellular lipid was associated with Fas-receptor and ligand expression in the plaques, 
indicating the association of lipid loading and the Fas-mediated apoptosis pathway.

All the aforementioned causes could be found in the ROIs with decreased ABCA1 protein expression in 
the studied ulcerated CP ROIs. Glycolysis is dramatically increased in phagocytosing macrophages241, 
and the perinecrotic zone macrophages are known to suffer from energy depletion255. GLUL was elevated 
in deeper plaque areas deemed to contain hypoxia, indicating that it might be linked to lack of ATP in 
these areas, as its product glutamine could support the production of ATP by feeding glutamine into the 
TCA cycle in activated phagocytes or in cells that suffer from hypoxia (Ch. 6.6.3) 

6.3.3  The macrophage gene expression associated with the atheroma seems to favor  
 lipid influx
Our data supports the knowledge about lipid phagocytes with a decreased efflux capacity. The 
macrophage may not be able to stop lipid ingestion if  lipid is available. Excess lipid intake promoted 
by our genes eventually leads to apoptosis if the lipid export machinery does not function. Accordingly, 
this might contribute to the core growth. The extracellular lipid content was higher in our symptom-
causing plaques. A lipid-rich necrotic core is associated with an elevated stroke risk204. Excess of lipids 
is an important factor contributing to the core formation through the death of macrophage foam cells. 

 

6.4  Associations of the genes with intraplaque    
 hemorrhage components
6.4.1  All of the studied genes associated with the IPH components
Intraplaque hemorrhage increases the amount of lipids in the core, as well as the amount of oxidative 
stress305 due to the release of heme and the iron released from it. In our material, counteractive proteins for 
these stressors were associated with IPHs. The associations with the known proteins were all supported 
by previous literature.

Our data linked ADFP, CD36 and ABCA1 with the presence of erythrocytes, as well as CD163 and       
HO-1. Erythrocytes as a source of plaque lipid and cholesterol214,553 could explain these associations. 
CD163 and HO-1 have been linked with the hemoglobin-scavenging macrophage subtype with increased 
ability to process blood components and increased antioxidative capacity for the toxic heme derivatives 
(ch. 2.14), explaining the association found between them and the IPH components. 

ABCA1 has been shown to be overexpressed in the M(Hb) phenotype of macrophages (Ch. 2.14.3). 
M(Hb) is a M2 subtype that is significantly more prevalent with plaque areas of prior hemorrages 
expressing CD163 and mannose receptor350. The immunohistochemical screening did not link ABCA1 
with the hemorrhages, but a more careful screening with the ROI approach revealed a linear connection 
between them. 
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A previously unknown induction of GLUL in the plaque erythrophagocytes was detected (III, Fig. 3C), 
and GLUL associated strongly with erythrocytes, and significantly with iron. The potential mechanisms 
linking GLUL and IPH are discussed in chapter 5.4.4. The GLUL end-product glutamine has been shown 
to support erythrophagocytosis525 and HO-1 and CD163 production255,281. Moreover, glutamine has a role 
in maintaining cellular antioxidative capacity467,299. A decrease in intracellular glutamine indicated by 
GLUL, the glutamine used for GSH production299 might explain the GLUL immunoreactivity in areas 
with IPH.

6.4.3  The results supported the role of intraplaque hemorrhages in plaque symptom  
 generation
IPH has been associated with plaque destabilization307,316,322, and it is a predictor of the risk of future 
stroke307,334. The symptom-causing CPs in our material contained significantly more intraplaque 
hemorrhages. As the genes we screened were associated with IPH components, our data supports the 
idea of an IPH as a contributor to plaque destabilization. The mechanisms might be the proinflammatory 
stimulus caused by it, the increased foam cell formation and insufficient lipid efflux, or the oxidative 
stress mediated by the IPH components. In additi on, the core might become softer after an IPH, which 
could also cause increased fibrous cap stress, accentuated by the effect of the sharp cholesterol crystals 
formulated at the site of an IPH. These together could eventually lead to plaque rupture.   

6.5  Associations of the genes with different signs of   
 threatened vascular wall vitality
6.5.1  The genes were associated with both injured tissue and stressors that are   
 known to cause cell injury 
The associations of the studied genes with the pathological plaque alterations are shown in figure 33. The 
normal tissue architecture and/or cell vitality is threatened by physical or chemical factors in situations 
where they are encountered. 
On the tissue level, physicochemical factors break the tissue and its constituents. Active inflammation 
increases the macrophage excretion of lytic and oxidative substances. In the areas of necrosis, where the 
cells are broken, the released intracellular proteases can injure the surrounding cells, degrade/hydrolyze 
the ECM and harm the important intracellular molecules such as DNA. The sharp expanding cholesterol 
crystals can injure the cap364, leading to its thinning and rupture. IPH itself is a tissue injury, as any 
bleeding. Proinflammatory cells can cause SMC apoptosis through NO release, leading to a decrease in 
SMC number in areas with less anti-inflammatory M2-type macrophages also expressing CD163.
On the subcellular level, chemicals injure normally functioning molecules and subcellular structures. 
Excess lipids, hypoxia and oxidative intermediates cause dysfunction of the membranes (regulation 
of osmotic homeostasis and permeability barrier functions), the oxidative phosphorylation machinery 
(ATP production), protein synthesis machinery (ER) and the genetic machinery3. 
Of note, the present data do not provide causative explanations between tissue injury and the studied 
genes. 

6.5.2  What is the link between the studied genes and the destructive/proinflammatory  
 M1 and anti-inflammatory/healing M2 macrophage phenotypes?
In a simplified scheme, the different macrophage activation states (M1 and M2) are thought to direct the 
plaque evolution (Fig. 12,16). The M1-M2 balance is thought to be predictive of the adverse outcomes of 
atherosclerosis292. M1 and M2 are known to be located in different plaque areas283, where M2 dominates 
the stable plaque areas and as the macrophage amount increases, the M1-type increases292. The nature 
of the fibrous cap macrophage accumulations is important, as cap macrophages are consistently linked 
with symptomatic carotid disease318,319. MMP production is a sign of M1 activity, and fibrous cap lysis 
by macrophage MMPs is related to plaque instability290. 
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Previous literature has linked the studied genes with the M1 and M2 macrophage phenotypes. Increased 
CD36 and ABCA1 expression is linked with the M2 phenotype with increased efferocytosis and cellular 
debris removal capacity226,247,283, and reduced CD36 is linked with the M1 phenotype66. CD163 is 
expressed by M2-type macrophages. PPAR-γ agonists can induce an ADFP expressive M2 phenotype, 
leading to reduced atherosclerosis, reduced inflammation and apoptosis, and more stable plaques in 
LDLr-/- mice115. GLUL inhibition is linked with the induction of the M1 phenotype281. The expression of 
the studied genes in different macrophage functional phenotypes remains to be clarified with additional 
macrophage subgroup analyses, which we did not perform in this thesis.

The only macrophage subtype marker in this study was CD163. However, all of the studied genes have 
been previously associated with the reparatory M2 phenotype. This is logical, as the atherosclerotic 
plaque is in a state of continuous injury. In the threatened plaque areas, the M2-type macrophages might 
mediate inflammation resolution, neutralization of the toxic substances, clearance of the necrotic debris 
and production of new ECM. 

However, we identified a specific controversy in the GLUL expression in relation to the M1-M2 balance 
(see below).

Figure 33. T The association between pathological tissue alterations and areas with pathological condi-
tions with the studied genes (I–III). The schematic shows the different pathological alterations normally found in 
advanced carotid atherosclerotic plaques. In the thicker plaques, the deeper parts of the lesions are known to con-
tain hypoxia/anoxia. The expression of the previously known genes in the challenged areas can be explained by the 
literature. The role of GLUL in atherosclerosis has been speculated in light of its immunohistochemical expression 
pattern in the plaques.
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6.5.3  Although commonly linked to the reparative M2 phenotype, GLUL seemed  
 to be related to disease progression
The results of Study III suggested that GLUL expression could be a phenomenon generally linked with 
plaque growth and vulnerability. The GLUL mRNA correlated negatively with the symptom-to-operation 
time, indicating a role either in the symptom generation or during the postsymptomatic remodelling 
period. In both symptomatology groups, GLUL induction associated with multiple previously identified 
plaque-promoting variables (Fig. 30,31). 

However, in the symptom-causing CPs, the local associations in 1 x 1 mm areas were more pronounced. 
All local associations between GLUL and the studied ROI variables showed a steeper positive 
association in the symptom-causing CP group: the thinner fibrous cap, the GLUL associations with IPH 
and cholesterol crystals, and also signs of decreased tissue strength, i.e., decreased amount of SMCs 
and a thinner cap. The general vulnerability score was elevated in plaques with more GLUL mRNA in 
both groups. The amount of calcification – a sign of more stable lesion – was negatively correlated with 
GLUL mRNA. 

If GLUL were to be an indication of reparative macrophage response, this might be controversial, 
because in symptom-causing CPs the GLUL induction in the injured areas was higher – and yet the 
plaque caused symptoms. This challenged the idea about GLUL as mainly an M2-associated gene. This 
hypothesis will be confirmed or rejected by future studies.

6.6.  Macrophages in different critical situations express  
 GLUL
6.6.1  Acute plaque events colocalized with GLUL expressing macrophages
The difference between GLUL immunoreactivity and all the other studied molecules was its increased 
specific and focal expression in certain selected small areas. This was also reflected in the very low 
levels of actual GLUL protein, which was immeasurable with ELISA. 

During the slow progression of atherosclerosis, the macrophages die one at a time, and the lipid molecules 
are trapped and oxidized one after each other. Between this chronic flow of events, more rapid and larger 
plaque phenomena appear. Based on the results of Study III, GLUL-expressive areas seemed to contain 
temporary, acute, local phenomena in the plaques, i.e., events that are more burst-like than continuous.

Acute intraplaque events like these could be 1) ongoing cholesterol crystallization and the injury they 
cause to the vascular wall or fibrous cap (in vitro they crystallize at a nm/s speed367,364), 2) an intraplaque 
hemorrhage with tissue dissection and release of heme and other toxic components that demand acute 
macrophage attack to the toxic substances and induce heightened antioxidative capacity, 3) acute plaque 
necrosis and the release of necrotic material from cells (necrotic inflammation is known to proceed 
within hours ), or 4) an acute metabolic crisis of the macrophages, i.e., the moment when their ability to 
handle different stressors becomes overwhelmed and the mitochondrial membrane potential falls. This 
is also the moment when it might be decided whether the macrophage will survive or enter the apoptosis 
pathway, irrespective of the functional phenotype.

6.6.2  Glutamine is known to support cells in many critical conditions
Glutamine availability is known to affect GLUL expression541,427,582. During macrophage activation, 
inflammation and phagocytosis, their glutamine consumption is known to increase (Ch. 2.22.2-6). In 
these situations, GLUL expression could be interpreted as an indicator of an acute drop in intracellular 
glutamine concentration due to increased consumption to sustain the cell in acute stress. GLUL has 
been recognized in different myeloid cell types in advanced atherosclerotic plaques, indicating a role in 
multiple different macrophage processes602.
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In the aforementioned plaque areas with acute events, the intracellular glutamine could support  
e.g. antioxidant GSH production, HO-1 or CD163 production. In addition, lipogenesis is needed 
in phagocytosis, as it can be a source for citrate (this mechanism is used for hypoxic lipogenesis in 
malignant cells96). It could also be used for secretion of proinflammatory mediators such as IL-1β, IL-6 
and TNF-α523. Glutamine could be consumed in response to cholesterol crystals because they activate 
the inflammasome367,368, which increases Il-1β secretion and signalling. Here, HIF-1α is linked with 
glutamine-dependent anaplerosis, i.e., glutamine feeding into the TCA cycle583. 

Macrophages are often known to be hypoxic234 and located in the hypoperfused plaque areas252,255. Thus, 
one of the most important roles for glutamine in stressed cells might be its incorporation into ATP 
production. 

6.6.3  ATP generation under hypoxia could be one of the reasons for GLUL   
 expression 

The GLUL expression pattern suggested an increase in hypoxic conditions, since it was seen on the 
edges of the necrotic core, which are known to lack energy metabolites. Its expression seemed to fade 
when the macrophages fused into the necrotic core, linking it with the moment of macrophage death 
(III, Fig. 2C, Fig. 35). GLUL was found to be increasingly expressed in deeper plaque areas deemed 
to contain hypoxia (III, Supplementary Fig. 4). Thus, it is possible that the intracellular glutamine drop 
indicated by GLUL could be due to its enhanced consumption in the TCA cycle. 

The processes related to cellular energetics such as the TCA cycle and mitochondrial electron transport 
chain have been found to be elevated in symptomatic carotid plaques584. Moreover, as glutamine is 
electrochemically more neutral than glutamate, and in activated macrophages glutaminase is known to 
be mainly mitochondrial (Ch. 2.22.2). Thus, one of the reasons for intracellular GLUL induction might 
be the feeding of the TCA cycle by generating glutamine for transportation into the mitochondria..

Whether the GLUL induction is associated with atherogenesis through the TCA cycle dynamics, this 
might have an unknown effect on the balance between the M1-M2-phenotypes within the plaques. 
Glycolytic metabolism dominates in hypoxia, but is seen also in proinflammatory M1-type macrophages. 
GLUL inhibition has been shown to skew macrophages towards the M1 direction542. It is known that 
one third of the carbons of the TCA cycle in M2s are derived from glutamine, and 20 % in M1246. 
Glutamine deprivation decreases M2 activation246, and elevated intracellular glutamine is linked with 
M2 polarization. Glutamine increases M2 gene induction585. It is not possible to comment on the 
macrophage phenotype based on our data, as the details of glutamine dynamics are lacking (Fig. 19) and 
because we did not systematically differentiate M1 and M2 subtypes in our plaques.

Besides through all the aforementioned explanations for GLUL induction in the plaques, its effect on 
atherogenesis might be mediated through other mechanisms. Glutamine is linked to atherogenesis in 
many clinical studies. Positive effects of glutamine on ECs are known. Glutamine supplementation has 
a positive effect on CVD surrogate variables (Table 4). During a difficult illness such as sepsis, plasma 
GLN could drop from 0.5–0.8mM to 0.25–0.4mM410, and these states are known to be associated with 
increased cardiovascular mortality. Diabetics with GLUL lowering SNPs are known to be more prone to 
CVDs. Atheroprotective medicaments such as statins are known to affect GLUL533. In an unpublished 
cell culture experiment in our laboratory, statin treatment was shown to increase GLUL mRNA in 
macrophage foam cells.

Taken together, the data support a previously mostly unknown link between GLUL and symptomatic 
carotid atherosclerosis. If the symptomatic plaques suffer from a local need of glutamine, this could 
explain GLUL mRNA induction and local GLUL expression.
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6.7  Why does a carotid plaque proceed? A potential   
 causative explanation for CP vulnerability based on  
 the results from Studies I–III and the literature review 
6.7.1  GLUL-supported import of glutamine into mitochondria is a probable cause  
 for its expression
Of all the aforementioned speculations about the meaning of the GLUL expression, its role in sustaining 
the TCA cycle might be one of the most probable ones. Importantly, the reason for this is that most 
of the pathways consuming glutamine proceed through glutaminolysis, where glutamate is the first 
intermediate (Fig. 19). However, also GLUL consumes glutamate. Thus, it does not necessarily support 
these pathways. In activated macrophages, glutaminolysis is a mitochondrial phenomenon. To produce 
the electrochemically neutral glutamine molecule for mitochondrial transport, GLUL induction might 
be a mechanism that in hypoxic phagocytes combines the need for ammonia assimilation, hypoxic 
lipogenesis and ATP production. GLUL induction for this purpose could be active in any macrophage 
phenotype, as both M1 and M2 macrophages consume glutamine in their TCA cycle

6.7.2  The role of GLUL as a life-sustaining molecule is almost undeniable 
In the history of life, both macrophages271,272 and GLUL are ancient, with GLUL being more than 
3000 million years old400,399. It likely had an important life-sustaining role, because it has survived 
this far. GLUL could have been used in short-term inflammatory activity against pathogens and tissue 
injuries, aiding macrophages’ survival in such situations where hypoxia and oxidative stress dominate, 
demanding fast and aggressive macrophage attack, secretion and phagocytosis. All of these mechanisms 
are currently supported by literature. However, the use of glutamine in cellular stress situations might be 
“outdated”430 in the face of the threat of continuous excess of lipids, a special feature in the environment 
of the atheromatous plaque.

Interestingly, cholesterol cannot be degraded; it must be removed by transportation to the liver. The CE 
formation by macrophages neutralizes the cholesterol, which can again be released after macrophage 
apoptosis or necrosis. However, phagocytosis of cholesterol cannot provide protection against the 
detrimental effect of lipids, even in living phagocytes.

6.7.3  Effective phagocytosis may be harmful in the face of chronic hyperlipidemia
Potentially the same mechanisms that have been useful with pathogens are harmful in other situations 
where the pathogen flow does not stop and where the phagocytosis does not entirely inactivate the 
pathogens. Unlike the traditional threats/immunostimulants such as pathogens, extravasated blood in 
physical injury, wounds, etc., the lipid overflow is maintained over years. A great problem arises because 
the lipids cannot be totally inactivated as they are ingested, unlike the ancient particles that can be 
inactivated after phagocytosis (except pathogens that survive inside macrophages). 

The lipid is like a cunning intracellular pathogen. After ingestion, it infiltrates the cellular organs and 
creates large-scale disturbances on the cellular machinery. The foam cells become hypoxic, ATP-
depleted, potentially shifting into more proinflammatory direction due to lipid-induced proinflammatory 
activation. This is linked with dysfunction in lipid export, creating a vicious cycle. The cells will suffer 
from chronic oxidative stress. All of these mechanisms together drive the macrophage towards crisis, 
but simultaneously the scavenger receptors continue124,141 the lipid intake deep inside the lesion, in the 
hypoxic, oxidative perinecrotic zones. In these stressful situations, macrophages might use GLUL to 
provide glutamine for the TCA cycle to sustain ATP production and phagocytosis. 

Even though the glutamine produced by GLUL seems like a supportive and friendly molecule, there is 
a hidden noxa that it carries to the mitochondria.
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Figure 34. The glutamine 
molecule – a Trojan horse442 
carrying ammonia to the 
mitochondria?

6.7.4  The continuous need to use supportive glutamine in mitochondria might lead to  
 macrophage foam cell death inside atherosclerotic lesions

The use of glutamine in the TCA cycle in lipid phagocytes might disturb cellular survival in the long run. 
The Trojan horse hypothesis442 states that glutamine feeding into the mitochondria might eventually lead 
to mitochondrial dysfunction due to ammonia release. Mitochondrial membrane disturbances are one of 
the events leading to apoptosis67, and lipotoxicity-linked mitochondrial stress exists in atherosclerosis57 
(Fig. 8). Macrophages suffering from lipotoxic stress due to excess saturated fatty acids showed 
“overwhelmed mitochondrial metabolism and accumulation of toxic metabolites” when glutamine was 
available, but glutamine deprivation protected them from cellular death465.  

Mitochondrial dysfunction and subsequent ATP depletion are linked with diminished ABCA1 
production200,203. Declining of ABCA1 function has been found in FC loaded macrophages578. The 
macrophage suffocation with excess lipids in energy-critical conditions combined with the utilization 
of glutamine as a TCA cycle supplement might overwhelm the mitochondrial membrane stability of 
the macrophages in the most challenged hypoxic plaque areas. In the most energy-depleted and lipid-
rich conditions such as at the perinecrotic zone, this glutamine-linked mitochondrial injury might be 
perpetuating.

The GLUL immunoreactivity pattern we found might be an indicator of this type of event in certain 
plaque areas, leading eventually to macrophage apoptosis and core growth. The immunohistochemical 
material suggested that macrophages express GLUL immediately before their death (Fig. 35), before 
the macrophages disperse. This theory might partially explain the increased expression of GLUL in the 
symptom-causing carotid plaques. It might also explain the steeper association between GLUL protein 
and local stressors in symptom-causing CPs when compared to asymptomatic CPs, indicating that in 
symptom-causing plaques the higher GLUL expression might eventually lead to more rapid and more 
devastating mitochondrial dysfunction inside the lipid-filled atheromatous carotid plaque. This theory 
could be further explored by studies with challenged macrophage cultures, intracellular dynamics of 
GLUL and associated metabolites.
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Figure 35. The simultaneous decrease of GLUL immunoreactivity with cellular demise. The central finding 
showing GLUL specifically in the fibrous cap macrophages, with a fading gradient toward the necrotic core while 
the cells lose their structural integrity 
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7. CONCLUSIONS

In Studies I–II, we found spatial associations between macrophage ADFP1, CD36, HO-1, CD163 and 
local plaque stressors and substances. The results of Studies I–II were biologically meaningful, and in 
line with the previous literature, indicating the validity of the used immunohistochemical methodology in 
hypothesis-generation and in the recognition of existing biological associations between the intraplaque 
components. With the same methodology in Study III, we described the immunohistochemically 
detectable expression pattern of the enzyme GLUL for the first time in atherosclerotic lesions. Based on 
the results and previous data on GLUL in other disease states, we created a new theory to explain the 
potential significance of GLUL in atherosclerosis, which remains to be confirmed or rejected in future 
studies.

Studies I–II showed an increased expression of the genes of interest in relation to the local stress 
factors such as erythrocytes and cholesterol crystals, indicating that intracellular lipid and intraplaque 
hemorrhages are potentially linked with a protective response in plaque macrophages aimed at clearing, 
neutralizing, and exporting of the lipids and toxic hemoglobin derivatives out of the vascular wall. As a 
novelty, we found a lipid influx favoring balance between the lipid efflux protein ABCA1 and the lipid 
intake protein CD36 in ulcerated plaques, potentially due to differential mRNA-protein expression of 
ABCA1, which is a previously known phenomenon in atherosclerosis potentially caused by lipotoxicity 
and cellular energy depletion.

Compared to Studies I-II, more detailed information on the nature of the local pathological alterations 
and the localization of GLUL immunoreactivity within the plaque was recorded in Study III. As judged 
by immunohistochemical profiling, GLUL did not appear as a primarily protective molecule. GLUL 
mRNA decreased linearly in the postsymptomatic period, and the GLUL protein expressed by specific 
macrophage subgroups was seen in plaque areas representing threatened structural integrity. Higher 
local GLUL immunoreactivity associated with thinner fibrous cap, and this linear relationship was seen 
in both symptom-causing and asymptomatic plaques. GLUL followed partially the similar expression 
pattern as ADFP, CD36 and ABCA1 and colocalized with immunostimulants such as extravasated 
erythrocytes. GLUL expression in relation to the local stressors was more pronounced in symptom-
causing plaques.

The previous literature strongly indicated a protective, life-sustaining role for GLUL, as it is one of the 
oldest enzymes in life. It was anticipated to confer an evolutionary advantage, as its product glutamine 
promotes cellular survival in hypoxia and energy depletion. However, both on mRNA and protein level, 
GLUL associated with multiple features of plaque vulnerability, equally in asymptomatic plaques. 
Recent data on macrophages suffering from lipotoxic stress linked glutamine availability in hyperlipemic 
conditions with mitochondrial damage. This mechanism might eventually lead to increased macrophage 
apoptosis, inflammation and plaque progression.

In conclusion, despite the expression of protective genes in the carotid plaque macrophages, a common 
endpoint is a clinically manifested stroke. From a medical and philosophical viewpoint, it is disturbingly 
difficult to reconcile that the patient experiences a devastating symptom while the human physiological 
system seems to function ‘correctly’ as encoded on the cellular level. Looking from this narrow viewpoint, 
the findings of this study might indicate that the current genetic programming of human macrophages 
may be outdated in the face of overabundance of intimal lipoproteins.

As one of the oldest existing enzymes, GLUL put focus on the evolution, survival and thriving of 
humans. Western diseases are a modern threat for mankind. For example, the continuous excess of lipid 
availability is evolutionarily younger than the macrophage machinery. In case of the human genetic 
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programming being partially passé with regard to the current lifestyle, what could be the next (health-
promoting) step for humans to take to compete better in the natural selection? Western diseases are 
one of the urgent challenges next to the environmental problems that humans may encounter in the 
close future. The relationship of man to nutrients, lifestyle and environment could evolve towards a 
more health-promoting direction. The human behavior is often guided by the ‘survivalistic’ biological 
instincts of desiring nutrients and other fast comforts; the biological machinery then responds to these 
choices with various pathological outcomes diseases. It may be that the modern lifestyle-associated 
diseases cannot be fought unless the exposure to excessive dietary nutrients and other harmful external 
factors are eliminated. Our biological machinery might need the guidance of conscious thinking in this 
situation. As the body is the only home of the mind, and the world is the only home of the body, the 
functions and goals of all these biological systems could be integrated to produce as much (human) 
well-being as possible, as was already suggested by Plato thousands of years ago. Currently, this way of 
thinking is promoted by the Planetary Health Alliance supported by Harvard University, Lancet and the 
Rockefeller Foundation, among others. The health and well-being of all life on earth should be of major 
importance in human medicine as well.
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8.  STRENGTHS AND WEAKNESSES 
OF THE STUDY

The ROI methodology was crucial in finding key associations, especially in Studies II and III. The most 
important is the association of locally elevated GLUL protein with a thinner fibrous cap, and the more 
pronounced association between GLUL and all the different types of tissue challenges in symptom-
causing carotid plaques. The significance of these findings is further discussed in chapter 6. 

The methodology is well suited for generating novel mechanistic hypotheses (Ch. 5.4.5) that need further 
confirmation with other methods. Study III was the most complex, leaving more open questions than 
its predecessors. For example, the ROI squares were one quarter of the size of those in Studies I and II. 
Significantly more variables were recorded from the ROIs, and their localization within the lesion was 
defined. The classification of the ROIs according to the local histopathological features and localization 
within the lesion were the most significant steps in the development of the methodology.

The main achievement of the study is the completely novel hypothesis about the role of glutamine 
synthetase in carotid atherosclerosis. However, more detailed immunohistochemical studies with 
hypoxia markers, as well as the characterization of the GLUL-expressing macrophage subsets, hypoxia 
markers, ER-stress markers, protease expression, etc., in relation to the local GLUL expression could 
elucidate the suggested role of GLUL in foam cell survival. Studies into the intracellular localization 
of the GLUL inside the plaque macrophages would also be beneficial. Differentially challenged cell 
cultures (hyperlipidemia, hypoxia, glutamine depletion) with lipid loading and efflux studies showing 
the effect of glutamine depletion/GLUL expression on ABC transporters could also clarify the proposed 
mechanism of disease progression. 

The specific weaknesses of each study are discussed in the original publications. Certain major 
weaknesses presented throughout the studies can be highlighted here. The main values of the plaque 
material were its good clinical quality and the inclusion of both symptomatic and asymptomatic carotid 
plaques, as well as availability of the DNA microarray data. However, the plaque processing and patient 
selection had significant gaps that prevented us from creating a more precise idea about the localization 
of the lesions on the time scale of the plaque development, also post-symptomatically. The time window 
for the CEA extended until 120 days postoperatively. However, the post-symptomatic plaque processes 
might be in significantly different stages, and the variation between samples is wide, as discussed in the 
literature review. In future studies, it would be beneficial to select the symptomatic patients as close to 
the clinical symptom as possible. 

Besides failing to capture the most acute post-symptomatic gene expression profile, the interpretation of 
the plaque genomic data would have benefited from genotyping of the whole genome of each patient. 
However, this is not possible, since the study started in 1997 and some of the study patients have died 
during the follow-up period. 

Despite its specific advantages, the 'old-school' manual ROI methodology is not sufficient alone. A 
major weakness is that other protein quantification methods are lacking. Immunohistochemistry alone 
is prone to potential errors. The results of the studies will need confirmation with other methodologies 
before their clinical relevance could be assessed. At the time of making the Studies I-III, the 
detection of the local imbalance would have needed technically more challenging methodologies 
besides immunohistochemistry, such as laser capture microdissection for protein quantification, 
significantly complicating the study protocols. Now, this study could be made using modern multiplex 
immunohistochemistry methods, maybe combined with spatially resolved transcriptomics. 

A major weakness is the lack of objectivity that is inseparable from the researcher. The main researcher 
has been blinded to the clinical data during the whole thesis work.  However, a certain level of priming 
has been unavoidable, as the plaques have become familiar, although the use of the ROI method has likely 
reduced this effect. During the period of this thesis study, AI-assisted technologies for image analysis 
have been developed, and their implementation in future studies will increase, probably becoming an 
important method as the traditional light microscopy performed by the pathologist.
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