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“It is also probable that infectious
diseases, especially the chronic ones, if associated
with an increase in cholesterol ester in the blood,

contribute to the fatty degeneration of the intima.

Exact data in this respect are still lacking.”

Ruhl, A. Uber die Gangarten der Arteriosklerose. Veréffentlichungen aus der
Kriegs- und Konstitutionspathologie. 1929. Translated by James E. Young,
1944.
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ABSTRACT

Acute ischemic stroke and other cardiovascular diseases are the major causes of
death in the wotld. For ischemic stroke, traditional risk factors are known, but it
seems that they do not completely account for the pattern of epidemiology.
Increasing evidence indicates that recent acute infections and chronic infectious
diseases are important triggers or risk factors for stroke and other cardiovascular
diseases. The role of oral bacteria in the pathogenesis of atherosclerosis and ischemic
stroke has gained interest. However, the exact mechanisms of action remain
uncertain.

This thesis investigates the role of oral bacteria, especially viridans streptococci,
in the etiology of acute ischemic stroke. Viridans streptococci belong to the normal
oral microbiome but may cause a severe disease if they enter the systemic circulation,
such as in the case of infective endocarditis. In the first study, we studied the
presence of bacterial DNA in thrombus aspirates of acute ischemic stroke patients
treated with mechanical thrombectomy. Approximately 60% of the cases were
considered to be due to atherosclerosis, while the rest were attributed to atrial
fibrillation or other reasons. We found that the majority of the thrombi contained
oral streptococcal DNA. In the second study, we assessed the oral health of these
patients and combined the results with their bacterial DNA findings and grade of
carotid stenosis. We found that an association between poor oral health and acute
ischemic stroke was linked to carotid artery atherosclerosis. In the third study, we
confirmed the presence of viridans streptococci in the same thrombus aspirates that
were used in the first study, employing bacterial immunohistochemistry. In addition,
we performed immunohistochemistry on endarterectomy samples taken from
symptomatic patients and on postmortem carotid artery samples taken from
asymptomatic individuals. The samples taken from symptomatic patients contained
considerably more viridans streptococci than those taken from asymptomatic
individuals. Most of the streptococci were detected inside neutrophil granulocytes,
but remnants of a bacterial biofilm as well as free bacterial infiltrates were also found
in some samples.
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The mechanism of how oral pathologies are related to the pathogenesis of
ischemic stroke has been unclear. Immune responses that have evolved to combat
bacterial infections are shared with those involved in the immune response to the
inflammatory components of atherogenesis. Our results suggest that, along with the
classical known risk factors, oral streptococcal inflammation may play an important
role in the pathogenesis of ischemic stroke and that there may be a bacterial biofilm
inside the arterial intima, affecting the development and rupture of the carotid
plaque, which results in an ischemic stroke. Also, following transient bacteremia,
streptococci entering the systemic circulation might promote thrombosis by
activating platelets, eventually leading to the formation of a thromboembolism and
causing an ischemic stroke, particularly in patients with atrial fibrillation. The
possibilities of primary prevention of acute ischemic stroke by means of antibacterial
vaccines and timed antimicrobial treatment, as well as regular dental care, should be

considered.

Keywords: viridans streptococci, atherosclerosis, acute ischemic stroke, inflammation,

infection
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TIVISTELMA

Aivoinfarkti sekd muut sydin- ja verisuonitaudit ovat maailman johtavia kuolinsyita.
Aivoinfarktin perinteiset riskitekijit ovat tiedossa, mutta nidyttia siltd, etteivit ne
tdysin selitd aivoinfarktin epidemiologista kuvaa. Lisddntyvi tutkimusndytto viittaa
sithen, ettd dskettiiset infektiot ja krooniset tartuntataudit ovat tirkeitd laukaisijoita
tai riskitekijoitd aivoinfarktille sekd muille syddn- ja verisuonitaudeille. Suun
bakteerien rooli valtimonkovettumataudin ja aivoinfarktin synnyssi on kasvavan
mielenkiinnon kohteena, joskin tarkka mekanismi on jadnyt epaselviksi.

Tidssa viitostutkimuksessa tarkasteltiin suun bakteerien, erityisesti viridans-
ryhmin streptokokkien, roolia aivoinfarktin synnyssa. Viridans-ryhmin streptokokit
kuuluvat normaaliin suun mikrobiomiin, mutta verenkiertoon pédstessdin ne voivat
aiheuttaa vakavia sairauksia, kuten sydinlippien tulehduksen. Ensimmiisessi
osajulkaisussa selvitimme bakteeri-DNA:n pitoisuuksia aivoveritulpissa, jotka oli
keritty mekaanisella trombektomialla hoidetuilta aivoinfarktipotilailta. Naistd
aivoinfarkteista noin 60 prosenttia oli arvioitu johtuvan valtimonkovettumataudista,
kun taas loput tapauksista liittyivit eteisvirindan tai muihin syihin. Havaitsimme, ettd
suurin osa aivoveritulpista sisilsi suussa esiintyvien streptokokkien DNA:ta. Toisessa
osajulkaisussa arvioimme samojen potilaiden suun terveytti ja yhdistimme tulokset
bakteeri-DNA-16ydoksiin sekd kaulavaltimon ahtauman asteeseen. Huomasimme,
ettd heikon suun terveyden ja akuutin aivoverenkiertohdirion vilinen yhteys littyi
kaulavaltimon valtimonkovettumatautiin. Kolmannessa osajulkaisussa varmistimme
bakteeri-immunohistokemian avulla viridans-streptokokkien esiintymisen samoissa
veritulpissa, joita tutkimme ensimmadisessd tutkimuksessa. Lisdksi teimme
immunohistokemialliset tutkimukset kaulavaltimoiden endarterektomianiytteille,
jotka  oli  kerdtty oireisilta  kaulavaltimoahtaumapotilailta,  sekd  post
mortens -kaulavaltimoniytteille, jotka oli keritty oireettomilta tutkittavilta. Naytteista,
jotka oli otettu oireilevilta henkil6iltd, 16ytyi huomattavasti enemmain viridans-
streptokokkeja  verrattuna oireettomien tutkittavien niytteisiin. Useimmat
streptokokit havaittiin neutrofiilisten granulosyyttien sisilld, mutta joissain ndytteissa
oli my6s jadnnoksid bakteeribiofilmeisti sekd vapaista bakteeri-infiltraateista.

Mekanismi, jonka kautta suun sairaudet lisddvit aivoverenkiertohiirion riskid, on
ollut episelvd. Bakteeri-infektioiden torjuntaan kehittyneet immuunivasteet ovat
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samoja, jotka torjuvat tulehduskomponentteja valtimonkovettumataudin synnyssa.
Tuloksemme viittaavat sithen, etti muiden tunnettujen riskitekijéiden lisiksi
viridans-ryhmin streptokokkibakteerien aitheuttama tulehdus saattaa olla tirkedssd
roolissa akuutin aivoverenkiertohdirién synnyssa ja ettd valtimon seindimassi voi olla
bakteeribiofilmid, joka voi vaikuttaa kaulavaltimon plakin kehittymiseen ja
repedmiseen, miki puolestaan johtaa aivoinfarktiin. Huonosti hoidetuista hampaista
ajoittaisesti verenkiertoon paityva streptokokkikylvé saattaa lisitd tukostaipumusta
aktivoimalla veren hyytymiskaskadia, johtaen veritulpan muodostumiseen ja
aivoinfarktin ~ syntyyn, erityisesti eteisvdrindd sairastavilla potilailla. Suun
streptokokkibakteerien aiheuttama tulehdus tulee ottaa huomioon aivoinfarktin
ennaltachkaisyssid sainnollisend hammashuoltona. Sen lisiksi esimerkiksi oikea-
aikaisesta antimikrobisesta hoidosta tai bakteerirokotteesta voi olla hyotyi, ja niiden

vaikutusta on tiarkeai tutkia tulevaisuudessa.

Asiasanat: viridans streptokokki, ateroskleroosi, aivoinfarkti, tulehdus, infektio
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17 INTRODUCTION

Acute ischemic stroke is a medical emergency caused by decreased blood flow to the
brain, which results in damage to brain cells. The signs and symptoms of stroke may
include sudden-onset numbness or weakness in an arm or leg, facial droop, difficulty
speaking or understanding speech, confusion, trouble with balance or coordination,
and loss of vision. This is caused by an occlusion in the cerebral blood supply or a
rupture of the cerebral arteries which causes intracranial bleeding. (Kuriakose &
Xiao, 2020.) Cardiovascular diseases are the major cause of morbidity and mortality
in Western countries, and stroke is the leading cause of adult long-term disability
(Feigin et al., 2017; Katan & Luft, 2018). Carotid artery atherosclerosis stands as a
significant factor contributing to large vessel stroke, and at least 20% of acute
ischemic strokes may be due to embolism from ruptured atherosclerotic carotid
arteries (Bos et al., 2014; Flaherty et al., 2012; Inzitari et al., 2000). Atherosclerosis
was formerly considered to be a bland lipid storage disease of the arterial intima, but
the evidence now supports the conclusion that inflammation plays a central role in
all phases of the atherosclerotic process. (Libby, Ridker, & Maseri, 2002.)

Classic risk factors for acute ischemic stroke include age, male sex, hypertension,
atrial fibrillation, diabetes, hypercholesterolemia, and smoking, but these do not
completely account for the pattern of stroke epidemiology (Grau, Urbanek & Palm,
2010). Bacterial inflammation has been suggested to contribute to the development
of atherosclerosis and atherothrombotic events, but the mechanism has remained
unclear (Rosenfeld, 2013). Inflammation of an atherosclerotic plaque may affect its
growth and contribute to plaque rupture, eventually leading to thrombosis (Lanter,
Sauer & Davies, 2014). Moreover, previous or chronic infections are suggested to
take part in the initiation and development of atherosclerosis (Elkind et al., 2010).
The role of dental infections, in particular, as a risk factor for stroke has been
investigated. Periodontal disease and tooth loss seem to be independently associated
with an increased risk of ischemic stroke (Joshipura et al., 2003). A severe chronic
dental infection has been found to predispose male patients to stroke, possibly by
affecting blood coagulation and platelet function (Syrjanen & Peltola, 1989). Regular
dental care may independently lower the risk of ischemic stroke (Sen et al., 2018).
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The circulation is a closed system and the blood in healthy organisms was first
believed to be a sterile environment. However, the principle of the presence of truly
sterile blood in healthy humans has been challenged. In 2001 it was found that even
‘healthy’ blood specimens can contain bacterial 168 ribosomal DNA and nowadays
it is known that a great many pathogens can survive in blood and inside erythrocytes.
(Potgieter et al., 2015.) This is attributed to recent developments in molecular
microbiological methods, which have also attracted new interest in the involvement
of pathogens in cardiovascular diseases (Gerace et al., 2022; Guarner et al., 2000).
One of the main interests is viridans group streptococci, which are found in a healthy
oral cavity and which constitute the pioneers in the initiation of dental plaque
formation (Kolenbrander et al., 2010). Viridans group streptococci are also known
to cause infective endocarditis and possess thrombogenic properties (Kerrigan &
Cox, 2009; Cahill & Prendergast, 2010).

Lehtiniemi and colleagues studied in 2005 oral bacterial DNA findings in autopsy
samples of coronary arteries taken from sudden death victims. They used broad-
range polymerase chain reaction (PCR) and were able to detect a wide palette of oral
bacteria from coronary tissues. Bacterial DNA sequences of oral pathogens were
detected in all cases regardless of the cause of death. (Lehtiniemi et al., 2005.) In
addition, DNA of viridans group streptococcal bacteria have been detected in
thrombus aspirates taken from acute myocardial infarction patients, as well as in
patients with lower limb arterial thrombosis due to peripheral atherosclerosis (Pessi
et al., 2013; Vakhitov et al., 2018). To our knowledge, there are no earlier studies
depicting the role of oral bacteria in the thromboembolic events of cerebral arteries
among patients who have suffered an acute ischemic stroke.

This dissertation investigates the role of bacteria, especially of oral origin, in the
pathogenesis of acute ischemic stroke. We hypothesized that oral bacteria can be
found in the cerebral arterial thrombi. Thus, in Study I, we explored whether oral
bacterial DNA could be amplified using quantitative PCR from thrombus aspirates
taken from acute ischemic stroke patients. In Study II, we investigated whether the
bacterial DNA findings would correlate with the condition of the patients’ teeth and
carotid artery atherosclerosis, using computed tomography scans and
ultrasonography. In Study III, we examined whether the presence of viridans
streptococci group bacteria could be confirmed in the thrombus aspirates of stroke
patients and in carotid artery specimens using bacterial immunohistochemistry. The
studies were performed on patients who had suffered an acute ischemic stroke and
patients with symptomatic carotid artery stenosis. Postmortem carotid artery

samples comprising out-of-hospital deaths were also analyzed.
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2 REVIEW OF THE LITERATURE

2.1 Epidemiology of stroke

Cardiovascular diseases are major causes of morbidity and mortality in Western
countries. Cardiovascular diseases, including stroke, caused an estimated 17.9 million
deaths in 2019, representing 32% of all deaths globally. Of these deaths, 85% were
due to heart attack and stroke. (Roth et al., 2020; World Health Organization, 2021.)
Stroke is the leading cause of adult long-term disability, with 26% new sufferers
remaining disabled in basic activities of daily living (Katan & Luft, 2018). In the
Unites States, approximately 795,000 people experience a stroke each year, roughly
692,000 (87.0%) of which are acute ischemic strokes (Benjamin et al., 2018). On
average, every 40 seconds, someone in the United States has a stroke. The prevalence
of stroke-related symptoms is found to be relatively high in a general population with
no a prior diagnosis of stroke, suggesting that stroke may be underdiagnosed (Tsao
et al., 2022). In Finland, the annual incidence of stroke is 61.7 per 100,000
inhabitants. It is estimated that the incidence will increase by 44% by the year 2035,
mainly because of the continuously increasing lifespan. (Wafa et al., 2020.)

2.2 Subtypes of stroke

Strokes can be divided into hemorrhagic (intracerebral hemorrhage and
subarachnoid hemorrhage) and ischemic strokes.

2.2.1  Hemorrhagic stroke

Hemorrhagic stroke occurs when a blood vessel ruptures and blood accumulates in
the tissue around the rupture. Overall, roughly a fifth of all strokes are hemorrhagic,
with intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH) both
accounting for 10% of strokes. For ICH, the median fatality rate at one month is
40%, which is significantly higher than for ischemic strokes. This is because of the
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eatly problems with elevated intracranial pressure, herniation, and significant mass
effect. (Montafio, Hanley, & Hemphill, 2021.) The strongest risk factors for ICH are
uncontrolled hypertension and age-related amyloid angiopathy (Rymer, 2011). A
subarachnoid hemorrhage is defined as the accumulation of blood in the space
between the arachnoid membrane and the pia mater around the brain, which is
referred to as the subarachnoid space. The majority of SAHs are nontraumatic, with
85% being secondary to the rupture of an intracranial aneurysm, while the remaining
15% are traumatic in nature. The typical locations for intracranial aneurysms are
arterial bifurcations or abrupt vascular angles. Large unruptured aneurysms
compress the adjacent cerebral tissue, causing neurological symptoms, and can thus
be recognized and surgically treated before the rupture. (Ziu, Suheb, & Mesfin,
2023.)

2.2.2 Ischemic stroke

The most common type of stroke is an ischemic stroke. According to the generally
used TOAST classification, there are five subtypes of ischemic stroke based on
etiology: 1) large-artery atherosclerosis, 2) cardioembolism, 3) small-vessel occlusion,
4) a stroke of other determined etiology, and 5) a stroke of undetermined etiology
(Figure 1). (Adams et al., 1993; Fure, Wyller & Thommessen, 2005.)

For large-artery atherosclerosis, evidence of intracranial or extracranial stenosis
of greater than 50% is needed for an appropriate TOAST classification. These
patients will usually have significant findings in a computed tomography (CT) or
magnetic resonance imaging (MRI) scan, in addition to having clinical symptoms.
Potential cardiogenic sources for embolisms should be excluded. It is estimated that
large-artery atherosclerosis is the cause in 50% of all cerebral infarctions. For
cardioembolism, at least one cardiac source for an embolism must be identified, and
it is estimated as the cause in 20% of ischemic strokes. Patients with a small-vessel
occlusion (25% of ischemic strokes), also known as a lacunar infarction, should have
a normal CT/MRI examination with no source of cardiogenic embolism ot have a
large-artery atherosclerosis. These patients often have a history of diabetes mellitus
or hypertension. A stroke of other determined etiology is a category which consists
of rare causes, such as nonatherosclerotic vasculopathies, a hypercoagulable state, or
hematologic disorders. These patients should have clinical and radiographical
findings of an acute ischemic stroke. Cardioembolic and large-artery atherosclerosis
should be excluded. A stroke is classified as a stroke of undetermined etiology, when
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the cause of stroke cannot be determined with any degree of confidence. (Adams et
al.,, 1993.)

In this thesis, we will focus on large-artery ischemic stroke and cardioembolism
etiologies, as they are the major causes of acute ischemic stroke (Adams et al., 1993).
Carotid stenosis and thrombosis are important causes of these stroke subtypes.

Hemorrhagic stroke I I Ischemic stroke
Intracerebral ‘ | Subarachnoidal |
Large-artery Cardioembolism ‘ | Small-vessel occlusion
atherosclerosis
stroke of other determined stroke of undetermined
etiology etiology

Figure 1. Classification of strokes according to the generally used TOAST criteria.

2.2.21 Carotid stenosis

Maintaining cerebral blood supply is crucial for all vertebrates and invertebrates
(Dunton et al., 2021). Nearly 400 years ago, Thomas Willis described an arterial ring
at the base of the brain. This anastomotic ring connects internal carotid arteries
(ICAs) and vertebrobasilar circulation by communicating arteries and is now known
as the circle of Willis. A similar structure can be found in reptiles, birds, and
mammals, such as in monkeys, dogs, and rabbits. The evolutionary function of the
circle of Willis is still debated. It protects cerebral arteries and the blood-brain barrier
from hemodynamic stress by dissipating the pressure caused by an asymmetric
arterial system. On the other hand, the circle of Willis maintains cerebral blood flow
in the case of an acute ICA or basilar artery occlusion. (Kapoor, Kak, & Singh, 2003;
Vrselja et al., 2014.)

Carotid artery atherosclerosis has been found to be an important cause of large
vessel disease and ischemic stroke (Bos et al., 2014; Flaherty et al., 2012). The carotid

artery bifurcation is a very common site for atherosclerotic plaque development.
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This is because of the geometry of the bifurcation, which causes hemodynamic
turbulence, thus accelerating atherosclerotic process. An acute ischemic stroke may
be partially due to embolism from carotid arteries (Inzitari et al., 2000). The carotid
artery seems to be the preferred site of onset of the atherosclerotic process in
hypertensive patients. Patients with an acute ischemic stroke often have a history of
untreated hypertension. (Fujihara et al., 2013.)

Vascular calcification is a well-known sign of atherosclerosis and can be found in
80%—90% of atheromas. Carotid artery calcification (CAC) is often found in
asymptomatic patients and was reported to be present in 75% of males and 62% of
females aged over 75 years in a review published in 2020. (Song et al., 2020.) The
presence of inflammation in atherosclerosis leads to intimal microcalcifications and
results in CAC. Small calcium deposits are the major source of plaque instability and
are found in unstable and ruptured plaques. Intimal CAC can lead to carotid stenosis
and subsequently cause ischemic symptoms if the artery is highly stenotic or
occluded. On the other hand, a higher degree of carotid artery plaque calcification is
associated with plaque stability. It is believed that microcalcifications cause plaque
instability, whereas macrocalcification causes plaque stabilization. This suggests that
there is a window of time during the calcification process when the risk of severe
morbidity and mortality is temporarily increased. (Ahmed et al., 2021.) Intracranial
CAC has been suggested to be a greater contributor to the stroke etiology than large-
artery atherosclerosis in extracranial CAC in more proximally located vessel beds,
independently of conventional cardiovascular risk factors, in an ethnically white
population (Bos et al., 2014).

Endarterectomy, a surgical procedure to remove plaque from narrowed or
blocked arteries, when performed for a carotid artery stenosis is not always
beneficial. The European Stroke Organisation suggests endarterectomy for patients
with 50%-99% symptomatic stenosis. For asymptomatic patients, carotid
endarterectomy is recommended for patients with = 60%—99% carotid stenosis, if
the patients are considered to be at an increased risk of stroke on best medical
treatment alone. (Bonati et al., 2021.)

2.2.2.2 Thrombosis

Thrombosis occurs when a blood clot forms inside a blood vessel, obstructing the
blood flow in veins or arteries. In this thesis, we refer to arterial thrombosis, as it can

cause an acute ischemic stroke.
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Thrombosis is the pathologic counterpart of hemostasis. Rudolf Virchow stated
in 1856 that thrombosis is caused by vessel damage, stasis, or hypercoagulability.
This later came to be known as Virchow’s triad and is still being used to describe the
etiology and to assess the risk of thrombosis (Figure 2) (D. R. Kumar et al., 2010).
Endothelial injury can lead to platelet activation over ulcerated plaques in
atherosclerotic arteries. A damaged endothelium releases high levels of
prothrombotic von Willebrand factor, which cross-links platelets via glycoprotein-
1b and mediates their adhesion to the subendothelium, increasing the risk for
thrombosis. (Blann, 2003.) Red blood cells (RBCs) have been historically regarded
as passive bystanders in thrombosis. However, recent studies have suggested an
active role of RBCs in arterial thrombosis. RBCs promote platelet margination,
increase platelet—thrombus interactions, and increase platelet adhesion and
activation. RBCs increase blood viscosity, but this effect is decreased by their high
shear-induced shape change. (Byrnes & Wolberg, 2017.) Thrombosis is accelerated
by many other factors, such as hypertension, bacterial endotoxins, and toxins
absorbed from cigarette smoke (Martinelli, Bucciarelli & Mannucci, 2010).

Stasis is the disturbance or stagnation of normal blood flow. This may happen
due to, for example, heart failure, which causes venous stasis. Malighance may
increase the risk of thrombosis by activating the coagulation system, and a tumor
can also externally compress the blood vessels. (Park et al., 2015.) In atherosclerosis,
ulcerated plaques alter hemodynamic conditions and create turbulence, which leads
to stasis. Stasis is a major contributor in the development of a cardioembolic stroke.
(Cushman, 2007.) Hypercoagulability is a less frequent contributor to thrombosis. It
is defined as any alteration of the coagulation pathways. The most common
hypercoagulability state is a single-nucleotide mutation in factor V mutation (Leiden
mutation), which is carried by 2%—15% of ethnically white people. Heterozygotes
have a fivefold increased risk of thrombosis, while homozygotes have a 50-fold
increase in risk. (Rosendorff & Dorfman, 2007.)

If the hemodynamic conditions are altered, activated platelets can take part in the
formation of a cardioembolic stroke (Herzberg et al., 2005; Tomaiuolo, Brass &
Stalker, 2017). Cardioembolic stroke accounts for approximately 20% of acute
ischemic strokes, and the most important cause is a thrombosis caused by atrial
fibrillation (Arboix & Ali6, 2010). Other cardiac risk factors are mitral stenosis,
annular calcification, and left ventricular hypertrophy (Sacco et al., 1997).
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ENDOTHELIAL INJURY

THROMBOSIS

ABNORMAL BLOOD FLOW HYPERCOAGULABILITY

Figure 2. Virchow's triad describes the etiology and assesses the risk of thrombosis.

2.3 Risk factors for acute ischemic stroke

2.3.1 Traditional risk factors

Traditional etiological risk factors for acute ischemic stroke are age, male sex,
hypertension, hypercholesterolemia, diabetes, atrial fibrillation, smoking, and obesity
(Sacco et al., 1997; Allen & Bayraktutan, 2008).

According to a study published in 1999, hypertension is present in 84% of
patients who suffer an acute stroke. There are many ways in which elevated blood
pressure is involved in the development of a stroke. A high intraluminal pressure will
lead to an extensive alteration in the endothelium and smooth muscle function of
the intracerebral arteries. Endothelial damage can lead to local thrombus formation
and ischemic lesions. Hypertension accelerates the arteriosclerotic process, thus
increasing the likelihood of cerebral lesions related to stenosis and embolism
originating from large extracranial vessels. (Johansson, 1999.) Blood pressure level is
a simple physiologic parameter that is easily measured and modified (McManus &
Liebeskind, 2016). Cohort studies have demonstrated that the strong association
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between blood pressure and stroke appears to be continuous down to levels of at
least 115/75 mmHg (Lawes et al., 2004).

Hypercholesterolemia is the fundamental risk factor for atherosclerosis and
coronary heart disease, but for ischemic stroke the evidence is mostly indirect and
not all meta-analyses have found clear association (Amarenco & Steg, 2007). The
relationship between cholesterol levels and ischemic stroke can be bidirectional.
While hypercholesterolemia is considered a risk factor for ischemic stroke, stroke
events can also impact cholesterol levels due to changes in metabolism and lifestyle
after a stroke. Untangling cause and effect can be challenging in observational
studies. The longitudinal cohort studies were predestined to evaluate the role of
cholesterol in coronary atherosclerosis, but not to investigate its role in stroke.
(Piechowski-J6zwiak & Bogousslavsky, 2004.) Low serum cholesterol levels increase
the risk of fatal intracranial hemorrhage while higher levels increase the risk of death
from ischemic stroke (Iso et al., 2010). Nonetheless, there is a consensus that lipid-
lowering therapy significantly reduces the risk of ischemic stroke, and, therefore,
lipid-lowering drugs, such as statins, are widely used as primary and secondary stroke
prevention (Corvol et al., 2003; Kurth et al., 2007). For example, treatment with the
cholesterol-lowering drug simvastatin reduced the ischemic stroke incidence by 30%
compared to placebo treatment (Collins et al., 2002).

Diabetes is an independent risk factor for acute ischemic stroke (Allen &
Bayraktutan, 2008). In the Honolulu Heart Program study, it was found that patients
with diabetes mellitus had a twofold risk of thromboembolic stroke compared to
patients without diabetes (Burchfiel et al., 1994). Diabetes causes various
microvascular complications which can lead to ischemic stroke through vascular
endothelial dysfunction, increased early-age arterial stiffness, systemic inflammation,
and thickening of the capillary basal membrane (Chen, Ovbiagele & Feng, 2016).
Intensive blood glucose control by either sulphonylureas or insulin decreases the risk
of microvascular complications, but there is no evidence that it protects from
macrovascular diseases, such as stroke, in patients with type 2 diabetes (Turner,
1998). A recent meta-analysis concluded that sodium-glucose cotransporter 2 (SGLT
2) inhibitors have a neutral effect on overall cerebrovascular events but may yield
potential benefit in the prevention of hemorrhagic strokes in individuals with type 2
diabetes (T'sai et al., 2021). In 2023, it was stated that SGLT 2 inhibitors are
associated with a lower stroke risk in patients with type 2 diabetes and atrial
fibrillation (Chang et al., 2023). Yet, few studies to date address the role of SGLT 2
inhibitors in stroke prevention, and their role may thus be strengthened in the future.
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Atrial fibrillation (AF) is the most important and treatable cardiac disease
increasing the risk of stroke. In atrial fibrillation, blood can be stagnated in the left
atrium, leading to thrombus formation and, consequently, to cerebral embolization.
The lifetime risk of developing AF is approximately one in six, and among elderly
individuals, the incidence of AF is 10%. (Choi et al., 2023.) Atrial fibrillation is
independently associated with a fourfold increased risk of stroke (Wolf, Abbott &
Kannel, 1991). It is estimated that AF is present in 35% of patients diagnosed with
non-lacunar stroke and in 15%-24% of ischemic strokes. An AF-related ischemic
stroke is almost twice as fatal as a non-AF stroke. (Choi et al, 2023.) Oral
anticoagulant therapy can prevent up to 70% of strokes due to atrial fibrillation, but
the medication has potential side effects (Kamel & Healey, 2017). Thus, the necessity
of oral anticoagulant therapy is estimated using risk calculators, as the risk of AF-
related stroke increases when other risk factors are present at the same time. If a
patient with AF is at risk of hemorrhagic complications or drug interactions, left
atrial appendage closure should be considered. The left atrial appendage is the major
source of emboli in nonvalvular atrial fibrillation, so the closure of the appendage
reduces stroke risk and anticoagulant therapy is no longer needed. (Contractor &
Khasnis, 2011.) Improved diagnostic methods, such as a transesophageal
echocardiography and prolonged hearth-rhythm monitoring that can recognize
subclinical atrial fibrillation, have allowed the identification of different
cardioembolic stroke etiologies that were previously determined as cryptogenic
strokes (Di Tullio & Homma, 2002).

Cigarette smoking approximately doubles the risk of ischemic stroke according
to large multivariable follow-up studies (Meschia et al., 2014). Also, some studies
have provided evidence of a dose-response relationship, with the risk being ninefold
in people smoking 40 cigarettes a day. Smoking contributes to an increased stroke
risk through both short-term effects on the risk of thrombus formation and long-
term effects related to an accelerated atherosclerotic process. Smoking causes
endothelial dysfunction, increases fibrinogen concentration, reduces fibrinolytic
activity, causes polycythemia, and increases platelet aggregability. Quitting smoking
is linked to a significant decrease in the risk of a stroke and other cardiovascular
events during the first 2-5 years, although former smokers never reach the same
level as those who have never smoked. (Bhat et al., 2008; Meschia et al., 2014.)

Obesity is associated with all risk factors listed earlier, and the increased risk of
stroke associated with obesity is partly mediated through other cardiovascular risk
factors. Abdominal obesity is an independent risk factor for an ischemic stroke and

more important than obesity involving the hips and thighs. Waist circumference and
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the waist-to-hip ratio are better indicators of visceral fat accumulation and an adverse
metabolic profile than is an elevated body mass index alone. Abdominal obesity is
related to endothelial dysfunction and the initiation of atherosclerosis. It is also
associated with blood flow disturbances and platelet activation through enhanced
lipid peroxidation and inflammation. (Suk et al., 2003.)

2.3.2 Genetic risk factors

Genome-wide association study (GWAS) technology has had a major impact on our
understanding of the genetics of stroke (Markus, 2011). It is suggested that there is
a genetic component of stroke, with overall heritability estimates of 38% for all
ischemic strokes. African Americans have a twofold greater risk of stroke and a
higher frequency of post-stroke disability compared to European Americans (K. L.
Keene et al., 2020). However, the inescapable conclusion is that not a single locus
has a major effect on the risk of ischemic stroke overall (Matarin et al., 2007; Traylor
et al.,, 2012). All of associations discovered seem to be specific to a stroke subtype.
For example, genes PITX2 and ZFFHX3 are risk factors for the cardioembolic stroke
subtype (attributable risks 5.8 % and 7.0 %, respectively) because they increase the
risk of atrial fibrillation. The associations of HD.ACY and 9p21 are specific to large-
vessel stroke (attributable risks 4.5 % and 7.2 %, respectively) and not present with
other stroke subtypes (Traylor et al., 2012). Ischemic large-vessel stroke shares the
same genetic risk factors with coronary artery disease. This is probably because the

shared risk variants act through the atherosclerotic process (Deloukas et al., 2013).

2.3.3 Inflammatory risk factors

2.3.3.1  Systemic inflammation as a risk factor

Patients with autoimmune diseases, such as rheumatoid arthritis, have a greater risk
of atherosclerosis. Also, their atherosclerotic plaques are more rupture-prone. One
reason for this is that these two diseases have similarities in the cellular processes,
and pathogeneses of the diseases share the same proinflaimmatory cells and cytokine
activation. (Skeoch & Bruce, 2015.) There have been similar findings with other
autoimmune diseases, such as systemic erythematous lupus, asthma, and

inflammatory bowel disease (IBD). For example, the atherosclerotic plaque burden
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was relevantly increased in asthma groups vs controls (severe asthma 43.1%, mild-
to-moderate asthma 25.0%, control 14.3% of study participants). Patients with
systemic lupus erythematosus have a 50-fold increased risk of cardiovascular diseases
compared to the general population, which is due to dysfunctional immune and
inflaimmatory mechanisms. Patients with autoimmune diseases have higher blood
CRP and fibrinogen levels. A positive relationship has been shown between
increased oxidative stress and carotid intima-media thickness in asthmatic patients.
Patients with IBD have more endothelial dysfunction caused through a nitric oxide—
mediated dilation of the vessels. Elevated cytokine levels, such as IL-1, IL-6, and
tumor necrosis factor, are involved in both IBD and atherosclerosis. (Frostegard,
2005; Tuleta et al., 2017; Weissman et al., 2020.)

2.3.3.2 Infections as risk factors

Atherosclerosis has been considered to be associated with the Western lifestyle and
shares the same risk factors as acute ischemic stroke (Lechner et al., 2020). A
common assumption is that atherosclerosis is a predominately lifestyle-related
disease. However, these traditional risk factors do not completely account for the
pattern of stroke epidemiology. Increasing evidence indicates that recent acute
infections and chronic infectious diseases are important triggers or risk factors for
stroke (Grau, Urbanek & Palm, 2010). The possibility of infections contributing to
atherosclerosis was suggested as eatly as in the early 1900s by several authors (Osler
W, 1908; Klotz & Manning, 1912). Stroke is a common complication in severe
bacterial infections, such as endocarditis and meningitis, but it also occurs in other,
more common and milder infections (Sytjinen, 1993; Grau, Urbanek & Palm, 2010).
It has been suggested that chronic or persistent latent infections, such as
periodontitis, chronic bronchitis, or infections caused by Chlamydia pnenmoniae and
Helicobacter pylori, are related to the risk of stroke. Numerous studies with diverse
research approaches have provided substantial evidence indicating that an acute
infection caused by bacterial or viral agents is a significant and separate trigger for
stroke. The temporal relationship between the infection and vascular events,
observed in a gradual manner, along with experimental findings from animal models,
strongly support a causal connection between infection and stroke. (Grau, Urbanek
& Palm, 2010.) Increasing knowledge suggests that atherosclerotic process may be
accelerated by bacterial infection (Morré et al., 2000; Valtonen, 1999).

The Horus study published in 2013 studied the presence of calcified plaques as
markers of atherosclerosis by performing CT scans to more than 4,000-year-old
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mummies. The study found probable or definite atherosclerosis of the aorta, iliac or
femoral arteries, carotid arteries, and coronary arteries in 34% out of 137 mummies
from four different geographical populations. The study stated that atherosclerosis
was common in preindustrial populations, including preagricultural hunter-
gatherers. The main cause of mortality throughout human evolution until the 20t
century has been infections. Yet, among 20t century hunter-forager-horticulturalists,
infections were a common aspect of daily life, and approximately 75% of mortality
was attributed to infections. The high level of chronic infection and inflammation in
premodern conditions might have promoted the inflaimmatory aspects of
atherosclerosis. (Thompson et al., 2013.)

2.4 Atherosclerosis as an inflammatory disease

24.1 Pathogenesis of atherosclerosis

The present concept is that atherosclerosis is a complex chronic inflaimmatory
disorder in the arterial intima, driven by oxidized or otherwise modified low-density
lipoprotein (LDL) particles. Inflammation has a central role in all phases of the
atherosclerotic process (Paoletti, Gotto & Hajjar, 2004; Andreou & Andreadou,
2009; Tousoulis et al., 2016). Atherosclerosis is a systemic vascular disorder involving
multiple vascular beds.

LDL oxidation is the most extensively studied mechanism related to the
establishment of atherosclerotic cardiovascular disease. Atherosclerotic plaque
formation begins when cholesterol-rich, apoB-containing lipoproteins are
accumulated within the arterial intima in a dose-dependent manner. Physiological
levels of serum LDL are considered to be 0.5-1.0 mmol/L, which are typical for
newborns and a wide range of mammalian species. When LDL cholesterol increases
above that level, the probability of the intimal retention of LDL and the progressive
development of an atherosclerotic plaque is increased. (Ference et al., 2017.) This
process often begins in childhood. Berenson and colleagues performed autopsies on
204 young persons who had died at the age of 2-39 years of various causes,
principally trauma, and found that half of the cadavers had asymptomatic fatty
streaks in their coronary arteries before the age of 16 (Berenson et al., 1998). People
with genetic familial hypercholesterolemia have elevated levels of LDL cholesterol
from birth and an increased risk of premature coronary heart disease. Interestingly,
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cohort studies have reported that the risk of ischemic stroke is not higher for people
with familial hypercholesterolemia compared to the general population. (Beheshti et
al., 2018; Hovland et al., 2019)

The elevated LDL cholesterol level is a commonly used predictor of
atherosclerosis and its clinical complications. If it is remarkably high, the
development of early coronary artery disease does not require other risk factors.
Sudden death may occur in a young person with only a single atherosclerotic lesion
complicated by a coronary thrombus, without extensive vessel disease.
Consequently, the extent of vascular lesions may not be directly related to the
occurrence of clinical events, even in the presence of other risk factors. (Berenson
etal, 1998.) An increased LDL cholesterol level is a risk factor for vascular mortality
through the lifetime up to the age of 90 (MacMahon et al., 2007). High-density
lipoprotein (HDL) has a reverse relationship with cardiovascular diseases, but there
is no evidence that the agents targeted at HDL have a beneficial effect on mortality
(D. Keene et al., 2014). The measurement of apolipoprotein B (apoB) is more useful
clinically than measuring LDL cholesterol levels in the assessment of cardiovascular
disease and stroke risk because apoB levels provide more information about
atherogenic particles and are not influenced by the heterogeneity of particle
cholesterol content. Bare LDL cholesterol measurement is insensitive to the
accumulation of small LDL particles that are the most atherogenic. The
heterogeneity of LDL particle cholesterol is increased in certain diseases, such as
type 2 diabetes, because insulin resistance leads to the production of cholesterol-
poor and dense LDL particles. Each LDL particle has one apoB molecule, and,
regardless of density, the measurement of apoB levels detects the presence of these
atherogenic particles, in contrast to LDL cholesterol, and may thus be better suited
to guide lipid-lowering therapy. (Martin et al., 2009.) The trapping of apoB
lipoprotein, which is the core protein of LDL particles, within the arterial wall drives
the atherosclerotic process from the beginning to the end. The higher the
concentration of apoB in serum is, the more apoB particles will be trapped within
the arterial wall, and more lipoproteins are thereby phagocytized by macrophages
and more foam cells are formed. Even though apoB levels can be measured
accurately and inexpensively, apoB measurement has not yet been proven to be
superior to LDL measurements, which is used in cardiovascular risk management
according to the European Atherosclerosis Society. (Langlois et al., 2018.)

Atherosclerosis has a silent course for the first decades before clinical
significance—e.g., acute coronary syndrome or stroke. Atherosclerotic plaque

development can be identified by an early increase of serum inflammatory markers.
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C-reactive protein (CRP) is a well-known protein whose circulating concentrations
rise in response to inflammation, and it is related to the total cardiovascular risk.
CRP promotes an increased expression of adhesion molecules, such as vascular cell
adhesion protein 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), on
the endothelial surface. It induces the secretion of other pro-inflammatory factors
and increases LDL oxidation. All of this leads to endothelial dysfunction and initiates
the atherosclerotic process. (Balanescu et al., 2010.) Circulating monocytes migrate
into the endothelium and subsequently differentiate into lipid-rich foamy
macrophages (foam cells) by taking up oxidized LDL (oxLLDL) by their scavenger
receptors. Scavenger receptor family members scavenger receptor A (SR-A) and
CD36 are the receptors for modified lipoproteins on macrophages, and their
relevance to lipid uptake has been demonstrated zz vitro and in vive. Other scavenger
receptors do not compensate for their absence. (Kunjathoor et al., 2002.) These
foam cells may rupture and the cholesterol contained in them accumulates within
the atherosclerotic lesion. The atherosclerotic process is progressed by intimal
migration and the proliferation of vascular smooth muscle cells (SMCs), which
express collagen and elastin. SMCs generate the fibrous cap at the atherosclerotic
site, beneath the plaque endothelium. This process is promoted by the release of
cytokines such as platelet-derived growth factor. Local inflammation is amplified by
cytokines such as interferon-y secreted by proinflammatory T-helper cells. A thick
fibrous cap contributes to a plaque stability. SMCs in advanced lesions are generally
considered to have plaque-stabilizing properties whereas macrophages are seen as
detrimental to plaque stabilization (Bennett, Sinha & Owens, 2016). Moreover, more
oxLLDL, foam cells, and debris accumulate into the subendothelial space. Following
this inadequate deposition of debris, more immune cells, such as monocytes,
leukocytes, B-cells, T-cells, DCs, and mast cells, are recruited to the site (Chhibber-
Goel et al., 2016). The lipid overload by macrophages and SMCs triggers apoptosis
in the atherosclerotic plaque (Gui, Zheng & Cao, 2022). Apoptosis and necrosis of
the foam cells and SMCs lead to the development of a lipid-rich necrotic core,
weakening the fibrous cap. As the necrotic core grows and the fibrous cap
diminishes, the advanced atherosclerotic lesion becomes vulnerable and is at risk of
a plaque rupture. The rupture is caused when endopeptidases known as matrix
metalloproteinases (MMPs), such as MMP-8 and MMP-9, are released by
inflammatory cells and begin to degrade the extracellular matrix, including collagens
and elastin. This collagenolysis leads to surface cap erosion and the activation of a
coagulation cascade, which leads to thromboembolism and causes the acute clinical

manifestations of atherosclerotic vascular disease. (Kelly, Lemmens, & Tsivgoulis,
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2021; Linton et al., 2019.) Figure 3 demonstrates the basic phases and development

of an atherosclerotic plaque.
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Figure 3. A schematic overview of the key mechanisms of atherosclerosis in an evolving

atheroscleraotic plaque. Prolonged exposure to risk factors induces endothelial dysfunction,
causing lipid retention, adhesion molecule expression, and chemotactic substance
secretion. This triggers immune cell recruitment and transmigration. Macrophages turn into
foam cells by internalizing modified lipoproteins. Macrophages, T cells, and other immune
cells release reactive species, growth factors, and cytokines, perpetuating inflammation.
Vascular SMC migrate to the intima and form the fibrous cap by secreting extracellular
matrix proteins. Apoptosis of foam cells and SMCs resullts in a necrotic core. Hypoxia-
induced neovascularization and macrophage-secreted MMP can destabilize the fibrous
plaque, leading to rupture. Republished with permission. Targeting the Ubiquitin-
Proteasome System in Atherosclerosis: Status Quo, Challenges, and Perspectives.
Antioxidants and Redox Signaling. 2014. (Wilck & Ludwig, 2014.) This copyrighted
material was originally published by Mary Ann Liebert, Inc. publishers.
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2.4.2 Role of immune cells in atherosclerosis

Macrophages have emerged as the protagonists of atherosclerosis. Monocytes
infiltrate atherosclerotic plaque sites and are transformed into macrophages that
form the major cell population present in the atherosclerotic plaques (Robbins et al.,
2013). Nevertheless, macrophages are a heterogeneous group, and their subsets have
either harmful or beneficial functions in atherogenesis. Macrophages can be divided
to M1 and M2 phenotypes based on their activation. M2 macrophages are involved
in tissue repair, have anti-inflammatory properties, and can stabilize vulnerable
atherosclerotic plaques. M1 macrophages, on the other hand, are microbicidal and
involved in the host defense response. (Wilson, 2010.) In the eatly stages of
atherosclerosis, neutrophils migrate to the vascular wall. When neutrophils are no
longer able to phagocytize, they become necrotic, thus adding to the inflammation.
The ratio of neutrophils to lymphocytes is a marker of inflammation and is increased
in atherosclerosis. (Mehu, Narasimhulu, & Singla, 2022.) In addition, T cells are also
present in the atherosclerotic plaque. Both CD4+ and CD8* T cells drive immune
responses to peptides presented by major histocompatibility complex (MHC) class 1
on all nucleated cells and by MHC class II on antigen-presenting cells (APCs). I vivo
and 7z vitro studies have shown that CD4* T cells recognize oxLDL and have pro-
atherogenic roles. Regulatory T (Tregs) cells have anti-atherogenic roles, but they
can be induced to switch their phenotype towards a pathogenic phenotype. It has
been suggested that this is caused by increased intracellular cholesterol levels or by
decreased IL-2 signaling, but the exact mechanism remains unknown. (Saigusa,
Winkels, & Ley, 2020.) Due to the involvement of immunity cells in atherosclerosis,
a vaccine against the cells present in atherosclerosis, such as Tregs, is under research.
The problems are the instability of antigen-specific Tregs, because Tregs switching
to other phenotypes could exacerbate atherosclerosis, and the vaccine could
potentially increase the risk of autoimmune disorders due to the induction of a self-
protein-specific immune response. (Kobiyama, Saigusa, & Ley, 2019.)

Mast cells are immune cells that have high reactivity to external allergens.
Recently, it has been shown that mast cells are involved in different inflammatory
diseases. (Kovanen, 2019.) Mast cells contribute to the atherosclerotic plaque
progression and can be found in carotid artery plaque samples. It is implicated that
mast cells take part in the plaque destabilization by thinning the fibrous cap. They
increase intraplaque neovascularization by expressing basic fibroblast growth factor.

Mast cells seem to be upregulated in unstable plaque regions. These are the reasons
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why mast cells have been suggested as therapeutic targets against atherosclerosis.
(Mekke et al., 2021.)

2.5 Microbiota associated with stroke

2.5.1  Immune response to bacteria

The human body is constantly exposed to microbes which usually only colonize the
host harmlessly but which may cause harm if defense mechanisms break. The body’s
first line of defense against bacteria is the skin and the exposed epithelial surface,
which have non-specific and innate protective systems. If organisms do enter the
tissue, they will be combated by further elements of the innate immune system,
which activates within hours of infection. Bacterial structures are identified, which
leads to the activation of neutrophils, macrophages, and natural killer cells. This
triggers cytokine and chemokine release and leads to a local inflammatory response.
Neutrophils are characterized as being the first cell line that is recruited at the
inflammation site. (Anaya, Shoenfeld & Rojas-Villarraga, 2013.) Neutrophils provide
signals to other innate immune cells about the invading foreign threat. Neutrophils
are loaded with various cytotoxic granules filled with powerful antimicrobial
molecules, such as cationic peptides, proteases, lactoferrin, and myeloperoxidase.
Neutrophils recruit and maturate macrophages, and they generate various
chemotactic factors which attract more inflammatory cells to the inflammation site.
The release of interferon-y (IFN-y) from activated neutrophils causes the activation
of macrophages. Activated macrophages prolong the neutrophils’ life span at the site
of inflammation. (V. Kumar & Sharma, 2010.)

The more specific adaptive immunity, which consists of T- and B-lymphocytes,
occurs with a delay. Dendritic cells (IDCs) are critical for bridging the innate and
adaptive immune responses. DCs capture invading pathogens and present their
antigens to the corresponding lymphocytes. Following antigen uptake, DCs maturate
and release cytokines and activate T cells. (Lecours et al., 2016.) Lymphocytes
circulate in the bloodstream and lymphatic system and move into tissues as needed.
CD4+ T cells are important for the development of immunity to bacterial infections.
The most important CD4" lineages are T helper type 1 (Thl), which promotes an
immune response against intracellular pathogens, and Th2, which drives humoral

responses. Th17 contributes to the elimination of extracellular pathogens, and
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regulatory T cells suppress the immune response, thereby maintaining homeostasis
and preventing the development of autoimmunity. (Lecours et al.,, 2016.) Gram-
positive bacteria, such as viridans streptococci, are identified by their antigens,
known as pathogen-associated molecular patterns (PAMPs). These include
lipopeptides, peptidoglycan, flagellin, bacterial DNA, and lipoteichoic acid. Gram-
negative bacteria are most often identified by their bacterial lipopolysaccharides.
Toll-like receptors (TLRs) play a key role in the innate immune system. They
recognize and bind a variety of bacterial PAMPs, which leads to the immune
response. (Elson et al., 2007.) If the pathogens and the host survive the initial
activation of innate and adaptive immune responses, the pathogenic bacteria may be
capable of maintaining infections in a mammalian host even in the presence of
inflammation. For example, bacteria such as Helicobacter pylori and Mycobacterinm
tuberculosis can establish life-long infections that can manifest as acute or chronic
disease or be clinically asymptomatic. These bacteria can hide inside host cells, such
as epithelial and endothelial cells or macrophages. Chronic Streptococcus pnenmoniae
and Streptococcus pyogenes pathogens can be found in the nasopharynx inside the
nasopharyngeal-associated lymphatic tissue. (Monack, Mueller, & Falkow, 2004.)

2.5.2  Oral microbiota

In the literature, the mouth is often referred to as an island because of its unique
environment. It is characterized by an almost constant presence of water (saliva),
short-term temperature fluctuation, and exposed hard teeth surfaces. There is a wide
and variable input of carbon and nitrogen through the food we eat. (KKolenbrander
et al,, 2010.) In a healthy situation, the oral cavity prevents bacterial invasion into
tissues and the bloodstream by means of several barrier mechanisms: the surface
epithelium, defensins, an electrical and immunological barrier, and a
reticuloendothelial system (Li et al., 2000). Microbiologically, teeth are unique with
two characteristics: they are the only non-shedding body surface, allowing bacteria
to form structured biofilms and form on a specific epithelial-connective tissue seal
(Darveau, 2009). The human oral cavity comprises of a minimum of 700 bacteria
species, roughly half of which have not yet been cultured. The oral cavity has the
second largest and diverse microbiota after the gut. Bacteria colonize all body
surfaces in oral microbiota, creating a healthy and protective bacterial flora. The
tongue houses the majority of the microbial burden in the oral cavity, with a high
bacterial density. (Arweiler & Netuschil, 2016.) The composition of the oral
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microbiome may change rapidly as the result of many factors, such as the temporal
frequency of the host and diet, a response to the changes in pH, and interactions
among the bacteria. There is a symbiotic relationship between the bacteria in our
oral cavity, as the commensal populations do not cause harm and do not allow
pathogenic species to adhere to the mucosa. The oral microbiome rests within
biofilms throughout the oral cavity and forms an ecosystem that maintains health in
a state of equilibrium. Bacteria become pathogenic only after having breached the
barrier of the commensals, causing infection and disease. (Deo & Deshmukh, 2019.)

Streptococcus spp. are mostly found in the oral cavity of healthy individuals and in
periodontal disease patients (Aas et al., 2005; Zheng et al., 2016). Viridans
streptococci are a large group of alpha-hemolytic gram-positive bacteria species.
They belong to the normal defensive oral microbiome but may, under certain
circumstances, manifest as an acute disease. Viridans streptococci are the most
common cause of infective endocarditis and sepsis (Cahill & Prendergast, 2016). The
classification of viridans group streptococci has been revised regularly. According to
the most recent classification updated in 2022, viridans group streptococci are
divided into five subgroups based on the phenotypical characteristics of the bacteria,
as seen in Figure 4 (Lakshmi & Leela, 2022). The groups S. mutans, S. mitis, and S.
sanguinis are found in different parts of the oral cavity, as well as in the gastrointestinal
tract. S. mutans is the major pathogen causing caries, and . mtis causes bacteremia
and infective endocarditis. S. sanguinis also causes infective endocarditis and takes
part in dental biofilm formation. These gram-positive species are genetically close to
each other and, in the clinical setting, not always easy to differentiate. (Basaranoglu
et al, 2019; Kreth et al., 2005; Westling et al., 2008.) DNA of viridans group
streptococcal bacteria have been detected in thrombus aspirates taken from
myocardial infarction patients as well as from patients with lower leg thrombosis due
to peripheral atherosclerosis (Pessi et al., 2013; Vakhitov et al., 2018). The presence
of viridans streptococci in thrombus aspirates taken from acute ischemic stroke

patients has not been studied previously.
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Figure 4. The most recent classification of viridans group streptococci. Data modified from Lakshmi
& Leela, 2022.

Porphyromonas gingivalis is a gram-negative rod-shaped bacterium that is related to
chronic periodontitis. Hayashi and colleagues infected ApoE-deficient mice with P.
gingivalis. After 25 weeks’ follow-up, a statistically significant increase in the size of
atherosclerotic plaque was shown in the MRI analysis compared to the control group
(Hayashi et al,, 2011). In humans, the connection between P. gingivalis and
cardiovascular disease is under dispute. A recent systemic review stated that P.
gingivalis can induce a chronic periodontal infection and, consequently, be an
important player in the formation of an atherosclerotic plaque (Fiorillo et al., 2019).
Edentulousness is shown to be related to lowered P. gingivalis serum IgG levels
(Aoyama et al., 2018).

Aggregatibacter actinomycetemcomitans is a small gram-negative rod that causes
aggressive periodontitis and rapid destruction of the periodontal tissue. There are
not many studies debating the role of .A. actinomycetencomitans in cardiovascular
diseases. In a study conducted by Sakurai and colleagues (2007), they found that 4.
actinomycetemcomitans was found in 33% of the oral samples from acute coronary
syndrome patients, while no _A. actinomycetemcomitans was found in patients with
coronary heart disease (Sakurai et al., 2007). A. actinomycetemcomitans is an oral
and found in

bacterium that has also been linked with atherosclerosis
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endarterectomy samples obtained from patients with carotid stenosis (Haraszthy et
al., 2000).

Further oral microbes that are linked with ischemic stroke are Veilonella spp.,
Prevotella spp., and Fusobacterium nucleatum. However, is it not certain whether these
bacteria are major pathogens involved in the stroke pathogenesis or only bystanders.
These gram-negative bacteria are also found in the gut. F. nucleatum plays a critical
role in dental biofilm formation due to its abundant presence and its capability to
coaggregate with other bacterial species in the oral cavity. Vezlonella spp. produces
succinate, a potential microbe-derived metabolite, which is associated with an
increased risk of cardiovascular diseases. (Mashima & Nakazawa, 2014; Stingu et al.,
2013,

2.5.2.1 Dental biofilm

Dental plaque, a subgingival biofilm, is a complex polymicrobial community. It can
form if the teeth are not mechanically taken care of. This community has coevolved
with their human host to establish a highly sophisticated relationship, in which both
pathogenic and mutualistic bacteria coexist in a homeostasis. Retention on the tooth
surface is essential for bacteria to sutvive, as they are otherwise swallowed with the
saliva. Through retention, these bacteria can form organized, intimate, multispecies
communities referred to as dental plaque. The bacterial species can be placed in two
general categories, namely early and late colonizers. The bacteria representing early
colonizers coaggregate with only a specific set of other early colonizers and generally
not with any of the late colonizers. Plaque formation is initiated by adherence of the
pioneer Streptococcus spp. (e.g., S. gordonit, S. oralis, 8. mitis) in the salivary pellicle, which
is a layer of proteins and glycoproteins of salivary origin that coats the surfaces of
oral tissues and is formed just seconds after a tooth is cleaned. Streptococci are
efficient colonizers. (Kolenbrander et al., 2002.) According to a study conducted by
Nyvad and Kilian, streptococci constitute 60% to 90% of the bacteria that colonize
the teeth within the first four hours after professional cleaning using ultrasonic
disintegration (Nyvad & Kilian, 1987). Streptococci recognize receptors such as
statherin, proline-rich proteins, salivary alfa-amylase, and salivary agglutinin in the
permanent salivary pellicle. The process is continued when other early colonizer
bacteria, such as Veillonella, Prevotella, and A. actinomycetemeomitans, are subsequently
attached to polysaccharide or protein receptors on the pioneer bacterial cell surface
and aggregate to them. (Huang, Li, & Gregory, 2011.) Streptococcus species are able to
format lactate, which is a favored substrate of the Veilonella species. Moreover,
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Vetllonella species are not capable to colonizing the tooth surface without Streprococeus
species; these two species form a mutualistic relationship in a bacterial biofilm.
(Mashima & Nakazawa, 2014.) Fusobacterium nucleatum belongs to the border between
early and late colonizers. It coaggregates with all of the early and late colonizers and
acts as a bridge between early and late colonizers. Thus, it is the most numerous
gram-negative species in healthy sites, and its numbers increase markedly in
periodontally diseased sites. F. nucleatum is always present when P. gingivalis is also
present. (Kolenbrander et al., 2002.) Other late colonizers are, for example, A.
actinomycetemcomitans and Eubacterium spp. Late colonizers do not usually coaggregate
together, with the exception of Treponema denticola and P. gingivalis that coaggregate
together. A schematic presentation of a dental biofilm can bee see in Figure 5. The
signal molecule autoinducer 2 (AI2) has an important role in the formation of
multispecies biofilms. Many oral bacteria produce less AI2 compared with oral
pathogens when grown as monoculture. The presence of AI2 in two-species
communities containing S#reptococcus oralis and Actinomyces oris enables mutual growth
of both organisms. (Kolenbrander et al., 2010.)
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Figure 5. Spatiotemporal model of oral bacterial colonization on the tooth surface. Streptococcus
species are considered as the pioneer colonizers in the early stages of dental plaque
formation. Published with permission. (Kolenbrander et al., 2002.)
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2.5.2.2 Periodontal disease and ischemic stroke

Periodontal disease is a chronic inflammatory condition affecting approximately
20%—50% of people worldwide. Advanced periodontal disease, periodontitis, results
in severe loss of supporting structures and substantial tooth loss, affecting 10%—
15% of the population globally. Estimates of the prevalence of periodontitis vary
across populations because the definition of a case of periodontitis depends on
which thresholds are used and no sets of specific thresholds have been consistently
applied in epidemiological studies. Periodontal disease is manifests clinically through
the detection of gingival inflammation, clinical attachment loss, resorption of
alveolar bone, periodontal pockets, and tooth mobility (Figure 6). The localized
inflammation of the gingiva that is initiated by bacteria in the dental plaque, known
as gingivitis, is the early state of periodontitis. Chronic periodontitis occurs when
gingivitis is left untreated and progresses to the loss of the gingiva, bone, and
ligaments. It is classified as generalized chronic periodontitis when it affects more
than 10 of the 32 teeth. Deep periodontal pockets are the hallmark of the disease.
Epithelial cells function as a physical barrier against pathogens. Dendritic
Langerhans cells within the epithelium present microbial antigenic material to
lymphocytes, and an immune response is generated. However, neutrophils,
granulocytes, and lymphocytes are overwhelmed by the magnitude and chronic
persistence of the microbial biofilm. This inflammatory response to the
accumulation of microbial plaque and its byproducts leads to alveolar bone
resorption by osteoclasts. (Kinane, Stathopoulou, & Papapanou, 2017.) It can
potentially cause irreversible damage to the teeth-supporting tissues. In advanced
periodontitis, after the destruction of the structural components of teeth-supporting
apparatus, tooth loss can occur. The risk factors for periodontitis include poor oral
health care habits, smoking or chewing tobacco, hormonal changes, obesity, and
poor nutrition. Genetic predispositions have been considered to be an important
cause of periodontitis, with heritability estimates of as high as 50%. However,
GWAS studies suggest that genetic predisposition to chronic periodontitis is
conferred collectively by hundreds or thousands of genes and there is no specific
single-nucleotide polymorphisms. (Di Stefano et al., 2022; Kinane et al., 2017.)

If bacteria invade the dental pulp, an endodontic infection, such as a periapical
abscess, can occur. Bacteria enter through either a dental cavity or a crack in the
tooth and spread all the way down to the root and may eventually end up in the
systemic circulation. Periodontitis in the furcation area, where the roots of a

multirooted tooth diverge, is known as furcation lesions. These infections are usually
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asymptomatic and cause a chronic inflammatory response, giving oral bacteria a
convenient route into the bloodstream. Consequently, these infections lead to bone
resorption around the root apex, which is the typical radiographic feature of apical
periodontitis. (Siqueira & Rogas, 2013.) The microbiological characteristics and
inflammatory responses are mostly similar to those of chronic periodontitis and
periapical infection (Kerekes & Olsen, 1990; Rupf et al, 2000). Endodontic
infections are associated with at least 150 and periodontal with 350 bacterial species,
many of which are anaerobic (Debelian, Olsen & Tronstad, 1994). The accumulation
of anaerobic bacteria forms a subgingival biofilm, dental plaque, close to the highly
vascularized tissues below the gum line on the surface of the teeth. The total amount
of bacteria in dental plaque can be as high as 10" micro-organisms per milligram,
and poor oral hygiene can increase the amount of bacteria colonizing the tooth
surfaces by as much as tenfold compared to a situation with normal oral health
(Loesche, 1997). Therefore, mechanical cleaning and flossing helps to provide

oxygen to prevent the formation of anaerobic dental plaque.

Healthy Gingivitis Early-to-moderate Advanced
gingiva periodontitis periodontitis

Gingival
crevice

Figure 6. The development of periodontal disease. Adapted from Kinane et al., 2017.

Alveaolar
bone

Oral conditions such as periodontitis and gingivitis not only affect the mouth and its
supporting structures but can also have implications for various systemic health
conditions. The link between cardiovascular disease and periodontitis was suggested
as early as in 1989, when Mattila and colleagues found that patients with an acute
myocardial infarction had poorer dental health compared to healthy individuals, even
after adjustment for age, social class, smoking, serum lipid concentrations, and the
presence of diabetes (Mattila et al., 1989). Ischemic stroke and myocardial infarction

often share a similar pathophysiologic process—in both arterial thrombosis may
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occur in the background of atherosclerosis. Later on, periodontal disease was found
to be a risk factor for stroke, with the direct mechanism still remaining unclear (Grau,
Becher, et al., 2004; Joshipura et al., 2003). Severe periodontitis increased the risk of
ischemic stroke fourfold among middle-aged men, but not among women, after
adjusting for age, sex, number of teeth, vascular risk factors and diseases, childhood
and adult socioeconomic conditions, and lifestyle factors (Grau, Becher, et al., 2004).
In an Indian population, periodontitis was an even stronger risk factor for ischemic
stroke than hypertension and smoking (Pradeep et al., 2010).

Four basic mechanisms have been proposed for how oral infections are linked to
the pathogenesis of atherosclerosis: 1) low-level bacteremia, 2) systemic
inflaimmation, 3) host immune response, and 4) atherogenic effects caused by oral
pathogens (Aarabi, Heydecke & Seedorf, 2018).

1) In low-level bacteremia, oral bacteria enter the systemic circulation and end
up on the arterial wall, contributing directly to the pathophysiology of
atherosclerosis through immune cell activation. Inflammation of an
atherosclerotic plaque may affect its growth and contribute to plaque rupture,
leading to thrombosis (Koren et al., 2011; Lanter, Sauer & Davies, 2014).

2) Systemic inflammation refers to the inflammation induced by inflammatory
mediators (such as IL-6) that are released from the sites of oral inflammation
into the blood stream. Oral infections such as gingivitis and periodontitis
consistently elevate systemic levels of CRP. CRP has correlation with the
incidence of cardiovascular events and stroke. (Ridker et al., 2002; Rost et al.,
2001.) CRP increases the adhesiveness of platelets to the endothelium (Grad,
Pachino & Danenberg, 2011). Inflammation at nonvascular sites, such as in
teeth, may also affect the progression of atherosclerotic lesions via circulating
chemical mediators (Charo & Taubman, 2004).

3) A host immune response refers to when autoimmunity to host proteins
results from the immune response to specific components of oral pathogens.
Heat shock proteins are involved in stress protection. Some oral bacteria,
such as Porphyromonas gingivalis, contain homologs to human heat shock
proteins and can induce humoral and cellular immune responses in humans.
These heat shock proteins may cross-react with T cells and contribute to the
atherogenesis. Nevertheless, atherosclerosis at a young age has been observed
in patients with other autoantibody-associated diseases, such as rheumatoid
arthritis and systemic lupus erythematosus. (Frieri & Stampfl, 2016; Skaggs,
Hahn, & McMahon, 2012.)
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4) 'The final proposed mechanism refers to pro-atherogenic effects resulting
from specific bacterial toxins that are produced by pathogenic oral bacteria.
Gram-negative bacteria such as Aggregatibacter actinomycetemcomitans produce an
endotoxin called lipopolysaccharide (LPS), which is one of the most potent
innate immune-activating stimuli known. LPS has severe pro-inflammatory
effects. Some proteins secreted by oral bacteria can induce lipid peroxidation
and modify both LDL and HDL particles. (Aarabi et al., 2018.) Interestingly,
Kallio and colleagues concluded in their study that inflaimmation associated
with periodontitis may enhance very low density lipoprotein particles pro-
atherogenic properties by increasing their ability to induce macrophage
activation and foam cell formation (Kallio et al., 2013).

Yet, there is no consensus about the mechanism of action as to how oral bacteria

participate in the development of an atherosclerotic plaque. Most likely, all of the

mechanisms discussed here are involved in the process (Pillai et al., 2018).

2.5.3 Gut microbiota

Tuomisto and colleagues reported in 2019 that intestinal Enterobactericeae bacteria
were found in 12.1%, Clostridium leptum in 2.4%, and Lactobacillus spp. in 2.4% of
post-mortem coronary plaque samples (n = 67) (Tuomisto et al., 2019). Current data
support the complex relationship between diet, the gut microbiota as well as their
metabolites, and stroke. Gut microbiota dysbiosis, which is caused by Western diets,
the lack of dietary fiber and an increased red meat intake, may have a role in the
development of stroke. Gut bacteria generate proatherogenic metabolites. For
example, the metabolite trimethylamine N-oxide (TMAO) is generated from
phosphatidylcholine, which can be found in red meat, eggs, and shellfish. Increased
levels of TMAO are linked to cardiovascular diseases. TMAO increases macrophage
cholesterol accumulation and the formation of foam cells, and it activates platelets.
Fiber fermentation by the gut microbiota results in the release of metabolites known
as short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate.
According to animal studies, SCFAs prevent the progression of cardiovascular
diseases. Patients who have suffered an ischemic stroke with severe stroke outcomes
have been shown to have a lower abundance of SCFA-producing bacteria. (Peh et
al., 2022.) Furthermore, there is evidence that the metabolic activity of the gut
microbiota is related to blood pressure levels and may thus contribute indirectly to
the overall cardiovascular disease and stroke risk (Holmes et al., 2008). With most of
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the evidence being indirect, however, there is little to suggest a direct causative
relationship between gut bacteria and cardiovascular disease. The causality is difficult
to establish, as an ischemic stroke alters the composition of the gut microbiota
composition. (Jonsson & Bickhed, 2017; Shen et al., 2021.)

2.5.4 Other candidate bacteria

Chlamydia pnenmoniae is gram-negative bacterium that can cause persistent infections
of the respiratory and gastrointestinal tract. In the late 1980s and early 1990s, an
association was found between raised IgG and/or IgA titers against C. pnenmoniae
species and asymptomatic carotid stenosis, acute myocardial infarction, and coronary
heart disease (Melnick et al., 1993; Saikku et al., 1988; Thom et al., 1992). It was
suggested that a chronic chlamydial infection could be a factor in the pathogenesis
of atherosclerosis (for more detail please refer to Chapter 2.6.2). Also, it was found
that C. punenmoniae bacteria can be found in atherosclerotic plaques, but not in healthy
arteries (Farsak et al., 2000). Helicobacter pylorii is a common cause of chronic gastritis
and a risk factor for gastric cancer. Furthermore, H. pylori DNA has been found in
atherosclerotic plaques (Rosenfeld & Campbell, 2011). Although many studies have
failed to establish an association, some seroepidemiological studies have confirmed
a relationship between H. pylori serology and atherosclerosis. Similar findings have
also been demonstrated with antibodies related to Mycgplasma pnenmoniae. In general,
it is presumable that any chronic bacterial infection can cause a systemic
inflaimmation that may contribute to the atherosclerotic process. Moreover, it has
been suggested that the infectious burden, rather than any single pathogen,
contributes to the development of atherosclerosis through different mechanisms.
(Sessa et al., 2014.)

2.6 Treatment of acute ischemic stroke

2.6.1 Acute treatment

The treatment of an acute ischemic stroke has undergone major developments
during the last three decades. Prior to 1995, it was customary for stroke patients to
remain in emergency departments without the necessity of immediate brain imaging.

This approach was justified by the belief that even a basic distinguishing between an
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intracerebral hemorrhage and ischemic stroke would not alter the course of
treatment. (Campbell et al., 2015.) Recombinant tissue plasminogen activator was
approved in 1996 as a treatment for acute ischemic stroke. Later, the intravascular
catheter-based revascularization of cerebral vessels begun to evolve. In 2004, the
first clot retriever device was approved by the U.S. Food and Drug Administration.
Subsequently, the instruments evolved and many trials demonstrated the benefit of
the use of direct aspiration of cerebral arterial clots as the primary treatment for acute
ischemic stroke among thrombolytic agents. (Berkhemer et al., 2015; Turk et al.,
2018; Wahlgren et al., 2016.) Thrombolysis is performed by using an intravenous
recombinant tissue plasminogen activator that, if administered within 4.5 hours of
symptom onset, significantly increases the likelihood of recovery to independence.
A large vessel occlusion is relatively resistant to dissolution by plasminogen
activators, which is why endovascular mechanical thrombectomy should be
considered.

Mechanical thrombectomy is usually performed within a six-hour window. In
recent years, it has been demonstrated that patients with a late-presenting large vessel
occlusion (from 6 to 24 hours) may still receive clinical benefit from mechanical
thrombectomy selected by perfusion scans (El Tawil & Muir, 2017). In Australia, it
was estimated that mechanical thrombectomy would be applicable to 7%—13% of all
ischemic stroke patients. In Finland, 407 mechanical thrombectomies were
performed in 2016, which means the real demand for thrombectomies would be
almost twice as high as the number of procedures that are currently performed
(Lindsberg et al., 2017). In addition, it is important to assay the etiology to establish
proper secondary prevention, such as starting statins, antihypertensive drugs, or oral
anticoagulants.

The treatment of each potential stroke patient should be regarded with priority
and urgency. Guidelines recommend a door-to-needle time of 60 minutes or less.
Acute stroke teams greatly improve the flow of the events within the emergency
room and are widely used across the world. (Kamal et al, 2017.) In Tampere,
Finland, the average door-to-needle time is 20 minutes, and mechanical
thrombectomy is performed within 90 minutes of the patient’s arrival at the hospital
in the majority of cases (Tampere University Hospital, 2020).

51



2.6.2 Anti-inflammatory treatments against ischemic stroke

Even though it is now widely accepted that inflammation has a role in
atherosclerosis, only a few trials have shown that reducing inflammation reduces the
rates of cardiovascular events. Some medications currently used for ischemic stroke
prevention have known anti-inflammatory effects. Low-dose aspirin (acetylsalicylic
acid, ASA), which is commonly used for stroke prevention, inhibits inducible
cyclooxygenase 1 (COX-1) and reduces thromboxane A2 synthesis, which is the
major antithrombotic effect of aspirin. At high doses, such as those used in primary
treatment of an acute myocardial infarction, aspirin also inhibits COX-2, resulting in
decreased prostaglandin synthesis in response to inflammatory cytokines. (Kelly et
al.,, 2021.)

As mentioned earlier, Saikku and colleagues (1988) published a novel study in
Lancet that demonstrated a strong serological association between C. preumoniae and
coronary heart disease, and this sparked the interest in whether cardiovascular
diseases could be prevented with antimicrobial treatment (Saikku et al., 1988).
However, attempts to replicate the original observation have failed. A meta-analysis
comprising 14 prospective studies with more than 3,000 patients did not find a
statistically significant association between C. pneumoniae and coronary heart disease
(Danesh et al., 2000). In small pilot trials, antibiotics against C. pneumoniae reduced
cardiovascular events, but in later large studies antimicrobial treatments were not
distinguishable from placebo and the academic interest in antibiotic treatment
against cardiovascular diseases diminished for decades (Campbell & Kuo, 2004;
Gelfand & Cannon, 2004; Danesh, 2005).

Statins, which are used to treat hypercholesterolemia, also have anti-inflammatory
properties. They seem to decrease the number of inflaimmatory cells in
atherosclerotic plaques. Overall, this can be seen as the plasma levels of high-
sensitivity-CRP (hs-CRP) decrease. Statins lower hs-CRP levels even in the absence
of hyperlipidemia, and this is related to a better prognosis. (Blake & Ridker, 2000;
Diamantis et al.,, 2017.) The use of low-dose methotrexate and colchicine, both
nonspecific anti-inflammatory agents, for stroke prevention has also been studied,
but no trial to date has proved the benefit and safety of these medications (Kelly,
Lemmens & Tsivgoulis, 2021).

Ridker and colleagues studied the inflammatory hypothesis in 2017 by
administering canakinumab, a therapeutic monoclonal antibody targeting
interleukin-1(3, to patients with a previous myocardial infarction and a hs-CRP level
of more than 2 mg/L. The study was placebo-controlled, randomized, and double-
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blinded. Canakinumab was chosen because the drug reduced plasma levels of I1.-6
and hs-CRP without lowering the level of LDL cholesterol. As the results,
canakinumab at a dose of 150 mg every 3 months led to a significantly lower rate of
recurrent cardiovascular events to patients with a history of myocardial infarction
than placebo, independently of lipid-level lowering. When the end point was
incidence of stroke, no statistical significance was found. However, the high cost of
canakinumab and concerns about an increased risk of fatal sepsis have currently
prevented its widespread adoption in clinical practice. (Ridker et al., 2017.)
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3 AIMS OF THE STUDY

The aim of this study was to assess the relationship between oral bacterial infections
and the development of atherosclerosis and ischemic stroke. Due to eatlier findings
of viridans streptococcal DNA in coronary atheromas and thrombi, the present
study focuses on the role of oral streptococci in the pathogenesis of acute ischemic

stroke. The specific aims were:

To evaluate whether oral bacterial DNA could be amplified using bacterial gPCR

from thrombus aspirates taken from acute ischemic stroke patients (Study I).

To establish whether the bacterial findings would correlate with the condition of the
patients’ teeth and carotid artery atherosclerosis, using computed tomography scans

and ultrasonography (Study II).

To confirm the oral bacterial findings in thrombus aspirates and carotid artery

samples using bacterial immunohistochemistry (Study III).
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4 MATERIALS AND METHODS

4.1 Materials

In this thesis, we included participants from the Brain, Microbes and Genetics
(BMG) study, Tampere Vascular Study (TVS), and Tampere Sudden Death Study
(TSDS). In Study I, we included samples from the BMG study. In Study II, we
studied BMG samples, as well as TVS samples. In Study 111, we investigated samples
from all three study series (Figure 7).

4.1.1  Brain, Microbes and Genetics (BMG) study

Thrombus aspirates were collected from 75 acute ischemic stroke patients (mean age
66.9 years, 69.3% men) treated with mechanical thrombectomy between December
2013 and January 2017 in the Acute Stroke Unit of Tampere University Hospital,
Tampere, Finland. The thrombus was aspirated from the middle cerebral artery in
98.4% of the cases. The only excluding criterion for recruiting patients was
unsuccessful retrieval of the thrombus using mechanical thrombectomy. A
neurologist examined all patients when they arrived at the hospital and evaluated the
possibility of revascularization using thrombectomy together with a
neurointerventional radiologist. The etiology of large-vessel occlusions of the brain
in patients treated with endovascular thrombectomy during the study period in
Tampere University Hospital was cardioembolic in 38% and atherosclerotic in 62%
of the cases (personal communication, Dr. Jyrki Ollikainen). The median delay
between the onset of an ischemic stroke and hospital arrival was 2 hours and 20
minutes (range 0—16 h). Medical history was collected from Tampere University
Hospital’s digital patient archives. None of the patients had been treated with

antibiotics or had experienced severe infections or septicemia during the stroke.
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4.1.2 Tampere Vascular Study (TVS)

Endarterectomy samples were collected from 20 symptomatic patients (mean age
066.2 years, 65% men) diagnosed with an ipsilateral carotid artery stenosis. All open
vascular surgical procedures were performed at the Division of Vascular Surgery and
the Heart Center at Tampere University Hospital between 2006 and 2009. The
patients had suffered amaurosis fugax, a transient ischemic attack, or a stroke. Eight
(40%) patients had suffered an acute ischemic stroke. The severity of the carotid
stenosis was histologically classified, the average being 82% (range 69%—99%). All
samples were classified as either a fibrotic or calcified atheroma (AHA type V) or a
complicated atheroma with rupture and thrombosis/hemorrhage (AHA type VI),
according to the American Heart Association classification (Stary et al., 1995;
Virmani et al., 2000). Medical history was collected from Tampere University
Hospital’s digital patient archives.

In the study, a small, 2 x 2-3 mm endarterectomy sample that could be extracted
without endangering the patient was immediately placed in sterile 10% buffered
formalin. From the initial 96 samples obtained for histology, 20 (20.8%) were
selected because they were large enough for immunohistochemical studies.

4.1.3 Tampere Sudden Death Study (TSDS)

Postmortem carotid artery samples were collected from 48 autopsy cases (mean age
066.4 years, 62.5% men) during medico-legal autopsies at the Department of Forensic
Medicine at the University of Tampere between 2010 and 2015, representing a cross-
section of the population. The selection criteria for the cases were: out-of-hospital
death, time elapsed postmortem of less than 6 days, intact middle torso and bowel,
no signs of bacterial infections or drug addiction, and no visible wounds or necrosis.
None of the cases had died of a stroke.

The time interval between death and storage of the body in the mortuary was less
than 24 hours in all cases. In the mortuary, the bodies were kept at 4°C. Low
temperatures prevent bacterial growth, and bacterial populations are unlikely to alter
during such storage conditions (Tuomisto, Karhunen & Pessi, 2013). Based on
hospital records, incident police reports with data on drugs found in the home and
possible treatments, as well as on physician’s admission notes, none of the victims
of a sudden out-of-hospital death had used antibiotics within two weeks prior to
their death. The relatives of the deceased were sent a structured interview concerning

risk factors and other background information.

56



Figure 7. Subjects included in the studies.

4.2 Methods

4.2.1  Mechanical thrombectomy and thrombus sample collection (Studies |,
I, and )

An introducer sheet was placed into a femoral artery, and a control blood sample for
bacterial genetic analysis was collected through the sheet. A guiding catheter of up
to 9 Fr (Merci®, Stryker neurovascular, USA) with a tip balloon was then navigated
into the carotid artery proximally to the occluded site. The micro-catheter (0.0217)
with the guide wire was used to navigate through the occluded site and to deploy the
stent retriever (Trevo®, Stryker neurovascular, USA) over the thrombus. An
additional distal access catheter was used to achieve the thrombus if needed. Forceful
aspiration through proximal catheters was acquired with a 60 cc syringe while
retrieving the deployed stent. In a minority of the cases, only direct thrombus
aspiration was used. Different device settings were selected by the operator on a case

by case basis. The thrombectomy was repeated until the angiologic result was
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satisfactory. The gathered thrombus was divided into a 1.5 cc Eppendorf
microcentrifuge tube for qPCR analysis and a histological sample in a formalin

container.

4.2.2 Quantitative bacterial PCR (Studies I, Il, and IIl)

Quantitative PCR was performed on 75 thrombus aspirate and arterial blood
samples taken from the same patients. Bacterial DNA was extracted from the
samples using a commercially available QIAamp DNA Mini Kit (Qiagen, Germany)
according to the instructions provided.

The presence of bacterial DNA in thrombus and blood samples from the same
patients was determined by using published oligonucleotide primers and probes for
Streptococcus spp., mainly the S. muitis group, Porphyromonas gingivalis, Aggregatibacter
actinomycetemcomitans, and universal bacterial primers and probe with RNaseP
(Applied Biosystems, Foster City, CA), as a reference (Nonnenmacher et al., 2004;
Tuomisto et al., 2013; Yang et al., 2002).

Quantitative PCR assays were performed using specific Tagman allele
hybridization with the AbiPrism 7900 HT Sequence Detection System (Tagman,
Applied Biosystems, Carlsbad, CA, USA) under standard conditions, with the
following cycle profile: 50°C for 2 minutes, 95°C for 10 minutes, and 60 cycles of
95°C for 15 seconds and 58°C for 1 minute. MasterMix was prepared using Maxima
Probe/ROX gPCR MasterMix (Thermo Fisher Scientific®, Waltham,
Massachusetts), adding at final concentrations of 900 nM of each primer and 250
nM of each fluorescence-labeled probe. All amplifications and detections were
carried out as duplicates or quadruples (in uncertain cases) depending on test runs in
a MicroAmp optical 384-well reaction plate with optical caps (Sarsted, Niimbrecht,
Germany) in a reaction volume of 5 uLL with 1 pLL of non-diluted DNA.

A human housekeeping gene, RNaseP, was used as a reference measurement to
determine the relative amount of bacterial DNA in the sample. The determination
was done by the comparative threshold cycle (Ct) method. The critical threshold
cycle (Ct) is the cycle at which a statistically significant increase in ARn is first
detected and at which the fluorescence becomes detectable above the background.
Ct is inversely proportional to the logarithm of the initial number of template
molecules—that is, the initial amount of sample DNA. Calculation with the Ct
method (AACt, ACtsample — ACtreference sample) Was carried out with a simplification.
(Livak & Schmittgen, 2001; Suzuki, Yoshida, & Nakano, 2005; Tuomisto et al., 2014;
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Yoshida et al., 2003.) Firstly, the differences in the Ct values between candidate
bacteria and reference gene measurement (candidate bacteria — RNaseP [ACt]) for
each sample were calculated; then the comparative Ct (thrombus — patient’s own
blood, [AACt]) was calculated. The samples were marked as bacterial positive, if
278ACt > 2 (Bubner, Gase & Baldwin, 2004; Tichopad et al., 2010), or if there was
amplified bacterial DNA in the thrombus but not in the control sample. DNA was
extracted from the entire thrombus in most of the cases. If the aspirated thrombus
was large, a small part of it was sent to histological analyses, while DNA was
extracted from rest of the thrombus.

4.2.3 Imaging and assessment of dental pathology using brain computed
tomography (Study II)

Non-contrast computed tomography scans (Lightspeed VCT, GE Medical Systems,
United States) were taken of all patients when upon arrival at the hospital to exclude
an intracranial hemorrhage, and the scans were used for the assessment of oral
health. The parameters of the CT scans were as follows: slice thickness of 0.63 mm,
field of view 320.0 mm, voltage of 120 kV, and current of 649 mA. With the Philips
Brilliant™ Workspace (Philips Healthcare, The Netherlands), the CT images were
reconstructed into 1mm multi-slice axial, sagittal, and coronal planes. Furthermore,
synthetic panorama and 1mm multi-slice reconstructions of the right and left oblique
sagittal and plane in accordance with dental arches were reconstructed.

CT reconstructions were inter- and intra-observed by two evaluators, an
experienced (Jorma Jarnstedt, DDS) and a trainee oral and maxillofacial radiologist
(Helena Mehtonen, DDS), using Carestream Vue PACS software (Carestream
Health, United States) and diagnostic monitors (Barco, Belgium). The assessments
were performed in dim lighting. Scores that differed between the observers were
assessed jointly. The total number of teeth, the number of missing teeth, and the
following parameters for each tooth were registered: periapical condition, horizontal
and vertical alveolar bone loss, caries, furcation lesions, and the condition of
pericoronal spaces.

The condition of a tooth was first registered as sound, filled, caries with pulp
exposed, or tooth being decayed as residual root, but due to resolution issues and
artifacts deteriorating the diagnostic accuracy, we eventually combined the groups as
sound/filled and caries with pulp exposed/residual root. Periapical infection was

registered if an osteolytic finding was observed surrounding the root apex (Figure 8).
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A distance of > 2 mm from the cementoenamel junction was regarded as vertical
bone loss. Scores for horizontal bone loss were difficult to assess from CT scans,
and because the scores differed between the evaluators, they were left out from the
analyses. A furcation lesion was registered if an osteolytic finding at the furcation
was observed. The pericoronal space was defined to be infected if the pericoronal
space was = 3 mm and/or the surrounding bone showed signs of infection.

The combined pathology sum was calculated to assess the overall oral health
status in the same way as has been done previously (Janket et al., 2004; Karhunen et
al., 2006; Mattila et al., 1989). The amounts of vertical bone loss as well as periapical,
furcation, caries, and pericoronitis lesions were summed per each tooth. The patients
were then divided into three equal groups based on the sum per tooth: normal to
slight pathology (n = 21, sum 0-0.06), moderate pathology (n = 21, sum 0.07-0.23),
and severe pathology (n = 22, sum 0.24-2.00). Edentulous patients (n = 7) were

excluded from the analysis.

Figure 8. A tooth’s periapical lesion as seen on a CT scan (t = tooth). Osteolytic finding can be
observed surrounding the root apex.
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4.2.4 Bacterial immunohistochemistry (Study I1l)

Antibodies against three major viridans streptococcal species—S. sanguinis (ATCC
105506), S. mitis (ATCC 49456), and S. gordonii (ATCC 10558)—were raised in rabbits
(Thermo Fisher Scientific®, Waltham, Massachusetts). The performance of the
resulting antibodies was confirmed with Western blot by staining the respective
streptococcal lysates (data not shown). All histological samples were immunostained
with an antibody cocktail containing antibodies raised against the three species of
viridans streptococci. The immunostaining intensity was assessed with a
semiquantitative score (+/++/+++). Image] software (github.com/fiji/fiji) was
used to create color convolution in order to increase the contrast in the
immunostained samples for better visualization of the results. Control stainings were
performed with an immunoglobulin G (IgG) isotype control antibody (ab37415,
Abcam®), as well as with an IgG anti-Escherichia coli antibody (ab137967, Abcam®)
raised in rabbits. The specificities of the antibodies were tested in a histological tissue
section by inoculating (+37°C, 5 hours) coronary artery samples with a suspension
of streptococcal bacteria species (obtained from ATCC) and performing an
immunohistochemical study using an antibody against the same bacteria (Figure 9).
Gut and liver samples from the TSDS autopsy cases were stained with a
streptococcal cocktail to show the ability of the antibodies to detect streptococci in
feces as well as in liver Kupfer cells (Figure 10). To validate the specificity of the
immunohistochemical stainings, we used several controls. The rabbit IgG isotype
control is a primary antibody that lacks the specificity to the target. Isotype controls
are used as negative controls to differentiate a non-specific background signal from
a specific antibody signal. An E. cli—specific antibody was used to show the
specificity of the viridans streptococci antibody cocktail. All IgG isotype control—

stained samples as well as the E. o/ immunostainings were negative.
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Streptococcus gordonii AB 1:500

Streptococcus sanguinis AB 1:500

Figure 9. All antibodies stained the corresponding ATCC bacteria intensively with no (S. gordonii

and S. mitis) or weak (S. sanguinis) background.
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Figure 10. Viridans streptococcal immunostaining revealed masses of streptococci in gut samples, as
well as strong and specific positivity in liver Kupfer cells.

4.3 Statistics

Statistical analyses were carried out using IBM SPSS Statistics 28 (Armonk, NY: IBM
Corp.). In Study I, associations between the bacterial findings and nominal
parameters were analyzed using Pearson’s Chi-squared test. Age was treated as
normally distributed, and, therefore, mean and sample standard deviation values
were calculated, and Student’s t-test used. The Mann—Whitney U-test was applied to
analyze the associations between bacterial findings and the median arrival time at the
hospital, as these values were not normally distributed. In Study II, associations
between bacterial DNA findings and nominal dental parameters were analyzed using
Pearson’s Chi-squared test. Age-adjusted logistic regression analysis was employed
to estimate the odds ratio (OR) and 95% confidence interval (CI) for associations
between bacterial DNA findings, grade of carotid artery stenosis, and combined
dental pathology. The number of teeth was not normally distributed, and, therefore,
median values and quartiles (Q1 and Q3) were calculated. In Study 111, associations
between bacterial immunohistochemistry and sample frequencies were analyzed
using the y2 test. P < 0.05 was considered statistically significant.
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4.4 Ethical issues

All participating patients gave their written consent to be included in the study. The
TVS study was approved by the Ethics Committee of Pirkanmaa Hospital District
(R99204). All clinical investigations were conducted according to the principles of
the Declaration of Helsinki. The BMG study was approved by the Ethics Committee
of Pirkanmaa Hospital District (R13093), and the study was explained to the patients.
In the TSDS study, informed consent was given by relatives. The TSDS study was
approved by the Ethics Committee of Pirkanmaa Hospital District (R09097).
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5 RESULTS

5.1 Presence of bacterial DNA in thrombus aspirates (Study )

Characteristics of the study population are presented in Chapter 5.6, in Table 1. For
the 75 patients who underwent thrombectomy to treat an acute stroke, 84.0%
(n = 63) of their aspirated thrombi were positive for bacterial DNA in qPCR, while
16.0% (n = 12) of the thrombi were bacteria-negative. In addition, 78.7% (n = 59)
of the aspirated thrombi were positive for Streptococcus spp., mainly the S. wutis group.
Bacterial DNA of Porphyromonas gingivalis and Aggregatibacter actinomycetenmcomitans was
not found in the thrombi. Of the arterial blood samples that were collected during
the thrombectomy procedure, 9.33% (n = 7) were positive for both bacteria and
Streptococcus spp., mainly S. mitis group, and 1.33% (n = 1) were positive for both P.
gingivalis and A. actinomycetemcomitans.

The median factor of the presence of Streptococcus spp., mainly S. mutis group,
DNA in the thrombus aspirates was 5.10-fold and that of total bacteria DNA 7.93-
fold in comparison to the control blood samples taken from the same patients. The
N-fold values for qPCR findings are presented in Figure 11. Patients who were
positive for any bacterial DNA were more often males (p = 0.067) and more often
had diabetes (p = 0.074) and a previous cerebrovascular disease (p = 0.040) than the
patients who tested negative for bacterial DNA. However, there were no differences
in the patients’ demographic parameters between those positive and negative for S.
mitis group bacterial DNA. For these data, please see original publication I.
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Figure 11. N-fold values of over 2.0 are significantly positive for bacterial DNA. The line at the 2.0 y-
axis level indicates that most thrombi collected during thrombectomies of acute stroke
patients are positive for bacterial DNA. Median N-fold values are illustrated with black
lines.
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5.2 Association between dental pathology and bacterial DNA
findings in thrombus aspirates (Study I1)

The study population comprised 50 (70.4%) men and 21 (29.6%) women. The mean
age of the patients was 67.4 years. The participants were the same as in Study I, but
four were excluded because their dental pathology could not be assessed due to poor
CT reconstructions. Also, seven edentulous patients were excluded from the dental
pathology analyses. The characteristics of the study population are detailed in original
publication II. Using universal bacterial primers, bacterial DNA was found in 59
(83.1%) of the thrombus aspirates, at a median of 8.6-fold rate compared to the
control peripheral blood sample from the same patient. Viridans streptococcal DNA
was found in 56 (78.9%) of the thrombus aspirates (median 5.1-fold). Carotid
stenosis was found in 54 (81.2%) patients and carotid dissection in 4 (5.6%) patients.
Eleven (19.0%) patients had = 50% stenosis and 43 (74.1%) patients < 50%
stenosis.

In general, the patients’ oral health was poor. They had an average of 17.3 + 9.8
teeth (range 0-32). Of the total of 71 patients, periapical lesions were found in 32
(45.1%), vertical bone loss in 20 (28.2%), furcation lesions in 25 (35.2%), caries in
21 (29.6%), and enlarged pericoronary spaces in 3 (4.2%) patients. There was no
association between the number of teeth and bacterial DNA counts in thrombus
aspirates. Connections between dental pathology and bacterial or oral DNA findings
in thrombus aspirates were not statistically significant when the dental variables were
treated individually. This data can be seen in original publication II. However, when
pathologies were summed up, a linear correlation between oral streptococcal
bacterial DNA findings and the condition of the teeth was discovered (p = 0.032) in
the age-adjusted analysis, whereas this association was not found for total bacterial
DNA amounts (p = 0.197). In the age-adjusted analysis, patients with better oral
health had more oral streptococcal bacterial DNA in their thrombus aspirates than
the group with the worst pathology (p = 0.028). On average, the group with normal
to slight pathology had a 25.8-fold difference, the moderate pathology group a 13.0-
fold difference, and the severe pathology group a 5.84-fold difference in the amount
of oral streptococcal DNA between their thrombus aspirates and arterial blood

samples (Figure 12).
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5.3 Association between carotid artery stenosis and bacterial DNA
findings in thrombus aspirates (Study I1)

There was no association between carotid stenosis and total amounts of bacterial
DNA in thrombus aspirates. However, patients with = 50% stenosis had slightly
more (18.1- vs 13.9-fold) oral streptococcal DNA in their thrombus aspirates than
did patients with < 50% stenosis, but this difference was not statistically significant
(p = 0.578) in the age-adjusted logistic regression analysis, due to high variation in
the DNA folds and the small number of the cases (Figure 13).

9.4 Association between carotid stenosis and dental pathology
(Study I1)

There was no difference (p = 0.604) in the number of teeth between those with
2 50% carotid stenosis (18.7 £ 8.9) and those with < 50% stenosis (17.0 £ 10.1).
We found that there were more cases (45.5% vs 25.0%) with severe dental pathology
among patients with = 50% carotid stenosis than among those with < 50% stenosis.
In logistic regression analysis with age and the amount of oral streptococcal DNA
as covariates, there was a trend (odds ratio [OR] 7.122, p = 0.083) towards an
association of = 50% carotid stenosis with more severe dental pathology, but age
(OR 1.044, p = 0.295) or the amount of streptococcal DNA (OR 1.023, p = 0.188)
were not significant covariates (Figure 14).

9.5 Oral bacterial DNA in carotid stenosis samples (Study )

Oral streptococcal DNA (viridans group streptococci, mainly S#reptococcus mitis) was
detected in 2 (33%) of the 6 surgically collected sterile atherosclerotic carotid
endarterectomy samples showing advanced atherosclerosis. In one of these cases
(17%), DNA from Porphyromonas gingivalis was also amplified. Cases that were

negative for oral bacterial DNA also showed severe atherosclerosis.
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Figure 12. N-fold value of total bacterial (p = 0.197) and oral streptococcal (p = 0.032) DNA between
the thrombus and arterial blood samples from the same patient and the relationship with
the sum of dental pathologies. A) Normal to slight pathology (n = 21), B) moderate

pathology (n = 21), C) severe pathology (n = 22).
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Figure 13. N-fold value of total bacterial DNA (p = 0.983) and oral streptococcal DNA (p = 0.701)
between the thrombus and arterial blood samples from the same patient and the
relationship with < 50% (n = 43) and = 50% (n = 11) stenosis. DNA amounts were lower in
patients with carotid artery dissection (n = 4).
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Figure 14. Association between the severity of carotid stenosis and combined dental pathology. In
logistic regression analysis with age and the amount of oral streptococcal DNA as
covariates, there was a trend (OR 7.122, p=0.083) towards an association of = 50%
carotid stenosis with more severe dental pathology.

9.6 Immunohistochemistry results of the three different study
series (Study IIl)

The study protocol is presented in Figure 15. The characteristics of the three
different sample series are presented in Table 1. The mean age and sex of the
participants did not differ between the three study groups. Cerebrovascular disease
was significantly less frequent and coronary heart disease significantly more common
in the TSDS series. Patients with symptomatic carotid stenosis in the TVS series
were more often smokers compared to the other groups. Hypertension was reported
more frequently as a risk factor in symptomatic BMG and TVS series patients
compared to the TSDS autopsy series.
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Figure 15. Overview of the study protocol of Study IIl.
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Table 1. Clinical characteristics of the study series.

Brain. Microbes and Tampere Vascular Tampere Sudden Death
Genetics (BMG) Study (TVS) Study (TSDS)
Characteristics N=61 N=20 N=48
Age (meantSD) 668109 66 2+8 42 66 4+15 6
Male sex, n (%) 43 (70.5) 13 (65.0) 30 (62.5)
Diabetes, n (%) 11 (18.0) 4(20.0) 7{(14.6)
Dyslipidemia, n (%) 24 (39.3) 17 (85.0) N/A
Arterial hypertension, n (%) 31 (50.8) 15 (75.0) 15(31.3)
Coronary heart disease, n (%) 13(21.3) 6 (30.0) 26 (54.2)"
Cerebrovascular disease, n (%) 61 (100) 19 (95.0) 24t
Atrial fibrillation, n (%) 39 (63.9) N/A N/A
Heart failure, n (%) 9(14.8) 1(5.00) N/A
Smoking status, n (%) 13 (36.1)* 15 (75.0) 18 (37.5)

*Data available from 36 subjects; fCause of death, N/A = data not available.

As regards the aspirated cerebral artery thrombi of stroke patients, DNA from
Streptococcus spp., mainly the S. mitis group, was found in 78.7% of the cases
participating in the BMG study (Figure 15), whereas DNA from Porphyromonas
gingivalis and _Ageregatibacter actinomycetemcomitans was not detected. Of the control
arterial blood samples collected during the thrombectomy procedure, 9.33% were
positive for Stwreptococcus spp. and  1.33% for both P. gngwvalis and A
actinomycetemcomitans. These findings have been described in detail in Study 1.

Out of the 61 thrombus aspirate samples from the stroke patients in the BMG
study, 39 (84.8%) were histologically positive (+/++/+++) for viridans
streptococci group bacteria (Figure 16). Most streptococci were detected inside
neutrophil granulocytes, but there were also remnants of bacterial biofilm as well as
free bacterial infiltrates in some samples (Figure 17, A-B). High numbers of
neutrophilic granulocytes were present in the samples.
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Most (80.0%) carotid endarterectomy samples obtained from the symptomatic
patients included in the TVS study were positive for oral streptococci (Figure 16). In
contrast, the carotid artery samples from the TSDS study comprising autopsy cases
of out-of-hospital deaths, mainly due to coronary heart disease, showed considerably
less (31.3%) immunopositivity, with 16.7% of the samples being clearly
immunopositive (++/+++). In the TVS endarterectomies and TSDS carotid artery
sample series, oral streptococci were found in clusters of streptococcal antibody—
positive neutrophilic granulocytes, as well as remnants of bacterial biofilm (Figure
17, E—J). The immunopositivity scores were highest in the BMG thrombus aspirates
and TVS carotid endarterectomies (p < 0.001; Figure 16).

Staining of the samples with an IgG isotype antibody or E. /i antibody resulted
in a negligible signal, suggesting the reliability of the viridans streptococcal antibody
cocktail staining (Figure 17, C-D).

Immunopositivity score

0% 10 % 20% 30% 40 % 50 % 60 % 70 % 80% 90 % 100 %

H +++ B ++ B + [INone

Figure 16. Sample frequencies and a three-step classification of intensity of immunopositivity (p
<0.001).
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Figure 17. Viridans streptococcal immunostaining showing diaminobenzidine (DAB; brown) and color
convoluted (red) microscopic photographs of bacterial infiltrates in thrombus aspirates
from the BMG series (A-B), ruptured carotid atheroma samples from the TVS study (E-H),
and carotid artery samples from the TSDS series (I-J). Thrombus aspirates were also
stained with IgG isotype (C) and E. Coli (D) antibodies to show the specificity of the
bacterial immunostaining.
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6 DISCUSSION

6.1 General considerations

We found oral bacterial DNA, mainly viridans streptococcal DNA, in over 4/5 of
the thrombus samples collected from acute ischemic stroke patients. DNA of P.
gingivalis and A. actinomycetemcomitans was not found in the thrombus aspirates. In
2014, Fernandes and colleagues studied the presence of oral bacterial DNA in
atherosclerotic plaques of 13 patients with carotid stenosis or an aortic aneurysm.
They found S. mutans, belonging to viridans group streptococci, in 100% of the
samples, but all samples were negative for P. gingivalis. Most (77%) patients were
edentulous. (Fernandes et al., 2014.) In another study, DNA of P. gingivalis was found
in 54% and A. actinomycetemcomitans in 46% of atheromatous plaques of coronary
arteries taken from patients with periodontitis, while DNA findings were
significantly lower in periodontally healthy individuals (Gaetti-Jardim et al., 2009). It
has been found that elderly patients with chronic periodontitis more often have
periodontal bacteria in their atheromas than do young patients (Kozarov et al., 20006).

We confirmed the presence of viridans streptococcal bacteria using bacterial
immunohistochemistry. Almost all of the thrombus aspirates contained oral
streptococci, located mainly inside neutrophilic granulocytes. Remnants of bacterial
biofilm were also present. Our study population suffered from poor oral health and
had, on average, 17/32 (53%) teeth left. Patients with better oral health had more
oral streptococcal DNA in their thrombi than the group with the worst pathology.
We also found a trend towards an association of = 50% carotid artery stenosis with
more severe dental pathology. In symptomatic patients subjected to carotid
endarterectomy, most carotid samples were strongly immunopositive for viridans
group streptococci. We found strong streptococcal immunopositivity in 17% of the
carotid artery samples obtained from non-stroke autopsy cases, representing a cross-
section of the population. To our knowledge, only one study has previously reported
the presence of viridans group streptococci in carotid artery endarterectomies using
immunolocalization (Chiu, 1999), but the presence of viridans group streptococci in

cerebral thrombi has not been shown previously. Our results suggest that there may
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be a connection between symptomatic inflammation in the carotid arteries and a
cerebral thrombus, and that oral pathologies may be related to it.

6.2 How do bacteria end up in an atherosclerotic plaque?

The most frequently found bacteria in cerebral thrombus aspirates in our study,
namely viridans group streptococci, are common oral bacteria associated with the
development of dental plaque (Kolenbrander et al., 2010). Oral bacteria can enter
the bloodstream after dental procedures—for example, root canal treatment, tooth
extraction, or daily tooth brushing—causing transient bacteremia. In tooth
extraction, most of the bacteria translocated into the circulation have been found to
be viridans streptococci (Lockhart et al., 2008; Narayanan & Vaishnavi, 2010).
Amoxicillin medication in connection with tooth extraction decreased the frequency
of positive streptococci findings in the patients’ peripheral blood samples (Lockhart
et al., 2008). Furthermore, it has been found that small amounts of bacteria can be
found in the systemic circulation without any clinical symptoms (Whittle et al., 2019).
Chronic periodontitis begins as a gingivitis in the soft tissues resulting in
inflammation. This is caused by a resident biofilm that forms on the tooth surfaces
at the gingival margin. If left untreated, this leads to the damage of connective tissue,
periodontal ligament, and bone. Gingival ulceration increases the risk for bacteremia.
(Chhibber-Goel et al., 2016.) After accessing systemic circulation, bacteria might end
up in an atherosclerotic lesion via a circulating monocyte or directly through

neovasculature developing inside the carotid atherosclerotic plaque (Camaré et al.,
2017).

6.3 Biofilm-related theory: is it applicable to atherosclerotic
plaques?

Oral bacteria are known to form biofilms on hard tooth surfaces but also on soft
epithelial tissue (Kolenbrander et al., 2010; Huang, Li & Gregory, 2011), as discussed
in Chapter 2.5.2. Viridans streptococci are the initial colonizers in the development
of a dental plaque (Kolenbrander et al., 2010). Streptococci and other oral bacteria
produce autoinducer 2 (AI2), which is a key molecule in the establishment of a
multispecies biofilm (Cuadra-Saenz et al., 2012). It is suggested that bacteria also
form biofilms in the atherosclerotic plaque (Snow et al., 2016). In 2012, Wolcott and
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colleagues studied the presence of bacterial DNA in atherosclerotic plaques using
qPCR. They identified over 100 unique taxonomic signatures, with DNA from
Streptococcus  spp.  being among the most predominant. They observed a
heterogeneous distribution of bacteria in the plaque samples, similar to the spatial
heterogeneity seen in other biofilm infections, such as wounds. This suggests the
presence of a biofilm phenotype infection in the plaques. (D. Wolcott, J. Wolcott, &
Palacio, 2012.) This could contribute to the persistent inflammation due to
atherosclerosis. It is suggested that biofilm structure remains stable if the external
circumstances do not change. A study by Lanter and colleagues demonstrated 7z vitro
that a biofilm may disperse when challenged with norepinephrine in the presence of
transferrin. The biofilm dispersion and the release of free bacteria and degradative
enzymes secreted by the bacteria could influence the integrity of the surrounding
arterial tissues, leading to an increased risk of plaque rupture. (Lanter et al., 2014.)

Atherosclerotic plaques contain calcium hydroxyapatite and carbonate apatite
that contribute to the calcification of the plaque, which happens frequently in
advanced atherosclerosis. The molecular mechanisms behind the calcification
process are not yet fully understood. The calcified atherosclerotic arterial plaque is
histomorphologically indistinguishable from bone tissue, and the calcification
process shares similarities with osteogenesis in bone with added chronic
inflammation. Oksala and colleagues demonstrated in 2010 that there is on-going
osteoclastogenesis in human atherosclerotic plaques, which leads to the calcification
(Oksala et al., 2010). This process is similar to the formation of dental calculus on
the surface of the teeth. It may be that the bacterial biofilm inside an atherosclerotic
plaque causes inflimmation that may take part in the calcification process. In
addition, some animal model studies have shown that repetitive inoculation with oral
bacteria that participate in biofilm formation (S. sanguinis) leads to large calcifications
of the aortic valve. In the same study, groups inoculated with normal flora bacteria
Corynebacterinm matruchotii had no evidence of calcification. (Akcali & Lang, 2018;
Cohen et al., 2004.)

Biofilm-phenotype bacteria protected by an extracellular matrix are much more
resistant to antibiotics than the same bacteria in circulating planktonic form. This
might be one reason why antimicrobial treatment for Chlanzydia pnenmoniae in patients
with coronary heart disease is ineffective (Andraws, Berger & Brown, 2005). The
originally chosen antimicrobial treatment against C. pmeumoniae was clarithromycin.
Clarithromycin has an effect against C. pmeumoniae, but it is not the adequate
treatment against periodontal bacteria. It is hypothesized that C. pnenmoniae might

have been the wrong suspect behind the infectious origin of atherosclerosis and that
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periodontitis is the culprit behind the failure of previous antimicrobial treatments to
prevent cardiovascular events and stroke. Further trials to evaluate the benefit of

periodontal treatment in prevention of stroke are needed. (Paju et al., 2007.)

6.4 Poor oral health as a risk factor for stroke

In Finland, dental infections are common, with the prevalence of caries being almost
100%, that of severe periodontitis 15%—20%, and that of periapical lesions up to
27% (Suominen-Taipale et al., 2004). Periodontitis and stroke share several risk
factors, and the diseases often coexist, which is why the subject is challenging to
study. People with good oral health are often healthier overall and have fewer
unhealthy habits that affect the progression of atherosclerosis. Still, the causality is
gaining more and more evidence, as noted previously. According to recent studies,
periodontitis and tooth loss have an independent direct association with stroke (Pillai
et al., 2018; Virtanen et al., 2017). Regular dental care lowers the risk of ischemic
stroke (hazard ratio 0.77, 95% confidence interval 0.63-0.94) (Sen et al., 2018).
Fluoride in drinking water prevents dental disease, which in turn has been suggested
to lower the risk of coronary heart disease. This was studied in Finland by Kaipio
and colleagues from 1961 to 1995, and it was stated that the geographical pattern of
coronary heart disease was consistent with the concentration of fluoride in drinking
water. Mortality from coronary heart disease was the highest in the north-east
Finland, where the fluoride content of drinking water was low among other many
potential risk factors for coronary heart disease. Later, the widespread use of
fluoridated toothpastes, soft drinks, and certain food items have reduced the
significance of drinking water as a source of fluoride. (Kaipio, Nayhi, & Valtonen,
2004.)

After the antimicrobial trials against C. pneumoniae failed in the prevention of
cardiovascular diseases, the interest in treating chronic bacterial infections to reduce
cardiovascular diseases was diminished. Now, as the association between dental
pathologies, oral bacteria, and acute ischemic stroke has been shown in multiple
studies, the subject is again gaining interest. Still, to the best known, there is only one
clinical trial registered concerning the subject, namely the PREMIERS study.
Registered in 2015, it is a multicenter randomized controlled trial that aims to test
whether intensive periodontal treatment reduces the risk of recurrent vascular events
among ischemic stroke and TIA survivors in comparison with standard periodontal
treatment. However, the phase II trial found no significant difference between the
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two treatments, but larger study groups will be enrolled for phase III, which will also
have a longer follow-up. (Redd et al., 2019; Sen et al., 2023.) In 2019, Lin and
colleagues published a 14-year retrospective population-based cohort study
observing the relationship between periodontitis with and without specific treatment
and the incidence of ischemic stroke. Their study demonstrated that dental scaling
and the intensive treatment of periodontal disease could possibly help to reduce the
risk of developing stroke. Also, patients who underwent tooth extraction therapy
had a higher risk of stroke. (Lin et al., 2019.) On the other hand, intensive periodontal
therapy induces a moderately more acute systemic inflammatory response and is
associated with endothelial cell activation. This is likely attributed to the fact that
intensive periodontal therapy is often performed to patients with severe
periodontitis. The release of cytokine tumor necrosis factor alpha (TNF-«) into
serum has been associated with the severity of periodontal disease. (Francesco
D’Aiuto, Parkar, & Tonetti, 2007.) This was later studied in a clinical self-controlled
case series. The results were that the rate of ischemic stroke and myocardial
infarction was increased in the first four weeks after invasive dental treatment. The
association remained positive after the exclusion of patients with classical risk factors
for vascular diseases. The incidence of vascular events gradually returned to the
baseline rate within six months. Nevertheless, the long-term benefits of invasive
dental treatment as regards vascular health will probably outweigh the short-term
adverse effects. (Minassian et al., 2010.)

Tooth loss is most often caused by oral diseases. Untreated dental and
periodontal infections will eventually result in intentional or spontaneous tooth loss.
Periodontal disease is considered to be the main cause of tooth loss in adults
wortldwide (Kinane, Stathopoulou & Papapanou, 2017). In our Study 11, 60,6% of
the patients suffered from a moderate or severe dental pathology and had an average
of 17.3 (£9.8 SD) remaining teeth. The number of teeth is similar to the numbers in
a Finnish national survey, where the average number of teeth was 17.0 in individuals
aged 05-74 years, while the average number of remaining teeth in a Swedish
population of the same age was 26.0 (Koskinen, Lundqvist & Ristiluoma, 2012;
Ljung et al., 2019). Although the number of dentists does not differ significantly
between Sweden and Finland, the practice of preferring tooth extraction instead of
the treatment of caries applied in Finland may explain the differences in the numbers
of teeth preserved (Suominen-Taipale et al., 2004). Interestingly, stroke prevalence
in Finland (395.9 strokes per 100,000 inhabitants) is higher compared to Sweden
(368.6 strokes per 100,000 inhabitants), even though the countries share a similar
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economic and social structure, as well as a similar health care system (Kristiansen,
2000; Wafa et al., 2020).

Our findings on the association between poor oral health and low bacterial DNA
findings in the thrombus aspirates of the same patients might be explained by studies
reporting that the longer the periodontal disease exposure, the fewer focal infection
focuses there are present. With only a few teeth left in the oral cavity as a result of
long-lasting periodontal disease, the infectious pathway is closing and the continuous
flow of oral bacteria through the root canal decreases (Desvarieux et al., 2003). On
the other hand, if tooth loss is caused during the eatly years of life or is due to other
factors, such as caries or trauma, the patients might be affected by periodontal
disease for the rest of their life (Shahi et al., 2022). Several previous studies have
shown the positive association between ischemic stroke and tooth loss, especially in
younger age groups (Syrjanen et al., 1989; Wu et al., 2000; Joshipura et al., 2003;
Grau, Becher, et al., 2004; Pihlstrom & Michalowicz, 2018). In our Study 11, where
the mean age of the patients was 67 years, we found no association between tooth
loss and bacterial DNA counts in thrombus aspirates. Among elderly people, several
studies have demonstrated no connection between tooth loss and atherosclerotic
vascular diseases (Beck et al., 1996; Grau, Becher, et al., 2004; Syrjild et al., 2009). In
contrast, Heitmann and colleagues concluded that edentulous patients had a
threefold increased risk of developing stroke compared to those with most of their
teeth remaining. Interestingly, the risk of coronary heart disease was not significantly
increased. (Heitmann & Gamborg, 2008.)

6.4.1 Oral infections and the risk of ischemic stroke—mechanism of action

The decline in stroke incidence during the 20 century can only incompletely be
explained by conventional risk factors and their temporal trends (Lindsberg & Grau,
2003; Grau, Urbanek & Palm, 2010). As noted, it has been long suspected that
bacterial infection may play a role in the pathogenesis of stroke, with infections of
oral origin being studied extensively (Grau, Becher, et al., 2004; Joshipura et al., 2003;
Morté et al., 2000; Sen et al., 2018; Syrjanen, 1993; Valtonen, 1999). Increased levels
of antibodies against several bacteria, such as streptococci, staphylococci, and
enterobacteria, were found in 44% of young stroke patients, but in only 9% of
controls (Syrjinen et al, 1986). The peripheral blood neutrophil count is an
independent predictor of stroke severity upon admission, a greater degree of
disability at discharge, and 30-day mortality (Furlan et al., 2014; Grau, Boddy, et al.,

82



2004). A severe chronic dental infection was found to predispose to stroke in males,
possibly by affecting blood coagulation and platelet function (Sytjinen et al., 1989).
Periodontitis has been shown to elevate the overall infectious burden in a
generally healthy population, apical periodontitis with a dental root abscess is
suggested to be associated with increased levels of systemic inflammation, and
chronic low-grade oral infection and inflammation have been related to unfavorable
systemic cardiovascular effects (D’Aiuto et al., 2005; Gomes et al., 2013). Poor oral
health may contribute to the progression of the atherosclerotic lesions via circulating
chemical mediators (DeStefano et al., 1993; Danesh et al., 2000; Cotti et al., 2010).
Bacterial surface proteins of viridans streptococci can directly bind to various
platelet receptors and activate them (Bensing, Rubens & Sullam, 2001; Kerrigan &
Cox, 2009). Activated platelets induce the recruitment of proatherosclerotic cells
such as monocytes and lymphocytes, which speeds up the atherosclerotic processes
(Herzberg et al., 2005; Arman et al., 2014; Tomaiuolo, Brass & Stalker, 2017). There
can also be indirect activation via plasma immunoglobulin G (Naik, 2014). Oral
streptococci may initiate or contribute to platelet aggregation in the coronaries
(Herzberg et al., 2005). In 2002, Okahashi and colleagues found that S. sanguinis can
induce foam cell formation of macrophages, therefore promoting the earliest events
of atherogenesis (Okahashi et al., 2011). Moreover, viridans group streptococci are
known to stimulate endothelial cells to produce various proinflammatory cytokines,
such as IL-6 and IFN-y. Elevated cytokine levels and systemic inflammation are
related to the initiation, development and rupture of an atherosclerotic plaque. (Chia
et al., 2002; Hahn, Best, & Tew, 2000; Ramji & Davies, 2015.) Odontogenic P.
gingivalis can secrete gingipains proteinase, which persuades an increase in platelets
intracellular [Ca?*] and leads to the activation and aggregation of platelets (Klarstrém
Engstréom et al., 2015; Lourbakos et al., 2001). Oral pathogens may promote the
development and rupture of the plaque through cytokine activation and
inflammation responses (Figure 19) (Chia et al., 2002; Hahn et al., 2000; Ramiji &
Davies, 2015). Furthermore, following bacteremia, a bacteria-induced thrombus
might be trapped in the left atrial appendage of the heart, causing a cardioembolic
stroke in patients with altered hemodynamics, such as in atrial fibrillation (Herzberg
et al., 2005; Langer & Gawaz, 2008). In our BMG series, 64% of the patients had
atrial fibrillation and this mechanism can account for part of the bacterial findings in
thrombi. Despite this, however, 62% of the cases were considered to be due

atherosclerosis, suggesting uncertainty in determining the etiology.
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6.4.2 Systematic reviews on the connection between periodontal disease
and stroke

Several reviews have been published on the connection between periodontal disease
and stroke. Figure 18 demonstrates the currently held concept of the relationship.
However, most of the reviews are based on epidemiological and cohort studies.

In 2012, Lafon and colleagues published a systematic review comprising nine
cohort studies with results demonstrating that the risk of stroke was significantly
increased by the presence of periodontitis (relative risk 1.63, 95% CI 1.25-2.00).
Tooth loss was also reported to be a risk factor for stroke (relative risk 1.39, 95% CI
1.13-1.65). Gingivitis was not reported as a significant risk factor. Pillai and
colleagues reported similar findings in their systematic review in 2018 with 30 studies
included. (Lafon et al., 2014; Pillai et al., 2018.)

An association between stroke and oral diseases has been established, but the
causality is more difficult to determine. Stroke patients generally have poorer oral
hygiene practices and oral health. The American Heart Association stated in their
systematic review published in 2012 that observational studies do not support a
causative relationship between periodontal diseases and atherosclerotic disease
(Lockhart et al., 2012). The lack of causative relationship has been proposed to be
due to different reasons, such as tooth extraction for other reasons besides
periodontal disease, a change in diet after tooth loss, selection bias, as well as
biological and behavioral factors (Johansson et al., 1994; Joshipura, Douglass &
Willett, 1998).

A meta-analysis published in 2020, comprising nine studies, stated that there is
an association between tooth loss and stroke, but the included studies had a risk of
bias and the presented evidence was of low statistical power. The authors concluded
that the causality is difficult to investigate but also suggested screening for stroke in
edentulous patients. (Fagundes et al., 2020.)

Sanz and colleagues published a consensus report in 2020 organized by the
European Federation of Periodontology and the World Heart Federation. In
summary, it was stated that the progression of cardiovascular diseases and stroke
may be influenced by successful periodontal treatment independently of traditional
cardiovascular risk factor management. Furthermore, it was concluded that it is
unlikely that cardiovascular disease is a risk factor for periodontitis. (Sanz et al.,
2020.)
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Figure 18. Relationship of chronic oral diseases with cardiovascular diseases (CVD) and stroke.

6.4.3 Immunological similarities between oxLDL and Streptococci

Both oxidized LDL and bacteria activate TLR-mediated pathways in macrophages
and neutrophilic leukocytes, leading to the elevation of cytokine levels and systemic
inflammation, which are related to the initiation, development, and rupture of an
atherosclerotic plaque (Chia et al., 2002; Curtiss & Tobias, 2009; Hahn et al., 2000;
Hajishengallis et al., 2002; Kurita-Ochiai et al., 2015; Ramji & Davies, 2015). TLRs
are mainly expressed on first-line immune cells, such as macrophages, neutrophils,
and dendritic cells. It has been found that especially TLR2 and TLR4 are expressed
in high numbers on macrophages in human atherosclerotic lesions. Macrophages
lacking TLR4 are protected against cholesterol intake and foam cell formation. In
LDL receptor knockout mice that were administered TL.R2 agonists, atherosclerosis
was dramatically increased. In addition to oxLDL intake, both gram-negative and
gram-positive bacteria act as ligands to TLR2 and TLR4. (Miller, 2005; Singh et al.,
2020.) Also, scavenger receptor CD36 functions as a phagocytic receptor for a
variety of bacteria in addition to oxLLDL (Kunjathoor et al., 2002).

Oxidized or otherwise modified LDL is highly immunogenic, as discussed by
Binder and colleagues (Binder et al., 2003). OxLLDL contains a variety of oxidation-
specific neoepitopes that are recognized by the innate and adaptive immune system.
Receptors of macrophages, such as scavenger receptors A (SR-A) and CD36, bind
to oxidation-specific ligands, including phosphorylcholine-containing oxidized
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phospholipids, and promote an unregulated uptake of oxLLDL. It is believed that
LDL and viable cells contain an epitope known as phosphorylcholine that is revealed
by oxidation or when the cells undergo apoptosis. Phosphorylcholine, also known
as phosphocholine (PCho), is the hydrophilic polar head group of some
phospholipids. It exists in all eukaryotes, ranging from yeast to humans, including
Streptococcus spp. This epitope is interesting, as 7 vitro studies have suggested
molecular mimicry between phosphorylcholine epitopes of oxidized phospholipids
of oxLDL and the phosphorylcholine of common microbial pathogens. Indeed,
pneumococcal immunization of mice decreased the extent of atherosclerosis.
(Binder et al., 2003.) Moreover, it has been shown that plasma IgA antibodies against
both PCho and streptococci cell wall polysaccharide are significant predictors of the
long-term risk of cardiovascular diseases (Kankaanpii et al., 2018). The immune
responses that have evolved to combat bacterial infections are similar as those
involved in the immune response to the inflammatory components of atherogenesis

(Figure 19) (Binder et al., 2002).
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6.5 Carotid stenosis and oral pathology

We found streptococcal DNA in 33% of the carotid endarterectomy samples from
surgical ~ patients  suffering  from  peripheral artery disease.  Using
immunohistochemistry, we found that 80% of the carotid endarterectomy samples
of symptomatic patients were immunopositive, whereas the samples taken from
asymptomatic patients were more often immunonegative (31%). Previously, the
presence of odontogenic bacteria, such as viridans group streptococci (S. sanguinis)
and P. gingivalis, has been demonstrated in atherosclerotic plaques of human carotid
arteries histologically and by means of polymerase chain reaction (Chiu, 1999;
Haraszthy et al., 2000). Previous infections or chronic exposure to common infective
agents are suggested to contribute to carotid atherosclerosis (Elkind et al., 2010).
Oral infections seem to contribute to increased carotid artery intima-media
thickness, leading to subclinical atherosclerosis (Pussinen et al., 2019). A significant
association has been reported between the degree of tooth loss and the prevalence
of carotid artery plaques (Desvarieux et al., 2003). It has been proposed that bacteria
present in carotid artery plaques contribute to an enhanced risk of plaque rupture,
leading to thrombosis (Lanter, Sauer & Davies, 2014). Viridans group streptococci
have been found to be the most common gram-positive bacteria persisting after
intracanal disinfection procedures and after root canal treatment (Narayanan &
Vaishnavi, 2010). Koren and colleagues showed that an abundance of 1eillonella sp.
and Streptococens sp. in the oral cavity was linked to their abundance in carotid
atherosclerotic plaques (Koren et al., 2010).

We found that = 50% carotid stenosis is related to more severe dental pathology.
Our findings are in line with previous studies (Desvarieux et al., 2003; Schillinger et
al., 2006; Kamak, Yildirim & Rencber, 2015). Our patients with = 50% stenosis had
slightly more oral streptococcal DNA in their aspirated thrombi compared to those
with < 50% stenosis. We may hypothesize that the oral bacteria found in thrombi
originate from ruptured carotid artery plaques (see Figure 17, E-H), as oral bacterial
inflammation may be related to the development of the atherosclerotic plaque via
the inflammatory mechanism in the arterial wall and through cytokine activation
(Hahn, Best & Tew, 2000; Chia et al., 2002; Bartova et al., 2014; Ramji & Davies,
2015). We also demonstrated that a high number of neutrophils can be detected in
the carotid artery wall when oral bacteria are present. A high neutrophil count is
associated with histopathologic features of rupture-prone carotid atherosclerotic
lesions and can be found at the rupture-site of a plaque (Ionita et al., 2010; Soehnlein,
2012). A high peripheral blood leukocyte count associates with stroke severity and
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outcome (Furlan et al., 2014; Grau, Boddy, et al., 2004). It can be hypothesized that
both bacteria and neutrophils contribute to the inflammation and the induction of
cytokine release, in addition to the inflammation related to oxLLDL and atheromatous
debris inside the plaque. Therefore, neutrophils might be recruited by the bacteria
inside the plaque and end up being released from the ruptured atherosclerotic carotid
plaque into the circulation. This might be one mechanism of how viridans

streptococci are involved in acute ischemic stroke.

6.6 Strengths and limitations

Our study has some strengths. We had the opportunity to study unique and clinical
patient material. We had antemortem and postmortem samples from different series.
In the BMG study, we did not sort the patient material, which means that the risk
for selection bias is low. As mechanical thrombectomy is performed as urgent care,
we had patients from across Finland and not only from one region. Both quantitative
PCR and immunohistochemistry are very sensitive, and when used with positive and
negative controls, the risk of false positivity or negativity is low. All samples were
treated with the same reagents and DNA extraction kit in the same laboratory,
according to the same protocol.

One of the limitations of Study I is its small sample size, which prevents further
subgroup analyses. The exact impact of living bacteria on thrombosis cannot be
declared using PCR. In addition, the PCR method we used detects the presence of
bacterial DNA in the examined samples but is unable to separate living bacteria from
phagocytized bacterial DNA. Culturing and staining are the most frequently
performed techniques when detecting bacterial species. Nonetheless, the PCR
method seems to be more accurate and cost-effective in comparison with traditional
culturing. (Aly et al., 2012; Atieh, 2008.) Although our analysis revealed the absence
of DNA from P. gingivalis and A. actinomycetemcomitans in the thrombi, it does not
exclude the possibility of their role in the pathogenesis of acute ischemic stroke. The
presence of bacterial DNA was defined by an artificial cutoff value: the sample was
considered positive if it contained 2 times more bacterial DNA compared to the
control sample from the same patient. The samples contained a median of =5 times
more S. mitis DNA than the control samples. However, the validity is also affected
by the inhomogeneity of the thrombus material (De Meyer et al., 2017; Mufioz et al.,
2018). In Study II, one of the limitations was that the grade of carotid artery stenosis

was measured using either computerized tomographic angiography or Doppler
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ultrasound, the concordance of which is 79% (Titi et al., 2007). Tooth conditions
were estimated from CT reconstructions. Dental and periodontal disease can be
recognized in dental CT, but it is not as accurate as the gold standard cone-beam
computed tomography (Steinklein & Nguyen, 2013; Lechuga & Weidlich, 2016). The
limitations of Study III include the fact that we used three different sets of patient
samples and that the endarterectomy samples and thrombus aspirate samples were
taken from different patients. We only used an immunohistochemistry antibody
cocktail against viridans streptococci species, and it is possible that other bacteria

were also involved in the pathogenesis of thrombosis.

6.7 Future directions

As we have demonstrated, the causal relationship between oral pathologies and acute
ischemic stroke seems complicated to demonstrate and the time scale between these
two factors is hard to determine. This transversal study is a hypothesis-generating
study and cannot demonstrate any etiological relation. In the future, it would be
interesting to collect endarterectomy and cerebral thrombus samples from the same
patients and see whether there are differences in the bacterial findings. In addition,
next-generation sequencing performed on the samples would reveal more
information about the localization of other bacterial DNA in the plaque.

Itis challenging to establish a proper and ethical clinical intervention investigating
the relationship between periodontitis and acute ischemic stroke. All patients with
active periodontitis need treatment, and it is therefore unethical to randomize study
participants into groups receiving or not receiving active treatment. The formation
of a bacterial biofilm inside the artery wall probably happens over decades. The
progression of biofilm formation seems to be initiated by oral streptococci.
Vaccination against oral streptococci could theoretically reduce the risk of the
formation of a bacterial biofilm and thrombosis. Secondly, the administration of
penicillin during the acute treatment of a large vessel occlusion might be worth
considering. During atherosclerotic plaque rupture, the pathway to the plaque is
open, allowing antimicrobial agents to affect the bacteria within the biofilm and,
consequently, eliminate the biofilm. Thirdly, it would be interesting to study whether
mechanical dental care, such as flossing in addition to regular tooth brushing, to
break the anaerobic polymicrobial community of periodontal bacteria would be
beneficial in the prevention of stroke and other cardiovascular diseases. Finally,

invasive dental procedures, such as root canal treatment, dental extraction, and
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calculus removal, should be considered to be performed under the cover of
antibiotics, such as penicillin or amoxicillin, to counteract the consequences of

procedure-related bacteremia in selected patient groups.
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7 CONCLUSIONS

The mechanism behind the association between ischemic stroke and infections has
remained uncertain. We demonstrated that large amounts of oral streptococci can
be found in the aspirated thrombi of acute ischemic stroke patients, as well as in
carotid artery plaque samples taken from symptomatic patients, using both bacterial
qPCR and immunohistochemistry. Oral streptococci are living organisms affecting
the human metabolism and immune system. Immune responses that have evolved
to combat bacterial infections are shared with those involved in the immune
response to the inflammatory components of atherogenesis.

Our results suggest that, along with the classical known risk factors, oral
streptococcal inflimmation may play an important role in the pathogenesis of
ischemic stroke. Streptococci may infiltrate carotid artery plaques through
neovasculature developing inside the plaque, initiating the formation of bacterial
biofilm. Subsequently, this biofilm may affect the development of the plaque. The
dispersion of the biofilm and the release of free bacteria, along with degradative
enzymes secreted by the bacteria, can influence the integrity of the surrounding
arterial tissues. This, in turn, increases the risk of plaque rupture, ultimately resulting
in an ischemic stroke. During bacteremia, streptococci may promote thrombosis by
activating platelets, especially in patients with atrial fibrillation. The possibilities of
primary prevention of acute ischemic stroke using antibacterial vaccines and timed

antimicrobial treatment, as well as regular dental care, should be considered.
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Oral Bacterial Signatures in Cerebral Thrombi of Patients With

Acute Ischemic Stroke Treated With Thrombectomy

Olli Patrakka, MD; Juha-Pekka Pienimaki, MD; Sari Tuomisto, PhD; Jyrki Ollikainen, MD; Terho Lehtimaki, MD, DDS, PhD;
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Background—Chronic infections have been reported to be risk factors for both coronary heart disease and ischemic stroke. DNA
of oral bacteria, mainly from the viridans streptococci group, has been detected in coronary thrombus aspirates of myocardial
infarction and cerebral aneurysms. Viridans streptococci are known to cause infective endocarditis and possess thrombogenic
properties. We studied the presence of oral bacterial DNA in thrombus aspirates of patients with acute ischemic stroke treated
with mechanical thrombectomy.

Methods and Results—Thrombus aspirates and arterial blood were taken from 75 patients (69% men; mean age, 67 years) with
acute ischemic stroke. The presence of Streptococcus species, mainly the Streptococcus mitis group, belonging to viridans
streptococci as well as Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans in samples were determined using a
quantitative polymerase chain reaction with specific primers and probes. The relative amount of bacterial DNA in a sample was
determined with the comparative threshold cycle method. Bacterial DNA was detected in 84% (n=63) of aspired thrombi, and 16%
(n=12) of samples were considered bacterial DNA negative. DNA of Streptococcus species, mainly the S mitis group, was found in
79% (n=59) of samples. The median relative amount of Streptococcus species DNA was 5.10-fold higher compared with the control
blood samples from the same patients. All thrombi were negative for both P gingivalis and A actinomycetemcomitans.

Conclusions—This is the first study showing the common presence of bacterial DNA from viridans streptococci in aspired thrombi
of patients with acute ischemic stroke. Streptococcal bacteria, mostly of oral origin, may contribute to the progression and
thrombotic events of cerebrovascular diseases. (/ Am Heart Assoc. 2019;8:e012330. DOI: 10.1161/JAHA.119.012330.)

Key Words: acute stroke e arterial thrombosis ¢ atherogenesis * atherosclerosis * cerebral ischemia

ardiovascular and cerebrovascular diseases are major
C causes of death, and stroke is the leading cause of
adult long-term disability in western countries.' Stroke can
be divided into intracerebral hemorrhage, subarachnoid
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hemorrhage, and cerebral ischemia. In the Unites States of
America, ~795 000 people experience stroke each year, of
which /692 000 are acute ischemic strokes (AISs).?
Treatment of AIS has undergone major developments during
the past 2 decades: first, the cerebral computed tomography
made it possible to identify patients for medical thrombolysis;
second, the intravascular catheter-based revascularization of
cerebral vessels began to evolve. The modern intravascular
revascularization techniques are stent retriever thrombec-
tomy and direct aspiration of cerebral arterial clots.®™

In addition to traditional causative factors, such as
hypertension, hypercholesterolemia, diabetes mellitus, smok-
ing, and obesity, bacterial inflammation has been suggested
to contribute directly or indirectly to the development of the
atherosclerosis and atherothrombotic events.®

Levels of CRP (C-reactive protein) seem to have correlation
with the incidence for cardiovascular events and stroke.””®
CRP increases the adhesiveness of platelets for endothelium.’
Inflammation of atherosclerotic plaque may affect its growth
and contribute to plaque rupture, leading to thrombosis.'®""
Inflammation at nonvascular sites may also affect progression
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Clinical Perspective

What Is New?

* We found DNA of viridans streptococci in most aspired
thrombi of patients with acute ischemic stroke, which
suggests that oral bacteria may have a role in the cause of
cerebrovascular disease.

What Are the Clinical Implications?

Repeated transient bacteremia, caused by poor dental care
or bacterial infections, may trap pathogens in atheroscle-
rotic plaques and promote rupture of the plaques; therefore,
regular dental care should be emphasized in the primary
prevention of acute ischemic stroke.

of atherosclerotic lesions via circulating chemical media-
tors.'? Severe periodontitis increased 2-fold the risk of
ischemic stroke among middle-aged men but not in women
after adjusting for age, sex, number of teeth, vascular risk
factors and diseases, childhood and adult socioeconomic
conditions, and lifestyle factors.'® In the Indian population,
periodontitis was even a stronger risk factor compared with
hypertension and smoking.* According to recent studies,
periodontitis and tooth loss have an independent direct
association with stroke.'®'®

We have earlier reported that bacterial DNA typical for
endodontic infection, mainly oral viridans streptococci,
was measured in 78.2% of thrombi, and periodontal
pathogens were measured in 34.7% of thrombus aspirates
from coronary arteries in patients with acute myocardial
infarction. The median value for the total amount of
bacterial DNA in coronary thrombus was 16 times higher
than that found in their blood samples.'” Furthermore, we
were able to detect these bacteria in ruptured and
nonruptured cerebral aneurysm samples'® and from
thrombus aspirates of patients with lower limb vascular
disorders.'® The presence of odontogenic bacteria, such
as Porphyromonas gingivalis and Streptococcus sanguinis,
has been shown in the atherosclerotic plaque of human
carotid artery histologically and by polymerase chain
reaction (PCR).2%%!

In this study, we used a real-time quantitative PCR
(gPCR) to detect bacterial DNA from thrombi that have
been collected by stent retriever technique from the
cerebral arteries of patients with AIS. To our knowledge,
there are no earlier studies depicting the role of oral
bacteria in the thromboembolic events of cerebral arteries
among patients with AIS. We hypothesized that oral
bacterial DNA can be found in cerebral arterial thrombi
similarly as from coronary or inferior extremity peripheral
vessel thrombi.

Methods

The data that support the findings of this study are available
from the corresponding author on reasonable request.

The series comprises 75 patients with AIS who were treated
by intra-arterial thrombectomy between November 2013 and
January 2017 in the Acute Stroke Unit of Tampere University
Hospital, Tampere, Finland (Table). This series is a subset from
a larger Tampere BMG (Brain Microbes and Genetics) study,
focusing on the role of inflammation and genetics in ischemic
stroke. A neurologist (J.0.) examined all patients when they
arrived to the hospital and evaluated the possibility of
revascularization using thrombectomy together with a neuroin-
terventional radiologist (J.-P.P.). The cause of the brain large-
vessel occlusions of patients treated with endovascular
thrombectomy during the study period in Tampere University
Hospital was cardioembolic in 38% and atherosclerotic in 62%
of the patients (oral communication, 6th February, J.0.). The
only excluding criterion for recruiting patients was that if the
thrombus was not retrieved successfully using mechanical
thrombectomy. The median delay time between onset of an

Table. Patients’ Characteristics

Data for All Patients
Characteristics (N=75)
Age, mean+SD, y 66.9+12.4
Men, n (%) 52 (69.3)
Diabetes mellitus, n (%) 12 (16.0)
Dyslipidemia, n (%) 29 (38.7)
Arterial hypertension, n (%) 40 (53.3)
Coronary heart disease, n (%) 15 (20.0)
Cerebrovascular disease, n (%)* 20 (26.7)
Pulmonary disease, n (%) 4 (5.33)
Renal insufficiency, n (%) 7 (9.33)
Atrial fibrillation, n (%) 48 (64.0)
Heart failure, n (%) 10 (13.3)
Smoking status, %* 349
Location of thrombus aspirate, n (%)
ICA 25 (33.3)
MCA 72 (97.3)
ACA 6 (8.00)
PCA 1(1.33)
VA 6 (8.00)
AB 1(1.33)
Arrival time to the hospital 1.20, 2.30, 3.80
(quartile 1, median, quartile 2), h

AB indicates basilar artery; ACA, anterior cerebral artery; ICA, internal carotid artery;
MCA, middle cerebral artery; PCA, posterior cerebral artery; VA, vertebral artery.
*Smoking status was only available from 43 patients.
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ischemic stroke and hospital arrival was 2 hours 20 minutes
(range, 0-16 hours). Medical history was collected from the
Tampere University Hospital digital patient archives. Criteria for
dyslipidemia were fP-kol (cholesterol levels measured from
plasma after 12 hours fasting (f=fasting, P=plasma)) low-
density lipoprotein >3.0 mmol/L, fP-kol high-density lipopro-
tein <1.0 mmol/L, or fP triglycerides >2.0 mmol/L.

The study was approved by the ethics committee (R13093)
of the Tampere University Hospital. The study was explained
to the patients, and informed consent was obtained.

Mechanical Thrombectomy and Thrombus
Sample Collection

An introducer sheet was placed on a femoral artery, and a
control blood sample for bacterial genetic analysis was
collected through the sheet. A guiding catheter up to 9F
(Merci; Stryker Neurovascular) with a tip balloon was then
navigated into the carotid artery proximal to the occluded site.
The microcatheter (0.021 inches) with the guide wire was
used to navigate through the occluded site and to deploy the
stent retriever (Trevo; Stryker Neurovascular) over the
thrombus. An additional distal access catheter was used to
access the thrombus if needed. Forceful aspiration through
proximal catheters was acquired with a 60-mL syringe while
retrieving the deployed stent. In a minority of the cases, only
direct thrombus aspiration was used. Different device settings
were selected by operator case by case. Thrombectomy was
repeated until the angiologic result was satisfactory. The
gathered thrombus was divided into a 1.5-mL Eppendorf
microcentrifuge tube for qPCR analysis, and a histological
sample was placed in a formalin container.

Quantitative PCR

Bacterial DNA was extracted from samples using a commer-
cially available QlAamp DNA Mini Kit (Qiagen, Germany),
according to the instructions provided.

The presence of bacterial DNA in thrombus and blood
samples from the same patients was determined by using
published oligonucleotide primers and probes for Streptococ-
cus species (mainly the Streptococcus mitis group??), P
gingivalis, and Aggregatibacter actinomycetemcomitans®®; and
universal bacterial primers and probe®* were determined with
RNaseP (Applied Biosystems, Foster City, CA), as a reference.

gPCR assays were performed using specific TagMan allele
hybridization with the AbiPrism 7900 HT Sequence Detection
System (TagMan; Applied Biosystems, Carlsbad, CA) under
standard conditions with the following cycle profile: 50°C for
2 minutes, 95°C for 10 minutes, and 60 cycles of 95°C for
15 seconds and 58°C for 1 minutes. MasterMix was
prepared using Maxima Probe/ROX gPCR MasterMix

(Thermo Fischer Scientific, Waltham, MA), adding at final
concentrations of 900 nmol/L of each primer and
250 nmol/L of each fluorescence-labeled probe. All ampli-
fications and detections were performed as duplicates or
quadruples (in uncertain cases), depending on test runs in a
MicroAmp optical 384-well reaction plate with optical caps
(Sarsted, Nimbrecht, Germany) in a reaction volume of 5 pL,
with 1 pL of nondiluted DNA.

Human housekeeping gene, RNaseP, was used as a
reference measurement to determine the relative amount of
bacterial DNA in the sample. The determination was done by
the comparative threshold cycle (Ct) method. The critical Ct
is the cycle at which a statistically significant increase in
ARn (normalized reporter) is first detected and at which the
fluorescence becomes detectable above background.
Ct is inversely proportional to the logarithm of the initial
number of template molecules (ie, the initial amount of
sample DNA). Calculation with the Ct method (AACt,
ACtsample—ACtreference sample) Was done with a simplifica-
tion.25728 First, the differences of the Ct values between
candidate bacteria and reference gene measurement (candi-
date bacteria—RNaseP [ACt]) for each sample were calcu-
lated; then, the comparative Ct (thrombus—patients own
blood [AACt]) was calculated. The samples were marked
bacterial positive, if 27AACt>2 2930 o if there was amplified
bacterial DNA in the thrombus but not in the control sample.
DNA was extracted from the entire thrombus in most of the
cases. If the aspired thrombus was large, a small part of it
was taken and sent for histological analyses, and DNA was
extracted from the rest of the thrombus.

Statistical Analysis

Statistical analysis was done using IBM SPSS Statistics 25
(SPSS, Chicago, IL). Associations between the bacterial
findings and nominal parameters were analyzed using
Pearson’s y? test. Age was treated as normally distributed
and, therefore, mean and sample SD values were calculated
and the Student ¢ test was used. The Mann-Whitney U-test
was used to analyze the associations between bacterial
findings and the median arrival time to the hospital; these
values were not normally distributed. Statistical significance
was set at P<0.05.

Results

Patient Characteristics

Of the study population, 69.3% (n=52) were men and 30.7%
(n=23) were women. The mean age of the patients was
66.9 years. None of the patients had been treated with
antibiotics or experienced severe infections or septicemia
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during the stroke. Characteristics of the study population are
presented in the Table.

Presence of Bacterial DNA in Thrombus Aspirates

Of the 75 patients who underwent thrombectomy for
treatment of acute stroke, 84.0% (n=63) of aspirated thrombi
were positive for bacterial DNA in gPCR compared with 16.0%
(n=12) of bacteria-negative thrombi. In addition, 78.7% (n=59)
of aspirated thrombi were positive for Streptococcus species,
mainly the S mitis group. Bacterial DNA of P gingivalis and A
actinomycetemcomitans was not found in thrombi. Of the
arterial blood samples that were collected during the
thrombectomy procedure, 9.33% (n=7) were positive for both
bacteria and Streptococcus species, mainly the S mitis group,
and 1.33% (n=1) were positive for both P gingivalis and A
actinomycetemcomitans.

The presence of Streptococcus species, mainly the S mitis
group DNA, was 5.10-fold in median and total bacteria DNA was
7.93-fold in median, compared with the control blood sample
from the same patients. N-fold values for qPCR findings are
presented in Figure 1. Patients positive for any bacterial DNA
were more often men (P=0.067) and more often had diabetes
mellitus (P=0.074) and previous cerebrovascular disease
(P=0.046) compared with patients negative for any bacterial
DNA. However, there were no differences in patients’ demo-
graphic parameters between those positive or negative for the S
mitis group bacterial DNA (Figure 2).

Discussion

The present concept is that atherosclerosis is a complex
chronic inflammatory disorder driven by oxidized or otherwise

Bacterial positivity

N-FOLD

Total bacteria Stroptococcus spp., mainly Smitis aroup.

Figure 1. N-fold values >2.0 are significantly positive for
bacterial DNA. Line at the 2.0 y-axis level indicates that most
thrombi collected during thrombectomies of patients with acute
stroke are positive for bacterial DNA. Median N-fold values are
illustrated with black lines.

modified low-density lipoprotein.®"3 However, increasing
knowledge suggests that the atherosclerotic process may be
accelerated by bacterial infection.34%°

In our study, we found that thrombi collected from patients
with AIS were 84% positive for bacterial DNA and especially
for the S mitis group, whereas we could not detect DNA from
P gingivalis and A actinomycetemcomitans. To our knowledge,
this is the first study in which bacterial signatures of the
thrombi of patients with AIS have been analyzed using qPCR.

Streptococcus species are mostly found in the oral cavity
of healthy individuals and in patients with periodontal
disease.®>**” The S mitis group comprises 20 species.>® Oral
bacteria can gain access to the bloodstream after trauma or
dental procedures (eg, root canal treatment or tooth extrac-
tion) and cause transient bacteremia. In tooth extraction,
most bacteria translocated into the circulation were viridans
streptococci.®? Viridans streptococci are the most common
cause of infective endocarditis and sepsis.*° It is possible that
oral bacteria can be trapped in atrial thrombosis in patients
with atrial fibrillation. Moreover, it has been found that
bacteria can be found in the circulation without any clinical
symptoms.*'

There are several ways how bacteria can enter the
atherosclerotic plaque. Bacteria can be phagocytosed and
end up in the atherosclerotic plaque via circulating macro-
phages. Bacteria can also directly drift in the bloodstream
through the vasa vasorum or the neovasculature vessels
developing inside the atherosclerotic plaque. Amoxicillin
medication in connection with tooth extraction decreased
the frequency of positive streptococci findings in peripheral
blood samples of the patients.*” A recent study confirmed
that regular dental care lowers the risk for ischemic stroke.*®

It has been shown that oral pathogens, such as viridans
group streptococci, can stimulate endothelial cells to produce
various proinflammatory cytokines, such as interleukin 6 and
interferon v.*#*° These cytokines are involved in the patho-
genetic pathway of atherosclerosis and may promote the
rupture of the plaque.*® Oral pathogens seem to activate toll-
like receptors, which mediate inflammation responses to
pathogens and cause endothelial dysfunction. Endothelial toll-
like receptors initiate inflammation and are an important
component in the establishment of plaque.*’*8

In addition to the regular inflammatory pathway, bacteria
can straightforwardly interact with a platelet, causing its
activation.*’ Bacterial surface proteins of S mitis can directly
bind to various platelet receptors.’®®' There can also be
indirect activation via plasma immunoglobulin G.>? Moreover,
odontogenic bacteria can secrete gingipains proteinase,
which can persuade an increase in platelet intracellular
[Ca®"] and lead to the activation and aggregation of
platelets.>®** Activated platelets induce the recruitment
of proatherosclerotic cells and speed up the development of
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Heart failure

Atrial fibrillation

Renal insufficiency

Pulmonary disease

Cerebrovascular disease

Coronary heart disease

Arterial hypertension

Diabetes

Male sex

Age, mean

® Negative for S. mitis N=16

—
Dyslipidemia

W Positive for S.mitis group DNA N=59

40 50 60 70 80 90
%

Figure 2. Clinical characteristics of patients with negative or positive thrombus aspirates for the

Streptococcus mitis group DNA.

atherothrombotic lesions.>® Activated platelets can take part
in the formation of cardioembolic stroke if the hemodynamic
conditions are altered, such as in atrial fibrillation.>¢%”

One of the limitations of this study is its small sample
size, which prevents further subgroup analyses. The exact
impact of living bacteria on thrombosis cannot be declared
using PCR. In addition, the PCR method we used detects the
presence of bacterial DNA in the examined samples but is
unable to separate living bacteria from phagocytized bacte-
rial DNA. Culturing and staining are the most frequently
performed techniques when detecting bacterial species.
Nonetheless, the PCR method seems to be more accurate
and cost-effective in comparison with traditional cultur-
ing.%8% Although our analysis revealed the absence of
P gingivalis and A actinomycetemcomitans in the thrombi, it
does not exclude the possibility of their role in the
pathogenesis of AIS. The presence of bacterial DNA was
defined by an artificial cutoff value: the sample was
considered positive if it contained 2 times more bacterial
DNA compared with the control sample from the same
patient. In median, the samples contained x5 times more S
mitis DNA than the control samples. However, the validity is
also affected by the inhomogeneity of the thrombus
material.6%¢"

The findings of this study confirm those of our previous
studies,’”"" suggesting that bacterial infection may be
involved in the pathogenesis of coronary and lower limb

thrombosis. However, it is not known whether the oral
bacteria are one of the causes of atherothrombotic events or
whether their role is solely as bystander. The exact role of
bacteria in AIS thus remains unclear.

Conclusion

We found DNA of Streptococcus species, mainly the S mitis
group, belonging to viridans streptococci, in most aspirated
thrombi of the patients with AIS. This suggests that viridans
streptococci may have a role in the cause of cerebrovascular
disease. Regular dental care should be emphasized in the
primary prevention of AIS.
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Background and purpose. Risk of acute ischemic stroke has been associated with carotid artery atherosclerosis as well as with
periodontal disease. We studied whether oral pathology or carotid atherosclerosis was associated with the presence and
quantity of bacterial DNA in their aspirated thrombi. Methods. Thrombus aspirates and control arterial blood were taken from
71 patients (70.4% male; mean age, 67.4 years) with acute ischemic stroke. Tooth pathology was registered using CT scans.
Carotid stenosis was estimated with CTA and ultrasonography. The presence of bacterial DNA from aspirated thrombi was
determined using quantitative PCR. We also analyzed the presence of these bacterial DNAs in carotid endarterectomies from
patients with peripheral arterial disease. Results. Bacterial DNA was found in 59 (83.1%) of the thrombus aspirates (median,
8.6-fold). Oral streptococcal DNA was found in 56 (78.9%) of the thrombus aspirates (median, 5.1-fold). DNA from A.
actinomycetemcomitans and P. gingivalis was not found. Most patients suffered from poor oral health and had in median 19.0
teeth left. Paradoxically, patients with better oral health had more oral streptococcal DNA in their thrombus than the group
with the worst pathology (p=0.028). There was a trend (OR 7.122; p=0.083) in the association of >50% carotid artery
stenosis with more severe dental pathology. Oral streptococcal DNA was detected in 2/6 of carotid endarterectomies.
Conclusions. Stroke patients had poor oral health which tended to associate with their carotid artery stenosis. Although oral
streptococcal DNA was found in thrombus aspirates and carotid endarterectomy samples, the amount of oral streptococcal
DNA in thrombus aspirates was the lowest among those with the most severe oral pathology. These results suggest that the
association between poor oral health and acute ischemic stroke is linked to carotid artery atherosclerosis.

1. Introduction ischemic stroke alone resulting in over 5 million deaths

annually [1, 2]. Carotid artery atherosclerosis has been
Cardiovascular and cerebrovascular diseases are one of the  found to be an important cause of large vessel disease and
leading causes of death and disability worldwide, with acute ~ ischemic stroke [3, 4]. Traditional stroke risk factors are



hypertension, hypercholesterolemia, diabetes mellitus,
smoking, and obesity [1]. Periodontal disease has been
found to be a new risk factor for stroke, with the direct
mechanism still remaining unclear [5, 6]. In Finland, dental
infections are common with the prevalence of caries being
almost 100%,and severe periodontitis 15-20% and periapi-
cal lesions up to 27% [7]. It has been suggested that oral
infections contribute to carotid artery intimamedia thick-
ness leading to carotid artery stenosis and subclinical ath-
erosclerosis [8]. A significant association between tooth
loss levels and carotid artery plaque prevalence has been
reported [9].

In our recent research [10], we found that DNA typical
for bacteria of oral origin can be found in cerebral thrombi
of acute ischemic stroke patients. DNA of bacteria typical
for both endodontic and periodontal infections have earlier
been found in cerebral aneurysms [11], in thrombus aspi-
rates of patients with acute myocardial infarction [12] and
in lower limb arterial and deep venous thrombosis [13]. In
all these studies, the most frequently found bacterial DNA
belonged to the Streptococcus mitis group, which belongs to
viridans group streptococci. Viridans streptococci species
are a known cause of infective endocarditis [14]. However,
we do not know what the origin of streptococci in thrombus
aspirates is. Bacteria may gain access to the systemic circula-
tion via the root canal of infected teeth or through periodon-
tal pocket and may end up in a thrombus because viridans
streptococcal species possess thrombogenic properties [15,
16]. As odontogenic infection has been associated with the
development of carotid artery disease and rupture of the ath-
erosclerotic plaque, it may be possible that streptococci orig-
inate from complicated carotid plaques [17].

In this study, we applied dental radiography as well as
carotid radiological imaging to examine whether oral
health and carotid artery stenosis are related to the amount
of oral bacterial DNA found in cerebral thrombi using
radiologic data of acute ischemic stroke patients. We also
analyzed the presence of oral bacterial DNA in an unre-
lated series of carotid endarterectomies from symptomatic
patients.

2. Materials and Methods

2.1. Subjects. The series comprises 71 acute ischemic stroke
patients who were treated by intra-arterial thrombectomy
between November 2013 and January 2017 in Acute Stroke
Unit of Tampere University Hospital (Table 1). A neurolo-
gist (J.O.) examined all patients when they arrived to the
hospital and evaluated the possibility of revascularization
using thrombectomy together with a neurointerventional
radiologist (J.-P.P.) based on clinical symptoms and com-
puted tomography angiography (CTA). All patients have
been treated in Acute Stroke Unit of Tampere University
Hospital according to modern medical standards, and all
methods were carried out in accordance with relevant guide-
lines and regulations. The degree of carotid stenosis was esti-
mated using CTA or ultrasonography which was performed
to 58 (81.7%) of the patients. The etiology of the brain large
vessel occlusion of patients treated with endovascular
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TABLE 1: Patients’ characteristics.

All patients
N=71

Age (mean + SD) 67.4+12.5
Male gender, n (%) 50 (70.4)
Diabetes, n (%) 12 (16.9)
Dyslipidemia, 1 (%) 29 (45.3)
Arterial hypertension, n (%) 38 (53.5)
Coronary heart disease, n (%) 14 (20.0)
Cerebrovascular disease®, n (%) 18 (40.9)
Pulmonary disease, n (%) 4 (5.71)
Renal insufficiency, n (%) 6 (8.57)
Atrial fibrillation, n (%) 47 (66.2)
Heart failure, n (%) 9 (12.7)
Arrival time to the hospital, hours (median) 2.20

“Data for previous cerebrovascular disease was available only for 44 patients.

thrombectomy during the study period in Tampere Univer-
sity Hospital was cardioembolic in 38% and atherosclerotic
in 62% of the patients (personal communication, Dr. Jyrki
Ollikainen). There were no patients with coagulation disor-
ders or undetermined stroke etiology. Thrombus was aspi-
rated from MI-segment of the middle cerebral artery in
most of the patients (n =70; 98.6%). The only excluding cri-
teria for recruiting patients were unsuccessful retrieval of the
thrombus using mechanical thrombectomy. The median
delay time between onset of an ischemic stroke and hospital
arrival was 2h 30 min (range, 0-16 h). Medical history was
collected from the Tampere University Hospital digital
patient archives. Criteria for dyslipidemia were fP — kol —
LDL > 3.0mmol/L, fP —kol-HDL < 1.0mmol/L, or fP -
Trigly > 2.0 mmol/L.

Carotid arteries from 6 patients of the Tampere Vascular
Study (TVS) were obtained (N.O.) aseptically during open
carotid endarterectomy in 2005-2009 from symptomatic
patients with hemodynamically significant (>50%) carotid
stenosis. Control samples from two patients were obtained
from the left internal thoracic artery (LITA) during coronary
artery bypass due to symptomatic coronary artery disease.
All open vascular surgical procedures were performed at
the Division of Vascular Surgery and the Heart Center at
Tampere University Hospital.

2.2. Imaging and Assessment of Dental Pathology Using Brain
Computed Tomography. Noncontrast computed tomogra-
phy scans (Lightspeed VCT, GE Medical Systems, United
States) were taken of all patients when arrived to the hospital
to exclude intracranial hemorrhage, which were used for the
assessment of oral health. The parameters of those CT scans
were as follows: slice thickness of 0.63mm, field of view
320.0 mm, voltage of 120kV, and current of 649 mA. With
Philips Brilliant™ Workspace (Philips Healthcare, The Neth-
erlands), CT images were reconstructed into 1 mm multislice
axial, sagittal, and coronal planes. Additionally, synthetic
panorama and 1 mm multislice reconstructions of the right
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and left oblique sagittal and slice series in accordance with
dental arches were reconstructed.

CT reconstructions were inter and intraobserved by two
evaluators, an experienced (J.].) and a trainee oral and max-
illofacial radiologist (H.M.) using Carestream Vue PACS
software (Carestream Health, United States) and diagnostic
monitors (Barco, Belgium). The assessments were per-
formed in dim lighting. Scores that differed between the
observers were jointly assessed. In total number of teeth,
number of missing teeth, and per each tooth, the following
parameters were registered: periapical condition, horizontal
and vertical alveolar bone loss, furcation lesions, and condi-
tion of pericoronal spaces and caries.

The condition of a tooth was first registered as sound,
filled, caries with pulp exposed or teeth being decayed as
residual root, but due to the resolution and artefacts deteri-
orating diagnostic accuracy, we ended up combining the
groups as sound/filled and caries with pulp exposed/residual
roots. Periapical infection was registered if an osteolytic
lesion was found surrounding the root apex. Vertical/
angular defect > 1/3 of the root length was considered as ver-
tical bone loss. Scores for horizontal bone loss were difficult
to assess from CT scans and because scores differed between
evaluators, they were left out from the analyses. Furcation
lesion was registered if an osteolytic finding at the furcation
was found. Pericoronal space was defined to be infected if
the pericoronal space was >3 mm, and/or surrounding bone
showed signs of infection.

Combined pathology sum was calculated to assess the
overall oral health status in the same way as previously used
[18-20]. The number of vertical bone defects as well as peri-
apical, furcation, caries, and pericoronitis lesions was
summed per each tooth. The patients were then divided into
three equal groups based on the sum per each tooth: “nor-
mal to slight pathology” (n=21, sum 0-0.06), “moderate
pathology” (n =21, sum 0.07-0.23), and “severe pathology”
(n=22, sum 0.24-2.00). Edentulous patients (n=5) were
excluded from the analysis.

2.3. Mechanical Thrombectomy and Thrombus Sample
Collection. Mechanical thrombectomy and thrombus sample
collection were performed by a neurointerventional radiolo-
gist as previously described [10]. An introducer sheet was
placed into the femoral artery. A blood sample for back-
ground analysis was collected through the sheet. Guiding
catheter up to 9 Fr (Merci® Concentric medical) with a tip
balloon was navigated into the carotid artery proximal to
the occluded site. The microcatheter (0.021” Trevo) with
the guide wire was used to navigate through the occluded
site and to deploy the stent retriever (Trevo®, Stryken neuro-
vascular) over the thrombus. An additional distal access
catheter was used to achieve the thrombus if needed. Force-
ful aspiration through proximal catheter was acquired with a
60 cc syringe while retrieving the deployed stent. Different
device settings were selected by the operator selectively case
by case. Thrombectomy was repeated until the angiological
result of satisfaction. Gathered thrombus was divided into
1.5 cc Eppendorf for quantitative PCR analysis and a histo-
logical sample part in a formalin container.

2.4. Quantitative PCR. The presence of bacterial DNA was
identified using qPCR with the ABI PRISM 7900 HT
Sequence Detection System (Applied Biosystems, Foster
City, Calif) [21] with Maxima Probe/ROX qPCR MasterMix
(Thermo Fischer Scientific, Waltham, Mass). Arterial
thrombus aspirates were compared with arterial control
blood samples, as opposed to venous to venous to reduce
any potential bias caused by sampling from different sites
and, subsequently, bias resulting from different conditions
like flow dynamics and pressure. The presence of bacterial
DNA in the thrombus and in control blood samples was
determined by using published primers and a probe for
Streptococcus spp., mainly S. mitis group, A. actinomycetem-
comitans, and P. gingivalis using human housekeeping gene,
RNAseP (Applied Biosystems), as a reference gene [12]. The
positive controls were reference bacteria from ATCC collec-
tion (Streptococcus mitis ATCC 49456, A. actinomycetemco-
mitans ATCC 700685, P. gingivalis ATCC 33277, LCG
Standards AB, Boras, Sweden). Each measurement was per-
formed as duplicates or quadruples in uncertain cases. DNA
was extracted from the entire thrombus in most of the cases.
If the aspired thrombus was large, a small part of it was
taken and sent to histological analysesm and DNA was
extracted from rest of the thrombus. The relative amounts
of bacterial DNA in the samples were calculated by the com-
parative threshold cycle (Ct) method (AACt, ACtg,,..
— ACt g niror) [12, 22-25], where the sample was a thrombus
aspirate. and the control was a blood sample from the same
patient. First, the differences of the Ct values (ACt) between
candidate bacteria and reference gene measurement (Ct
from candidate bacteria — Ct from RNAseP) for each sample
were calculated; then, the comparative Ct (AACt) (ACt from
thrombus—-ACt from patients own arterial blood) was calcu-
lated. The samples were separated into two different groups:
samples were marked negative if 2744t < 2 and positive if
2744Ct > 2 [26, 27]. The presence of bacterial DNA in carotid
atherosclerotic plaques and healthy control LITA samples
was studied using the same comparative method by keeping
a LITA Ct values as a reference.

2.5. Statistical Analysis. Associations between bacterial DNA
findings and nominal dental parameters were analyzed using
Pearson’s chi-square test. Age-adjusted logistic regression
analysis was used to estimate the odds ratio (OR) and 95%
confidence interval (CI) for associations between bacterial
DNA findings, grade of carotid artery stenosis, and com-
bined dental pathology. The number of teeth was not nor-
mally distributed, and therefore, median values and
quartiles (Q1 and Q3) were calculated. Statistical signifi-
cance was set at p<0.05, and analyses were done using
IBM SPSS Statistics for Windows, Version 27.0. Armonk,
NY: IBM Corp.

3. Results

3.1. Patient Characteristics and Bacterial DNA Findings.
There were 50 (70.4%) men and 21 (29.6%) women in the
study population. The mean age of the patients was 67.4
years. None of the patients had been treated with antibiotics



or experienced severe dental infections or septicemia during
the stroke. Using universal bacterial primers, bacterial DNA
was found in 59 (83.1%) of the thrombus aspirates with a
median of 8.6-fold rate compared to the control peripheral
blood sample from the same patient. Viridans streptococcal
DNA was found in 56 (78.9%) of the thrombus aspirates
(median, 5.1-fold). All thrombi were negative for both P.
gingivalis and A. actinomycetemcomitans bacterial DNA.
One arterial blood sample was positive for P. gingivalis,
and two arterial blood samples were positive for A. actino-
mycetemcomitans bacterial DNA. All characteristics of
patients are presented in Table 1. Carotid stenosis was found
from 54 (81.2%) patients and carotid dissection from 4
(5.6%) patients. There were 11 (19.0%) patients with >50%
stenosis and 43 (74.1%) patients with <50% stenosis.

3.2. Association between Dental Pathology and Bacterial
DNA Findings in Thrombus Aspirates. Patients had poor oral
health. They had in median 19.0 (Q1: 9.0; Q3: 26.0) teeth
(range, 0-32 teeth). Of the total 71 patients, periapical lesions
were found in 32 (45.1%), vertical bone loss in 20 (28.2%),
furcation lesions in 25 (35.2%), caries in 21 (29.6%), and
enlarged pericoronal spaces in 3 (4.2%) patients. There was
no association between the number of teeth and bacterial
DNA counts in thrombus aspirates. Connection between
dental pathology and bacterial DNA findings in thrombus
aspirates was not statistically significant when dental vari-
ables were treated individually (Figure 1). However, when
pathologies were summed, a linear correlation between oral
streptococcal bacterial DNA findings and tooth condition
was found (p = 0.032) in age-adjusted analysis, whereas this
association was not found for total bacterial DNA amounts
(p =0.197). In age-adjusted analysis, patients with better oral
health had more oral streptococcal bacterial DNA in their
thrombus than the group with the worst pathology
(p=0.028). On mean, the group with normal to slight
pathology had 25.8-fold difference, the moderate pathology
group had 13.0-fold difference, and the severe pathology
group had 5.8-fold difference between thrombus and arterial
blood oral streptococcal DNA amount (Figure 2).

3.3. Association between Carotid Artery Stenosis and
Bacterial DNA Findings in Thrombus Aspirates. There was
no association between carotid stenosis and total bacterial
DNA amount in thrombus aspirates. However, patients with
>50% stenosis had slightly more (18.1- v.s. 13.9-fold) oral
streptococcal DNA in thrombus aspirates compared to
patients with <50% stenosis, but this difference was not sta-
tistically significant (p=0.578) in age-adjusted logistic
regression analysis, due to high variation in the DNA folds
and small number of the cases (Figure 3).

3.4. Association between Carotid Stenosis and Dental
Pathology. There was no difference (p = 0.604) in the num-
ber of teeth between those with >50% carotid stenosis
(18.7 + 8.9) compared to those with less than <50% stenosis
(17.0 £ 10.1). We found that there were more cases (45.5%
v.s. 25.0%) with severe dental pathology among patients with
>50% carotid stenosis compared to those with less than
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<50% stenosis, respectively. In logistic regression analysis
with age and amount of oral streptococcal DNA as covari-
ates, there was a trend (OR 7.122; 95% CI 0.78-65.5; p =
0.083) in the association of >50% carotid stenosis with more
severe dental pathology, while age (OR 1.044, p = 0.295) or
amount of streptococcal DNA (OR 1.023, p=0.188) was
not significant covariates (Figure 4).

3.5. Oral Bacterial DNA in Carotid Stenosis Samples. Oral
streptococcal DNA (viridans group streptococci, mainly
Streptococcus mitis) was detected in 2 (33%) of the 6 surgi-
cally collected sterile atherosclerotic carotid endarterectomy
samples showing advanced atherosclerosis. In one of these
cases (17%), DNA from P. gingivalis was also amplified.
Cases negative for oral bacterial DNA also showed severe
atherosclerosis.

4. Discussion

It has been reported that carotid artery atherosclerosis is an
important cause of large vessel stroke, and a part of acute
ischemic stroke may be due to embolism from the carotid
arteries [3, 4, 28]. It has also been found that periodontal dis-
ease and fewer teeth may be associated with an increased
risk of ischemic stroke [5]. We found recently that most
thrombus aspirates from acute ischemic stroke patients con-
tained DNA from oral streptococcal bacteria [10]. In the
present study, we found that stroke patients had poor oral
health. We found an inverse association of the severity of
oral pathology but a positive trend of carotid artery stenosis
with the amount of streptococcal DNA in thrombus aspi-
rates of stroke patients. Patients showing more severe
carotid stenosis tended to have the worst oral health. We
found streptococcal DNA in 1/3 of carotid endarterectomy
samples from surgical patients suffering peripheral artery
disease.

The most frequent bacteria in cerebral thrombus aspi-
rates in our study, viridans group streptococci, are common
oral bacteria associated with the development of dental pla-
que [29]. Oral streptococci may initiate or contribute to
platelet aggregation in coronaries [15]. We have earlier
reported viridans group streptococcal DNA in thrombus
aspirates of patients with acute myocardial infarction [12]
and in lower limb arterial and in deep venous thrombosis
[13]. Lockhart et al. demonstrated in 2008 that dental oper-
ations such as tooth extraction and daily toothbrushing can
cause transient bacteremia. Most translocated bacteria into
the circulation that could be cultivated were viridans strepto-
cocci [30].

In our study, 60.6% of the patients suffered from moder-
ate or severe dental pathology and had 19.0 teeth left on
median. The number of teeth is similar to the numbers in
a Finnish national survey, where the average amount of teeth
was 17.0 in people aged 65-74 [31], while in same aged
Swedish population, the average number of remaining teeth
is 26.0 [32]. Although the number of dentists does not difter
significantly between Sweden and Finland, the practice of
preferring tooth extraction instead of treatment of caries
applied in Finland may explain the differences in the
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Figure 1: Dental pathological lesions in patients with or without total bacterial DNA (a) and oral streptococcal DNA (b) findings in

thrombus aspirates. All pairwise comparisons p > 0.05.

number of teeth [7]. Interestingly, stroke prevalence in Fin-
land (395.9 strokes per 100,000 inhabitants) is higher com-
pared to Sweden (368.6 strokes per 100,000 inhabitants)
[33], even though the countries share a similar economic
and social model as well as a similar health care system [34].

Our findings on the association between bad oral health
and low bacterial DNA findings in thrombus aspirates of the

same patients might be explained by studies reporting that
the longer the periodontal disease exposure, the fewer focal
infection focuses there are present. With only few teeth left
in the oral cavity as a result of a long-term periodontal
disease, the infectious pathway is closing and the continuous
flow of oral bacteria through the ulcerated epithelium of
gingival periodontal pockets reaching the bloodstream
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streptococcal DNA (p =0.701) between the thrombus and arterial
blood from the same patient and the relationship with <50%
(n=43) and >50% (n=11) carotid artery stenosis. DNA amounts
were lower in patients with carotid dissection (n =4).

decreases [9, 35]. There are several previous studies that
have shown the association between ischemic stroke and
tooth loss, especially in younger age groups [5, 6, 36-38].
In our study, where the mean age of the patients was 67
years, we found no association between tooth loss and bacte-
rial DNA counts in thrombus aspirates. Among elderly peo-
ple, tooth loss is not found to be connected with
atherosclerotic vascular diseases [6, 39, 40]. Our patients’
tooth number did not significantly differ from the same aged
Finnish population. In addition, edentulousness is related to
lowered oral bacteria (P. gingivalis) IgG levels [41].

We found streptococcal DNA in 1/3 of carotid endarter-
ectomy samples from surgical patients suffering peripheral

artery disease. Previously, the presence of odontogenic bac-
teria, such as viridans group streptococci (S. sanguinis) and
P. gingivalis, has been shown in the atherosclerotic plaque
of human carotid artery histologically and by polymerase
chain reaction [42, 43]. It has been proposed that bacteria
present in carotid artery plaques contribute to the enhanced
risk of plaque rupture leading to thrombosis [17]. Viridans
group streptococci have been found to be the most common
gram positive bacteria persisting intracanal disinfection pro-
cedures and after root canal treatment [44]. Koren et al.
showed that an abundance of Veillonella sp. and Streptococ-
cus sp. in the oral cavity was linked to their abundance in
carotid atherosclerotic plaques [45].

We found that the association of >50% carotid stenosis
to be related to more severe dental pathology. Our findings
are in line with previous studies [9, 46, 47]. Periodontitis
has been shown to elevate the overall infectious burden in
generally healthy populations [48], apical periodontitis is
suggested to be associated with increased levels of systemic
inflammation [49], and chronic low-grade oral infection
and inflammation have been related to unfavorable systemic
cardiovascular effects [50-52]. Thus, bad oral health may
contribute to the progression of atherosclerotic lesions via
circulating chemical mediators [53-55].

Our patients with >50% stenosis had slightly more oral
streptococcal DNA in their aspirated thrombi compared to
those with <50% stenosis. We may hypothesize that oral
bacterial DNA found in thrombi are originated from rup-
tured carotid artery plaques. There is evidence of oral bacte-
rial inflammation to be related to the development of the
atherosclerotic plaque by the inflammatory mechanism in
the arterial wall and through cytokine activation [56-59].

There may be other explanations for our findings con-
cerning oral health and bacterial DNA findings in aspirated
thrombus. Extraction of teeth can be done for other reasons



Stroke Research and Treatment

50

40 4

30 1

20 1

Combined dental pathology sum (%)

OR=7.1, p=0.083

<50%

>50%

Carotid stenosis

O Normal to slight pathology

Moderate pathology
M Severe pathology

FIGURE 4: Association between severity of carotid artery stenosis and combined dental pathology. In logistic regression analysis with age and
amount of oral streptococcal DNA as covariates, there was a trend (OR 7.1; 95% CI 0.78-65.5; p = 0.083) in the association of >50% carotid

stenosis with more severe dental pathology.

than disease related. Temporal sequence is hard to deter-
mine. American Heart Association stated in their systematic
review that observational studies do not support a causative
relationship between periodontal disease and atherosclerotic
disease [60]. The relationship has been proposed to be due to
different reasons, such as tooth extraction for other reasons
than periodontal disease, a change in diet after tooth loss,
selection bias, and biological and behavioral factors [61,
62]. Nevertheless, there is a positive linear association
between oral health and overall mortality [63-65]. One of
the limitations of our study was that we had a small sample
size. The grade of carotid artery stenosis was measured using
either computerized tomographic angiography or Doppler
ultrasound, of which concordance is 79% [66]. We only
had two categories of carotid stenosis. Tooth conditions
were estimated from CT reconstructions. We did not have
the possibility of conducting a clinical examination. Dental
and periodontal disease can be recognized with dental CT
[67]; yet, it is not as accurate as the golden standard cone-
beam computed tomography [68]. In addition, the PCR
method we used detects the presence of bacterial DNA in
the examined samples but is unable to separate living bacte-
ria from phagocytized bacterial DNA.

5. Conclusions

Stroke patients had poor oral health. We found an inverse
association of the severity of oral pathology but a positive
trend of carotid artery stenosis with the amount of strepto-
coccal DNA in thrombus aspirates. Our results propose that
the association between poor oral health and acute ischemic
stroke is linked to carotid atherosclerosis. The question in
which way oral bacteria are involved in the pathogenesis of
acute ischemic stroke or are they solely bystanders remain
still open and should be evaluated in forthcoming studies.
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BACKGROUND: Acute ischemic stroke may be due to embolism from ruptured atherosclerotic carotid arteries. DNA of oral
bacteria, mainly the viridans streptococci group, has been detected in thrombus aspirates of patients with ischemic stroke as
well as in carotid endarterectomy samples. Because viridans streptococci are known to possess thrombogenic properties,
we studied whether their presence in thrombus aspirates and in carotid artery specimens can be confirmed using bacterial
immunohistochemistry.

METHODS AND RESULTS: Thrombus aspirates from 61 patients with ischemic stroke (70.5% men; mean age, 66.8years) treated
with mechanical thrombectomy, as well as carotid endarterectomy samples from 20 symptomatic patients (65.0% men; mean
age, 66.2years) and 48 carotid artery samples from nonstroke autopsy cases (62.5% men; mean age, 66.4 years), were im-
munostained with an antibody cocktail against 3 species (Streptococcus sanguinis, Streptococcus mitis, and Streptococcus
gordonii) of viridans streptococci. Of the thrombus aspirates, 84.8% were immunopositive for viridans streptococci group
bacteria, as were 80.0% of the carotid endarterectomy samples, whereas immunopositivity was observed in 31.3% of the
carotid artery samples from nonstroke autopsies. Most streptococci were detected inside neutrophil granulocytes, but there
were also remnants of bacterial biofilm as well as free bacterial infiltrates in some samples.

CONCLUSIONS: Oral streptococci were found in aspirated thrombi of patients with acute ischemic stroke as well as in carotid
artery samples. Our results suggest that viridans streptococci group bacteria may play a role in the pathophysiology of is-
chemic stroke.

Key Words: carotid artery stenosis m oral health m stroke m viridans streptococci

(85%), and the rest (15%) are hemorrhagic strokes

caused by an intracerebral or subarachnoid hemor-
rhage.! Carotid artery atherosclerosis is an important
cause of large vessel stroke, and a portion of acute
ischemic strokes may be due to embolism from rup-
tured carotid arteries.>™

Ischemic strokes represent the majority of strokes

Classic risk factors for acute ischemic stroke in-
clude age, male sex, hypertension, atrial fibrillation,
diabetes, hypercholesterolemia, and smoking, but
these do not completely account for the pattern of
stroke epidemiology.® Stroke is a common complica-
tion in severe bacterial infections, such as endocar-
ditis and meningitis, but it also occurs in other, more
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RESEARCH PERSPECTIVE

What Is New?

e Confirming previous bacterial DNA findings in
blood clots of patients with ischemic stroke, oral
streptococcal bacteria were found inside neu-
trophil granulocytes in blood clots and in the wall
of symptomatic and in asymptomatic carotid ar-
teries by bacterial immunohistochemistry.

What Question Should be Addressed

Next?

e Can the outcome of cerebral infarction be af-
fected with a timely short-term antimicrobial
treatment against oral streptococci?

e Could it be possible to develop a safe vaccine
against oral streptococci to reduce the risk for
an ischemic stroke caused by bacteria-triggered
thrombosis?

Nonstandard Abbreviations and Acronyms

ARRIVE Animal Research: Reporting of In Vivo
Experiments

ATCC American Type Culture Collection

BMG Brain, Microbes and Genetics

TSDS Tampere Sudden Death Study

TVS Tampere Vascular Study

common and milder infections.>® Increased levels of
antibodies against several bacteria, such as strepto-
cocci, staphylococci, and enterobacteria, were found
in 44% of young patients with stroke, but in only 9% of
controls.” Peripheral blood neutrophil count is an in-
dependent predictor of stroke severity on admission,
a greater degree of disability at discharge, and 30-day
mortality.®® Severe chronic dental infection was found
to predispose to stroke in men, possibly by affecting
blood coagulation and platelet function.’® Moreover,
previous infections or chronic exposure to common
infective agents are also suggested to contribute to
carotid atherosclerosis.

Recent developments in molecular microbiological
methods have attracted new interest in studying the
involvement of pathogens in cardiovascular diseases.
We recently amplified viridans group streptococcal
DNA using quantitative polymerase chain reaction from
the majority of aspirated thrombi of patients with acute
ischemic stroke treated with mechanical thrombectomy
(Figure 1)."2 Subsequently, we reported that these pa-
tients with stroke had poor oral health, which tended to

J Am Heart Assoc. 2023;12:e030639. DOI: 10.1161/JAHA.123.030639

Viridans Streptococci Found in Thrombus Aspirates

associate with carotid stenosis.'® Viridans streptococci
species belong to the normal oral bacterial microbi-
ome but are also known to cause infective endocarditis
and possess thrombogenic properties.*'> DNA of vir-
idans group streptococcal bacteria was also detected
in thrombus aspirates from patients with myocardial
infarction as well as from patients with lower leg throm-
bosis due to peripheral atherosclerosis.!®"”

In the current study, we examined whether the
presence of viridans streptococci group bacteria can
be confirmed in the thrombus aspirates of patients with
stroke and in carotid artery specimens using bacterial
immunohistochemistry.

METHODS

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

The present study is based on a bacterial immu-
nohistochemical study of cerebral thrombus aspirates
from patients with acute ischemic stroke in the BMG
(Brain, Microbes and Genetics) study, as well as ca-
rotid endarterectomy samples from symptomatic pa-
tients in TVS (Tampere Vascular Study) and carotid
artery samples from nonstroke autopsy cases in TSDS
(Tampere Sudden Death Study) (Figure 1).

BMG Study

Thrombus aspirates were collected from 61 consecu-
tive patients with ischemic stroke who had large-vessel
occlusion, mainly middle cerebral artery M1 and M2
segment, (mean age, 66.8years; 70.5% men), treated
with mechanical thrombectomy between December
2013 and July 2016 in the Acute Stroke Unit of Tampere
University Hospital, Tampere, Finland. The thrombus
was aspirated from the middle cerebral artery in 60 of
the 61 samples (98.4%) of the cases, with 1 thrombus
aspirated from the vertebrobasilar artery. Patients with
thrombolysis in cerebral infarction O or 1 recanalization
grade were excluded as the thrombus was unsuccess-
fully retrieved. A neurologist examined all patients when
they arrived at the hospital and evaluated the possibil-
ity of revascularization using thrombectomy together
with a neurointerventional radiologist. According to the
TOAST classification, the cause of large-vessel occlu-
sions of the brain in patients treated with endovascu-
lar thrombectomy during the study period in Tampere
University Hospital was cardioembolic in 38% and
atherosclerotic in 62% of the cases (personal com-
munication, Dr Jyrki Ollikainen).®® The median delay
between the onset of an ischemic stroke and hospital
arrival was 2 hours and 20 minutes (range, 0—16 hours).
Medical history was collected from Tampere University
Hospital digital patient archives. None of the patients
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Figure 1. Study protocol.

gPCR data modified from Patrakka et al.'? Figure created with BioRender.com. DAB indicates 3,3'-Diaminobenzidine; HRP, horseradish

peroxidase; and gPCR, quantitative polymerase chain reaction.

had been treated with antibiotics or had experienced
severe infections or septicemia during the stroke.

During mechanical thrombectomy, an introducer
sheath was placed into a femoral artery, and a con-
trol blood sample for bacterial genetic analysis was
collected through the sheath. A guiding catheter of up
to 9F (Merci, Stryker Neurovascular) with a tip balloon
was then navigated into the carotid artery proximally to
the occluded site. The microcatheter (0.021") with the
guidewire was used to navigate through the occluded
site and to deploy the stent retriever (Trevo, Stryker
Neurovascular) over the thrombus. An additional dis-
tal access catheter was used to reach the thrombus
if needed. Forceful aspiration through proximal cath-
eters was achieved with a 60-mL syringe while re-
trieving the deployed stent. In a minority of the cases,
only direct thrombus aspiration was used. The device
settings were selected by the operator case by case.
Thrombectomy was repeated until the angiologic result
was satisfactory. The gathered thrombus was divided
into a segment placed in a 1.5-mL microcentrifuge tube
for quantitative polymerase chain reaction analysis and
a histological sample placed in a formalin container.

J Am Heart Assoc. 2023;12:e030639. DOI: 10.1161/JAHA.123.030639

Tampere Vascular Study

Endarterectomy samples were collected from 20
symptomatic patients (mean age, 66.2years; 65%
men) diagnosed with ipsilateral carotid artery steno-
sis. All open vascular surgical procedures were per-
formed at the Division of Vascular Surgery and the
Heart Center at Tampere University Hospital between
2006 and 2009. The patients had experienced amau-
rosis fugax, a transient ischemic attack, or a stroke.
Eight (40%) patients had an acute ischemic stroke.
The severity of the carotid stenosis was histologically
classified, the average being 82% (range, 69%-99%).
All samples were classified as either fibrotic or calci-
fied atheroma (American Heart Association type V) or
complicated atheroma with rupture and thrombosis/
hemorrhage (American Heart Association type VI) ac-
cording to the American Heart Association classifica-
tion.'92° Medical history was collected from Tampere
University Hospital digital patient archives.

In the study, a small, 2x2- to 3-mm endarterectomy
sample that could be extracted without endangering
the patient was immediately placed in sterile 10% buff-
ered formalin. From the initial 96 samples obtained for
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histology, 20 (20.8%) were selected because they were
large enough for immunohistochemical studies.

Tampere Sudden Death Study

Postmortem carotid artery samples were collected
from 48 autopsy cases (mean age, 66.4years; 62.5%
men) during medicolegal autopsies at the Department
of Forensic Medicine at the University of Tampere
between 2010 and 2015, representing a cross-section
of the population. The selection criteria for the cases
were out-of-hospital death, time elapsed postmortem
of <6days, intact middle torso and bowel, no signs of
bacterial infections or drug addiction, and no visible
wounds or necrosis. None of the patients had died of
stroke.

The time interval between death and storage of
the body in the mortuary was <24 hours in all cases.
In the mortuary, the bodies were kept at 4 °C. Low
temperatures prevent bacterial growth, and bacterial
populations are unlikely to alter during such storage
conditions.?! Based on hospital records, incident po-
lice reports with data on drugs found in the home and
possible treatments, as well as physician’s admission
notes, none of the patients with a sudden out-of-
hospital death had used antibiotics within 2weeks
prior to their death. The relatives of the deceased
were sent a structured interview concerning risk fac-
tors and other background information.

Ethics

All participating patients gave their written consent
to the study. TVS was approved by the ethics
committee of Pirkanmaa Hospital District (R99204).
All clinical investigations were conducted according
to the principles of the Declaration of Helsinki. The
BMG study was approved by the ethics committee of
Pirkanmaa Hospital District (R13093), and the study
was explained to the patients. In TSDS, informed
consent was given by relatives. TSDS was approved
by the ethics committee of Pirkanmaa Hospital District
(RO9097). Methods were reported according Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines.??

Quantitative Polymerase Chain Reaction

Bacterial DNA was extracted from the BMG samples
using a commercially available QlAamp DNA Mini
Kit (Qiagen) according to the instructions provided.
Quantitative polymerase chain reaction was used to
detect the presence of bacterial DNA in the thrombus
and blood samples from the same patients by using
published oligonucleotide primers and probes for
Streptococcus spp., mainly the Streptococcus mitis
group, as well as Porphyromonas gingivalis and
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Aggregatibacter actinomycetemcomitans. Universal
bacterial primers and probe were determined with
RNaseP (Applied Biosystems) as a reference. These
methods are described in detail elsewhere.’

Immunohistochemistry

Antibodies against 3 major viridans streptococcal
species—Streptococcus sanguinis (American Type
Culture Collection [ATCC] 10556), S mitis (ATCC
49456), and Streptococcus gordonii (ATCC 10558)1°—
were produced by ThermoFisher using 90-day
rabbit immunization protocol. The performance of
the resulting antibodies was confirmed with Western
blot by staining the respective streptococcal lysates
(data not shown). All histological samples were
immunostained with an antibody cocktail containing
antibodies raised against the 3 species of viridans
streptococci. The immunostaining intensity was
assessed with a semiquantitative score (+/++/+++).
Imaged software (github.com/fiji/fiji) was used to create
color convolution in order to increase the contrast in
the immunostained samples for better visualization
of the results. Control stainings were performed with
an IgG isotype control antibody (ab37415, Abcam)
as well as with an IgG anti-Escherichia coli antibody
(ab137967, Abcam) raised in rabbits. The specificities
of the antibodies were tested in a histological tissue
section by inoculating them with a suspension of
streptococcal bacteria species (obtained from ATCC)
and performing an immunohistochemical study using
an antibody against the same bacteria (Figure S1).
Gut and liver samples from the TSDS autopsy cases
were stained with a streptococcal cocktail to show the
ability of the antibodies to detect streptococci in feces
as well as in liver Kupffer cells (Figure S2).

Statistical Analysis

Statistical analysis was performed using |1BM
SPSS Statistics 28. Associations between bacterial
immunohistochemistry and sample frequencies
were analyzed using x? test. P<0.05 was considered
statistically significant.

RESULTS

The mean age and sex of the participants did not differ
between the 3 study groups (Table). Cerebrovascular
disease was less frequent, and coronary heart disease
was more common in the TSDS series. Patients with
symptomatic carotid stenosis in the TVS series were
more often smokers compared with the other groups.
Hypertension was reported more frequently as a risk
factor in symptomatic BMG and TVS series patients
compared with the TSDS autopsy series.
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Table. Clinical Characteristics of the Study Series

Age, mean+SD, y 66.8+10.9 66.2+8.42 | 66.4+15.6
Men, n (%) 43 (70.5) 13 (65.0) 30 (62.5)
Diabetes, n (%) 11 (18.0) 4(20.0) 7 (14.6)
Dyslipidemia, n (%) 24 (39.9) 17 (85.0) N/A
Arterial hypertension, n (%) 31 (50.8) 15 (75.0) 15 (31.3)
Coronary heart disease, n (%) 13 (21.3) 6 (30.0) 26 (54.2)
Cerebrovascular disease, n (%) | 61 (100) 19 (95.0) 2 4.2
Atrial fibrillation, n (%) 39 (63.9) N/A N/A
Heart failure, n (%) 9 (14.8) 1(5.00) N/A
Smoking status, n (%) 13 (36.1)" 15 (75.0) 18 (37.5)

BMG indicates Brain, Microbes and Genetics; N/A, data not available;
TSDS, Tampere Sudden Death Study; and TVS, Tampere Vascular Study.

*Cause of death.

Data available from 36 patients.

As regards the aspirated cerebral artery thrombi
of patients with stroke, DNA from Streptococcus
spp., mainly the S mitis group, was found in 78.7% of
the cases participating in the BMG study (Figure 1),
whereas DNA from P gingivalis and A actinomyce-
temcomitans was not detected. Of the arterial blood
control samples collected during the thrombectomy
procedure, 9.33% were positive for Streptococcus
spp. and 1.33% for both P gingivalis and A actinomy-
cetemcomitans. These findings have been described
in detail in a previous article.'?

Of the 61 thrombus aspirate samples from the pa-
tients with stroke in the BMG study, 39 (84.8%) were
histologically positive (+/++/+++) for viridans strep-
tococci group bacteria (Figure 2). Most streptococci
were detected inside neutrophil granulocytes, but

there were also remnants of bacterial biofilm as well
as free bacterial infiltrates in some samples (Figure 3).
High numbers of neutrophilic granulocytes were pres-
ent in the samples.

Most (80.0%) carotid endarterectomy samples
obtained from symptomatic patients included in TVS
were positive for oral streptococci (Figure 2). In con-
trast, the carotid artery samples from the TSDS study
comprising out-of-hospital deaths, mainly due to coro-
nary heart disease, showed considerably less (31.3%)
immunopositivity, with 16.7% of the samples being
clearly immunopositive (++/+++). In the TVS endarter-
ectomies and TSDS carotid artery sample series, oral
streptococci were found in clusters of streptococcal
antibody-positive neutrophilic granulocytes as well
as remnants of bacterial biofilm (Figure 3). The immu-
nopositivity scores were highest in the BMG thrombus
aspirates and TVS carotid endarterectomies (P<0.001)
(Figure 2).

Staining of the samples with an IgG isotype anti-
body or E coli antibody resulted in a negligible signal,
suggesting the reliability of the viridans streptococcal
antibody cocktail staining (Figure 3).

DISCUSSION

The decline in strokes during the 20th century can
only incompletely be explained by conventional risk
factors and their temporal trends.>?® It has been long
suspected that bacterial infection may play a role in
the pathogenesis of stroke.® Using a molecular mi-
crobiological approach, we have found that thrombus
aspirates from patients with stroke contained viridans
streptococcal DNA fragments.™? In the present studly,
we confirmed the presence of viridans streptococcal

BMG

Immunopositivity score

3

TSDS

0% 10% 20% 30% 40 % 50 % 60 % 70% 80% 90 % 100 %

N +++ B ++ O + ONone

Figure 2. Sample frequencies and a 3-step classification of intensity of
immunopositivity (P<0.001).

BMG indicates Brain, Microbes and Genetics; TSDS, Tampere Sudden Death
Study; and TVS, Tampere Vascular Study.
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* Imagel color convolution

Figure 3. Bacterial immunostaining of the samples.

Viridans streptococcal immunostaining showing diaminobenzidine (brown) and color convoluted (red)
microscopical photographs of bacterial infiltrates in thrombus aspirates from the BMG series (A and B),
ruptured carotid atheroma samples from TVS (E through H), and carotid artery samples from the TSDS series
(I-J). Thrombus aspirates were also stained with IgG isotype (C) and Escherichia coli (D) antibodies to show
the specificity of the bacterial immunostaining. BMG indicates Brain, Microbes and Genetics; N/A, data not
available; TSDS, Tampere Sudden Death Study; and TVS, Tampere Vascular Study.
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bacteria using immunohistochemistry. Almost all of the
thrombus aspirates contained oral streptococci, lo-
cated mainly inside neutrophilic granulocytes. In symp-
tomatic patients subjected to carotid endarterectomy,
most carotid samples were strongly immunopositive
for viridans group streptococci. We also found clear
streptococcal immunopositivity in 17% of carotid artery
samples from autopsy cases representing a cross-
section of the population. To our knowledge, only 1
study has previously reported the presence of viridans
group streptococci in carotid artery endarterectomies
using immunolocalization,? but the presence of viri-
dans group streptococci in cerebral thrombi has not
been previously shown. Our results suggest that there
may be a connection between symptomatic inflamma-
tion in carotid arteries and cerebral thrombus.

The present concept is that atherosclerosis is a com-
plex chronic inflammatory disorder in the arterial intima,
driven by oxidized or otherwise modified low-density lipo-
protein.?5" Increasing knowledge suggests that the ath-
erosclerotic process may also be accelerated by a bacterial
infection, with infections of oral origin being extensively
studied.?®32 Both oxidized low-density lipoprotein and
bacteria activate Toll-like receptor-mediated pathways,
leading to the elevation of cytokine levels and systemic
inflamsmation, which are related to the initiation, develop-
ment, and rupture of an atherosclerotic plaque.*3¢ The
immune responses that have evolved to combat bacterial
infections are thus shared with those involved in the im-
mune response to the inflammatory components of ath-
erogenesis.” Oral infections have also been suggested to
contribute to carotid artery intima-media thickness, lead-
ing to carotid artery stenosis and subclinical atheroscle-
rosis,®® and, after adjusting for conventional risk factors,
a significant association has been reported between the
level of tooth loss (as a marker of past periodontal dis-
ease) and the prevalence of carotid artery plaques.®®

Oral bacteria can enter the bloodstream after
dental procedures (eg, root canal treatment or tooth
extraction) causing transient bacteremia. In tooth ex-
traction, most bacteria translocated into the circulation
have been found to be viridans streptococci.*4! Koren
et al found that the abundance of viridans streptococ-
cal DNA in atherosclerotic plaques correlated with their
abundance in the oral cavity.*? After accessing sys-
temic circulation, bacteria might end up in an athero-
sclerotic lesion via a circulating macrophage or directly
through neovasculature developing inside the carotid
atherosclerotic plague.*® Viridans streptococci can di-
rectly interact with platelets, causing their activation.'
Activated platelets (ie, platelet-derived growth factor)
induce the recruitment of proatherosclerotic cells,
which speeds up the atherosclerotic processes.*46
Following bacteremia, bacteria-induced thrombi might
thus also be trapped in the left atrial appendage, caus-
ing a cardioembolic stroke in patients with altered
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hemodynamics, such as in atrial fibrillation.*>4” In our
BMG series, 63.9% of the patients had atrial fibrillation.
However, despite that, 62% of the cases were consid-
ered to be due to atherosclerosis, suggesting uncer-
tainty in determining the cause.

Oral bacteria are known to form biofilms on hard
tooth surfaces but also on soft epithelial tissue.*®
Viridans streptococci are the initial colonizers in the de-
velopment of a dental plaque.*® It has been suggested
that bacteria form biofilm-like structures in the athero-
sclerotic plaque.®®®" This could contribute to the per-
sistent inflammation associated with atherosclerosis.
Biofilm-phenotype bacteria are much more resistant to
antibiotics than the same bacteria in planktonic form.

To validate the specificity of the immunohistochem-
ical stainings, we used several controls. The rabbit IgG
isotype control is a primary antibody that lacks speci-
ficity to the target. Isotype controls are used as nega-
tive controls to differentiate a nonspecific background
signal from a specific antibody signal. An E coli-spe-
cific antibody was used to show the specificity of the
viridans streptococci antibody cocktail. All IgG isotype
control-stained samples as well as the E coli immunos-
tainings were negative.

The limitations of our study include the fact that
we used 3 different sets of patient samples and that
the endarterectomy samples and thrombus aspirate
samples were taken from different patients. This cross-
sectional study is a hypothesis-generating study and
cannot demonstrate any etiological relation. In the fu-
ture, it would be interesting to collect the samples from
the same patients. We only used an antibody cocktail
against viridans streptococci species, and it is possible
that other bacteria may also be involved in the patho-
genesis of thrombosis. To demonstrate the cause, a
prospective multicenter study with larger patient series
should be designed.

CONCLUSIONS

We verified using immunohistochemistry that strepto-
cocci can be found in the aspirated thrombi of patients
with acute ischemic stroke as well as in atherothrom-
botic symptomatic carotid artery plaque samples, sug-
gesting their possible involvement in the pathogenesis
of ischemic stroke.
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