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1 INTRODUCTION 1 

Kawasaki disease (KD) is an acute febrile illness that affects children 2 

generally younger than five years old and older than six months. It was first described in 3 

1967 in Japan by the pediatrician Tomisaku Kawasaki (1) and has been reported 4 

worldwide in all ethnic backgrounds, ranking as the leading cause of acquired pediatric 5 

heart disease in developed countries. KD is a severe vasculitis of medium vessels 6 

primarily affecting coronary arteries and can lead to cardiovascular complications 7 

stemming from the intense systemic inflammatory response (1,2). KD incidence is higher 8 

in children of Asian background, with Japan having the highest reported KD rates (3). 9 

Analysis of geographical disparities, seasonal patterns, and clinical and immunological 10 

characteristics suggest a potential infectious etiological agent(s) for KD (4,5). However, 11 

despite efforts, the specific trigger remains unidentified (3,4). 12 

Principal clinical symptoms include persistent fever, skin rash, lips and 13 

oral mucosa erythema, non-purulent conjunctivitis, cervical lymphadenopathy, and 14 

changes in the extremities, such as swollen feet and hands (6). Without specific KD 15 

biomarkers, KD diagnosis is established based on four or more principal clinical symptoms 16 

and persistent fever (6). KD may lead to the development of coronary artery aneurysms 17 

(CAA) in 25 to 30% of affected children and can result in myocardial infarction (MI), 18 

sudden death, and cardiac ischemia disease within two years of disease onset (7,8). The 19 

standard KD therapy is a single high dose of intravenous immune globulin (IVIG) 20 

associated with aspirin, significantly reducing CAA incidence and preventing 21 

cardiovascular complications (9–11). However, some KD patients are not responsive to 22 

this treatment and are at a higher risk of developing CAA and other cardiovascular 23 

abnormalities (6,12,13). The pathophysiology of KD is complex and involves both adaptive 24 

and innate immune responses, with the overactivation of inflammatory cells and the 25 

production of pro-inflammatory cytokines, such as IL-1b (14,15).  26 

Recently, a novel class of endogenously produced lipids, biosynthesized 27 

from omega-3 fatty acids, were identified and termed specialized pro-resolving mediators 28 

(SPMs). These mediators possess pro-resolution properties and induce a shift in immune 29 
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response towards anti-inflammatory and tissue repair mechanisms, thus actively 1 

contributing to the resolution of diseases caused by uncontrolled inflammation (14). 2 

Leukocytes produce SPMs at the site of inflammation by oxygenating docosahexaenoic 3 

acid (DHA) and eicosapentaenoic acid (EPA), which are derived from omega-3 fatty acids. 4 

These lipids can be converted by lipoxygenases (LOX) or cyclooxygenase 2 (COX-2) into 5 

different lipid families, namely E-series resolvins (RvEs), D-series resolvins (RvDs), 6 

maresins (Mars), and protectins (PDs) (16,17). Metabolization of arachidonic acid (AA) 7 

from omega-6 fatty acids can generate another family of SPMs named Lipoxins (LXs) 8 

(18). 9 

SPMs exert their actions by interacting with G protein-coupled receptors 10 

(GCPRs) on the surface of leukocytes and structural cells like endothelial cells (19–22). 11 

Although their mechanisms are not yet fully understood, research has shown that they 12 

can help enhance efferocytosis, limit leukocyte traffic, reduce proinflammatory cytokines 13 

at the site of inflammation, and stimulate the release of anti-inflammatory molecules 14 

(17,23,24). In studies conducted on animals with atherosclerosis, abdominal aortic 15 

aneurysm, ischemic heart disease, and heart reperfusion, researchers have discovered 16 

that using SPMs as a treatment can prevent the formation of lesions, reduce existing 17 

lesions, decrease necrosis and tissue damage, and improve overall conditions and 18 

outcomes, thereby providing cardiovascular protection (25–27). The findings suggest that 19 

SPMs have several mechanisms that help induce resolution and repair, including 20 

promoting a reparative macrophage phenotype, reducing adhesion molecules for 21 

neutrophils and monocytes in endothelial cells, decreasing smooth-muscle cell migration, 22 

and reducing proinflammatory cytokines production, amongst other essential actions 23 

(24,25). This unique ability of SPMs to balance resolution and inflammation is noteworthy 24 

and has prompted investigations for new therapeutic strategies. 25 

In the following chapters, we will review the clinical features, diagnosis, 26 

treatment options, and long-term complications of KD. Additionally, the potential 27 

therapeutic effects of SPMs on cardiovascular disease will be discussed. 28 

 29 
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2 LITERATURE REVIEW 1 

2.1 THE FIRST DESCRIPTION OF KAWASAKI DISEASE 2 

In 1967, pediatrician Tomisaku Kawasaki published the first scientific 3 

report in a Japanese journal about an unfamiliar and novel syndrome he encountered 4 

while practicing at the Japanese Red Cross Medical Center in Tokyo (1). In this study, he 5 

carefully described the clinical features observed in 50 patients with this new syndrome 6 

(1). Initially, the illness was named mucocutaneous lymph node syndrome (MLNS), but it 7 

was later renamed Kawasaki Disease (KD) (1). In 1974, the American Academy of 8 

Pediatrics published the original report's English translation (1). Soon after, in 1976, 9 

pediatricians Marian Melish and Raquel Hicks at the University of Hawaii reported 12 10 

similar cases of MLNS in the United States, and KD was officially recognized worldwide. 11 

By 1979, Japan had already registered over 24,000 KD patients, and the correlation with 12 

severe and often fatal cardiac events was well-established (28,29). 13 

2.2 EPIDEMIOLOGY  14 

2.2.1 Kawasaki Disease Incidence Worldwide  15 

Following KD's first report by Dr. Kawasaki, Japanese investigators 16 

started to perform nationwide surveys in Japan, releasing epidemiological studies every 17 

two years to investigate and monitor the KD’s epidemiological data (30). As more 18 

information became available, novel guidelines for identification and diagnosis were 19 

established and evaluated (6). Reviews of previous reports on infantile polyarteritis 20 

nodosa suggest that KD may have been misdiagnosed and mistaken with other pediatric 21 

diseases that shared clinical similarities (29). Indeed, KD diagnosis is complicated by the 22 

absence of a specific clinical feature, biomarker test, or laboratory finding (6,31).  23 

KD cases are reported in all continents and ethnic groups (Table 1). 24 

Despite the initial challenges of monitoring the syndrome, epidemiological studies indicate 25 

increasing disease incidence (32,33). KD is the most prevalent cause of acquired heart 26 



 

 
 

18 
 

disease in children in developed countries (33). Epidemiological studies show increased 1 

incidence rates of KD in Asian children and children of Asian ancestry, suggesting 2 

possible genetic predisposition factors to KD development (33,34).  3 

KD incidence is higher in Asia, with Japan having the highest worldwide 4 

incidence and continually increasing over the years, recording a peak in 2018 with 5 

359/100,000 cases (children <5 years old) (35,36). The second highest incidence is in 6 

South Korea, with 191.0/100,000 in 2017 (children <5 years old) (37), followed by Taiwan 7 

in third place, with 75/100,000 (children <5 years old) reported in 2011 (38,39). 8 

Epidemiological data available from China indicates an incidence of 55.1/100,000 9 

(children <5 years old) in Beijing and 104.6/100,000 (children <5 years old) in Shanghai 10 

(40,41). In India, a regional study in Chandigarh showed a KD incidence of 4.54/100,00 11 

in children younger than 15 (42).  12 

A study conducted in Hawaii from 1996 to 2006 gathered results from 13 

children with KD from different ancestries (43). The overall KD incidence in the studied 14 

population was 50/100,000 (children <5 years old); however, when the same data were 15 

analyzed according to their ancestry, Japanese children had the highest KD incidence, 16 

210.5/100,000 (children <5 years old), and Caucasian children had the lowest KD 17 

incidence 13.7/100,000 (children <5 years old) (43). The same study showed that children 18 

from other different Asian backgrounds also exhibit significantly increased incidence 19 

varying from 64 to 86/100,000 (children <5 years old) compared with Caucasian children 20 

and the continental incidence in the United States (44). The United States and Canada 21 

reported similar incidences of 20.8/100,000 and 19.6/100,000 in children under five 22 

(43,44).  23 

Epidemiological data from the Middle East and Africa are scarce. A recent 24 

study from Iran, using national registration data, detected an incidence of 3.03/100,000 25 

(children <18 years old) in 2019 (45). Israel reported an overall incidence of 6.9/100,000 26 

(children <5 years old) from 2005 to 2009 (46). KD Arab Initiative (Kawarabi) also reported 27 

low numbers of KD in Arabic countries (47). Despite the initial belief that KD could be rare 28 

in those regions, researchers have reasonably discussed that poor data, lack of training 29 
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and awareness of physicians to discern KD cases, and limited access to diagnostic tools, 1 

such as echocardiography, could be masking the real incidence numbers (47).    2 

Moreover, information about KD in Latin America is also limited, likely due 3 

to the need for more awareness of the disease and the lack of mandatory reporting and 4 

national/local databases. The most extensive study conducted in South America to date 5 

comes from Chile, which reported an incidence of 8.4/100,000 (children <5 years old) in 6 

the period from 2005 to 2007 (48). Raising concerns about the lack of KD epidemiological 7 

studies in Latin America led to the creation of the international multicenter study Latin 8 

America Kawasaki Disease Network (original acronym REKAMLATINA). The project aims 9 

to enhance the management of KD in 20 Latin American countries through collaboration 10 

among groups of pediatric infectious diseases specialists. By analyzing clinical, 11 

demographic, and epidemiological data, they will conduct collaborative research to 12 

improve the understanding and treatment of the disease (49).  13 

Epidemiological studies from Western and Northern Europe indicated 14 

varying incidence rates across different countries. The Czech Republic reported the 15 

lowest incidence in Europe, with 1.6/100,000 (children <5 years old) in a two-year 16 

prospective study (50). Switzerland has an annual average of 8.4/100,000 (children <5 17 

years old) (51), the United Kingdom 9.1/100,000 (children <5 years old) (52), and the 18 

highest incidence is from a regional survey in Italy with 17.6/100,000 (children <5 years 19 

old) (32,44,53).  20 

KD mainly affects children under five years old, with a heightened risk for 21 

those between 6 months and two years old (33). Males are at higher risk of developing 22 

KD, with a male-to-female ratio of 1.5:1 among patients (54). Regarding recurrence cases, 23 

Japan has reported a recurrence rate of 3.5%, while the United States has a rate of 1.7% 24 

(55). Amongst Asian children in the US, the recurrence rate is higher at 3.5% (55). No 25 

significant difference has been detected in recurrence rates between females and males 26 

(55).  27 

Regarding fatality rates, Japan reported that patients with cardiac 28 

sequelae have higher risks of death when compared to patients with no cardiac sequelae 29 

(56). The study considered cardiac sequelae as aneurysms, stenosis, coronary artery 30 
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occlusion, myocardial infarction, and valvular lesion within one month after KD onset. 1 

Patients with cardiac sequelae had a standardized mortality rate of 1.86 (95% confidence 2 

interval, 1.02-3.13), and patients without cardiac sequelae had a mortality rate of 0.65 3 

(95% confidence interval, 0.41-0.96). Mortality peaked 15 to 45 days after disease onset 4 

when CAA was established (57).  5 

It is considered that most deaths related to KD stem from cardiac 6 

complications, which may occur even years after the initial diagnosis into adulthood, 7 

regardless of the treatment received.  Myocardial infarction (MI) cases in adults, fatal or 8 

non-fatal, have been linked to undiagnosed KD during childhood, so-called "missed" KD 9 

(4,58). 10 

Table 1. Kawasaki disease incidence. 11 
Country/Region Incidence1 Year Source 

Japan (35,36) 371/188 2019/2020 Nationwide survey 

South Korea (37) 191.0 2017 Nationwide survey 

Taiwan (39) 75 2011 
National Health Insurance Research 

Database 

Shanghai, China (40) 104.6 2017 Regional survey questionnaire 

Beijing, China (41) 55.1 2004 Regional survey questionnaire 

Chandigarh, India (42) 4.54* 2007 Regional questionnaire 

United States (43) 20.8 2006 Nationwide survey 

Canada (44) 19.6 2004-2014 Nationwide survey 

Iran (45) 3.03* 2019 National Database 

Israel (46) 6.9 2005-2009 National Database 

Chile (48) 8.4 2005-2007 National Database 

Czech Republic  (50) 1.6 1997-1999 Hospital Surveillance database 

Switzerland (51) 8.4 2013-2017 Hospital Surveillance database 

United Kingdom (52) 9.1 2008-2012 National Database 

1 Cases 5 years old (per 100,000) 12 
* Children 15 years old (per 100,000) 13 

2.2.2 Genetic background 14 

The geographical disparities in KD incidence led to further investigation 15 

of a possible genetic predisposition for KD susceptibility. Genome-wide association 16 
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studies (GWAS) have identified multiple single-nucleotide polymorphisms (SNPs) 1 

associated with KD susceptibility. SNPs linked to KD were identified in the following 2 

genes: ITPKC (Inositol-triphosphate 3-kinase C) (59,60), CASP3 (Caspase 3) (61), BLK 3 

(B lymphocyte kinase) (62), CD40 (Cluster of differentiation 40) (62) and FCGR2A (Fc 4 

gamma receptor 2A)  (63). Also, variants in three genes in the transforming growth factor 5 

β (TGF-β) signaling pathway, TGFb2 (transforming growth factor β2), TGFbR2 6 

(transforming growth factor β receptor 2), and SMAD3 were associated with increased KD 7 

susceptibility and contribute to pathogenesis influencing disease outcome and response 8 

to treatment (64).  9 

ITPKC acts as a negative regulator of T cell activity by inhibiting the Ca2+/ 10 

nuclear factor of activated T cells (NFAT) signaling pathway (59). In a study published by 11 

Onouchi et al., an SNP in the ITPKC gene was associated with prolonged activation of T 12 

cells during the acute phase, leading to KD susceptibility and a greater risk of coronary 13 

artery lesions (59,65).  A variant in the CASP3 gene was also identified with increased KD 14 

susceptibility and played a role in the same IP3/Ca2+/NFAT signaling pathway (61,65,66).  15 

B-cells significantly affect the regulation of the immune response and T-16 

cell activity through the interaction between CD40 and its ligand, CD40L. Thus, altered B 17 

cell function can affect the inflammation response during KD (67). Earlier studies have 18 

associated the presence of polymorphism in BLK, a crucial protein for B cell activation 19 

and development, and CD40 with reduced B-cell signaling stimulation (62,68). This 20 

alteration contributes to the immunopathogenesis of KD and increases susceptibility (69–21 

71).  22 

The FCGR2A gene is responsible for encoding FcgRIIA, which is the Fc 23 

receptor portion of immunoglobulin G (IgG) (formerly known as CD32a) and is involved in 24 

antibody-dependent response (63). It has been observed that SNPs in FCGR2A can 25 

impact the effectiveness of IVIG treatment for KD, potentially leading to IVIG resistance 26 

(63). 27 

The frequency of alleles among KD patients of different ethnicities can 28 

impact genetic association with disease susceptibility. Lee et al. demonstrated a 29 

discrepancy in the distribution of the BLK gene and its association with European descent 30 
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compared to Japanese and Taiwanese populations (62,72). ITPKC gene variant had no 1 

association in the Taiwanese population compared to Japanese and US children with KD 2 

(59,73). Interestingly, CASP3 and CD40 risk alleles are more frequently found in 3 

Europeans than in the Japanese population (67).  4 

2.2.3 Etiology 5 

KD etiological agent(s) remains unidentified despite many years of 6 

extensive research. Based on epidemiological data and clinical presentation, many 7 

hypotheses have been proposed since the first report of KD (74). Several countries have 8 

observed epidemic and seasonal variations in KD incidence, supporting this hypothesis. 9 

Japan reported epidemic cases in 1979, 1982, and 1986 (54). In addition, the US also 10 

reported increased KD incidence during the winter-spring season (5). The seasonality and 11 

geographical outbreaks of KD indicate that this disease could be transmissible among 12 

children (5,75). Indeed, in the last quarter of 2020, when strong sanitary measures were 13 

implemented to mitigate the spread of COVID-19, KD incidence significantly decreased in 14 

Japan (118/100,000 children <5 years old) (76). The incidence of KD cases in children 15 

under five years old peaked before the pandemic, with 315-359/100,000 cases from 2016-16 

2019 (76). The notable reduction in KD incidence in 2020 was associated with the lower 17 

rate of infectious diseases among the population, possibly due to COVID-19 protective 18 

measures such as social distancing and masking, supporting further the infection-19 

triggered pathogenesis hypothesis in KD (4,35,76). 20 

KD clinical features during the acute phase of the disease, such as fever, 21 

skin rash, conjunctivitis, cervical lymphadenopathy, and oropharyngeal erythema, also 22 

support the infectious trigger theory as similar symptoms are also observed in other types 23 

of infectious diseases (33,77). The fact that KD primarily affects children under five years 24 

old, an age-restricted population, reinforces the infectious agent(s) theory (4,74). Despite 25 

the ability of viruses and bacterial superantigens to initiate a magnified immunological 26 

response that could explain KD onset, research groups have not yet demonstrated the 27 

association between a specific agent and KD (74,78). 28 
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2.3 CLINICAL SIGNS OF KAWASAKI DISEASE 1 

KD's diagnosis is based on several clinical signs. The American Heart 2 

Association's (AHA) latest guideline considers high persistent fever as the primary 3 

symptom and determines disease onset (6). The fever has a remittent characteristic, with 4 

high spikes in temperature ranging from 100.4oF (38oC) to 104oF (40oC). It usually begins 5 

abruptly without any other sign and is little responsive to antipyretic drugs (6). The 6 

principal clinical features for KD diagnosis are skin rash, oropharyngeal erythema, non-7 

purulent bilateral conjunctivitis, cervical lymphadenopathy, and erythema of hands and 8 

feet (Table 2). Patients with fever and at least four of these clinical features meet the 9 

criteria for KD diagnosis and are referred to as complete KD (typical KD) (6). Patients who 10 

only partially meet the diagnosis criteria are classified as incomplete or atypical KD (6,79).  11 

Skin rash frequently appears after five days of disease onset, and the 12 

most common manifestation is usually extensive and starts in the trunk, moving forward 13 

to the arms, legs, and groin region (Figure 1A, B) (6,31). Reddening and swelling of the 14 

palms and soles of the hands and feet are also commonly present and may be followed 15 

by skin desquamation of the fingers and toes (Figures 1C, D). Changes in the nails may 16 

be visible during the chronic phase with transverse depressions adjacent to the proximal 17 

nail fold, known as Beau's line (31,79). The oropharyngeal and lips changes can present 18 

with diffuse erythema, dryness, fissures, peeling, or cracking. The tongue can also be 19 

affected, acquiring a red and bumpy appearance known as "strawberry tongue" (Figure 20 

1E). Bilateral bulbar non-exudative conjunctivitis appears within the first couple of days 21 

after fever onset, can last up to 5 weeks, and resolves rapidly (Figure 1G) (6,31,79). 22 

Cervical lymphadenopathy is the most minor common event out of the five principal clinical 23 

signs for KD diagnosis criteria (Figure 1H). It's usually unilateral, confined to the anterior 24 

cervical triangle with multiple swollen nodes (³1.5 cm in diameter). Some patients may 25 

experience early and prominent cervical lymphadenopathy that can be misinterpreted as 26 

bacterial lymphadenopathy delaying KD diagnosis (6,31,79).  27 

 28 

 29 
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Table 2. American Heart Association diagnosis criteria for Kawasaki Disease. 1 
 Persistent fever for at least five days (³100.4oF or 38oC) 

 Presence of at least 4 out of the 5 principal clinical features: 

1. Skin eruptions: maculopapular, scarlatiniform and erythema-multiform-like 

2. Peripheral extremities changes: erythema of palms and soles, edema of hands and feet, and 

periungual desquamation of fingers and toes 

3. Lips and oral mucosa changes: erythema, dryness, fissuring, peeling, cracking, strawberry 

tongue, diffuse erythema of oropharyngeal mucosa 

4. Bilateral bulbar conjunctivitis (non-exudative) 

5. Cervical lymphadenopathy (³1,5 cm diameter) 

 Exclusion of other diseases with similar clinical features 

 

 2 

Although KD can cause coronary artery lesions and cardiac problems, 3 

systemic inflammation during the acute phase can also impact other organs and be 4 

responsible for additional symptoms. Common neurological signs include somnolence 5 

and irritability (80,81). Gastrointestinal findings are vast and commonly include diarrhea, 6 

vomiting, abdominal pain, mild hepatic dysfunction, and gallbladder hydrops (77). Some 7 

respiratory findings, such as parabronchial and interstitial infiltrates, can also be present 8 

(81).   9 

KD diagnosis should be considered for every child with unexplained 10 

prolonged fever and principal clinical signs. Laboratory tests may provide extra support to 11 

indicate the best medical approach and detect non-classical KD cases. As the 12 

inflammatory response is intense during the acute phase, high counts of white blood cells, 13 

or leukocytosis, and granulocytes, mainly neutrophils, are observed (82). Erythrocyte 14 

sedimentation rate (ESR) and c-reactive protein (CRP) levels are also elevated (83). 15 

Thrombocytosis with high platelet count may occur during the second week of disease 16 

onset and normalize within six weeks (84,85). 17 

On the other hand, thrombocytopenia during the first few weeks of 18 

disease onset, although rare, is associated with disseminated intravascular coagulation 19 

that causes severe systemic abnormal blood clotting, leading to higher risks of coronary 20 

artery abnormalities (6). Imaging exams like electrocardiogram (EKG) and 21 
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echocardiogram (ECG) can help detect cardiac function, coronary lesions, and CAA. 1 

Normal results during the first week of disease onset should not exclude KD diagnosis or 2 

development of eventual lesions since they are only detectable after the acute period (6).  3 

 4 

Figure 1. Principal clinical findings in Kawasaki disease patients. A, B. Diffuse maculopapular eruptions 5 
in the arms and trunk. C, D. Swollen and erythema of hands with painful induration. E. Strawberry tongue. 6 
F. Cracked lips with erythematous appearance. G. non-exudative bilateral conjunctivital injection. H. 7 
Unilateral cervical lymphadenopathy. The Kawasaki Disease Foundation, Inc. approved using photographs 8 
depicting clinical manifestations. 9 

2.4 KAWASAKI DISEASE TREATMENT OPTIONS 10 

The standard treatment used for KD is a single high dose of IVIG (2 11 

mg/kg) combined with acetylsalicylic acid (aspirin; ASA) that should be administered as 12 
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early as possible, preferably within the first ten days of illness onset (6). It is also 1 

recommended to follow this protocol in children experiencing unexplained fever for more 2 

than ten days and in suspected incomplete KD cases (6,9). Although the specific 3 

mechanisms of action of IVIG are unknown, studies have established its effectiveness in 4 

reducing systemic inflammation by downregulating the production of inflammatory 5 

cytokines and preventing the development of cardiovascular lesions (86,87). However, up 6 

to 20% of patients with KD do not respond to IVIG treatment and are at a higher risk of 7 

developing complications and coronary artery lesions (88). Nevertheless, IVIG can still 8 

improve symptoms such as fever, skin rash, and conjunctivitis in resistant cases, 9 

improving overall clinical status (89–91). 10 

ASA is a nonsteroidal anti-inflammatory drug with anti-inflammatory, 11 

antipyretic, and antiplatelet properties. It downregulates prostaglandin production and has 12 

a crucial antithrombotic effect by irreversibly inhibiting cyclooxygenase, decreasing 13 

platelet aggregation, and blocking thrombosis (92,93). ASA has been associated with a 14 

lower risk of myocardial infarction, and guidelines recommend aspirin administration as 15 

prevention for patients at high risk for cardiovascular events (92–94). The prescribed 16 

concentration of ASA during the febrile phase of KD is 80 to 100 mg/kg/d (high dose) and 17 

30 to 50 mg/kg/d (moderate dose) by AHA and the Japanese Society of Pediatric 18 

Cardiology and Cardiac Surgery, respectively. A low-dose regime, 3 to 5 mg/kg/d, should 19 

be initiated to discontinue ASA treatment (91). Some prospective studies have questioned 20 

the appropriate dosage for ASA in KD, and a meta-analysis study showed that high doses 21 

of ASA do not reduce CAL incidence. On the other hand, doses of ASA >10 mg/kg/d have 22 

the same beneficial outcome as the >30 mg/kg/d regime. However, an optimal dose has 23 

not been confirmed (95–97).  24 

Before the advent of IVIG, corticosteroids were the first choice for treating 25 

KD. Studies in Japan have reported that additional therapy with a single dose of 26 

methylprednisolone (30 mg/kg) or prednisolone (2 mg/kg/d) for five days, combined with 27 

standard IVIG and ASA treatment, helped reduce the incidence of CAAs, lower fever 28 

duration, decrease systemic inflammation leading to a rapid resolution of the acute phase 29 

(98–100). 30 
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2.4.1 IVIG-resistance and rescue treatment 1 

Approximately 10-20% of children diagnosed with KD do not respond to 2 

IVIG treatment and require additional anti-inflammatory therapy (101,102). AHA defines 3 

IVIG-resistant cases as fever persisting or recurring after 36 hours of receiving the first 4 

IVIG infusion (6). This non-responsiveness is associated with an increased risk of 5 

developing CAA (99,103,104). The higher risk for disease severity associated with IVIG 6 

unresponsiveness led to the investigation of a system to aid clinicians in opting for a better 7 

course of treatment and follow-up. In 2006, Kobayashi et al. designed a scoring system 8 

to help predict IVIG resistance in Japanese KD patients based on laboratory and 9 

demographic factors (99). This scoring system is based on the levels of aspartate 10 

aminotransferase (AST), CRP, neutrophils percentage, sodium, platelet count, age of 11 

diagnosis, and treatment timeframe (99). However, the Japanese model was 12 

unsuccessful in predicting resistance in populations of different ethnic backgrounds, and 13 

further investigation is required to assess its accuracy in other ethnicities (105). 14 

A combination of a second dose of IVIG that can be associated with 15 

alternative anti-inflammatory medications, such as corticosteroids and infliximab, is 16 

suggested to treat KD patients with IVIG resistance (6,106). Intravenous 17 

methylprednisolone, followed by high-pulsed methylprednisolone, has shown promise as 18 

an adjunctive therapy for IVIG-resistant patients (107). The treatment demonstrated a 19 

tendency to improve overall symptoms along with reduced rates of fever reoccurrence 20 

and coronary abnormalities when used with the second dose of IVIG (108,109). Infliximab 21 

is a monoclonal antibody that binds to tumor necrosis factor (TNF)-a, an essential cytokine 22 

that participates in inflammation. Studies have shown that infliximab lowers inflammatory 23 

markers (CRP and ESR) and reduces neutrophilia and fever duration (106,110).  24 

Echocardiogram follow-up indicated less severe coronary artery lesions 25 

with infliximab co-treatment in a study considering infant KD patients aged 2-11 months 26 

old (110). The treatment was well-tolerated, and no significant side effects were reported 27 

after a single infliximab infusion (110–113). Further treatment is necessary to manage 28 

inflammation in cases where the patient does not respond to the second dose of IVIG, 29 
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infliximab, and corticosteroids. Some available options are intravenous cyclosporine, a 1 

specific inhibitor of calcineurin that blocks the calcineurin/NFAT signaling pathway and 2 

downregulates IL-2 transcription, preventing the hyperactivation of T cells that contributes 3 

to KD immunopathogenesis (71). Cyclosporin is an immunosuppressive medication, and 4 

it is administrated until fever subsides and the CRP levels normalize (71,114).  5 

2.5 CARDIOVASCULAR COMPLICATIONS 6 

Cardiovascular complications can manifest during the acute phase of KD 7 

but also years after the initial diagnosis and are the primary cause of mortality associated 8 

with KD (6,115,116). CAA is KD's most common cardiac finding, possibly leading to MI 9 

(117).  Abnormalities in the coronary artery can be present as dilations or aneurysms, a 10 

weakened area in an artery that bulges out and may eventually rupture. These coronary 11 

abnormalities may vary in size, number, and appearance and are considered a specific 12 

criterion for diagnosing atypical KD cases (6).  13 

Approximately 20-25% of untreated patients develop CAAs, which can be 14 

reduced to 4% with high-dose IVIG (118–120). Echocardiography is an important imaging 15 

tool for assessing coronary artery measures to detect CAA development. In 2017, AHA 16 

approved a guideline establishing the z-score system as the standard method for 17 

classifying and monitoring CAAs (6). The z-score is a measurement of the internal 18 

diameter of the coronary adjusted to the body surface area (BSA) and compared to the 19 

average diameter of a person with the same BSA to determine whether the internal 20 

diameter of the coronary artery is larger or smaller than average. This normalized 21 

measurement allows for a more accurate assessment over time (118). Japan has also 22 

implemented the z-score system alongside the conventional method of measuring the 23 

absolute coronary artery inner diameter, and a new classification scheme was established 24 

(Table 3) (6,121,122).  25 

 26 
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Table 3. Classification of coronary artery aneurysm based on American Heart Association guidelines 1 
combined with z-score and absolute dimension of the coronary artery diameter. 2 
Classification of CAA Z-score 

Normal 2 

Dilation 2 to 2.5 

Small aneurysm ³2.5 to 5 

Medium aneurysms 5 to 10, and absolute dimension 8 mm 

Large or giant aneurysm ³10, or absolute dimension ³8 mm 

Adapted from McCrindle, et al. Circulation, 2017 (6). 3 

AHA highly recommends that patients with a z-score of ³2.5 should be 4 

further evaluated by coronary angiography (CAG) for better visualization and thrombi 5 

detection (6). Most patients will have transient dilatation with a normal z-score (<2) that 6 

resolves within 4 to 8 weeks (123). However, 32 to 50% of patients with a normal z-score 7 

will show a gradual reduction of the luminal size over follow-up, compared to the first 8 

echocardiograph results used as baseline (124,125). Although uncommon, individuals 9 

with severe CAAs may also experience aneurysms in other medium-sized arteries that 10 

can result in thromboses or ruptures. Common areas for these aneurysms include the 11 

axillary, subclavian, brachial, femoral, iliac, splanchnic, and mesenteric arteries (110,113). 12 

Myocarditis is the earliest manifestation of KD and the predominant non-13 

coronary cardiac complication (115,116). Most KD patients will have echocardiography 14 

changes during the acute phase, with temporary left ventricle dysfunction, tachycardia, 15 

and gallop rhythm indicating sub-clinical and asymptomatic myocarditis. Histological 16 

examinations in the early stage reveal interstitial edema, inflammatory infiltration, and 17 

dilation of small vessels compatible with myocarditis. Effective therapy with IVIG can lead 18 

to complete restoration of myocardium function in mild cases where myocardial cells are 19 

still preserved (117,126). Studies on KD have mainly centered around CAA. Still, there is 20 

an increasing awareness of the significance of discussing the potential for noncoronary 21 

cardiac complications in KD patients over the long term (116,127). 22 

Moreover, cardiovascular collapse and hemodynamic instability with 23 

multiple organ involvement is a severe complication that affects 5% of KD children in the 24 

US; it is also referred to as KD shock syndrome (KDSS). The episode happens during the 25 

acute phase with hypotension and shock and requires extensive medical care. KDSS 26 
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cases are usually unresponsive to IVIG treatment and are associated with coagulopathy, 1 

high inflammatory parameters, severe CAAs, and myocardial dysfunction (128–130). 2 

KDSS patients show impaired diastolic and systolic dysfunction, low ejection fraction, and 3 

mitral and aortic regurgitation. Although the z-score appears normal during follow-up, the 4 

abnormal ventricular diastolic function is still detected, and long-term consequences must 5 

be investigated (128,131,132).  6 

CAAs or CA dilation is prevalent during the acute phase, and most cases 7 

are transitory, regressing within the first 3 months and completely resolving in 2 years 8 

(133). However, large CAAs have less chance of regression and are associated with 9 

higher risks of late cardiovascular complications due to stenosis, thrombosis, and 10 

calcifications that can lead to fatal or non-fatal events of MI and stroke over the following 11 

years. CAA can also rupture and block regular blood flow of the cerebral and carotid 12 

arteries causing ischemic stroke (134). Despite larger CAAs having lower changes of 13 

regression, it is not possible to confirm that smaller CAAs are at no risk of developing 14 

cardiovascular complications. Regardless of CAA status, KD patients are more likely to 15 

experience cardiovascular symptoms such as chest pain, palpitations, and shortness of 16 

breath (135).  17 

KD patients have abnormal vascular endothelial function and possibly 18 

ongoing vascular inflammation and other intermediate markers for atherosclerosis, such 19 

as abnormal lipid profile and elevated CRP serum levels, that may early development of 20 

atherosclerosis (136,137). KD patients are also more likely to have other secondary 21 

complications like hypertension and peripheral vascular disease (135). 22 

Although the acute febrile phase has a significant clinical impact, the 23 

cardiovascular alterations caused by KD can be carried on into adulthood and result in 24 

severe, sometimes fatal, events later in life (133,138). A few studies have addressed the 25 

long-term consequences and health outcomes of KD patients and reported strong 26 

evidence of cardiovascular alterations and tissue remodeling in the months and years 27 

following KD diagnosis (138). Myocarditis is an important complication of KD which can 28 

still be observed up to 11 years after the initial KD diagnosis and can lead to left ventricular 29 

dysfunction (127,139,140). Follow-up studies of KD patients revealed the presence of 30 
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histopathological alterations in endomyocardial biopsies with inflammatory infiltration, 1 

interstitial fibrosis, myocardium degeneration, abnormal myocardial arrangement, and 2 

ventricular hypertrophy up to 14 years after KD onset  (141–143). Regardless of CAA 3 

presence, myocarditis with intense fibrosis reduces cardiac function and may progress to 4 

heart failure, being responsible for deaths associated with KD later in life (132,144). 5 

Fibrosis and myocardial ischemia may also lead to arrhythmias, and KD patients can show 6 

abnormal electrocardiograms and develop ventricular tachycardia post-MI (133,145).   7 

2.6 LONG-TERM FOLLOW-UP OF KAWASAKI DISEASE 8 

Long-term management of KD-related cardiovascular complications 9 

requires follow-up surveillance according to the history of coronary artery involvement to 10 

determine whether changes in therapy or surveillance plans are necessary (6,31). The 11 

focus is to identify changes in the coronary artery that could favor the risks of thrombosis 12 

and stenoses, which may lead to ischemic heart events and, eventually, death. 13 

Additionally, surveillance helps detect changes associated with myocardial abnormalities 14 

and valvular function (6,31). In 2017, the AHA released a recommendation statement for 15 

the long-term follow-up of patients based on their CAA status, which is classified using 16 

the z-score system. The statement includes two algorithms: one for determining 17 

cardiology assessment indications and additional cardiovascular disease risk assessment 18 

and another for recommending thromboprophylaxis and medical therapy. The standard 19 

cardiology assessment involves thoroughly examining the patient's medical history and 20 

physical condition and an echocardiogram and electrocardiography (6).  21 

Repeating the echocardiographic exam after 4 to 6 weeks of KD onset 22 

and acute treatment is recommended to reassess the coronary artery involvement. 23 

Patients with no lesions (z-score 2) can be discharged from cardiology care between 4 24 

weeks to 12 months. Patients with only dilation (z-score 2 to 2.5) can also be discharged 25 

if the z-score decreases to 2 by the 4 to 6 weeks assessment. Otherwise, they should 26 

be monitored after six months to 1 year or until total regression. For patients with CAA, 27 
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the frequency varies according to the severity and progression of the lesions, ranging from 1 

every three months to 5 years based on the risk level classification (6).  2 

To ensure proper care, occasional check-ups every 10 to 20 years are 3 

encouraged for any patient with a history of KD (6). Patients with thrombosis, obstructions, 4 

and myocardial ischemia symptoms should undergo additional cardiology evaluation, 5 

including inducible myocardial ischemia and angiography, to determine the presence of 6 

coronary artery stenosis. Regardless of a patient's CAA status, physical activity and age-7 

appropriate reproductive counseling should be available at every health-care visit. It is 8 

highly recommended to assess and manage cardiovascular disease risk factors (6). While 9 

it is known that KD patients have a higher risk for cardiovascular events and abnormalities 10 

later in life, the real impact of CAA, myocardial changes, and cardiac sequelae, including 11 

fibrosis/scarring, have yet to be systematically investigated (6).  12 

2.7 IMMUNOPATHOGENESIS OF KAWASAKI DISEASE 13 

Despite numerous investigations, the etiology of KD remains unknown, 14 

including the exact trigger(s) and the immune system response mechanism that initiates 15 

the pathological events. Studies analyzing cardiac tissues collected from fatal KD cases 16 

to characterize pathological processes involved in KD vasculopathy significantly 17 

contributed to the comprehension of the disease (146,147).  18 

2.7.1 Vasculopathy process 19 

Orenstein et al. detailed the histological findings and proposed a 20 

vasculopathy model with three linked events involved in KD vasculitis in the coronary and 21 

non-coronary arteries (147). The three characteristic vasculopathy processes identified 22 

were necrotizing arteritis, subacute/chronic vasculitis, and luminal myofibroblast 23 

proliferation (Figure 2) (147).  24 

During the acute phase of KD, necrotizing arteritis (NA) is the first 25 

pathological process, characterized by intense neutrophilic infiltration, which resolves 26 
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within two weeks of fever onset. It begins in the endothelial surface of mid-sized arteries, 1 

mainly in the coronary arteries. The inflammatory infiltration breaks down collagen and 2 

elastic fibers, ultimately destroying the endothelial layer, intima, internal elastic layer, 3 

media, external elastic layer, and varying portions of the adventitia, depending on the 4 

severity degree. The intense neutrophilic infiltration progressively destroys the structural 5 

integrity of the vessel wall, forming saccular aneurysms that may thrombose or rupture. 6 

The resolution of NA after the acute phase gave the false impression that cardiovascular 7 

damages in KD were limited to the acute phase (147). 8 

The subacute/chronic (SA/C) vasculitis typically starts two weeks after KD 9 

onset, initiates in the adventitia tissue, and may progress towards the lumen, leading to 10 

luminal myofibroblastic proliferation (LMP), and may last for months (147). Aneurysms 11 

form, and mild to severe tissue damage can be observed, eventually leading to 12 

thrombosis. In mild cases, the media and elastic laminas are preserved. The initial 13 

dilatation may return to normal, remain as a mild fusiform aneurysm, or progress to severe 14 

stages. Inflammation occurs in the circumference of the coronary artery and progresses 15 

along with LMP. This process, called SA/C-LMP, happens simultaneously until the intra-16 

luminal lesion is complete (147).  17 

As inflammation aggravates, saccular aneurysms are formed with some 18 

degree of destruction of both internal and external elastic layers, and the media is also 19 

affected. In a severe stage, saccular aneurysms are at risk of thrombotic events. In some 20 

cases, media and internal elastic layer components may be preserved and differentiated 21 

from NA, where there is a destruction of the internal elastic layer (147).  22 

During the third process, LMP may lead to complete luminal obstruction 23 

or stenosis of the affected coronary artery. Smooth muscle cells (SMCs) from the 24 

adventitia migrate to the media. During this migration, SMCs transform into myofibroblasts 25 

with wound healing phenotype and become more pleomorphic as they approach the 26 

lumen. SMC-derived myofibroblasts actively produce collagen and elastic fibers deposited 27 

in the intima layer. This intimal process is associated with the SA/C and can persist for 28 

months or years, ultimately resulting in complete luminal narrowing (147).  29 
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 1 

Figure 2. The three-linked vasculopathy process in Kawasaki disease. A. Necrotizing arteritis begins 2 
at the luminal endothelium, driven by neutrophil-mediated necrosis of the intima, media, and part of the 3 
adventitia. Although necrotizing arteritis resolves within two weeks after fever onset, large saccular 4 
aneurysms are formed, which can (rarely) rupture or (more commonly) gradually fill with layers of thrombus, 5 
potentially resulting in worsening ischemia or MI. Thrombus layers adjacent to the residual adventitia can 6 
calcify, and thrombi might recanalize. Subacute chronic arteritis and LMP are closely linked processes that 7 
begin in the first two weeks after fever onset but can persist for months to years. B. Subacute chronic arteritis 8 
begins in the adventitia and progresses toward the lumen. The infiltrate consists of lymphocytes, plasma 9 
cells, and eosinophils. Subacute chronic arteritis usually leaves some intact media and can result in fusiform 10 
arterial dilatation. C. LMP is a unique process involving the proliferation of medial smooth-muscle-cell-11 
derived myofibroblasts and the build-up of their matrix products, potentially resulting in progressive arterial 12 
stenosis with or without thrombosis. Abbreviations: LMP, luminal myofibroblast proliferation; MI, myocardial 13 
infarction.  14 
Figure from: Shulman S.T. and Rowley A. H. Nature Reviews Rheumatology, 2015 (148). 15 

2.7.2 Immune response  16 

The immune response specific to KD appears complex, involving innate 17 

and adaptive responses. The acute phase of KD is characterized by the infiltration of 18 

innate immune cells, mainly neutrophils, in the coronary artery and the excessive 19 

activation of inflammatory mechanisms with emphasis on the hyperactivation of NLRP3 20 

inflammasome, increased production of IL-1b, and other pro-inflammatory cytokines, 21 

including IL-2, IL-6, IL-8, TNF-a, and IFN-g (149).  22 

Studies have demonstrated that KD is an IL-1-driven disease, which 23 

depends on NLRP3 inflammasome activation in both human KD and murine models 24 

mimicking the disease (150,151). The NLRP3 inflammasome is a multiprotein complex 25 
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responsible for the proteolytic activation of IL-1b and IL-18 and, therefore, is a crucial 1 

contributor to the innate immune response. NLRP3 is activated upon recognition of danger 2 

signals released by endogenous or exogenous sources, such as microbial, and sensed 3 

by damage-associated molecule patterns (DAMPs) and pathogen-associated molecule 4 

patterns (PAMPs) from different microbial organisms (152). The inflammasome is 5 

composed of an intracellular sensor (NLRP3), an adaptor protein (ASC), and an effector 6 

protein (Caspase-1).  7 

The assembling of NLRP3 involves two signals. First, the priming 8 

signaling occurs upon stimulation of the upstream sensor TLR. It activates the 9 

transcription factor NF-kB that upregulates the expression of NLRP3, IL-1b, and IL-18. 10 

The second signal can be transduced by numerous stimuli, such as PAMPs and DAMPs, 11 

inducing a common cellular signaling that promotes NLRP3 inflammasome complex 12 

assembling and activation of Caspase-1, which in turn cleaves pro-IL-1b and pro-IL-18 13 

into mature IL-1b and IL-18 (Figure 3) (152). The activation of the NLRP3 inflammasome 14 

is a tightly regulated process, and its dysregulation has been implicated in various 15 

inflammatory diseases (153). Studies have found that KD patients have increased serum 16 

levels of IL-1b and IL-18 during the acute phase of the disease (154,155). 17 

 NLRP3 and IL-1-related genes are upregulated during the acute phase 18 

(150,156). Moreover, it was demonstrated that ITPKC regulates NLRP3 activation via 19 

intracellular Ca2+ stimulation, which leads to the production of IL-1b and IL-18 (154). This 20 

finding is consistent with genetic studies identifying an association between ITPKC 21 

polymorphism and an increased risk of developing KD and IVIG resistance (60,66).  22 

The strong evidence indicating that IL-1β plays a crucial role in the 23 

pathogenesis of KD and the development of cardiovascular lesions has led to 24 

investigation of the effects of IL-1 blockage (14). Treatment with Anakinra, an IL-1 receptor 25 

antagonist, blocks the binding of IL-1 to its receptor, which helps prevent the pro-26 

inflammatory signal cascade from being triggered (157). Results from Phase II clinical 27 

trials demonstrated that Anakinra is safe and effective in reducing cardiovascular 28 
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complications in refractory cases of KD (157–163). These successful results encouraged 1 

the development of Phase III clinical trials that are currently ongoing (163).  2 

 3 
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Figure 3. NLRP3 inflammasome activation pathway. NLRP3 inflammasomes are formed by priming and 1 
activation signaling. In the priming signaling, several PAMPs or DAMPs bind to the PRRs, such as Toll-like 2 
receptors, and activate the NF-κB signaling pathway, which leads to the upregulation of NLRP3, pro-IL-1β, 3 
and pro-IL-18. In the activation signaling, various PAMPs, DAMPs, or intracellular changes induce the 4 
formation of the NLRP3 inflammasome composed of NLRP3 as a PRR, pro-caspase-1, and adapter proteins 5 
such as ASC that connects NLRP3 and pro-caspase-1. Then, the inflammasome complex activates pro-6 
caspase 1. The activated caspase-1 cleaves the pro-IL-1b and pro-IL-18 into IL-1b and IL-18, biologically 7 
activated forms.  8 
Abbreviations: PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular 9 
patterns; PRRs, pattern-recognition receptors; ASC, apoptosis-associated speck-like protein containing a 10 
caspase recruitment domain; NLRP3, NOD-like receptor family pyrin domain containing 3; TLR, Toll-like 11 
receptor.  12 
Figure from Shimizu, T. et al. International Journal of Molecular Sciences, 2021 (164). 13 

During the acute phase, circulating neutrophils and monocytes secrete 14 

alarmins from the S100 protein family (165,166). Alarmins can modulate cyclooxygenase 15 

activity and favor pro-inflammatory pathways with further recruitment of leukocytes, 16 

production of inflammatory cytokines, matrix metalloproteinases, and reactive oxygen 17 
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species in the inflammation site, contributing to tissue damage and ongoing inflammation 1 

(167). These two proteins combine to form the complex called calprotectin. There is an 2 

increase in plasma levels of S100A8 (calgranulin A) and S100A9 (calgranulin B) during 3 

the acute phase, and persistent high levels of calprotectin are associated with giant 4 

aneurysms in KD patients (168). Levels of S100A12 (calgranulin C) are also elevated and 5 

activate the MAPK/NF-kB pathway leading to IL-1b production (165,169).  6 

A dysfunction and suppression of T cell subset activities contribute to KD 7 

immunopathogenesis. The regulatory T (Treg) cells /Th17 cell imbalance can affect the 8 

immunopathogenesis of KD. Treg cells play a crucial role in immune regulation by 9 

inducing the secretion of anti-inflammatory cytokines such as IL-10 and TGF-b, which help 10 

control the immune system's hyperactivation (170). Treg cells and their transcription factor 11 

FOXP3 are downregulated in patients with acute KD (171). Furthermore, the expression 12 

of the transcription factor ROR-gt expressed by Th17 cells and the frequency of Th17 cells 13 

are elevated during the acute phase of KD (170). Th17 T cells produce IL-17, which 14 

promotes the recruitment and activation of neutrophils and stimulates monocytes and 15 

fibroblasts to produce IL-1, IL-6, IL-8, and TNF-a, thus contributing to inflammation 16 

response perpetuation (170).  17 

During the process of SA/C, cellular infiltration in the coronary artery 18 

mainly consists of small lymphocytes, particularly CD8+ T cells, eosinophils, and IgA+ 19 

plasma cells. A few scattered CD68+ macrophages may still be present as they were 20 

previously recruited for efferocytosis during the NA's neutrophilic infiltration (146,172). 21 

TGF-b stimulates fibroblasts to transition into myofibroblasts with wound-healing 22 

properties responsible for tissue regeneration and undergoing regulated apoptosis. SMC-23 

derived myofibroblasts are hyper-activated and persist in the lesions, assuming a non-24 

resolving wound healing phenotype. SMC-derived myofibroblasts in vasculitis have a 25 

pathological role, and the exact mechanisms involved in this phenotype switch remain 26 

unclear (173).   27 

Matrix metalloproteinases (MMPs) are enzymes that degrade 28 

extracellular matrix (ECM) and are considered inflammatory markers. Increased levels of 29 

MMP3 and MMP9 are detected in acute KD patients with coronary artery lesions (CALs) 30 
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and may play an essential role in elastic lamina destruction and LMP (174). Histological 1 

evaluation of tissues collected from fatal acute KD cases indicated that IgA+ plasma cells 2 

infiltrate the coronary artery, pancreatic duct, and kidneys (172,175). An experimental 3 

mouse model that mimics KD characteristics demonstrated a dysfunctional gut barrier and 4 

IgA deposition in vascular tissues (172,175).  5 

2.8 EXPERIMENTAL MURINE MODELS OF KAWASAKI DISEASE VASCULITIS 6 

Research groups worldwide have dedicated arduous work to identify the 7 

etiology and the underlying mechanisms involved in KD pathogenesis that would advance 8 

diagnosis and therapeutic options. Cardiac tissues from KD patients are scarce and 9 

difficult to obtain, limiting the possibility of studying KD pathogenesis. Therefore, mouse 10 

models that mimic human KD vasculitis are essential tools that enabled researchers to 11 

uncover KD immune-pathological features and identify novel therapies and biological 12 

markers to support accurate diagnosis. Three murine models of KD vasculitis are 13 

associated with the induction of coronary artery aneurysms and aortitis: the Lactobacillus 14 

casei cell wall extract (LCWE), the Candida albicans water-soluble fraction (CAWS), and 15 

the nucleotide-binding oligomerization domain containing 1 (Nod1) ligand models (176).  16 

2.8.1 Candida albicans water-soluble model  17 

C. albicans is an opportunistic fungus that usually colonizes the human 18 

gastrointestinal tract. It can acquire pathogenic characteristics under certain conditions 19 

and cause various degrees of infection and inflammation, particularly in individuals with 20 

weakened immune systems (177). In 1979, Murata H. published a study demonstrating 21 

that an alkaline extract made from C. albicans isolated from the stool of acute KD patients 22 

had the potential to induce coronary arteritis in mice (178). Ohno N. later published that 23 

water-soluble polysaccharide fractions released by C. albicans cultivated in a fully 24 

synthetic medium could also cause systemic vasculitis and inflammation in the coronary 25 

arteries (177). The main components identified in the CAWS extract are the cell-wall-26 
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related polysaccharides a-mannan and b-glucans, which interact with the immune system 1 

and the disease (177,179). Deleting the Dectin-2 receptor, a C-type lectin receptor, 2 

protects mice from developing vasculitis in this model. This implies the crucial role of 3 

recognition a-mannan present in the extract by the Dectin-2 receptor (180). 4 

Histopathological findings share similar characteristics observed in human KD 5 

vasculopathy with the destruction of media and internal elastic layer and intimal 6 

hyperplasia of the affected coronary artery during the acute phase  (180). Neutrophils and 7 

macrophages infiltrate the inflamed area, and T lymphocytes can also be observed in the 8 

adventitia. This model induces arteritis in medium to large vessels, with a propensity to 9 

the aortic root and coronary artery bifurcation after five consecutive intraperitoneal 10 

injections of CAWS (178,179).  11 

Studies have shown IL-1β and TNF-α signaling are crucial for developing 12 

myocarditis and coronary artery inflammation in the CAWS model (181). IL-1R deficient 13 

mice presented acute myocarditis but failed to progress to CAA (181). Whereas 14 

administration of an anti-TNF-a drug (etanercept) reduced the incidence and severity of 15 

coronary arteritis, genetic deletion of the TNF receptor prevented vasculitis in this model 16 

(182). These results suggest that TNF-a is a critical cytokine in this model's onset and 17 

progression of vasculitis (180–182). Blocking the IL-1 pathway through genetic deletion of 18 

Il1b, Il1r1, Nlrp3, or Asc prevents CAWS-induced vasculitis, indicating that NLRP3 19 

inflammasome-driven IL-1b production is required (151). Neutralization of IL-1 using anti-20 

IL-1b antibody also attenuates the vasculitis (183).  21 

T and B cells also contribute to cardiovascular lesions in the CAWS 22 

model. Mice lacking T cells can still develop vasculitis, indicating that T cells alone cannot 23 

induce the disease in this model (184). Interestingly, Rag1-/- mice, lacking both T and B 24 

cells, have a lower incidence of cardiovascular lesions, which can be reestablished with 25 

wild-type mice but not with CCR2-/- mice, suggesting a critical role of CCR2 in CAWS-26 

induced vasculitis (184). Additionally, the CAWS model is distinguished by reduced IL-10 27 

and TGF-b levels, which hinder Treg differentiation, and increased IL-6 levels that facilitate 28 

T cell differentiation into Th17 cells, thus creating an imbalance ratio of Treg and Th17 29 
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cells and favoring inflammation progression (184). Nagi-Miura et al. showed that IL-10 1 

levels were increased in CAWS-resistant CBA/J mice strain and not in the susceptible 2 

strains with predominant Th1 response (185). Nakamura et al. demonstrated that 3 

supplementation of IL-10 attenuated inflammation and improved cardiac function in 4 

CAWS-induced mice (186). This indicates that IL-10, an essential regulator of the Th1/Th2 5 

response, downregulates the production of proinflammatory cytokines in the context of 6 

CAWS vasculitis. Moreover, CAWS components stimulate the Th1 immune response and 7 

induce vasculitis in mice with different genetic backgrounds, such as CD-1, C57BL/6N, 8 

and C3H/HeN mice strains (179). BALB/c mice exhibit a Th2-dominant immune response 9 

and resist CAWS-induced vasculitis (178,179). The susceptible mice strains that develop 10 

more severe vasculitis are associated with intense production of IL-1β, TNF-α, and other 11 

inflammatory cytokines (179).  12 

2.8.2 Nucleotide-binding oligomerization domain containing 1 ligand model.  13 

Nucleotide oligomerization domain-like receptors (NLRs) are a group of 14 

pattern recognition receptors (PRRs) specialized in identifying PAMPs. In the 15 

cardiovascular system, endothelial cells constitutively express NLRs and are the first 16 

structural cells to recognize endogenous danger signals and exogenous microbial 17 

components. The Nod-1 receptor, a member of the NLR receptor family, detects 18 

peptidoglycans from gram-negative bacteria and acts as an intracellular sensor. It triggers 19 

an inflammatory response via the RIP2 signaling pathway, ultimately activating the NF-kB 20 

nuclear factor and producing proinflammatory cytokines (187).  21 

Nishio et al., reported that subcutaneous or oral administration of the 22 

synthetic Nod-1 agonist, FK565, in mice primed with lipopolysaccharide (LPS) could 23 

induce vasculitis affecting the coronary artery and potentially mimic KD 24 

immunopathological features (188). The Nod-1 ligand activates endothelial cells and 25 

causes them to express adhesion molecules and secrete chemokines to attract 26 

leukocytes to the inflammation site (187). The pathological findings show a site-specific 27 

inflammatory infiltration with neutrophils and macrophages and intima hyperplasia in the 28 
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coronary arteries, like the acute phase of KD (189). Whereas diffuse inflammation is seen 1 

in the aortic root, unlike LCWE or CAWS-induced vasculitis, this model does not cause 2 

aneurysms or persistent coronary arteritis (187,190).  3 

In this model, T and B cells may not be required for immunopathogenesis 4 

as LPS-primed Rag1-/- mice still develop vasculitis after FK565 injection (191). 5 

Additionally, Ohashi et al. have demonstrated no difference in TNF-a levels in Nod-1 6 

ligand-induced mice (189). However, the levels of IL-1b were found to be associated with 7 

the severity of vasculitis, indicating the critical role of the innate immune response in 8 

inducing vasculitis in this model (189). Further investigation is recommended to determine 9 

vasculitis's mechanism and histopathological features in this model. 10 

2.8.3 The Lactobacillus casei cell wall extract (LCWE) model 11 

The LCWE-induced KD vasculitis model is well-established and a widely 12 

accepted murine in the KD research community. This model closely imitates the 13 

cardiovascular lesions and histological changes observed in children with KD, including 14 

coronary arteritis, aortitis, myocarditis, and cardiac abnormalities (192). Importantly, this 15 

model has been instrumental in uncovering the underlying mechanisms of the disease 16 

and has provided significant insights into potential therapy targets (176). 17 

Lactobacillus casei is a gram-positive bacterium commonly found in the 18 

human and murine gastrointestinal and urogenital systems. In 1985, Lehman et al. 19 

described that a single intraperitoneal injection of an extract composed of Lactobacillus 20 

casei wall fragments could induce coronary arteritis in mice (192). The extract is mainly 21 

composed of peptidoglycans and rhamnose. However, the specific mechanism(s) by 22 

LCWE to induce vasculitis remains unknown (192).  23 

The previously described KD vasculopathy with three linked processes 24 

consisting of NA in the coronary artery with intense inflammatory infiltration in the aortic 25 

root, followed by SA/C vasculitis with destruction of the wall vessel and concomitant LMP 26 

process culminating in aneurysms and complete coronary artery luminal obstruction are 27 

also observed in LCWE-injected mice (147,192). The systemic inflammation caused by 28 
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LCWE can impact other arteries, such as the abdominal aorta, renal, and iliac arteries, 1 

leading to aneurysms and dilation (193). LCWE-induced vasculitis requires the TLR2 2 

signaling pathway through the participation of the adaptor molecules, myeloid 3 

differentiation protein 88 (MyD88) and the TIR domain-containing adaptor protein 4 

(TIRAP). The TLR2 interaction activates NF-kB, prompting the transcription of genes 5 

related to the expression of pro-inflammatory cytokines (194).  6 

After LCWE injection, TNF-a can be detected in the serum and the 7 

inflammation site (195). It leads to the expression of chemokines and adhesion molecules, 8 

which facilitate the migration of lymphocytes to the coronary artery, contributing to damage 9 

to the vessel wall. TNF-a activity is also associated with elastin disruption, a key factor in 10 

aneurysm formation (195). The use of pharmacological blockade agents, such as 11 

etanercept and TNFR1-deficient mice, abrogate the development of vasculitis after LCWE 12 

injection (195). 13 

The critical role of IL-1β in the immunopathogenesis of KD was 14 

successfully demonstrated by Lee et al. in the LCWE-vasculitis model (14). The study 15 

found that mice deficient in Caspase1 and IL-1R fail to develop coronary arteritis after 16 

LCWE injection and that administration of recombinant IL-1β can reestablish the lesions 17 

in Casp1-/- mice. Importantly, blockage of IL-1R with the administration of IL-1Ra 18 

(Anakinra) can prevent LCWE-vasculitis (14). These results provided a significant 19 

understanding of the crucial part of IL-1β in KD immunopathogenesis and led to further 20 

investigation of novel therapeutics for KD aiming to block the IL-1β signaling pathway. 21 

Serum levels of IL-1b are elevated in mice injected with LCWE, as 22 

observed in KD patients during the acute phase (14,154). Porritt et al. demonstrated that 23 

macrophages, monocytes, and dendritic cells infiltrating the cardiovascular lesions are the 24 

primary source of IL-1β (150). Vascular smooth muscle cells (VSMCs) respond to IL-1β 25 

signaling, contributing to KD immunopathogenesis progression (150). Moreover, the study 26 

showed that inhibition of NLRP3 activation and blockage of IL-1β signaling in VSMCs 27 

prevented the development of cardiovascular lesions (150). These findings support that 28 

the NLRP3-IL-1β signaling pathway is pivotal in KD immunopathogenesis.  29 
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These observations made from studies with human data and the LCWE-1 

induced KD vasculitis mouse model provided valuable insights into the critical involvement 2 

of IL-1β in KD immunopathogenesis. LCWE-induced vasculitis also responds to IVIG 3 

treatment and IL-1Ra antagonist (Anakinra), significantly reducing IL-1b levels and 4 

cardiovascular lesions (14,157). Altogether, these data indicate that IL-1b is a crucial 5 

cytokine for KD immunopathogenesis and reiterate the translational importance of the 6 

LCWE model (14). In addition, Porritt et al. also reported sex differences in the model, 7 

with increased incidence and severity in male mice resembling human data of KD that 8 

shows higher incidence and enhanced expression of the IL-1b signaling pathway in male 9 

patients (196).  10 

Recently, it was also observed that this model was associated with a 11 

dysfunctional intestinal barrier and the deposition of IgA in inflamed vascular tissues (172). 12 

Participation of innate and adaptive immune responses is also observed in the LCWE 13 

model. According to Schulte et al., T cells contribute to the model since Rag-/- mice do not 14 

develop any lesions, and positive CD3 staining is found in the lesion, indicating T cell 15 

involvement. On the other hand, B cell-null mice develop coronary arteritis similar to WT 16 

mice after LCWE injection, suggesting that B cells are not required (15). In addition, CD4+ 17 

and CD8+ T cells are present in the lesion area, but depletion of CD8+ with specific 18 

antibodies decreases vasculitis development, indicating that CD8+ T cells contribute to 19 

LCWE-induced KD vasculitis (197). In KD patients, a higher infiltration of CD8+ T cells 20 

than CD4+ T cells is observed in the coronary artery, and genes associated with activated 21 

cytotoxic T cells are upregulated (198,199). In LCWE-induced vasculitis, mice exhibit 22 

increased expression of genes associated with cytotoxic T cell function in cardiac tissue 23 

(197). Although the exact mechanisms by which cytotoxic T cell exert their actions in KD 24 

remains obscure, these results support the concept that CD8+ T cells are crucial for KD.  25 

The LCWE-induced vasculitis model also shows functional heart 26 

dysfunction, a decreased ejection fraction, and cardiac rhythm abnormalities during the 27 

acute phase (157). Myocarditis is also observed in LCWE-injected mice (14,200). 28 

Therefore, it appears to be the most promising murine model to investigate acute 29 

mechanisms and long-term cardiovascular lesions associated with KD. By closely 30 
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reflecting the time course and therapy response, including Anakinra and histopathological 1 

features of human KD, the model has proven to be of enormous value, supporting 2 

researchers to gain insight into the pathophysiology of KD and explore potential treatment 3 

options that ultimately may improve disease management. Nevertheless, it is important to 4 

conduct a thorough and detailed investigation to provide a comprehensive description of 5 

the long-term histological findings in this model, as KD research has focused on CAA 6 

development during the acute phase. 7 

2.9 RESOLVING INFLAMMATION  8 

Inflammation is an essential mechanism that protects the body against 9 

unwanted invaders and supports tissue repair when damage occurs. However, the body's 10 

response to inflammation can sometimes become too intense and uncontrolled. This 11 

excessive inflammatory activation is the leading cause of many diseases, including 12 

cardiovascular diseases such as KD (24,199,201). Therefore, understanding the 13 

underlying cause of this imbalance is crucial for developing new treatment approaches. 14 

Acute inflammatory response is divided into two phases: the initiation and 15 

the resolution phase. Intense recruitment of peripheral leukocytes at the inflammation site 16 

occurs during the initiation phase. Neutrophils are usually the first responders and are 17 

attracted by a chemoattractant gradient governed by lipids mediators, prostaglandins 18 

(PGE2 and PGI2), leukotriene (LTB4), and other molecules like cytokines, chemokines, 19 

and complement components that aid neutrophils transmigration to the tissue where it can 20 

exert its function (202,203). To prevent an excessive inflammatory response, limiting the 21 

influx of neutrophils to the site of inflammation and promoting efferocytosis by reparative 22 

macrophages to clear cellular debris at the inflammatory site is crucial. Under 23 

physiological circumstances, the inflammatory response is limited and switches towards 24 

resolution, which supports tissue repair and helps the return to homeostasis without 25 

further complications or tissue damage (Figure 4) (204,205).  26 

The intriguing process when inflammation response switches towards the 27 

resolution phase was once believed to be a passive event or simply a mere consequence 28 
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of the declining activation of the proinflammatory response. Recently, the resolution 1 

process was recognized as distinct from the anti-inflammatory response by releasing 2 

specific molecules that induce resolution (205,206). When investigating an acute 3 

inflammatory model in mice, Serhan and collaborators uncovered a novel class of 4 

endogenous bioactive molecules in the inflammatory exudate that modulates neutrophil 5 

influx and downregulates proinflammatory cytokines, exerting both anti-inflammatory and 6 

pro-resolution mechanisms (207). These molecules were termed specialized pro-7 

resolving mediators (SPMs) and are derived from polyunsaturated fatty acids (PUFAs) 8 

(16). Their discovery supports the hypothesis that resolution is a programmed event 9 

intrinsically orchestrated by these so-called SPMs (204).  10 

  11 



 

 
 

47 
 

Figure 4. Lipid mediators in the acute inflammatory response, resolution, chronic inflammation, and 1 

other outcomes. SPMs play pivotal roles in the vascular response and leukocyte trafficking, from initiation 2 

to resolution. Eicosanoids are critical in initiating the cardinal signs of inflammation (upper left). The lipoxins, 3 

resolvins, protectins, and maresins are produced in self-limited responses to the initial inflammation stimuli. 4 

SPMs stimulate cellular events that counter-regulate pro-inflammatory mediators and regulate PMN, 5 

monocyte, and macrophage response, leading to resolution. Depicted are some pro-resolving actions in 6 

leukocyte trafficking (neutrophil-monocyte sequence), lipid mediator class switching, and efferocytosis of 7 

apoptotic PMN that must occur in resolving exudates for restoration of normal structure and homeostasis. 8 

SPMs enhance efferocytosis, stimulate signs of resolution (lower right), and signal adaptive immunity via 9 

lymphocytes. Failed resolution may lead to enhanced prostaglandins and leukotrienes, chronic 10 

inflammation, and fibrosis. SPMs counter-regulate pro-inflammatory chemical mediators, reducing the 11 

magnitude and duration of inflammation and stimulating re-epithelialization, wound healing, and tissue 12 

regeneration in model organisms.  13 

Figure from Serhan, C. N. Nature, 2014 (208). 14 

2.9.1 Pro-resolution lipid mediators   15 

Advanced lipidomic studies enabled researchers to identify several SPMs 16 

and their intermediates using liquid chromatography-tandem mass spectrometry (LC-MS-17 
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MS)-based metabololipidomics (205). SPMs comprise a family of structurally distinct 1 

endogenous lipid mediators, including lipoxins derived from v-6-PUFA arachidonic acid 2 

(ARA), v-3-PUFA-derived E-series resolvins from eicosapentaenoic acid (EPA), and D-3 

series resolvins, maresins, protectins derived from docosahexaenoic acid (DHA) (Figure 4 

5). These molecules are increased during resolution, and their production and release are 5 

perfectly timed and controlled during inflammation. Each SPM has distinct properties and 6 

exerts its action by interacting with G-protein coupled receptors (GPRs) present on the 7 

surface of leukocytes (207,209). PUFAs are carried to the inflammation site and are 8 

converted to SPMs by local leukocytes and some other cells, such as endothelial cells 9 

and platelets (22). They are first oxygenated by 12/15-lipoxygenase (LOX) originating 10 

lipids intermediates that are enzymatically converted in leukocytes in the inflammation site 11 

by 5-LOX to form distinct SPMs. Alternatively, intermediates can be metabolized via 12 

cytochrome P450 (CYP450) or by aspirin-acetylated-cyclooxygenase (COX)-2, 13 

generating aspirin-triggered (AT) isomers of SPMs (203,210).  14 

  15 
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 1 

Figure 5. Main biosynthesis route of specialized pro-resolving lipid mediators. Omega-6 PUFAs 2 
produce arachidonic acid, which serves as a precursor for lipoxins. Omega-3 PUFAs generate EPA and 3 
DHA, the main precursors of most SPMs. EPA is metabolized into resolvin E-series, while DHA can be 4 
converted into resolvin D-series, protectins, and maresins.  5 
Abbreviations: PUFAs, polyunsaturated fatty acids; SPMs, specialized pro-resolving mediators; AA, 6 
arachidonic acid; EPA, Eicosapentaenoic acid; DHA, docosahexaenoic acid; LOX, lipoxygenase; COX- 7 
2/Aspirin, Aspirin acetylates cyclooxygenase-2; CYP450, cytochrome P450; 15-HPETE, 15-8 
hydroxyperoexyeicosatetraenoic acid; 18-HpEPE, 18-(hydroperoxy) eicosapentaenoic acid; 17-HpDHA, 17-9 
hydroperoxyDHA; 14-HpDHA, 14-hydroxyperoxyDHA. 10 

The EPA biosynthesis pathway leads to the formation of E-series 11 

resolvins (RvEs). During vascular inflammation, aspirin acetylates COX-2 in leukocytes or 12 

endothelial cells, which converts EPA into 18R-hydroxy-EPE (18R-HEPE) (24). Activated 13 

neutrophils uptake 18R-HEPE and convert it to aspirin-triggered RvE1 (AT-RvE1). 14 

Through metabolization by 5-LOX, the biosynthesis route generates the intermediate 18S-15 

HEPE, further converted into RvE1 and RvE2 in neutrophils. RvE1 can be metabolized 16 

via CYP450-oxygenation as well. Eosinophils can convert 18R-HEPE into RvE3 by 12/15-17 

LOX (24). The DHA leads to D-series resolvins, maresins, and protectins. Endothelial cells 18 

can metabolize DHA via COX-2 to produce the intermediate 17R-hydroxy-19 

docosahexaenoic acid (17R-HDHA). Neutrophils convert 17R-HDHA using 5-LOX to 20 

generate AT-resolvin D1-4. AT-RvD1 can also be produced via an aspirin-independent 21 
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pathway through CYP450. Additionally, DHA can be metabolized via 12/15-LOX to 1 

generate 17S-HDHA and further be metabolized by 5-LOX to produce RvD1-6 (24). 2 

The Maresins family also derives from DHA. They were initially described 3 

as "macrophage mediators in resolving inflammation," but other leukocytes can also 4 

produce them. DHA is converted by 12-LOX to form 14-hydroperoxy docosahexaenoic 5 

acid (14S-HpDHA), which is further enzymatically converted to form the maresin family. 6 

This family comprises maresin-1 (Mar1), maresin-2 (Mar2), maresin conjugate in tissue 7 

regeneration (MCTRs), and maresin-like lipid mediators (Mar-Ls). To generate protectin 8 

(PD), DHA can also follow metabolization by LOX enzymes or COX-2, generating PD1 or 9 

AT-PD1, respectively (208).  10 

Overall, SPMs can limit polymorphonuclear (PMN) leukocyte infiltration 11 

and enhance efferocytosis, aiding in microbial and inflammation clearance and tissue 12 

repair, ultimately leading to homeostasis (208). These actions are cell-specific, mainly with 13 

the direct participation of neutrophils and macrophages. As mentioned, SPMs can interact 14 

with immune cells through GPCR interaction. However, other mechanisms and receptors 15 

that SPMs use have yet to be further elucidated and identified (24).  16 

Two receptors were reported to interact with RvD1, the lipoxin A4 17 

receptor/formyl peptide receptor 2 (ALX/FPR2) and GPR32 (or DRV1). These receptors 18 

are expressed in various types of cells, including leukocytes, vascular cells, and structural 19 

cells. In humans, both ALX/FPR2 and GPR32 are involved in the beneficial effects of 20 

RvD1, including limiting leukocyte infiltration and enhancing macrophage efferocytosis. 21 

However, murine lacks a GPR32 homolog and seems to exert its action through 22 

ALX/FPR2 interaction (211). RvD2 can bind with GPR18, stimulating the phagocytosis of 23 

debris and apoptotic PMNs (20).  24 

RvE1 interacts with two receptors, Chem23 and BLT1, in human 25 

leukocytes. It has several effects, including blocking the transmigration of PMNs through 26 

endothelial cells, reducing the production of superoxide, and decreasing the activity of 27 

antigen-presenting cells (APCs) by reducing the production of IL-12 through Chem23. 28 

BLT1 is also a receptor for LTB4. When RvE1 binds to BLT1, it blocks the activation of 29 
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NFk-B induced by LTB4, acting as a local damper for LTB4 and preventing the 1 

propagation of proinflammatory signs exerted by LTB4 (21,212).  2 

Table 4. Receptors identified to interact with specialized pro-resolving lipid mediators. 3 

Receptor 
SPMs Interaction  References 

ChemR23 (or ERV1) 
RvE1 
RvE2 

Agonist 
Arita, et al. (213) 
Oh, et al. (214) 

    

BLT1 
RvE1 
RvE2 

Inhibitor 
Arita, et al. (213) 
Oh, et al. (214) 

    

FPR2/ALX 
LXA4 
RvD1 

Agonist 
 

Krishnamoorthy, et al. 
(19) 

    
GPR18 (or DRV2) RvD2 Agonist Chiang, et al. (20) 

    

GPR32 (or DRV1) 
RvD1 
RvD3 
RvD5 

Agonist 

Arnardottir, et al. (215) 
Norling, et al. (216) 

Dalli, et al. (217) 
Chiang, et al. (218) 

    
LGR6 Mar1 Agonist Chiang, et al. (219) 

    
TRPV1 Mar1 Inhibitor Park, et al. (220) 

    

RORa Mar1 Agonist Han, et al. (221) 

    
GPR37 PD1 Agonist Bang, et al. (222) 

Abbreviations: Chem23, Chemerin receptor 23; BLT1, Leukotriene B4 receptor 1; FPR2/ALX, N-formyl 4 
peptide receptor 2; GPR18, G protein-coupled receptor 18; GPR32, G protein-coupled receptor 32; LGR6, 5 
G protein-coupled receptor 6; TRPV1, Transient receptor potential vanilloid 1; Retinoic acid-related orphan 6 
receptor-a, ROR-a; G protein-coupled receptor 37, GPR37. 7 

2.9.2 Cardiovascular disease and pro-resolution lipid mediators   8 

Uncontrolled and persistent inflammation, coupled with a failed resolution 9 

response, plays a critical role in the pathogenesis and progression of cardiovascular 10 

disease. Due to its status as the leading cause of death and comorbidities worldwide, 11 

numerous research groups have been devoted to understanding how the immune 12 

response regulates cardiovascular inflammation and how impaired resolution 13 

mechanisms contribute to disease progression (223). 14 
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Research conducted on mouse models of atherosclerosis has shown a 1 

notable disparity between pro-inflammatory lipids, such as PGE2 and LTB4, and SPMs 2 

(224). Administration of SPMs via intraperitoneal injection has shown promising results in 3 

preventing the advancement of atherosclerosis plaques (Table 3) (25,224). Treatment of 4 

mice with SPMs effectively minimizes the release of pro-inflammatory cytokines, inhibits 5 

ROS generation, induces collagen deposition, reduces the adhesion and traffic of 6 

leukocytes to the inflammation site, and enhances efferocytosis mechanisms (224).  7 

SPMs have been reported to effectively regulate monocytes and 8 

neutrophil infiltration in the inflammation site. Studies have suggested that SPMs can exert 9 

local action, inducing macrophage polarization to reparative type and favoring resolution 10 

shift. Furthermore, they are also efficient in restricting the infiltration of macrophages and 11 

neutrophils into the inflamed tissue. Some of the mechanisms involved in the specific 12 

action that SPMs play on the recruitment of inflammatory cells include the regulation of 13 

the expression of molecules involved in leukocyte adhesion and the key cytokines 14 

involved in signaling cell recruitment. Similarly, SPMs have also been reported to increase 15 

efferocytosis during abdominal aorta aneurysm formation (225,226). Other inflammatory 16 

vascular disease models also observe reduced pro-inflammatory cytokines, inflammatory 17 

infiltration, and increased reparative macrophages (27).  18 

While some studies have demonstrated encouraging results with the 19 

administration of SPMs in murine models of cardiovascular diseases like atherosclerosis, 20 

myocardial infarction, and aortic aneurysms, no study has yet been conducted to 21 

determine their efficacy and effects in treating the KD vasculitis model. It's important to 22 

consider certain limitations and challenges when working with SPMs.   23 

Absorption of SPMs is rapid, with peak levels reached within minutes after 24 

intraperitoneal or intravenous administration. SPMs are also highly metabolized, leading 25 

to a rapid decline in serum levels with a half-life of hours (227–229). This fact has 26 

prompted recent investigations into different techniques and approaches to SPM delivery 27 

to prolong their half-life and stability. The purity of SPMs and the metabolomics studies 28 

should also be considered, as they necessitate sophisticated techniques that can be 29 

costly and have limited access for research institutions. 30 
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Research groups have conducted clinical trials to elucidate the effects of 1 

Omega-3 supplementation on human cardiovascular disease outcomes. Despite these 2 

efforts, definitive conclusions regarding the optimal concentration of DHA and EPA within 3 

the Omega-3 supplement capsules remain unclear. Furthermore, alongside inherited, 4 

there is the additional hurdle to achieving a cost-effective method to obtain the desired 5 

concentration and purity of Omega-3 supplementation capsules. These factors have 6 

prevented current studies from affirming that Omega-3 supplementation is beneficial for 7 

cardiovascular disease outcomes (230–232). 8 

The use of murine models has been instrumental in understanding the 9 

mechanisms of action of SPMs. In this context, we have reviewed the effects of SPMs on 10 

cardiovascular disease murine models and further investigated whether treating the 11 

LCWE-induced KD vasculitis model with SPMs can reduce inflammation and offer 12 

cardiovascular protection. 13 

 14 
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Table 5. Specialized pro-resolving lipid mediators as treatment in murine models of atherosclerosis. 

Author SPM Treatment Treatment via Animals Key findings 

Fredman, G. et al. 
(224) 

RvD1 (100 
ng/mouse) 

Three times per 
week for 5 weeks 

i.p. 

Ldl-/- male mice on 
WD for 8 weeks 

(early lesions) or 17 
weeks (advanced 

lesions) 

Suppressed plaque 
progression and promoted 
plaque stability. Decreased 
LTB4 levels in the lesions; 

enhanced lesional 
efferocytosis; reduced 

MMP9 and collagenase; 
increased fibrous cap  

Viola, J. R. et al. 

(25)  
RvD2 and MaR1 
(100 ng/mouse) 

Every other day for 
3 months  

i.p. 

Apoe-/- mice on HFD 
or 4 weeks (early 

lesions) or 8 weeks 
(advanced lesions) 

Prevented 
atheroprogression and 

promoted plaque stability. 
Reduced necrotic core and 
macrophage accumulation; 

increased collagen 
deposition; stimulated M2 
macrophage phenotype  

Salic, K. et al.  
(233) 

RvE1 (1 or 
5mg/kg/day) 

Daily for 16 weeks  o.g. 
Apoe3*Leiden mice 
on WD for 9 weeks 

 

Attenuated lesions. 
Reduced lesion area and 

necrotic core; down-
regulated genes associated 
with immune cell traffic and 

inflammation

i.p. (intraperitoneal injection); o.g. (oral gavage); WD (Western-type diet); HFD (high-fat diet) 
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3 OBJECTIVES 1 

The current dissertation is based on the hypothesis that LCWE-induced 2 

KD vasculitis exhibits acute and long-term immunopathological and histological 3 

alterations in heart tissues and peripheral blood. Therefore, we first aimed to evaluate the 4 

inflammation in the heart vessels and the levels of immune cells of LCWE-induced KD 5 

vasculitis in the long-term period of disease progression. 6 

We also hypothesized that SPMs may be beneficial during LCWE-7 

induced vasculitis. Therefore, we first surveyed and summarized the current scientific 8 

literature focusing on the beneficial and/or therapeutic effects of SPMs in the context of 9 

cardiovascular disease. Next, using the LCWE-induced KD vasculitis mouse mode, we 10 

investigated whether treatment with RvD1, RvD2, and MaR1 attenuates the development 11 

of inflammation and cardiovascular lesions. 12 

 13 
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ABSTRACT  1 

Kawasaki disease (KD) is a pediatric febrile systemic vasculitis of unknown etiology and 2 

the leading cause of pediatric-acquired heart disease in children in industrialized 3 

countries. KD affects the coronary arteries (CA) and may result in the development of CA 4 

aneurysms (CAA). The standard treatment for KD is a single high dose of intravenous 5 

immunoglobulin (IVIG), effectively reducing the incidence of CAA from approximately 6 

25% to 5%. Reports indicate that CAA may persist and progress for months and even 7 

years after the acute phase of the disease, resulting in long-term cardiac complications. 8 

Therefore, it is necessary to understand and characterize the immune mechanisms and 9 

histopathological changes that occur during the long-term of KD. In this study, we used 10 

the Lactobacillus casei cell wall extract (LCWE) mouse model of KD vasculitis to assess 11 

the long-term immune and histopathological changes occurring in cardiovascular lesions 12 

of LCWE-induced mice over four months. We show that CAA and abdominal aorta 13 

dilations can still be detected up to 4 months after LCWE injection and initiation of 14 

vasculitis. We observed alterations in the composition of circulating immune profiles, such 15 

as increased monocyte frequencies in the acute phase of the disease and higher 16 

frequencies of neutrophils, which persist up to 4 months after disease initiation. 17 

Additionally, immunofluorescence analysis of heart tissues indicated the presence of 18 

neutrophils in the tissues, mainly localized around the inflamed CA, at all the assessed 19 

different time points. We also report a strong positive correlation between neutrophils and 20 

inflammatory monocyte counts and the severity of lesions five days after LCWE injection. 21 

We also report a deterioration of cardiac function during the acute phase of LCWE-22 

induced KD vasculitis, which worsens over time, and extensive fibrosis within the inflamed 23 
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cardiac tissue. Overall, our findings indicate that in LCWE-injected mice, increased 1 

neutrophil counts in the peripheral blood are a reliable predictor for disease severity and 2 

that long-term cardiac complications stemming from inflammatory cell infiltrations, cardiac 3 

dysfunction, and fibrosis can persist over long periods and are still detected up to 4 4 

months after disease initiation.  5 

INTRODUCTION 6 

Kawasaki disease (KD) is a febrile vasculitis that mainly affects children under the 7 

age of 5, leading to inflammation in the walls of blood vessels, particularly the coronary 8 

arteries (CA) (1). If left untreated, KD can result in serious cardiac complications (2–4). 9 

KD is the most prevalent acquired heart disease in children in all developed countries 10 

(5,6). The syndrome is characterized by a high fever that persists for at least five days 11 

and the apparition of several clinical manifestations, such as changes in the oral mucosa 12 

and cracking/fissuring lips, conjunctivitis, skin rash, edema and desquamation of the 13 

extremities (hands and feet), and cervical lymphadenopathy (1). Despite significant efforts 14 

over the past few decades to determine the cause of KD, its etiology remains unknown, 15 

and its pathogenesis is not yet fully understood. It is suggested that an infectious agent(s) 16 

causes KD, possibly a virus, which triggers an inflammatory response targeting 17 

cardiovascular tissues (7). However, no specific infectious agent has consistently been 18 

associated with KD (2). 19 

KD patients commonly experience cardiovascular manifestations, including the 20 

development of aneurysms and dilatations in small to medium-sized vessels, 21 

predominantly in the CA, and myocarditis (8,9). CA lesions (CALs) are the most prevalent 22 

manifestation and may eventually lead to acute myocardial infarction, which in some rare 23 
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cases can be fatal (10,11). CALs usually develop during the acute phase of KD (febrile 1 

phase), which lasts up to 10 days after fever onset (1). CALs affect approximately 25% 2 

of untreated patients and can regress upon proper intervention with approved treatments 3 

(11,12). The standard treatment for KD is a single high dose of intravenous 4 

immunoglobulin (IVIG) administrated within the first ten days of disease onset (13,14). 5 

While IVIG treatment has been proven to effectively reduce the uncontrolled inflammatory 6 

response, around 5% of KD-treated patients still develop CALs (14,15). Moreover, 7 

approximately 20% of children with KD do not respond to IVIG and are at even higher risk 8 

of developing severe cardiovascular complications (16,17). CALs can persist and 9 

progress for months and even years following the initial diagnosis, causing long-term 10 

cardiac complications (18).  11 

KD vasculopathy develops in three linked pathological processes (19). The first 12 

process, necrotizing arteritis (NA), starts at the endothelial layers of the CA. It is followed 13 

by subacute/chronic (SA/C) vasculitis and finally by luminal myofibroblast proliferation 14 

(LMP) (19). These three-linked processes are complex and involve tissue infiltration by 15 

innate and adaptive immune cells. Briefly, NA consists of massive infiltration of 16 

polymorphonuclear (PMN) cells, especially neutrophils, which secrete several 17 

inflammatory mediators, including cytokines, matrix metalloproteinases, elastase, and 18 

other enzymes (19). These mediators destroy the elastic layers and media, progressively 19 

causing the structural support of the coronary artery to break down and the subsequent 20 

development of aneurysms and dilations (19,20). NA is self-limited, lasting for two weeks, 21 

followed by the SA/C vasculitis process that occurs months or years after the acute phase 22 

of KD. SA/C vasculitis is an asynchronous non-neutrophilic process with T lymphocytes, 23 
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especially CD8+ T cells, IgA plasma cells, eosinophils, and scattered macrophage 1 

infiltration within the CA tissue (19,21). SA/C is intimately associated with the progressive 2 

LMP process and co-occurs. During SA/C-LMP, myofibroblasts proliferate in the 3 

adventitia layer and extend the lesion towards the lumen. Ultimately, persistent and 4 

chronic SA/C-LMP processes result in complete arterial wall destruction and the formation 5 

of coronary artery aneurysms (CAAs) that can cause coronary artery stenosis, leading to 6 

ischemic heart disease, thrombosis or rupture, which may also lead to fatal events (19). 7 

Detailed histological studies of cardiac tissue from KD patients have shown critical 8 

morphological and histological alterations years after initial diagnosis (10,19). Indeed, 9 

cardiovascular remodeling and inflammatory cellular infiltrations in the myocardium and 10 

CA may persist over time and lead to cardiac events later in life (10,22,23). A potential 11 

link between myocardial infarction deaths and undiagnosed cases of KD has been 12 

suggested (18,24). Fatal outcomes related to KD were believed to occur only within 60 13 

days of disease onset and, therefore, were exclusively associated with acute and 14 

subacute phases. However, studies have reported that fatal cases due to cardiac 15 

complications, with ischemic heart diseases being the most frequent, with an increased 16 

likelihood of occurrence during the first year after KD diagnosis and even years after that 17 

(10,25). 18 

These observations highlighted the possible long-term complications of KD 19 

(18,26). Therefore, investigating potential cardiovascular involvement beyond the acute 20 

phase of KD and long-term immunopathogenesis and histological alterations is 21 

warranted. However, such studies are challenging due to not only the complexity of the 22 

disease but also the limited access to human heart tissue samples (27). The Lactobacillus 23 
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casei wall extract (LCWE)-induced mouse model of KD vasculitis is a well-described and 1 

widely accepted animal model replicating many of the histological changes and 2 

immunopathological characteristics observed in KD patients (5,28). This model 3 

reproduces the key pathological features of KD, including coronary arteritis, abdominal 4 

aorta aneurysms, and cardiac function alterations, as well as treatment response to IVIG 5 

and Anakinra (5).  6 

Here, we used the LCWE-induced KD mouse model to investigate the long-term 7 

immunological and pathological changes of LCWE-induced cardiovascular inflammation 8 

and cardiac function in the long-term phase of the disease. 9 

METHODS 10 

Mice. Five-week-old, Wild-Type (WT) C57BL/6 male mice were purchased from the 11 

Jackson Laboratory (Bar Harbor, ME, USA) and housed under specific pathogen-free 12 

conditions and used according to the guidelines of Cedars-Sinai Medical Center 13 

Institutional Animal Care and Use Committee (IACUC).  14 

LCWE-induced KD vasculitis mouse model. Lactobacillus casei (ATCC 11578) cell 15 

wall extract (LCWE) was prepared as previously described (5). Briefly, Lactobacillus casei 16 

was grown in Man-Rogosa-Sharpe (MRS) broth (Sigma-Aldrich, #1.10661) for 48 hours 17 

in 37oC incubation, harvested and washed with PBS (1:1 volume). Harvested bacteria 18 

were spun down and resuspended in 20 mL of PBS for every 5 grams of bacteria pellet, 19 

followed by 2 hours of sonication using a 3/4-inch horn and a garnet tip at maximum 20 

power. Samples were maintained in a dry ice/ethanol bath during the sonication 21 

procedure to prevent overheat. After sonication, bacteria were centrifuged for 20 minutes 22 
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at 12000 rpm and 4oC. The supernatant was obtained and centrifuged for 1 hour at 38000 1 

rpm and 4ºC. The final supernatant was collected and stored at -80oC. The total rhamnose 2 

content of the cell wall extract was determined by a colorimetric phenol-sulfuric assay as 3 

described previously (31). Five-week-old WT male mice were injected with a single dose 4 

of 500 µl of either LCWE or PBS intraperitoneally (i.p.) to induce systemic vasculitis, as 5 

previously published (5,29,30). At the mentioned time points post-LCWE-injection, either 6 

week 2, 4, 8, 12, and 16, blood was collected, and mice were euthanized. Mice were then 7 

perfused with PBS, and heart tissues were collected and embedded in a tissue-tek 8 

optimum cutting temperature (O.C.T.) compound (Sakura Finetek, catalog #4583). 9 

Abdominal aortas were dissected from the level of the left renal artery down to the iliac 10 

bifurcation, photographed, and embedded in O.C.T., as previously published (29–32). 11 

The maximal abdominal aorta diameter was determined by measuring five different areas 12 

separated by 2 mm of the abdominal aorta infra-renal portion (below the left renal artery) 13 

with ImageJ (NIH) (31). The infrarenal abdominal aorta area was also measured in 14 

ImageJ. Heart tissue sections were stained with Masson's trichrome (Millipore Sigma, 15 

catalog #HT15), hematoxylin, and eosin (H&E; Millipore Sigma, catalog #MHS32). 16 

Sections were visualized by Keyence’s BZ-9000 microscope, and 10X magnification 17 

images were captured with a BZ-II viewer and BZ-II analyzer software (Keyence). Heart 18 

tissue histopathological examination and assessment of the severity of cardiovascular 19 

lesions (Cas, aortic root vasculitis, and myocarditis) were performed on H&E-stained 20 

tissue sections, as previously described (5,32). Briefly, acute inflammation, chronic 21 

inflammation, and connective tissue proliferation were each assessed using the following 22 

scoring system: 0 = no inflammation, 1 = rare inflammatory cells, 2 = scattered 23 
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inflammatory cells, 3 = diffuse infiltrate of inflammatory cells, and 4 = dense clusters of 1 

inflammatory cells. Fibrosis was determined using the following scoring system: 0 = no 2 

medial fibrosis, 1 = medial fibrosis involving less than 10% of the CA circumference, 2 = 3 

medial fibrosis involving 11% to 50% of the CA circumference, 3 = medial fibrosis 4 

involving 51% to 75% of the CA circumference, and 4 = medial fibrosis involving more 5 

than 75% of the CA circumference. As previously published, all four scores were 6 

combined to generate a severity score called the “Heart inflammation score” (5,31–33). 7 

Peripheral blood cell isolation. Mice were anesthetized with isoflurane, and blood was 8 

collected by retro-orbital bleeding using a heparinized micro-hematocrit capillary tube 9 

(Fisher Scientific, #22-362-566). 40 L of blood was transferred to a 1.5 mL tube, and red 10 

blood cell lysis was performed by adding 200 L of RBC lysis buffer (eBioscience, catalog 11 

#00-4333-57). After 2 minutes, 500 L of wash buffer (1X PBS and 1% FBS) was added, 12 

and samples were centrifuged at 2000 rpm for 5 minutes at 4oC. Pellets were suspended 13 

in 50 l of wash buffer and stained for flow cytometric analysis. 14 

Flow cytometric analysis. Samples were first incubated with an anti-murine CD16/CD32 15 

antibody (Clone 2.4G2; Tonbo Biosciences, catalog #70-0161-M001) for 10 minutes. The 16 

following murine antibodies were used for flow cytometric analysis: CD45.2 (1 ug/mL, 17 

AF700, clone 104, Biolegend, catalog #109822), CD11b (1 ug/mL, VioletFluor 450, clone 18 

M1/70, Tonbo Bioscience, catalog #75-0112), Ly6G (1 ug/mL, APC, clone 1A8, Tonbo 19 

Bioscience, catalog # 20-1276) or Ly6C (1 ug/mL, PE, clone HK1.4, Biolegend, catalog 20 

#128008). Dead cells were excluded using a fixable viability dye (eFluor 506, Invitrogen, 21 

catalog #65-0866-14). Samples were incubated on ice for 30 minutes with the antibodies, 22 

then washed two times with buffer (1X PBS and 1% FBS) and fixed with 0.5% 23 
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paraformaldehyde (PFA). Before sample acquisition, counting beads were added to each 1 

sample (CountBright, Life Technologies, catalog #C36950). Data was acquired on a 2 

SONY 3800 Spectral Cell Analyzer (Sony Biotechnology) and analyzed using FlowJo 3 

Software (BD Bioscience). 4 

Immunofluorescence. Heart and abdominal aorta tissue cryosections (7 m) collected 5 

from mice injected with either PBS or LCWE were fixed in cold acetone for 5 minutes, 6 

washed in PBS, and blocked for 1 hour with anti-goat serum. Samples were stained 7 

overnight with the following antibodies: Ly6G (Clone 1A8, BioLegend, catalog #127610), 8 

CD3 (Cell Signaling, catalog #78588S), Vimentin (Clone D21H3, Cell Signaling, catalog 9 

#5741S). Isotype controls were used as negative controls: Rat IgG2 (Biolegend, catalog 10 

#ab400526) and Rabbit IgG (Abcam, catalog #1ab71870). After washing three times with 11 

PBS, sections were mounted with DAPI (Abcam, catalog #ab104139). Images were 12 

obtained with a Keyence BZ-9000 fluorescence microscope.  13 

Echocardiography. Transthoracic echocardiography was used to evaluate ejection 14 

fraction (EF) and left ventricle inner diameter (LVID) by the apical 4-chamber (pulse-wave 15 

Doppler mode).  16 

Statistical analysis. Results are presented as mean  SEM. The normality of data was 17 

assessed using the Shapiro-Wilk test. A one-way analysis of variance (ANOVA) was used 18 

for multiple comparisons. Tukey post-test analysis was used for normally distributed data, 19 

and the Kruskal Wallis test with Dunn's multiple comparisons test was used for non-20 

normally distributed data. A comparison of Kaplan-Meier survival analysis was done using 21 

the log-rank (Mantel-Cox) test. Spearman's correlation test was used to analyze two 22 
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variables. A value of p<0.05 was considered statistically significant. Data were analyzed 1 

using GraphPad Prism Software (version 10). 2 

RESULTS 3 

LCWE induces long-term cardiovascular lesions. 4 

We first investigated the long-term pathology of LCWE-induced KD vasculitis by 5 

injecting WT mice with either PBS or LCWE and assessing heart vessel inflammation and 6 

coronary artery dilation at 2, 4, 8, 12, and 16 weeks after LCWE injection.  During the 7 

disease course, we observed a trend of increased mortality in LCWE-injected mice 8 

compared with control PBS-injected control mice (Figure 1A). Inflammation and severity 9 

of cardiovascular lesions were assessed by histological evaluation of H&E-stained tissue 10 

sections (Figure 1B, C). In heart tissues of LCWE-injected mice, we observed extensive 11 

infiltrations of inflammatory cells in the area surrounding the CA and several cases of 12 

complete stenosis of the CA, even at the earliest time point, at two weeks post-LCWE 13 

injection (Supplementary Figure 1A, B). Compared with PBS control mice, LCWE-14 

injected mice developed severe heart inflammation (Figure 1C and Supplementary 15 

Figure 1A, B). LCWE-injected mice also exhibited abdominal aorta dilatations and 16 

aneurysms along the supra-renal portion of the abdominal aorta (Figure 1D-F). H&E 17 

stained cross-sections of the abdominal aorta indicated intimal infiltration and increased 18 

aortic wall thickness (Figure 1D). However, the severity of cardiovascular lesions reached 19 

a plateau, and heart vessel inflammation and the size of abdominal aorta dilations were 20 

similar in LCWE-injected mice from week 2 to week 16 post-LCWE injection (Figure 1C, 21 

E, F). These results indicate that LCWE-induced coronary arteritis and abdominal aorta 22 
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dilations do not regress and persist beyond the acute phase of the disease, possibly 1 

leading to long-term cardiovascular complications.   2 

Systemic alterations in immune cell composition during the long-term phase of 3 

LCWE-induced KD vasculitis. 4 

We next sought to determine the composition of circulating immune cells during 5 

the acute and long-term phases of LCWE-induced KD vasculitis. Peripheral blood was 6 

collected from either PBS-injected control mice or LCWE-injected mice on day 5, week 4, 7 

8, 12, and 16 after LCWE injection. Samples were analyzed by flow cytometry using 8 

specific markers for leukocytes (live CD45.2+ cells), myeloid cells (live CD45.2+ CD11b+ 9 

cells) neutrophils (live CD45.2+ CD11b+ Ly6Clow Ly6G+ cells), inflammatory monocytes 10 

(live CD45.2+ CD11b+ Ly6G– Ly6Chigh cells), intermediate monocytes (live CD45.2+ 11 

CD11b+ Ly6G– Ly6Clow cells) and patrolling monocytes (live CD45.2+ CD11b+ Ly6G– 12 

Ly6C– cells) (Supplementary Figure 2A-D). We observed that LCWE injection increased 13 

the cell number of circulating leukocytes at day 5, with a second peak at week 16 (Figure 14 

2A, B).  The circulating frequencies and cell numbers of myeloid cells significantly 15 

increased at day five and week 12 post-LCWE injection compared to PBS-injected control 16 

mice, and cell numbers also increased on week 8 (Figure 2C, D). Similarly, frequencies 17 

and numbers of circulating neutrophils increased at day five post-LCWE-injection and 18 

remained significantly high until week 16 (Figure 2E, F). The different populations of 19 

monocytes were gated from CD45.2+CD11b+ Ly6C+ cells and classified according to their 20 

Ly6C expression (Supplementary Figure 2D). Inflammatory monocytes were selected 21 

based on high expression of Ly6C (Ly6Chigh), intermediate monocytes were with 22 

intermediate Ly6C+ (Ly6Cint) expression, and patrolling monocytes identified based on 23 



 

 
 

67 
 

the low Ly6C (Ly6Clow) expression (Supplementary Figures 2D and 3A-F). The 1 

frequencies and numbers of the different circulating monocyte subsets were increased 2 

during the acute phase of LCWE-induced KD vasculitis at day five post-LCWE injection 3 

(Supplementary Figure 3A-F). However, such differences were not observed later in the 4 

long-term phase of LCWE-induced vasculitis (Supplementary Figure 3A-F). While the 5 

frequencies and numbers of inflammatory and patrolling monocytes peaked at day 5 6 

(Supplementary Figure 3A-D), only cell numbers of intermediate monocytes peaked at 7 

day five post-LCWE (Supplementary Figure 3E, F). These results suggest that changes 8 

in systemic immune cell composition, particularly in frequencies and numbers of 9 

circulating neutrophils and myeloid cells, are still observed during the long-term phase of 10 

LCWE-induced KD vasculitis. 11 

Increased circulating levels of neutrophils are associated with the severity of 12 

LCWE-induced abdominal aorta dilations and cardiovascular lesions.  13 

We next investigated if increased systemic frequencies and numbers of neutrophils 14 

observed at day five post-LCWE injection correlate with the severity of LCWE-induced 15 

cardiovascular lesions. Mice were injected with LCWE, blood was collected on day five 16 

post-LCWE injection, and circulating neutrophil frequencies and counts were determined 17 

by flow cytometric analysis. Heart vessel inflammation and maximal abdominal aorta 18 

diameter and area were assessed 14 days post-LCWE injection. Higher neutrophil 19 

frequencies and counts strongly positively correlated with enlarged abdominal aorta 20 

dilations and the severity of heart vessel inflammation (Figure 3A-C). Similarly, higher 21 

frequencies and counts of circulating inflammatory monocytes at day five post-LCWE 22 

positively correlated with more severe development of abdominal aorta dilations (Figure 23 
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4A, B). However, we did not find any correlation between heart vessel inflammation and 1 

the frequency of inflammatory monocytes (Figure 4C). These data suggest that 2 

circulating neutrophil and inflammatory monocyte frequencies and counts are biomarkers 3 

indicative of disease severity and the development of LCWE-induced cardiovascular 4 

lesions.  5 

Neutrophils infiltrate the inflamed coronary arteries of LCWE-injected mice.  6 

Since the frequencies and numbers of circulating neutrophils increase from day 7 

five until week 16 post-LCWE injection and strongly correlate with the development of 8 

more severe LCWE-induced cardiovascular lesions (Figures 2 and 3), we next 9 

determined the presence of neutrophils in cardiac tissues by immunofluorescent (IF) 10 

staining. IF staining for Ly6G was performed on heart tissues from LCWE-injected mice 11 

at weeks 4, 8, 12, and 16 post-LCWE-injection, and the presence of neutrophils was 12 

quantified (Figure 5A, B). Surprisingly, neutrophils could still be detected in cardiac 13 

tissues in the long-term phase of LCWE-induced KD vasculitis up to 4 months post-LCWE 14 

injection (Figure 5A, B). Neutrophils concentrated mainly around the inflamed coronary 15 

arteries, while no neutrophils were detected in heart tissues from PBS-injected control 16 

mice (Figure 5A, B). Our results indicate neutrophils can still be detected in heart tissues 17 

of LCWE-injected mice up to 4 months post LCWE-induced KD vasculitis and, therefore, 18 

may contribute not only to the acute phase of the disease but also to the development of 19 

chronic and long-term cardiovascular lesions.  20 

Fibrotic area in the coronary artery and aortic wall.  21 

Inflammatory cells infiltrate the CAs of LCWE-injected mice and can be detected 22 

up to 4 months post-LCWE injection (Figures 6 and Supplementary Figure 4). We next 23 
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sought to determine if LCWE-induced KD vasculitis leads to the development of long-1 

term fibrosis. Heart tissue sections from PBS control mice and LCWE-injected mice at 2 

different time points post-LCWE-injection were stained for Masson's trichrome, and the 3 

fibrotic area was measured (Figure 6A, B). The deposition of collagen fibers was 4 

detected around the inflamed CAs and aortic wall, the same area that overlap with 5 

inflammatory cell infiltration (Figure 6A, B). Control mice injected with PBS showed 6 

minimum collagen staining, mainly restricted to the CA and aortic wall (Figure 6A, B).  7 

Heart tissue fibrosis, as determined by the percentage of trichrome positive area, 8 

significantly decreased from week four post-LCWE injection and persisted in the long-9 

term vasculitis phase, up to 4 months post-LCWE injection (Figure 6B).  Vimentin 10 

expression was also evaluated by IF staining. However, no difference was observed for 11 

vimentin expression in heart tissues between PBS- and LCWE-injected mice, 12 

independent of the time course of the disease (Supplementary Figure 6A, B). We also 13 

observed diffuse interstitial fibrosis in the myocardium of mice after 12 weeks of LCWE 14 

injection (Supplementary Figure 5A). Our data suggest that LCWE-induced KD 15 

vasculitis leads to fibrosis in heart tissues, which persists for up to 4 months post-injection. 16 

Long-term Impairment of cardiac function in LCWE-induced KD vasculitis 17 

Next, we aimed to evaluate whether the cardiac functions were affected by the 18 

intense inflammation and fibrosis induced by LCWE injection detected previously. We 19 

performed transthoracic echocardiogram analysis of PBS control mice and LCWE-20 

injected mice at different time points of the disease. Echocardiography is a non-invasive 21 

and accurate tool widely used to assess cardiac function and investigate cardiac 22 

problems, including heart failure. We analyzed the ejection fraction (EF) and the left 23 
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ventricle internal diameter end-systole (LVIDd) parameters to evaluate cardiac function. 1 

EF indicates the oxygenated blood volume the left ventricle can pump to the systemic 2 

circulation during each heart contraction. The EF measurement, expressed as a 3 

percentage, indicates the current cardiac function and helps determine the risk of heart 4 

failure. The LVIDd measures the left ventricle's thickness, which helps determine 5 

ventricular hypertrophy. Compared with PBS-injected control mice, cardiac function 6 

impairment was already observed in LCWE-injected mice during the acute phase of the 7 

disease at two weeks post-LCWE injection (Figure 7A, B). Additionally, the decrease in 8 

cardiac function following the injection of LCWE not only persisted in the long-term phase 9 

of the disease but also worsened over time, at 3 to 4 months post-injection (Figure 7A, 10 

B). These results indicate that LCWE-induced KD vasculitis is also associated with long-11 

term dysfunctional cardiac function. 12 

DISCUSSION 13 

The current study demonstrates that LCWE-induced KD vasculitis can lead to long-14 

term cardiovascular, persistent and severe CAA, ongoing inflammatory infiltration, tissue 15 

remodeling, and impaired cardiac function. Cardiovascular complications are a significant 16 

concern regarding KD management (1). Intense inflammatory cellular infiltrations in the 17 

CA destroy the vessel wall and aneurysm formation (8,9). Previously, it was assumed that 18 

cardiovascular changes only occurred during the acute phase of the disease. However, 19 

histological observations on tissues collected from autopsied KD patients have shown 20 

that CAA can develop for several months or even years after diagnosis (19,34,35). While 21 

CAA may regress after the acute phase, some lesions, especially the larger ones, can 22 

persist beyond that period and silently progress to stenosis or form a thrombus(9,36). 23 
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Progressive narrowing and blockage of the CA lead to severe cardiovascular events such 1 

as MI or even sudden death in rare cases, as observed in our results. It is necessary to 2 

fully describe and comprehend the natural long-term course of KD despite the CAA status 3 

of the patients. 4 

Here, we used the LCWE-induced KD vasculitis mouse model, which causes 5 

systemic vasculitis and coronary arteritis in mice. LCWE injection also induces 6 

inflammation in other vessels, such as the abdominal aorta, brachial, iliac, and renal 7 

arteries, which are also affected in KD patients (37). LCWE triggers the destruction of 8 

elastic layers, promotes intimal hypertrophy, induces smooth muscle cell (SMC) 9 

proliferation towards the lumen and CA stenosis, as well as fibrotic remodeling, 10 

reproducing the three linked histopathological processes (necrotizing arteritis, subacute 11 

vasculitis and luminal myofibroblastic proliferation), reported in children with KD (5,27,37). 12 

However, it is unclear whether this model is suitable for evaluating the long-term effects 13 

of KD vasculitis since most studies have only focused on the acute phase of the disease. 14 

Suganuma et al. observed that maximum intimal thickness and luminal narrowing in the 15 

CA occurred 16 weeks after LCWE injection (38). Moreover, Wakita and collaborators 16 

showed that abdominal aorta aneurysms (AAA) were still present eight weeks after LCWE 17 

injection (30). The current study revealed that LCWE-induced vasculitis can lead to long-18 

lasting cardiovascular lesions that persist for up to 16 weeks and do not regress over 19 

time. 20 

Additionally, we found systemic changes in immune cells and positive correlations 21 

between frequencies and numbers of circulating neutrophils and inflammatory monocytes 22 

during the acute phase of the disease with more severe vasculitis development. We also 23 
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observe an extensive fibrotic area around the CA circumference, interstitial fibrosis in the 1 

myocardium, and a notable decline in cardiac function. Furthermore, there were 2 

substantial infiltrations of inflammatory cells in the CA, with frequent severe or complete 3 

stenosis cases up to 16 weeks post LCWE injection. Interestingly, the evaluation of the 4 

heart vessel inflammatory score and extension of AAA seemed to plateau around weeks 5 

12 to 16; however, the cardiovascular lesions did not regress and remained stable over 6 

time.  7 

Myocardial biopsy results indicate ongoing inflammatory cell infiltration and 8 

interstitial fibrosis in patients diagnosed with giant CAA during the acute phase of KD (39). 9 

They also reported that their cardiac function, assessed by echocardiograph, ranged from 10 

53-80% during the acute phase of the disease (39). After conducting follow-up 11 

assessments, it was found that 25% of patients had asymptomatic CA obstruction and 12 

worsening of fibrosis. Cardiac fibrosis has been associated with low ejection fraction (EF) 13 

(£55%) and heart failure amongst KD patients (40). Here, we show that LCWE-treated 14 

mice had significantly reduced EF during the acute phase, further decreasing on weeks 15 

12 and 16 of follow-up. We assessed fibrosis around the CA by trichrome staining in the 16 

heart tissue, revealing that it undergoes continuous remodeling around the CA 17 

circumference with early detection only two weeks after LCWE injection, peaking on 18 

weeks 8 and 12. The entire CA area becomes fibrotic, with no trend to revert to its normal 19 

state due to the extension of fibrotic tissue.  20 

Vimentin can regulate fibrosis and tissue repair by promoting collagen synthesis, 21 

aiding fibroblast migrations and myofibroblast differentiation. It is a broad marker for 22 

cardiac fibroblasts and myocardial remodeling (41). Vimentin is upregulated by TGF-b 23 
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and is also suggested to be required for NLRP3 inflammasome activation by activating 1 

Caspase-1 and maturing IL-1b, a key molecule in KD pathogenesis (42). However, we 2 

did not find increased vimentin expression in cardiac tissue in LCWE-injected mice over 3 

time. 4 

The exact mechanism by which LCWE triggers vasculitis is unknown. Innate and 5 

adaptive immune mechanisms are involved in developing LCWE-induced KD vasculitis 6 

(43). TLR2 is required to activate an inflammatory response in a MyD88-dependent 7 

manner, activating the NF-kB signaling pathway and the production of several 8 

inflammatory cytokines, including IL-1b (28). Neutrophils seem to play an essential role 9 

in KD immunopathogenesis. They are among the first cells to reach the inflammation site 10 

and play a vital role in the initial innate immune defense, acting quickly to protect the 11 

organism from invaders. When neutrophils are activated, they secret enzymes and 12 

proteases, such as neutrophil elastase, to neutralize and eliminate the threat. However, 13 

overactivation and uncontrolled recruitment can lead to tissue damage, destroying the 14 

intima and media layers of the CA wall and contributing to lesion formation. In KD, most 15 

circulating neutrophils are activated and are a major source of IL-1b+ (44). Takahashi et 16 

al. have shown that neutrophils infiltrate the media layer of coronary arteries during the 17 

acute phase of KD (45). Additionally, Lech et al. conducted a study that revealed KD 18 

patients with giant CAA had increased levels of calprotectin, primarily secreted by 19 

neutrophils, years after disease onset (46). Here, we observed that neutrophils are still 20 

present in cardiac tissues of LCWE-injected mice up to 16 weeks post-LCWE injection 21 

and are mainly concentrated around the inflamed CA. 22 



 

 
 

74 
 

Alterations in the peripheral levels of neutrophils have been reported, and 1 

neutrophilia occurs during the acute and subacute phases of KD (44,47,48). KD patients 2 

exhibit elevated levels of neutrophils, with increases of over 80% considered a factor in 3 

predicting IVIG unresponsiveness based on a model published by Kobayashi et al. (49). 4 

In accordance, our results show that LCWE-injected mice have increased circulating 5 

frequencies and counts of leukocyte and neutrophil. We have also established a clear 6 

correlation between the severity of abdominal aorta dilations and CAA and the 7 

frequencies and counts of circulating neutrophil levels during the acute phase of LCWE-8 

induced KD vasculitis. Furthermore, neutrophil counts and frequencies remained 9 

significantly elevated in the long-term phase of the disease, up to 16 weeks post-LCWE 10 

injection, which may reflect an ongoing and chronic systemic inflammation.  11 

Increased peripheral monocyte changes have also been reported in the literature 12 

during acute KD (50). Monocytes are a heterogeneous cell population of the innate 13 

immune system. They are recruited to the inflammation area, where they differentiate into 14 

macrophages or dendritic cells, acquiring specific features to counteract the threat. 15 

Human monocytes can be classified as classical (CD14+ CD16-), the intermediate (CD14+ 16 

CD16+), and the nonclassical (CD14+ CD16++) monocytes (51). It’s known that cytokines 17 

such as IL-1 and TNF-α secreted by activated monocytes during the acute phase of KD 18 

exacerbate inflammation and vascular damage, playing a central role in KD 19 

immunopathogenesis (5,51–53). Katayama et al. showed higher intermediate CD14+ 20 

CD16+ monocyte frequency and count in patients during the acute phase compared to 21 

the convalescence phase and control subjects (54). Another study by Kim et al. reported 22 

a higher proportion of classical monocytes (55). Moreover, increased peripheral CD14+ 23 
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monocytes/macrophages levels were found in patients with CAA (56). In addition, 1 

treatment with IVIG appears to rapidly decrease the levels of monocytes in responsive 2 

patients (54,57). Our flow cytometry analysis of monocyte subpopulations revealed 3 

increased levels only during the acute phase of LCWE-induced KD vasculitis.  4 

A significant correlation between late cardiovascular complications and a delay in 5 

KD diagnosis and treatment during the acute phase has been established (18). Missed 6 

KD diagnosis during childhood will lead to a population of young adults who are unaware 7 

of their history of KD. This puts them at a high risk of developing cardiovascular 8 

complications, especially events like MI later in life. Therefore, improving the diagnosis 9 

and treatment of KD and the follow-up care of affected individuals is crucial to prevent 10 

long-term complications (18). Our study demonstrates that LCWE-induced KD vasculitis 11 

can lead to long-term histopathological changes, continuous inflammation, and tissue 12 

remodeling, severely impacting cardiac function for up to 16 weeks. Our findings suggest 13 

that these features persist even after four months of LCWE injection, similar to the long-14 

term effects observed in patients with KD. Based on our findings, we recommend using 15 

the murine model of LCWE-induced KD vasculitis to assess the long-term consequences 16 

of KD. Furthermore, we encourage further research to gain insights into the 17 

histopathological and immune mechanisms of KD, which may aid in developing new 18 

strategies for detecting and managing CAA and other cardiovascular lesions, minimizing 19 

late cardiac events in KD patients. 20 
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Figure 1. Long-term progression of LCWE-induced KD vasculitis. (A) Survival curves 1 

of PBS and LCWE-injected mice (n= 8-17 mice/group). (B) Representative H&E-stained 2 

heart tissue of PBS or LCWE-injected mice at weeks 2, 4, 8, 12, and 16 post-LCWE-3 

injection. Scale bars: 500 m. (C) Heart vessel inflammation scores of PBS and LCWE-4 

injected mice at 2, 4, 8, 12, and 16 weeks post-LCWE injection (n= 4-10/group). (D) 5 

Representative pictures of the abdominal aorta area and H&E staining of the abdominal 6 

aorta cross-sections. Scale bars: 500 m. (E, F) Abdominal aorta area (E) and maximal 7 

abdominal aorta diameter (F) measurements of PBS and LCWE-injected mice at the 8 

indicated time points post-LCWE injection (n= 7-9/group). Survival analysis wsa done by 9 

Log-rank test (Mantel-Cox) (A). Data are presented as mean  SEM. * p<0.05, ** p<0.01, 10 

***p<0.001, **** p<0.0001 by one-way ANOVA with Tukey post-test (E) or Kruskal-Wallis 11 

with Dunn's post-test (C, F). CA indicates coronary artery; and Ao, aorta. 12 

  13 
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Figure 2. Increased circulating frequencies of immune cells during LCWE-induced 1 

KD vasculitis. (A, B) Flow cytometry plots (A), frequencies, and cell numbers (B) of live 2 

CD45.2+ cells in the blood of PBS and LCWE-injected mice (n=7-10 per group). (C, D) 3 

Flow cytometry plots (C), frequencies, and cell numbers (D) of myeloid cells (live CD45.2+ 4 

CD11b+) in the blood of PBS and LCWE-injected mice (n=7-10 per group). (E, F) Flow 5 

cytometry plots (E), frequencies, and cell numbers (F) of neutrophils (live CD45.2+ 6 

CD11b+ Ly6G+) in the blood of PBS and LCWE-injected mice (n=7-10 per group). Data 7 

are presented as mean  SEM. *p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001 by one-8 
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way ANOVA with Tukey post-test or Kruskal-Wallis test with Dunn's post-test for 1 

nonparametric data. 2 

  3 
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Figure 3. Correlation between heart vessel inflammation and abdominal aorta 1 

lesions with neutrophil levels in the peripheral blood five days after LCWE 2 
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injection. (A) Spearman Correlation between neutrophils count and frequencies and 1 

maximum abdominal aorta diameter at two weeks post-LCWE. (B) Spearman Correlation 2 

between neutrophils count and frequencies and abdominal aorta area at two weeks post-3 

LCWE. (C) Spearman Correlation between neutrophils count and frequencies and heart 4 

vessels inflammatory score at two weeks post-LCWE. (n= 4-16 per group).  r= correlation 5 

coefficient. 6 

  7 
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Figure 4. Correlation between heart vessel inflammation and abdominal aorta 1 

lesions with inflammatory monocyte levels in the peripheral blood five days after 2 
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LCWE injection. (A) Spearman Correlation between inflammatory monocyte count and 1 

frequencies and maximum abdominal aorta diameter at two weeks post-LCWE. (B) 2 

Spearman Correlation between inflammatory monocytes count and frequencies and 3 

abdominal aorta area at two weeks post-LCWE. (C) Spearman Correlation between 4 

inflammatory monocytes count and frequencies and heart vessels inflammatory score at 5 

two weeks post-LCWE. (n= 4-16 per group).  r= correlation coefficient. 6 

   7 
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Figure 5. Long-term neutrophilic infiltrations in heart tissues of LCWE-injected 1 

mice. (A) Representative images H&E images and Ly6G (red). Immunofluorescence 2 

staining with Ly6G marker of heart tissues of PBS and LCWE-injected mice at different 3 

time pots post-LCWE injection (n= 5-9 per group). DAPI (blue) was used to identify cell 4 

nuclei. (B) Positive Ly6G area in the heart tissue was measured by ImageJ software (n=5-5 

9 per group). The result is expressed in the percentage of heart tissue positive for the 6 

Ly6G marker. Scale bar in H&E images: 500 m. Scale bar in isotype, 20X, and 40X 7 

images: 50 m (A). Data is presented as mean  SEM. ** p<0.01, *** p<0.001 by one-8 

way ANOVA with Tukey post-test (n=3-5 per group) (B). CA, coronary artery; Ao; aorta. 9 

  10 
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Figure 6. Long-term fibrosis in heart tissues from LCWE-injected mice. (A) 1 

Representative H&E staining and Masson's trichrome staining of heart tissue sections 2 

from PBS control mice and LCWE-injected mice at different time points post-LCWE 3 

injection. (B) Quantification of the fibrotic area (blue) in heart tissues of PBS and LCWE-4 

injected at 2, 4, 8, 12, and 16 weeks post-LCWE. Scale bars: 500 m. Data is presented 5 

as mean  SEM. *p<0.05, ** p<0.01, by one-way ANOVA with Tukey post-test (n=3-5 per 6 

group). CA, coronary artery; Ao, aorta. 7 

  8 
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Figure 7. Reduced cardiac function in LCWE-injected mice. (A) The ejection fraction 1 

was measured by transthoracic echocardiograph in control PBS and LCWE-2 

injected mice at 2, 12, and 16 weeks post-LCWE injection (n=7-8 per group). (B). The 3 

left ventricle inner diameter was measured by transthoracic echocardiograph in 4 

control PBS and LCWE-injected mice at 2, 12, and 16 weeks post-LCWE injection 5 

(n=7-8 per group). Data is presented as mean  SEM. *p<0.05, **** p<0.0001 by one-6 

way ANOVA with Tukey post-test (n=7-8 per group) (A, B). 7 

  8 
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Supplementary Figure 1. Stenosis frequency in the coronary arteries up to 16 1 

weeks after LCWE injection. (A, B) Frequency of coronary artery complete stenosis (A) 2 

over 16 weeks post-LCWE injection. Representative H&E staining of heart tissue (B) with 3 

complete stenosis event four weeks post-LCWE injection. The arrow indicates CA 4 

occlusion. Scale bars: 500 m. Data is presented as mean  SEM. One-way ANOVA with 5 

Tukey post-test (n= 4-12 per group).  6 

  7 
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 Supplementary Figure 2. Flow cytometric gating strategy and analysis of 1 

peripheral blood. (A-D) Representative flow plots showing the gating strategy used to 2 

characterize and determine the frequencies of leukocytes (B), myeloid cells (C), 3 

neutrophils (D), inflammatory monocytes (D), patrolling monocytes (D), and intermediate 4 

monocytes (D) in the blood of PBS and LCWE-injected mice.  5 

  6 
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 1 

Supplementary Figure 3. Increased circulating frequencies of monocytes during 2 

acute LCWE-induced KD vasculitis. (A, B) Flow cytometry plots (A), frequencies and 3 

cell numbers (B) of inflammatory monocytes (live CD45.2+ CD11b+ Ly6Chigh) in the blood 4 

of PBS and LCWE-injected mice (n=7-10 per group). (C, D) Flow cytometry plots (A), 5 

frequencies and cell numbers (B) of intermediate monocytes (live CD45.2+ CD11b+ 6 
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Ly6Clow) in the blood of PBS and LCWE-injected mice (n=7-10 per group). (E, F) Flow 1 

cytometry plots (A), frequencies and cell numbers (B) of patrolling monocytes (live 2 

CD45.2+ CD11b+ Ly6C-) in the blood of PBS and LCWE-injected mice (n=7-10 per group). 3 

Data are presented as mean  SEM. ***p<0.001, **** p<0.0001 by one-way ANOVA with 4 

Tukey post-test or Kruskal-Wallis test with Dunn's post-test for nonparametric data. 5 

  6 
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Supplementary Figure 4. Long-term T cell infiltrations in heart tissues of LCWE-1 

injected mice. (A) Representative images H&E images and CD3 (red). 2 

Immunofluorescence staining with CD3 marker of heart tissues of PBS and LCWE-3 

injected mice at different time pots post-LCWE injection (n= 3-8 per group). DAPI (blue) 4 

was used to identify cell nuclei. (B) ImageJ software was used to analyze positive CD3 5 

cells in the heart tissue (n=3-8 per group). The result is expressed in the percentage of 6 

CD3 cells out of DAPI within the heart section. Scale bar in H&E images: 500 m. Data 7 

is presented as mean  SEM. ** p<0.01, by one-way ANOVA with Tukey post-test (n=3-8 

8 per group). CA, coronary artery; Ao; aorta  9 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

Supplementary Figure 5. Interstitial fibrosis in the myocardium of LCWE-injected 8 

mice. (A) Masson's trichrome staining of myocardium tissue section from LCWE mice 12 9 

weeks post-LCWE injection. Scale bars: 500 m. LV, left ventricle artery; RV, right 10 

ventricle.  11 
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Supplementary Figure 6. Vimentin staining in cardiac tissue in LCWE-injected 1 

mice. (A) Representative images of immunofluorescence staining for Vimentin (in red) in 2 

cardiac sections. (B) Vimentin area percentage was calculated considering the entire 3 

cardiac tissue out of DAPI (in blue) area proportion (n=4-8 per group). Scale bars for H&E, 4 

isotype, and 10X images: 500 m. Scale bar for 40X images: 50 m. Data are presented 5 

as mean  SEM. Ns p>0.05, by Kruskal-Wallis test with Dunn's post-test for 6 

nonparametric data. 7 
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ABSTRACT  1 

Cardiovascular disease (CVD) is the primary cause of death and disability worldwide, and 2 

inflammation plays a crucial role in its immunopathogenesis. Although inflammation can 3 

be a protective response to harmful events, persistent and uncontrolled inflammation can 4 

worsen tissue injury and promote disease progression in the case of CVDs. Previously, 5 

resolution in self-limited inflammation was considered a passive event. However, the 6 

recent discovery of specialized lipid mediators (SPMs) derived from omega-3 and omega-7 

6 fatty acids has redefined this concept. SPMs are composed of four classes of 8 

molecules: Resolvins, Maresins, Protectins, and Lipoxins. These molecules can actively 9 

induce the resolution of inflammation, promoting tissue healing and regeneration. Studies 10 

have shown that an imbalance of SPMs in CVD could contribute to disease 11 

immunopathogenesis, prompting the investigation of new therapeutic approaches using 12 

SPMs. Overall, results indicate that SPMs can limit leukocyte infiltration, induce 13 

macrophage polarization, enhance efferocytosis, promote inflammation clearance, 14 

decrease fibrotic tissue remodeling, and inhibit inflammatory signaling pathways, 15 

amongst other actions, in a receptor-specific manner.  In this review, we summarized the 16 

potential role of SPMs in cardiovascular protection and critical findings of published 17 

studies using experimental murine models of the most common CVDs, including 18 

atherosclerosis, myocardial infarction, and abdominal aortic aneurysms. 19 

INTRODUCTION 20 

Inflammation is an immune-mediated biological process that responds to harmful 21 

stimuli initiated by several factors, such as pathogens, injuries, irradiation, and toxic 22 
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substances (1,2).  Inflammation is a protective response that aims to eliminate danger, 1 

promoting healing and maintaining homeostasis. This response involves interactions 2 

between various immune cells, molecules, and the vascular system (3,4). The immune 3 

response coordinates the inflammatory process through the release of several immune 4 

mediators such as lipids, cytokines, chemokines, components of the complement system, 5 

vasoactive amines, and proteolytic enzymes, each of them playing a specific role in 6 

inducing cellular, molecular, and vascular alterations (3,5).  7 

Critical events during the initial inflammation process promote the influx of 8 

leukocytes in the affected tissue. The first step involves increased vascular permeability 9 

and increased expressions of molecules that promote leukocyte arrest and migration from 10 

the bloodstream to the affected tissue. The production and release of inflammatory 11 

mediators, such as cytokines, chemokines, and leukotrienes, during inflammation are 12 

crucial to amplify the inflammatory signal and sustain inflammation to mitigate the stimuli 13 

(1,2).  14 

During the inflammation process, the metabolism of cellular membrane-bound 15 

phospholipids is critical to produce lipids mediators that will act on the inflammation 16 

cascade. Leukocytes and other cells, such as endothelial cells, can uptake 17 

polyunsaturated fatty acids (PUFA) at the inflammation site, producing proinflammatory 18 

or anti-inflammatory lipid mediators. Usually, inflammation is a self-regulated process 19 

involving a balance of anti-inflammatory and pro-resolution mechanisms (5). In this 20 

scenario, proinflammatory lipid mediators are critical for boosting the inflammatory 21 

process to eliminate the primary cause of injury (4,5). On the other hand, anti-22 

inflammatory lipid mediators promote the resolution of the inflammatory process, such as 23 
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tissue healing and homeostasis (6,7). In recent decades, the resolution process of 1 

inflammation has gained increased attention following the discovery of a novel family of 2 

lipid mediators with anti-inflammatory and resolution properties (8). Previously, the switch 3 

from inflammation to resolution was believed to be passive and programmed only by anti-4 

inflammatory mechanisms (7,9). These newly discovered pro-resolving lipid mediators 5 

were termed specialized pro-resolving mediators (SPMs) and altered the perspective on 6 

the molecular and cellular mechanisms involved in inflammation’s natural progression. 7 

SPMs are produced locally during inflammation and can coordinate immune responses 8 

to induce tissue regeneration and resolve inflammation. Therefore, a dysfunctional 9 

resolution process could lead to chronic inflammation and diseases, causing irreparable 10 

damage to the host (7,10). 11 

The incidence of cardiovascular diseases (CVDs), a group of disorders affecting 12 

the vascular system, has increased dramatically over the decades, affecting almost 500 13 

million people worldwide (11). CVDs are a leading cause of disability and mortality 14 

globally, causing 20.5 million deaths in 2021 (12). Ischemic heart disease and stroke are 15 

the most common CVDs, representing 85% of deaths (12). Several genetic and lifestyle 16 

factors are associated with increased susceptibility and mortality risks to CVD. Unhealthy 17 

lifestyle habits such as smoking, high sodium diets, excessive alcohol consumption, and 18 

sedentary habits can lead to high blood pressure, elevated glucose and cholesterol levels, 19 

diabetes, and obesity, which are strongly associated with the development of CVDs (11). 20 

Changes and implementation of healthy lifestyle behaviors significantly reduce the risks 21 

of CVD-related mortality and morbidity (12,13). 22 
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CVDs are often associated with maladapted and prolonged unresolved 1 

inflammation and risk factors associated with CVDs can trigger local and systemic 2 

inflammation  (11,14). Injury to the endothelial barrier plays a crucial role in developing 3 

cardiovascular diseases (CVDs). The damage exposes the adjacent vascular layers to 4 

blood components, including platelets, coagulation factors, and leukocytes, which are 5 

rapidly recruited to the site, and a complex cascade of events that promote inflammation 6 

and thrombotic events are triggered. The production of proinflammatory cytokines and 7 

reactive oxygen species (ROS) and the release of proliferative growth factors and 8 

adhesion molecules further promote the continuation of inflammation, leading to 9 

alterations in the other vascular layers. Consequently, vascular smooth muscle cells 10 

(VSMCs) are activated and proliferate, acquiring myofibroblastic characteristics (14–16).  11 

Studies have questioned whether SPMs could harness the resolution process in 12 

CVD’s immunopathology, as inflammation plays a significant role in the underlying 13 

problem of CVDs (16). Indeed, decreased levels of SPMs were associated with severe 14 

lesions and plaque instability in murine models of atherosclerosis (17,18). The 15 

administration of SPMs improves plaque stability, reduces necrotic core, increases 16 

efferocytosis, and decreases the production of proinflammatory cytokines, ultimately 17 

promoting the resolution of inflammation and tissue repair (19,20). Overall, SPMs can 18 

reduce leukocyte infiltration, enhance efferocytosis, promote inflammatory debris 19 

clearance, induce healing mechanisms, and decrease the secretion of inflammatory 20 

cytokines (18,21).  21 

In this review, we outline the latest research investigating the functions of omega-22 

3-derived SPMs, which promote the resolution of inflammation and tissue repair in the 23 



 

 
 

110 
 

context of CVDs.  We also discuss the immune mechanisms associated with a 1 

dysfunctional resolution of inflammatory processes, which may contribute to 2 

cardiovascular immunopathogenesis.  3 

BIOSYNTHESIS OF SPECIALIZED PRO-RESOLVING MEDIATORS  4 

SPMs are classified into Resolvin D series (RvDs), Resolvin E series (RvEs), 5 

Maresins (Mars), Protectins (PDs), and Lipoxins (LXs). Various cells, including 6 

leukocytes, endothelial cells, and platelets, utilize polyunsaturated fatty acids (PUFAs) to 7 

convert them into SPMs. Resolvins E and D series, Maresins, and Protectins derive from 8 

Omega-3 PUFAs intermediates, specifically eicosapentaenoic acid (EPA) and 9 

docosahexaenoic acid (DHA), whereas lipoxins originate from arachidonic acid (AA) from 10 

Omega-6 PUFA (Figure 1).  11 

Omega-6 PUFA can also produce proinflammatory lipids such as leukotrienes 12 

(LTs) and prostaglandins (23). These lipids are found in high concentrations at the site of 13 

inflammation in unresolved lesions. Enzymatic conversion of LTs occurs through 5-LOX, 14 

while COX converts prostaglandins. These proinflammatory lipid mediators induce the 15 

production of proinflammatory cytokines, promote vascular permeability and leukocyte 16 

transmigration, and promote inflammation (22). 17 

The enzyme 15-LOX catalyzes the conversion of AA into 15-18 

hydroxyperoexyeicosatetraenoic acid (15-HPETE), which undergoes further conversion 19 

into lipoxin A (LXA) and B (LXB) through either 5-LOX in neutrophils or 15-LOX in 20 

erythrocytes and reticulocytes (Figure 1, left panel) (23). Alternatively, COX-2 can be 21 
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acetylated by aspirin, catalyzing the formation of 15-HPETE from AA, which culminates 1 

in the generation of aspirin-triggered Lxs (AT-LXs) (23).  2 

EPA is metabolized primarily via two distinct enzymatic pathways, COX-2 and 3 

CYP450. EPA is then converted into the intermediate 18-(hydroperoxy) eicosapentaenoic 4 

acid (18-HpEPE). This intermediate is then reduced to 18R-HEPE by peroxidase and 5 

metabolized by 5-LOX or 15/LOX resulting in the formation of RvEs (Figure 1, right 6 

panel) (24). 7 

Resolvins D-series (RvD), protectins (PDs), and maresins (Mars) are generated 8 

from the metabolism of DHA through a synthesis far more complex than that of other 9 

lipids. DHA can undergo lipoxygenation via 15-LOX to form 17S-HpDHA and further 10 

oxygenated by 5-LOX to form RvD1-6 (Figure 1, right panel) (25). DHA can also 11 

generate aspirin-triggered RvDs via aspirin-acetylated-COX-2 and 17R-resolvin D-class 12 

via CYP450 metabolization. Protectins are formed from 17S-HpDHA by 15-LOX (Figure 13 

1, right panel) (26). DHA can also be metabolized by 12-LOX, generating 14-S-HpDHA 14 

that will further be transformed into Maresins by 5-LOX (Figure 1, right panel) (27). 15 

RECEPTORS AND SIGNALING PATHWAYS OF SPECIALIZED PRO-RESOLVING 16 

MEDIATORS 17 

SPMs can modulate the activity of G protein-coupled receptors (GPCRs) and 18 

interact with other receptor types, producing effects in a cell-specific manner. However, 19 

the current knowledge about these interactions is limited, and further investigation is 20 

needed to understand the downstream signaling cascade (28). In this section, we briefly 21 

describe the main receptors reported to be ligands for SPMs. 22 
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RvD1 is reportedly to interact with two GPCRs expressed by human leukocytes, 1 

FPR2/ALX and GPR32 (29). These interactions boost human macrophages' phagocytic 2 

and clearance functions (30). The murine fpr2 gene is the human ortholog of the 3 

FPR2/ALX receptor, and in mice, there is no ortholog for GPR32 (30,31). However, how 4 

RvD1 interacts with ALX/FPR2 in mice has yet to be fully understood. Administering RvD1 5 

in fpr2-deficient mice eliminates the ability of RvD1 to reduce the recruitment of 6 

polymorphonuclear neutrophils (PMNs) during acute peritonitis, indicating that RvD1 7 

possibly interacts specifically with FPR2 in mice (32). RvD2 interacts with GPR18 and is 8 

expressed in human and murine PMNs, monocytes, and macrophages (33). Through this 9 

interaction, RvD2 stimulates the phagocytosis of apoptotic PMNs and microbial 10 

components and contributes to the clearance of infection and resolution of inflammation 11 

(33). Moreover, RvD3 and RvD5 can interact with human GPR32, stimulating 12 

macrophage phagocytosis of microbial particles (34).  13 

 RvE1 binds to the BLT1 receptor, antagonizing BLT1 actions and preventing 14 

LTB4-BLT1 interaction, thereby hampering LTB4's inflammatory signals and functioning 15 

as a local damper of LTB4 (35). RvE1 can also interact with ChemR23, expressed in 16 

human and mouse monocytes, macrophages, and dendritic cells (DCs) (35,36). The 17 

interaction of RvE1 with ChemR23 decreases IL-12 production in DCs, limits neutrophil 18 

recruitment, and enhances macrophage uptake of apoptotic cells at the inflammation site 19 

(37).  20 

Mar1 can interact with LGR6 expressed by immune cells aiding the activation of 21 

innate immune response, stimulating phagocytosis and efferocytosis activity by 22 

macrophages (38). Interestingly, Mar1 has been reported to interact with a receptor 23 
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associated with pain perception, the transient receptor potential vanilloid 1 (TRPV1), 1 

blocking its activation and showing important analgesic effects (39). Moreover, Mar1 can 2 

also stimulate retinoic acid-related orphan receptor-a (RORa), associated with the 3 

transcription of genes involved in lipid metabolism and enhancement of biosynthesis of 4 

Mar1 by induction 12-LOX expression, functioning as an autoregulation loop (40). 5 

PD1 was reported to interact with GPR37, which is highly expressed in the brain. 6 

The interaction of PD1/GPR37 seems to promote the phenotype switch of macrophages 7 

towards pro-resolution (41). PD1 can also enhance the peroxisome proliferator-activated 8 

receptor g (PPAR-g) transcriptional function promoting anti-amyloidogenic activity in 9 

human neuronal-glial cells (42). Table 1 summarizes the receptors reported to interact 10 

with specialized pro-resolving lipid mediators, their specific interactions, and whether they 11 

antagonize or block their function.  12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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Table 1. Receptors identified to interact with specialized pro-resolving lipids.  1 
Receptor SPMs Interaction  References 

ChemR23 (or ERV1) 
RvE1 
RvE2 

Agonist 
Arita, et al. (35) 
Oh, et al. (36) 

    

BLT1 
RvE1 
RvE2 

Inhibitor 
Arita, et al. (35) 
Oh, et al. (36) 

    

FPR2/ALX 
LXA4 
RvD1 

Agonist 
 

Krishnamoorthy, et al. 
(29) 

    
GPR18 (or DRV2) RvD2 Agonist Chiang, et al. (33) 

    

GPR32 (or DRV1) 
RvD1 
RvD3 
RvD5 

Agonist 

Arnardottir, et al. (31) 
Norling, et al. (32) 

Dalli, et al. (34) 
Chiang, et al. (43) 

    
LGR6 Mar1 Agonist Chiang, et al. (38) 

    
TRPV1 Mar1 Inhibitor Park, et al. (39) 

    

RORa Mar1 Agonist Han, et al. (40) 
    

GPR37 PD1 Agonist Bang, et al. (41) 

Abbreviations: Chem23, Chemerin receptor 23; BLT1, Leukotriene B4 receptor 1; FPR2/ALX, N-formyl 2 
peptide receptor 2; GPR18, G protein-coupled receptor 18; GPR32, G protein-coupled receptor 32; LGR6, 3 
G protein-coupled receptor 6; TRPV1, Transient receptor potential vanilloid 1; Retinoic acid-related orphan 4 
receptor-a, ROR-a; G protein-coupled receptor 37, GPR37. 5 
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SPM IN CARDIOVASCULAR DISEASES 1 

In general, risk factors for CVD are associated with metabolic problems that are 2 

directly affected by an unbalanced diet, sedentary lifestyle, poor sleep quality, stress, and 3 

tobacco use (44). It is now known that the regulation of metabolism and the immune 4 

system are closely interconnected, and any disturbance in their interaction can result in 5 

the development of cardiovascular diseases (44). There is a correlation between the 6 

increased adoption of the Western-type diet (WD) and the rise in the rates of chronic 7 

metabolic disorders (45). The WD is based on the intake of calorie-rich food with high 8 

amounts of sugar and saturated fats. Overall, the foods lack nutritional value and do not 9 

provide sufficient nourishment. Moreover, they are energy-dense and cause rapid spikes 10 

in glucose and insulin levels, resulting in weight gain, altered lipid profiles, metabolic 11 

changes, and immune system activation, setting a perfect stage for CVD development 12 

(45–47). 13 

As mentioned, SPMs are produced from unsaturated fatty acids, mainly Omega-3 14 

PUFAs, that can be obtained from seafood or nuts through consumption or 15 

supplementation. Fish and fish oil are the main sources of DHA and EPA, the precursors 16 

for SPMs (48). Although metabolization of Omega-6 can produce Lipoxins, a type of 17 

SPMs, they are also the source of pro-inflammatory lipid mediators. The WD presents an 18 

unbalanced intake of omega-3 and omega-6 PUFAs in the dietary food choice, and 19 

studies have associated a high ratio of omega-6/omega-3 PUFA intake with many chronic 20 

diseases (49). The possible link between dietary habits and the prevalence of CVDs has 21 

led to several discussions on the real impact of Omega3/Omega-6 consumption in 22 
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inflammation, more specifically associated with cardiovascular problems. Researchers 1 

have suggested that Omega-3 supplementation could prevent cardiovascular events and 2 

improve outcomes (50).  3 

Randomized clinical trials have shown that Omega-3 supplementation, with a total 4 

daily intake of 1.08g of EPA and 0.72g of DHA, significantly reduced fatal cardiac events 5 

in patients with acute MI on Omega-3 supplementation for at least one year (44,51,52). 6 

One of the largest randomized clinical trials published on Omega-3 supplementation and 7 

CVD outcomes was conducted by the Italian research group, GISSI-Prevention Study 8 

(53). They show a reduction of all-cause mortality in patients with a history of MI within 3 9 

months that were assigned with daily supplementation of 850mg of EPA and DHA and 10 

followed for 3.5 years (53). The same study group reported benefits with the same 11 

supplementation dosage in heart failure cases, reducing mortality and hospital 12 

admissions for cardiac events (54).  13 

Nilsen and collaborators also used with daily supplementation of 850mg of EPA 14 

and 882 mg DHA in patients with recent history of MI but found no difference in mortality 15 

or outcomes (55). A recent study published by the Risk and Prevention Study 16 

Collaborative group randomly assigned individuals with several clinical risk factors for 17 

cardiovascular problems to receive a daily placebo containing olive oil or 1g of Omega-3 18 

supplement. However, no evidence was found to support the omega-3 supplementation 19 

in CVD cases (56).  20 

Clinical trials have yet to reach a consensus on the beneficial impact of Omega-3 21 

supplementation on the development of CVDs, and results remain controversial 22 

(50,56,57). When analyzing and comparing clinical trial results, it's essential to consider 23 
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several biases. Factors such as population target, sample size, selection of patients, 1 

exclusion criteria, medication intervention, and others can impact the study's outcome. 2 

Additionally, some studies didn't use placebos or included dietary habits bias, which could 3 

affect Omega-3 levels. It is also important to ensure that the concentration and purity of 4 

DHA and EPA in Omega-3 supplement capsules given to the patients are of good 5 

standards. Despite the difficulties, Omega-3 supplementation has proven well-tolerable 6 

and safe, with minor side effects reported. On this note, based on results from randomized 7 

clinical trials, the American Heart Association recommends the daily intake of 1g of 8 

EPA/DHA as a secondary prevention in patients with MI history and heart failure (58).  9 

Current immunological and mechanistic insights on the beneficial effects of SPMs 10 

in the context of CVDs have been obtained using several different experimental murine 11 

models of CVDs. In the following sections, we will provide recent examples of studies 12 

conducted with murine models in the context of CVDs, discussing the beneficial effects 13 

of omega-3-derived SPMs when used as treatment. 14 

Atherosclerosis 15 

Atherosclerosis is a chronic inflammatory disease characterized by the 16 

accumulation of lipids, inflammatory cells, smooth muscle cells, and cellular debris in the 17 

walls of large and medium-sized arteries (59). Over time, the accumulation creates a 18 

buildup within the vessel wall covered by a fibrous cap, forming an atherosclerotic plaque 19 

(or atheroma) (46). The formation of atherosclerotic plaques may begin early in life and 20 

is usually asymptomatic until it progresses to advanced stages (59). The plaque grows 21 

towards the lumen and can potentially obstruct normal blood flow, causing tissue 22 
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ischemia. When this process affects coronary arteries, it causes ischemic heart disease 1 

(IHD) or can lead to rupture, forming a thrombus that travels to other organs, including 2 

the brain, and can cause ischemic stroke and even death (11). Diagnosis and detection 3 

of abnormalities in the arteries can be assessed by non-invasive imaging exams, such as 4 

ultrasonography, which measures the intima-media thickness of artery walls and detects 5 

early changes (12,13). 6 

The development of atherosclerosis is complex and involves multiple processes 7 

with the participation of low-density lipoprotein derived (LDL) from cholesterol and innate 8 

and adaptive immune cells (60). Normally, cells take up LDL as needed and regulate the 9 

expression of its receptor (LDL-R) to capture it. However, when adopting a Western 10 

lifestyle, a high amount of cholesterol is available in the bloodstream, and other factors 11 

such as chronic stress, smoking, and toxins can induce ROS generation that oxidases 12 

the excess of LDL. The oxidized LDL (ox-LDL) is a more reactive form of LDL and can 13 

activate macrophages and endothelial cells.  14 

Damage to endothelial cells and accumulation of ox-LDL in the intimal layer, which 15 

can also bind to the extracellular matrix molecules, are initial events that trigger 16 

atherosclerosis (14). A series of inflammatory mechanisms are then activated, leading to 17 

the recruitment of leukocytes at the injury site. This leukocyte recruitment is mediated by 18 

the chemokine monocyte chemoattractant protein-1 (MCP-1), which attracts circulating 19 

monocytes that bind to vascular-cell adhesion molecules 1 (VCAM-1) expressed by the 20 

activated endothelial cells (61). In the intima layer of the blood vessel, monocytes 21 

differentiate into macrophages and bind to oxLDL, progressively engorging and forming 22 
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cholesterol foam cells (62,63). The accumulation of these foam cells within the lesion area 1 

is considered a hallmark of atherosclerosis (63).  2 

Uptake of ox-LDL uptake by macrophages can also lead to lysosomal damage, 3 

activating NLRP3 inflammasome with consequent production of inflammatory cytokines. 4 

Proinflammatory cytokines, such as IL-1b, amplify the inflammatory response, resulting 5 

in further generation of ROS and the proliferation of vascular smooth muscle cells 6 

(VSMCs) (63). In addition, Th1 T cells are also migrating into the inflamed area, releasing 7 

inflammatory cytokines, such as IL-1b and TNF-a, activating macrophages, endothelial 8 

cells, and VSMCs, thus exacerbating local inflammation. Combined with a compromised 9 

efferocytosis process, the buildup of apoptotic cells and foam cells creates a necrotic core 10 

surrounded by a fibrotic cap that grows towards the lumen and can potentially rupture 11 

(64). Whether it ruptures or not, blood flow may be partially or completely blocked, 12 

preventing regular blood supply and resulting in myocardial infarction or stroke (64).  13 

Atherosclerosis lesions may result from persistent inflammatory activation and a 14 

failure of resolution mechanisms (65). Endogenously produced SPMs orchestrate the 15 

resolution phase of the inflammatory response, playing a significant role in 16 

downregulating proinflammatory components and, more importantly, actively stimulating 17 

clearance and tissue repair. In contrast to omega-3-derived lipids that may protect against 18 

atherosclerosis, omega-6 PUFA metabolism by 5-LOX can also lead to the production of 19 

inflammatory lipids such as PGE2 and leukotriene B4, which promote inflammation and 20 

exacerbate the disease's development. 21 

Experimental murine models of atherosclerosis have been used to investigate this 22 

paradigm (66). Apoe is a protein involved in the mechanisms for LDL uptake by cells. 23 
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Therefore, ApoE-/- mice have high levels of LDL and spontaneously develop 1 

atherosclerosis (67). The development of atherosclerotic plaque can be sped up by 2 

feeding the mice with a Western-type diet. It was shown that ApoE-/- mice have a higher 3 

ratio of omega-6/omega-3 FAs in the plasma and the aorta lesions (66).  4 

A study investigated the possibility of endogenously inducing a higher conversion 5 

of omega-3 in mice. The group used a Fat-1 transgenic mice, a protein, not encoded by 6 

mammals, that can catalyze the conversion of omega-6 PUFA to omega-3 PUFA, 7 

therefore, transgenic Fat-1 mice have a higher ratio of omega-3/omega-6 PUFA (61). 8 

Crossing ApoE-/- mice with Fat-1 transgenic mice reduced the severity of atherosclerotic 9 

lesions associated with a lower omega-6/omega-3 ratio. They also had significantly lower 10 

levels of IL-6 and PGE2 in aortic lesions, reduced expression of genes related to 11 

inflammation (ICAM-1, MCP1, COX-2, and NF-kB), and fewer F4/80-positive 12 

macrophages were observed in the lesion (68). Together, the results suggest the 13 

atheroprotective role of omega-3-derived lipids.  14 

Leukotrienes also participate in the atherosclerosis inflammatory process. They 15 

are essential inflammatory lipid mediators derived from the omega-6-PUFA and 16 

deoxygenized by 5-LOX, the same enzyme involved in SPM biosynthesis (69). 17 

Phosphorylation mechanisms, such as calcium influx and MAPK activation, may result in 18 

the translocation of 5-LOX to the nucleus and induce the production of leukotrienes during 19 

leukocyte recruitment and activation (70). On the other hand, cytoplasmatic 5-LOX leads 20 

to SPM production (71,72). When leukocytes metabolize omega-6-PUFAs, the location 21 

of the 5-LOX enzyme can determine whether they produce LTB4 or LXA4. The nuclear 22 

location of 5-LOX favors LTB4 production, whereas cytoplasmatic 5-LOX favors LXA4 23 
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production. Fredman et al. reported a mechanistic pathway in which RvD1 hampers the 1 

production of LTB4 by altering the ratio of nuclear/cytoplasmatic/5-LOX (70). RvD1 binds 2 

to its receptor ALX/FPR2 in macrophages, suppressing a key molecule responsible for 3 

the intracellular signaling that mediates proinflammatory lipid production (70).   4 

Quantification of lipid mediators in atherosclerotic plaque of human patients and 5 

Ldlr–/– mice fed a WTD indicated an imbalance between 5-LOX-derived SPMs and 6 

leukotrienes in vulnerable human plaques (19). Specifically, RvD1 levels were 7 

significantly reduced in regions with higher reactive ROS activity. In vitro experiments 8 

using human macrophages indicate ROS suppresses RvD1 production (19). SPM 9 

intermediates were detected, suggesting that LOX enzymes and COX-2 were active in 10 

the lesion area, meaning that SPM's production was unaffected by enzyme inactivation 11 

(19). 12 

Atherosclerotic plaques from Ldlr-/- mice exhibit decreased levels of RvD1 in 13 

severe plaques, and treatment with RvD1 restored the RvD1:LTB4 ratio (19). RvD1 14 

treatment enhanced efferocytosis, which contributed to the reduced necrotic core area, 15 

led to a thicker fibrous cap in necrotic areas, enhanced plaque stability, and decreased 16 

the expression of collagenase and MMP9 (19). The findings emphasize the significant 17 

impact of resolution imbalance on the progression of atherosclerotic plaques. 18 

 Hosseini et al. showed that a higher DHA/AA ratio and increased levels of RvD1 19 

at the atherosclerotic plaque were associated with efficient efferocytosis process by 20 

macrophages and, therefore, reduced necrotic core (73). Necrotic cells can impair the 21 

local biosynthesis of SPMs and induce prostaglandins and thromboxane production, 22 

inhibiting SPM production, creating a down-regulation cycle of SPMs. In addition, in vitro 23 
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studies showed that RvD1 can stimulate macrophages to restore their efferocytic actions 1 

(73). This provides further evidence of the pivotal role of RvD1 in the 2 

immunopathogenesis of atherosclerosis, particularly through its direct impact on 3 

macrophage actions. 4 

In another study, the quantification of SPM levels by LC-MS/MS in the aortas of 5 

Apoe-/- mice fed with a high-fat diet (HFD) revealed elevated levels of LTB4 and PGE2. 6 

In contrast, the levels of RvD2 and MaR1 were decreased in the advanced stages of 7 

plaque compared to the early stages (20). When analyzing the parameters of the 8 

vulnerability plaque index (VPI), it was found that the concentration of PGE2 and LTB4 in 9 

the lesion also correlated with macrophage accumulation and more significant lesions 10 

(20). On the other hand, increased RvD2 and MaR1 correlated with SMC activation, 11 

collagen deposition, thicker fibrous cap, and a smaller necrotic area favoring plaque 12 

stability (20). Treatment with a combination of RvD2 and MaR1 prevented 13 

atheroprogression and improved VPI parameters in the atherosclerosis model, resulting 14 

in a more stable and less inflamed plaque (20).  These findings indicate that 15 

atherosclerosis progression in mice is associated with imbalanced resolution and 16 

inflammation processes (18,20). In addition, treating atherosclerotic mice with RvD2 and 17 

MaR1 also increased plasma levels of TGF-b, but other cytokines and leukocyte count 18 

remained unchanged, suggesting a local action of SPMs (20). Immunofluorescence 19 

analysis and RNA quantification showed a shift in the macrophage phenotype with more 20 

reparative M2 macrophage in the aortic root after treatment (20). 21 

Viola and collaborators also demonstrated that MaR1 and RvD2 treatment 22 

increased the number of SMCs responsible for collagen deposition in the fibrous cap (18). 23 
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In vitro study with aortic SMCs from Apoe,-/- mice in HFD didn’t show a direct correlation 1 

between the treatment with SPMs and collagen maturation and expression (18). 2 

However, when SMCs were treated with the supernatant of TNF-activated macrophages 3 

in the presence of RvD2 and MaR1, Col1a1, and Col3a1 mRNA expression and collagen 4 

production increased, suggesting collagen production by SMCs (18).  5 

SPMs may promote a reparative macrophage phenotype switch, favoring the 6 

resolution of the inflammatory response and healing mechanisms, reducing, and 7 

preventing atherosclerosis progression (74). Current therapies for CVD mainly focus on 8 

targeting anti-inflammatory mechanisms by antagonizing specific pathways involved in 9 

immunopathogenesis (16). However, they may limit tissue repair, potentially leading to 10 

immunosuppression and unwanted side effects. Because of their capacity to stimulate 11 

the resolution of inflammatory responses and tissue repair mechanisms, SPMs may be a 12 

therapeutic strategy to reduce the incidence of atherosclerosis cases and disease 13 

severity in patients. However, further investigations are warranted on the optimal SPM 14 

concentrations, delivery mode, and purity levels in the context of atherosclerosis. 15 

 16 
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Table 2. Studies using specialized pro-resolving lipid mediators as treatment in atherosclerosis murine models.  17 
Author SPM Treatment regimen  Animals and model Key findings 

Fredman, 

G. et al. 

(19) 

RvD1 (100 

ng/mouse) 

Three times per 

week for five weeks; 

i.p. 

Ldl-/- male mice on WD for 

eight weeks (early lesions) or 

17 weeks (advanced lesions) 

Suppressed plaque progression and promoted plaque 

stability. Decreased LTB4 levels in the lesions; 

enhanced lesional efferocytosis; reduced MMP9 and 

collagenase; increased fibrous cap. 

Viola, J. R. 

et al. (20) 

RvD2 and MaR1 

(100 ng/mouse) 

Every other day for 

three months, i.p. 

Apoe-/- mice on HFD or four 

weeks (early lesions) or eight 

weeks (advanced lesions) 

Prevented atheroprogression and promoted plaque 

stability. Reduced necrotic core and macrophage 

accumulation; increased collagen deposition; 

stimulated M2 macrophage phenotype. 

Salic, K. et 

al. (75) 

RvE1 (1 or 

5mg/kg/day) 

Daily for 16 weeks; 

i.p.  

Apoe3*Leiden mice on WD 

for 9 weeks 

 

Attenuated lesions. Reduced lesion area and necrotic 

core; down-regulated genes associated with immune 

cell traffic and inflammation. 

Abbreviations: i.p. (intraperitoneal injection); o.g. (oral gavage); WD (Western-type diet); HFD (high-fat diet). 18 
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Myocardial infarction 1 

Ischemic heart disease (IHD) occurs when the coronary arteries narrow or get 2 

blocked. This can lead to myocardial infarction (MI), where the blood flow to the heart 3 

suddenly stops and results in persistent ischemic necrosis of the myocardium, requiring 4 

medical intervention  (76). After MI, leukocytes, mainly neutrophils and macrophages, are 5 

rapidly recruited to the infarction area (77). Excessive inflammation with prolonged cell 6 

infiltration and accumulation of extracellular matrix can fuel inflammatory response, 7 

causing further tissue damage. Inflammatory injury and cardiomyocyte non-regeneration 8 

result in the accumulation of fibrous tissues, which disrupts cardiac conduction pathways, 9 

limiting cardiac systolic and diastolic functions (78). Over time, this can lead to heart 10 

failure, which is characterized by reduced left ventricle function, cardiac hypertrophy, and 11 

remodeling of the heart tissue. MI can be fatal, and early diagnosis and treatment can 12 

help prevent long-term complications and improve the chances of a full recovery. 13 

Persistent inflammation following MI is the main cause that leads to heart failure, 14 

and current treatment options have failed to resolve, highlighting the need for new 15 

therapeutic approaches to efficiently resolve inflammation in heart tissue, preventing 16 

secondary outcomes and morbidity associated with MI. After MI, the neutrophils are 17 

recruited to cardiac tissue and become highly activated, producing proinflammatory 18 

mediators, which can lead to the death of cardiomyocytes (79). Resolving inflammation 19 

after MI is critical to stop the activation and recruitment of neutrophils.  20 

RvD1 decreases the density of neutrophil infiltration in the cardiac tissue of mice 21 

five days post-MI, which was associated with increased expression of the RvD1 receptor, 22 

ALX/FPR2, and the enzyme 5-LO in the cardiac tissue (80). RvD1 can also modulate 23 
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macrophage-mediated clearance of neutrophils in the infarct area (80). Inflammation in 1 

the cardiac tissue can lead to collagen deposition, contributing to tissue stiffness. RvD1 2 

decreased the deposition of collagen and the expression of genes related to the 3 

extracellular matrix component (80). Treatment with RvD1 also improves cardiac function 4 

and reduces pulmonary edema post-MI in mice (80).  5 

Halade and collaborators also demonstrated that RvD1 ameliorates left ventricle 6 

dilation and reduces cardiac edema, thus improving cardiac function in mice after MI 7 

induced by coronary artery ligation surgery (80). In addition, they investigated the 8 

temporal kinetics of neutrophil infiltration by flow cytometry after MI (81). As expected, 9 

neutrophils peaked 24 hours post-MI, and RvD1 didn’t alter neutrophils' immediate 10 

infiltration. However, neutrophil clearance on day five markedly decreased in the 11 

infarction area with RvD1 treatment. They also addressed the macrophage phenotypes 12 

with a higher proportion of reparative macrophages in the lesion of RvD1-treated mice 13 

(81). Overall, studies have demonstrated that RvD1 can modulate the resolution of 14 

inflammation in the cardiac tissue, improving post-MI conditions. 15 

Similarly, Mar1 has been shown to positively impact cardiac function after MI in 16 

mice (82). Treatment with Mar1 after 28 days of MI results in less interstitial fibrosis and 17 

lower expression of fibrosis-related markers, including a-SMA, collagen I, and collagen III 18 

(82). This suggests that Mar1 can regulate cardiac tissue remodeling. Mar1 also has anti-19 

inflammatory properties, reducing the levels of IL-6 and TNF-a by inhibiting the activation 20 

of the TLR4/NF-kB pathway. Additionally, fewer macrophage and apoptotic cells were 21 

observed in the lesion (82). 22 
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The effects of omega-3 supplementation on morbidity and mortality after a 1 

myocardial infarction (MI) event were also investigated in a human cohort (53). The 2 

subjects included were patients with recent MI events (£3 months) randomly assigned to 3 

take 850 mg of EPA and 882mg of DHA daily or placebo (53). Follow-up visits were 4 

conducted at 6, 12, 18, 30, and 42 months, during which blood samples were taken and 5 

clinical assessments were conducted. The results showed no significant changes in the 6 

cholesterol profile analysis (total cholesterol, LDL, and HDL), glycemia, and fibrinogen 7 

levels compared to the baseline values taken at the beginning of the study. Upon 8 

analyzing fatal outcomes in the group supplementing with EPA/DHA, the researchers 9 

observed a significant 15% decrease in the risk of non-fatal MI and stroke, which led to a 10 

reduction in mortality (53).  11 
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Table 3. Sudies using specialized pro-resolving lipid mediators as treatment in myocardial infarction murine model.  12 

Author SPM Treatment regimen Animals and model Key findings 

Kain, V. et al. 
(80) 

RvD1 (3 g/Kg) 
Single dose 3 hours 

post-surgery; i.p. 

C57BL/6J 8-12 weeks old 
mice; coronary artery 

ligation surgery 

Limited neutrophil activation and infiltration in the 
cardiac tissue; decreased collagen deposition; 

improved left ventricle function. 

Halade, G. V. 
et al. (81) 

RvD1 (3 g/Kg) 
Single dose 3 hours 

post-surgery; i.p. 

C57BL/6J 8-12 weeks old 
mice; coronary artery 

ligation surgery 

Limited neutrophils infiltration; induces 
macrophage polarization towards reparative 
phenotype; and improved cardiac function. 

Wang, F. et al. 
(82) 

Mar1 (10 ng/g) 
Six hours post-surgery 
and every other day for 

28 days; i.p. 

C57BL/6J 8-10 weeks old 
mice; coronary artery 

ligation surgery 

Limited macrophage infiltration, decreased 
myocardial fibrosis, improved cardiac function; 
inhibited TLR4/NFKB inflammatory signaling 

pathway. 

Abbreviations: i.p. (intraperitoneal injection).13 
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Abdominal aorta aneurysms 1 

An abdominal aortic aneurysm (AAA) is the dilation of the abdominal portion of the 2 

aorta that is enlarged to at least 0.5 to 1 time its original size (83).  Risk factors for AAA 3 

development include being over 60 years old, male sex, smoking, and hypertension (83). 4 

AAA is usually discovered accidentally during an ultrasound, and treatment involves 5 

monitoring risk factors like controlling hypertension and dyslipidemia. Surgical repair or 6 

stenting may be necessary, depending on the severity of the case. It usually doesn't 7 

cause symptoms but can be life-threatening if the AAA ruptures (83). Aneurysm size is 8 

the most significant predictor of rupture, and assessing the expansion rate over six 9 

months of follow-up can provide further support to evaluate the risks (83). 10 

The development of AAA is primarily caused by inflammation within the aortic wall. 11 

Vascular inflammation with intense leukocyte infiltrations and proinflammatory 12 

mechanisms are the main pathological features of AAA. However, the specific 13 

immunopathology must still be fully comprehended (83).  14 

AAA inflammation is characterized by the infiltration of inflammatory cells in the 15 

aortic wall and the intense release of proinflammatory cytokines (83). These events 16 

trigger a cascade of processes that ultimately lead to the disruption of the aortic wall and 17 

dilation. This disruption includes elastin degradation, SMCs' apoptosis, and dysfunctional 18 

tissue remodeling. Similar to the other CVDs, an impaired resolution during AAA 19 

progression may significantly contribute to its development. Studies conducted with 20 

murine models of AAA indicate that SPM treatment decreases proinflammatory cytokines, 21 

preserves elastin, and reduces macrophage infiltration, significantly decreasing aortic 22 

dilation.  23 
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Elder et al. showed that MaR1 reduces AAA formation in a murine model of 1 

elastase-induced AAA (84). Mice were treated either before the induction of AAA (known 2 

as the "prevention model") or after its development. The results showed that Mar1 3 

significantly decreased aortic dilation in both treatment approaches, indicating the 4 

capacity of Mar1 to prevent and attenuate AAA (84). Mar1 also showed increased 5 

preservation of SMC and reduced expression of metalloproteinases in the aortic wall. 6 

Interestingly, the same study reported that MaR1 failed to attenuate aortic dilation when 7 

blocking the TGFβ2 receptor in SMC of mice in SMCs, indicating a correlation between 8 

MaR1 effects and SMC-dependent TGF-β2 signaling (84).  Mar1 can also stimulate 9 

macrophage uptake of elastase-induced apoptotic SMC (84). Furthermore, the study also 10 

shows that Mar1 effects depend on the interaction with LGR6 receptor (84). 11 

The administration of RvD1 and RvD2 is also effective in preventing the formation 12 

of AAA and reducing the expression of metalloproteinases (MMP2 and MMP9), elastin 13 

degradation, and macrophage infiltrations in a murine model of perfused elastase-14 

induced AAA (85). The treatment also decreased the levels of proinflammatory cytokines 15 

in the aortic wall, including MCP-1, IL-1β, and RANTES. RvD2 favored macrophage 16 

phenotype shift towards reparative macrophage. Therapy with RvD2 prevented the 17 

formation of AAA in the prevention schematic model and attenuated the progression of 18 

pre-formed aneurysms when treated after AAA establishment (85). RvD1-treated mice 19 

showed decreased T-cell infiltration in aortic tissue, while RvD2 treatment did not affect 20 

cellular infiltrations in the abdominal aorta (85). Both SPMs effectively reduced 21 

proinflammatory cytokines, including IL-1β (85). However, RvD2 also decreased TNF-α 22 

levels (85). These SPMs might exert their action using different signaling pathways (85).  23 
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Similar results were obtained in another study, wherein AAA was induced in mice 1 

by applying topical elastase (86). RvD1-treated mice had reduced development of aortic 2 

aneurysms with elastin preservation and decreased IL-1β and MMP2 levels. Neutrophil 3 

infiltrates within the first days of AAA development. RvD1-treated mice exhibited 4 

significantly lower levels of neutrophil extracellular traps (NETs) formation on day three 5 

after elastase application, indicating that a possible mechanism of RvD1 in promoting 6 

resolution in the arterial wall is acting on neutrophils.  7 

In early studies, it was demonstrated that RvD1 exerts its actions through the 8 

FPR2/ALX receptor. Upon analyzing aortic tissue from patients with AAA, it was found 9 

that there was a decrease in FPR2 mRNA expression and decreased co-expression of 10 

FPR2 with macrophages compared to control (87). In addition, fpr2-/- mice had more 11 

severe dilation than WT mice in the topical elastase model (87). Overall, fpr2-/- mice 12 

elastase-treated showed more inflammation and vascular remodeling with increased 13 

leukocyte infiltration within the aortic wall, increased elastic fiber disruption, decreased 14 

expression of α-SMA, increased levels of proinflammatory cytokines, including IL-1b, IL-15 

17, IFN-g and TNF-a (87). Treating fpr2-/- mice with RvD1 did not mitigate AAA formation 16 

and neither attenuated the expression of proinflammatory cytokines, further 17 

demonstrating the crucial role of RvD1/FPR2 signaling via (87).18 
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Table 4. Studies using specialized pro-resolving lipid mediators as a treatment for abdominal aorta aneurysms murine model. 

Author SPM Treatment regimen Animals and model Key findings 

Elder, C. T. (84) 
Mar1 (4 or 
40ng/kg) 

Prevention model: on 
days 1, 3, 5 and 7; i.p. 
Regression model: on 

days 7, 9, 11 and 13; i.p. 

C57BL/6J 8-12 weeks 
old mice; topical 

elastase AAA model 

Reduction of aortic diameter; decreased MMP-2 
expression; preserved SMC. 

Increased the uptake of apoptotic SMC by 
macrophages. 

Mar1 effects are mediated by LGR6 receptor 
interaction. 

Pope, N. H. (85) 

RvD1 
(100ng/kg) or 

RvD2 
(100ng/kg) 

Prevention model: 3 
days prior to elastase 
perfusion, continuing 

days 0, 3, 6, 9, and 12. 
Regression model: on 

days 3, 6, 9 and 12; i.p. 

C57BL/6J 8-10 weeks 
old mice; elastase 

perfusion AAA model 

RvD2 induces macrophage polarization; 
decreases proinflammatory cytokine levels in the 

tissue. 

Espinosa, M. (86) 
RvD1 

(300ng/kg) 

Daily, from day 0 to the 
day of tissue collection 

(3 or 14) 

C57BL/6J 8 weeks old 
mice; topical elastase 

AAA model 

Attenuation of AAA measurements; elastin 
preservation, decreased levels of IL-1b, and 

increased levels of IL-10. 
Inhibition of NETosis; decreased neutrophil 

elastase in the tissue. 
 

Abbreviations: i.p. (intraperitoneal injection); AAA (abdominal aorta aneurysm).
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POTENTIAL ROLE OF OMEGA-3-DERIVED SPM IN KAWASAKI DISEASE 1 

Kawasaki disease (KD) is a febrile illness that affects young children and is 2 

characterized by systemic vasculitis (88,89). The cause of KD is still unknown, and 3 

disease diagnosis is based upon specific clinical features, such as persistent fever, skin 4 

rash, mucocutaneous edema, cervical lymphadenopathy, non-purulent conjunctivitis, and 5 

swallowing hands and feet. The most common complication associated with KD is the 6 

development of coronary artery aneurysm (CAA), which can occur in up to 25% of 7 

untreated children (90). The current standard treatment is a single high dose of 8 

intravenous immunoglobulin (IVIG) that efficiently reduces the incidence of CAA to 5% 9 

(91,92). However, about 20% of the patients do not respond to the treatment and are at 10 

higher risk of developing CAA (93).  11 

Histological evaluation of heart tissue revealed that CAA formation in KD involves 12 

three linked processes: necrotizing arteritis (NA), subacute/chronic vasculitis (SA/C), and 13 

luminal myofibroblastic proliferation (LMP) (81). The process starts with intense 14 

neutrophilic infiltration in the vessel wall, eventually destroying the elastic layers. The 15 

following events disrupt media and adventitia layers, with LMP and migration toward the 16 

lumen (94). CAA can lead to stenosis or a thrombotic event leading to ischemic heart 17 

disease, such as MI, causing serious cardiovascular complications and even sudden 18 

death. 19 

Due to the difficulty in accessing human cardiac samples, murine models that 20 

mimic KD vasculitis have been developed. A single intraperitoneal injection of 21 

Lactobacillus casei wall extract (LCWE) in mice induces the development of 22 

cardiovascular lesions similar to the ones observed in KD patients (95). LCWE-induced 23 
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vasculitis has been a reliable tool providing valuable insights into treatment options and 1 

mechanisms of KD due to its close resemblance to human KD (96–98). 2 

 Through their unique ability to promote the resolution of inflammation by reducing 3 

leukocyte infiltration and activation, decreasing proinflammatory signaling pathways, and 4 

regulating tissue remodeling and fibrotic deposition, which favors tissue function, SPMs 5 

show great potential as a treatment option for CVDs. SPMs also improve cardiac function 6 

while preventing myocardial fibrosis and promoting clearance of inflammatory infiltration 7 

(80–82). The imbalanced levels of SPM detected in the atherosclerosis models 8 

highlighted the essential role these molecules play in cardiovascular lesions (19).  9 

We hypothesized that SPMs could attenuate AAA and CAA severity in LCWE-10 

induced KD vasculitis. Based on the literature presented here, we conducted a 11 

preliminary study to investigate whether the treatment with RvD1, Mar1, or a combination 12 

of RvD1 and Mar1 could impact the main cardiovascular lesions induced by LCWE. Mice 13 

were either injected with LCWE or injected with LCWE and treated with either RvD1 (100 14 

ng), Mar1 (100 ng), or a mix composed of RvD1 and Mar1 (100 ng each). Mice were 15 

treated every other day, starting one hour after LCWE injection, and the severity of 16 

cardiovascular lesions development was assessed at day fourteen. While LCWE injection 17 

induced the development of abdominal aorta dilations, we did not observe a beneficial 18 

effect of RvD1, Mar1, or RVD1+MAR1 treatment on the severity of LCWE-induced 19 

abdominal aorta dilations (Figure 2). However, histological examination of heart tissues 20 

indicated that treatment with Mar1 alone or the combination of RvD1 and Mar1 21 

significantly reduced heart inflammation (Figure 3). Further investigations are required to 22 



 

 
 

135 
 

confirm this beneficial effect and determine how Mar1 decreases the severity of LCWE-1 

induced KD vasculitis.  2 

As previously mentioned, an alternative biosynthesis route for SPM is the aspirin 3 

acetylated-COX-2 that induces the formation of aspirin-triggered SPMs (AT-SPM).  The 4 

American Heart Association guidelines for KD treatment indicate a high dose of aspirin 5 

(80 to 100 mg/kg/d) during the febrile phase and a low dose (3 to 5 mg/kg/d) in the 6 

sub/acute and chronic phase as secondary prevention. However, studies failed to 7 

determine whether the different concentrations of aspirin impact the development and 8 

incidence of CAA (99–101). We speculate that IVIG treatment with SPMs as a co-9 

adjuvant therapy could bring advantageous results similar to the current recommendation 10 

of aspirin treatment extending beyond the acute phase as a secondary prevention for 11 

long-term cardiac complications. SPMs may enhance the anti-inflammatory effects of 12 

IVIG, leading to a decrease in the activation and recruitment of inflammatory cells and 13 

likely significantly reducing fibrotic deposition in the heart vessels affected by KD. This 14 

could potentially reduce inflammation in cardiovascular tissue, thus preventing further 15 

complications and the formation of lesions. 16 

In addition, we briefly touched on the significance of consuming foods with proper 17 

nutritional value for maintaining good general health, particularly in the context of CVD. 18 

With the growing understanding of the connection between Omega-3-derived SPMs and 19 

their pivotal role in resolving inflammation, researchers have increasingly focused on 20 

Omega-3 supplementation and its impact on overall bodily health. The gut microbiome is 21 

crucial in regulating the body's overall health and is closely related to the immune system. 22 

Interestingly, ingesting Omega-3 can balance gut microbiome diversity, enhance mucosal 23 
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barrier function, modulate fat metabolism, and improve intestinal immunity (102). Omega-1 

3 may offer protection against intestinal diseases, including KD vasculitis, which affects 2 

intestinal immunity and mucosal barrier function. 3 

FINAL CONSIDERATIONS 4 

Chronic inflammation, which underlies many CVDs, can be influenced by an 5 

imbalance between proinflammatory and pro-resolution lipids. Recently, endogenous-6 

produced SPMs have been discovered, and their role in regulating inflammatory 7 

responses has prompted investigations into their potential therapeutic benefits for a wide 8 

range of diseases, including CVDs, which are often associated with maladapted 9 

resolution of inflammation or chronic inflammation.  10 

Studies indicate that SPMs might be beneficial by promoting mechanisms involved 11 

in resolving inflammatory responses and inhibiting excessive proinflammatory responses 12 

and tissue damage, thereby improving disease progression and severity. However, it is 13 

noteworthy that studies investigating SPMs and their mechanisms can be quite 14 

strenuous. SPM quantification and detection essays are relatively difficult to perform and 15 

require specific techniques, such as liquid chromatography-tandem mass spectrometry 16 

(LC-MS/MS) used for metabolomics studies. Determining the appropriate concentration, 17 

delivery route, and treatment schedule for SPMs can be challenging. It is relevant to 18 

mention that one of the major challenges researchers face today is the rapid inactivation 19 

of SPMs inside the host. Therefore, the stability and delivery method of SPMs are crucial 20 

factors to be considered while developing them as effective therapeutic tools for long-21 

term treatment.  22 
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Despite these challenges, the experimental studies conducted on murine models 1 

that mimic cardiovascular lesions have shown promising results using SPMs to modulate 2 

the inflammatory response. Unlike the prevailing mechanism of current treatment options 3 

for CVD that merely suppress the immune response, SPMs stimulate the immune 4 

response towards resolution, offering an innovative approach. On that note, considering 5 

the strong evidence showing the unique resolution properties of SPMs and their 6 

therapeutic potential, they are a promising candidate for adjunct therapy options for 7 

CVDs. Many researchers in this field consider this opposite mechanistic idea a turning 8 

point, paving the way for future therapeutic approaches. 9 
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FIGURES AND LEGENDS 1 

Figure 1. Main biosynthesis route of specialized pro-resolving lipid mediators. 2 

Omega-6 PUFAs produce AA, which serves as a precursor for lipoxins. Omega-3 PUFAs 3 

generate EPA and DHA, the main precursors of most SPMs. EPA is converted into 4 

resolvin E-series, while DHA can be converted into resolvin D-series, protectins, and 5 

maresins.  6 

Abbreviations: PUFAs, polyunsaturated fatty acids; AA, arachidonic acid; EPA, 7 

Eicosapentaenoic acid; DHA, docosahexaenoic acid; LOX, lipoxygenase; COX- 8 

2/Aspirin, Aspirin acetylates cyclooxygenase-2; CYP450, cytochrome P450; 15-HPETE, 9 

15-hydroxyperoexyeicosatetraenoic acid; 18-HpEPE, 18-(hydroperoxy) 10 

eicosapentaenoic acid; 17-HpDHA, 17-hydroperoxyDHA; 14-HpDHA, 14-11 

hydroxyperoxyDHA. 12 

 13 

 14 

 15 
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Figure 2. Treatment with RvD1 and Mar1 doesn’t attenuate AAA formation in the 1 

LCWE-induced KD vasculitis model. (A) Representative pictures of the abdominal 2 

aorta area and H&E staining of the abdominal aorta cross-sections. Scale bars: 500 m. 3 

(B, C) Abdominal aorta area (E) and maximal abdominal aorta diameter (F) 4 

measurements. Mice were injected with LCWE on day 0 and were treated with SPMs one 5 

hour after the injection. The treatment groups were divided as follows - RvD1 6 

(100ng/mice), Mar1 (100ng/mice), or RvD1 and Mar1 (100ng/mice of each SPM). The 7 

mice were treated on days 2, 4, 6, 8, 10, and 12. Sample collection and analysis were 8 
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performed on day 14. Data is presented as mean  SEM (n= 15-20/group). Kruskal-Wallis 1 

one-way ANOVA was used to determine statistical significance (considered p<0.05). 2 

3 
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Figure 3. Treatment with Mar1 and Mar1 combined with RvD1 decreases 1 

inflammation in the heart vessels in the LCWE-induced KD vasculitis model. (A) 2 

Representative H&E-stained heart tissue of 14 days of LCWE injection and (B) heart 3 

vessel inflammation scores. Mice were injected with LCWE on day 0 and were treated 4 

with SPMs one hour after the injection. The treatment groups were divided as follows - 5 

RvD1 (100ng/mice), Mar1 (100ng/mice), or RvD1 and Mar1 (100ng/mice of each SPM). 6 

The mice were treated on days 2, 4, 6, 8, 10, and 12. Sample collection and analysis 7 

were performed on day 14. Data is presented as mean  SEM (n= 15-20/group). Kruskal-8 

Wallis one-way ANOVA was used to determine statistical significance (** p<0.01, 9 

***p<0.001). CA indicates coronary artery; and Ao, aorta. 10 

 11 
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 15 
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5 CONCLUSIONS  1 

Using the LCWE-induced KD vasculitis murine model, we report long-term 2 

histopathological changes in cardiac tissues. Our findings show that cardiovascular 3 

lesions are still present even four months after vasculitis induction, with severe 4 

inflammatory infiltration and tissue remodeling in the cardiac tissue, leading to impaired 5 

cardiac function. We also found a correlation between the severity of the disease during 6 

the acute phase and the levels of neutrophils and monocytes in the peripheral blood. 7 

We postulated that SPMs could be an effective treatment for LCWE-induced KD 8 

vasculitis based on the results of studies conducted on animal models of atherosclerosis, 9 

myocardial infarction, and abdominal aortic aneurysms. These studies have shown that 10 

SPMs can reduce inflammation, decrease leukocyte infiltration, enhance efferocytosis, 11 

protect tissue from maladaptive fibrosis modulation, and inhibit the production of pro-12 

inflammatory cytokines, among other beneficial effects. Overall, this suggests that SPMs 13 

have the potential to improve outcomes in KD vasculitis treatment significantly. 14 

Our results highlight the significant long-term histopathological changes caused by 15 

LCWE-induced KD vasculitis, mirroring the observations made in KD patients and 16 

presenting it as a reliable tool to understand KD’s long-term consequences further. We 17 

also strongly emphasize the criticality of investigating SPMs in the context of KD. 18 
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