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Editorial on the Research Topic
 Lipids and Inflammation in Health and Disease



The focus of this Special Issue (SI) was the lipid-related activation of the innate and adaptive immune responses leading to the development of chronic inflammation, with particular attention paid to the pathogenesis of atherosclerosis. The key events in lipid-mediated regulation of immunity are the transport and metabolism of lipids of all possible classes, including lipid-containing particles (like lipoproteins), in different tissues and cells. Despite all progress during several decades of research on atherosclerosis, its pathogenesis is still far from being completely understood, limiting available therapeutic options. The current advances in therapy of this disease are related mainly to the use of statins, aimed at lowering cholesterol plasma levels, but still, this widely used approach does not provide desirable results in all clinical cases, reflecting more complex mechanisms behind atherosclerosis development.

The classic understanding of the initial stages of atherosclerosis involves modified low-density lipoproteins (LDL)-induced accumulation of lipids (cholesterol) in walls of large arteries. The atherogenesis-related LDL modifications include oxidation (it should be noted that there are different opinions on the role of this modification in atherogenesis) and often forgotten desialylation. A better understanding of the nature and mechanisms of chemical modifications of LDL particles leading to their atherogenicity can help to find new therapeutic options to treat atherosclerosis.

Another well established observation is an association between low levels of high-density lipoproteins (HDL) in blood plasma and increased risk of the development of cardiovascular diseases. This connection can be explained by the involvement of HDL in reverse cholesterol transport (removal of this lipid from the walls of arteries). Based on these clinical findings, HDL is considered to be an important target for anti-atherosclerotic therapy.

In addition to lipoprotein disbalance, chronic inflammation is another important pathogenic factor in atherosclerosis. The specifics of atherosclerosis-associated inflammation, and especially the connection between inflammation and accumulation of lipids are the current hot topics of research. Recent findings that certain mutations of mitochondrial DNA (mtDNA) are associated with atherosclerotic lesions suggest that these mutations (induced or spontaneous) may serve as a trigger of inflammation in arterial walls: the defective mitophagy may activate innate immune responses leading to secretion of inflammatory cytokines and non-resolving inflammation. This increases the accumulation of lipids in the artery walls (initially induced by modified LDL) and, as a result, promotes the formation of advanced atherosclerotic plaque. This hypothesis is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The influence of mtDNA mutations on the development of atherosclerosis. Mutations may enhance modified LDL-induced lipid accumulation in arterial walls by stimulation of innate immune responses, and, as a result, the establishment of non-resolving inflammation (1) [the figure was borrowed from the publication (1) distributed under Creative Commons Attribution License].


The current SI has several research papers and reviews devoted to the above-mentioned hypothesis, as well as to other topics related to atherogenesis; below, we will briefly describe each contribution underscoring the key findings.

Using the model of ob/ob mice, Saito et al. demonstrated that α-Galactosylceramide-induced activation of iNKT cells was able to reduce the development of aortic aneurism induced by angiotensin II. This study suggests that activation of iNKT cells may be a novel therapeutic target against the development of abdominal aortic aneurism.

Arida et al. discovered that proprotein convertase subtilisin/kexin type 9 (PCSK9) and LDL-Receptor (LDLR) levels correlated with the presence of plaques in patients with rheumatoid arthritis (RA), suggesting a significant involvement of PCSK9/LDLR system in RA-associated atherosclerosis development.

Bestavashvili et al. have tried to assess the influence of interval hypoxic-hyperoxic training (IHHT) on the lipid profile and inflammation in patients with metabolic syndrome. They conclude lipid profile and anti-inflammatory status of patients are impacted after IHHT procedure.

The pro-atherogenic role of Th17 cells was confirmed by Wang et al. using apoE−/− mouse model of atherosclerosis and human blood samples from hyperlipidemic patients. They conclude that Th17 cells promote inflammation, and IL-17 is a potential target for anti-atherosclerotic drugs.

In the report by Ganjooei et al. it was found that lipid profiles based on total cholesterol, LDL-C, HDL-C, VLDL, and triglycerides in morbidly obese patients were not associated with non-alcoholic steatohepatitis (NASH) and liver fibrosis. These results suggest that other factors may play the primary role in these morbidities, especially at the late stages investigated in this report.

Wang et al. report an observation that monocyte-to-lymphocyte ratio (MLR) is a high-risk factor related to arterial stiffness and could serve as a potential marker of this pathology.

Using the hypoxia rat model of severe pulmonary arterial hypertension (PAH), Spyropoulos et al. demonstrated that acetazolamide added to drinking water inhibited inflammation and prevented the development of PAH, right ventricular hypertrophy (RVH), and fibrosis.

Chidambaram et al. reported that high levels of cholesterol in serum of patients with tuberculosis (TB) were associated with decreased mortality and systemic inflammation with no correlation with body mass index (BMI). These counterintuitive results illustrate the fact that the effect of cholesterol on inflammation is multi-faceted and varies between different conditions and diseases.

Donis et al. demonstrated in a rabbit model that intake of palmitic acid (PA) associates with calcification of the aortic valve. This study raises the awareness about potential negative effects of PA dietary consumption.

Using molecular dynamics simulation, Ayee and Levitan found that even a slight increase in sterol (cholesterol and 7-ketocholesterol) levels in the membrane may lead to significant changes in the membrane structure, supposedly affecting biochemical, biophysical, and functional properties of the membrane.

In the model of normotensive and hypertensive rats, Schreckenberg et al. discovered that spironolactone-induced reduction of the number of neutrophils was blunted upon its combination with high physical activity in hypertensive rats. This study demonstrates that, although high physical activity has beneficial effects in normotensive subjects, care has to be taken on interactions between pharmacological approaches and high physical activity in hypertensives.

Hartley et al. reported that they found no effect of a percutaneous coronary intervention (PCI) on exercise-induced reduction of anti-malondialdehyde-LDL antibodies in the case of patients with stable coronary artery disease. They conclude that while exercise results in an acute reduction in anti-oxLDL antibodies in patients with severe single vessel coronary disease, PCI did not ameliorate this effect.

Wang et al. reported that chronic intermittent hypoxia led to the activation of brown adipose tissue (BAT) and increased atherosclerotic plaque size with the increase of CD68, α-SMA, and collagen in apoE−/− mouse model of atherosclerosis. This study reveals the role of BAT in the pathogenesis of atherosclerosis.

Using a mice model deficient in ApoE gene, in which hypertension was induced by angiotensin II, Zhang et al. reported that a 2-week administration of RIPK1 inhibitor led to a reduction of the size of atherosclerotic lesions, while continuation of this treatment caused the increased formation of the lesions at 4 weeks. The results suggest that the duration of potential therapeutic usage of RIPK1 inhibitors should be chosen carefully.

Meng et al. analyzed proteins specific for different types of human coronary heart diseases associated with atherosclerosis. They identified six proteins related to cholesterol metabolism: Alb, Shbg, Apoc2, Apoc3, Apoc4, and Saa4, that can be used as markers of specific variations of coronary heart disease.

A report by Ng et al. describes results of high-intensity statin therapy in Asian patients subjected to percutaneous coronary intervention (PCI). They reported that statin treatment was associated with lower adjusted risk of major adverse cardiac event during 5 years after PCI, regardless of achieving the guideline's recommended levels of LDL-C, in comparison with patients who achieved recommended LDL-C target values without the application of high intensity statin therapy. Results illustrate the therapeutic value of high intensity statin treatment.

The study by Dong et al. of 4,128 subjects reported counterintuitive results that both increased and decreased levels of total cholesterol, decreased levels of ApoB, and increased levels of ApoAI can be associated with increased risk of cardiovascular diseases, whereas decreased levels of triglycerides can be associated with the increased mortality. These results suggest that maintaining optimal lipid levels is necessary for treatment strategies.

A review article by Zeng et al. summarized and reviewed the risk factors of Kawasaki disease with the focus on epidemiology, pathology (including connection with atherosclerosis), and long-term management of this disease.

The article by Shemiakova et al. reviews the role of mutations of mitochondrial DNA in the development of atherosclerosis. Possible ways to provide anti-atherosclerotic therapy through targeting mitochondrial pathologies are also reviewed and discussed.

Current views on the role of defects in the lymphatic system in hypercholesterolemia and atherosclerosis are reviewed in the article by Miyazaki and Miyazaki.

The influence of age and gender on the development and pathogenesis of atherosclerosis is discussed in the article by Vakhtangadze et al.

The review by Ma et al. provides a systematic analysis of quantitative nuclear magnetic resonance biomarkers of atherosclerosis and cardiovascular diseases with the focus on lipoproteins.

The mechanisms (on molecular and cellular levels) of atherosclerosis development in relation to lipid accumulation and inflammation are reviewed and discussed in the article by Malekmohammad et al. with a section devoted to the role of medicinal plants in the treatment of atherosclerosis.

The article by Li et al. presents new views on the mechanisms of function of the transcription factor-7-like-2 (TCF7L2) with the focus on its anti-atherosclerotic activities, as well as its potential as a new drug target for therapy of atherosclerosis.

A review by Zhang et al. is devoted to the mechanisms of action and potential for application of sinomenine in the treatment of cardio- and cerebrovascular diseases (including atherosclerosis).

We hope that the next SI will continue traditions of high-quality research and reviews established by the current one.
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First described in Japan 50 years ago, Kawasaki disease is a worldwide multisystem disease. It is an acute self-limited vasculitis of unknown etiology that can lead to coronary artery lesions, such as dilatation, aneurysms, and stenosis in children. It is one of the common causes of acquired heart disease among children in developed countries. The coronary aneurysm is a severe complication in the acute stage, possibly leading to stenotic lesions or myocardial ischemia. More concerns have centered on endothelial damage and the early onset of atherosclerosis in patients with KD. Although the coronary artery aneurysm is small or degenerated, the vascular structure does not return to normal, vascular endothelial dysfunction and remodeling continue. Most patients diagnosed with coronary artery sequelae are at risk of long-term complications. There are still many unknown aspects regarding the long-term prognosis of patients. Concerns have centered on the early onset of atherosclerosis in patients with KD. There is still no consensus on the relationship between Kawasaki disease and atherosclerosis. This study aimed to evaluate if patients with a history of KD were at risk of accelerated atherosclerosis.

Keywords: Kawasaki disease, atherosclerosis, long-term management, cardiovascular risk factors, endothelial dysfunction, multisystem inflammatory syndrome


INTRODUCTION

Kawasaki disease (KD) is a form of idiopathic vasculitis that affects small- or medium-sized vessels throughout the body, and often the coronary arteries (1). It is considered the leading cause of acquired heart disease among children living in developed countries (2). Early diagnosis and treatment of KD have reduced the incidence of coronary artery abnormalities (CAAs) from ~25 to 5% (3). Apart from CAAs, children with KD are also prone to develop endothelial dysfunction (4, 5), arterial stiffening (6, 7), and a proatherogenic lipid profile (8). Although there is sufficient data on CAAs related to KD, data on long-term complications of KD, especially atherosclerosis, remain limited. In the late-stage of KD, markers of atherosclerosis such as endothelial dysfunction, oxidative stress, elevated levels of high-sensitivity C-reactive protein (hsCRP)/C-reactive protein (CRP), and inflammatory cytokines have been reported (9–13). The accumulating data suggests that patients with KD history may be at risk of developing premature atherosclerosis. The American Heart Association (AHA) guidelines in 2004 (14) stratified patients with KD according to their relative risk of myocardial ischemia and recommend monitoring those with extensive CAA or coronary artery obstruction for known risk factors of atherosclerosis. The updated AHA 2017 guidelines (15) modified the risk stratification criteria by incorporating different risk levels based on past and current coronary artery involvement and adjusting for body size, which the previous guidelines did not address. In this study, we sought to provide updates on the profile of cardiovascular risk factors in KD patients after the acute illness.



EPIDEMIOLOGY OF KD

It has been reported from more than 60 countries after the first description in Japan (16). Based on a Japanese national (17), the number of KD patients has increased annually from 1995 to 2015. The frequency of atypical KD has increased from 9.8% in 1992 to 20.6% in 2016. The prevalence among 100,000 children aged 0–4 years was 319.6 in Japan, 170.9–194.9 in Korea, 71.9–110.0 in China, 49.4 in Hawaii, and 18.1–21.3 in the USA (18). The incidence was highest among Asian children, especially of Japanese ancestry. A 2006 USA survey (19) comprising 5,523 KD patients found that the incidence was higher in boys vs. girls (24.2 per 100,000 vs. 16.8 per 100,000, respectively). With the SARS-CoV-2 coronavirus pandemic, an increased number of children presenting with a novel syndrome sharing the features of KD and toxic shock syndrome, now named Multisystem inflammatory syndrome in children (MIS-C). Common overlapping clinical symptoms of MIS-C and KD include conjunctivitis, rash, red eyes, swollen hands and feet, red/cracked lips, swollen glands. Children with MIS-C had a broader age range, a deranged coagulation profile, significant gastrointestinal and neurologic symptoms. The laboratory findings also revealed significant elevation of cardiac and inflammatory markers, including Troponin, pro-B-type natriuretic peptide (proBNP), C-reactive protein (CRP), and erythrocyte sediment rate (ESR). Epidemiologic studies of MIS-C have suggested that younger children are more likely to present with KD-like features while older children are prone to develop myocarditis or myocardial dysfunction (20–26). Cardiovascular complications in the acute phase of KD were reported in 9.2% (10.2% of boys and 7.7% of girls) of patients in Japan's 25th national survey (27). Cardiovascular complications included coronary dilatation (6.52%), valvular lesions (1.55%), coronary aneurysms (0.95%), giant coronary aneurysms (0.11%), coronary stenosis (0.02%), and acute myocardial infarction (AMI) (0.01%). Cardiovascular sequelae reported in 2.76% (3.17% of boys and 2.26% of girls) of patients, included coronary dilatation (1.5%), coronary aneurysms (0.63%), valvular lesions (0.5%), giant coronary aneurysms (0.11%), coronary stenosis (0.02%), and myocardial infarction (MI) (0.003%). Except for valvular lesions, these sequelae occurred more often in boys. In addition, the incidence of coronary aneurysms and coronary dilatation was higher in patients with atypical KD. The frequency of cardiac sequelae from the annual survey in Japan is shown in Figure 1 (17).


[image: Figure 1]
FIGURE 1. Annual frequency of cardiac sequelae [Source: Based on national survey from Japan (17)].




THE PATHOLOGY OF KD


Causes and Pathogenesis

The cause of KD remains unknown. It is speculated that this disease may be triggered by a novel RNA virus that enters through the upper respiratory tract, which leads to pathogen-induced immune response (28, 29). Researchers had found intracytoplasmic inclusion bodies of RNA virus in multiple cells throughout the KD patients' body. However, the molecular details of these inclusion bodies remain unknown. Epidemiological studies suggested that KD might be caused by conventional pathogens ranging from gram positive or atypical microorganisms (30). Activation of the immune system with high numbers of activated neutrophils, interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF) was found in KD patients (31). Activated monocytes/macrophages seem to play an essential role in KD (31–33), which stimulate inflammatory cells to infiltrate and accumulate in the intima, and release proinflammatory molecules including IL-1, IL-6, TNFα, and matrix metalloproteinases (MMPs). Neutrophils elastase is released, which damages the internal elastic lamina and causes thickening. Macrophages secrete the inducible nitric oxide synthase (iNOS). This cascade of events leads to intimal proliferation, internal elastic destruction, and aneurysmal dilatation of the vessel (Figure 2) (34).


[image: Figure 2]
FIGURE 2. Inflammatory stimulus in Kawasaki syndrome.




Formation and Progress of Coronary Artery Aneurysms

In the early stages of KD, the synchronous neutrophilic process involving necrotizing arteritis is complete within 2 weeks after fever onset. It progressively destroys the arterial wall into the adventitia, causing the coronary artery lesions (CALs) to dilate. The internal and external elasticity become fragmented, causing aortic blood pressure to become unbearably high, and an aneurysm begins to form (35). If the internal diameter of an aneurysm increases excessively, rupture, or thromboembolism may occur. After the acute phase of KD, chronic vasculitis characterized by an asynchronous infiltration of plasma cells, lymphocytes, and eosinophils with decreased macrophages can continue for months or years in a small proportion of patients. At this phase, progressive thickening of the intima may lead to lumen stenosis. If clinical manifestations are evident, it can cause peripheral myocardial ischemia (Figure 3). Pathological outcomes of coronary artery aneurysms depend on the severity of the lesions. Slightly dilated arteries may have a chance to return to normal. Large or giant aneurysms have thickening intima and lost their elastica, which cannot be regenerated. Aneurysms and atherosclerotic lesions may occur in coronary artery branches (36).


[image: Figure 3]
FIGURE 3. Long-term prognosis of coronary aneurysm.




Potential Mechanisms of Atherosclerosis Formation

Carotid intima-media thickness (cIMT) (37, 38), abnormal lipid profile (39–41), including total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL) cholesterol (LDL-C), arterial stiffness (42, 43), flow-mediated dilatation (FMD) (5) and inflammatory biomarkers [hsCRP (44) and, myeloperoxidase (45)] have been reported to be the risk factors for atherosclerosis. On the other hand, those markers mentioned earlier also appear in patients with KD history (5, 6, 11, 46). Potential mechanisms of increased risk for accelerated atherosclerosis include (1) arterial damage secondary to the acute process of the disease itself that may change the vascular structure and function, and propagate proatherogenic progress, (2) enduring inflammation and vasculitis that promote the development of atherosclerosis, and (3) patients with a history of KD may have other types of risk factors for atherosclerosis (47).




CLINICAL POINT OF VIEW: NO CONSENSUS


Carotid Intima-Media Thickness

The cIMT is a noninvasive marker of atherosclerosis (38), and is considered a useful marker in adults (48). Recent research has focused on cIMT to determine if patients with KD history may be at risk of premature atherosclerosis (Table 1) (6, 43, 49–57). A few studies showed that the mean cIMT was significantly higher in KD patients than controls (p < 0.001) (6, 49, 52, 56, 57), while other studies did not show similar results (43, 50, 51, 53–55). Noto et al. (56) found significant differences between cases and controls, and in patients with KD history, atherosclerosis seemed to be age-dependent. The mean age of KD patients was 20.5. However, 26 out of the 35 patients included had persistent CAAs, and only 52% had received intravenous immunoglobulin (IVIG) during the acute episode. Gopalan et al. (49) found that the mean cIMT remained higher in patients with KD than those without KD at an average duration of 6.9 years after the acute episode. The authors suggested that children with KD may continue to have increased cIMT even several years after the acute phase. Watanabe et al. (58) found similar results. Virtual histological-intravascular ultrasonography findings were compared between patients with KD for <1 year (group A) and those with KD for >10 years (group B). There was no difference in the area percentage of atherosclerosis between the groups. However, the authors concluded that atherosclerotic-like findings exist in CAL in patients with KD, even within a year of onset. Investigators (6) found intima-media thickening in patients with or without CAL and detected long-term functional abnormalities in KD patients with regressed CAAs or angiographically normal coronary arterial. Several studies (51, 53, 55) did not find significant difference in cIMT between the patients with KD and controls given variations in the study population, consisting of a younger or older population or a small group of patients with giant aneurysms. The 2017 American AHA guidelines (15) and the 2020 Japanese JCS guidelines (18) used the coronary artery Z-scores to classify Kawasaki patients into five risk levels. The higher the risk level, the higher the likelihood of a cardiovascular event in the patient. The above-mentioned studies only described the presence of CAAs in patients but did not stratify them based on risk categories. This may be one of the reasons for various results between the studies. Including more high-risk patients with persistent CAAs would be more desirable to study the association of cIMT on disease severity.


Table 1. Studies on carotid intima-media thickness (cIMT) in patients with a history of KD.
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Flow Mediated Dilatation

Vascular function test FMD can be measured and used as a noninvasive index of endothelial function (43). It uses ultrasound imaging to measure the arterial response during reactive hyperemia. Because of its noninvasive nature, FMD has recently been studied in KD patients (Table 2) (4, 5, 43, 51, 56, 59, 60). Most of the studies achieve statistically significant results (4, 5, 51, 56, 59). The percent FMD (%FMD) was significantly reduced in the KD group than the control group. Two studies (51, 59) categorized the participants into three groups for comparisons, group 1 with CAA/CAL, group 2 without CAA/CAL, and group 3 comprised healthy controls. They found the %FMD differed significantly among the three groups. KD patients, especially those with CAA /CAL, would be more likely to have severe endothelial damage. Two studies (43, 60) found no significant differences between cases and controls. However, compared to others, they had few or no persistent CAAs in KD groups. The long-term complications remain low for patients without coronary artery involvement (15), similar to those without KD diagnosis (61).


Table 2. Studies on flow-mediated dilatation (FMD) in patients with a history of KD.
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Lipid Profile

Determination of lipid profile is a part of risk stratification for atherosclerosis. The protective role of high-density lipoprotein (HDL) and the pathogenic role of LDL, TC, and TG in atherosclerosis are well-established. Some investigators (Table 3) studied the lipid profile between KD patients and controls to determine the differences (5, 47, 50, 54, 56, 57, 60, 62, 63). A majority of the existing studies indicated no differences between KD patients and controls on the lipid profile. However, one study (63) had a statistically significant result. The authors found that KD patients had significantly lower TC (P < 0.001), LDL (P < 0.001), and TG (P = 0.008) than those controls. Unlike other studies, the authors used nuclear magnetic resonance (NMR) spectroscopy to directly quantify the number of LDL and HDL particles and their size distribution because of its accurate assessment of atherosclerotic risk. The authors recommended managing KD patients with documented hyperlipidemia more proactively.


Table 3. Studies on lipid profile in patients with a history of KD.
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High-Sensitivity C-Reactive Protein or C-Reactive Protein

Some studies support the role of the inflammatory mechanisms in atherogenesis (44, 64, 65). Leukocyte recruitment and proinflammatory cytokines are crucially in the early phase of atherogenesis (44). Serum hsCRP, an indicator of inflammation, is a reliable clinical marker to predict the risk of coronary events (11). Several studies (Table 4) discussed (hs) CRP in follow-up patients of KD recent years (5, 42, 50, 51, 54, 57, 60). The inflammatory process was more severe in KD patients with persistent CAL than those without, manifested with prolonged duration of fever and increasing CRP levels (51). The authors hypothesized the longer the duration of fever, the greater the risk of inflammation-induced endothelial dysfunction in KD patients. Another study showed similar result (57). Borzutzky et al. (60) found that patients with elevated hsCRP did not have persistent CAL, suggesting that inflammation may also be present in the large subgroup of children without persistent CAL. Niboshi et al. (5) found no statistically significant difference between cases and controls. The investigators classified the KD patients into three groups: group A with CAL; group B with transient CAL; and group C without CAL. The results revealed a significant increase in group A as compared to the control group. In contrast with aforementioned studies, several other studies (42, 50, 54) had negative results. Cho et al. (42) revealed that levels of hsCRP were not significantly different between KD and healthy subjects, however, homocysteine level, another indicator of inflammation, was significantly higher in KD groups. And one of the studies that had negative results (54), compared to others, had no persistent CAAs in KD groups. Therefore, CPR/hsCRP should not be used as the only inflammatory marker when examining patients with KD. The combined use of several biomarkers would help predict association with disease severity and development of CAAs.


Table 4. Studies on C-reactive protein (CRP)/high-sensitive C-reactive protein (hsCRP) in patients with a history of KD.
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LONG-TERM MANAGEMENT


Evaluation and Lifestyle Change

It remains unknown if atherosclerotic risk factors affect the long-term progression of KD (15). Nonetheless, KD patients have been classified as a risk condition of atherosclerotic cardiovascular disease (CVD) and targeted in the evaluation of atherosclerotic CVD. KD patients with current coronary aneurysms are considered high risk, and those with regressed aneurysms are at moderate risk (66). Other risk factors include family history, age, gender, diet, physical inactivity, tobacco exposure, blood pressure, lipid levels, obesity, diabetes mellitus, predisposing conditions, metabolic syndrome, inflammatory markers and perinatal factors (66). Although it is challenging to recognize the progression of atherosclerosis in patients with KD history, coronary endothelial dysfunction seems to be present in those with CAL. A recent scientific statement from the Japanese Circulation Society (JCS) (18) recommends eliminating arteriosclerosis-promoting factors in patients with CAL, and lifestyle modifications including smoking cessation, prevention of obesity, and healthy diet, are essential for patients with KD history.



Medical Treatment of CAL
 
Statins

Statins have been the cornerstone of therapy for preventing atherosclerotic cardiovascular events in adults (67). Based on the American College of Cardiology (ACC)/AHA Guidelines for the primary prevention of cardiovascular disease, statin therapy is the first-line agent for primary prevention in patients at an increased risk for atherosclerotic events. Statins have beneficial effects on inflammation, endothelial function, oxidative stress (68–71). Although controversy remains on whether pathology of KD may have features of atherosclerosis, statins have been recently recommended for empirical therapy in KD patients with past or current aneurysms (15, 18) according to the AHA and JCS. Some studies (10, 72) reported that KD patients with aneurysms had shown statistically significant improvement in reductions in hsCRP and improved endothelial function after 3 months of statin therapy. In another small study, short-term statin therapy for 3 months seemed to significantly improve chronic vascular inflammation and endothelial dysfunction in children with KD with little to no adverse effects (73).



Angiotensin II Receptor Blocker, Angiotensin Converting Enzyme Inhibitor

Vascular stenosis is formed by intimal proliferation in KD patients, which is caused by the action of the renin-angiotensin system (RAS) in the vascular wall (18). Investigators found that angiotensin II (Ang II) has significant proinflammatory actions in the vascular wall, inducing inflammatory cytokines and adhesion molecules (74). It is hypothesized that RAS antagonists (ARB, ACEI) can prevent atherosclerosis by reducing vascular inflammation (75). They have also been shown to be protective against atherosclerotic CVD (76). JCS recommends ARB and ACEI for preventing coronary artery stenosis in KD patients with CAL (18).



β-Blockers

β-blockers have an essential role in the management of the atherosclerotic disease (77, 78) by inhibiting the sympathetic system, exhibiting antioxidant and anti-inflammation effects (79). Their roles have also been extended to the KD coronary disease. AHA 2017 guidelines recommend β-blockers be considered for KD patients with persistent large or giant aneurysms because they are at high risk of developing MI (15).





SUMMARY

Whether the long-term pathological vascular processes in patients with KD history are distinct vasculopathy or typical atherosclerosis features remains controversial. In this article, we reviewed the pathology of KD and its possible role in atherosclerosis development. The risk factors for atherosclerosis have also existed in patients with KD history. Upon reviewing the recent data regarding whether KD history predisposes patients to premature atherosclerosis, there was no conclusive consensus. However, timely diagnosis and treatment of KD is critical to prevent cardiovascular complications. In addition, consistent follow-up visits may be necessary. Counseling on lifestyle factors affecting atherosclerosis, including dyslipidemia, hypertension, smoking, and obesity, is an essential aspect of long-term management in all patients with a history of KD. Moreover, it may be wise to give pharmacotherapy empirically for KD patients with past or present aneurysms.
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Atherosclerosis is a chronic inflammatory disease. Interleukin-17-producing CD4+ T cells (Th17 cells) play important roles in the progression of atherosclerosis. However, most of the studies were focused on the advanced stage of atherosclerosis. In the current study, we investigated the roles of Th17 cells, relevant mechanisms in hyperlipidemic patients, and different stages of atherosclerotic mice. Human blood samples were collected, and percentages of Th17 cells, macrophages, and neutrophils were analyzed by flow cytometry. ApoE−/− mice were fed with high-fat diet (HFD) and sacrificed at different time points to evaluate the infiltration of inflammatory cells at different stages of atherosclerosis. Furthermore, essential mechanisms of IL-17A in atherosclerotic inflammatory milieu formation were studied in vivo by intraperitoneal injection with monoclonal anti-murine IL-17 antibody. Our study reveals the higher percentages of Th17 cells, monocytes, and neutrophils in hyperlipidemic patients compared to healthy donors. Meanwhile, we also identify an infiltration of Th17 cells in the early stage of atherosclerosis (4 weeks after HFD), which maintains at high level until late stage of atherosclerosis (20 weeks after HFD). What is more, inflammatory cells including macrophages and neutrophils were also accumulated in atherosclerotic lesions. Neutralization of IL-17 in ApoE−/− mice resulted in less infiltration of macrophages and neutrophils and smaller atherosclerotic lesions. Importantly, in accordance with what is found in the mouse model, positive correlations between Th17 cells and macrophages or neutrophils were observed in hyperlipidemic patients. In conclusion, our clinical and mouse model data together reveal a pro-atherogenic role of Th17 cells through the promotion of inflammation in hyperlipidemic conditions and different stages of atherosclerosis, which further supports the notion that IL-17 may be a therapy target for the treatment of atherosclerosis.
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INTRODUCTION

Atherosclerosis is the main cause of cardiovascular disease, which is the leading cause of mortality worldwide (1). The pathogenesis of atherosclerosis is very complicated, with a key role for immune cells and inflammation in conjunction with hyperlipidemia, especially elevated (modified) low-density lipoprotein (LDL) levels (2). Lesions of atherosclerosis contain macrophages, T cells, and other immune cells, together with cholesterol that infiltrates from the blood (3). Emerging data indicate that immune cells are affected and behave differently in a hyperlipidemic environment (4).

As part of the adaptive immune system, T cells actively participate in regulating local and systemic inflammation during atherosclerosis (5). The respective roles of T helper 1 (Th1) cells, T helper 2 (Th2) cells, and regulatory T (Treg) cells in atherosclerosis are well-established (6). Th1 cells secrete interferon-γ (IFN-γ), which promotes monocyte infiltration, enhances macrophage activation, and modulates foam-cell formation (7). Th2 cells are much less frequent in atherosclerotic plaques than Th1 cells (7) are. Th2 cells produce anti-inflammatory factors including IL-5 (8) and IL-33 (9) and play atheroprotective roles. Tregs are subdivided into two types (natural and induced) depending on their origin (10). Both natural Tregs and iTregs are important for protection against atherosclerosis, either by direct effects on T cells or through deactivation of dendritic cells (11).

Besides the T cell subsets mentioned above, the roles of IL-17-producing CD4+ T cells (Th17 cells) in atherosclerosis are controversial (12). Th17 cells are a new lineage of CD4+T cells characterized by the expression of IL-17A, IL-17F, IL-21 and IL-22, mainly IL-17A (13). IL-17 was first described as cytotoxic T lymphocyte-associated antigen 8 in 1993 and now refers to IL-17A, which is the founding member of the IL-17 family (14, 15). The expression of IL-17 was lower in non-inflammatory conditions. However, IL-17 is rapidly induced after bacterial and fungal infection and promotes leukocyte recruitment to inflammatory sites by producing chemokines and cytokines (14–16). Recently, several studies have investigated the role of IL-17 in atherosclerosis, but the results are inconsistent (12). Inhibition of IL-17A markedly reduced the atherosclerotic lesion area, maximal stenosis, and vulnerability of the lesion in apolipoprotein E knock-out (ApoE−/−) mice (17). However, in another study, in vivo administration of IL-17 in low-density lipoprotein receptor knock-out (Ldlr−/−) mice reduces endothelial vascular cell adhesion molecule-1 expression and vascular T cell infiltration and significantly limits atherosclerotic lesion development (18). The discrepancy of Th17 cell's roles in atherosclerosis depends on the mouse model used, the strategy used to block or supplement IL-17, or the time of the fat diet (8).

Herein we use the peripheral blood of hyperlipidemic patients and mouse model of atherosclerosis to demonstrate the dynamic changes and functions of Th17 cells at different stages of atherosclerosis in order to provide new therapy targets for the treatment of atherosclerosis.



MATERIALS AND METHODS


Patients and Specimens

Fresh peripheral blood was obtained from 129 hyperlipidemic patients at University-Town Hospital of Chongqing Medical University. The range of ages of the hyperlipidemic patients was from 29 to 79, and the median age was 55. Among these patients, 48.1% were male and 51.9% were female. None of the patients had other metabolic diseases such as hypertension or diabetes. Peripheral blood from 110 healthy donors was used as control. The study was approved by the Ethics Committee of Chongqing Medical University. Written informed consent was obtained from each subject.



Animals

Six-week-old male ApoE−/− mice (C57BL/6 background) were purchased from Beijing Huafukang Biotechnology Co. C57BL/6 mice (wild type, WT) were obtained from Chongqing Medical University Animal Center. All mice were bred in specific pathogen-free conditions. All animal experiments were undertaken with review and approval from the Animal Ethical and Experimental Committee of Chongqing Medical University.



Atherosclerosis Mouse Model

ApoE−/− mice were fed with high-fat diet (HFD) containing 0.15% cholesterol (purchased from Medicine Ltd., China) to generate lipid-induced atherosclerosis. WT mice were fed with chow diet as control. At 4, 8, 12, 16, and 20 weeks after feeding, ApoE−/− and WT mice were anesthetized and sacrificed. Blood samples were obtained and collected in Eppendorf tubes containing heparin sodium. The vasculature was perfused completely with sterile phosphate-buffered saline (PBS)–heparin sodium solution by cardiac puncture to wash out blood from the heart and all vessels. Hearts were excised and fixed in 4% paraformaldehyde. Spleen, aorta, femur, and tibia were collected in sterile PBS solution for further use.



Flow Cytometry

Bone marrow was collected from femur and tibia and processed into single-cell suspension. Aortas were digested for 1 h at 37°C using an enzyme mixture that contained 450 U/ml collagenase I (Sigma-Aldrich, USA), 125 U/ml collagenase XI (Sigma-Aldrich, USA), 60 U/ml DNAse I (Sigma-Aldrich, USA), and 60 U/ml hyaluronidase (Sigma-Aldrich, USA) as previously reported (19). All samples were processed into single-cell suspension. These cells were stained with fluorescence-labeled antibodies of CD45, CD3, F4/80, CD14, Ly6G, CD66b, CD8, and γδ T for 30 min at 4°C. For intracellular staining of IL-17, the cells were stimulated for 6 h with cell activation cocktail with Brefeldin A (Biolegend, USA). Intracellular cytokine staining was performed after the cells were fixed and permeabilized with fixation/permeabilization buffer (eBioscience, USA) for 20 min. Supplementary Table 1 shows detailed information of the antibodies used in flow cytometry.



Blood Lipid Measurement

Blood lipids including total cholesterol (TC), total triglyceride (TG), low-density lipoprotein-cholesterol (LDL-C), and high-density lipoprotein-cholesterol (HDL-C) were measured with corresponding assay kit (Mindray, China) using biochemical analyzer (Mindray, China).



Assessment of Atherosclerotic Lesion

Frozen sections of aortic sinuses were stained with Oil Red O (ORO; Solarbio, China). Total lesion areas defined as intimal atherosclerotic areas and lesion lipid accumulation areas identified by ORO-stained areas were measured using ImageJ. Paraffin-embedded hearts were cut into 6–8-μm-thick slides for hematoxylin–eosin staining and Masson's staining. The necrotic core areas and collagen in atherosclerotic lesions were measured using ImageJ.



In vivo IL-17 Neutralization

ApoE −/− mice were fed with HFD. At 2 weeks later, 50 μg of mouse monoclonal anti-murine IL-17 neutralizing antibody (R&D Systems, USA) was intraperitoneally injected into mice twice a week for 4 weeks, while mice that received isotype control antibody (R&D Systems, USA) or PBS served as control. Then, the mice were sacrificed, and samples were collected as detailed above.



Statistical Analysis

Results are expressed as mean ± SEM. Student's test was generally used to analyze the differences between the two groups. Correlations between parameters were assessed using Pearson correlation analysis and linear regression analysis as appropriate. Graphpad was used for all statistical analysis. All data were analyzed using two-tailed tests, and p < 0.05 was considered statistically significant.




RESULTS


The Percentage of Th17 Cell Is Much Higher in Peripheral Blood of Hyperlipidemic Patients Than That of Healthy Donors

Hyperlipidemia is one of the main risk factors of atherosclerosis. Atherosclerosis is a chronic inflammatory disease and is initiated mainly in response to endogenously modified lipoproteins, particularly oxidized low-density lipoprotein, which stimulates both the innate and adaptive immune responses (8). Given so, we first assessed the distribution of CD4+ T cells in the peripheral blood of hyperlipidemic patients. We found that patients with hyperlipidemia (n = 129) showed a higher CD4+ T cell percentage than that of healthy donors (n = 110) (Figures 1A,B). Furthermore, we assessed the production of IL-17 in CD4+ T cells. Notably, patients with hyperlipidemia showed a higher Th17 cell percentage than that of healthy donors (Figures 1C,D). As most of the atherosclerosis cases resulted from hyperlipidemia, these results indicate that Th17 cell may play a pivotal role in early atherosclerosis.


[image: Figure 1]
FIGURE 1. Th17 cell percentage in peripheral blood of hyperlipidemic patients. (A) Dot plots of surface molecule staining for CD8−γδTCR− T cells (i.e., CD4+ T cells) gating on CD45+CD3+ cells. (B) CD4+ T cell percentage in CD45+CD3+ T cells. Cumulative results from 129 patients with hyperlipidemia and 110 healthy donors are shown. (C) Dot plots of intracellular staining of IL-17 in CD4+ T cell. (D) Th17 cell percentage in CD4+T cells. Each dot in (C,D) represents one patient. *p < 0.05.




Th17 Cells Are Enriched in a Mouse Model of Atherosclerosis

To identify the exact roles of Th17 cells in all stages of atherosclerosis, we established an experimental atherosclerosis model by feeding ApoE−/− mice with HFD. The mice were sacrificed at 4, 8, 12, 16, and 20 weeks after HFD. The blood lipid levels (including TC, TG, HDL-C, and LDL-C) of ApoE−/− mice were significantly higher than those of WT mice fed with chow diet (Supplementary Figures 1A–D). Oil red O staining showed that plaques appeared on the aortic roots of ApoE−/− mice after 4 weeks of HFD, and the area of plaques gradually increased as the feeding time increased (Supplementary Figures 2A,B). The collagen fiber contents (Supplementary Figures 2C,D) and necrotic core (Supplementary Figures 2E,F) area showed the same trend. These results confirmed the successful construction of an atherosclerosis mouse model.

Then, we analyzed the percentage of CD4+T cells in different stages of atherosclerosis. The proportion of CD4+T in total CD3+T cells significantly increased in the aorta, blood, and spleen of ApoE−/− mice with HFD compared to WT mice with chow diet, while no difference was observed in the bone marrow (Supplementary Figures 3A–H). What is more, Th17 cell percentage in the aorta of ApoE−/− mice was much higher than that of WT mice, which reached the highest level at 12 weeks after HFD (Figures 2A,B). The same results were obtained in the blood, spleen, and bone marrow of ApoE−/− mice (Figures 2C–H). These results indicate that Th17 cell may play important roles in the whole stages of atherosclerosis.


[image: Figure 2]
FIGURE 2. Ratio of Th17 cells in CD3+ T cells in different tissues and organs. Representative dot plots of intracellular staining of IL-17 gating on CD4+ T cells in (A) aorta, (C) blood, (E) spleen, and (G) bone marrow of wild-type (WT) and ApoE−/− mice fed with high-fat diet (HFD) for 12 weeks. Th17 cell percentage in (B) aorta, (D) blood, (F) spleen, and (H) bone marrow of WT and ApoE−/− mice fed with HFD at different time points (4–20 weeks). Each group consisted of six mice. *p < 0.05, **p < 0.01.




Inflammatory Milieu Is Observed in Atherosclerotic Lesions of ApoE–/– Mice

It is well-recognized that atherosclerosis is an inflammatory disease with innate and adaptive immune cells infiltrating in the vessel wall (8). Thus, we detected the infiltration of monocytes/macrophages and neutrophils besides CD4+ T cells. We found that monocytes/macrophages aggravated in the aorta of ApoE−/− mice since 4 weeks after HFD until 20 weeks (Figures 3A,B). The same results were obtained as to the infiltration of neutrophils (Figures 3C,D).


[image: Figure 3]
FIGURE 3. Infiltration of innate immune cells in the aorta. (A) Representative dot plots of F4/80+ macrophages gating on CD45+ leukocytes in the aorta of wild-type (WT) and ApoE−/− mice fed with high-fat diet (HFD) for 12 weeks. (B) Percentage of macrophages in the aorta of WT and ApoE−/− mice fed with HFD at different time points (4–20 weeks). (C) Representative dot plots of Ly6G+ neutrophil gating on CD45+ leukocytes in the aorta of WT and ApoE−/− mice fed with HFD for 12 weeks. (D) Percentage of neutrophils in the aorta of WT and ApoE−/− mice fed with HFD at different time points (4–20 weeks). Each group consisted of six mice. *p < 0.05, **p < 0.01, ***p < 0.001.




Neutralization of IL-17 Alleviates Atherosclerotic Lesions Through Decreasing the Cellularity in ApoE–/– Mice

IL-17 can induce the release of chemokines such as C-X-C motif chemokine ligand (CXCL) 1, CXCL2, and CXCL8 by endothelial cells and vascular smooth muscle cells (20). These chemokines can recruit macrophages and neutrophils to the inflammatory sites. Thus, we wonder if IL-17 can recruit macrophages and neutrophils to atherosclerotic lesions. To test this hypothesis, the anti-IL-17 monoclonal antibody was intraperitoneally injected into ApoE−/− mice, and the infiltration of macrophages and neutrophils and atherosclerotic formation were detected.

To evaluate the depletion of IL-17, the mice were sacrificed 4 weeks after anti-IL-17 antibody injection. As shown in Supplementary Figure 4, the ratios of Th17 cells in the aorta, blood, spleen, and bone marrow were significantly reduced in the anti-IL-17 group compared to the control immunoglobulin G group and PBS group, which confirmed the successful neutralization of IL-17.

The atherosclerotic plaque formation was alleviated in mice deficient in IL-17 as the lesion size, collagen contents, and necrotic core all decreased (Figures 4A–C). Monocytes/macrophages were significantly reduced in the aorta and blood of mice injected with anti-IL-17 antibody (Figures 5A–D), while no obvious difference was found in the spleen or bone marrow among the different groups (Figures 5E–H). The same results were obtained as to the infiltration of neutrophils (Figures 6A–H). These results imply that IL-17 may promote the migration of innate immune cells to atherosclerotic lesions rather than influence their production in the bone marrow. As the result of macrophage and neutrophil infiltration, atherosclerotic plaque formation was exacerbated further.


[image: Figure 4]
FIGURE 4. The severity of atherosclerosis after IL-17 neutralization. Representative images of aortic roots stained with (A) Oil Red O stain, (B) Masson trichrome stain, and (C) hematoxylin–eosin stain.



[image: Figure 5]
FIGURE 5. Monocyte/macrophage infiltration in different organs after IL-17 blocking. Representative dot plots of monocyte/macrophage gating on CD45+ leukocytes and quantitative analysis of monocyte/macrophage percentages in (A,B) aorta, (C,D) blood, (E,F) spleen, and (G,H) bone marrow. *p < 0.05, **p < 0.01, ***p < 0.001.



[image: Figure 6]
FIGURE 6. Neutrophil infiltration in different organs after IL-17 blocking. Representative dot plots of neutrophil gating on CD45+ leukocytes and quantitative analysis of neutrophil percentages in (A,B) aorta, (C,D) blood, (E,F) spleen, and (G,H) bone marrow. *p < 0.05, **p < 0.01.




Th17 Cells Are Positively Correlated With Monocytes and Neutrophils in Hyperlipidemic Patients

The relationship between Th17 cells and other innate immune cells in atherosclerotic mice made us wonder whether there was the same phenomenon in human hyperlipidemia. Then, the distribution of monocytes and neutrophils in peripheral blood of hyperlipidemic patients was analyzed by flow cytometry. The results showed that the percentages of monocytes and neutrophils were much higher in hyperlipidemic patients than those in healthy donors (Figures 7A–D). Further analysis revealed that Th17 cells had a positive correlation with monocytes and neutrophils, respectively (Figures 7E,F). The results were in accordance with that observed in IL-17-deficient mice, which implies a regulatory role of Th17 cells in the early stage of atherogenesis.


[image: Figure 7]
FIGURE 7. Correlation between Th17 cells and monocytes and neutrophils in hyperlipidemic patients. (A,B) Percentages of monocytes (CD45+CD14+ cells) in human peripheral blood. (C,D) Neutrophil (CD45+CD66b+cells) percentage in human peripheral blood. (E) Correlation between Th17 cells and monocytes (n = 129). (F) Correlation between Th17 cells and neutrophils (n = 51). *p < 0.05, ***p < 0.001.





DISCUSSION

Our findings reveal that Th17 cells increased since early atherosclerosis, and the neutralization of IL-17 results in smaller atheroma plaque formation in ApoE−/− mice fed with HFD. We identify the migration of macrophages and neutrophils in atherosclerotic lesions regulated by Th17 cells as the mechanism potentially responsible for the observed phenomenon. Our clinical data support the concept because there is a positive correlation between Th17 cells and monocytes or neutrophils in hyperlipidemic patients. These observations illustrate that Th17 cells play pivotal roles in not only the genesis but also the development of atherosclerosis.

Atherogenesis is initiated by the accumulation of apolipoprotein-B-containing lipoproteins in the intima at regions of disturbed blood flow in medium-sized arteries (21). This event triggers the recruitment of monocytes/macrophages, the most abundant immune cells present in atherosclerotic lesions, as well as cells of adaptive immune response such as T lymphocytes (22). In patients with hyperlipidemia (mainly high levels of TC and LDL-C), we found an increased percentage of Th17 cells in peripheral blood compared to healthy donors. As hyperlipidemia is an initiation state of atherosclerosis, we speculate that Th17 cells may infiltrate in the early stage of atherosclerosis. In accordance with this, significantly higher infiltration of Th17 cells was observed in the aorta, blood, and spleen of ApoE−/− mice at the early stage of atherogenesis (4 weeks after HFD). Because most of the recent studies in regard to the role of Th17 cells are focused on the advanced stage of atherosclerosis, we also detect the infiltration of Th17 cells in ApoE−/− mice fed with HFD at different time points (i.e., 8, 12, 16, and 20 weeks after HFD). The increased infiltration of Th17 cells not only exists at the early stage of atherosclerosis but is also maintained at high levels until the late stage of atherosclerosis. These data indicate that Th17 cells may be involved in the initiation and development process of atherosclerosis.

As the main product of Th17 cell, IL-17A plays important roles in autoimmune diseases such as multiple sclerosis, inflammatory bowel disease, and arthritis (23). It affects local inflammation in several ways. IL-17A induces the production of cytokines IL-6 and IL-8 as well as chemokines C-C motif chemokine ligand (CCL) 5, CCL2, and CXCL 1 by a variety of cells, including endothelial and vascular smooth muscle cells, fibroblasts, and epithelial cells (24). These cytokines and chemokines then accelerate the recruitment of leukocytes to atherosclerotic vessels (18). In support of this notion, we detected increased numbers of macrophages and neutrophils in the aorta of ApoE−/− mice fed with HFD. Moreover, intraperitoneal injection of anti-IL-17A antibody in vivo resulted in the diminished infiltration of monocytes/macrophages and neutrophils in the aorta, blood, and spleen of ApoE−/− mice, while the macrophages and neutrophils in the bone marrow were not affected. What is important is that our clinical data also implied a positive relationship between Th17 cells and monocytes or neutrophils. These data suggest that Th17 cells may promote the progression of atherosclerosis via enhancing the mobilization, instead of the genesis, of inflammatory cells. However, further studies are needed to uncover the specific mechanisms about how macrophages and neutrophils are regulated by Th17 cells in atherosclerosis.

Collectively, using the clinical blood samples of hyperlipidemic patients and an atherosclerotic mouse model, we demonstrate a pro-atherogenic effect of IL-17 from early to late stages of atherosclerosis. In hyperlipidemic conditions, CD4+ T cells are activated and produce inflammatory cytokines, especially IL-17, in the aorta, blood, spleen, and bone marrow, which induces the migration of macrophages and neutrophils to atherosclerotic lesions and exacerbates the development of atherosclerosis. Understanding how Th17 cells are regulated in hyperlipidemic conditions and in the different stages of atherosclerosis and the interactions among immune cells in atheromatous plaque are of utmost importance to identify potential therapeutic targets to prevent or stabilize the disease process. Our findings further support the notion that IL-17 may be a therapy target for the treatment of atherosclerosis.
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Atherosclerosis is a complex pathology that involves both metabolic dysfunction and chronic inflammatory process. During the last decade, a considerable progress was achieved in describing the pathophysiological features of atherosclerosis and developing approaches that target the abnormal lipid metabolism and chronic inflammation. However, early events in the arterial wall that initiate the disease development still remain obscure. Finding effective therapeutic targets in these early processes would allow developing methods for disease prevention and, possibly, atherosclerotic plaque regression. Currently, these early events are being actively studied by several research groups. One of the processes that are being investigated is the development of mitochondrial dysfunction, which was demonstrated to be present in the affected areas of the arterial wall. Detection and characterization of mitochondrial dysfunction associated with several chronic human disorders was made possible by the improved methods of studying mitochondrial biology and detecting mitochondrial DNA (mtDNA) mutations. It was found to be involved in several key atherogenic processes, such as oxidative stress, chronic inflammation, and intracellular lipid accumulation. Mitochondrial dysfunction can occur in all types of cells involved in the pathogenesis of atherosclerosis: monocytes and macrophages, smooth muscle cells, lymphocytes, and the endothelial cells. However, therapies that would specifically target the mitochondria to correct mitochondrial dysfunction and neutralize the defective organelles are still remain to be developed and characterized. The aim of this review is to outline the prospects for mitochondrial therapy for atherosclerosis. We discuss mechanisms of mitochondria-mediated atherogenic processes, known mitochondria-targeting therapy strategies, and novel mitochondria-targeting drugs in the context of atherosclerosis.
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INTRODUCTION

Despite the tremendous efforts invested in the research of atherosclerosis and associated cardiovascular diseases and considerable progress in its diagnostics and management, the search for antiatherosclerosis therapies is far from finished. The available therapies are mostly focused on reducing known atherosclerosis risk factors, such as hyperlipidemia, alleviating the consequences of the disease and slowing down its progression (1). Moreover, available anti-atherosclerosis therapies do not target the earliest stages of atherosclerotic lesion development, where therapeutic intervention may be especially important for reducing the disease burden. During the recent years, the search for therapeutic targets mechanistically involved in the disease initiation received growing attention. One of the areas of interest is the chronic inflammatory process that may underly the disease development at the earliest stages (2). However, the atherosclerosis is known to be a multifactorial disease, which necessitates therapies that target a range of pathophysiological processes beyond inflammation. Furthermore, the list of genetic variants associated with atherosclerosis is constantly growing, making personalized medicine especially promising for prevention and treatment of the disease (3).

Among the events taking place at the early stages of the disease are inflammatory activation of both circulating immune and resident arterial wall cells, endothelial dysfunction, alteration of blood lipid profile, and oxidative stress. Strikingly, all these disturbances appear to be closely related to mitochondrial dysfunction, which may turn out to be the key link in the pathogenesis of atherosclerosis and a target for therapeutic agents (4). Mitochondria play a crucial role in, cellular metabolism, energy production and survival, especially in cell types characterized by high energy demands. In addition to energy production, mitochondria are involved in a number of vital cellular processes: calcium homeostasis, signaling function, which is partially performed through generation of reactive oxygen species (ROS), and initiation of apoptosis. Impairment of these mechanisms can lead to cellular dysfunction, uncontrolled ROS production followed by damage of cells and their surroundings, and initiation of the inflammatory response (5).

Accumulating evidence confirms the involvement of mitochondria in many pathological conditions, including cancers, cardiovascular pathologies, and neurodegenerative diseases. In this regard, mitochondriatargeting therapy has become a promising area of research (6). Human diseases caused by primary mitochondrial dysfunction, which is often associated with specific mutations and is hereditary, are termed mitochondriopathies. Besides that, general mitochondrial dysfunction can develop with age, and can also be associated with certain mitochondrial mutations and variants. Such dysfunction is observed in common human chronic diseases, including diabetes and some metabolic disorders. Accumulating evidence positions atherosclerosis as one of such diseases, with possible association of the pathology with certain mutations of the mitochondrial genes. Significant progress has been made in developing mitochondria-targeting approaches for anti-cancer therapies (7). It can be expected that mitochondria-targeting anti-atherosclerosis therapies will make comparable progress in the near future. A number of promising mitochondria-targeting agents is already available at pre-clinical and clinical stages of development. In this review, we will discuss the mechanisms of atherosclerosis development focusing on the role of mitochondrial dysfunction, and will outline the prospects of mitochondrial therapy.



THE ROLE OF MITOCHONDRIA IN THE PATHOGENESIS OF ATHEROSCLEROSIS

Currently, it is believed that 2 processes play a decisive role in the pathogenesis of atherosclerosis: chronic inflammation and impaired lipoprotein metabolism. Atherosclerosis can be characterized as a chronic inflammatory condition, the main initiating factors of which are modified lipids that stimulate the innate and adaptive immune response (8). Atherosclerosis is associated with altered blood lipid profile, and disease severity correlates with the level of total cholesterol and low-density lipoprotein (LDL) cholesterol in the blood. However, the most dangerous are atherogenically modified forms of LDL that have undergone chemical changes, such as desialylation, oxidation, and glycation (9). It was shown that oxidized LDL could cause endothelial dysfunction by inducing the expression of adhesion molecules ICAM-1, VCAM-1 and P-selectins that promote growth and migration of smooth muscle cells, monocytes/macrophages, and fibroblasts. These alterations have a pro-inflammatory effect, since they affect the barrier function of the endothelium and render it adhesive for the circulating immune cells (10). A routine mode of entry of native LDL into the cells is mediated by a specific receptor, LDL receptor (LDLR). However, internalization of oxidized LDL is mediated by cellular scavenger receptors CD36, SR-A1, SR-A2, and LOX-1 that are responsible for the active uptake of oxidized LDL and, probably, other forms of modified LDL by macrophages (11, 12). Upon penetrating into the intima, monocytes differentiate into macrophages and start producing proinflammatory cytokines. Part of the macrophages actively participate in lipid uptake in the arterial wall, turning into foam cells that are abundantly present in growing atherosclerotic plaques. Transformation of macrophages into foam cells also decreases their ability to migrate, which leads to their accumulation in the atherosclerotic plaque and promotes local inflammatory reaction (13).

Oxidized LDL is involved in apoptosis induction pathways in macrophages and endothelial cells involving calcium-dependent mitochondrial pathways. These processes are mediated by cytochrome C and apoptosis-inducing factor (AIF) (14). It was hypothesized that mitochondria from cells deficient for LDLR could be involved in oxidative stress induced under conditions of a simulated state of hypercholesterolemia leading to the development of atherosclerosis. The study exploring this hypothesis demonstrated that mitochondria in ldlr knock-out mice produced more reactive oxygen species (ROS), were more sensitive to apoptosis, had lower antioxidant defense and were more susceptible to mitochondrial permeability transition (MRT) opening. The latter was associated with swelling of defective mitochondria and the outer membrane rupture, accompanied by the release of signaling molecules and apoptogenic factors (15).

It is currently well-recognized that mitochondria play a prominent role in the regulation of the inflammatory response: they control the expression of pro-inflammatory genes and the assembly of inflammasomes. Mitochondrial dysfunction also entails metabolic malfunction, which ultimately induces chronic inflammation (16). In addition, dysfunctional mitochondria are capable of increased ROS generation leading to the secretion of pro-inflammatory cytokines, such as IL-1β, by the affected cells (17).

Oxidative stress is one of the earliest and most significant signs of atherogenesis, which greatly contributes to inflammation and atherogenic lipid modification. Early atherosclerosis is characterized by a loss of balance between the oxidative and antioxidant systems of the cell. During the progression of the disease, the activity of antioxidant systems decreases mainly due to peroxynitrite-mediated inactivation of MnSOD2 and proteasome-mediated degradation of other enzymes (18). Increased production of mitochondrial ROS during lipid peroxidation leads to the formation of various reactive aldehydes. Among them are malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and γ-ketoaldehydes. Their formation is associated with various pathologies: neurodegenerative diseases, carcinogenesis, cardiovascular diseases, as well as aging-associated process. The danger of peroxidation products formation is related to their ability to form bonds with DNA and proteins, altering their structure and activity (19).

The loss of redox balance on the inner mitochondrial membrane can lead to a malfunction of the steroidogenesis process contributing to atherosclerosis development. Accumulation of ROS on the inner mitochondrial membrane can disrupt the mitochondrial cholesterol transporter, steroidogenic acute regulatory protein (StAR), which inhibits the delivery of cholesterol (necessary for steroid synthesis) from the outer to the inner mitochondrial membrane (20).

Normal mitochondrial function is critical for cell survival and is determined by the balance between the processes of mitophagy (autophagic degradation of mitochondria) and mitochondrial biogenesis (fission and fusion). The process of mitophagy helps eliminating defective mitochondria, which prevents their accumulation and associated malfunction of the cell and subsequent apoptosis (21). Mitophagy is therefore one of the barriers for ROS accumulation in damaged mitochondria. Atherosclerosis development is associated with deficient mitophagy, which contributes to progressive cell death, cell stress, and ROS accumulation, ultimately leading to the formation of a necrotic core and atherosclerotic plaque destabilization (22).

The increased generation of ROS during mitochondrial dysfunction causes damage to mitochondrial DNA (mtDNA), which is more prone to mutagenesis than nuclear DNA due to a difference in DNA packaging and repair systems. Accumulation of certain mtDNA mutations further contributes to mitochondrial dysfunction and atherosclerotic lesion progression, and is also involved in plaque destabilization processes. Mutations in mtDNA can lead to a decrease in the synthesis of respiratory complexes and weaken mitochondrial respiration in smooth muscle monocytes and macrophages (22). The effects of ROS have been studied in cell culture models that demonstrated damage to mtDNA, decrease in the amount of coding mtDNA, impaired mitochondrial protein synthesis, alteration of mitochondrial membrane potential and decrease in total ATP production in smooth muscle and endothelial cells (23). These events are likely to play a role in the development of atherosclerosis, which is known to be associated with changes in the mitochondrial genome, such as increase of mtDNA copy number, mtDNA methylation, and appearance of mutations (insertions, deletions, insertions) (24). However, the causative role of ROS in mtDNA damage was challenged by the results of some recent studies. Damaged mtDNA was detected both in circulating cells and in vascular cells before the appearance of other atherosclerotic signs (25). It is therefore possible that mtDNA damage is the primary event that induces excessive ROS generation, violation of the mitochondrial membrane potential and mitochondrial dysfunction followed by the release of cytochrome C and activation of apoptotic pathways. In addition, damaged mtDNA can be recognized by the body as an endogenous damage-associated molecular pattern (DAMP), which provokes the inflammatory response (26).

Mitochondria play a prominent role in cells with high energy consumption, such as many cell types of the cardiovascular system. In vascular endothelial cells, mitochondria act as important regulators of apoptosis and nitric oxide (NO) production. They can affect cell signaling and cellular response to stress, to which this cell type is rather sensitive (27). Endothelial cells, in addition to their barrier function, regulate the vascular tone, transport of blood plasma molecules, hemostasis, inflammation, and lipid metabolism. Intact endothelial barrier prevents penetration of circulating cells, such as monocytes/macrophages, into the vascular wall. Endothelial dysfunction is one of the earliest signs of atherosclerosis (28).

Dysfunctional mitochondria were observed in smooth muscle cells isolated from human atherosclerotic plaques. Such cells were characterized by the presence of mtDNA mutations, reduced mitochondrial mass and defects of ATP synthase (29). Impaired mitochondrial dynamics in smooth muscle cells of atherosclerotic plaques can lead to their proliferation. Fission and fusion of the mitochondria determines their morphology, and the effectiveness of ATP synthesis, oxygen consumption and the potential of the mitochondrial membrane (30). These processes are controlled by mitochondria-associated small GTPases, including the mitochondria 2 fusion protein (mitofusin 2, Mfn2), which reduces proliferation and promotes apoptosis of smooth muscle cells, which makes this protein a potential target for the treatment of atherosclerosis (31).

In macrophages, mitochondrial oxidative stress associated with atherosclerosis contributes to activation of inflammation through the NF-κB mediated pathway (32). This process is characterized by synthesis of pro-inflammatory cytokines, adhesion molecules, and growth factors, that, in turn, can trigger the inflammatory signaling (33).

Thus, mitochondria have a central position in the pathogenesis of atherosclerosis, mediating the most important aspects of the disease development. This fact allows positioning them as a promising potential therapeutic target.



MITOCHONDRIAL THERAPIES

Existing mitochondrial therapies target both primary and secondary mitochondrial dysfunction. Primary mitochondrial dysfunction is caused by inherited defects of genes encoded by mtDNA or of nuclear genes encoding mitochondrial proteins (16). Primary mitochondrial dysfunction usually manifests in childhood, and is difficult to diagnose and treat. Curative treatment of such conditions would require gene therapy, hence replacement or suppression of a defective mitochondrial gene. These approaches still remain to be developed, and current therapy of primary mitochondrial dysfunction is mostly symptomatic (34). Secondary mitochondrial dysfunction can be acquired during the lifetime, and is commonly associated with chronic human diseases and age-related changes. Treatment of such conditions can involve both correction of mitochondrial functioning and stimulation of mitochondrial turnover to replace defective organelles with new and functional ones. Despite the different root causes of primary and secondary mitochondrial dysfunction, both are characterized by common general patterns of cell dysfunction and destruction. Among them are oxidative damage, disrupted calcium homeostasis and deficient ATP synthesis (35). Correction of these features of mitochondrial dysfunction can be achieved by therapies that act both inside and outside of the mitochondria (Figure 1) (34). Approaches such as diet, exercise, and vitamin supplementation [ubiquinone (CoQ10), vitamin C, E, biotin, zinc] are also known to be effective for alleviation of mitochondrial dysfunction (36).
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FIGURE 1. Simplified presentation of main approaches to mitochondria-targeting therapy for atherosclerosis. This Figure was drawn by E. Ivanova in Microsoft PowerPoint.


There are several strategies for the development of mitochondria-targeting therapies. One of them is creation of molecules that selectively accumulate in the mitochondria. Mitochondrial antioxidants are able to alleviate the oxidative stress by selectively eliminating free radicals at the organelle level, where these agents accumulate. Another approach is designing molecules that aim at specific targets in the mitochondria. Gene therapy for correction of defective nuclear or mitochondrial genes is being currently developed. Cell therapy allows changing the number of copies of defective mtDNA and restoring the pool of functional genes. A new area of research is the use of proteasomes to eliminate and process defective mitochondrial components (37).

Studies of mtDNA variants associated with atherosclerosis have demonstrated that some of them correlate with the disease severity and onset timing. The ratio of normal to mutant mtDNA (the heteroplasmy level) appears to be a decisive feature and a potential marker of atherosclerosis-associated mitochondrial dysfunction. The threshold level of heteroplasmy (the level at which the mitochondrial dysfunction manifests itself) for several mtDNA variants can be considered as a marker of predisposition to atherosclerosis, and potentially be used for early diagnosis. Moreover, the severity of mitochondrial genome abnormalities can be reduced by increasing the ratio of wild-type mtDNA to mutant mtDNA. This possibility is currently being tested in preclinical studies (38).


Gene Therapies to Restore mtDNA Defects

Mitochondria-targeting gene therapy is a novel and rapidly evolving research field. These methods can aim at blocking the mutated mtDNA genes and reducing their copy number or restoring the expression of mitochondrial genes of interest. Antigenomic therapy is based on the inhibition of mutated genes using anti-replicative oligonucleotides that reduce the accumulation of mutation-bearing mtDNA copies. The aim of such therapies is reducing the heteroplasmy level of the mutation of interest and restoring the respiratory chain activity (39). Deactivation of mutated mtDNA genes can also be selective, by designing vectors specific for certain mutations (40). Selective removal of mtDNA copies containing unique restriction sites has been reported in murine and human cell lines (37). Therapeutic application of gene engineering tools, such as transcription activator-like effector nucleases (TALENS) and zinc finger nuclease (ZFN)—site-specific restriction endonucleases has been explored (37). More recently, the clustered regularly interspaced short palindromic repeats (RISPR)/CRISPR-associated endonuclease (Cas) system, which revolutionized in vitro gene editing, was applied to altering mtDNA sequence (41). However, much work remains to be done to assess clinical feasibility of such approach.

Targeting delivery of gene editing machinery and vectors to the mitochondria remains a major challenge in these approaches. Mitochondrial delivery can be facilitated by using lipophilic cations, peptide nucleic acids (PNAs) of peptide nucleic acids. A promising approach is the use of lipid-based nanocarriers. Penetration through the outer and inner membranes of the mitochondria by these particles is ensured by the presence of hydrophobic and positively charged ligands that facilitate the process of endosomal transport. Lipid carriers are currently regarded as low toxic and highly selective transport systems (26).

An alternative approach to correcting the deficient mitochondrial genes is their nuclear expression, followed by cytosolic protein synthesis and vector transfection into the mitochondria. Despite some limitations of this method, it is already used to create animal models and is being introduced into clinical practice. Another tool for mitochondrial gene therapy is direct transfection. Its successful application leads to generation of mitochondria-targeting DNA carriers. The development of human mitochondrial gene vectors and cloning of the mitochondrial genome are currently ongoing. Positive results were reported for cloning of the murine mitochondrial genome in Escherichia coli (42).

In addition, injection of an adeno-associated virus carrying the required cDNA acts as a gene therapy that can promote restoration of mitochondrial dynamics by restoring the proteins responsible for this process, such as OPA1, a large mitochondrial GTPase, which is necessary for mitochondrial turnover. A successful example of using such therapy was reported for expression of OPA1 mitochondrial protein in a mouse model of dominant optic nerve atrophy (DOA), which accelerates the rate of degeneration of retinal ganglion cells. Replenishment of the amount of OPA1 protein was achieved by transduction of an adeno-associated virus carrying wild-type human OPA1 cDNA under the control of the cytomegalovirus promoter (43).



Restoration of Mitochondrial Dynamics

A promising approach to alleviate mitochondrial dysfunction is removing defective organelles through the ubiquitin-proteasome system. It was shown that cardiovascular pathologies (including atherosclerosis), neurodegenerative processes, and malignant transformation are all associated with a decrease in the activity of ubiquitin proteasome system (UPS) and the accumulation of dysfunctional mitochondria. It is possible that proteasome inhibitors and proteasome rejuvenation pathways will prove efficient for restoration of this pathway through removal of harmful damaged organelles (44).

Another promising therapeutic strategy is activation of factors such as adenosine monophosphate kinase (AMPK) agonists, nitric oxide/cyclic guanosine monophosphate (NO/cGMP) stimulators, since mitochondrial biogenesis stimulation is known to be potentially cardioprotective (45). The cardioprotective effect of metformin, a widely used antidiabetic drug, demonstrated good results for treatment of postinfarction heart disease in a rat and dog models. Treatment with metformin showed protective effects mediated by AMPK signaling activation. The AMPK signaling cascade is responsible for the regulation of mitochondrial metabolism and stabilization of the cellular redox status. Metformin activation of AMPK improves cellular function during oxidative stress. An important contribution to this process is the inhibition of mitochondrial permeability transition pore (MPTP) opening and activation of the cellular antioxidant system (46).

In addition, activation of AMPK signaling pathways is capable of leveling mitochondrial fragmentation in the endothelial cells by inhibiting dynamin-related protein 1 (Drp1). Known pharmacological activators of these processes are metformin and resveratrol. Their protective action is mediated by inhibition of the inflammasome ER stress/NLRP3 due to a decrease in mitochondrial division (47).

In addition to metformin, there are other compounds that activate the AMPK pathway and can be considered as potential therapeutic agents for heart failure, among them 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranosyl 5—monophosphate (AICAR), thiazolidinediones and statins (5-aminoimidazole-4 -carboxamide-1-β-D-ribofuranosyl, 5‘-monophosphate (AICAR), thiazolidinediones, and statins (45).



Targeted Delivery of Drugs to the Mitochondria

Targeted delivery of therapeutic agents to the mitochondria is one of the priority directions of the current research. To date, several methods have been developed to deliver bioactive molecules to the mitochondria. First, lipophilic cations and mitochondria targeting peptides could be successfully used in vivo. A common lipophilic cation used for that purpose is triphenylphosphonium (TPP). This method allows delivering drugs that have naturally low affinity to the mitochondria because of their physical-chemical properties. Moreover, it reduces the off-target effects outside of the mitochondria therefore potentially reducing side effects. This strategy allows using small amounts of the active substance, which can be toxic, while its target concentration still remains at its maximum. At present, this approach is specific for organs with a high mitochondrial content (34).

Mitochondrial-penetrating peptides (MPPs) are lipophilic compounds that maintain a positive charge and have hydrophobic residues, which are the necessary features for successful penetration through the mitochondrial membrane. MPPs have already been shown to be effective in conjugation with a chemotherapeutic drug cisplatin (48). The peptides used for substance delivery, Szeto-Schiller (SS), act as antioxidants, protecting the mitochondria from oxidative stress. These peptides selectively bind to the inner mitochondrial membrane and accumulate in the matrix, and their penetration does not depend on the membrane potential (49).

Compounds based on guanidine, which can be small molecules or peptides, were shown to be capable of forming a bidentate hydrogen bond with cell surface phosphates, carboxylates and/or sulfates, allowing them to penetrate into cells and accumulate in the mitochondria. Due to the ability of guanidine-based compounds to stably bind to negatively charged proteins, these components can be successfully used for transporting proteins across the cell and mitochondrial membranes (50).

In addition, various nanocarriers, such as liposomes, micelles, and nanoparticles can be used for targeted substance delivery. The use of such delivery methods does not require chemical changes of the active substance, which is delivered in its native form. Nanocarriers are used to deliver low molecular weight substances: peptides, proteins, and small size nucleic acids. The advantage of nanocarrier therapy is the gradual release of the active substance, which reduces the side effects (51).



Alternative Approaches

Non-pharmacological treatment of mitochondrial disorders includes gene therapy, ketogenic diet, and exercise. These methods are aimed to reducing cellular and mitochondrial oxidative stress, increasing the activity of the antioxidant systems, and stabilizing the mitochondrial membrane potential (27). Several studies have shown the effect of exercise on the mitochondrial genome and function. Endurance exercises contributed to a temporary (reversible) decrease in mtDNA deletions in human leukocytes (52). Mice lacking the mitochondrial polymerase gamma (POLG1) demonstrated activation of mtDNA repair pathways in response to exercise. Moreover, endurance exercise in mice restored mtDNA mutations and mitochondrial biogenesis involving p53 (53).

An interesting non-pharmacological therapeutic approach that has been tested for treatment of mitochondrial dysfunction is phototherapy (PT). The mechanism of PT is based on the selective action of photoreactive agents on the mitochondria and other subcellular compartments. This exposure leads to the absorption of light, which promotes the conversion of oxygen to ROS. Because of the key role of the mitochondria in the apoptosis initiation and ROS generation processes, such approach appears to be especially promising. Currently, the effectiveness of PT is being investigated for cancer treatment. PT was shown to induce hyperthermia and oxidative stress in cancer cells, which led to their death (54).




ANTIOXIDANT THERAPY FOR ATHEROSCLEROSIS

The prominent role of mitochondrial oxidative stress in the development of atherosclerosis is currently well-recognized, and the potential protective capabilities of antioxidants are being actively studied. However, general antioxidant drugs failed to show any efficacy for atherosclerosis treatment. That may be due to the lack of redox status assessment before the treatment, as well as to the fact that the therapy effects were not selective for the mitochondria, which are the main source of the excessive ROS generation. Moreover, excessive antioxidant therapy may interfere with physiological functions of ROS that play an important signaling function in cells and tissues (55). Emerging mitochondrial antioxidant therapies may help overcoming this problem. These agents are targeted to the mitochondria, where they act selectively. The use of these agents for treatment of atherosclerosis is the subject of future research (56).

Human enzymes paraoxonase-2 (PON2) and PON3, located on the inner mitochondrial membrane, can also be an interesting candidate for antioxidant therapy of atherosclerosis. They are able to reduce mtROS-mediated apoptosis, which underlies their anti-atherogenic properties. The anti-atherosclerotic effect is based on peroxidation of cardiolipin and the release of cytochrome C, mediated by blocking the production of superoxide. Studies in a mouse model showed that PON2/3 was able to inhibit the production of superoxide due to its binding to ubisemiquinone (57). It is known that inhibition of PON2/3 activity causes the progression of atherosclerosis in humans and mice, and is associated with destabilization of atherosclerotic plaques. However, treatment with such agents may have side effects, such as tumor formation. Therefore, increased regulation of PON2/3 may have a cardioprotective effect, but further studies are required to assess its clinical utility.

Luteolin is a flavonoid-type antioxidant that is known to be protective against H2O2-induced oxidative stress by modulating the ROS-mediated P38 MAPK/NF-kB pathway. Luteolin alleviates mitochondrial dysfunction by suppressing the intracellular calcium increase and changing mitochondrial membrane potential. Moreover, it also regulates apoptosis by affecting p53 phosphorylation, decreasing the ratio of Bcl-2/Bax in the mitochondrial membrane, and cytochrome C release from the mitochondria, which leads to caspase 3 activation. The antioxidant properties of luteolin can help improving the endothelial function, thus making it a worthy candidate for atherosclerosis treatment (58).

Another potential tool for ROS neutralization for atherosclerosis treatment are peptide agents. Szeto-Schiller (SS) peptides are aromatic cationic peptides that have antioxidant properties and have been tested for alleviation of mitochondrial dysfunction. These agents have already been studied in the context of mitochondrial diseases. These small molecules can easily penetrate the cell and are not subjected to vesicular endocytosis. The main effect of SS peptides is the ability to prevent cell death and regulate lipid peroxidation. Peptide antioxidants appear to be promising therapeutic agents for treatment of diseases associated with oxidative stress due to their solubility, high efficiency, and low active concentrations compared to other drugs. They are easily synthesized, do not undergo peptidase degradation, have a relatively long half-life, and act on the inner mitochondrial membrane (59).

Another potentially useful antioxidant agent is melatonin, which was also shown to have cardioprotective properties. The mechanism of its antioxidant defense is mediated by the ability to stimulate mitophagy in macrophages, reducing the amount of ROS (60).



REGULATION OF MITOCHONDRIAL METABOLISM AS THERAPEUTIC APPROACH

Regulation of mitochondrial biogenesis can be considered as a therapeutic approach to reducing the endothelial dysfunction and vascular inflammation. Resveratrol was shown to mitigate vascular inflammation and induce mitochondrial biogenesis in a mouse model of type 2 diabetes and in aged mice. Further studies were performed in human coronary arterial endothelial cells (HCAECs). Due to the dependence of the amount of generated ROS on mitochondrial biogenesis, resveratrol also reduced mitochondrial oxidative stress (61).

One of the key risk factors for the development of atherosclerosis is the accumulation of modified lipids in macrophages of the vessel wall. Stimulation of cholesterol efflux from macrophages upon activation of the reverse cholesterol transport pathway can serve as a natural protective mechanis alleviating such accumulation (62). This process is closely related to the functionality of the mitochondria. This opens up opportunities for the treatment of atherosclerosis by stimulating mitochondrial metabolism in macrophages and enhancing the cholesterol outflow. MicroRNA-33 (miR-33) is known to be a post-transcriptional regulator of cellular and mitochondrial metabolism. It was reported that atherosclerotic plaques have elevated levels of miR-33. anti-miR33 therapy activates the genes responsible for enhancing mitochondrial respiration and ATP production, which contributes to cholesterol efflux. In apoe knock-out murine atherosclerosis model, such therapy led to a decrease of the lesions volume in the aortic sinus as compared with the control, although the amount of cholesterol in lipids remained unchanged (63).

It is known that PGC-1α is an important factor in the stimulation of mitochondrial biogenesis with cardioprotective properties mediated by the improvement of the endothelial function. A correlation of PGC-1α polymorphisms and the development of atherosclerosis and its complications was reported (64). Thus, activation of PGC-1α may be a beneficial strategy in the fight against atherosclerosis.



MITOCHONDRIA-TARGETING ANTI-INFLAMMATORY THERAPY FOR ATHEROSCLEROSIS

One of the key factors in atherosclerosis is the inflammatory processes, in which NLRP3 plays a prominent role, together with signal transduction pattern recognition receptors (PRRs). NLRP3 induces the inflammatory processes by releasing IL-1β and caspase-1, which are involved in atherogenesis, and are known plaque-destabilizing factors. Mitochondria are involved in the initiation of NLRP3 assembly as the main ROS generators and sources of damaged mtDNA. It was shown that blocking mtROS formation inhibited the assembly of NLRP3 inflammasomes (65). In addition, mitochondrial damage was directly associated with NLRP3. Mitochondrial cardiolipin was able to bind to NLRP3, and its lower level during mitochondrial membrane damage inhibited NLRP3 activation (66). Thus, targeting NLRP3 can potentially have anti-atherosclerotic effects that should, however, be evaluated by the future studies.

Salidroside is a phenylpropanoid glycoside that shows antiatherogenic activity in mice deficient for the LDL receptor. The effect of salidroside is mediated by an improvement of the endothelial function due to the activation of endothelial NO synthase (eNOS) by enhancing the phosphorylation of eNOS-Ser1177 and reducing the phosphorylation of eNOS-Thr495. Salidroside also exhibits anti-inflammatory effects due to the involvement of the AMPK/PI3K/Akt/eNOS pathway, leading to a decrease of cellular ATP, increase of the ratio of AMP-ATP balance in the cell, and reduction of the mitochondrial membrane potential (67).

The anti-atherogenic effect of anti-inflammatory cytokines, for instance, IL-35 and IL-10, is conveyed by their ability to block acute activation of the endothelial cells. IL-35 and IL-10 are able to suppress the production of mtROS, which contributes to activation of the innate and acute immune responses. These observations position IL-35 and IL-10 and agents enhancing their signaling as potential therapeutic agents (68).



NANOTECHNOLOGIES IN ANTI-ATHEROSCLEROSIS THERAPY DEVELOPMENT

Nanotherapy and the use of nanoparticles (NP) is one of the emerging therapeutic approaches. In 2013, Marrache et al. (69) developed a mitochondria-targeting synthetic high-density lipoprotein that mimiced NP for treatment of atherosclerosis. This high-density lipoprotein (HDL) particle has a core of biodegradable PLGA and cholesteryloleate, which is coated with a phospholipid layer with TPP cations facilitating the delivery to the mitochondria, and the mimetic apolipoprotein A-I (apoA-I) peptide L-4F. It was shown that HDL-like nanoparticles could be delivered to the mitochondrial matrix and intermembrane space, with a small number of particles localizing on the inner and outer mitochondrial membranes. Distribution of the nanoparticles in the heart was studied in Sprague-Dawley rats 24 h after administration. The treatment resulted in a decrease of cholesterol and triglyceride levels (69).

The prospects for the therapeutic use of synthetic amorphous silica nanoparticles (SiNP) are currently widely studied. Initially, SiNP were developed for the delivery of genes and drugs for cancer therapy. However, it was found that the absorption of SiNP could lead to endothelial dysfunction, with disruption of endothelial cell homeostasis, in vivo and in vitro angiogenesis, apoptosis and endothelial cell necrosis, accompanied by oxidative stress. These observations indicate that SiNP can potentially be used for the development of anti-atherosclerosis treatments, although more studies are needed to better characterize their effects (70).



MITOCHONDRIA-TARGETING GENE THERAPY FOR ATHEROSCLEROSIS

Among the nuclear genes, it was possible to identify promising targets that could potentially be used to slow down the disease progression, including genes encoding for IL-1β, PCSK9, ApoE, LDR, and a number of lncRNAs and micro RNAs (miRNAs). Identification of target genes in the mitochondrial genome was less successful. Studies of mtDNA from atherosclerotic patients demonstrated that mtDNA damage and certain mtDNA mutations were associated with atherosclerosis. However, studying the mechanisms of these associations is challenging due to the difficulties in creating suitable animal models and lack of effective pathways for transfecting mammalian mitochondria. Mitochondrial genome editing techniques, such as mitochondrial zinc-finger nucleases (ZFNs), MitoTALEN, can potentially be used for mtDNA correction both throughout the body and in individual tissues or cell types (71).

Recent studies have demonstrated the role of miRNAs in the pathogenesis of atherosclerosis. MiRNAs are small regulatory non-coding RNA molecules. However, they are able to control the expression of more than 60% of protein-coding genes, and they themselves are controlled by processes such as DNA and histone methylation. These processes are known to be affected upon atherosclerosis development (72). Small interfering RNA (siRNA) are important regulators of mitochondrial function. The so-called mitomyRNAs are siRNAs of nuclear origin with mitochondrial localization. A number of miRNAs were found in the mitochondria from patients with various cardiovascular pathologies, including miRNA-696, miRNA-532, miRNA-690, miRNA-345-3p, miRNA-378a, miRNA-92a-2-5p, miRNA-143/145, miRNA-133a, miRNA-21, miRNA-1, miRNA-181c, miRNA-181a, miRNA-140, miRNA-15b, miRNA-16, miRNA-195, miRNA-424, and miRNA-21. Functionally, these siRNAs were found to be involved in regulating the energy metabolism, oxidative stress, glucose homeostasis, cell death processes, functioning of the electron chain complex IV, and induction of mitochondrial fission. Thus, siRNA mediating mitochondrial dysfunction can be used as biomarkers and therapeutic targets for atherosclerosis. MiRNA therapy has already been approved for conducting clinical trials (73).

Thanks to the improvement of genetic manipulation techniques, it became possible to consider the use of siRNAs as a therapeutic approach to atherosclerosis treatment. There are various ways to modulate the expression of siRNAs. The use of antisense nucleotides and/or siRNAs (ASOs or siRNAs) to regulate gene expression and improve cell function is currently under investigation. MiRNA inhibitors (also known as antagomiRs) that can inhibit miRNA function in mouse, primate and human cell models of diseases are currently being studied as possible pharmacological agents for regulating gene function. It is possible to inhibit siRNAs using specific blockers for target sites or using miRNA sponges that reduce the number of target sites available for binding (74).



ATHEROSCLEROTIC PLAQUE-TARGETING THERAPIES

Direct therapies targeting the atherosclerotic plaques may be a promising and selective approach to the disease treatment. Especially dangerous are so-called unstable atherosclerotic plaques that are characterized by a thinned fibrous cap prone to rupture. This event leads to the release of highly thrombogenic material of the plaque necrotic core causing severe and life-threatening complications. Therefore, improving the plaque stability is an important task in managing atherosclerosis. The use of statins, antiplatelet, and antihypertensive drugs help reducing the risk of serious complications by alleviating the endothelial dysfunction and inflammation and reducing thrombogenicity. More specific approach is using immunomodulatory drugs, such as therapeutic antibodies against interferon-γ or recombinant IL-13. In addition, administration of peptides apolipoprotein B100, heat shock protein 60, or oxidized LDL may have a potential for stabilizing atherosclerotic plaques. However, the utility of these approaches for clinical practice could not be demonstrated with certainty (75).

One of the known factors of atherosclerotic plaque destabilization is apoptosis of vascular smooth muscle cells exposed to LDL. It was shown that active mitophagy helped avoiding this process. Stimulating mitophagy through known signaling mechanisms may therefore prove to be an interesting approach for atherosclerosis treatment relevant to plaque management. A study in human vascular smooth muscle cells demonstrated that mitophagy was activated in this cell type in response to oxLDL exposure. Silencing of key proteins regulating mitophagy, PINK1 and Parkin, impaired mitophagy flux, resulting in increased apoptosis of cells (76). A recent study highlighted the regulatory role of mitochondria-associated ER membranes (MAMs) and multifunctional MAM protein phosphofurin acidic cluster sorting protein 2 (PACS-2) in mitophagy. PACS-2 and Beclin-1 were shown to regulate the formation of contacts between the mitochondria and the ER leading to creation of mitophagosomes in vascular smooth muscle cells. Deficiency for PACS-2 resulted in impaired mitophagosome formation and mitophagy and increased apoptosis. These findings highlight MAMs as possible targets to improve plaque stability (77).

Medications that influence the regulation of the mitochondrial apoptotic pathway can be considered in the context of potential improvement of atherosclerotic plaque stability. Among such drugs is gypenoside, an extract of the medicinal plant Gynostemma pentaphyllum, which has a cardioprotective effect. Gypenoside can contribute to plaque stabilization through regulating the mitochondria of the endothelial cells and preventing their apoptosis. A recent study demonstrated that this compound regulated the expression of proteins involved in the PI3K/Akt/Bad apoptotic pathway, enhancing the expression of PI3K and p-Akt and suppressing the expression of p-Bad, cytochrome C, cleaved caspase 3, cleaved caspase 9, and PARP. In addition, gypenoside appeared to be an effective regulator of mitochondrial functionality, suppressing the expression of DRP1 and MFN2 proteins, which are involved in mitochondrial fusion and division, as shown on a mouse model. Possible beneficial effects of gypenoside for treatment of atherosclerosis are being currently studied (78). Atherosclerotic plaque-targeting therapeutic approaches are currently at the preclinical stage of development, and more studies are needed to identify potential drugs that can show efficacy at that level and evaluate their possible clinical use.



CLINICAL TRIALS OF MITOCHONDRIA-TARGETING DRUGS FOR TREATMENT OF ATHEROSCLEROSIS

Currently, treatment of atherosclerosis and associated disorders with mitochondria-targeting drugs is at the stage of preclinical research and, in some cases, clinical trials. The use of drugs based on generation of an endogenous antioxidant, ubiquinone, which is synthesized on the inner mitochondrial membrane, may turn out to be a promising therapeutic direction because of its effectiveness against lipid peroxidation and the ability to modulate redox processes. MitoQ is a synthetic analog of endogenous ubiquinone. It was shown that approximately half of MitoQ absorbed by cells is localized to the mitochondria (79). Treatment with MitoQ leads to the ubiquinol accumulation. The high hydrophobicity of MitoQ ensures the rapid penetration of the drug through the plasma membrane of the cell and its accumulation in the mitochondria, which is dependent on the mitochondrial membrane potential (80).

In 2018, the University of Nebraska has conducted a clinical trial (NCT03506633) with MitoQ to study its effect on the skeletal muscle mitochondria in patients with peripheral artery disease. The studied parameters included the level of oxidative stress. The double-blind study was conducted in patients aged 50 - 85 years, and the publication of results is expected in the near future (81).

A promising therapeutic strategy is the activation of factors such as adenosine monophosphate kinase (AMPK) agonists, nitric oxide/cyclic guanosine monophosphate (NO/cGMP) stimulators, since stimulation of mitochondrial biogenesis was shown to be cardioprotective (45).

Metformin is an FDA approved diabetes medication. In 2013, clinical trial (NCT01901224) of this drug in patients with peripheral artery disease was started, however, due to the cessation of financing, it was prematurely stopped (82).

Alteration of the blood lipid profile is a well-characterized feature and a risk factor of atherosclerosis. Hypercholesterolemia is associated with increased levels of ROS. In 2016, a study was conducted in patients with hypercholesterolemia to determine the therapeutic potential of simvastatin and ezetimibe in terms of improving the mitochondrial function. These drugs belong to the group of statins with antioxidant properties. Both drugs have shown their effectiveness: simvastatin as a lipophilic compound had a more pronounced effect, while ezetimibe a less pronounced. However, the combined use of both drugs showed the highest functionality. The positive effect of the drugs on the lipid profile, endothelial function, and mitochondrial function was explained by their inhibiting effects on ROS generation. Furthermore, the demonstrated effects included the reduction of plasma 8-Epi prostaglandin F2 alpha (8-epiPGF2a), oxidized LDL and lipoprotein-associated phospholipase A2, increase of the levels of SOD and CAT, and decrease of ICAM-1 in circulating monocytes (83).

Another clinical trial (NCT03980548) was aimed to study pharmacological inhibition of the mitochondrial fission protein, Drp1, which was shown to reduce the volume of atherosclerotic plaque and accumulation of macrophages in the plaque on apoe knock-out mouse model of wire carotid artery damage. Modulation of mitochondrial morphology and metabolism by means of Drp1 inhibition could be used to prevent atherosclerosis, reducing the activation and migration of monocytes. The study is currently at the recruiting stage (84).

An important role in the pathogenesis of cardiovascular diseases is played by the NO level. A decrease in its bioavailability, which can occur during oxidative stress, weakens endothelium-dependent dilation. It is possible to improve these functions using tetrahydrobiopterin (BH4), which is an important cofactor that regulates the functioning of eNOS. Studies in mice have shown that the pharmacological supplement BH4 increases NO bioavailability, alleviating inflammation and endothelial and vascular dysfunction. The level of BH4 can be controlled through increasing its production or decreasing its oxidative degradation (85). A recent clinical study (NCT03493412) was aimed to identify the effects of BH4 on vascular function, oxidative stress, and leg function in patients with peripheral arterial disease. The study is currently ongoing (86).

Valsartan-Entresto belongs to Ang II type 1 receptor blockers (ARBs). It was shown to have anti-atherosclerotic effects in patients with myocardial infarction, as well as in mouse models of atherosclerosis. The therapeutic effect of valsartan can be explained by its ability to modulate the activity of CD4+ T-lymphocytes, which has positive effects for stabilizing atherosclerotic plaques and regulating blood pressure (87). In 2015, the University of Minnesota began a clinical trial of Valsartan-Entresto (NCT02636283) in healthy volunteers and patients with peripheral artery disease in order to test its effect on the duration of walking without pain. In the course of the work, such indicators as mitochondrial and microvascular function, arterial elasticity, contributing to the pathogenesis of the disease, were measured (88).

NecroX (C25H31N3O3S · 2CH4O3S) is a mitochondrial antioxidant that has been shown to be effective against atherosclerosis in vitro and in animal models, reducing mitochondrial dysfunction. The drug passed 2 phases of clinical trials that have demonstrated its safety, and characterized its pharmacokinetics (89).

Astaxanthin is a membrane-penetrating, organic antioxidant of carotenoid nature. The antioxidant and mitochondria-protective effects of astaxanthin are demonstrated in cardiovascular disease models. Astaxanthin was shown to be safe both in healthy people and in patients, demonstrating anti-inflammatory effects and a decrease in lipid peroxidation. The drug passed the IV phase of clinical trials, improving lipid profiles of patients with coronary heart disease, treatment of patients with hyperlipidemia reduced the level of triacylglycerol (89).

In 2017, a clinical trial (NCT01755858) was conducted to study elamipretide, a mitochondria-oriented peptide that improves mitochondrial function when bound to the cardiolipin membrane. The study evaluated the effect of elamipretide along with percutaneous transluminal renal angioplasty on renal function in patients with atherosclerotic renal artery stenosis. It showed a reduction in the negative effects of ischemic damage after surgery (90).



CONCLUSIONS

Accumulating evidence supports the hypothesis of the involvement of mitochondrial dysfunction in the pathogenesis of atherosclerosis. Impairment of the mitochondrial function leads to oxidative stress, inflammation, and metabolism changes, therefore contributing to different aspects of the pathology. Although mitochondria have been identified as attractive therapeutic targets in several human diseases, the development of mitochondria-targeting therapies is currently at the early stages. One of the challenges for developing mitochondrial drugs is targeted delivery to the organelles across the plasmatic and mitochondrial membranes. Several delivery methods have been developed, including lipid carriers and nanoparticles. These agents are currently being tested for therapeutic purposes. Antioxidant therapy for atherosclerosis has been extensively studied. It is likely that use of the antioxidants should be more specific and fine-tuned depending on the patient's redox status to improve efficacy and reduce off-target effect of interference with ROS signaling functions. Antioxidant therapy can be substantially improved by targeting the antioxidants to the affected mitochondria therefore alleviating the mitochondrial oxidative stress in a specific manner. Gene therapy targeting the mitochondria is a promising approach for treatment of atherosclerosis. A number of mtDNA mutations associated with atherosclerosis has been identified already, but more studies are needed to explore the possibility of using mitochondrial gene therapy for treatment of atherosclerosis.
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The infiltration and activation of macrophages as well as lymphocytes within the aorta contribute to the pathogenesis of abdominal aortic aneurysm (AAA). Invariant natural killer T (iNKT) cells are unique subset of T lymphocytes and have a crucial role in atherogenesis. However, it remains unclear whether iNKT cells also impact on the development of AAA. Ob/ob mice were administered angiotensin II (AngII, 1,000 ng/kg/min) or phosphate-buffered saline (PBS) by osmotic minipumps for 4 weeks and further divided into 2 groups; α-galactosylceramide (αGC; PBS-αGC; n = 5 and AngII-αGC; n = 12), which specifically activates iNKT cells, and PBS (PBS-PBS; n = 10, and AngII-PBS; n = 6). Maximal abdominal aortic diameter was comparable between PBS-PBS and PBS-αGC, and was significantly greater in AngII-PBS than in PBS-PBS. This increase was significantly attenuated in AngII-αGC without affecting blood pressure. αGC significantly enhanced iNKT cell infiltration compared to PBS-PBS. The ratio of F4/80-positive macrophages or CD3-positive T lymphocytes area to the lesion area was significantly higher in AngII-PBS than in PBS-PBS, and was significantly decreased in AngII-αGC. Gene expression of M2-macrophage specific markers, arginase-1 and resistin-like molecule alpha, was significantly greater in aortic tissues from AngII-αGC compared to AngII-PBS 1 week after AngII administration, and this increase was diminished at 4 weeks. Activation of iNKT cells by αGC can attenuate AngII-mediated AAA in ob/ob mice via inducing anti-inflammatory M2 polarized state. Activation of iNKT cells by the bioactive lipid αGC may be a novel therapeutic target against the development of AAA.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is a common disease that affects 5% of men over the age of 65 years (1). The risk of the rupture of AAA increases with increasing aortic diameter and it often results in high mortality (2, 3). Despite the high prevalence of this disease, there is no effective pharmacological therapy that reduces the diameter of AAA. Therefore, current therapy for AAA is restricted to surgical or endovascular repair.

Pathological features of AAA involve the degradation of extracellular matrix, such as elastin and collagen, the depletion of smooth muscle cells, and the infiltration of lymphocytes and macrophages (4). Inflammatory cell infiltration within the aortic wall plays an important role during the process of AAA formation by releasing cytokines and proteases (5–8). In addition, macrophage infiltration and proinflammatory cytokine expression in periaortic adipose tissue surrounding abdominal aortas enhances AAA formation in mice (9).

Invariant natural killer T (iNKT) cells are innate-like T lymphocyte population characterized by co-expressing natural killer lineage receptors and T cell receptors (TCR) with the invariant α-chain (Vα14-Jα18 in mice and Vα24-Jα18 in humans). iNKT cells recognize glycolipid antigens and rapidly and robustly produce a mixture of T helper type (Th) 1 and Th2 cytokines such as interferon (IFN)-γ and interleukin (IL)-4 that shape subsequent immune responses on activation (10). iNKT cells can regulate the Th1/Th2 balance and, by this means, can function as immunomodulatory cells in the various pathological processes including atherogenesis and metabolic disorders in obesity (11–13).

Previous studies demonstrated that iNKT cells were infiltrated into the aortic wall of human AAA (14). This findings suggest that iNKT cells can impact on the development of AAA. However, the effect of iNKT cells in AAA is largely unexplored. In the present study, we aimed to elucidate whether iNKT cell activation impact on the development of AAA.



MATERIALS AND METHODS


Experimental Mice

Male 8-week-old leptin deficient ob/ob mice on C57BL/6 background (Charles River Japan, Yokohama, Japan) were obtained and weaned onto a standard diet. At 9 weeks of age, angiotensin II (AngII; 1,000 ng/kg/min; Sigma-Aldrich, St Louis, MO, USA) or phosphate-buffered saline (PBS) was administered subcutaneously by osmotic minipumps (model 2004; Alzet, Cupertino, CA, USA). Mice were divided into 2 groups according to the intraperitoneal injection of α-galactosylceramide (αGC; 0.1 μg/g body weight; Funakoshi Co., Ltd., Tokyo, Japan), the activator of iNKT cells, or PBS twice a week for 1 week in Experiment 2 and Experiment 3, or 4 weeks in Experiment 1 and Experiment 3 (Supplementary Figure 1). The concentration of αGC was chosen based on the previous study of its efficacy (9). At the end of the experiments, the mice were anesthetized by overdose of pentobarbital sodium (100 mg/kg) and euthanized by collection of blood from right ventricle. The animal care and procedures for the experiments (13-0073) were approved by the Committee of Hokkaido University Faculty of Medicine and Graduate School of Medicine on Animal Experimentation and conformed the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.


Experiment 1: The Effects of αGC Administration on AngII-Mediated AAA

The experiment was performed in the following 4 groups of mice; PBS-PBS (n = 10), PBS-αGC (n = 5), AngII-PBS (n = 6), and AngII-αGC (n = 12) (Supplementary Figure 1). Four weeks after administration of PBS or AngII, systolic blood pressure was measured under conscious state by using a tail cuff system (BP 98A; Softron, Tokyo, Japan). Afterwards, the mice were euthanized and abdominal aortic aortae were dissected for the histomorphometric analysis.



Experiment 2: The Effects of αGC Administration on iNKT Cell Infiltration to Aortic Tissues

To quantify iNKT cell infiltration to aortic tissues, the experiment was performed in the following 4 groups of mice; PBS-PBS (n = 3), PBS-αGC (n = 4), AngII-PBS (n = 4), and AngII-αGC (n = 3) (Supplementary Figure 1). One week after administration of PBS or AngII, the mice were euthanized and abdominal aortic tissues were dissected for the flowcytometric analysis.



Experiment 3: The Effects of αGC Administration on Gene Expression of Aortic Tissues

To quantify gene expression of aortic tissues, the experiment was performed in the following 3 groups of mice; PBS-PBS (n = 16), AngII-PBS (n = 12), and AngII-αGC (n = 13) (Supplementary Figure 1). One or 4 weeks after administration of PBS or AngII, the mice were euthanized and abdominal aortic tissues were dissected for the quantitative realtime PCR analysis.




Blood Chemistry

After fasting for 16 h, blood was collected from right ventricle to obtain plasma at the time of euthanasia, which was stored at −80°C. Plasma levels of non-HDL cholesterol and triglyceride were determined enzymatically by using assay kits (Wako Pure Chemical Industries, Osaka, Japan) as recommended by the manufacturer. The samples were assayed in duplicate.



Histomorphometric Analysis

Mice were perfused via left ventricular puncture with 10% neutralized buffered formaldehyde under physiological pressure. The maximum diameter of abdominal aorta was measured from the image captured by a digital camera (CAMEDIA C-7070; Olympus, Tokyo, Japan) attached to a dissecting microscope. The presence of an aneurysm was defined as >50% increase in maximum diameter of abdominal aorta. The segments of abdominal aorta with maximum diameter were embedded in paraffin. Serial sections of 5-μm thickness were stained with elastica-van Gieson and captured with a BZ-8000 microscope (Keyence, Osaka, Japan).



Immunohistochemistry

To quantify the infiltration of macrophages and T lymphocytes in the aortic tissues, three different sections of abdominal aorta with maximum diameter were stained with antibody (Ab) against mouse F4/80 [rat anti-mouse F4/80 monoclonal Ab (mAb); Abcam, Cambridge, UK], a specific maker for mature macrophages, or CD3 (rabbit anti-human CD3 polyclonal Ab; Dako, Carpentaria, CA, USA), a specific marker for T lymphocytes, followed by counter-staining with hematoxylin. Three different fields from each section were randomly selected from each section. Within each field, the F4/80- or CD3-positive area was quantified using image analysis software (Image J version1.47, National Institutes of Health, Bethesda, MD) and the macrophage or T lymphocyte infiltration ratio was then expressed as a percentage based upon the ratio of sum of three F4/80- or CD3-positive areas divided by the sum of the three aortic tissue area.



Flow Cytometry

Aortic tissues including descending thoracic aorta and abdominal aorta were digested with collagenase type I (450 U/mL; Sigma-Aldrich, St Louis, MO, USA), collagenase type XI (125 U/mL; Sigma-Aldrich), hyaluronidase type I (60 U/mL; Sigma-Aldrich), and DNase I (60 U/mL; Sigma-Aldrich) in PBS containing 20 mmol/L HEPES at 37°C for 1 h (15). A cell suspension was obtained by mashing the aorta through a 70 μm cell strainer. Cells were incubated with 2.4G2 mAb (anti-FcγRII/III) to block non-specific binding of Ab, and were stained with a combination of V450 conjugated anti-CD45 mAb (BD Biosciences, San Jose, CA, USA), fluorescein isothiocyanate-conjugated anti-TCRβ chain mAb (BD Biosciences), and R-Phycoerythrin-conjugated murine CD1d tetramer pre-loaded with αGC (ProImmune Ltd., Oxford, UK). Stained cells were acquired with FACS CantoTM II flow cytometer (BD Biosciences) and analyzed with FlowJo (TreeStar Inc., Ashland, OR, USA) software. 7-Amino-Actinomycin D (BD Biosciences)-positive cells were electronically gated out from analysis. iNKT cell population was defined as CD45-, αGC-CD1d-Tetramer-, and TCRβ-positive cell.



Quantitative Reverse Transcriptase PCR

Total RNA was extracted from whole aortic tissues with RNeasy micro kit (QIAGEN, Tokyo, Japan) according to the manufacture's protocol. cDNA was synthesized with the high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). TaqMan quantitative PCR was performed with the 7300 real-time PCR system (Applied Biosystems) to amplify samples for major histocompatibility complex (MHC) class II (a marker for macrophage activation), CD11c (a marker for M1 macrophages), regulated on activation, normal T cell expressed and secreted (RANTES), monocyte chemotactic protein-1 (MCP-1), arginase-1, resistin-like molecule alpha (RELMa), Chitinase 3-like protein-3 (Chi3l3, also termed as Ym1), C-type mannose receptor 1 (MRC1, also termed as CD206) (markers for M2 macrophages), matrix metalloproteinase (MMP)-2, MMP-9, IFN-γ, tumor necrosis factor (TNF)-α, IL-4, and IL-10. These transcripts were normalized to GAPDH. All primers were purchased from Applied Biosystems.



Statistical Analysis

Data were expressed as the means ± S.D. Statistical analysis was performed using one-way or two-way ANOVA with the Tukey post-hoc test (GraphPad Prism 9.02; GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered statistically significant.




RESULTS


αGC Ameliorated the Development of AngII-Mediated AAA

AngII significantly increased systolic blood pressure and plasma non-HDL cholesterol compared to PBS-treated mice (Table 1). αGC did not affect body weight, systolic blood pressure, and plasma non-HDL cholesterol and triglyceride.


Table 1. Animal characteristics.
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AngII induced supra-renal AAA in AngII-PBS (6 out of 6 mice) and AngII-αGC (8 out of 12 mice), while AAA lesion was not induced in PBS-PBS and PBS-αGC. The maximal abdominal aortic diameter was increased by 2.1-folds in AngII-PBS compared to PBS-PBS (P < 0.0001) and this increase was ameliorated by 0.72-folds in AngII-αGC compared to AngII-PBS (P = 0.0003; Figures 1A,B). The abdominal aortic diameter of PBS-αGC did not differ with that of PBS-PBS.
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FIGURE 1. Activation of invariant natural killer T (iNKT) cells by α-galactosylceramide (αGC) ameliorated the development of angiotensin II-mediated abdominal aortic aneurysm in mice. (A) Representative pictures of abdominal aorta from 4 groups of PBS-PBS, PBS-αGC, AngII-PBS, and AngII-αGC mice 4 weeks after administration of PBS or AngII. Scale bar = 500 μm. (B) Maximum aortic diameter from 4 groups of PBS-PBS (n = 10), PBS-αGC (n = 5), AngII-PBS (n = 6), and AngII-αGC (n = 12). (C) Representative photomicrographs of elastica-van Gieson's staining of cross-sections at abdominal aorta from the 4 groups of mice. Scale bar = 200 μm. *P < 0.05 vs. PBS-PBS, †P < 0.05 vs. AngII-PBS. All data are means ± S.D. PBS: phosphate- buffered saline, αGC, α-galactosylceramide; AngII, angiotensin II.


Histological analysis with Elastica van Gieson's staining demonstrated that AngII induced the localized degeneration of the medial extracellular matrix with disruption of elastic lamella and intramural hemorrhage in AngII-PBS (Figure 1C). These histological changes were attenuated in AngII-αGC. PBS-PBS or PBS-αGC exhibited no such structural changes of the aorta.



αGC Activated iNKT Cells and Decreased Inflammatory Cell Infiltration to the Aorta

The flow cytometric analysis 1 week after the administration of PBS or AngII demonstrated that the proportion of iNKT cells to mononuclear cells was increased by 2.4- and 2.5-folds in aortic tissues from PBS-αGC and AngII-αGC compared to PBS-PBS (P = 0.03, each; Supplementary Figure 2). However, it did not differ between PBS-αGC and AngII-αGC.

To examine the cellular components of aortic tissues 4 weeks after administration of PBS or AngII, tissue sections with maximum diameter were analyzed with immunohistochemistry. F4/80-positive macrophages were enhanced by 3.4-folds in the media and the adventitia from AngII-PBS compared to PBS-PBS (P = 0.0002) and this increase was diminished by 0.70-folds in AngII-αGC compared to AngII-PBS (P = 0.04; Figure 2A). In parallel to the macrophage infiltration, CD3-positive lymphocytes were infiltrated to the lesion by 4.8-folds in AngII-PBS compared to PBS-PBS (P = 0.0002), and this increase was also diminished by 0.68-folds in AngII-αGC compared to AngII-PBS (P = 0.0498; Figure 2B).
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FIGURE 2. α-galactosylceramide (αGC) decreased inflammatory cell infiltration to the aorta. Representative photomicrographs of anti-F4/80 (A) and anti-CD3 (B) immunohistochemistry at suprarenal aorta from 4 groups of PBS-PBS, PBS-αGC, AngII-PBS, and AngII-αGC mice at 4 weeks after administration of PBS or AngII. Scale bar = 20 μm. Summary data of the ratio of F4/80+ area to the lesion area and CD3+ area to the lesion area from 4 groups of PBS-PBS (n = 10), PBS-αGC (n = 5), AngII-PBS (n = 6), and AngII-αGC (n = 12) mice were shown in the panels below. *P < 0.05 vs. PBS-PBS. †P < 0.05 vs. AngII-PBS. All data are means ± S.D. PBS, phosphate-buffered saline; αGC, α-galactosylceramide; AngII, angiotensin II.




αGC Induced M2-Polarization of Macrophages in the Aorta

MHC class II (macrophage marker), CD11c (M1 macrophage marker), and RANTES (T lymphocyte marker) gene expression was upregulated by 3.9-, 4.3-, and 3.3-folds in AngII-PBS compared to PBS-PBS (P = 0.0002, P = 0.017, and P = 0.23, respectively) and this increase was further enhanced by 1.8-, 1.9-, and 1.7-folds in AngII-αGC compared to AngII-PBS at 4 weeks (P = 0.002, P = 0.008, and P = 0.28, respectively), while such changes were not observed at 1 week (Figures 3A–C). MCP-1 gene expression was increased by 3.1-folds in AngII-αGC compared to PBS-PBS at 1 week (P = 0.001; Figure 3D). Arginase-1 and RELMa (M2 macrophage markers) gene expression did not change in AngII-PBS compared to PBS-PBS, however, it was increased by 6.3- and 15.7-folds in AngII-αGC compared to AngII-PBS at 1 week (P < 0.0001, each; Figures 3E,F). Additionally, Ym1 and CD206 (M2 macrophage markers) gene expression did not change in AngII-PBS compared to PBS-PBS, however, they were increased by 2.9- and 2.4-folds in AngII-αGC compared to AngII-PBS at 1 week (P = 0.047 and P = 0.0002, respectively) (data not shown). These changes of M2 macrophage infiltration were not observed at 4 weeks. IFN-γ, TNF-α, IL-4, and IL-10 gene expression levels were below the detection sensitivity (data not shown). MMP-2 gene expression did not change at 1 week and increased by 4.2- and 3.7-folds in AngII-PBS and AngII-αGC compared to PBS-PBS at 4 weeks (P < 0.0001, each; Figure 3G). MMP-9 gene expression was not altered in any groups (Figure 3H).
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FIGURE 3. α-galactosylceramide (αGC) induced M2-polarization of macrophages in the aorta. Quantitative analyses of mRNA expression of MHC class II (A), CD11c (B), RANTES (C), MCP-1 (D), Arginase-1 (E), RELMa (F), MMP-2 (G), and MMP-9 (H) in aortic tissues from 3 groups of PBS-PBS, AngII-PBS, and AngII-αGC mice 1 or 4 weeks after administration of PBS or AngII (n = 6–10 per group). Data are means ± S.D. *P < 0.05 vs. PBS-PBS (1 week), †P < 0.05 vs. AngII-PBS (1 week), ‡P < 0.05 vs. PBS-PBS (4 week), §P < 0.05 vs. AngII-PBS (4 week). MHC, major histocompatibility complex; RANTES, regulated on activation, normal T cell expressed and secreted; MCP-1, monocyte chemotactic protein-1; RELMa, resistin-like molecule alpha; MMP, matrix metalloproteinase; PBS, phosphate-buffered saline; αGC, α-galactosylceramide; AngII, angiotensin II.





DISCUSSION AND CONCLUSIONS

The present study demonstrated that AngII infusion in obese ob/ob mice developed AAA formation with the accumulating of macrophages and T lymphocytes within the vascular tissues, and local degeneration of the medial extracellular matrix. The activation of iNKT cells by αGC attenuated the development of AngII-mediated AAA formation via inhibiting the infiltration of macrophages and T lymphocytes within the vascular tissues and inducing M2 macrophage infiltration at early phase.

Apolipoprotein-E (ApoE) deficient mice have been used with subcutaneous AngII infusion by osmotic minipumps to induce AAA (16). This mouse model recapitulates some features of AAA formation including medial degeneration and inflammation in human. AngII is known to induce vascular inflammation via the production of reactive oxygen species (ROS), inflammatory cytokines, and adhesion molecules (17). Therefore, AngII-mediated AAA was associated with vascular inflammation as well as medial degradation and subsequent vascular hematoma in ApoE deficient mice (18). However, ApoE, a multifactorial component of plasma lipoproteins, has been reported to bind and traffic antigens as the molecular chaperone for iNKT cell activation (19). Police et al. demonstrated that obesity increases macrophage infiltration and cytokine expression in periaortic adipose tissue and enhances AngII-mediated AAA formation in ob/ob mice in the presence of ApoE (9). Therefore, to elucidate the impact of iNKT cell activartion on the development of AAA, we administered AngII to obese ob/ob mice and demonstrated that aneurysmal aorta was surrounded by a dozen of periaortic adipose tissues, consistent with human AAA. They had local degeneration of the medial extracellular matrix with disruption of elastic lamella and intramural hemorrhage, and developed aortic aneurysm formation in association with the infiltration of macrophages and lymphocytes.

The infiltration and activation of macrophages as well as lymphocytes within aorta play a pivotal role in the development of AAA. Boytard et al. demonstrated that both M1 and M2 macrophages are differentially-localized in human AAA: M1 macrophages were predominant in the adventitia layer, where the aortic wall is more degraded, and M2 macrophages were predominant in the luminal portion among the intraluminal thrombus (20). AngII induces oxidative stress in the vascular tissue during the early course of AAA formation and ROS lead to the activation of M1 macrophages, which produce more ROS, resulting in a vicious cycle to exacerbate AAA formation (21). Moreover, Rateri et al. demonstrated that M2 macrophages were found to accumulate at rupture sites of AAA in ApoE deficient mice (22). M2 macrophages play a pivotal role in resolving inflammation during tissue remodeling process (20), suggesting that M2 macrophages attenuate chronic inflammation in the vascular tissues from AngII-αGC mice.

Recently, M2 subset of macrophages can be further divided into several subsets that play different roles (23). The M2a macrophages, which highly express CD206 in response to IL-4 and IL-13 signaling, are involved in tissue remodeling. The M2b macrophages, which are induced by Toll-like receptor agonists, play a role in immunoregulation. The M2c macrophages, which express arginase-1 in response to IL-10, are responsible for removing apoptotic cells. The present study suggested that iNKT cell activation by αGC skeweed the polarization into M2c macrophages at early phase. Since macrophages are characterized by great plasticity which dynamically changes their phenotype in response to various signals, further investigation should be needed to illustrate the underlying mechanisms.

iNKT cells are a unique subset of T lymphocytes that recognize glycolipid antigens (10). They can rapidly and robustly produce a mixture of Th1 and Th2 cytokines on activation in shaping subsequent immune responses. Indeed, in the preset study, the flow cytometric analysis revealed that αGC administration induced iNKT cell infiltration into aortic tissues 1 week after the administration. By contrast, AngII administration did not affect the iNKT cell infiltration in the tissues, suggesting that iNKT cells impact on the AAA formation solely as a modifier. The present study did not elucidate whether iNKT cells are involved in the development of AAA, activation of iNKT cells can be a novel therapeutic target against the AAA formation via inducing anti-inflammatory M2 polarized state. Several pharmacological approaches have been postulated to regulate immunological responses, however they have not been applied in the clinical settings (24, 25). αGC is a potent specific activator of iNKT cells and clinical trials using αGC for heart failure or cancer patients have shown favorable effects for clinical outcomes as well as the safety and tolerability of αGC (26). These studies suggested that the bioactive lipid αGC could be a novel therapeutic agent for the AAA patients.

There are several limitations to be acknowledged in the present study. First, Ait-Oufella et al. reported that IL-10 was involved in the amelioration of AngII-induced AAA formation in mice (27). We reported that activation of iNKT cells by αGC induced Th2 response in the mouse model of post-infarct heart failure and myocardial ischemic/reperfusion injury (28, 29). In both models, the upregulation of IL-10 by iNKT cell activation play a crucial role in the amelioration of myocardial remodeling. However, the present study could not demonstrate the role of IL-10 in the beneficial effects of αGC in AAA formation. Second, the infiltration of F4/80-positive macrophages and CD3-positive lymphocytes were significantly diminished in AngII-αGC compared to AngII-PBS by immunohistochemistry (Figure 2). On the contrary, gene expression of MHC class II, CD11c, and RANTES was upregulated in AngII-αGC compared to AngII-PBS by quantitative reverse transcriptase-PCR (Figure 3). These discrepant results might be due to the difference between surface protein and gene expression. αGC induces FasL on activated iNKT cells and apoptosis of neighboring cells such as macrophages and T lymphocytes, suggesting that αGC increases the turnover of these cells (30).

In conclusions, the activation of iNKT cells by αGC plays a protective role against the development of AAA through the enhanced expression of M2 macrophages. Therapies designed to activate iNKT cells might be beneficial to prevent from developing AAA.
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Supplementary Figure 1. Schematic design of the study. Mice were administered AngII or PBS by osmotic minipumps at 9 weeks of age and further divided into 2 groups according to the injection of αGC or PBS twice a week for 1 or 4 weeks. Treatments performed on mice were represented by downward black arrows and the day of sampling was represented by an upward blue arrow in Experiment 1 (A), Experiment 2 (B), and Experiment 3 (C). AngII, angiotensin II; PBS, phosphate-buffered saline; αGC, α-galactosylceramide.

Supplementary Figure 2. α-galactosylceramide (αGC) activated invariant natural killer T (iNKT) cells in the aorta. (A) Representative flow cytometric analyses of aortic mononuclear cell suspensions from 4 groups of PBS-PBS, PBS-αGC, AngII-PBS, and AngII-αGC mice 1 week after administration of PBS or AngII. (B) iNKT cells/lymphocytes ratio from 4 groups of PBS-PBS (n = 3), PBS-αGC (n = 4), AngII-PBS (n = 4), and AngII-αGC (n = 3). *P < 0.05 vs. PBS-PBS, †P < 0.05 vs. AngII-PBS. All data are means ± S.D. PBS, phosphate-buffered saline; αGC, α-galactosylceramide; AngII, angiotensin II; iNKT, invariant natural killer T; TCRβ, T cell receptor β chain.
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Background: Arterial stiffness was the pathological basis and risk factor of cardiovascular diseases, with chronic inflammation as the core characteristic. We aimed to analyze the association between the arterial stiffness measured by cardio-ankle vascular index (CAVI) and indicators reflecting the inflammation degree, such as count of leukocyte subtypes, platelet, and monocyte-to-lymphocyte ratio (MLR), etc.

Methods: The data of inpatients from November 2018 to November 2019 and from December 2019 to September 2020 were continuously collected as the training set (1,089 cases) and the validation set (700 cases), respectively. A retrospective analysis of gender subgroups was performed in the training set. The association between inflammatory indicators and CAVI or arterial stiffness by simple linear regression, multiple linear regression, and logistic regression was analyzed. The effectiveness of the inflammation indicators and the CAVI decision models to identify arterial stiffness by receiver operating curve (ROC) in the training and validation set was evaluated.

Results: The effect weights of MLR affecting the CAVI were 12.87% in men. MLR was the highest risk factor for arterial stiffness, with the odds ratio (95% confidence interval) of 8.95 (5.04–184.79) in men after adjusting the covariates. A cutpoint MLR of 0.19 had 70% accuracy for identifying arterial stiffness in all participants. The areas under the ROC curve of the CAVI decision models for arterial stiffness were >0.80 in the training set and validation set.

Conclusions: The MLR might be a high-risk factor for arterial stiffness and could be considered as a potential indicator to predict arterial stiffness.

Keywords: arterial stiffness, atherosclerosis, cardio-ankle vascular index, monocyte, lymphocyte, monocyte to lymphocyte ratio


INTRODUCTION

Arterial stiffness is characterized by degradation in the extracellular matrix of the mediator layer, while atherosclerosis is caused by the accumulation of lipids in the intimal layer initiating the migration of inflammatory cells (1). Arterial stiffness and atherosclerosis are both processes of progressive destruction of blood vessel walls, which are an important part of the vascular aging process (2) and an independent predictor of cardiovascular or cerebrovascular events and mortality (3, 4). They share risk factors of age, hypertension (HTN), and insulin resistance; share the pathological features of impaired endothelial cell function, down-regulation of Nitric Oxide (NO) activity, and content; and both involve the pathological state of chronic inflammation (1). In particular, inflammatory cell transformation plays a key role in the pathogenesis of atherosclerosis: monocytes transform into tissue macrophages and finally produce foam cells, which is regarded as a sign of neonatal atherosclerosis (5). The leukocytes and their subtypes play a major role in repairing and replacing necrotic tissue, and the intensity of the inflammatory response is reflected by the count (6). In addition to the count of cells, the ratios between them, such as neutrophil-to-lymphocyte ratio (NLR) (7), monocyte-to-lymphocyte ratio (MLR) (8), and platelet-to-lymphocyte ratio (PLR) (9), are also considered to reflect the inflammation degree. Verdoia et al. (10) found that in people receiving coronary angiography, NLR was independently related to the prevalence and severity of coronary heart disease, and PLR (11) had a similar effect too; MLR could be an independent predictor of the severity of carotid artery stenosis in patients with ischemic stroke, and it can effectively reflect the severity of coronary artery disease better than NLR (12, 13), which diseases are serious adverse events of arterial stiffness. Therefore, we hypothesized that leukocyte counts, platelet counts, and their ratios as indicators of inflammation might be related to arterial stiffness. Intima media thickness (IMT) of the carotid artery (14), pulse-wave velocity (PWV), and cardio-ankle vascular index (CAVI) are all indicators reflecting the degree of arterial stiffness. Increased leukocyte subtype count is an independent risk factor for the occurrence and development of subclinical carotid arterial stiffness (15–17). Leukocyte and granulocyte counts were significantly positively correlated with PWV but have nothing to do with the counts of lymphocytes. However, PWV is affected by the blood pressure level at the time of measurement. The further developed CAVI was introduced into the stiffness parameter β (18, 19), and its accuracy in measuring arterial elasticity was not affected by fluctuations in blood pressure during the measurement. Therefore, we use CAVI as an indicator of arterial elasticity to analyze the association between leukocyte subtype counts, platelet counts, their ratios, and arterial stiffness.



MATERIALS AND METHODS

All materials have been made publicly available at the HARVARD Data verse and can be accessed at https://doi.org/10.7910/DVN/SGHUV2. This was a retrospective, cross-sectional study, and all samples do not contain personal identification. We were unable to obtain written consent from all patients. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.

We evaluated the arterial stiffness risk of the indicators and constructed CAVI decision models in the training set. The predictive capability for arterial stiffness of the multiple regression models was constructed in the training set, and these indicators were validated in the training set and the validation set.

To construct the decision model of CAVI, the data of patients who were hospitalized in the General Medical and Geriatrics Department of Wuhan Union Hospital from November 2018 to November 2019 and accepted arterial elasticity measurements were collected as a training set. And data from December 2019 to September 2020 were applied to verify the identifying validity for arterial stiffness of the indicators and the constructed models. Samples where the leukocyte subtype counts or ratio may be severely affected by diseases or medicine were excluded. The specific exclusion criteria are as follows: (1) definite or suspicious blood system diseases, such as infectious mononucleosis, leukemia, and lymphoma, etc.; (2) currently or recently used immunosuppressive agents, such as cyclophosphamide, cyclosporine, etc.; (3) suffering from autoimmune diseases that seriously affect the number of white blood cells, such as systemic lupus erythematosus and Graves disease; (4) severe hypersplenism; (5) taking medication that may affect the white blood cell count or infusing blood; (6) suffering from other malignant tumors and are undergoing radiotherapy or chemotherapy.

The participants' smoking and alcohol history and clinical diagnosis including HTN and diabetes mellitus (DM) were collected simultaneously. Ten milliliters of venous blood in the fasting state in the morning after the patients were admitted to the hospital were obtained, and the samples were sent to the laboratory immediately. Blood counts were evaluated by BC-3000 auto hematology analyzer (Mindray 50 Medical International, Inc.). Then, the NLR, MLR, and PLR as the ratio of neutrophils to lymphocytes, monocytes to lymphocytes, and platelets to lymphocytes were calculated, respectively. The levels of uric acid, triglycerides (TGs), cholesterol (CHOL), low-density lipoprotein, and fasting blood glucose were determined by Union Hospital's standard biochemical index laboratory measurement procedure. The NLR, MLR, and PLR were calculated as the ratio of neutrophil count to lymphocyte count, monocyte count to lymphocyte count, and platelet count to lymphocyte count, respectively.


Arterial Stiffness Grouping

The CAVI adopts the pulse-wave algorithm and utilizes the stiffness parameter β to reduce the influence of blood pressure fluctuations on the detection of vascular elasticity. The arterial elasticity of the patient was measured with the VS-1000 AS tester of Japan Foton Company. The patient rested quietly for about 15 min before the examination and then measured in the supine position. The blood pressure of the extremities at the position of the upper arm and ankle arteries was measured, and the electrocardiogram, heart sound graph, and pulse-wave waveform were recorded at the same time. The bilateral CAVI (m/s) value was calculated, and the average of the measured values on both sides was employed in the study. Arterial stiffness is considered as CAVI ≥9 (m/s); otherwise, it is non-arterial stiffness (non-AS).



Statistical Analysis

Quantitative data of non-normal distribution and normal distribution were expressed as medians with interquartile range and mean ± SD, respectively. Categorical data were expressed as amounts with percentages. The Mann–Whitney U test and t test were used to compare the difference between non-AS and AS in non-normal distribution and normal distribution quantitative data, respectively. A χ2 test was used to compare the difference of categorical data between the groups. Analysis of covariance (ANCOVA) is used to compare continuous variables between groups after adjusting for confounding factors. The inflammatory indicator difference was tested between AS and non-AS on the sample set after implementing confounding variables by individually pair-matched case–control analysis. The scatter plots were drawn between CAVI and each inflammation indicator, and the fitted linear lines for each inflammation indicator were calculated. The multiple regression analyses were performed using the stepwise backward method to determine the contribution size of inflammation indicators and clinical variables to arterial stiffness. The odds ratios (ORs) and 95% confidence intervals for arterial stiffness were calculated with logistic regression after adjustment for covariates that may affect arterial elasticity. A subgroup analysis of inflammatory indicators to AS risk in people with different clinical pathophysiological characteristics was carried out. Finally, the receiver operating characteristic (ROC) curves were determined to assess discrimination of these indicators and final multiple regression models to diagnose arterial stiffness. p < 0.05 was considered statistically significant. All calculations and graphs were done using R (version 3.6.3-Mac OS X 10.11).




RESULTS

The training set and the validation set included 1,089 and 700 sample materials, respectively. The materials stratified by arterial stiffness are summarized in Table 1.


Table 1. Basic characteristics of the participants in training set and validation set stratified by AS.
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Participants' Characteristics at Baseline Assessment in Training Set

In training set, the counts of cells and their ratios were significantly different between the two groups. The neutrophils (NE), monocytes (MO), NLR, MLR, and PLR of participants with arterial stiffness were significantly higher than those of patients without arterial stiffness, whereas lymphocytes (LY) and platelets (PLT) were lower in the AS group. Then, with age, sex, BMI, TGs, CHOL, HTN, and DM as covariates, which show a significant difference between the AS and non-AS groups, we further performed the ANCOVA to test the differences of leukocyte counts and their ratios between patients with and without AS. The results indicated that after adjusting the confounding variables, MO (p < 0.001), NE (p < 0.001), MLR (p < 0.001), NLR (p = 0.003), and PLR (p = 0.034) remained significant differences in the group of AS and non-AS, whereas PLT (p = 0.063) and LY (p = 0.914) were not significantly different between the groups (Table 1).



Individually Pair-Matched Case–Control Study From Training Set

To alleviate the influence from age, sex, BMI, dyslipidemia, and the differences in the distribution of HTN and DM between AS and non-AS in Table 1, we designed an individually pair-matched case–control analysis. The data set comes from the training set. We designed matching according to the ratio of the sample size of the case group (AS) to the control group (non-AS) as 1:2. The matching elements include the baseline materials in Table 1, which have significant differences between the AS and non-AS groups: the age group, sex, BMI group, dyslipidemia group, HTN, and DM. Finally, 116 samples of the case group (AS) were matched with 232 samples of the control group (non-AS).

The material after matching confounding factors was tested for differences between groups of AS and non-AS. The results showed that the age group, sex, BMI, various types of blood lipids, and distribution of HTN and DM were no longer significantly different between the groups, demonstrating matching successfully. The difference of LY, PLT, and PLR between AS and non-AS groups disappeared, whereas NE, MO, NLR, and MLR in the AS group were still significantly higher than those in the non-AS group (Table 2).


Table 2. Individually pair matched case–control analysis for AS from training set.
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Risk Assessment and Model Construction in Training Set

With scatter diagrams and linear regression method, we demonstrated the association between CAVI and leukocyte subtype counts, CAVI and platelet counts, and CAVI and their ratios, respectively (Figure 1). The results of univariate linear regression are summarized in Table 3. Multivariate linear regression analysis with backward regression method was performed to determine the independent predictors of CAVI. Because of the strong collinearity [Variance Inflation Factor (VIF) >5] between leukocyte subtype counts and their ratios that were simultaneously incorporated into the multiple linear regression equation, we involved them into the two models in the same population. Models 1, 3, and 5 contain counts of cells and general clinical data in total population, in men and women, respectively. Models 2, 4, and 6 consist of NLR, MLR, PLR, and general clinical data in total population, in men and women, respectively. The final model parameters are summarized in Table 4. In the total population and men, MLR had a relatively major impact on CAVI (models 2, 4), and its weights on CAVI in the two models were 9.88 and 12.87%. The forest plot of inflammatory indicators for arterial stiffness risk in all participants of training set is shown in Figure 2. The OR of MO is significantly higher than those of NE, LY, and PLT, which were 6.95–12.38 in different populations. The ORs of MLR for arterial stiffness were 494.21 (137.74–1,884.73) in the total population, 897.37 (192.70–4,562.99) in men, and 71.69 (7.47–827.64) in women, which were much higher than all other indicators. After adjusting the baseline characteristics, that risk had been reduced and was no longer significant in the women (Table 5).


[image: Figure 1]
FIGURE 1. Scatterplot diagrams and linear fitting curves of LY counts (A), NE counts (B), MO counts (C), PLT counts (D), NLR (E), MLR (F), PLR (G), predicted values of model 1 (H), and model 2 (I) vs. CAVI in total population. CAVI, cardio-ankle vascular index (m/s); LY, lymphocyte (G/L); NE, neutrophil (G/L); MO, monocyte (G/L); PLT, platelet (G/L); NLR, neutrophil–lymphocyte ratio; MLR, monocyte–lymphocyte ratio; PLR, platelet–lymphocyte ratio; BMI, body mass index; HTN, hypertension; DM, diabetes; R2adj, adjusted R2. Model 1: The model of multivariate linear regression analysis with backward regression method of leukocyte subtype counts, platelet counts, and clinical data. The final independent variables were composed of age, sex, BMI, HTN, DM, NE, and MO. Model 2: The model of multivariate linear regression analysis with backward regression method of NLR, MLR, PLR, and clinical data. The final independent variables were composed of age, sex, BMI, HTN, DM, and MLR.



Table 3. The univariate linear regression analysis for the inflammatory indicators in all participants, in men and women.
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Table 4. Multiple linear regression analysis of CAVI in all participants, in men and women.
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FIGURE 2. Forest plot of inflammatory indicators for arterial stiffness risk in all participants of training set. LY, lymphocyte (G/L); NE, neutrophil (G/L); MO, monocyte (G/L); PLT, platelet (G/L); NLR, neutrophil–lymphocyte ratio; MLR, monocyte–lymphocyte ratio; PLR, platelet–lymphocyte ratio.



Table 5. The ORs and 95% CI of inflammatory indicators to AS by logistic regression.
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To study the AS risk of leukocyte counts and their ratios in populations with different clinicopathological characteristics, we further performed four subgroup analyses of the indicators including MLR to the AS risk (in DM, in HTN, in patients with elevated TGs, and in patients with increased CHOL, respectively). The results indicated that only NLR and MLR showed the significant risk for AS in all subgroup analyses, and the risk value of MLR (OR = 54.25–3,211.41) was much higher than NLR (OR = 1.29–1.93) (Table 6).


Table 6. Subgroup analysis of inflammatory indicators on the risk of AS.
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Model Evaluation in Training Set and Validation Set

The ROCs of inflammation cell counts and ratios and the six models (Table 4) in multiple regression of CAVI for diagnosing arterial stiffness in training set and validation set are shown in Figure 3. Among the individual indicators, MLR had the largest area under the ROC curve (AUC), which was 0.63–0.72 in different populations of the training set and validation set. There was no significant difference in the efficacy of the six models in diagnosing arterial stiffness (p > 0.05), and their AUCs were all 0.87 in the training set and 0.80–0.84 in the validation set (Table 7).


[image: Figure 3]
FIGURE 3. Receiver operating characteristic (ROC) curves of all inflammatory indicators for identifying arterial stiffness in training set. (A) The all participants in training set. (B) the men in training set. (C) The women in training set. (D) The all participants in validation set. (E) The men in validation set. (F) The women in validation set. The models were made by multivariate linear regression analysis on CAVI with backward regression (Table 3 summarizes the specific variables and coefficients included in the models). LY, lymphocyte; NE, neutrophil; MO, monocyte; PLT, platelet; NLR, neutrophil–lymphocyte ratio; MLR, monocyte–lymphocyte ratio; PLR, platelet–lymphocyte ratio.



Table 7. ROC curves of inflammatory indicators and models afor identifying arterial stiffness.
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DISCUSSION

Arterial stiffness and atherosclerosis are the main manifestations of vascular aging, and inflammation is considered to be a common pathological feature in this process, which might break the balance between the breakdown and synthesis of elastin (21).

Our research confirms and emphasizes the role of MO, especially the MLR, in the process of arterial stiffness. A large-scale community study in Japan found that there was a significant correlation between the white blood cell and CAVI in men (22). And the independent predictive effect of MO count on IMT and plaque formation of the common carotid artery could be better than interleukin 6, fibrinogen, and white blood cell (15). However, less research has analyzed the association between inflammatory cell count or ratio and arterial elasticity assessed by CAVI. Our study directly described the relationship between count or the ratio of leukocyte subtypes and CAVI and assessed the risk on arterial stiffness of these indicators in men and women. MO performs better than other leukocytes in either the univariate linear regression with CAVI, the logistic regression for the risk of arterial stiffness, or the ROC for indicating arterial stiffness. One standard deviation (0.18 G/L) increase in MO counts leads to an increase in risk of arterial stiffness by 487%, and the AUC is 0.62. In a prospective study by Johnsen et al. (16), an increase in MO count by 1 standard deviation would increase the risk of developing to a higher plaque classification by 18%. All of this is closely related to the core process of monocytes migrating to the blood vessel wall during the development of atherosclerosis, transforming into intimal macrophages, and then generating foam cells by imbibing lipid.

LY constitutes an important part of the body's immune system, and the development of atherosclerosis and increased plaque instability are accompanied by the apoptosis of LY, which play an anti-inflammatory effect against the inflammatory process of atherosclerosis (23, 24). The MLR combines the increase in the risk factor of MO and the decrease in the protective factor of LY, which has a dual risk effect on arterial stiffness. A cutpoint MLR of 0.19 had 70% accuracy for identifying arterial stiffness in all participants. And those cutoffs are 0.24 in men and 0.20 in women. In other researches on the predictive capability of MLR, an optimal cutoff point for predicting carotid artery stenosis in ischemic stroke population is 0.20 (13), and that for predicting long-term major adverse cardiac event in non–ST-elevated myocardial infarction patients is 0.31 (12). The cutoff point calculated in this article for predicting arterial stiffness is at a low level in the current study to predict various clinical events. It may be because arterial stiffness is a common early pathological change to these outcomes. The MLR has been considered to have great value in the diagnosis of malignant tumors (25, 26) and infectious diseases (27, 28). At present, there has been more progress in the cognition of its value in chronic diseases such as cardiovascular disease, cerebrovascular disease, and chronic kidney disease (13, 29). Recognizing the connection between MLR and CAVI helps people understand the mechanism of arterial stiffness from the perspective of inflammation and discover the potential clinical value of MLR in identifying arterial stiffness.

Besides, by subgroup analysis stratified by sex, we found that the intensity of connection between MLR and CAVI is higher in men than in women, as demonstrated in the weights of MLR on CAVI in men was 12.87%, whereas in women, MLR was not retained in the final model. The OR of MLR on arterial stiffness was 28.95 (p < 0.001) in men, but it was non-significant in women (p > 0.05); the efficacy of MLR in suggesting arterial stiffness in men is better than in women (AUC = 0.72 vs. 0.67). The intimate association between MLR and CAVI in men may confirm the fact that men are more susceptible to ischemic heart disease of large vessels than women (30). Because of the anti-inflammatory effects of estrogen on immune and endothelial cells, the progression of arteriosclerosis in premenopausal women is relatively more sluggish than age-matched men (31). The increase in chronic inflammation during menopause may promote the progression of arterial stiffness (32). The previous studies (33–35) had noted the gender difference in the relationship between lymphocyte count and arterial stiffness. In line with previous studies, we have shown that arterial elasticity itself and risk factors for arterial stiffness differ on gender, which may be the gender differences foundation for the epidemiology, pathogenesis, and manifestations of cardiocerebrovascular disease. That emphasizes the necessity of analyzing the relationship between lymphocyte subtype counts or ratios and CAVI in gender-stratified subgroups.

Our study also has several limitations. In terms of the causal relationship between the observed indicators and the occurrence of arterial stiffness, the following multicenter, prospective cohort study will be more convincing. In addition, considering the significant differences in the progression of arterial stiffness in premenopausal and postmenopausal women, it is necessary to perform a subgroup analysis in women around menopause. Finally, the inflammatory indicators evaluated in our study are limited. Further inclusion of more indicators, such as C-reactive protein, the ratio of monocytes to high-density CHOL, the ratio of C-reactive protein to albumin, etc., may bring about more comprehensive findings.

In conclusion, there is a significant linear relationship between MLR and CAVI, and the relationship between MLR and CAVI is closer in men than in women. MLR is an extremely high-risk factor for arterial stiffness, especially in men. Therefore, MLR may be regarded as a potential indicator for predicting the occurrence of arterial stiffness, and the model combined with general clinical data is of great significance to predicting arterial stiffness.
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Background and Aims: Obesity is one of the major health problems worldwide. Morbid obesity (body mass index >40 kg/m2 or over 35 with a comorbidity) is associated, apart from other diseases, with an increased risk of non-alcoholic fatty liver disease (NAFLD). Moreover, dyslipidemia is an important comorbidity that is frequently found in NAFLD patients. The aim of this study was to analyze whether serum lipids in morbidly obese patients are associated with the spectrum of NAFLD.

Methods: Total serum cholesterol, LDL cholesterol, HDL cholesterol, non-HDL cholesterol, VLDL, and triglycerides were analyzed in 90 morbidly obese patients. The association of lipid profile parameters with histopathological, elastographic, and sonographic indices of NAFLD, non-alcoholic steatohepatitis (NASH), and liver fibrosis were explored.

Results: The mean levels of serum total cholesterol, LDL-C, and non-HDL cholesterol in patients with positive histology for liver steatosis and NASH were significantly higher than those in patients with negative histology. None of the indices showed a strong association with NAFLD, NASH, or liver fibrosis after adjustment for potential confounders.

Conclusion: A slight predictive value of lipid profile is not sufficiently enough to use solely as a non-invasive test in predicting NASH or liver fibrosis.

Keywords: morbid obesity, non-alcoholic fatty liver disease, two-dimensional shear wave elastography, dyslipidemia, non-alcohol based steatohepatitis


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD)—the most common cause of liver disease—is described as the presence of hepatic fat accumulation exceeding 5% of liver weight in the absence of excessive alcohol use. It can progress to non-alcoholic steatohepatitis (NASH), cirrhosis, and even hepatocellular carcinoma (1–4). Moreover, NAFLD increases the risk of incident chronic diseases including cardiovascular disease, type 2 diabetes, and chronic kidney disease (2, 5–7). The overall worldwide NAFLD prevalence is 25.2%, but the prevalence varies between nations (8). Although about 3–30% of NAFLD patients have a relatively normal body mass index (BMI), NAFLD is strongly associated with obesity and hyperlipidemia, and it seems to be the hepatic manifestation of metabolic syndrome (4, 9–12).

Several methods, both invasive and non-invasive, have been suggested to evaluate liver fat content, NASH and fibrosis. Though liver biopsy is still regarded as the gold standard for diagnosing NAFLD, due to its various limitations, finding a safe, non-invasive, and accurate method is needed (13, 14). Dyslipidemia, which is characterized by hypertriglyceridemia, reductions in high-density lipoprotein cholesterol (HDL-c), and increase in very low-density lipoprotein (VLDL) and low-density lipoprotein cholesterol (LDL-c), is an important comorbidity that is frequently found in NAFLD patients (15, 16). Emerging data suggest that lipid profile parameters may be associated with NAFLD severity and the development of NASH and liver fibrosis (17–20).

In the present study, we performed a prospective cohort study to determine whether lipid profile components are an independent predictor of NAFLD in a morbidly obese population. Moreover, their optimal cutoff point for detecting NAFLD was also determined.



MATERIALS AND METHODS

Morbidly obese patients with BMI higher than 40 kg/m2 or over 35 with one or more comorbidity were recruited from the outpatient clinic between December 2016 and September 2017. Psychological assessment and medical examination was done before surgery to exclude patients with absolute contraindication to bariatric surgery. Each participant fulfilled the informed consent. Males and females who met the following criteria were included: alcohol drinking not more than 30 and 20 g/day, respectively, no consumption or just temporary consumption of hepatotoxic medications, and negative HBV and HCV antibodies. Eventually, 90 patients were selected. All procedures performed in this study were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.


Two-Dimensional Shear Wave Elastography

Liver stiffness was assessed by two-dimensional shear wave elastography (2D-SWE) in real time using B-mode ultrasound imaging with potential to select the region of interest. During the 2-week preoperative period, liver stiffness (2D-SWE) was measured. Aixplorer ultrasound system (Supersonic Imagine, France) and a convex broadband probe (SC6-1, 1–6 MHz) were used based on instructions provided by manufacturer. The ideal position—hold the arm completely abducted in the right dorsal decubitus—was proposed after 6-h fasting. An acceptable liver stiffness measurement was based on 10 acquisitions measured in each participant. The mean (M) of valid measurements in kilopascals (kPa) was considered as a result of liver stiffness evaluation for each subject. The single operator was blinded to the study data.



Histologic Analysis of the Hepatic Tissue

Liver tissue biopsies were obtained during the bariatric procedure from the left lobe with 16-gauge Tru-cut needle. Patients with abnormal liver function tests and liver steatosis as confirmed by ultrasound or direct view during surgery were eligible for biopsy. The specimens were stained with hematoxylin–eosin–saffron, Masson's trichrome, and picrosirius red after embedding in paraffin for histologic assessment. The expert pathologist who studied the biopsy samples was also blinded to the patients' data and disease. NASH Clinical Research Network Modified Brunt methodology and NASH Activity Score (NAS) were used for staging and grading of NASH, respectively (21). Scores were given according to a scoring system based on 2D-SWE results as follows: five stages of hepatic fibrosis (scored from 0 to 4), percentage of involved portions for hepatic steatosis [scored from 0 to 3 (0, <5%; 1, 5–33%; 2, 34–66%; 3, >66%)], number of diagnosed foci in a ×20 magnitude for lobular inflammation (scored from 0 to 3; 0: none, 1: 1–2, 2: 2–4, 3: >4), and number of ballooned hepatocytes in hepatocellular ballooning (scored from 0 to 2; 0: none, 1: few, 2: many). The total sum of all the above-mentioned scores was reported individually as NAS score for each patient. Based on this, the patients were classified in two groups as follows: no NASH (0–2 points) and definite NASH (21, 22).



Statistical Analysis

Demographic variables were described by descriptive statistics. Mean (standard deviation, SD) and median (interquartile range, IQR) were reported using parametric and non-parametric values, respectively. Spearman's rank correlation coefficient was used to determine the correlation between ordinal variables. To demonstrate the diagnostic accuracy of lipoproteins and define the optimal cutoff point, receiver operating characteristic (ROC) curves were plotted. Sensitivity, specificity, and areas under the ROC curves (AUC) for the corresponding data were also determined by DeLong's method for correlated data. SPSS (version 25) was used for statistical analysis. Subsequently, the predicted lipoprotein cutoffs were constructed, and AUC was calculated. The p-value for all tests, if applicable, was considered significant at the level of 5%.




RESULTS


Patients' Characteristics

Ninety patients were included in the study. Their mean age was 38.5 ± 11.1 years, and the mean BMI was 45.46 ± 6.26 kg/m2. More than half of them (51.9%) had metabolic syndrome, 38 had no fibrosis (F < 1), and 52 had fibrosis (F ≥ 1). Severe steatosis (>66%) was detected in 8.9% patients, and NASH was found in more than half of the patients (Table 1).


Table 1. Patients' characteristics.
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Lipid Profile Parameter Concentration Based on Fatty Liver Disease

A comparison of serum lipids between study groups is presented in Table 2. The mean levels of serum total cholesterol and non-HDL cholesterol in patients with positive histology for liver steatosis and NASH were significantly higher than in patients with negative histology. In patients with positive histology for liver fibrosis, steatosis, and NASH, the mean level of LDL-C was also significantly higher when compared with patients who had negative histology.


Table 2. The comparison of serum parameter concentration between study groups.
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The median serum concentration of HDL-C was not significantly different between the groups, but based on ultrasonography, the median serum triglyceride (TG) level in patients with steatosis was significantly higher than in patients without steatosis. VLDL was also higher in patients who had been diagnosed with steatosis (ultrasonography) and fibrosis (based on histology and elastography).



The Relationship Between Serum Lipids and Liver Status

The relationships between lipid profile and liver fibrosis, NASH, liver steatosis, liver elastography, and ultrasonography are presented in Table 3.


Table 3. Correlation coefficient between parameters.
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As seen in Table 3, cholesterol and LDL levels were positively correlated with NASH and steatosis (biopsy). The serum levels of non-HDL cholesterol, TG, and VLDL were positively correlated with steatosis (ultrasonography) (p = 0.045, p = 0.001, and p = 0.002, respectively). Moreover, aside from steatosis (ultrasonography), VLDL was also positively correlated with fibrosis (biopsy) and elastography (p = 0.039 and p = 0.016, respectively).



Diagnostic Importance of Serum Lipids in Assessing Liver Disease

The values were determined using the ROC curves as optimal cutoff points. The sensitivity and specificity for each NASH CRN-modified BRUNT methodology stage are summarized in Table 4 and Figures 1–6.


Table 4. Diagnostic accuracy of serum lipids in liver disease.
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FIGURE 1. The receiver operating characteristics curve for cholesterol in the detection of liver disease.


Based on the ROC curve, the optimal cutoff values for the total cholesterol level for detecting fibrosis (biopsy), steatosis (biopsy), NASH, fibrosis (elastography), and steatosis (ultrasonography) were 176, 176, 176, 202, and 162 mg/dl, respectively (Table 4 and Figure 1).

As shown in Table 4 and Figure 2, the optimal cutoff values for the LDL-C level for detecting fibrosis (biopsy), steatosis (biopsy), NASH, fibrosis (elastography), and steatosis (ultrasonography) were 81, 86, 86, 87, and 87 mg/dl, and the P-values were 0.022, 0.016, 0.016, 0.157, and 0.188, respectively.


[image: Figure 2]
FIGURE 2. The receiver operating characteristics curve for low-density lipoprotein cholesterol in the detection of liver disease.


According to the ROC curve analysis (Table 4 and Figure 3), the optimal cutoff values of non-HDL cholesterol for liver fibrosis (biopsy), liver steatosis (biopsy), NASH score, liver fibrosis (elastography), and liver steatosis (ultrasonography) were also 115 (p = 0.062), 113 (p = 0.030), 115 (p = 0.030), 158 (p = 0.419), and 115 (p = 0.112) mg/dl, respectively.


[image: Figure 3]
FIGURE 3. The receiver operating characteristics curve for non-high-density lipoprotein cholesterol in the detection of liver disease.


As Table 4 and Figure 4 show, the optimal cutoff values for the HDL-C level for liver fibrosis (biopsy), liver steatosis (biopsy), NASH score, liver fibrosis (elastography), and liver steatosis (ultrasonography) were 35, 35, 36, 48, and 46 mg/dl, respectively.


[image: Figure 4]
FIGURE 4. The receiver operating characteristics curve for low-density lipoprotein cholesterol in the detection of liver disease.


Moreover, the ROC curve (Table 4 and Figure 5) indicated that the optimal cutoff values for TGs for liver fibrosis (biopsy), liver steatosis (biopsy), NASH score, liver fibrosis (elastography), and liver steatosis (ultrasonography) were 104 (p = 0.070), 95 (p = 0.127), 95 (p = 0.122), 184 (p = 0.081), and 123 (p = 0.013) mg/dl, respectively.


[image: Figure 5]
FIGURE 5. The receiver operating characteristics curve for triglycerides in the detection of liver disease.


Finally, the optimal cutoff values for the VLDL level for liver fibrosis (biopsy), liver steatosis (biopsy), NASH score, liver fibrosis (elastography), and liver steatosis (ultrasonography) were 24, 24, 25, 29, and 24 mg/dl, respectively (Table 4 and Figure 6).


[image: Figure 6]
FIGURE 6. The receiver operating characteristics curve for very low-density lipoprotein in the detection of liver disease.




The Binary Logistic Regression Analysis Between Lipids and Study Parameters

Binary logistic regression analysis for each liver parameter was analyzed after adjusting for age, sex, waist circumference, aspartate aminotransferase, alanine aminotransferase, gamma glutamil transferase, alkaline phosphatase, lipids, and homeostatic model assessment for insulin resistance (Table 5). The binary logistic regression analysis showed that, although some serum lipids were predictive for liver histology in unadjusted models, none of them was a predictive factor in adjusted models.


Table 5. The binary logistic regression analysis between lipid profile and liver study parameters.
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DISCUSSION

In several studies, obesity is indicated as one of the most crucial risk factors of metabolic disorders. Similarly, in this study, we have identified that about 60% of our morbidly obese population have positive histology of steatosis, NASH, or fibrosis. The results indicated that liver injury and fibrosis could be related to markers of atherogenic risk, especially VLDL serum level. There is also a link between cholesterol and LDL and NASH in this population. On the contrary, there were not any association between HDL level and degree of liver injury. Our findings identified a potential relationship between severity of liver damage and atherogenic lipid profile in morbidly obese patients with biopsy-proven NAFLD, although it was not a prominent correlation. This study principally focuses on association between liver disease severity and dyslipidemia in morbidly obese patients with NAFLD.

The recent broad use of non-invasive techniques in routine clinical practice gradually replaces biopsy due to its limitations. Since NAFLD as well as metabolic syndrome is highly prevalent in Hispanic population, NAFLD and NASH progression will be more predictable within the foreseeable future in this population (23). Due to the high visceral fat distribution in Hispanic population, the risk of NAFLD deterioration will also be increased (23). Consequently, it could be a great development to find a non-invasive screening method for such a high-risk group to reduce more adverse complications (24).

As previously reported, majority of obese patients exhibited a dyslipidemic profile (7, 25). Abnormal lipid panel is more frequent in NAFLD patients, especially with other risk factors such as obesity. It was described that VLDL levels can indicate the severity of liver injury in NAFLD patients (26, 27). Männistö et al. revealed a significant association between serum LDL and VLDL subclasses with inflammation and liver damage. Méndez-Sánchez et al. also showed that steatohepatitis and liver fibrosis are more likely to have high VLDL and LDL serum concentration than simple steatosis (24). Similarly, we investigated the relationship of VLDL cholesterol level to liver fibrosis. Both cholesterol metabolism and inflammation in the liver are potentially linked together.

Atherogenic dyslipidemia, which is described as hypertriglyceridemia, low HDL-C levels, and high LDL-C levels, is the most frequent type of lipid abnormality in NAFLD. Previous studies demonstrated that decreased serum HDL- C levels were associated with an occurrence of NAFLD, which agreed with NAFLD (28, 29). However, in this study, there was no significant association between HDL-C level and stages of NAFLD.

It is becoming increasingly evident that NAFLD is a multifactorial disease strongly related to genetic and metabolic disorders including obesity, dyslipidemia, insulin resistance, and cardiovascular diseases (30, 31). Non-invasive techniques such as in routine NAFLD screening, even in patients with risk factors, have some limitations for the assessment of NASH and liver fibrosis (32). In the same token, abnormal lipid profile is not an acceptable predictor of NAFLD in our obese patients. It has less diagnostic performance than liver biopsy as a gold-standard diagnostic modality. Accordingly, a combination of non-invasive approaches tend to have a higher accuracy in predicting liver damage than using the sole method.

It should be noted that our population was not uniform in terms of the stage of liver injury. Considering that liver damage tends to be in the lower grade, the presentation of dyslipidemia may be mild or not significant. Furthermore, there is a mix of comorbidities in this morbidly obese population, which makes it difficult to discriminate each comorbidity as a single risk factor.



CONCLUSION

Although we showed that evaluating lipid profile could help in NAFLD evaluation in morbidly obese patients for disease progression, their slight predictive value is not sufficiently enough for it to be used solely as a non-invasive test in NASH or NAFLD fibrosis. Therefore, early diagnosis of NAFLD using a cost-effective diagnostic approach is needed.



DATA AVAILABILITY STATEMENT

The raw data associated with this study will be available from the corresponding author upon a reasonable request.



ETHICS STATEMENT

All procedures performed in this study were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AS and MN conceived the study. NG, TJ, MK-R, MA, and ŽR wrote the manuscript. AS, AM, AJ, and LG revised the manuscript draft. All authors approved the final version and agreed with submission.



FUNDING

This study was supported by the Russian Science Foundation (Grant #20-15-00264).



ACKNOWLEDGMENTS

The authors would like to thank the Research Deputy at the Mashhad University of Medical Sciences.



ABBREVIATIONS
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Background: Right ventricular (RV) performance is a key determinant of mortality in pulmonary arterial hypertension (PAH). RV failure is characterized by metabolic dysregulation with unbalanced anaerobic glycolysis, oxidative phosphorylation, and fatty acid oxidation (FAO). We previously found that acetazolamide (ACTZ) treatment modulates the pulmonary inflammatory response and ameliorates experimental PAH.

Objective: To evaluate the effect of ACTZ treatment on RV function and metabolic profile in experimental PAH.

Design/Methods: In the Sugen 5416/hypoxia (SuHx) rat model of severe PAH, RV transcriptomic analysis was performed by RNA-seq, and top metabolic targets were validated by RT-PCR. We assessed the effect of therapeutic administration of ACTZ in the drinking water on hemodynamics by catheterization [right and left ventricular systolic pressure (RVSP and LVSP, respectively)] and echocardiography [pulmonary artery acceleration time (PAAT), RV wall thickness in diastole (RVWT), RV end-diastolic diameter (RVEDD), tricuspid annular plane systolic excursion (TAPSE)] and on RV hypertrophy (RVH) by Fulton's index (FI) and RV-to-body weight (BW) ratio (RV/BW). We also examined myocardial histopathology and expression of metabolic markers in RV tissues.

Results: There was a distinct transcriptomic signature of RVH in the SuHx model of PAH, with significant downregulation of metabolic enzymes involved in fatty acid transport, beta oxidation, and glucose oxidation compared to controls. Treatment with ACTZ led to a pattern of gene expression suggestive of restored metabolic balance in the RV with significantly increased beta oxidation transcripts. In addition, the FAO transcription factor peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc-1α) was significantly downregulated in untreated SuHx rats compared to controls, and ACTZ treatment restored its expression levels. These metabolic changes were associated with amelioration of the hemodynamic and echocardiographic markers of RVH in the ACTZ-treated SuHx animals and attenuation of cardiomyocyte hypertrophy and RV fibrosis.

Conclusion: Acetazolamide treatment prevents the development of PAH, RVH, and fibrosis in the SuHx rat model of severe PAH, improves RV function, and restores the RV metabolic profile.

Keywords: carbonic anhydrase inhibitor, cardiac metabolism, fatty acid oxidation, right heart failure, Sugen 5416 hypoxia model


INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressively debilitating and ultimately fatal chronic disorder. Patients are often diagnosed at advanced stages of the disease and develop worsening exertional shortness of breath that seriously compromises their quality of life. The pathophysiology of PAH involves pulmonary vasoconstriction and vascular remodeling that promote right ventricular (RV) heart hypertrophy and failure (1). RV function is recognized as the most important prognostic factor (2), and RV failure (RVF) is the principal cause of death in PAH. Despite our improved understanding of the molecular and pathogenetic mechanisms of the disease (3–5), state-of-the-art therapies currently provide only modest improvements in quality of life, and thus, there is an unmet clinical need to develop novel therapies. The primary mechanism targeted by current therapies is vasoconstriction, while therapies that improve RV function do not exist (6). While there has been progress in our understanding of the molecular basis of RVF in PAH, little to no progress has been made in translating this knowledge to clinical therapies (7). In order to improve clinical outcomes in PAH, we must leverage our improved understanding of the pathogenesis of RVF to develop novel therapeutic strategies that directly or indirectly improve RV function (8). In the adult heart, most of the energy requirements (>95%) are provided through mitochondrial oxidative phosphorylation of lipids/fatty acids (FAs) and glucose. FA oxidation (FAO) accounts for 50–70% of energy production, and only about 30% is derived from glucose oxidation (GO) (9). In PAH, RVF is characterized by decreased FAO and increased glycolysis (10). This phenomenon has been described in PAH patients and preclinical models (9, 11–17). Nevertheless, the pathobiological mechanisms that account for this effect are unknown, and specific pharmacotherapies targeting the dysregulated RV metabolism have not been developed.

Carbonic anhydrases (CAs) are ubiquitously expressed enzymes that catalyze the enzymatic hydration of carbon dioxide to bicarbonate and protons. CAs facilitate GO (18), and evidence suggests that CA inhibitors (CAIs) suppress GO and promote FAO (19). Importantly, CAIs are effective in left heart failure, as they improve left ventricular (LV) systolic function by echocardiography in vivo (20) and prevent cardiomyocyte hypertrophy in vitro (21). However, their effect on RV function in PAH has not been studied.

In the well-established Sugen 5416/hypoxia rat model of PAH (SuHx-PAH), a clinically relevant rodent model, the remodeled RV demonstrates a gene expression profile consistent with a multilevel impairment of FA metabolism (16). This includes increased glycolysis, decreased FAO, and mitochondrial dysfunction. We hypothesized that in SuHx-PAH, CA inhibition with acetazolamide (ACTZ) will promote FAO to restore FA utilization and improve RV function. In this manuscript, we report that treatment with ACTZ improves all aspects of FA transport and FAO and ameliorates adverse RV remodeling.



MATERIALS AND METHODS


Animal Model

Adult (12-week-old) male Sprague–Dawley rats (250–300 g) were purchased from Charles River Laboratories (Wilmington, MA) and acclimatized for 2–3 days prior to the experiments. PAH was induced as previously described (22) with a subcutaneous injection of 20 mg/kg Sugen 5416 (Sigma, St. Louis, MO) in dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO), placement in hypoxia (9% O2) for 3 weeks, and return to normoxia. Oxygen was controlled to 9% ± 0.2% by an OxyCycler controller (BioSpherix, Redfield, NY), and ventilation was adjusted with a fan and port holes to remove CO2 and ammonia. Control rats were injected with an equal volume of vehicle (DMSO) in normoxia. The endpoints of the study were 24 days after injection (Supplementary Figure 1).



Treatment Protocol

Rats were randomized into control and ACTZ treatment groups. ACTZ (Spectrum, Gardena, CA) (1.7 mg/ml) was added to the drinking water. Sucrose (5% w/v) was added to treated and control animals to increase water intake. Water consumption was monitored and estimated to be ~20 ml per rat per diem or ~100 mg/kg/day. The treatment protocol consisted of administration of ACTZ from days 7 to 24. Experimental groups: Ctrl (normoxia control with vehicle injection), SuHx (Sugen/Hypoxia), SuHx+ACTZ (Sugen/Hypoxia treated with ACTZ; Supplementary Figure 1).



Hemodynamic and Ventricular Hypertrophy Measurements

Hemodynamic measurements were performed as previously described (23). Animals were anesthetized with inhalation of 3% isoflurane, intubated through a tracheotomy, and mechanically ventilated on a rodent ventilator (Harvard Apparatus, tidal volume 1 ml/100 g body weight, 60 breaths per minute). The thoracic cavity was opened by incision of the diaphragm. A 23-gauge butterfly needle with tubing attached to a pressure transducer was inserted first into the right ventricle and then into the left ventricle, and pressure measurements were recorded with PowerLab monitoring hardware and software (ADInstruments, Colorado Springs, CO). Mean RV systolic pressure (RVSP) and LV systolic pressure (LVSP) (in mmHg) over the first 10 stable heartbeats were recorded. Mean pulmonary artery pressure (mPAP) for all experimental animals was calculated using our previously published and validated formula (mPAP = 0.53 × RVSP + 2.3) (r2 = 0.92) (22). RV hypertrophy (RVH) was assessed by weighing RV mass and expressed as Fulton's index (FI, ratio of RV weight to the LV+septal weight) or as the ratio of RV weight to total body weight (RV/BW).



Lung and Heart Histology and Morphometric Analysis

In a subset of experimental animals, the lungs were inflated by perfusing the trachea with cold 4% paraformaldehyde (PFA), excised, and fixed in 4% PFA overnight at 4°C followed by paraffin embedding. Lung sections (6 μm) were stained with hematoxylin and eosin (H&E) and examined with light microscopy. Images of the arterioles were captured with a microscope digital camera system (Nikon) and analyzed using ImageJ (NIH, USA). Arterioles of comparable size (50–100 μm diameter) per rat from the lungs of 5–6 different rats from each experimental group were evaluated. The percent wall thickness was determined by dividing the area occupied by the vessel wall by the total cross-sectional area of the arteriole as previously reported (4). This method accounts for uneven vessel wall thickness and areas that have obliquely sectioned pulmonary arterioles. In a subset of animals, the heart was stopped in diastole with a KCl injection and the heart was fixed in formalin, embedded in paraffin, and the RV free wall was sectioned longitudinally. Cardiomyocyte hypertrophy was evaluated in H&E-stained sections by measuring the cellular diameter at the level of the nucleus as previously described (24). We used Masson's trichrome stain to detect collagen deposition and quantify interstitial and perivascular fibrosis using ImageJ software as previously described (25). All analyses were performed in a blinded fashion to the experimental groups.



Echocardiography

Transthoracic 2D M-mode and Doppler images were acquired at the Brigham and Women's Hospital's Cardiovascular Physiology Research Core facility with a Visual Sonics 3100 ultrasound system equipped with an MX250 (13–24 MHz) probe as previously described (26). In brief, animals were lightly anesthetized with isoflurane (1–3%) titrated to maintain a minimum heart rate of 300/min while they continued to breathe spontaneously for the duration of the procedure. Pulmonary hemodynamics were assessed by measurement of pulmonary artery acceleration time (PAAT), pulmonary artery ejection time (ET), and the PAAT/ET ratio to account for heart rate variability. To assess RV morphology and function, the following measures were obtained using M-mode: end-diastolic RV free wall thickness (RVFWTd), end-diastolic RV diameter (RVEDD), and derived tricuspid annular plane systolic excursion (TAPSE). Images were analyzed with Vevo-Lab software (V.3.1.1 FUJIFILM Visualsonics, Toronto, Canada). The sonographer and the analyzer were both blinded to the experimental groups.



Isolation of mRNA and Transcript Expression Analysis

RNA isolation, analysis, and reporting followed minimum information for publication of quantitative real-time polymerase chain reaction (PCR) experiments (MIQE) criteria (27). Cardiac tissues were lysed with TRIzol reagent (Invitrogen) per manufacturer's instructions and homogenized. RNA quantity and quality were assessed with NanoDrop 2000c spectrophotometer (NanoDrop Technologies). Complementary DNA was generated with the SuperScript III First-Strand Synthesis System (Invitrogen). Quantification of mRNA transcript levels was performed with StepOnePlus RT-PCR cycler (Applied Biosystems) using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Gene-specific primers for all transcript variants were designed across exon–exon junctions when possible and ordered through Integrated DNA Technologies (see Supplementary Table 1 for primer sequences). Nucleoporin 133 (Nup133) was used as a housekeeping gene for normalization. Expression was analyzed with the comparative Ct method (28).



RNA Sequencing

The RV free wall was dissected and snap frozen in liquid nitrogen. RNA extraction and quantification and sample integrity were performed by Novogene using Nanodrop spectrophotometer and Agilent 2100 bioanalyzer, respectively. Library preparation and sequencing were performed using an Illumina Platform PE150 by Novogene. Fastq files obtained from paired-end sequencing were aligned to the Rattus Norvegicus 6.0 ENSEMBL genome using standard parameters in STAR version 2.5.4a. Raw count files were generated next using Htseq version 0.9.1 with –t exon option enabled to ensure transcript specificity. Differential gene expression was performed using DESeq2 version 1.26.0 using standard parameters. Counts were normalized using a negative binomial distribution as is standard with DESeq2. Experimental and control groups were compared using a Wald test in a pairwise comparison. Only genes with a multiple-comparison adjusted P < 0.05 were considered significant in the comparison. Gene Ontology analysis was performed using the PANTHER classification system and a statistical overrepresentation test on significantly changed genes.



Western Blotting

Western blot analysis was performed as previously described (4). Briefly, RVs were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer containing cOmplete™ protease inhibitor (Roche, Indianapolis, IN), and protein concentration was determined by Pierce BCA protein assay kit (ThermoFisher). Proteins were separated by 12% Tris SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad) using a semi-dry system (Bio-Rad). Membranes were blocked with 5% w/v non-fat dry milk, incubated with primary antibodies (4°C, overnight), and incubated with secondary antibodies at room temperature for 1 h. Proteins were detected by horseradish peroxidase (HRP) chemiluminescence, and lanes were quantified using ImageJ analysis software. An antibody against ACADM (1:10,000; ERP3708) was purchased from Abcam. The vinculin antibody (1:1,000; E1E9V) was purchased from Cell Signaling and was used as a loading control.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). We used one-way ANOVA with Tukey's posttest (when comparing multiple groups) or Student's t-test (when comparing two groups). Where numbers permitted, we used the D'Agostino and Pearson omnibus normality test, and data with non-Gaussian distribution were analyzed by Kruskal–Wallis test with Dunn's posttest or Mann–Whitney U test. Data are presented as individual data points and mean with standard deviation (SD) or as mean with standard error of the mean (SEM). Individual statistical tests are described in the corresponding figure legends. P < 0.05 were considered statistically significant.




RESULTS


Transcriptional Signature of Right Ventricular Hypertrophy in Sugen 5416/Hypoxia-Induced Pulmonary Hypertension

We used RNA sequencing to characterize the transcriptomic profile of the RV and evaluate differential expression of genes during SuHx-induced RVH at an early time point, 24 days after Sugen injection and hypoxic exposure. There was a distinct transcriptomic signature in the RV of SuHx animals compared to controls, with 1,129 upregulated and 892 downregulated genes with a false discovery rate (FDR) <5% (Figure 1; Supplementary Figure 2). We subsequently performed quantitative PCR (qPCR) on a different cohort of animals to validate the RNA sequencing data. We successfully validated four of the transcripts that were among the most significantly and differentially upregulated (Table 1). We then proceeded with gene ontology analysis that revealed that the most upregulated transcripts were related to inflammatory pathways, cell proliferation, and cytoskeleton organization and that the most downregulated pathways were related to mitochondrial function and metabolic processes including fatty acid oxidation (FAO) and lipid metabolism (Figure 2; Data Sheets 1–6 in Supplementary Material). When we evaluated transcripts involved in FAO, most significantly changed (FDR <5%) transcripts were downregulated (Supplementary Figure 3), suggesting a metabolic switch with decreased FAO.


[image: Figure 1]
FIGURE 1. Differential expression of RV genes reveals a distinct signature between Sugen 5416/hypoxia (SuHx) and control (Ctl) groups. (A) Volcano plot of the cardiac mRNA transcripts of the RV in the SuHx vs. Ctl groups. Significantly downregulated genes are in blue, significantly upregulated genes are in pink, nonsignificant genes are in gray. Highlighted, upregulated classic markers of ventricular hypertrophy and failure (Nppa, Nppb), downregulated genes involved in fatty acid metabolism (Ppargc1a Cpt1a, Acadm, Acox1, and Acsl1), and upregulated genes that were used for RNA sequencing validation (Ankrd2, Fam110c, FCGR3a, and Cpeb1). (B) Z-score heatmap of 65 significantly differentially expressed genes related to metabolic pathways between SuHx and control groups, n = 5 individual animals per group. For experimental design (see Supplementary Figure 1).



Table 1. Validation of RNA sequencing.
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FIGURE 2. Gene ontology enrichment analysis of biological processes in the RV transcripts between Sugen 5416/hypoxia (SuHx) and control groups. (A) The top 25 most significantly downregulated and (B) the top 25 most significantly upregulated terms by false discovery rate (FDR).




Treatment With Acetazolamide Prevents Pulmonary Hypertension and Vascular Remodeling in Sugen 5416/Hypoxia-Induced Pulmonary Hypertension

As we previously reported, early treatment with ACTZ (from days 7 to 24 after SuHx-Protocol, Supplementary Figure 1) led to significantly lowered RVSP and mPAP compared to those of the SuHx group (Figures 3A,B), without affecting the LVSP (Figure 3C). RVH as assessed by FI and RV/BW were significantly decreased in the SuHx/ACTZ group (Figures 3D,E). Histologic evaluation of peripheral lung sections showed that there was increased wall thickness of arterioles <100 μm in diameter in SuHx animals and a significant reduction in wall thickness in pulmonary arterioles in the ACTZ treatment group. Given the early time point in the disease course (3 weeks), we did not observe any occlusive or plexiform lesions, known to occur at 13–14 weeks after SuHx exposure (Figures 3F,G).


[image: Figure 3]
FIGURE 3. Treatment with acetazolamide (ACTZ) ameliorates Sugen 5416/hypoxia (SuHx)-induced pulmonary hypertension (PH). Improved hemodynamic parameters with ACTZ treatment (A) Right ventricular (RV) systolic pressure (RVSP), (B) mean pulmonary artery pressure (mPAP), and (C) left ventricular systolic pressure (LVSP) in mmHg in the three experimental groups [control (Ctl), SuHx, and SuHx+ACTZ] (n = 10–21 animals per experimental group). Amelioration of RV hypertrophy (RVH) with ACTZ treatment, (D) Fulton's index (FI), and (E) RV-to-body weight ratio (n = 6–9 animals per experimental group) (FI, ratio of RV weight to left ventricular+septal weight). Amelioration of pulmonary vascular remodeling after treatment with ACTZ. (F) Morphometric analysis of pulmonary vascular remodeling assessed by % wall thickness. n = 6–15 arterioles (diameter 50–100 μm) from n = 5–6 animals per group. (G) Representative images of pulmonary arterioles on H&E-stained lung sections of Ctl, SuHx, and SuHx animals treated with ACTZ. Scale bars = 25 μm. Arterioles indicated by arrows. Data presented as mean ± SEM. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).




Carbonic Anhydrase Inhibitor Acetazolamide Improves Right Ventricular Compliance and Function Without Compromising the Left Ventricular Function

To evaluate the effects of ACTZ on the RV, we first assessed PAAT, which is a measure of PAP, vascular resistance, and RV compliance. As expected, SuHx animals had a significantly lower PAAT (Supplementary Figure 4) that significantly increased after ACTZ treatment and was similar to the control group. To normalize for heart rate variability, we used the ratio of PAAT to ET with similar results. The PAAT/ET ratio threshold of ≤0.25, which we have previously shown to be a reliable diagnostic marker of pulmonary hypertension (PH) (26), was consistently less or equal to 0.25 in all but one SuHx animal and was ≥0.25 in all controls and all but two ACTZ treatment animals (Figure 4A). Similarly, the echocardiographic marker of RVH—RV wall thickness (RVWT)—was significantly lower in the SuHx/ACTZ group compared to the SuHx group. Our previously validated RVWT cutoff value of >1.03 mm that reliably predicts RVH captured all SuHx animals. For the ACTZ treatment group, although there was improvement of RVH, it did not reach the baseline levels (Figure 4B). To evaluate RV function, we utilized RV end-diastolic diameter (RVEDd), which was significantly increased in the SuHx group and tricuspid annular plane systolic excursion (TAPSE), which was significantly decreased in the SuHx animals. ACTZ treatment restored these measures back to the normal values, as there was no difference with the control group, indicating significantly improved RV function (Figures 4C,D). Finally, we evaluated the effects of ACTZ treatment on the systemic circulation, and we did not observe any differences between groups in the LV function, as assessed by unchanged ejection fraction (EF), fractional shortening (FAC), and cardiac output (Supplementary Figures 5A–C). Similarly, there were no changes in indices of LV remodeling as assessed by LV end-diastolic volume and posterior and anterior wall thickness (Supplementary Figures 5D–F).
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FIGURE 4. Improved echocardiographic parameters in Sugen 5416/hypoxia (SuHx)-induced pulmonary hypertension (PH) with acetazolamide (ACTZ) treatment. (A) Pulmonary artery acceleration time to ejection time ratio (PAAT/ET). Representative pulmonary artery Doppler waveform and quantitative data (n = 5–14 animals per group). (B) Right ventricular (RV) wall thickness in diastole (RVWT). Representative M-mode images from the right parasternal long axis imaging view and quantitative analysis (n = 6–8 animals per group). (C) RV end-diastolic diameter (RVEED). Representative M-mode images and quantitative data (n = 5–8 animals per group). (D) Tricuspid annular systolic excursion (TAPSE). Representative images and quantitative data (n = 5–9 animals per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001).




Acetazolamide Prevents Development of Cardiomyocyte Hypertrophy and Right Ventricular Interstitial Fibrosis

Cardiomyocyte hypertrophy as assessed by analysis of H&E-stained sections from RVs demonstrated that ACTZ treatment prevented hypertrophy at the cardiomyocyte level (Figures 5A,B). We then assessed the classic markers of cardiac hypertrophy and failure, atrial natriuretic peptide (ANP, Nppa), and brain natriuretic peptide (BNP, Nppb), which were found to be significantly elevated in the SuHx group by RNA sequencing (RNA-seq), and these were again validated to be significantly increased in the SuHx animals of this cohort. We found significantly decreased Nppa mRNA levels and a nonsignificant trend of decreased Nppb mRNA levels in the RVs in the SuHx/ACTZ group compared to the SuHx group (Figures 5C,D). We also noted increased levels of RV interstitial fibrosis in the SuHx group as assessed by Masson's trichrome staining, and this was significantly decreased in the SuHx/ACTZ group (Figures 6A,B). We did not observe any difference in perivascular fibrosis in between groups. We also evaluated RV expression of several markers of fibrosis (Tgfb1, Col1a1, and Col3a1), and all were significantly elevated in the SuHx animals and were attenuated by treatment with ACTZ (Figures 6C–E).
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FIGURE 5. Amelioration of right ventricular (RV) cardiomyocyte hypertrophy in acetazolamide (ACTZ)-treated Sugen 5416/hypoxia (SuHx) animals. (A) Representative longitudinal RV free wall sections stained with hematoxylin and eosin. Black lines indicate cell diameters at the level of the nucleus. Scale bar 20 μm. (B) Quantitative analysis of myocyte size in the three experimental groups (n = 6–9 animals per group). Real-time PCR analysis of mRNA levels of the cardiac hypertrophy transcripts (C) atrial natriuretic peptide (Nppa) and (D) brain natriuretic peptide (Nppb) in RV from the experimental groups (n = 10–12 per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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FIGURE 6. Amelioration of interstitial cardiac fibrosis in the right ventricle of Sugen 5416/hypoxia (SuHx) animals treated with acetazolamide (ACTZ). (A) Representative cardiac tissue sections stained with Masson's trichrome stain to detect interstitial and perivascular fibrosis. Scale bar 20 μm. (B) Quantitative analysis of interstitial fibrosis in the RV in the three experimental groups (n = 6–9 animals per group). Real-time PCR analysis of the fibrosis associated transcripts (C–E) transforming growth factor-β1(Tgfb1), collagen α-1(I) chain (Col1a1), collagen α-1(III) chain (Col3a1) (n = 10–12 per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001; ns, nonsignificant).




Acetazolamide Partially Restores the Dysregulated Metabolic Profile of the Right Ventricle in Sugen 5416/Hypoxia-Induced Pulmonary Hypertension

Metabolic switching with suppression of beta oxidation is one of the hallmarks of RVF, which was also supported by our RNA-seq data set in the SuHx group. Validation of the RNA-seq data in a separate cohort of animals by real-time PCR showed that three key genes involved in fatty acid transport including cell membrane transport (Cd36) and mitochondrial transport (Cpt1a and Cpt1b) were significantly downregulated in the right ventricles of SuHx animals, and ACTZ treatment restored the expression of Cd36 but had no effect on Cpt1a and b. Similarly, we confirmed the downregulation of FAO transcripts, including Acetyl-CoA dehydrogenases for small, medium, and large FA in right ventricles of SuHx animals, and ACTZ treatment significantly upregulated the expression all three enzymes (Figure 7A). This downregulation of Acadm in SuHx was also seen at the protein level, and there was a trend of increased expression with ACTZ treatment (Figures 7E,F). We then assessed transcription factors that regulate FAO. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc-1α) was significantly downregulated in the SuHx group, as observed in the RNA-seq data set and confirmed in this cohort, and ACTZ treatment increased its expression levels back to baseline. Peroxisome proliferator-activated receptor (Ppar) gamma (Ppar-γ) showed a similar trend, and there were no differences on Ppar-α, estrogen-related receptor (Err) alpha, Err-a, and Err-γ (Figure 7D).
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FIGURE 7. Effects of acetazolamide (ACTZ) treatment on right ventricular (RV) metabolism associated markers in Sugen 5416/hypoxia (SuHx) animals. (A) Fatty acid transport and oxidation transcripts. (B) Glucose uptake and glycolysis markers. (C) Tricarboxylic acid cycle enzymes. (D) Mitochondrial transcription factors. (E) Representative immunoblots for beta oxidation enzyme medium-chain specific acyl-CoA dehydrogenase (ACADM) and (F) quantitative analysis of ACADM protein levels in the three experimental groups (n = 3 per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05, **P < 0.01 compared to control, and #P < 0.05 compared to SuHx).


We subsequently evaluated markers of glycolysis and found that glucose transporter 1 (Glut1) was significantly upregulated in the SuHx group, and ACTZ treatment decreased its expression to baseline levels. Insulin-regulated glucose transporter 4 (Glut 4) was downregulated in the SuHx rats, and there was a trend toward increased expression with ACTZ treatment. No significant differences were found in the rest of the glycolytic transcripts between the three groups, including hexokinase I and II (HkI, HkII) and lactate dehydrogenases A and B (Ldha, Ldhb), similar to the transcriptomic data (Figure 7B). We then assessed transcripts involved in the citric acid cycle and found significant downregulation of pyruvate dehydrogenase b (Pdhb) mRNA in the SuHx group with the expression returning to control levels in the SuHx/ACTZ group. We did not find significant differences in the expression of other enzymes of the citric acid cycle including citrate synthase (Cs) and isocitrate dehydrogenase (Idh2) (Figure 7C). We found a similar pattern in the metabolic profile of the LV when we evaluated the expression of the above markers, but the changes were of a smaller magnitude (Supplementary Figure 6).




DISCUSSION

We report a distinct transcriptomic signature of RVH in the early phase of SuHx-induced PAH (3 weeks) that is suggestive of dysregulated metabolic pathways in association with RVH and fibrosis. We further demonstrate a favorable response to ACTZ treatment with prevention of RVH and fibrosis, improvement of RV compliance and function, and a shift toward normalization of the RV gene expression that suggests reversal of metabolic switching at the transcriptomic level.

The transcriptomic profile of the RV in the SuHx rat model of PAH was previously described by Legchenko et al. (29) who performed RNA-seq analysis at a much later time point (9 weeks) and used a 3-week-hypoxic group as control. At this late stage of RVF that was associated with increased mortality, the transcriptomic analysis along with complementary imaging modalities demonstrated inhibition of fatty acid transport and oxidation along with abnormal glucose uptake, mitochondrial dysfunction, and impaired oxidative phosphorylation (29). These findings are also in agreement with findings in humans with end-stage PAH (30). In our studies, we demonstrate a similar inhibition of fatty acid transport and oxidation at the transcriptomic level, at a much earlier time point, suggesting that these metabolic alterations occur early in the disease process and thus may be therapeutically targeted.

The contribution of RV metabolic reprogramming to PH-associated RVF was also demonstrated by Graham et al. (31) who described the vascular adaptation of the RV to experimental PH in the SuHx model in female rats at Denver altitude. Using stereology, these authors found significant augmentation of the RV vascular network in the PH animals. Additionally, using steady-state metabolomics at the 8-week time point, they demonstrated that the altered substrate utilization by the RV is not due to inadequate metabolic substrate delivery but rather due to an intrinsic RV metabolic switch in substrate utilization.

Drake et al. (32) evaluated the molecular signature of RVF using the SuHx model and pulmonary artery banding (PAB) + Cu+2-low diet model in rats and compared it to the adaptive RVH transcriptomic signature of the chronic hypoxic and PAB rat models. They used microarray and pathway analysis to conclude that the most significant changes in RVF were related to cell growth, angiogenesis, and energy metabolism. Importantly, they demonstrated that these changes were reversible with carvedilol treatment in the SuHx model. Another study by Gomez-Arroyo et al. (16) also tried to elucidate the metabolic dysregulation between adaptive and maladaptive RVH by comparing the RV metabolic profile of the PAB model and the SuHx model, respectively. The authors emphasized the impact of Pgc-1α downregulation on the transcriptional regulation of enzymes regulating beta oxidation during RVF. In this study, in which the length of hypoxic exposure after Sugen injection was 4, as opposed to 3 weeks in our study, a pattern of downregulated transcripts of acyl-CoA-dehydrogenases distinguished RVF from adaptive RVH in which acyl-CoA-dehydrogenase expression was increased. We observed the same pattern in our model at an earlier time point after 3 weeks of hypoxic exposure (decreased RV expression of Pgc-1α and acyl-CoA-dehydrogenases), and ACTZ treatment was associated with an increased expression similar to the control animals. This further supports our hypothesis that ACTZ has a favorable effect on RV dysfunction.

Furthermore, Potus et al. (33) reported on the transcriptomic signature of decompensated RVF in the monocrotaline (MCT) model and found changes in mitochondrial, inflammatory, and angiogenic abnormalities. Although our study lacks the detailed hemodynamic profiling of this prior study in the MCT model, the overall theme of mitochondrial–metabolic dysregulation is remarkably similar and corroborated by studies in human patients with end-stage PAH (30). A recent study by Murashige et al. (34) in patients with left heart failure provided definitive evidence that fatty acid utilization is the primary fuel source in normal human heart and that cardiac failure is accompanied by decreased fatty acid utilization. This study also supports an increased role for proteolysis in cardiac failure as well as increased utilization of ketones and lactate.

RV fibrosis was previously described in several models of PAH including the hypoxic (35), MCT (36), and SuHx models (37, 38), as well as in the PAB model that is not characterized by pulmonary vascular disease (38). Although initially adaptive, excessive RV fibrosis can impair RV function by various mechanisms including RV stiffness and diastolic dysfunction, impaired excitation–contraction coupling, disrupted coordination of myocardial contraction, and ventricular dilation (39). In agreement with prior studies (38, 40), we found significantly increased interstitial fibrosis in the RV in SuHx animals, whereas perivascular fibrosis was not increased. We found a significant decrease of RV fibrosis in the SuHx model of PAH in response to ACTZ treatment, and this was associated with improved echocardiographic markers of RV function. Other studies have reported similar findings with the use of the oral endothelin receptor antagonist bosentan in the hypoxic model (35), inhaled iloprost in the SuHx and PAB models (38), and the beta blocker bisoprolol in the MCT model (36). Additionally, da Silva Gonçalves Bós et al. (40) reported reversal of established PAH in the SuHx model with the use of the oral acetylcholinesterase inhibitor pyridostigmine. RV fibrosis is also a known feature of human PAH and is associated with RV dysfunction, but whether this is a causal and fully reversible process amenable to therapeutic targeting needs to be evaluated further (39).

Despite the beneficial effects we observed with ACTZ in our studies, the role of CAs in the pathogenesis of PH remains unclear. We have previously shown that CA II (CA2) is upregulated in the alveolar macrophages of SuHx animals at both the mRNA and protein levels that this coincided with macrophage activation. As a result, we found that ACTZ was associated with amelioration of pulmonary and systemic inflammation in the SuHx model (22). In addition, CA2 mRNA was increased in the lungs of SuHx animals compared to controls and in the lungs of human patients with idiopathic PAH. Given that CAs are ubiquitously expressed throughout the body, it is possible that ACTZ has pleiotropic effects as a CA inhibitor. In addition, ACTZ exerts physiologic effects that are independent of CA inhibition as reported by Shimoda et al. (41). Specifically in the heart, we speculate that ACTZ restores substrate utilization by promoting FAO, which has been shown to be beneficial as demonstrated by Legchenko et al. (29) with the use of Ppar-γ agonist pioglitazone. Additional studies are needed to further elucidate the molecular mechanisms underlying the protective effect of CA inhibition in RV function in PH. There are several limitations to our study. In our current study, ACTZ treatment was initiated 1 week into hypoxia, a time point when the PH phenotype of the SuHx model is not fully established (42); it should therefore be considered preventive. We previously showed that ACTZ ameliorated established disease when used at weeks 5–7 after SuHx, so it would be important to examine the RV metabolic profile at this later time point. Additionally, the dose and route of administration of ACTZ in this study (~100 mg/kg/day in drinking water) were based on prior work that demonstrated its effectiveness and tolerance in the experimental animals (22, 43). Other investigators have used doses of 10–200 mg/kg/day via the intraperitoneal route (44) indicating that the dose response and the most effective route of administration need to be further evaluated. Finally, our findings show a dysregulation at the gene expression level of the different metabolic pathways suggestive of a metabolic switch; however, further studies in cardiomyocytes are needed to elucidate the exact metabolic alterations in substrate utilization.

In conclusion, the unique RV transcriptomic signature of the SuHx model of PAH reveals a metabolic gene dysregulation with downregulation of transcripts that involve FAO. Our data support that this metabolic gene dysregulation occurs early in the disease process before the development of overt RVF. Treatment with ACTZ, a CA inhibitor, prevents PH and vascular remodeling with additional beneficial effects on the RV performance, crucial for patient outcomes. The improved RV function is associated with a partial restoration of the dysregulated metabolic profile including the expression of Pgc1a transcription factor, which is a key regulator of FAO and mitochondrial biogenesis. We suggest that the CA inhibitor ACTZ may exert pleiotropic beneficial effects in PAH that need to be further delineated in preclinical studies. In addition, given that ACTZ is currently in clinical trials for PAH, it is important to rigorously characterize its effects on cardiac function in order to leverage them therapeutically.
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Supplementary Figure 1. Overview of the experimental design. Rats were injected with SU5416 (Sugen) or control DMSO and placed into hypoxia for 3 weeks. For the treatment group (SuHx+ACTZ); acetazolamide (ACTZ) was added to the drinking water on day 7.

Supplementary Figure 2. Principal component analysis (PCA) between SuHx and control groups.

Supplementary Figure 3. Heatmap across all samples of the significantly changed transcripts (FDR <0.05) involved in fatty acid oxidation. Featured scaling applied on normalized counts for presentation of the data. n = 5 individual animals in each group.

Supplementary Figure 4. Pulmonary Artery Acceleration Time (PAAT) quantitative data (n = 5–14 animals per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05, **P < 0.01, and ns, non-significant).

Supplementary Figure 5. Treatment with ACTZ does not alter left ventricular performance and remodeling. (A) Ejection fraction. (B) Fractional shortening (FC). (C) Cardiac output (CO). (D) Left ventricular (LV) end diastolic volume. (E) Posterior wall thickness in diastole. (F) Anterior wall thickness in diastole. Quantitative data from 5 to 9 animals per group. Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM.

Supplementary Figure 6. Effects of ACTZ treatment on LV metabolism associated markers in SuHx animals. (A) Fatty acid transport and oxidation transcripts. (B) Glucose uptake and tricarboxylic acid cycle (TCA) enzymes. (C) Mitochondrial transcription factors (n = 7–8 per group). Experimental groups: Control, SuHx, and SuHx+ACTZ. Statistical analysis by one-way ANOVA and Tukey's post-hoc test. Error bars are mean ± SEM (*P < 0.05 compared to control, #P < 0.05 compared to SuHx).

Supplementary Table 1. Primers for rat genes in quantitative real-time PCR.
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Background: Lipids play a central role in the pathogenesis of tuberculosis (TB). The effect of serum lipid levels on TB treatment (ATT) outcomes and their association with serum inflammatory markers have not yet been characterized.

Methods: Our retrospective cohort study on drug-susceptible TB patients, at the National Taiwan University Hospital, assessed the association of baseline serum lipid levels such as low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol (TC) and triglycerides (TG) with all-cause and infection-related mortality during first 9 months of ATT and baseline inflammatory markers namely C-reactive protein (CRP), total leukocyte count (WBC), and neutrophil-lymphocyte ratio (NL ratio).

Results: Among 514 patients, 129 (26.6%) died due to any-cause and 72 (14.0%) died of infection. Multivariable Cox-regression showed a lower adjusted hazard ratio (aHR) of all-cause mortality in the 3rd tertiles of HDL (aHR 0.17, 95% CI 0.07–0.44) and TC (aHR 0.30, 95% CI 0.14-0.65), and lower infection-related mortality in the 3rd tertile of HDL (aHR 0.30, 95% CI 0.14–0.65) and TC (aHR 0.30, 95% CI 0.14–0.65) compared to the 1st tertile. The 3rd tertiles of LDL and TG showed no association in multivariable analysis. Similarly, 3rd tertiles of HDL and TC had lower levels of baseline inflammatory markers such as CRP, WBC, and NL ratio using linear regression analysis. Body mass index (BMI) did not show evidence of confounding or effect modification.

Conclusions: Higher baseline serum cholesterol levels were associated with lower hazards of all-cause and infection-related mortality and lower levels of inflammatory markers in TB patients. BMI did not modify or confound this association.

Keywords: LDL-cholesterol, HDL-cholesterol, inflammation, BMI, effect modification


INTRODUCTION

Tuberculosis (TB) is an infectious disease with a high morbidity and mortality (1). Patients with TB have an increased incidence of cardiovascular (2) and cerebrovascular disease (3). Lipids play a central role in the pathogenesis of both TB and atherosclerotic vascular disease (4, 5). However, the effect of serum lipid levels on anti-tuberculosis treatment (ATT) outcomes is not yet characterized.

Studies have shown that TB patients have lower serum cholesterol levels compared to uninfected individuals (6–8). Sputum smear positivity for Mycobacterium tuberculosis (Mtb) was associated with lower serum levels of low-density lipoprotein (LDL), high-density lipoprotein (HDL) and total cholesterol (TC) (7). Similarly, lower levels of LDL, HDL and TC correlated with more radiologically extensive TB disease in the lungs (7, 8). Interestingly, this pattern also holds true for the association between lipid levels and community-acquired pneumonia (7). Lower lipid levels have also been linked to higher inflammation in critically ill patients following sepsis (9), pneumonia (10), and surgery (11). Whether inflammation plays an important role in the association between lipid levels and TB outcomes is unclear.

Low body mass index (BMI), an objective marker of low nutritional status in adults, is associated with increased mortality in TB patients (12, 13). Though serum lipid levels are directly related to BMI in the under-weight and normal-weight categories, there is an inverse association with higher BMI, resulting in an inverted U-shaped relationship between these two markers (14). Thus, it becomes important to assess whether nutritional status, as suggested by BMI, confounds, or modifies the association between serum lipid levels and inflammation, and mortality in TB.

We carried out a retrospective cohort study on pulmonary TB patients receiving standard antitubercular treatment to assess the association between serum lipid levels and all-cause and infection-related mortality during 9 months of ATT initiation. We also studied the association of lipid levels with baseline serum markers of systemic inflammation at TB diagnosis.



METHODS


Design and Study Population

In our retrospective cohort on drug-susceptible TB patients (age >18 years), we used the National Taiwan University Hospital (NTUH) database from 2000 to 2016 (15, 16). TB diagnosis was confirmed by culture-based detection using MGIT-960 and Lowenstein-Jensen medium. Most patients were treated on an outpatient basis according to ATS guidelines (17). We included patients who were tested for at least one of the following serum lipid levels: LDL, HDL, TC, or triglycerides (TG), with no specific exclusion criteria. We collected baseline demographic data, such as age, sex, and comorbidities, including diabetes mellitus, hypertension, coronary artery disease, heart failure, transplantation (both solid organ and bone marrow transplantation), smoking, and alcohol use disorder. BMI at TB diagnosis was calculated as weight (kg) divided by the square of the height (m2). Data on baseline TB characteristics, such as sputum smear for acid-fast bacilli (AFB) grading (0 to 4+), prior history of TB, and presence of cavitary disease on chest radiography, were obtained. Charlson comorbidity index (CCI) was calculated from the variables obtained from the database (18). The study was approved by the institutional review boards at Johns Hopkins University and NTUH.



Exposures

The exposures assessed in our study were serum lipids, namely LDL, HDL, TC, and TG. Patients were categorized into three groups based on tertiles of the baseline lipid levels, separately for each of the above-mentioned lipids. Baseline lipid levels were defined as a test performed anytime between 1 month before and 1 month after TB diagnosis.



Inflammatory Markers

Serum inflammatory markers, namely C-reactive protein (CRP) (mg/dL), erythrocyte sedimentation rate (ESR) (mm/hr), total leukocyte count (WBC) (x 103/μL) and neutrophil-lymphocyte ratio (NL ratio) at baseline were documented. Any test result for the inflammatory markers within 30 days of TB diagnosis was considered as baseline.



Outcomes

The primary outcomes evaluated were all-cause and infection-related mortality during the first 9 months of ATT. The latter was a composite outcome of death due to TB, pneumonia, or sepsis.



Statistical Analysis

Patient characteristics stratified by tertiles of the baseline serum lipid levels were compared using ANOVA for normally distributed data and Kruskal-Wallis test for non-normally distributed data, and Chi-square test for categorical variables. Kaplan-Meier and Cox proportional hazards methods were used to measure the association between the lipid tertiles and all-cause and infection-related mortality in separate models. Person-time at risk of outcome, for each of the lipid tertiles, was calculated from the time of ATT initiation until 9 months, or loss to follow-up or death, whichever occurred first. Point of loss to follow-up was defined as the last study visit prior to 9 months. Potential confounders for the multivariable analyses were identified by literature review and by exploratory univariable data analysis at p < 0.05 significance. Confounding factors that are components of the CCI were not adjusted for separately if CCI was included in the multivariable model. We performed sensitivity analyses after excluding patients who died within the first month of ATT since the definition for “baseline lipid levels” included up to 1 month after TB diagnosis. Sensitivity analysis was also performed using the exposure defined as mean value of all available lipid test results during the 9-month period after ATT initiation or the duration of follow-up, if lost to follow-up or death occurred before 9 months.

Association of baseline serum lipid levels and inflammatory markers, namely CRP, ESR, WBC and NL ratio, were analyzed using univariable and multivariable linear regression analyses. We performed sensitivity analysis by assessing the association of baseline lipid levels and inflammatory markers obtained up to day 15 of ATT to account for the possibility of a rapid decrease in inflammation after ATT initiation.

The association of tertiles of baseline lipid levels with BMI was assessed using linear regression analysis. Effect modification by BMI at different cut-offs, on the association between lipid levels and mortality or elevated inflammatory markers were evaluated using the Cox and logistic regression models, respectively, by stratification, multiplicative and additive interactions. Relative excess of risk index (RERI) was used to assess the magnitude and the significance of the additive effect modification using the “ic package” in STATA. All analyses were performed using Stata, version 16.0 IC (StataCorp LP, College Station, TX).




RESULTS


Baseline Characteristics Stratified by Lipid Tertiles

In our cohort, among 2,894 patients with drug-sensitive pulmonary TB, 514 patients with at least one serum lipid measurement available at baseline were included (Supplementary Figure 1). The median (IQR) range was 69.8 years (53.9–78.8), and 384 patients (74.7%) were male (Table 1). Forty-three percent of this population were ever-smokers, and 2.7% reported alcohol use disorder. At baseline, 221 patients (43.2%) had positive sputum AFB smears and 14% patients had cavitation on chest imaging. Nineteen patients (7.2%) had a past history of TB.


Table 1. Patient characteristics based on tertiles of baseline LDL and HDL levels.
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Patient characteristics stratified by tertiles of baseline serum lipid levels are shown in Tables 1, 2. Patients in the lowest LDL tertile had higher proportions of CKD Stage 3–5 (14.1 vs. 4.4 vs. 2.2%, p-value = 0.004) and higher mean values of CCI (5.2 vs. 4.9 vs. 4.1, p-value = 0.029). Patients in the lowest HDL tertile had a higher HIV proportion compared to the higher tertiles (10.9 vs. 2.6 vs. 3.8%, p-value = 0.004). There was a lower proportion of diabetes mellitus in the lowest tertiles of TC (12.2 vs. 35.7 vs. 27.9%, p-value = 0.025) and TG (18.7 vs. 28.3 vs. 35.6%, p-value = 0.003) (Tables 1, 2). Inflammatory markers, namely CRP, ESR, WBC and NL ratio, were available for 239 (46.4%), 27 (5.3%), 365 (71.0%) and 343 (66.7%) patients, respectively.


Table 2. Patient Characteristics based on tertiles of baseline Total Cholesterol (TC) and Triglycerides (TG) levels.
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BMI was significantly higher in the higher tertiles for each lipid (Figure 1). The association of tertiles of lipid levels with BMI using linear regression analysis is shown in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Dot plot for the association of baseline serum lipid levels with body mass index at baseline. (A) LDL (low density lipoprotein); (B) HDL (high density lipoprotein); (C) TC (total cholesterol); (D) Triglycerides (TG). TB, tuberculosis; BMI, body mass index.




Outcomes

Among 514 patients, 129 (26.6%) died due to any cause during a median follow up of 270 (IQR 206–270) days (Supplementary Table 2). A total of 72/514 patients (14.0%) died of infection-related causes, constituting 55.8% (72/129 patients) of all deaths during the first 9 months of TB treatment. Of this group, 4 patients (5.5%) died due to TB-related causes, 21 patients (29.2%) due to pneumonia and 45 patients (62.5%) due to sepsis. All-cause and infection-related mortality stratified by lipid levels are shown in Table 3.


Table 3. Association of serum lipid levels with all-cause and infection-related mortality by Cox regression analysis.
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Effect of Serum Lipid Levels on 9-Month All-Cause Mortality and Infection-Related Mortality

During the first 9 months of ATT initiation, there was a lower hazard of all-cause mortality in univariable Cox regression for the 3rd tertiles of LDL (HR 0.38, 95% CI 0.19–0.72), HDL (HR 0.27, 95% CI 0.13–0.57), TC (HR 0.19, 95% CI 0.11–0.37) and TG (HR 0.65, 0.43–0.97) (Table 3). The log-rank test of the Kaplan-Meier analysis showed that patients classified in the 3rd tertiles of LDL, HDL, TC and TG had significantly longer survival compared to the other tertiles (Figure 2; p < 0.001). After adjusting for confounders, namely age, sex, BMI, CCI, transplantation, alcohol use disorder, smoking, initial AFB smear positivity, presence of cavitations, metformin, statin, and calcium channel blocker use for each of the serum lipid levels, lower hazards of all-cause mortality were only noted in the 2nd and 3rd tertiles of HDL and TC compared to the 1st tertile (Table 3). Serum LDL and TG did not a show significant association with all-cause mortality in the multivariable analysis.


[image: Figure 2]
FIGURE 2. Kaplan Meier analysis of the association of baseline serum lipid level tertile with all-cause mortality. (A) Low density lipoprotein (LDL); (B) High density lipoprotein (HDL); (C) Total cholesterol (TC); (D) Triglycerides (TG). TB, tuberculosis.


There was lower infection-related mortality in the univariable Cox regression analysis in the 3rd tertile of HDL and 2nd and 3rd tertiles of LDL and TC compared to the 1st tertiles of the corresponding lipids (Table 3). Kaplan-Meier analysis showed that patients in the 3rd tertiles of LDL, HDL, and TC significantly longer survival from infection-related mortality compared to the 1st and 2nd tertiles (Figure 3; p < 0.001). After adjusting for confounders, lower hazards of infection-related mortality were noted in the 3rd tertile of HDL and the 2nd and 3rd tertiles of TC (Table 3). Serum LDL and TG showed no association with infection-related mortality in the multivariable analysis.
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FIGURE 3. Kaplan Meier analysis of the association of baseline serum lipid level tertiles with infection-related mortality. (A) Low density lipoprotein (LDL); (B) High density lipoprotein (HDL); (C) Total cholesterol (TC); (D) Triglycerides (TG). TB, tuberculosis.



Sensitivity Analysis

Sensitivity analysis after excluding patients who died within the first month of ATT initiation showed a similar lower all-cause and infection-related mortality for the 3rd tertiles of HDL and TC but not LDL (Supplementary Table 3). The 2nd tertile of TG showed significantly lower all-cause mortality compared to the 1st and 3rd tertiles. A similar association was noted for infection-related mortality but was non-significant. Similar findings were noted during sensitivity analysis using mean lipid levels during TB treatment (Supplementary Table 4).




Effect of Serum Lipid Levels on Baseline Inflammatory Markers

The association of serum lipid levels with serum inflammatory markers are shown in Table 4 and Figure 4. The 3rd tertiles of HDL and TC were associated with significantly lower levels of CRP, WBC, and NL ratio, while the 3rd tertile of LDL and 2nd tertile of TG were associated only with lower CRP levels in the multivariable model (Table 4). When lipid levels were considered as continuous variables, each 10 mg/dL increase in baseline serum HDL and TC was associated with lower CRP levels by 0.79 mg/dL (p = 0.007) and 0.15 mg/dL (p = 0.026), respectively, in multivariable linear regression analysis (Supplementary Table 5). The analysis for ESR was not performed because of a very low proportion of patients (2.3%) with these test results. Multivariable linear regression models showed a consistent inverse relationship between elevated HDL and TC levels and WBC and NL ratio (Table 4). LDL levels were not associated with lower WBC or NL ratios in the multivariable models. The 2nd tertile of TG levels showed lower levels of CRP compared to the 1st tertile. However, there was no association between TG levels and WBC, or NL ratio.


Table 4. Association of serum lipid level tertiles with CRP, TLC and NL ratio using linear regression analysis.
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FIGURE 4. Scatter plot for the association of baseline serum lipid levels with baseline inflammatory markers. (A–D) CRP (C-reactive protein), (E–H) WBC (total leukocyte count x103/μL), (I-L) NL ratio (neutrophil lymphocyte ratio). LDL, low density lipoprotein; HDL, high density lipoprotein; TC, total cholesterol; TG, triglycerides.



Sensitivity Analysis

We performed sensitivity analyses by restricting the baseline lipid levels and inflammatory markers to the first 15 days of TB treatment and found that the 3rd tertiles of HDL were associated with lower CRP and NL ratio, while the 3rd tertile of TC was associated with lower CRP, WBC, and NL ratio in the multivariable model. The 3rd tertile of LDL and the 2nd tertile of TG were associated with non-significantly lower inflammatory markers compared to the 1st tertile in the multivariable model (Supplementary Table 6).




Test of Effect Modification by BMI on the Association of Lipid Levels With Mortality and the Level of Inflammation

Stratified analysis based on three different cut-offs of BMI (20, 21, and 22 Kg/m2) were performed. The strata with high lipid levels (3rd tertile) and BMI greater than the cut-offs (20, 21, and 22 Kg/m2) showed significantly lower hazard of all-cause and infection-related mortality and lower odds of elevated inflammatory markers, namely CRP > 5 mg/dL, WBC >10 X 103/μL, and NL ratio >4 (Supplementary Tables 7–11). We found no evidence of effect modification for the lipid levels by BMI for the above outcomes across any of the cut offs of BMI (Supplementary Tables 7–11).




DISCUSSION

In our retrospective cohort, we found that higher serum cholesterol levels were associated with lower hazards of all-cause and infection-related mortality during ATT, independent of confounding factors. While higher serum LDL showed lower hazard ratios for mortality in univariable Cox regression alone, higher serum HDL and TC showed this association in both univariable and multivariable analyses. The linear regression model demonstrated that higher levels of LDL, HDL and TC were independently associated with lower levels of inflammatory markers such as CRP, WBC, and NL ratio.

Preclinical studies have found that Mtb can manipulate host lipids in several ways. Mtb induces host lipid accumulation, primarily TG and cholesterol esters, to promote its intra-macrophage survival, leading to the formation of lipid-laden foam cells (19, 20). In addition to serving as a nutrient reservoir for dormant Mtb (21), these host lipids impair the ability of macrophages to kill intracellular bacilli.

Prior literature has shown that active TB patients have decreased serum cholesterol levels (6–8). Lower serum levels of LDL, HDL and TC correlated with more extensive TB lung disease (7, 8), such as larger caseous lesions and severe fibro-encapsulation (22). Consistent with these data, lower serum levels of cholesterol have been associated with increased proportion of sputum smear positivity for Mtb (7, 22). Conversely, adult TB patients receiving a cholesterol-rich diet (800 mg/d cholesterol) experienced accelerated sterilization of sputum Mtb cultures during ATT relative to controls receiving a normal diet (250 mg/d cholesterol) (23). In our study, we found that the highest tertiles of serum LDL, HDL and TC levels were associated with lower hazards of mortality in the first 9 months of ATT.

CRP and NL ratio are important markers of systemic inflammation in TB (24). Though correlation is demonstrated between serum cholesterol levels and systemic inflammatory markers in TB, an association after adjusting for other confounders is not established (7). We showed that among active TB patients, higher serum HDL and TC are independently associated with lower CRP, WBC, and NL ratio in both univariable and multivariable linear regression (Table 4).

The reason for the association of higher serum cholesterol with lower systemic inflammation is currently unknown. Murine models have shown that hypercholesterolemia results in a hyperinflammatory response to Mtb infection (25) and impairs host defenses against TB (26). It has been hypothesized that lower serum lipids during inflammation may be due to an acute phase response (27). Preclinical studies revealed, in response to inflammation, an increase in secretory phospholipase A2 and serum amyloid A, thereby decreasing HDL levels (28, 29). Additionally, reverse cholesterol transport mediated by ATP-binding cassette transporter (ABC) and lecithin-cholesterol acyltransferase (LCAT) are decreased during inflammation, leading to decreased HDL (30). Lower serum lipid levels are also associated with greater levels of systemic inflammation in other infections (9–11, 31–33). A similar clinical scenario has been explored in patients with rheumatoid arthritis (RA). Patients with RA had a more atherogenic lipid profile (high LDL and TC, low HDL) prior to symptom development (34), with a significant decline in lipid levels following RA development when compared to healthy controls (35). Furthermore, there was an increase in lipid levels following anti-inflammatory therapy with TNF-alpha inhibitors (36). No current evidence supports that low serum lipids predispose to greater inflammation. Thus, lower lipid levels are more likely a result, rather than a cause, of increased inflammation in TB disease.

TB patients have higher degrees of wasting, with relatively low serum levels of amino acids, cholesterol, fatty acids and phospholipid metabolites (37). Malnutrition, suggested by low BMI, is associated with an increased risk of TB (38), and with worse TB outcomes, such as mortality (13), poor sputum conversion rates (39), and greater radiographic severity (40). Additionally, higher BMI is correlated with improved survival and earlier sputum conversion (12, 13, 41). The available evidence regarding the association of BMI with the levels of inflammation in TB is unclear. Studies show that increased BMI is associated with increased (42), decreased (43) or unchanged (44) serum levels of pro-inflammatory cytokines. Though serum cholesterol and TG levels showed a direct relationship with BMI, beyond certain inflection points in BMI, the slope in the association with lipid levels decreased to a plateau. In our cohort, BMI did not significantly confound or modify the association of lipid levels with mortality or inflammation at various cut-off levels. Thus, we have demonstrated that the effect of lipid levels on the outcomes are independent of nutritional status.

Our study has several strengths. Our larger sample size with relevant data on the confounders enabled the inferences obtained in our study. Treatment options were standardized at the study center, thereby decreasing the heterogeneity in the treatment received. We note a few limitations, including the lack of standardized periods for follow-up data on serum lipid levels, which would have enabled an assessment of trend of lipids during the course of ATT. Availability of additional lab markers, like serum albumin, would have facilitated further assessment of patients' nutritional status. We were unable to evaluate the association of lipid levels with TB-specific outcomes, such as sputum conversion and lung function from this subset of our patient cohort. Ours is a single center study with a high proportion of elderly patients, and multicenter cohorts might help to corroborate our results.



CONCLUSIONS

In summary, we demonstrated that higher serum cholesterol levels are associated with lower hazards of all-cause and infection-related mortality during ATT and lower levels of systemic inflammation at baseline, independent of BMI. There was no effect modification by BMI on the above associations. Cohort studies assessing TB incidence might enable us to determine whether lower lipid levels are the cause or the effect of severe TB disease. An improved understanding of this relationship might provide further insights into TB pathogenesis and help to risk-stratify patients based on serum lipid levels.
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Lymphatic vessels are necessary for maintaining tissue fluid balance, trafficking of immune cells, and transport of dietary lipids. Growing evidence suggest that lymphatic functions are limited under hypercholesterolemic conditions, which is closely related to atherosclerotic development involving the coronary and other large arteries. Indeed, ablation of lymphatic systems by Chy-mutation as well as depletion of lymphangiogenic factors, including vascular endothelial growth factor-C and -D, in mice perturbs lipoprotein composition to augment hypercholesterolemia. Several investigations have reported that periarterial microlymphatics were attracted by atheroma-derived lymphangiogenic factors, which facilitated lymphatic invasion into the intima of atherosclerotic lesions, thereby modifying immune cell trafficking. In contrast to the lipomodulatory and immunomodulatory roles of the lymphatic systems, the critical drivers of lymphangiogenesis and the details of lymphatic insults under hypercholesterolemic conditions have not been fully elucidated. Interestingly, cholesterol-lowering trials enable hypercholesterolemic prevention of lymphatic drainage in mice; however, a causal relationship between hypercholesterolemia and lymphatic defects remains elusive. In this review, the contribution of aberrant lymphangiogenesis and lymphatic cholesterol transport to hypercholesterolemic atherosclerosis was highlighted. The causal relationship between hypercholesterolemia and lymphatic insults as well as the current achievements in the field were discussed.

Keywords: plasma dyslipidemia, LPA, S1P, calpain, nitric oxide synthase


INTRODUCTION

It is widely known that plasma dyslipidemia, which refers to elevation of plasma cholesterol and/or triglyceride levels, impacts chronic inflammatory diseases, such as type 2 diabetes mellitus and obesity. In particular, hypercholesterolemia can be responsible for lethal ischemic diseases, including acute coronary syndrome and stroke, which is the leading cause of death globally (1), as it is responsible for atherosclerotic vascular disease. Accordingly, controlling lipoprotein cholesterol is necessary for the primary and secondary prevention of ischemic diseases (2). The typical dyslipidemia pattern in type 2 diabetes comprises decreased high-density lipoprotein (HDL) cholesterol and, occasionally, elevated low-density lipoprotein (LDL) cholesterol levels (3). As a result, these metabolic diseases influence each other and worsen overall disease status. Oxidatively- and enzymatically-modified LDL can directly induce cytotoxic responses in blood vessels as well as metabolic organs. Much research has focused on such insults under the dyslipidemic conditions.

The lymphatic vessel network, which is spread throughout the body, is necessary for sustaining systemic fluid balance, intestinal absorption of fats, and draining waste products from the peripheral tissues. Lymphatic vessels, which are comprised of lymphatic endothelial cells (LECs), enable the production of chemokines to attract immune cells to the interstitial regions within the tissues (4), and interact with innate and adaptive immune cells. Among the LEC-derived chemokines, CCL21 has a pivotal role in the recruitment of dendritic cells (DCs) (5, 6). LECs can impact the adaptive immune system to regulate peripheral tolerance and immunomodulation (7). Microlymphatics around large blood vessels were discovered more than a 100 years ago (8). Notably, lymphatic dysfunction caused by Chy mutation or the deficiency of lymphangiogenesis factors reportedly potentiates atherosclerotic lesion progression (9, 10). This appears to be due to the limitation of reverse cholesterol transport. Recently, it was documented that hypercholesterolemia potentiates lymphangiogenesis around the atherosclerotic arteries, thereby modifying immune cell trafficking in lymphatic systems and atherosclerotic lesions (11). In contrast, the exact mechanisms underlying lymphatic insults as well as the causal relationship between hypercholesterolemia-driven lymphangiogenesis and atherosclerotic diseases are largely obscure. In this review, we focused on the relationship between hypercholesterolemia-driven lymphatic defects and atherosclerosis. The dysfunctional regulation of LECs under hypercholesterolemic conditions is also discussed.



LYMPHANGIOGENIC REGULATIONS UNDER THE HYPERCHOLESTEROLEMIC CONDITIONS

In the late 18th century, Hoggan et al. discovered microlymphatics adjacent to the arterial wall (8). About a century later, it was reported that dysfunctional lymphatic drainage in allogenic transplanted hearts could be responsible for the progression of coronary atherosclerosis (12). More recently, it was reported that microlymphatics are enriched in the adventitial regions of human atherosclerotic plaques (13, 14). Notably, the density of the lymphatics is positively correlated with the severity of atherosclerosis; thus, it is thought that inflammatory elements, such as cytokines, chemokines, and growth factors, may induce lymphangiogenesis within atherosclerotic plaques (13). In addition to the adventitial regions, lymphatics appear to be detectable within the intraplaque regions of human carotid arteries (15). While some studies documented the enrichment of the lymphatics in atherosclerotic lesions, several other studies challenged this. Eliska et al. could detect microlymphatics in the periadventitial regions in human coronary arteries, whereas the vessels did not penetrate into the vascular walls even in normal and atheroprone arteries (16). Nakano et al. noted that microlymphatics in human coronary atheromas, which are mainly detectable in adventitial regions, were not correlated with the severity of atherosclerosis as well as the expression of lymphatic driver vascular endothelial growth factor-C (VEGF-C) and VEGF-D (17). Apoe-deficient hypercholesterolemic mice showed abundant adventitial lymphatics in comparison with age-matched wild-type mice, while these were reduced during the progression of the lesions (18). They interpreted that soluble VEGFR-2, which is upregulated in advanced atherosclerotic lesions, interrupts VEGF-C-induced lymphangiogenesis. Collectively, the drivers as well as mechanisms underlying the hypercholesterolemic regulation of periarterial microlymphatics, are currently unclear. Whereas the lymphatic regulation within other organs in hypercholesterolemic mice is mostly unclear, sinus lymphatic vessels within lymph nodes are shown to have hyperplastic appearance under hypercholesterolemic conditions (19).



LYMPHATIC SYSTEMS AND ATHEROGENESIS

Atherosclerosis is a vascular disease in which cholesterol-enriched atherosclerotic lesions develop within the arterial intima, resulting in narrowing of the luminal vascular walls (20). Structural changes involving the arterial lumen lead to thrombus formation due to perturbation of laminar blood flow (21), resulting in arterial occlusion. In addition to blood clotting, arterial occlusion is induced via rupture of unstable atherosclerotic plaques (22). Vascular endothelial cell dysfunction is associated with the initiation of atherosclerosis (23). In the early stage of atherosclerosis, endothelial barrier functions are disrupted by environmental stressors, such as oxidative stress and inflammatory substances (24). This reduced barrier function is responsible for the infiltration of leukocytes and extravasation of plasma ingredients, including oxidative LDL. In particular, monocyte-derived macrophages tend to accumulate within the vascular walls. Monocytes normally patrol the circulatory system and are attracted by endothelial cell-derived chemoattractants, such as monocyte chemoattractant protein-1. After recruitment into the intimal space, monocytes differentiate into macrophages, which are further converted to cholesterol-enriched foamy macrophages (25). Since excessive accumulation of intracellular cholesterol induces cytotoxicity, deposition of LDL cholesterol in the vascular wall accelerates the necrosis of macrophages to form cholesterol-enriched unstable plaques, which contain large necrotic cores. During atherogenesis, lymphangiogenic drivers, including VEGF-C, appear to be enriched within atherosclerotic lesions (17, 18).

Recently, several studies have highlighted lymphatic defects under hypercholesterolemic conditions as well as the contribution of lymphatic systems to hypercholesterolemia (Table 1). Martel et al. documented the role of aortic microlymphatics in cholesterol drainage from atheromas (9). They transplanted atheroprone aortae derived from D6-cholesterol-loaded Apoe-deficient mice into Apoe-deficient recipient mice. The leakage of D6-cholesterol from the transplanted tissue was then monitored. As a result, lymphangiogenesis was detected within the connecting region between the recipient and implanted vessels, and D6-cholesterol was transferred to recipient mice. Both lymphangiogenesis and cholesterol drainage from the transplanted tissues were prevented via the administration of anti-VEGFR3 blocking antibody, suggesting that cholesterol drainage under hypercholesterolemic conditions is mediated through angiogenic microlymphatics. Vuorio et al. documented that insufficiency of lymphatic vessels by transgenic induction of sVEGFR3 or Chy mutant augments hypercholesterolemia in atherogenic mice (10). They crossed low-density lipoprotein receptor/apolipoprotein B48-double knockout mice with sVEGFR3- transgenic mice or Chy-mutant mice to induce lymphatic insufficiency in hypercholesterolemic mice. As a result, sVEGFR3-induced lymphatic insufficiency facilitated the progression of atherosclerotic lesions. Rademakers et al. reported that dissection of microlymphatics, which connect the carotid artery and regional lymph nodes, resulted in the expansion of carotid atherosclerotic lesions (11). Since surgical lymphatic dissection appears to induce accumulation of CD3+ T cells, but not macrophages, adventitial microlymphatics may be a route for emigrating CD3+ T cells from the lesions. Collectively, lymphatic insufficiency exacerbates atherosclerotic lesion progression within arteries.


Table 1. Lymphatic function-related assessment and atherosclerosis-related phenotypes in normocholesterolemic and hypercholesterolemic animal models.
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LYMPHATIC VESSELS AND REVERSE CHOLESTEROL TRANSPORT

Reverse cholesterol transport is indispensable for the clearance of excessive cholesterol from peripheral tissues (30). Mechanistically, ATP-binding cassette transporter A1 and ATP-binding cassette transporter G1 in peripheral tissues integrate intracellular cholesterol into apolipoprotein A-I (ApoA-I), a constitutive apolipoprotein of HDL, thereby generating HDL cholesterol. Subsequently, plasma and lymph HDL cholesterol is incorporated into hepatocytes through scavenger receptor B1 (SR-B1), and HDL receptors (31). Accordingly, defective reverse cholesterol transport induces elevation of plasma cholesterol levels, leading to severe hypercholesterolemia. Some studies have documented that lymphatic dysfunction leads to defective reverse cholesterol transport. Hypercholesterolemia in Apoe-deficient mice reportedly abrogates lymphatic drainage of intravenously injected HDL as well as its transport to the liver (26). SR-B1 in LECs plays a central role in lymphatic reverse cholesterol transport, since this molecule can mediate transcytosis of HDL in the cells (26). Furthermore, administration of ApoA-I in hypercholesterolemic mice suppressed atherosclerosis development, accompanied by resolution of lymphatic hyperpermeability involving collecting lymphatic vessels (28). While ApoA-I upregulates VEGFR3 in cultured LECs, the exact mechanisms by which ApoA-I retains lymphatic function remain elusive. Since the VEGF-C/VEGFR3 signaling pathway reportedly increase permeability in LECs (32), causal relationship between VEGFR3 and the ApoA-I-induced lymphatic protection is unknown. In addition to VEGFR3 induction, ApoA-I appears to potentiate platelet adhesion to LECs. Platelets are necessary for blood/lymphatic vessel separation during embryogenesis (33) and maintenance of the lymphvenous junction throughout life (34). Since platelets reportedly confer stability to LECs through physical interaction between C-type lectin-like receptor 2 in platelets and podoplanin in LECs, it is speculated that ApoA-I-induces platelet adhesion to LECs, stabilizing lymphatic vessels. Similar to ApoA-I, deficiency of proprotein convertase subtilisin/kexin type 9 (PCSK9), a negative regulator of LDL receptor, recovered lymphatic drainage in hypercholesterolemic mice concomitantly with the suppression of atherosclerotic lesions (27). Indeed, the LDL receptor, which is expressed in LECs in mice, is downregulated in hypercholesterolemic mice concomitantly with elevation of plasma PCSK9 levels. Consistently, downregulated LDL receptors in LECs are recovered via the targeted deficiency of PCSK9 (27). Retaining LDL receptors in LECs was not associated with the density of lymphatic vessels. Thus, LDL receptors may contribute to lymphatic integrity rather than lymphangiogenic functions. Furthermore, administration of ezetimibe, a cholesterol-lowering drug, in hypercholesterolemic mice retained lymphatic drainage (26). These observations suggest that hypercholesterolemia, accompanying with declining plasma HDL-associated ApoA-I, may disrupt the integrity of LECs and their barrier functions, particularly in large lymphatic vessels, concomitantly with dysfunction of SR-B1 in microlymphatics.

Since lymphatic insufficiency induced by transgenic overexpression of sVEGFR3 reportedly elevated plasma cholesterol levels in hypercholesterolemic mice, particularly regarding VLDL and LDL fractions (10), it is likely that endogenous VEGF-C and/or VEGF-D signaling pathways may contribute to the clearance of these lipoproteins even under hypercholesterolemic conditions. Lymphatic vessels are reportedly associated with endogenous lipoprotein metabolism through VLDL and LDL, as well as intestinal absorption of chylomicrons (35). Therefore, VEGFR3-mediated lymphatic modulation may be attributed to cholesterol transport toward peripheral tissues through VLDL and LDL. Since VLDL and LDL modification by lymphatic insufficiency appear to be independently of HDL (10), these actions are probably independent of HDL-associated reverse cholesterol transport. In addition to overexpressing soluble VEGFR3, targeted deficiency of VEGF-D exacerbates hypercholesterolemia (36). Indeed, VEGF-D deficiency substantially elevates plasma cholesterol, particularly in chylomicron and chylomicron remnant fractions. In this case, VEGF-D appears to contribute to the hepatic transcriptional regulation of lipid handling elements as well as the incorporation of chylomicron remnants into the liver, independent of its lymphangiogenic effects. Accordingly, VEGF-D deficiency did not accelerate atherosclerosis progression in hypercholesterolemic mice. Hence, lymphangiogenic factors, at least VEGF-D, may have pleiotropic lipomodulatory functions, in addition to their lymph-modulatory functions. Collectively, hypercholesterolemia appears to abrogate transcytosis of HDL within microlymphatics as well as integrity in large lymphatic vessels as note above, whereas the contribution of periarterial microlymphatics to atherogenesis and the exact pathophysiologic mechanisms underlying the hypercholesterolemic lymphatic insults are largely unknown.



LYMPHANGIOGENESIS UNDER HYPERCHOLESTEROLEMIA

VEGF-C is a robust lymphangiogenic factor, which is indispensable for lymphatic development (37). Several lines of evidence suggest that VEGF-C is associated with lymphatic patterning under hypercholesterolemic conditions. In addition to VEGF-C, several modulatory elements that can be involved in lymphangiogenesis under hypercholesterolemia have been reported to date.


VEGF-C/VEGF-D Signaling

VEGF-C is abundantly expressed in foamy macrophages and smooth muscle cells in human coronary atherosclerotic lesions (17). Furthermore, VEGF-C is reportedly elevated in moderate to advanced atheromas involving hypercholesterolemic mice (18). However, it is noteworthy that adventitial microlymphatics regress during lesion progression. Targeted delivery of VEGF-C to atherosclerotic lesions failed to induce adventitial lymphangiogenesis (38). Accordingly, the association between VEGF-C accumulation during atherogenesis and periarterial lymphangiogenesis remains unclear. Pretreatment of hypercholesterolemic mice with VEGF-C reportedly improved the contraction rate of collecting lymphatic vessels and lymphatic transfer of inflammatory cells, thereby suppressing atherosclerotic lesions (29). This suggests that VEGF-C may impact the trafficking of immune cells via the collecting vessels under hypercholesterolemic conditions rather than through prolymphangiogenic actions in periarterial regions.

VEGF-D has a close structural and functional similarity to VEGF-C (39) and possesses robust angiogenic and lymphangiogenic activity. Similar to VEGF-C, VEGF-D action is mediated through VEGFR3 (40), though it does not play a major role in lymphatic development in mice (41). As noted above, targeted deficiency of VEGF-D in hypercholesterolemic mice elevated plasma cholesterol and triglyceride levels without altering lymphangiogenesis and atherosclerosis (36). Transgenic induction of soluble VEGFR3, which can interrupt VEGF-C/D-induced signaling, was unable to inhibit adventitial lymphangiogenesis (11). Hence, the lymphangiogenic effects of VEGFR3 signaling under hypercholesterolemic conditions remain elusive.



Sphingosin-1-Phosphate Signaling

Sphingosine-1-phosphate (S1P) is a bioactive lipid synthesized from ceramide (42). In the initial step of its synthesis, ceramidase converts ceramide into sphingosine. Subsequently, sphingosine kinase (Sphk)1 and Sphk2 phosphorylate sphingosine to form S1P (43). Five subtypes of S1P receptors, including S1PR1- S1PR5, have been reported to be involved in various physiological and pathophysiological events, such as cardiovascular regulation, immune regulation, neurodevelopment, neuroprotection, and fibrogenic responses (44). Among them, S1PR1 was originally cloned from vascular endothelial cells (45). Notably, S1P is abundantly carried on HDL (46) and is believed to contribute to the antiatherogenic action of HDL (47). Lyve1-driven ablation of Sphk1 and lacking Sphk2 interrupt the production of S1P in LECs, thereby depleting S1P within the lymph, but not in the plasma (48). Such lymphatic S1P depletion induces aberrant lymphatic morphology involving the trachea and diaphragm, and interrupts lymphocyte egress from peripheral tissues, indicating that LEC-derived S1P plays a crucial role in lymphatic patterning and lymphocyte trafficking. Consistently, S1P is reportedly involved in the transmigration of lymphocytes in LECs through S1PR2/ERK-mediated regulation of junctional proteins, including VE-cadherin, occludin, zonulin-1, and VCAM1 expression (49). Importantly, S1P has been shown to decline in LNs of hypercholesterolemic mice (19). Moreover, hypercholesterolemia appears to accelerate lymphangiogenesis within LNs and impair lymphocyte egress from these LNs. Although intervention of S1P signaling in hypercholesterolemic mice has not been performed so far, S1P depletion in hypercholesterolemic mice can impact lymphatic pattering and lymphocyte trafficking.



Lysophosphatidic Acid Signaling

Lysophosphatidic acid (LPA), a multifunctional bioactive lysophospholipid, is involved in the pathogenesis of atherosclerosis (50–53). LPA can be generated via several enzymatic pathways (54). For instance, LPA is synthesized from lysophosphatidylcholine by the action of autotaxin (lysophospholipase D). Alternatively, phospholipase A2 mediates the conversion of phosphatidic acid to LPA through hydrolysis of its sn-2 acyl chain. In addition to the synthetic pathways noted above, LPA can be derived from glycerol-3-phosphate by glycerol-3-phosphate acyltransferase-induced addition of fatty acids toward the sn-1 position. Currently, six species of G-protein-coupled LPA receptors, LPA1-LPA6, have been reported (51). Among these receptors, LPA4 is involved in lymphatic vessel formation during embryogenesis (55). Moreover, LPA contributes to NF-κB-mediated induction of IL-8 in human dermal LECs, thereby potentiating lymphangiogenesis (56). Furthermore, it has been documented that LPA1 is coupled with S1PR1 to induce S1PR1/β-arrestin coupling and inhibit Gαi signaling (57). This potentiates the disorganization of intercellular junctions in sinus-lining LECs within LNs, which facilitates the lymphatic transfer of lymphocytes toward the LNs. Of note, LPA reportedly accumulates within atherosclerotic lesions in human and hypercholesterolemic mice (58, 59). While the prolymphangiogenic roles of LPA in hypercholesterolemic conditions have not been proved in human and animal experimental models, it is speculated that LPA in atheromas attracts adjacent LECs to induce lymphangiogenesis.



Nitric Oxide Signaling

Nitric oxide (NO) is primarily derived from vascular endothelial cells through endothelial NO synthase (eNOS) and its substrate L-arginine (60), and is associated with vasodilation when adjusting regional pressure-flow balance (61–63). In addition to its vasomotor functions, NO possesses robust angiogenic effects on vascular endothelial cells (64, 65). Mechanistically, treatment of vascular endothelial cells with NO leads to cGMP-dependent activation of protein kinase G through guanylate cyclase to upregulate target molecules (66). Furthermore, NO stabilizes hypoxia-inducible factor-1α and the subsequent production of VEGF-A (67). Importantly, VEGF-C activates eNOS to generate NO in LECs. Indeed, treatment of human dermal LECs with VEGF-C potentiates lymphangiogenesis through the activation of eNOS (68). Targeted deficiency of eNOS or pharmacological inhibition of eNOS suppresses peritumoral lymphatic hyperplasia (68). Moreover, treatment of LECs with NO donors potentiates lymphangiogenic tube formation concomitantly with elevation of cGMP levels in affected cells (69). Singla et al. identified matrix protein R-spondin 2 (RSPO2) as a lymphangiogenesis inhibitor (70). RSPO2 expression was noted in vascular endothelial cells and LECs, which counteracted the VEGF-C-induced activation of AKT, resulting in the depletion of NO and subsequent lymphangiogenesis. Since a variety of vasoactive elements can potentiate NO production, it is possible that perturbation of these elements under hypercholesterolemic conditions disturbs lymphangiogenesis.

There is another possibility of NO-mediated pathogenic lymphatic modifications. Liao et al. documented that NO derived from iNOS-overexpressing CD11b+ myeloidal DCs, which accumulated around the subcutaneous lymphatic vessels during oxazolone-induced contact sensitization, could weaken rhythmic lymphatic contraction (71). Intriguingly, lymphatic contraction appears to be associated with T cell activation as well as the pathogenesis of oligodendrocyte glycoprotein peptide 35–55-induced autoimmune encephalomyelitis (71), suggesting that lymphatic contraction has an immunomodulatory role during inflammation. While VEGF-C reportedly improves contractile functions in collecting lymphatic vessels, as noted above (29), there is no evidence of perilymphatic accumulation of DCs and aberrant contractile regulation of collecting lymphatic vessels under hypercholesterolemic conditions. Hence, future studies should investigate NO homeostasis and immune cell composition around large lymphatic vessels.



Calpain Systems

Calpain, a superfamily of intracellular Ca2+-dependent proteases, can be defined as molecules possessing a calpain-like cysteine protease sequence (CysPc) motif. Currently, 15 species of calpain isozymes have been identified in mammals (72, 73). Among the calpain subtypes, calpain-1 and calpain-2 are classified into conventional calpains and comprise a heterodimer of the small regulatory subunit CAPNS1 and their unique catalytic subunits CAPN1 and CAPN2, respectively (74). Conventional calpains can be intracellularly activated in response to various physiological and pathogenic stressors, such as lysophospholipids, hypoxia, cytokines, and growth factors, thereby proteolyzing functional cellular proteins through limited proteolytic cleavage (74, 75). As a result of proteolysis, calpain enables the modification of cellular functions and phenotypes. Our previous study showed that conventional calpains in vascular endothelial cells are involved in pathological angiogenesis in oxygen-induced retinopathy and cancer allograft models in mice (76). Mechanistically, activation of the conventional calpains in vascular endothelial cells elicits shedding of suppressor of cytokine signaling protein 3, resulting in the sensitization of Janus kinase/signal transducer and activators of transcription systems. Importantly, these inflammatory signaling pathways are associated with VEGF-C production. Since VEGF-C accumulatively accelerates VEGF-A-induced angiogenic responses in vascular endothelial cells (77), the calpain-activated cytokine signaling can synergize with VEGF-A-driven signaling cascades. As a result, calpain overactivation accelerates the aforementioned proliferative insults in mice. Of note, calpain-2 potentiates lymphangiogenesis in human dermal LECs through NO production (78). Importantly, conventional calpains can be upregulated by lysophosphatidylcholine under hypercholesterolemic conditions (79). Thus, it is speculated that these molecules are activated even in LECs under hypercholesterolemic conditions. In contrast to the conventional calpains, the contribution of unconventional calpains to lymphangiogenesis has not been reported so far, although they are reportedly involved in a variety of physiological and pathophysiological events (80–82).




CAUSAL RELATIONSHIP BETWEEN LYMPHATIC INSULTS AND HYPERCHOLESTEROLEMIA

Growing evidence suggest that lymphatic defects under hypercholesterolemic conditions are likely to interrupt reverse cholesterol transport (Figure 1). This may be due to dysfunctional HDL transcytosis in microlymphatics and impaired lymphatic drainage involving collecting lymphatic vessels. To the best of our knowledge, impaired cholesterol transport is likely to be the primary cause of atherosclerosis modification by lymphatic insults. Concomitantly with the prevention of reverse cholesterol transport, lymphangiogenesis is disrupted under hypercholesterolemic conditions. Such lymphangiogenic insufficiency is unlikely to be dependent on the depletion of VEGF-C and VEGF-D. Although impaired lymphangiogenesis can be responsible for the limitation of lymphocyte trafficking, further research is needed to investigate the relationship between limited lymphocyte trafficking and immune responses, such as regulatory T cell-driven immunosuppression. It is noteworthy that LECs reportedly exert antigen presentation to modulate DCs and T cells, thereby modifying adaptive immunity (7), which presumably causes lymphocyte dysfunction to accelerate atherosclerosis progression. In addition, several dyslipidemic lipid mediators, such as lysophospholipids, modify the lymphatic structure and function. Several lipid-lowering drugs and apoA-I are reportedly effective in improving lymphatic functions, including lymphatic drainage and reverse cholesterol transport; accordingly, it is possible that hypercholesterolemia can precede lymphatic insults, which is presumably mediated through dyslipidemic lipid mediators. Hence, future investigations are necessary to explore the causal relationship between pathophysiologic lymphatic regulation and hypercholesterolemia-driven atherogenesis.
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FIGURE 1. Causal relationship between lymphatic insults and hypercholesterolemia. Lymphatic insults under hypercholesterolemic conditions are likely to interrupt reverse cholesterol transport, which can be owed to the turbulence of lymphatic drainage within collecting lymphatic vessels and to impaired lymphangiogenesis involving periaortic microlymphatics. Additionally, lymphangiogenesis is disrupted under hypercholesterolemic conditions independently of VEGF-C and VEGF-D depletion. Such lymphangiogenic insufficiency can be responsible for limited lymphocyte trafficking. LECs enable exerting antigen presentation to modulate dendritic cells and T cells, thereby modifying adaptive immunity. Therefore, hypercholesterolemic lymphatic insults presumably cause lymphocyte dysfunction that accelerates atherosclerosis progression. In addition, several dyslipidemic lipid mediators, such as lysophospholipids, enable modification of lymphatic patterning and functions. Since cholesterol-lowering trials reportedly recover hypercholesterolemic lymphatic insults, it is possible that hypercholesterolemia can precede lymphatic insults, presumably owing to lipid mediators.




FUTURE DIRECTIONS

A growing body of evidence suggests that lymphatic defects are responsible for hypercholesterolemia. At the same time, hypercholesterolemia itself appears to elicit lymphatic insults. In addition, several investigations support the notion that lymphangiogenesis around the atheroprone artery exerts lymphocyte migration from atherosclerotic lesions, which can be sustained by VEGF-C. Since the lymphangiogenic role of VEGF-C in periarterial regions has been challenged by some researchers, exploring alternative lymphatic drivers under hypercholesterolemic conditions is necessary. While several bioactive lipids enable the induction of lymphangiogenesis, lipid composition in the lymphatic environment under hypercholesterolemic conditions has not been fully elucidated. Thus, defining lipid composition and its temporal changes in the lymphatic environment during hypercholesterolemia is a promising approach for understanding the causal relationship. In addition to the research exploring environmental factors that induce hypercholesterolemic lymphatic insults, pathogenic intracellular mechanisms in LECs should be investigated in future studies. Employing Cre-loxP systems enables the elucidation of the effects of lymphatic defects on atherogenesis in mice. Defining lipid compositions and intracellular mechanistic insight will be helpful for developing a strategy for the prevention of atherosclerotic diseases and for estimating the personal susceptibility to atherosclerotic diseases.
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Aims: Palmitic acid (PA) and oleic acid (OA) are two main dietary fatty acids. Dietary intake of PA has been associated with cardiovascular disease risk, and the effect of OA remains uncertain. Our study aimed to assess the effect of a short-term intake of lard, as source of PA and OA, on aorta and aortic valve.

Methods and Results: Rabbits were fed with two lard-enriched diets, containing either elevated levels of PA or of both PA and OA as compared to chow diet. After 16 weeks of each diet, calcification was observed in the aortic intima and in the aortic valve. The extent of calcification did not differ between the two diets. In contrast, rabbits fed chow diet did not develop any calcification. In blood, PA enrichment resulted in decreased lymphocyte and monocyte counts and increased levels of hemoglobin and haematocrit. Levels of the calcification inhibitor fetuin-A were also diminished, whereas creatinine levels were raised. Of note, none of the diets changed cholesterol levels in LDL or HDL. Comprehensive quantitative lipidomics analysis identified diet-related changes in plasma lipids. Dietary PA enrichment led to a drop of polyunsaturated fatty acids (PUFA), in particular of linoleic acid in cholesteryl esters, triglycerides and diacylglycerols (DAG). Ratios of PA to 18-carbon PUFA in DAG were positively correlated with the extent of aortic valve calcification, and inversely with monocyte counts. PA content in blood correlated with aorta calcification.

Conclusions: Regular dietary PA intake induces vascular and valvular calcification independently of traditional risk factors. Our findings raise awareness about PA-rich food consumption and its potential deleterious effect on cardiovascular health.

Keywords: palmitate, nutrition, blood fatty acids, vascular calcification, aortic valve calcification


INTRODUCTION

It is well-established that the risk of cardiovascular disease (CVD) is influenced by nutrition habits (1, 2). Dietary fatty acids, comprising saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) are known to differentially affect CV health. It has been long considered that SFAs could increase the risk of CVD through their ability to raise low density lipoprotein cholesterol (LDL-C), whereas PUFAs could play a protective role by lowering total and LDL-C (3). Recently, it has been found that dietary SFAs do not necessarily increase the risk of CVD, which could be explained by various effects on LDL profiles (e.g., small dense LDL, large buoyant LDL, very low density lipoproteins, LDL oxidation) with distinct atherogenic effects (4), smaller size LDL particles being more likely to penetrate in vessel walls and contributing to atherosclerosis. It has now become clear that the food source and type of SFA are key in determining the risk of CVD (5, 6). Data from the Rotterdam Study revealed that a high risk of coronary artery disease (CAD) was associated with intake of palmitic acid (16:0) (PA), but not of SFA with other chain lengths (7). PA is the major SFA in palm oil, palm kernel oil and lard, the most widely consumed vegetable oils and animal fat, respectively. PA could be responsible for harmful cardiovascular effects by acting as a pro-inflammatory stimulus (8–11) and/or through direct effect on cardiovascular structures. An in vitro study indicates that PA promotes vascular calcification through direct effect on vascular smooth muscle cells (12, 13). The health impact of MUFAs is a matter of controversy (14). Oleic acid (18:1) (OA) is the most abundant MUFA, with a high content in olive oil. In the Multi-Ethnic study of Atherosclerosis, high plasma levels of OA correlated with coronary artery calcification, carotid plaque and aortic valve calcification. Most importantly, elevated OA levels were associated with CV events and all-cause mortality independently of typical risk factors (15). However, dietary OA hardly correlates with plasma levels of OA (16), and the impact of dietary OA on CV risk remains uncertain. PA and OA are two major daily food components. Yet, to date, there are no experimental studies that investigated whether regular PA or OA intake causes vascular and/or valvular calcification.

Our study aimed to assess the effect of a regular intake of a PA- and OA-rich food on rabbit aorta and aortic valve structures. Plasma lipids were then analyzed by comprehensive quantitative lipid analysis in order to identify diet-related changes in lipid profiles.



MATERIALS AND METHODS


Ethic Statement and Animal Model

All rabbit experiments conform to the European Union guidelines for the care and use of laboratory animals and were conducted with protocols approved by the Animal Ethical Committee of the University of Liège (protocol number 1951). Twenty eight-week-old male New Zealand White rabbits (body weight 1.85 ± 0.17 kg) were purchased from Charles River (Charles River, France). Animals were kept in a temperature- and humidity-controlled environment in an air-conditioned room with standard rabbit chow and tap water ad libitum. After 2 weeks of acclimation, rabbits were randomly assigned in three different groups. They received the following diets for 16 weeks. The control group was composed of seven rabbits that received standard rabbit chow. The 0.175% group (0.175%) was composed of seven rabbits that received standard rabbit chow supplemented with 1.75 g of lard/kg. The 5% group (5%) was composed of six rabbits that received standard rabbit chow supplemented with 50 g of lard/kg. Lard-supplemented chows were produced by Safe company (Safe, France). Lard contained 23.8% PA and 41.2% OA. Body weight was measured on a weekly basis. Blood draws and echocardiography were performed at baseline, mid-protocol and end-protocol. Aortic valve and left ventricular functions were assessed by echocardiography using a neonatal 12S probe and a VividTM E95 system (GE Healthcare). Anesthesia was induced prior to any procedure (except body weight measurements) by intramuscular injections of droperidol (0.625 mg/kg), xylazine (5 mg/kg) and ketamine (35 mg/kg) in hind legs. Euthanasia was conducted in anesthetized animals by intracardiac injection of pentobarbital (200 mg/kg).



Histological Analyses of Rabbit Heart

Hearts were harvested, weighed and fixed in 4% paraformaldehyde–PBS solution for 24 h before dehydration into 70% ethanol solution overnight at room temperature. One heart from a rabbit of the chow diet group was lost during the procedure. They were then embedded in paraffin wax and sectioned at 7 μm. Tissue structure was studied on hematoxylin-eosin stained sections. Tissue calcification was assessed on alizarin red stained sections (Supplementary Figure 1). Quantification of aorta and aortic valve calcified areas was conducted on alizarin stained heart sections using QuPath, an open-source software designed for histopathology slide analysis (17). We used the random forest method. This algorithm is a robust supervised machine learning method for pixel classification. Classification was based on calcified and non-calcified areas of available sections from rabbit aorta showing macrocalcifications that were detectable by computed tomography.



Blood Processing

At each blood draw, differential white blood cell counts, red blood cell indices, platelet count and mean platelet volume were measured in 3.8% citrated-anticoagulated whole blood on a Cell-Dyn 3700 hematocytometer (Abbott Laboratories). EDTA and 3.8% citrated plasma aliquots were prepared through two successive centrifugation steps at 1,700 g at room temperature and stored at −80°C. Serum aliquots were prepared via a 30-min rest to allow blood clotting followed by one centrifugation step at 1,700 g at room temperature. They were stored at −80°C until further analysis.



Biomarker Measurements

Measurements of fetuin-A and IL-6 were performed in serum by enzyme-linked immunosorbent assays according to the manufacturer's recommendations (fetuin-A: MyBiosource, IL-6: Cusabio). Inactive dp-ucMGP level was measured in EDTA plasma through an automated chemiluminescence sandwich immunoassay on the IDS-iSYS Multi-Discipline Automated System (ImmunoDiagnosticSystems). Measurements of calcium, phosphorus, iron, transferrin, creatinine, total cholesterol, triglycerides, LDL-c, HDL-c, ApoA and ApoB were performed in serum by the use of the AU480 Chemistry Analyzer (Beckman Coulter).



Lipidomics

Lipidomics analysis was carried out on the commercial LipidyzerTM platform, according to the manufacturer's instructions with some modifications (Sciex) (18, 19). The Lipidyzer platform is a targeted, quantitative lipidomics platforms, monitoring more than 1.000 lipid species from 13 lipid classes (CE, cholesterol ester; CER, ceramides; DAG, diacylglycerides; DCER, dihydroceramides; FFA, free fatty acids; HCER, hexosylceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; and TAG, triacyltriglycerides). The platform is a flow-injection based approach based on differential mobility separation of lipid classes with subsequent MRM scanning of individual lipid species on a QTrap 5500 mass spectrometer equipped with SelexION technology (Sciex). Quantification is based on isotope dilution, incorporating 54 isotopically labeled standards. Each lipid species is corrected by the closest deuterated IS within its lipid class, in terms of carbon and double bond number of the fatty acid side chain. Subsequently, the obtained area ratio is multiplied by the concentration of the respective IS and corrected for volume and weight; as a consequence, this quantitation can be considered accurate within a specified quantitative bias. For a detailed technical description of the method and its quantitative nature, please refer to Alarcon-Barrera et al. (19), Contrepois et al. (20), and Cao et al. (21). Briefly, lipid analysis was performed in 3.8% citrated plasma after methyl-tert-butyl ether (MTBE) extraction in flow-injection mode, separating lipid classes by differential mobility spectroscopy (22) followed by tandem mass spectrometry of lipid species with a QTrap 5500 operated in multiple reaction monitoring mode. Lipid species were identified and quantified on the basis of characteristic mass spectrometric transitions. Commercial Lipidyzer software automatically calculated lipid species concentrations. All samples were analyzed in a randomized fashion. Control plasma samples, blanks and pooled study samples were assessed daily as quality controls. To 25 μL of rabbit plasma was added 25 μL of Lipidyzer internal standard mix. Six hundred microliters MTBE and 150 μL methanol was added and the samples were vortex and stored at room temperature for 30 min. Subsequently, samples were centrifuged at 16.100 × g for 5 min. Seven hundred and fifty microliters of the organic extract was transferred to a fresh 2 mL Eppendorf tube. Lipid extraction was repeated adding 300 μL MTBE and 100 μL methanol to the original sample. Samples were vortexed and centrifuged for 15 min at 16.100 × g. Three hundred and fifty microliters was transferred and organic extracts combined. For phase separation, 300 μL of water was added to the combined organic extracts and samples were spun for 5 min. at 16.100 × g. Seven hundred microliters of the organic extract was subsequently transferred to a glass vial and dried under a gentle stream of nitrogen. The dried organic extract was re-dissolved in 250 μL Lipidyzer running buffer [10 mM ammonium acetate in (50:50 [v/v]) methanol:dichloromethane] and transferred to a glass micro-vial insert. Samples were analyzed on the Lipidyzer platform.



Statistical Analysis

Readouts of the Lipidyzer™ platform were lipid class concentration (nmol/g), lipid species concentration (nmol/g), specific fatty acid concentration by lipid class (nmol/g) and the corresponding compositional data (%) of all previously mentioned items. The entire lipidomic datasets are shown in Supplementary Table 1. Missing data were imputed with 10% of the lowest data measured. Between-diet comparison was performed by ANOVA and post-hoc Dunnett's test with log2 transformed data. Normality of variables was tested by Shapiro-Wilk test. Over time changes in blood cells and circulating biomarkers were assessed by either paired t-test or Wilcoxon signed-rank test when appropriate. Correlations between calcification, lipid data and circulating biomarkers were analyzed by either Pearson or Spearman method and results were shown with corresponding correlation coefficient (Pearson r or Spearman ρ). Data are presented as median (interquartile range [p25–p75]). All tests were performed 2-sided and P < 0.05 was considered significant. All statistical analyses were performed using SAS 9.4 (SAS Institute, Cary NC).




RESULTS


Regular Intake of PA Causes Mild Calcification of Aortic Valve and Aorta

Rabbits were fed with a standard chow diet or diets enriched with 0.175% and 5% lard diet groups. Diet compositions are shown in Table 1. Proteins and nitrogen free extracts did not differ between the three diets. The 0.175% lard diet contained PA levels similar to average consumption by children aged 3 to 14 years (CCAF 2013 survey, France). In this diet, PA accounted for most SFA. It contained twice less OA compared to chow diet. PA/PUFA, SFA/PUFA and MUFA/PUFA ratios were increased by about 2-fold, while the ratio of OA/PUFA was slightly lower than in chow diet. The 5% lard diet contained higher levels of both PA and OA, which resulted in elevated ratios of PA (7.4-fold) and OA (3-fold) to PUFA as compared to chow diet.


Table 1. Composition of chow, 0.175% and 5% lard diets in terms of energy (%Kcal) and fatty acid content.
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After 16 weeks of diets, body and heart weights remained unchanged between groups. Echocardiographic examination did not reveal any vascular or valvular functional alteration. We then performed histological analyses of heart sections. Hematoxylin-eosin staining of heart sections from rabbits fed with lard-containing diets did not show any vascular or valvular structural modification as compared to control rabbits (Figures 1A,B). However, alizarin red staining of serial sections revealed calcium deposits in arterial and valvular tissues in both 0.175% and 5% lard groups (Figures 1A,B and Supplementary Figure 1). Whole tissue of large arteries and aortic valve appeared reddish by optical microscopy. We observed microcalcifications in the aortic media as well as calcification lining the aortic intima and the ventricularis side of the aortic valve. There were no calcium deposits in the control group. Computational quantification of alizarin red-stained calcium deposits indicated variable percentages of calcified area in aorta and aortic valves among rabbits fed with lard diets, which did not differ between the 0.175% and the 5% lard diet groups (Figures 1A,B). Thus, these results indicate that a slight elevation of dietary PA triggers a calcification process in aorta and aortic valve. Higher levels of both PA and OA in diets does not increase this process further.


[image: Figure 1]
FIGURE 1. Effect of PA and PA/OA enriched diets on rabbit aorta and aortic valve structures. (A). Representative pictures of aortic wall for chow, 0.175% and 5% lard diet groups stained with hematoxylin-eosin or alizarin red. Graph represents the percentages of calcified areas in aorta in all three rabbit groups. (B). Representative pictures of aortic valve of chow, 0.175% and 5% lard diet groups stained with hematoxylin-eosin, hematoxylin-eosin or alizarin red. Graph represents the percentages of calcified areas in aortic valve in all three rabbit groups. Alizarin red pictures are taken with light microscopy (left panels) and with polarized light microscopy at higher magnification of * zone (right panels). In graphs, one symbol corresponds to one rabbit.




Influence of PA- and PA/OA-Enriched Diets on Blood Cells and Circulating Biomarkers

We investigated whether the 0.175% and 5% lard diet groups provoked changes in blood cells, inflammation, calcification biomarkers, and minerals after 16 weeks (Table 2). The 0.175% lard diet caused a decrease of lymphocyte, monocyte and basophil counts, which led to an increase of platelet-to-lymphocyte ratio, of neutrophil percentage and neutrophil-to-lymphocyte ratio. In the 5% lard group, the monocyte counts similarly decreased and the neutrophil percentage increased, but the lymphocyte counts were not modified. Levels of hemoglobin and haematocrit raised in the two lard diet groups together with a decrease of the calcification inhibitor fetuin-A and phosphorous, and an increase of creatinine levels. In contrast, we did not observe any changes in dephosphorylated-uncarboxylated Matrix Gla-protein (dp-ucMGP), nor significant induction of the inflammatory cytokine, interleukin-6 (IL-6). Hence, blood biomarkers are consistent with the observed mild calcification induced by the two diets. Modifications in circulating blood cells induced by the 0.175% lard diet are compatible with the occurrence of a low-grade inflammatory response.


Table 2. Levels of circulating biomarkers measured before (pre) and after (post) 16 weeks of PA or PA/OA-enriched diets.
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PA- and PA/OA-Enriched Diets Modify Plasma Levels of PA, OA, SFA, MUFA, and PUFA

Serum levels of conventional lipid parameters, e.g., total cholesterol, LDL, HDL, non-HDL, ApoB, ApoA-I and triglycerides, were not modified after 16 weeks of lard diets as compared to chow diet (Table 3). In order to assess the impact of the PA- and PA/OA-enriched diets on blood lipids and identify lipid profiles that could be associated with the observed vascular and valvular calcifications, we then performed a detailed quantitative lipidomics analysis on rabbit plasma samples. In total, 719 lipid species in 13 lipid classes were detected in the three rabbit groups (Supplementary Table 1). After 16 weeks of 0.175% and 5% lard diet groups, total levels of lipids within the different classes remained mainly unchanged as compared to control rabbits (Figure 2 and Supplementary Table 2). We only observed a decrease of lysophosphatidylcholine (LPC) concentration in the 5% lard diet as compared to chow diet. Nevertheless, we found striking changes in percentages MUFA and PUFA in total lipids and within several lipid classes (Figure 3A and Supplementary Table 2). The 5% lard diet resulted in elevation of total MUFA, whereas a drop in total PUFA percentages occurred in both 0.175% and 5% lard diet groups (23.93 and 21.44 vs. 28.55%, P = 0.002, P < 0.001). Within lipid classes, PUFA content decreased in cholesteryl esters (CE), diacylglycerols (DAG), triglycerides (TAG), in phospholipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), and in free fatty acids (FFA) for the 5% lard group, and in PE and TAG for the 0.175% lard group (Supplementary Table 2). An increase of SFA content was observed in CE and TAG in the 5% lard group, whereas DAG, TAG, FFA, LPC, PE, LPE showed elevated content of MUFA. The 0.175% lard diet caused a rise of MUFA content in DAG.


Table 3. Effect of 0.175% lard and 5% lard diets on conventional lipid parameters.
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FIGURE 2. Lipid classes in plasma from rabbits fed chow, 0.175% and 5% lard diet groups. (A). Proportion of lipid classes. (B). Lipid class concentrations. CE, cholesteryl esters; CER, ceramides; DAG, diacylglycerols; DCER, dihydroceramides; FFA, free fatty acids; HCER, hesoxylceramides; LCER, lactosylceramides; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; PC, phosphatidylcholines; PE, phosphatidylethanolamines; SM, sphingomyelins; TAG, triacylglycerols.
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FIGURE 3. Detailed plasma lipid composition in chow, 0.175% and 5% lard diet groups. (A). Percentages of SFA, MUFA and PUFA in total lipids and within lipid classes. Violin plot shapes represent value distribution within a group, with median shown by thick line and P25-P75 shown by thin lines. (B). Representation of fatty acid percentages in total lipids. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 vs. chow.


Regarding the proportions of total fatty acids, we found increased content of total PA and OA in the 5% lard group as compared to chow diet (PA: 30.3 vs. 28.9%, P = 0.005; OA: 27.1 vs. 23.4%, P = 0.018). We also observed decreased linoleic acid content [FA (18:2)] both in the 0.175% and 5% lard groups compared to chow diet (19.6 and 18.9 vs. 24.8%, P < 0.001) (Figure 3B). When studied separately in each class, linoleic acid contents were decreased in CE, DAG and TAG in 5% lard group, and in TAG in the 0.175% lard group (Supplementary Table 2, Supplementary Figure 2).

Next, we calculated the plasma ratios SFA/PUFA, PA/OA, PA/PUFA and OA/PUFA in all three diet groups (Table 4). In total lipids, we observed increased SFA/PUFA ratios in the 0.175% lard group and in the 5% lard group as compared to the chow diet group. PA/PUFA and OA/PUFA ratios were also increased in both 0.175% lard and 5% lard groups. Changes in PA/PUFA ratios were reflected in TAG for the two groups, and in CE, DAG, and FFA for the 5% group. OA/PUFA ratios were increased in DAG, FFA, LPC, PE and TAG for the two groups, and in CE and PC for the 5% group. Of interest, in DAG, we found greatly increased PA/PUFA ratio in the 5% lard group that more particularly concerned PUFA with 18C-long FA chain [1.39 (1.35–1.52) vs. 0.86 (0.78–0.89), P < 0.001]. The ratio of SFA/PUFA with 18C-long FA chain was higher in the 5% lard diet than in chow diet [0.21 (0.17–0.21) vs. 0.12 (0.11–0.14), P < 0.001]. In TAG, a similar increase was observed for SFA/PUFA with 18C-long FA chain [0.24 (0.23–0.26) vs. 0.14 (0.13–0.16), P < 0.001] and PA/PUFA with 18C-long FA chain [2.13 (2.10–2.23) vs. 1.10 (1.06–1.33), P < 0.001].


Table 4. Effect of 0.175% lard and 5% lard diets on PA to OA, SFA to PUFA, PA to PUFA and OA to PUFA ratios in total lipids and lipid classes.

[image: Table 4]

Taken together, these data indicate a rise of PA and OA plasma levels upon intake of high levels of these FA. A slight PA enrichment in diet already induces a drop of PUFA, including linoleic acid in major lipid classes. Elevation of plasma SFA and MUFA ratios to PUFA was also observed within several lipid classes in rabbit fed both low and high lard-enriched diets.



Correlations Between Calcification, Lipid Ratios, and Circulating Biomarkers

To get insight into potential mechanisms of diet-induced vascular and valvular calcification, we performed correlation analyses between modified lipids, biomarkers and extent of calcification in aorta and aortic valves. We first searched for correlations between aorta or aortic valve calcification and biomarkers. Among biomarkers that were significantly influenced over time by the diets, we found that the monocyte count was negatively correlated with aortic valve calcification in the 5% lard group (r = −0.89, P = 0.018). We then analyzed the correlations between the extent of calcification and lipids. These analyses revealed several correlations in the 5% lard group. Aortic valve calcification was positively correlated with ratios of PA or SFA to PUFA in DAG and TAG (PA/PUFA in DAG, ρ = 0.83, P = 0.042; SFA/PUFA with 18C-long FA chain in DAG, ρ = 0.89, P = 0.019, and in TAG, ρ = 0.91, P = 0.013; PA/PUFA with 18C-long FA chain FA in DAG, ρ = 0.82, P = 0.047 and in TAG, ρ = 0.84, P = 0.038). Since the drop of monocyte count observed in the 5% lard group correlated with aortic valve calcification, we then wanted to assess the relationship between this biomarker and the identified lipid ratios. Interestingly, negative correlations were observed between monocyte count and PA/PUFA ratio in DAG (r = −0.9, P = 0.014) and PA/PUFA with 18C-long FA chain in DAG (r = −0.87, P = 0.026).

PA content in total lipids and SFA content in CE were positively correlated with aorta calcification (ρ = 0.83, P = 0.042; ρ = 0.89, P = 0.019). Aorta calcification also showed positive correlations with SFA/PUFA ratio in PE (ρ = 0.89, P = 0.019), and OA/PUFA ratio in FFA (ρ = 0.83, P = 0.042). We found that PA content in total lipids positively correlated with the hematocrit (ρ = 0.83, P = 0.042) that was found to be elevated in the 5% lard group.




DISCUSSION

Our study is the first experimental demonstration that regular dietary PA intake causes aorta and aortic valve calcification (Figure 4). Rabbits fed a diet slightly enriched in PA (0.175% of lard) for a so short period as 16 weeks developed microcalcifications both in aorta and aortic valve. Surprisingly, the extent of calcification was similar to that obtained with a higher PA food content and OA enrichment (5% of lard). This might be related to protective effects of OA (23) that might counteract the additive effects of high PA content on the calcification process.
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FIGURE 4. Intake of regular amounts of palmitate, a major dietary saturated fatty acid contained in palm oil and in lard, may promote calcification in aorta and in aortic valve, responsible for an increased burden of cardiovascular disease. In blood, decreased levels of polyunsaturated fatty acids as well as signs of low-grade inflammation may occur, without any changes in traditional cholesterol parameters.


Both diets led to a drop of plasma PUFA within the most abundant lipid classes, in line with reported beneficial effects of PUFA in cardiovascular prevention (24). Of particular interest is the decrease in linoleic acid content in total lipids and in three major lipid classes (CE, TAG, DAG). Indeed, intake of this n-6 PUFA has been associated with a decreased CAD risk (25, 26).

We did not find any modification of traditional cholesterol parameters by the two diets, excluding typical LDL-C or non-HDL-C related effects. Importantly, our findings could, at least partly, explain why a significant part of patients with CVD have normal values of cholesterol parameters (27, 28). Hence, dietary PA intake and subsequent changes in plasma SFA and PUFA might promote CVD independently of traditional risk factors.

In line with this proposition, the Bruneck lipidomic study identified levels of individual species from CE and PE as a molecular signature for CVD risk (3). Also, a recent review of several studies indicated that lipid content in LDL and HDL independent of cholesterol could play a key role as biomarkers of CVD outcomes (29).

Interestingly, we found that the extent of aorta calcification was positively correlated with SFA levels in cholesteryl esters and SFA/PUFA ratio in phosphatidylethanolamines, while SFA and PA to PUFA ratios in DAG and TAG were positively correlated with aortic valve calcification. These data suggest that the high cardiovascular risk that associated with PA could be related to pro-calcifying effects on arteries or aortic valve. Indeed, the extent of intimal vascular calcification that accompanies atherosclerosis progression has been associated with adverse cardiovascular events (30). Likewise, in calcific aortic stenosis, aortic valve calcification predicts disease severity and poor clinical outcomes (31). The study by Torzewski et al. (32) indicates that PA and OA composed the most abundant lysophosphatidic acid species in calcified valve leaflets. Their levels were highly increased in aortic valve leaflets with large calcified nodules, suggesting a possible role for these two fatty acids in aortic valve calcification. Also, in atherosclerosis (33) and in calcific aortic stenosis (34), calcium deposits in tissues at a (sub)micrometer scale (microcalcification) represent early pathological steps. It is therefore tempting to speculate that PA intake might both contribute to disease initiation and to progression.

We found that the 0.175% lard diet induced a drop of lymphocyte and monocyte counts, with concomitant increase of neutrophil percentages and NLR. We did not, however, detect any increase of the inflammatory marker IL-6. This result might indicate that regular PA intake may result in the establishment of a low-grade inflammation, a risk factor for CVD, even at very low LDL-C (35). Several in vitro studies provide evidence for a link between SFA and inflammation, through direct effects on monocytes/macrophages. For instance, long-chain SFA have been shown to induce the expression of pro-inflammatory cytokines in macrophages (36). It has also been reported that SFA promotes the expression of GDF-15 in human macrophages (37), a marker of poor outcome both in CAD (38) and calcific aortic stenosis (39).

The observed drop in monocyte count could be due to higher recruitment of blood monocytes in vascular or valvular tissues and their subsequent differentiation into macrophages, a key event in the initiation of the calcification process (40). The fact that monocyte counts were negatively correlated with both aortic valve calcification and PA/PUFA ratios in DAG might reveal novel mechanistic clues, which warrants further investigations. PA could either promote aortic valve calcification through macrophage activation or differentiation (41) or, indirectly, via a PUFA-lowering effect (42).

We found that PA content in total lipids correlated with aorta calcification. Our observation that lard diets induced a rise of haematocrit that positively correlated with PA content in total lipids would therefore suggest the existence of a link between haematocrit levels and aorta calcification following PA intake. To date, there is no clear evidence for an association between haematocrit and CAD (43–46) although some studies indicate that a rise of hematocrit and subsequent blood viscosity may increase endothelial shear stress and contribute to the initiation and progression of atherosclerosis (47).



LIMITATIONS

Our study has some limitations, including low numbers of rabbits, which did not allow us reaching high statistical power. Only male rabbits were included. Also, we did not provide functional demonstration of causal relationship between plasma lipid changes and vascular or valvular calcification. Further investigations are needed to establish the link between PA intake, changes in circulating leukocytes and hematocrit levels and tissue calcification. Also, whether FA, free or in lipids, can serve as sites of calcium precipitation in vascular or valvular tissues remains to be determined. The alizarin red staining enabled us to detect small calcium deposits. Nevertheless, this method did not allow us to visualize crystal shape or structures, which might inform on mineralization mechanisms.



CONCLUSIONS

Our study showed that a regular intake of PA-rich lard promotes aorta and aortic valve calcification through plasma lipid modification independent of conventional cholesterol markers. PA is also a main component of palm oil and, as such, it can form a large proportion of total dietary SFA intake. Our study therefore calls for caution when consuming too much of PA-containing food on a regular basis. We propose to consider using both PA and PUFA levels as markers of CV health.
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Cardiovascular diseases (CVDs) are one of the main reasons of death and morbidity in the world. Both women and men have high rates of cardiovascular morbidity and mortality, although gender-related differences in mortality and morbidity rates are observed in different age groups of the population. In the large cohort of cardiovascular disease, ischemic heart disease (IHD), heart failure (HF), systemic hypertension, and valvular heart disease are particularly common in the population. CVDs caused by atherosclerosis are in the first place in terms of frequency, that is why society is particularly interested in this problem. The development and course of atherosclerotic processes associated with lipid and other metabolic changes are characterized by a long latent period, the clinical manifestation is often an acute vascular catastrophe, which can lead to human disability and death. Differences associated with sex are observed in the clinical course and manifestations, which raises the suspicion that gender influences processes related to atherosclerosis. Atherosclerotic cardiovascular disease (ACD) includes two main most dangerous clinical manifestations: IHD and cerebrovascular disease (mainly ischemic stroke). Other less common clinical manifestations of atherosclerosis include aortic atherosclerosis and peripheral vascular disease. Gender-related differences were also identified concerning these diseases. The present review discusses the effects of gender and age on atherosclerotic processes, disease development, and clinical manifestations. The metabolic basis for the development of atherosclerosis appears to be related to sex hormones. Thus this issue is interesting and useful for doctors of different specialties.
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INTRODUCTION: PREVALENCE OF ATHEROSCLEROTIC CARDIOVASCULAR DISEASES IN THE POPULATION

Ischemic heart disease (IHD) and stroke are the most common causes of death in the population. Barquera et al. analyzed data from the Global Burden of Disease Study and found that the death rate per 100,000 population in 2013 was 247.9 deaths, with 84.5% of deaths associated with CVDs and 28.2% of all-cause mortality (1). The same study reveals a declining trend in the share of cardiovascular disease worldwide, which equally reflects the morbidity and mortality rates of women and men, although there is an increase in absolute morbidity figures, an increase in the age of the patient, an increase in chronic forms.

IHD in women usually develops after an average of 7–10 years compared to men. According to the latest data, the prevalence of ischemic heart disease has increased significantly in young women due to unfavorable lifestyle changes over the last decade (1–3).

IHD is a major factor contributing to morbidity and mortality of women. Traditional Framingham risk factors such as high blood pressure, hyperlipidemia, diabetes, tobacco use, and unfavorable lifestyle habits such as unhealthy diet and a sedentary lifestyle contribute to the development of IHD (2).

Advances in diagnosis and treatment of cardiovascular diseases have led to declining morbidity and mortality rates, especially in developed countries, however, this reduction is not similar for men and women. Thus, between 1980 and 2002, overall the age-adjusted mortality rate decreased by 52% in men and 49% in women. The average annual decline rate for men was 2.9% in the 1980s, rising to 2.6% in the 1990s, and the average annual decline for women was 2.6%, which dropped to 2.4%. From 2000 to 2002, the average annual decline was the same−4.4% for both men and women (3).

There are some differences in the clinical course of diseases. Men are three times more likely than women to develop acute coronary syndromes (ACS), ST-elevation myocardial infarction (STEMI), or non-ST elevation myocardial infarction in the population under the age of 60, although this tendency decreases with age and over 75 years statistical changes are observed—the morbidity rate in women increases significantly, which is especially clear in relation to stroke (4).

Statistics on stroke deserve special attention and one of the causes of stroke is atherosclerotic vascular disease. Epidemiological studies of high reliability have established that women have a higher risk of developing stroke than men. Based on an analysis of US stroke study statistics, Rebecca W. Perskey and co-authors conclude that:

• Every fifth woman has a stroke

• More than 55,000 women have a stroke each year

• Stroke is the 4th leading cause of death in women

• Stroke kills 80,000 women a year

• The highest prevalence of stroke among women is in black women.

Not only is atherosclerosis linked to stroke, but women also have some gender-related conditions which may increase the risk of development of stroke, however, some of them have shown the association with atherosclerotic vascular disease as well. The high risk of stroke in women can be due to pregnancy—especially in the third trimester and postpartum period, preeclampsia—it is the high blood pressure that develops during pregnancy. Preeclampsia doubles the risk of stroke in a lifetime. Birth control pills can double the risk of stroke, especially in women with hypertension. Hormone replacement therapy does not reduce the chances of stroke. Migraine aura is associated with ischemic stroke in young women, especially if they smoke or use birth control pills. Atrial fibrillation increases the risk of stroke by 20% in women over 75 years of age (5).



COMMON RISK FACTORS

Common risk factors—high blood pressure, diabetes, dyslipidemia, smoking, physical inactivity, obesity and diet, age, and family history are equally important for women and men (shown in Figure 1), although there are some differences associated with sex.


[image: Figure 1]
FIGURE 1. Common risk factors for man and woman.


Smoking is a significant risk factor for atherosclerosis. Smoking women are more likely to have myocardial infarction than smoking men (6). Women who died of plaque rupture had a higher TG, HDL level did not show the difference from controls, while smoking was only a risk factor for plaque erosion (7, 8).

Smoking remains a significant problem for women−12.2% (95% CI, 11.4%−13.0%) of females in the USA reported cigarette use (compared to 15.8% of males), 7.2% of females smoked cigarettes during pregnancy. Distribution of other risk factors has shown differences also: the number of women reporting insufficient physical activity is 8% higher than in men; the prevalence of extreme obesity is significantly higher in females than in males−9.8% compared to 5.5%. High blood pressure and diabetes remain a major risk factor for ASCVD (9).

Numerous studies have shown that the presence of unique sex-related diseases such as PCOS (Polycystic Ovary Syndrome), Preeclampsia, Gestational Diabetes, and Menopause is important for women to increase the probability of developing atherosclerotic cardiovascular disease. It has been found that Diabetes Mellitus is also a very important risk factor for women.

CAD is uncommon in premenopausal women, especially when no other risk factors are present (10). The postmenopausal condition in terms of being a risk factor for the development of CAD in women is similar to that in men (11), and the incidence of MI in women significantly grows after menopause (10). Diabetes has also become evident as one of the major risk factors that deteriorate the ASCVD and CAD outcomes more in women than in men (12).

Cholesterol is one of the main causal risk factors for the development of atherosclerosis and CVD and is one of the seven indicators that AHA uses to determine CVH in children and adults. Among adults ≥20 years of age, the mean level of total cholesterol (TC) from 2015 to 2018 was 190.6 mg/dl. For men it was 187.7 mg/dl; for women it was 193.0 mg/dl (13, 14).


Carotid Artery Intima-Media Thickening

Carotid Artery Intima-Media Thickening (CAIMT) is one of the well-established and important markers of atherosclerosis. The chronic inflammation of the arterial intima results from changes and interaction between the composition of LDL cholesterol, macrophages, T cells, monocytes, and smooth muscle cells of the arterial wall (15). The carotid intima-media wall thickness (CIMT) is a detection of the thickness of the tunica media and the tunica intima of the arteries, which is assessed by sonography of large arteries located close to the skin and the carotid artery. This measurement is used to detect a risk of developing atherosclerosis, to diagnose atherosclerotic vascular disease, and to track its regression or progression. CAIMT closely correlates with the prevalence of myocardial infarction or stroke (16). Assessment of CAIMT confirms the presence of atherosclerosis (Guideline atherosclerosis). Several studies have shown the association of CAIMT with gender-specific risk factors. CAIMT is one of the clearest diagnostic markers of atherosclerosis. It is known that CIMT is associated with visceral obesity, dyslipidemia, hyperinsulinemia, and increased systolic blood pressure, risk factors that also occur in PCOS (16).

Meyer et al. conducted a meta-analysis showing that CIMT is increased in women with PCOS compared to controls, indicating an increased risk of accelerated atherosclerosis in PCOS patients (17). Differences in TC levels in serum, as well as changes in body mass index, patience blood pressure, and the prevalence of diabetes helps to explain approximately 30% of the age-related increase in CHD (coronary heart disease) risk in men and 50–60% in women (14). Cholesterol is one of the main causal risk factors for the development of atherosclerosis and CVD and is one of the seven indicators that AHA uses to determine CVH in children and adults.




GENDER-SPECIFIC RISK-FACTORS

Numerous studies have shown that women have unique gender-related diseases such as PCOS (Polycystic Ovary Syndrome), preeclampsia, gestational diabetes, and menopause (Figure 2). It has been found that diabetes is also a very important factor for women's health.
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FIGURE 2. Risk factors specific for women.



Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is an endocrinopathy happening with 6–10% of women of reproductive age and is manifested by hyperandrogenism, ovulatory dysfunction, and polycystic ovary syndrome with a complete phenotype. Talbott et al. studied the CAIMT condition in 125 women with PCOS under the age of 30 and concluded that the exposure during whole life to the cardiovascular risk profile in PCOS caused premature atherosclerosis and that the relationship between PCOS and intimate media thickness was partly because of weight and fat distribution and related risk factors. The results obtained suggest that (1) PCOS may lead to premature atherosclerosis in women with a lifelong negative cardiovascular risk profile, and (2) the PCOS-IMT connection is partly related to associated risk factors and weight and fat distribution. There may be an independent effect of PCOS that will not be explained by the above variables associated with this hormonal disorder.



Preeclampsia/Eclampsia

Preeclampsia-Eclampsia is a violent gender-specific risk factor for women, which is a powerful complication of a young woman's pregnancy. However, it has been found that women who have contracted preeclampsia-eclampsia have an excessive risk of developing atherosclerotic diseases later in life.

Wu et al. conducted a systematic review and meta-analysis demonstrating the connection of preeclampsia with a 4-times higher incidence of heart failure and a 2-times higher risk of the development of CHD, stroke, and death because of CHD or CVD (18). Haukkamaa et al. performed a study that suggested that preeclampsia is an independent risk factor for the development of atherosclerotic plaque (19). Kessous et al. conducted a study concluding that previous pregnancy with preeclampsia serves as an independent risk factor for long-term maternal atherosclerotic morbidity. Patients with severe and recurrent episodes of preeclampsia have higher risk of atherosclerotic morbidity (20).



Gestational Diabetes

These differences in outcomes are also observed in the case of young women suffering from gestational diabetes or type 1 diabetes (21, 22). Diabetes prevalence together with some other factors explains about a third of the age-related increase in CHD risk in men and up to 60% in women (14).



Menopause

Estrogen signaling in liver can contribute to gender differences in atherosclerosis development by promoting the hepatic steps of reverse cholesterol transport (RCT) (23). The role of estrogen in the development of early steps of RCT can be controversial in humans. The cholesterol efflux ability of macrophages can be improved by estradiol-esters from HDL (24). The deficiency of estrogen in menopause increases the cholesterol efflux from HDL in comparison with premenopausal women, most probably because of increased VLDL-TG levels after menopause (25).




PATHOGENESIS

The major pathogenetic mechanism of the development of vascular events is plaque erosion and rupture which leads to the development of thrombosis. Unstable angina, sudden death, and acute myocardial infarction can be combined in a group called acute coronary syndromes (ACS). Acute luminal thrombosis serves as the main cause of sudden coronary death in up to 65% of cases. The inclusionof total occlusion increases the incidence up to 75%, supporting the research made by Davies and Thomas (26). Plaque rupture, erosion, and calcified nodules are leading causes of thrombosis found during autopsy studies in sudden coronary death cases (27).

Acute thrombosis in men happened more often than in women (53 and 46%). Women with the age younger than 50 years old more often had plaque erosion in comparison with women older than 50 years old (84 and 32%). Plaque rupture was happened more often in women who were more than 50 years old in comparison to younger women (53 and 16%). The incidence of rupture was identical in all age groups (young and old) of men (75 and 69%), but younger men more often had cases of erosion than older men (29 and 18%). The cases of plaque erosion happened more often in women than men (58 and 24%) and rupture happened more often in men than women (71 and 33%).

The incidence of organized thrombus (CTO) was identical in men and women but happened more often in older than younger individuals of both genders and 84% of them had associated healed myocardial infarction. Clinical presentation of ischemia involves macrovascular and microvascular circulation. Nitric Oxide (NO) is a major determinant of microvascular flow. Vascular endothelium synthesizes NO, which is involved majorly in the processes like inhibiting platelet aggregation and adhesion and maintaining the basal vascular tone of arteries (28), inhibition of atherosclerotic plaque development (29), and vascular smooth muscle proliferation inhibition (30).

Various factors contribute to the development of atheroma formation, thrombosis, inflammation, endothelial nitric oxide synthase (eNOS), reactive oxygen species (ROS), matrix degradation being some of them (31).

The process of atherogenesis is composed of three major steps:

• Fatty streaks formation (these initial lesions of Atherosclerosis are caused by the focal increase in the lipoproteins of the intima layer of arteries);

• Atheroma formation;

• Atherosclerotic plaques formation.

The development of atherosclerosis is based on metabolic changes in the metabolism of lipids which is one of the main factors for this disease. There are major sex-based differences in cholesterol metabolism which most likely contribute to the large set of differences in rates of development and progression of atherosclerotic cardiovascular disease (32). The cholesterol-engorged macrophage “foam cell” is the hallmark and agent provocateur of atherosclerosis. The early lesions of atherosclerosis, so-called fatty streaks that can be detected in the first decade of life, are accumulations of foam cells in the arterial intima. In advanced fatty, fibrous, atherosclerotic plaques, foam-cell apoptosis produces a cholesterol-rich necrotic core, which makes plaques prone to rupture and thereby promotes vascular thrombosis. The liver X receptors (LXRs) α and β (LXRα and LXRβ) are master regulators of whole-body cholesterol homeostasis, intermediary metabolism and energy balance, and the integration of metabolic and inflammatory signaling (15).

It should be also mentioned that mitochondrial mutations are believed to play an important role in atherosclerosis pathogenesis but are left outside of the focus of this review.

Data collected from the study conducted to find the mechanisms providing gender differences in serum lipoprotein concentrations, the kinetic behavior of apoB-100 suggest that the mechanism for lower TRL-C (triglyceride c) and LDL-C (low-density lipoprotein c) concentrations in women was determined predominantly by higher TRL and LDL FCR (fractional catabolic rates) rather than lower PR (production rates). This study explains to a certain degree the lower CVD risk in premenopausal women in comparison with men (33).

There are differences in cholesterol profiles of men and women during aging. Low-density lipoprotein (LDL) levels are lower in women than in men until they reach age of 50, when LDL levels grow in women. High-density lipoproteins (HDL) are about 10 mg/dl higher in woman in comparison to men of all age groups. Lipoprotein (a) levels increase with age in perimenopausal women. The increase in CAD in older women can be explained by the above mentioned change in levels of lipids. It was confirmed after epidemiological studies that high cholesterol serves as a risk factor for CAD in women. A lower HDL value predicts the coronary risk in women better than in men (34).

Reviewing many studies, it can be concluded that estrogen replacement therapy may be useful to increase the release of NO in arterial vasculature in postmenopausal women. However, the data are controversial. Replacing estrogen has been shown to amplify hyperemia in the brachial artery by flow-mediated vasodilation (35), it has also shown an increase in acetylcholine mediated endothelial vasodilation by infusion of 17β-estradiol in the brachial artery (36). Thus, lack of estrogen seems to be involved in the pathogenesis of ischemia and atherosclerosis.

It is observed that pathophysiological mechanisms involved in the development of coronary artery atherosclerosis are sex–specific. There are also age-related differences in men and women in terms of disease progression (37). Men and women had almost identical mean age of the total population (women 50 ± 11, men 48 ± 10) which was lower than the one of the group with acute myocardial infarction (mean age 70 years) (38). Some important biological differences between men and women are related to differences in size of the arteries. Carotid arteries of women are smaller with less plaques but more obvious stenosis, which may be related to differences in remodeling. Women have lower risk of CVD in comparison with men even when levels of ovarian hormones decline with menopause (39, 40). CHD, coronary heart disease according to 2011–2014 NHANES data is around 20% in men and 11% in women in the range of 60 to 79 years of age, and similar trends for older individuals (41).



CONCLUSIONS

Atherosclerosis is a major contributor to morbidity and mortality worldwide and this raises questions regarding the importance of research in this field. Sex-related issues of pathogenesis and clinical presentation of atherosclerosis are emerging direction for evaluation, determining similarities and differences and will influence prevention and treatment modalities. Exploring sex-based differences in atherosclerotic cardiovascular diseases is a need of the moment and the basis of differentiation could be related to the difference between major hormonal levels and genetic expression. The protective effects of the changes in the lipid profile were only 25% (41). Estrogen has different effects that can contribute to a cardioprotective effect as it plays a role in reducing the level of total cholesterol and low-density lipoprotein cholesterol, it also contributes to the elevation of high-density lipoprotein cholesterol, and helps in decreasing the levels of fibrinogen and factor VII (42). Similar outcomes can be observed in the case of lower risk of hypertension and lower lipid levels in premenopausal females compared to their male counterparts (43).
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Under hypercholesterolemic conditions, exposure of cells to lipoproteins results in a subtle membrane increase in the levels of cholesterol and 7-ketocholesterol, as compared to normal conditions. The effect of these physiologically relevant concentration increases on multicomponent bilayer membranes was investigated using coarse-grained molecular dynamics simulations. Significant changes in the structural and dynamic properties of the bilayer membranes resulted from these subtle increases in sterol levels, with both sterol species inducing decreases in the lateral area and inhibiting lateral diffusion to varying extents. Cholesterol and 7-ketocholesterol, however, exhibited opposite effects on lipid packing and orientation. The results from this study indicate that the subtle increases in membrane sterol levels induced by exposure to lipoproteins result in molecular-scale biophysical perturbation of membrane structure.
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INTRODUCTION

Elevated blood level of low-density lipoproteins (LDL) is a major risk factor for the development of cardiovascular disease, but the impact of LDL on membrane cholesterol and consequently on membrane structure remain poorly understood. Earlier studies found that exposure to high levels of LDL does not result in significant cholesterol loading of macrophages (1, 2), leading to the hypothesis that cholesterol loading that is observed under hypercholesterolemic conditions in vivo should be a result, not of LDL uptake, but of its oxidized modifications (oxLDL) (3). Our studies, however, contradicted this hypothesis by showing that no cholesterol loading is observed in endothelial cells exposed to oxLDL (4, 5). We found instead that exposure to oxLDL results in an incorporation of oxysterols into endothelial cells, particularly 7-ketocholesterol, which was also confirmed in aortas of hypercholesterolemic mice (6). The amount of 7-ketocholesterol, however, constituted only a small fraction (<10%) of total tissue sterol, even in highly hypercholesterolemic mice (6). Most recently, we showed that exposing endothelial cells to elevated levels of LDL, which are observed in highly hypercholesterolemic patients, does result in a significant increase in cellular cholesterol. However, the change is a mild increase of ~10 mol% (7). The question therefore arises whether these subtle changes in cellular sterol compositions can have a significant impact on the biophysical properties of the membrane bilayer and membrane structure.

In this study, we address this question by molecular modeling based on mass spectrometry analyses of the cholesterol and 7-ketocholesterol composition of endothelial cells exposed to normal or elevated levels of LDL or oxLDL. Coarse-grained molecular dynamics simulations are performed to investigate the impact of subtle increases in cholesterol and 7-ketocholesterol concentrations on the structural and dynamical properties of multicomponent lipid bilayer membranes.



MATERIALS AND METHODS


Experimental Procedures
 
LDL Isolation and Oxidation, Cell Culture, and LDL/oxLDL Exposure

LDL was isolated from human plasma obtained from a local blood bank—Lifesource (now Vitalant, Chicago, IL), as described in our previous studies (7). Briefly, LDL was isolated by sequential centrifugation in potassium bromide (KBr, Acros Organics; Thermo Fisher Scientific, Waltham, MA), and dialyzed to remove KBr and EDTA. Oxidized LDL (oxLDL) was prepared by Cu2+ as previously described (8). The degree of oxidation was assessed by the TBARS (thiobarbituric acid reactive substances) content of LDL and was measured using a TBARS Assay Kit (ZeptoMetrix, Buffalo, NY) as expressed with malondialdehyde (MDA) equivalent. Experiments were performed with Human Aortic Endothelial cells (HAECs; Lonza, Allendale, NJ), grown in standard conditions. Serum-starved cells were treated with either 10 μg/ml oxLDL, 50 mg/dl LDL, or 250 mg/dl LDL for 24 h, then lysed in methanol and stored at −80°C.



Mass Spectrometric Analysis of Lipids

Cell lipids were extracted by a modified Bligh and Dyer procedure with the use of 0.1 N HCl for phase separation, as described by Berdyshev et al. (9). During the initial step of lipid extraction, internal deuterated standards were used (cholesterol-d7, 7-keto-cholesterol-d7) (Avanti Polar Lipids, Alabaster, MO). Extracted lipids were dissolved in methanol/chloroform (4:1, v/v) and aliquots taken to determine the total phospholipid content. Sequential liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) analyses were performed in the Mass Spectrometry Core at National Jewish Health, as previously described (8).



Bio-orthogonal Cholesterol Sensor

A novel bio-orthogonal cholesterol sensor was used to simultaneously measure cholesterol levels separately in the outer and inner membrane leaflets (10). Briefly, a cholesterol-binding protein was tagged with a fluorescent dye that changed color when the protein bound cholesterol. The color-change indicated the ratio of bound to free cholesterol, giving an indication of the spatial distribution of cholesterol in the membrane leaflet.




Molecular Dynamics Simulations

We employed coarse-grained molecular dynamics (MD) simulations to determine the impact of physiologically relevant concentration increases in cholesterol and 7-ketocholesterol on the structural and dynamical properties of multicomponent lipid bilayer membranes. To this end, we created four model systems with sterol concentrations determined by mass spectrometric analyses (Figure 1). These analyses show that exposure to 10 μg/ml oxLDL, which constitutes a high concentration of oxLDL, as compared to the levels detected in vivo (11), has no effect on endothelial cholesterol (Figure 1A—left) but results in a significant, almost 10-fold increase in 7-ketocholesterol concentration (from 2.41 to 21.03 pmol/nmol lipid P) seen in Figure 1B—left. In contrast, exposure to clinically relevant levels of LDL, which correspond to pronounced hypercholesterolemia in humans, results in a relatively small (~20%) but significant increase in endothelial cholesterol (Figure 1A—right), and no increase at all in 7-ketocholesterol concentration (Figure 1B—right). Based on the sterol and oxysterol content given in pmol/nmol of lipid phosphate obtained by the mass spectrometric analyses of HAECs, we calculated the cholesterol and 7-ketocholestrol mol% concentrations in each system in the following way: The values of cholesterol content obtained by mass spectrometry for cells exposed to 0, 50, or 250 mg/dl LDL were 608, 621, and 760 pmol/nmol lipid P, respectively (Figure 1A—right). These values correspond to 38 mol% cholesterol for LDL 50 [calculated as 621 chol/(1621 total lipid + chol)] and 43 mol% for LDL 250, assuming that the membrane consists of cholesterol and phospholipids only. Thus, an approximate 22% increase in the absolute cholesterol content from LDL 50 to LDL 250 translates into ~13% increase in the mol% ratio between these two systems. It is important to note here that the cholesterol mol% values obtained for each system are likely to be overestimations because they do not take into account any other membrane lipids other than phospholipids and sterols.


[image: Figure 1]
FIGURE 1. Results of mass spectrometric measurement of (A) free cholesterol and (B) 7-ketocholesterol content in human aortic endothelial cells (HAECs) treated with 10 μg/ml oxLDL, 50 mg/dl LDL, or 250 mg/dl LDL. (n = 4-8, *P < 0.05).


From these mass spectrometric results, we created a control bilayer system composed of the lipid species phosphatidylcholine (PC) and sphingomyelin (SM), with 40% cholesterol (CHOL) and 0.24% 7-ketocholesterol (7KC) distributed evenly between both leaflets. We further created three bilayer systems corresponding to HAECs exposed to 10 μg/ml oxLDL, 50 mg/dl LDL, and 250 mg/dl LDL, and containing 2.1% 7KC (with 40% CHOL), 38 and 43% CHOL (with 0.04% 7KC), respectively (Table 1).


Table 1. Membrane lipid compositions in four multicomponent bilayer simulation systems with cholesterol and 7-ketocholesterol concentrations obtained from mass spectrometric measurements.

[image: Table 1]

For the simulations, coarse-grained (CG) molecular topologies of all lipid and sterol species were obtained from or developed based on the MARTINI 2 force field version 2.0 (12, 13). CG topologies of POPC (v2.0_POPC_02), DPPC (v2.0_DPPC_01), SM (v2.0_DPSM_01), cholesterol (v2.0_CHOL_02), and water (v2.0) were obtained from the MARTINI website (http://cgmartini.nl/). We developed a topology for 7-ketocholestol by adapting the standard Martini 2.0 cholesterol virtual sites topology developed by Melo et al. (14) and replacing the third SC3 interaction site with a heavier, and more polar SNa bead to represent the ketone moiety as shown in Table 2. This 7KC topology was validated by calculating an octanol-water partition free energy (ΔG = 71.1 ± 1.0 kJ/mol) using the Bennett Acceptance Ratio (BAR) method (15) as previously described (14). As expected for a more polar molecule, our calculated partition free energy value for 7KC is lower than the ΔG of 86.7 ± 0.9 kJ/mol calculated by Melo et al. for the virtual site cholesterol topology. Our 7KC topology was further validated by comparison of the sterol tilt angle distribution to distributions from atomistic simulations (see Sterol Orientation section). Interaction sites in the MARTINI force field are formed by grouping two-four heavy atoms into one bead, with the underlying physicochemical characteristics of the molecules preserved by the properties assigned to each interaction site. Although CG topologies of membrane components, as opposed to atomistic structures, result in a small loss of detail, the MARTINI force field is parameterized against both atomic-level simulations and experimental data. The structural changes we investigated in this work occurred on length- and timescales that have been previously well-probed by CG simulations (16–18).


Table 2. Lipid topology developed for 7-ketocholesterol based on Martini 2.0 cholesterol model with virtual sites (14).
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The compositions of the PC and sphingomyelin components of our multicomponent bilayer models were chosen to reflect the major constituent lipids of endothelial membranes. Specifically, PC and SM concentrations in human umbilical vein endothelial cells (HUVECs) have been found to be 54 and 23%, respectively (19). Although a large assortment of phospholipids is known to be present in endothelial cell membranes, the acyl tails of these lipids primarily contain saturated palmitic and stearic fatty acids and unsaturated oleic and arachidonic fatty acids (20, 21). Based on this, we created four multicomponent bilayers with the PC/SM component composed of 70% of the combined PCs dipalmitoylphosphatidylcholine (DPPC), with two saturated palmitic tails, and 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), with one palmitic tail and an unsaturated oleic tail. Of these PCs, we chose 80% to be POPC and 20% DPPC. The remaining 30% of our PC/SM component was composed of the SM: N-stearoyl-D-erythro-sphingosylphosphorylcholine, with one saturated stearic tail and an unsaturated sphingosine chain. The control bilayer contained 33% POPC, 8% DPPC, and 18% SM molecules, resulting in a total of almost 8,500 total phospholipids and sterols evenly distributed between both leaflets. Each simulation system consisted of a central, multicomponent bilayer, surrounded on both sides by CG water particles (~111,000 total water particles, with each CG water particle corresponding to four real water molecules). The chemical structures of cholesterol and 7KC are shown in Figure 2A, left and right, respectively. Snapshots of equilibrated simulation boxes for each multicomponent system are shown in Figures 2B–E.


[image: Figure 2]
FIGURE 2. (A) Chemical structures of cholesterol (left) and 7-ketocholesterol (right) showing the locations of the hydroxyl groups and the ketone moiety on the oxysterol. (B-E) Snapshots of the four multicomponent simulation systems with all bilayer lipids hidden except cholesterol (transparent pink representation) and 7-ketocholesterol (red opaque representation). Surrounding each bilayer are water particles (cyan solvent representation). (B) control system (40% CHOL, 0.24% 7KC); (C) oxLDL 10 μg/ml (40% CHOL, 2.1% 7KC); (D) LDL 50 mg/dl (38% CHOL, 0.04% 7KC); (E) LDL 250 mg/dl (43% CHOL, 0.04% 7KC).


MD simulations were performed using the GROMACS 2019. Two molecular dynamics simulation package (22–26) and the straight-cutoff Lennard-Jones potential scheme with potential modifiers described by de Jong et al. (27). Graphics were rendered using the Visual Molecular Dynamics program (28). All simulations were periodic in all directions and run with a timestep of 30 fs for at least 2.5 μs at physiological temperature (310.15 K), with the first microsecond used as equilibration. A shifted (0.9 nm to a cutoff at 1.1 nm) Lennard-Jones 12-6 potential was used to describe van der Waals interactions between pairs of neutral, non-bonded particles. A Coulombic electrostatic potential was used for charged, non-bonded interactions and shifted from 0 nm to a cutoff at 1.1 nm. Long-range electrostatic interactions were neglected. A weak harmonic potential was used between covalently bonded particles, and a weak harmonic cosine potential was used for angles between three consecutive bonded particles. A time step of 30 fs was used with a velocity Verlet algorithm (29) to integrate the equations of motion (30–32). An isothermal-isobaric (NPT) ensemble was employed in each simulation system. Each system component was coupled separately to a temperature bath with a coupling constant of 1.5 ps using a velocity rescale thermostat (33). Pressure was maintained in a semi-isotropic state at 1.01 bar using a Parrinello-Rahman barostat (30) with a 12 ps coupling constant, to maintain a tensionless bilayer. The velocity of the center of mass was removed every 100 timesteps before temperature calculation to prevent the systems from freezing and translating through space as an artifact of round-off error accumulation by the numerical integration method (34).

[Statistical Analyses: P-values were calculated from Student's t-tests, with P-values < 0.05 considered significant.]




RESULTS

Although the increases in cholesterol and 7-ketocholesterol concentrations, as compared to the control system, were relatively subtle, we observed distinct and significant changes in the structure and dynamics of each bilayer membrane over the course of our simulations. We will present, herein, changes in membrane biophysical properties that were observed in response to these small, but physiologically relevant increases in sterol and oxysterol content.


Changes in Bilayer Lateral Area and Thickness

Incorporation of increasing levels of both cholesterol and 7-ketocholesterol at constant surface pressure causes the bilayers to condense laterally as shown in Figure 3. A 10-fold increase in 7KC content from 0.24 to 2.1% causes a very small, but significant decrease in bilayer lateral area of 1.6% (i.e., from 44.0 ± 0.01 Å2/lipid to 43.4 ± 0.01 Å2/lipid). This small change in lateral area is not accompanied by a corresponding change in bilayer thickness, measured as the distance between the phospholipid phosphate headgroups in each leaflet (~43 Å in both 7KC systems). Subtly increasing levels of cholesterol, on the other hand, have a larger lateral condensing effect on the bilayers, as expected. Increasing cholesterol content from 38 to 40% causes a decrease in lateral area of 1.7%, whereas an additional increase in cholesterol content to 43% causes a 4.2% decrease in lateral area. These decreases in lateral area as cholesterol content increases are accompanied by overall thickening of the bilayer in the direction normal to the water/lipid interface, from 41 Å at 38% cholesterol to 44 Å at 43% cholesterol.


[image: Figure 3]
FIGURE 3. Area per lipid values measured as lateral area of each simulation system divided by total number of lipids over 1.5 μs of simulation time. (P-values calculated using unpaired Student's t-test. *P < 0.05).




Decreases in Apparent Lateral Diffusion Coefficients

Increasing sterol concentrations, resulting in lateral condensation of the bilayers, further impacts the dynamic motion of each individual species within the membranes, as measured by lateral diffusion coefficients. The self-diffusion coefficient D of a particular species is obtained by the long-time behavior of its mean square displacement (MSD). The lateral diffusion coefficient of each species can, therefore, be defined using continuum diffusion theory as (35).

[image: image]

Figures 4A,B present plots of sterol MSD vs. simulation time for bilayer systems with increasing 7KC content (A) and cholesterol content (B). From the slopes of the long-time behavior of similar MSD plots for each lipid species (and cholesterol), average apparent lateral diffusion coefficients were calculated (Figures 4C,D). We note that the absolute values of diffusion coefficients are known to be overestimated in coarse grained simulations due to CG dynamics being faster than atomistic dynamics (36). Therefore, our calculated apparent lateral diffusivity values are slightly larger than expected experimental values for each lipid species (37). For each species, an increase in 7KC or cholesterol content from baseline results in a corresponding decrease in lateral diffusivity, mirroring the trends we observed in lateral area condensation. The lateral diffusion of species within the bilayer may be directly influenced by changes in lipid packing and membrane fluidity.


[image: Figure 4]
FIGURE 4. Calculated lateral mean squared displacements of (A) 7-ketocholesterol and (B) cholesterol in simulation system with increasing 7KC and cholesterol content, along with linear fits to each plot (dotted lines). Linear fits were used to calculate average apparent lateral diffusion coefficients for all species in systems with increasing concentrations of 7KC (C) and cholesterol (D). (Diffusion coefficient data shown as time- and ensemble-averaged mean ± standard deviation).




Sterol Orientation

We calculated tilt angles for the sterol ring structure with respect to the normal to the bilayer membrane, in order to determine the differences in orientation between cholesterol and 7KC molecules in each simulation system. The tilt angle is defined between the normal to the bilayer and a vector from 7KC interaction site K5 to KOH. Similarly, for cholesterol, the vector is defined from site R5 to ROH [see Melo et al. (14) for cholesterol site definitions]. This vector approximates the carbon-17 to carbon-3 vector defined by Kulig et al. (38), which is used to determine sterol ring orientation in the lipid bilayer. Figure 5A shows the tilt angle probability distribution for cholesterol molecules in all systems (solid black curve) compared to the tilt angle probability distribution for 7KC molecules in the 2.1% 7KC system (dotted red curve). These distributions depict the ensemble- and time-averaged range of orientations observed for each sterol over the course of the simulations. The oxidation in the sterol ring of 7KC results in reorientation of the molecules, resulting in overall larger tilt values. The tilt angle probability distribution for 7KC is wider and shifted toward larger angles, indicating that 7KC molecules generally prefer to assume a more tilted orientation within the bilayer membrane as compared to cholesterol (Figure 5B). This phenomenon has been previously predicted for 7KC and other oxysterols in smaller (128 molecule) atomistic MD simulations of single-component POPC bilayers containing 10% sterol concentrations (38). Our tilt angle distributions for both cholesterol and 7KC are similar to those from the atomistic simulations performed by Kulig et al. (38), and therefore serve as a validation check of the behavior of our coarse-grained topology for 7KC within the lipid bilayer.


[image: Figure 5]
FIGURE 5. (A) Sterol tilt angle probability distributions for cholesterol (solid black curve) and 7KC (dotted red curve), measured with respect to the normal to the bilayer membrane. (B) Schematic illustrating an example of the orientational tilt of 7KC (right) compared to cholesterol (left). The vector used to calculate sterol ring tilt angles (θ) is overlaid on the 7KC structure and axes describing the orientation of this vector (red) relative to the bilayer normal (black) are shown.




Impact on Lipid Order

The structural and dynamical changes we observed, including membrane lateral condensation, bilayer thickening, as well as reorientation of 7KC, all impact the dynamics of the acyl tails forming the hydrophobic core of the lipid bilayers, thereby changing the membrane packing and conformation of the tails. The orientational order parameter (P) of the CG pseudobonds in the lipid tails quantifies their alignment and orientation with respect to the bilayer normal (39):

[image: image]

where θ is the angle between each inter-particle bond and the bilayer normal. The angled brackets represent a time- and ensemble-average. Decreasing values of P indicate decreased lipid tail packing (greater disorder).

In Figure 6A, the CG representation of each membrane lipid is illustrated, with the tail bonds labeled to correspond with the order parameters in Figure 6B, which shows the time- and ensemble-averaged order parameters for each pseudobond in the sn-2 tails of each lipid. From Figure 6B, we observe that, for the system containing 2.1% 7KC, the presence of a higher concentration of tilted 7KC molecules causes the order parameters of all bonds in the lipid tails of each of the three bilayer membrane lipid components to decrease (i.e., POPC, DPPC, and SM), as compared to the control system containing 0.24% 7KC. Although this observed decrease in order parameters is not statistically significant, the trend is conserved for all bonds, as indicated by the box plots in Figure 6C, showing the reduction in order of the third pseudobond of the sn-2 tail of each lipid. Conversely, for increasing concentrations of cholesterol, statistically significant increases in order parameter are observed for all sn-2 tail bonds in each lipid species (Figures 6B,C). [We note here that similar trends are observed with the sn-1 tails of all lipids (data not shown)]. As expected, the order parameters for each lipid in the 43% cholesterol system are highest, indicating that this system experiences the greatest lipid tail alignment and the least fluidity.


[image: Figure 6]
FIGURE 6. Computational analysis of lipid order in cholesterol and 7KC-contianing bilayers. (A) CG structures of each phospholipid are depicted with tails colored differently than headgroups and glycerol backbones. Bond numbers from (B) are indexed for the POPC structure (top). (B) Orientational order parameters (P in Eq. 2) of phospholipid sn-2 tail pseudobonds for simulation systems containing 0.24% 7KC (blue diamonds), 2.1% 7KC and 40% cholesterol (red triangles), 38% cholesterol (yellow circles), and 43% cholesterol (black squares). (C) Order parameters for the third pseudobond of each phospholipid sn-2 tail. (n = ~6,000 lipid molecules for each bilayer; *P < 0.05).




Cholesterol Content Measured by Novel Bio-Orthogonal Sensors

Using a novel bio-orthogonal cholesterol sensor for real-time measurement of cholesterol levels, we determined the impact of pro-atherogenic lipoprotein profiles on the asymmetric distribution of cholesterol in HAECs under the same conditions as described in Table 1. The biosensor sensor discriminated between the inner and outer membrane leaflets of HAECs in situ and determined cholesterol levels in each leaflet simultaneously. Using this sensor, we found that cholesterol is not only asymmetrically distributed between the leaflets, but is found predominantly in the outer leaflet, a result that is consistent with the observations by Liu et al. (10). Our current study is the first to employ this unique biosensor strategy to determine the impact of lipoproteins on cholesterol levels in endothelial membranes. Furthermore, we detected, for the first time, that exposure of cells to oxLDL resulted in a small but significant decrease in the cholesterol levels of both outer and inner membrane leaflets of HAEC plasma membranes (Figures 7A,B). LDL, however, had the opposite effect and increased the levels of cholesterol in both leaflets. The average cholesterol content values for the outer membrane leaflet (Figure 7A) and inner membrane leaflet (Figure 7B) for each treatment regime were obtained from spatially averaged values of the cholesterol mol% in the outer ([Chol]o) and inner ([Chol]i) membranes for each cell studied. In Figure 7C, images of spatially resolved quantifications of cholesterol in the outer cell membrane leaflet of representative cells for each treatment regime are shown. In each image, a pseudo-coloring scheme is used to spatially quantify cholesterol content, with red representing the highest concentration (in mol%) and blue the lowest. The average [Chol]o content and standard deviation values for each treatment are given below each representative cell image.


[image: Figure 7]
FIGURE 7. Simultaneous in situ quantification of changes in cholesterol content of LDL- and oxLDL-treated endothelial cells in the outer [Chol]o (A) and inner [Chol]i (B) membrane leaflets. (C) Spatially resolved quantifications of cholesterol in a cross-section of the outer cell membrane leaflet of representative cells by bio-orthogonal sensors. A pseudo-coloring scheme is used in each image (red: highest concentration; blue: lowest). Scale bars represent 10 μm. (n = 15-21 cells; *P < 0.05).





DISCUSSION

This study addresses a fundamental question of the impact of LDL and oxLDL on the membrane structure and biophysical properties. A long-term controversy has existed in the field about whether exposure to LDL or oxLDL results in cellular cholesterol loading for both endothelial cells and for macrophages. Focusing on endothelial cells, our previous studies demonstrated that it is the exposure to LDL, and not oxLDL, that results in an increase in cellular cholesterol. Moreover, the actual increase in free endothelial cholesterol is rather subtle, even under high LDL concentrations that mimic severe hypercholesterolemia (7). In contrast, exposure to oxLDL does not lead to cholesterol increase, but instead results in an even more subtle increase in overall membrane concentrations of 7-ketocholesterol, a major oxysterol component of oxLDL. Although exposure to oxLDL increases the membrane concentration of 7KC by an order of magnitude (from ~0.2 to 2%) the levels of this sterol component remain subtle relative to the overall concentrations of other lipids in the membrane. These differences in the sterol compositions of LDL- vs. oxLDL-treated endothelial cells are associated with significant differences in lipid packing, as assessed by Laurdan imaging: while LDL increases lipid packing (7), as expected because of the increase in cholesterol, exposure to oxLDL results in the disruption of lipid packing (5). Furthermore, we have also demonstrated that the impact of oxLDL and 7-ketocholesterol on endothelial biomechanical properties are similar to those of cholesterol depletion, and can be reversed by cholesterol enrichment (5, 6, 8). In the current study, we investigated the mechanistic basis of this dichotomy in bilayers mimicking the physiological concentrations of free cholesterol and 7-ketocholesterol under normal and hypercholesterolemic conditions.

Our key findings are that, first, significant changes in lipid lateral diffusion and order are observed even with these very subtle changes in cholesterol and 7-ketocholesterol levels. Moreover, we found that, while both cholesterol and 7-ketocholesterol induce a decrease in the lipid lateral area and inhibit the lateral diffusion of all the lipid species tested in this study, cholesterol and 7-ketocholesterol have opposite effects on the lipid order parameters of all the lipids.

Previous studies have documented the membrane modulatory effects of exposure to high levels of 7-ketocholesterol. Concentrations of 7KC, up to 68% total sterol content, have been shown to alter membrane polarity and reduce lipid order (40, 41). Studies of liposomes composed of binary or tertiary mixtures of phospholipids and 7KC or cholesterol indicated that cholesterol increased lipid order and reduced polarity, while the effects of 7KC, including the extent of sterol tilt, were dependent on specific interactions with the surrounding phospholipids (42). We observed a small, but consistent, reduction in order across all lipid species in our 7KC simulation systems (Figure 6B), although our systems comparatively experienced a much smaller change in overall membrane composition, increasing from 0.24 to 2.1% 7KC.

Furthermore, Langmuir monolayer studies of binary mixtures of 7KC and DPPC showed that, compared with cholesterol/DPPC monolayers, 7KC had a weaker condensing effect and caused reduced interfacial rigidity—phenomena that were hypothesized to be explained by a possibly broader distribution of 7KC orientations within the monolayer as compared to cholesterol (43). In our simulations, we verified that there is indeed a broader distribution of 7KC tilt angles (Figure 5A) as compared to the cholesterol tilt distribution. We also showed that increasing 7KC content reduces the area/lipid (Figure 3—left) and lipid diffusivity (Figure 4C) to a small extent, both effects associated with membrane condensation and reduced interfacial rigidity, however, these effects caused by 7KC occur to a weaker extent than similar effects induced by cholesterol content increase. This finding is consistent with the observations of the Langmuir monolayer studies (43).

The overall effects of 7KC on membrane structure and dynamics are unexpected. In our study, we observed slight membrane condensation and reduced diffusivity, similar to cholesterol but weaker in extent, along with decreased lipid tail ordering, which is opposite to the increased ordering expected and observed for cholesterol. This perceived discrepancy can possibly be reconciled by the differences in orientation of these two sterol species within the membrane, thereby possibly affecting their interactions with surrounding lipid species. The larger 7KC tilt angles may cause surrounding lipid tails to become more disordered, while the smaller size of 7KC may induce effects on membrane condensation similar to cholesterol, but to a weaker extent. Indeed, in small simulated model bilayers containing 50:50 ratios of DPPC:6-ketocholesterol (6KC—a similar oxysterol to 7KC) vs. DPPC:cholesterol, differences in membrane modulation between the two systems were explained by the varying locations that the sterols occupied within the bilayer, with the 6KC ketone group moving up toward the polar water/lipid headgroup interface, while cholesterol remained in its expected membrane location (44). In that study, 7KC was predicted to exhibit similar behavior, which was later confirmed by Kulig et al. (38) in 128-molecule atomistic simulations of single-component POPC bilayers containing 10% sterol concentrations. All these previous studies, taken together, indicate that large concentrations of 7KC have a significant impact on membrane biophysical properties, however, the concentrations examined were much greater than the subtle physiologically relevant increases expected under hypercholesterolemic conditions. Our current study demonstrates that even subtle increases in 7KC or cholesterol levels in a multicomponent model bilayer can have distinct and significant effects on bilayer structure and dynamics and, consequently, membrane biophysical properties.

Using a novel cholesterol-sensitive sensor that discriminates between the inner and the outer leaflets of the membrane bilayer in live cells (10), we demonstrate that cholesterol distribution in the plasma membrane of HAECs is highly asymmetrical, with the outer leaflet having more than an order of magnitude higher cholesterol than the inner leaflet, as was previously shown by Liu et al. for different cell lines. This contrasts with the previous belief that cholesterol distribution between the leaflets is symmetrical, which was based on indirect evidence and energetic considerations. Indeed, Holthuis et al. showed that the distribution of lipids between membrane leaflets is a controlled process and is important for cell homeostasis (45). We also show that exposure to high levels of LDL results in small but significant increases in the level of cholesterol in both the outer and the inner leaflets, while maintaining the asymmetry, a feature that is proposed to play an important role in transmembrane signaling. This increase in membrane cholesterol is consistent with the results of our mass spectrometric analyses. We also observed a decrease in membrane cholesterol in cells exposed to oxLDL, which we did not observe using mass spectrometry. A major difference between the two methods is that the sensor is specific to the plasma membrane only, whereas mass spectrometry analyzes lipid extracts from all the cellular membranes.

We note that the measurements of cholesterol content using this novel bio-orthogonal sensor suggest that the total combined cholesterol content in both leaflets of the plasma membrane may be significantly lower than 40 mol%. As previously mentioned, the measurements from mass spectrometry are likely to be an overestimation since non-cholesterol and non-phospholipid membrane species are not considered. It is also possible that the biosensor underestimates the cholesterol content to some extent, for a variety of technical reasons, including partitioning of the sensor into the plasma membrane leaflets or cholesterol binding. We believe that the similarity of the trends in changes to cholesterol content between the two methods, showing significant, but very mild increases in cholesterol content in cells exposed to high levels of LDL, is most interesting. The obvious advantage of the mass spectrometry technique is that it provides information not only about cholesterol, but also oxysterols, for which there are currently no specific bio-orthogonal sensors. We chose to use cholesterol content values obtained from mass spectrometric analyses for our simulations because this method is frequently used to determine plasma membrane compositions in other studies (46–48). However, we also ran an additional set of simulations to determine if the same effects are observed at lower cholesterol concentrations, starting with a baseline of 30 mol% cholesterol and increasing it to 34 mol%, the same level of increase calculated from mass spectrometric analyses. We observed similar trends as those reported in this study in these additional simulations systems. For example, the measured area/lipid decreased from 47.9 ± 0.2 to 46.3 ± 0.2 Å2 for systems containing 30 and 34 mol% cholesterol, respectively. Further studies are needed to gain mechanistic insights into how pro-atherogenic lipoproteins alter the structure of the individual leaflets and dysregulate endothelial cell processes by altering the cholesterol distribution in endothelial membranes.
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The effect of high physical activity, performed as voluntary running wheel exercise, on inflammation and vascular adaptation may differ between normotensive and spontaneously hypertensive rats (SHRs). We investigated the effects of running wheel activity on leukocyte mobilization, neutrophil migration into the vascular wall (aorta), and transcriptional adaptation of the vascular wall and compared and combined the effects of high physical activity with that of pharmacological treatment (aldosterone antagonist spironolactone). At the start of the 6th week of life, before hypertension became established in SHRs, rats were provided with a running wheel over a period of 10-months'. To investigate to what extent training-induced changes may underlie a possible regression, controls were also generated by removal of the running wheel for the last 4 months. Aldosterone blockade was achieved upon oral administration of Spironolactone in the corresponding treatment groups for the last 4 months. The number of circulating blood cells was quantified by FACS analysis of peripheral blood. mRNA expression of selected proteins was quantified by RT-PCR. Histology and confocal laser microscopy were used to monitor cell migration. Although voluntary running wheel exercise reduced the number of circulating neutrophils in normotensive rats, it rather increased it in SHRs. Furthermore, running wheel activity in SHRs but not normotensive rats increased the number of natural killer (NK)-cells. Except of the increased expression of plasminogen activator inhibitor (PAI)-1 and reduction of von Willebrand factor (vWF), running wheel activity exerted a different transcriptional response in the vascular tissue of normotensive and hypertensive rats, i.e., lack of reduction of the pro-inflammatory IL-6 in vessels from hypertensive rats. Spironolactone reduced the number of neutrophils; however, in co-presence with high physical activity this effect was blunted. In conclusion, although high physical activity has beneficial effects in normotensive rats, this does not predict similar beneficial effects in the concomitant presence of hypertension and care has to be taken on interactions between pharmacological approaches and high physical activity in hypertensives.
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INTRODUCTION

A high level of physical activity is recommended to reduce the risk of hypertension and related diseases (1). This assumption is based at least in part on findings showing that hypertension is associated with sterile vascular inflammation and mobilization of pro-inflammatory leukocytes (2, 3). Exercise may attenuate some of these vascular stress factors (4). In most cases, hypertension is characterized as primary hypertension that means no organic causes can be found that are responsible for the development of high blood pressure. Nearly 90% of all hypertensive patients belong into this category. Among them, in ~60% genetic factors are the triggers and underlying causes of hypertension (5). Spontaneously hypertensive rats (SHRs) are a suitable animal model that mimics most of these characteristics (6, 7). The animals develop arterial hypertension during adulthood, behave normal, and healthy for a long time and finally develop end-organ damages (i.e., heart, kidney) at an advanced age. According to the current knowledge, the development of high blood pressure levels in SHRs is based on polygenic causes.

Exercise is considered as healthy and protective, however, the extent to which physical activity can be considered reliable preventive and therapeutic options for cardiovascular patients still cannot be answered with any certainty (8). Exercise activates the sympathetic nervous system (SNS), the angiotensin-aldosterone system (RAAS), and induces pro-inflammatory effects characterized by increased release of interleukin (IL)-6 and mobilization of leukocytes in rodents and humans (9–14). The induction of the SNS and RAAS is required to adapt the circulation to the increased energy demand during the time of exercise, whereas the induction of pro-inflammatory processes are required for post-exercise repair processes of skeletal muscles and the vasculature. Specific interest has been given to the release of plasminogen activator inhibitor (PAI)-1 during exercise (9, 15). The vascular expression of PAI-1 has been directly linked to the RAAS as it depends on angiotensin II via activation of angiotensin type 1 (AT1) receptors (16). Of note, plasma concentrations of angiotensin II raise in SHRs compared to normotensive rats during night and are responsible for PAI-1 expression (17). Consequently, PAI-1 plasma levels are higher in hypertensives (18). Furthermore, it could already be shown that aldosterone damages blood vessels via PAI-1 (19).

In the post-exercise phase, however, levels of sympathetic activation decrease as indicated by lower resting heart rate, as well as aldosterone levels (20); on the other hand anti-inflammatory and anti-oxidative effects occur to some extent (4, 21, 22). Therefore, exercise has the ability to further stress the vasculature during exercise and to protect it against the consequences of the persistent high blood pressure in resting periods. In addition to PAI-1, changes in the transcriptome of the vasculature are related to inflammation, nitric oxide metabolism, oxidative stress, extracellular matrix, and metabolism (23–25). These effects are at least in part mediated by the interaction of blood cells with vascular cells and thus includes adherence of blood cells to the vascular wall, migration of cells into the vascular wall, and release of cytokines from such cells. Exercise may further modify the biological activity of such cells.

In the current study we first characterized the impact of voluntary running wheel activity on circulating lymphocytes counts and the subsequent modification of molecular adaptation of the vascular wall in normotensive rats to define the effects of running wheel activity on these parameters. Next, we compared these effects to those obtained in SHRs to investigate whether potentially beneficial effects in normotensive rats remain active in SHRs. Finally, we compared the effects of running wheel activity in SHRs to those of aldosterone blockade and hypothesized that both treatments (high physical activity and aldosterone blockade) can be regarded as safe preventive and therapeutic modalities in the concomitant presence of hypertension. The aim of the study was to investigate whether co-morbidities like essential hypertension affect the response of rats to high physical activity. As inflammatory processes of the vascular wall are critical for the further progression of hypertensive desease we is inflammatory processes of the vascular wall are critical for the further progression of hypertensive desease we focused on mobilization of white blood cells and the impact on molecular adaptation in the vascular wall.



MATERIALS AND METHODS

The investigations are in agreement with the “Guide for the Care and Use of Laboratory Animals” purchased by the US National Institute of Health (NIH Publication No. 85-23, revised 1996). The study was approved by the local authorities (RP Gießen; V 54–19 c 20 15 h 01 GI 20/1 Nr. 76/2014 and GI 20/1 Nr.77/2014).


Animal Model

At the start of their 6th week of life female Wistar rats (Hsd:WI) or SHR (NHsd) were randomized selected and kept either under standard conventional housing conditions or received free access to a running wheel during the night for a period of 10 months. In two groups (sedentary and running) SHRs received spironolactone for the last 4 months (50 mg/kg/day via the feed), in another group the running wheels were removed over the last 4 months. Running distance, running time, kidney function and blood pressure values were reported earlier for most of the rats; (26, 27).



Study Design

This study consists of three experimental parts that were performed in line:

First part: Wistar Sedentary (n = 6) and Wistar Running (n = 6). These data are given in Figures 1–3.


[image: Figure 1]
FIGURE 1. Effect of 10 months voluntary running wheel activity (Run) on blood cell concentration in normotensive rats compared to sedentary controls (Sed). Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; unpaired T-Test.


Second part: SHR sedentary (n = 5), SHR running (n = 6). SHR ex running (n = 6). These data are given in Figures 4–6.

Third part: SHR sedentary (n = 5), SHR Spiro-Sedentary (n = 6), SHR Spiro-Run (n = 6). These data are given in Figures 7–9.

In the second and third part, one animal from the sedentary group were not considered for further analysis, due to excessive right ventricular hypertrophy.



Blood Sampling and FACS Analysis

Blood samples were collected 1 week before rats were sacrificed by punctuation of the tail vein. Approximately 500 μl of peripheral blood were collected in BD Microtainer Plastic Capillary Blood Cellectors with Dipotassium EDTA. Erythrocytes were lysed with 1 ml of RBC Lysis buffer solution (eBioscience, Cat.-No. 00-4333-57) for 5 min at 37°C. The lysis reaction was neutralized with 10 ml of saline. Peripheral blood leukocytes were collected by centrifugation at 500 g for 5 min. The resulting pellets were resuspended in 400 μl of cold flow cytometry staining buffer solution and processes for flow cytometry. Samples were incubated for 30 min on ice with TruStain fcX to block Fc receptors and subsequently incubated with a cocktail of fluorophore-labeled monoclonal antibodies for 1 h at 4°C protected from light. Following a wash with ice-cold saline, samples were finally resuspended in 400 μl of cold Flow Cytometry Staining Buffer Solution. Different antibodies were used to define the cell populations as indicated in Table 1. Data were acquired on an LSRII flow cytometer (BD Bioscience) and analyzed with FlowJo software, version 7.6.3.


Table 1. Number of circulating blood cells per μl in 10 months old female rats.
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Histology

To visualize leukocyte (CD206+ cells; M2 macrophages) adhesion to the endothelium or transmigration through the vessel wall sectioned tissue samples of the aortae were analyzed directly with laser scanning confocal microscopy. The focus on M2 macrophages was chosen because the greates difference between circulating white blood cells between normotensive and hypertensive rats was seen for non-classicakl monocytes. Aortae were removed and frozen in Tissue-Tek O.C.T. compound. Samples were then sectioned axially into 5-μm slices, fixed in 4% paraformaldehyde for 5 min, and washed 3 times in saline for 3 min. All sections were incubated with the primary antibody diluted in blocking solution overnight at 4°C. Sections were washed and reincubated with anti-Rat Cy3 secondary antibody for 1 h at room temperature followed by washing. Nuclei were stained with a dilution of 4′6′-diamidino-2-phenylindole, dihydrochloride, DAPI. Cover slips were mounted using a drop of Mowiol 4–88 mounting medium.



Real Time RT-PCR

Total RNA was isolated from aortic tissues using peqGOLD TriFast according to the manufacturer's protocol. To remove genomic DNA contamination, isolated RNA samples were treated with 1 U DNase/μg RNA for 15 min at 37°C. One microgram of RNA was used in a 10 μl reaction to synthesize cDNA using Superscript RNase H Reverse Transcriptase and oligo(dT) as primers. The CFX Connect Real Time PCR Detection System, supplied by Bio-Rad, was used to perform quantitative PCRs as described before (27). The sequences of the primers used in this study are indicated in Table 2. Quantification (ΔΔCT method) was analyzed as described before (28).


Table 2. Primers used for this study.

[image: Table 2]



Statistics

Data on cell numbers and mRNA expression are presented as box plots with whiskers, where the 25, 50, and 75 percentiles are given by boxes and that of the 5 and 95 percentiles are given by whiskers. P-values below 0.05 are indicated by *. P-Values were calculated by unpaired T-Tests (Figures 1, 3, Table 1) or ANOVA with Student-Newman-Keuls post-hoc analysis (Figures 4, 6, 7, 9). All data points and the median (in red) are given for histological quantification (Figures 2, 5, 8).


[image: Figure 2]
FIGURE 2. Histological cross sections from aortae of normotensive rats and the effect of 10 months voluntary running wheel activity. Top left: Overview of an aorta by light microscopy, confocal laser microscopy, and two different magnifications used to count the number of CD206+ cells (in red) normalized to the total cell number as calculated by DAPI-stained nuclei in blue, and lamina elastic (in green). Top right: Examples of intraluminal located CD206+ cells (white arrows) from sedentary rats and from rats after 10 months running wheel activity. Bottom: Quantification of different slices from n = 5 rats each group. Red rectangles indicate the median, blue rectangles individual data points.





RESULTS


Effect of Voluntary Running Wheel Exercise on the Number of Circulating Lymphocytes, the Adherence of Lymphocytes to the Vascular Wall, and Transcriptional Adaptation of the Vasculature in Normotensive Rats

The number of circulating natural killer cells (NK-cells), B cells, CD4+ and CD8+ T cells, neutrophils, and monocytes was analyzed in blood samples from normotensive rats shortly before the end of the trial. Ten months running wheel exercise had no effect on these counts with neutrophils being an exception. The amount of circulating neutrophils was ~40% lower in rats with running wheel activity compared to their sedentary counterparts (Figure 1). Although the amount of circulating monocytes did not vary between both groups the number of cells that migrate into the vessel wall as well as the number of cells that adhere to the vascular endothelium may differ. Therefore, the number of CD206+ cells was quantified in histological slices. However, there was again no difference at all (Figure 2).

In contrast to these moderate effects, running wheel activity influenced transcriptional expression in the vascular tissue. The mRNA expression of interleukin (IL)-6, proprotein convertase subtilisin/kexin type 9 (PCSK9), von Willebrand factor (vWF), and arginase-1 was reduced in vessels from animals with access to free-running wheels (p < 0.05 for IL-6 and PCSK9), in contrast, the expression of vascular endothelial growth factor (VEGF)-A and PAI-1 (p < 0.05) was induced (Figure 3). Overall, the down-regulation of IL-6 and PCSK9 may contribute to a reduced risk of inflammatory processes in the overall vasculature, whereas the reduction of vWF may reduce the risk of thrombosis and the reduction of arginase-1 may favor NO formation, while induction of VEGF-A may favor proliferation of endothelial cells as required for repair processes and PAI-1 may contribute to vascular wall stabilization. Overall, the observed transcriptional changes promote a healthy phenotype of the vasculature.


[image: Figure 3]
FIGURE 3. Effect of 10 months voluntary running wheel activity (Run) on mRNA expression of selected genes in normotensive rats compared to sedentary controls (Sed). Selection criteria are differences in median expression of more than 50% or p-values below 0.05. Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; unpaired T-Test.




Effect of Voluntary Running Wheel Activity on the Number of Circulating Lymphocytes, the Adherence of Lymphocytes to the Vascular Wall, and Transcriptional Adaptation of the Vasculature in Spontaneously Hypertensive Rats

Next we compared the number of circulating lymphocytes between sedentary normotensive rats and SHRs (Table 1). Compared to normotensive rats, SHRs have increased number of circulating leukocytes, mainly NK-cells (2.32-fold), neutrophils (1.97-fold), and non-classical monocytes (6.69-fold). In normotensive rats, running activity was sufficient to reduce the number of neutrophils. Therefore, running wheel activity should also normalize the high number of neutrophils in SHRs. However, in SHRs running wheel activity caused an even further increase in the number of circulating neutrophils as well as a strong rise in the number of NK-cells and CD8+ T cells, that was not observed in normotensive rats (Figure 4). The effect of running wheel activity was indeed responsible for these effects as cessation of running activity during the last 4 months completely normalized these increases (Figure 4). No differences between the number of CD206+ cells in the aorta wall or adherence to the aortic endothelium was observed between groups of SHRs (Figure 5).


[image: Figure 4]
FIGURE 4. Effect of 10 months voluntary running wheel activity (Run) on blood cell concentration in hypertensive rats compared to sedentary controls (Sed) and SHRs running for 6 months with subsequent 4 months cessation (Ex-Run). Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; One-Way ANOVA with subsequent Student-Newman-Keuls post-hoc analysis.



[image: Figure 5]
FIGURE 5. Histological cross sections from aortae of hypertensive rats and the effect of voluntary running wheel activity. Top: Representative slights from confocal laser microscopy used to count the number of CD206+ cells (in red) normalized to the total cell number as calculated by DAPI-stained nuclei in blue. Lamina elastica is seen in green. Bottom: Quantification of different slices from n = 5 rats each group. Red rectangles indicate the median, blue rectangles individual data points.


Voluntary running wheel activity reduced the mRNA expression of lysyl oxidase (LOX) in the aorta tissue of SHRs as well as that of monocyte chemotactic protein (MCP1), vWF, and Ncf-1, but increased that of PAI-1 (Figure 6). Among these changes, only the reduction of vWF and the induction of PAI-1 were similar to that observed in normotensive rats. Importantly, the effects of running wheel activity on mRNA expression of LOX, MCP1, and vWF but not of PAI-1 mRNA expression were all reversible as shown by the cessation of running activity. Of note, termination of the training program increased the expression of IL-6, matrix metalloproteinase (MMP)-12 and neutrophil cytosol factor (NCF)-1 (=p47 phox). In contrast to normotensive rats, running activity had no effect on the mRNA expression of VEGF-A and PCSK9 in SHRs.


[image: Figure 6]
FIGURE 6. Effect of 10 months voluntary running wheel activity (Run) on mRNA expression of selected proteins in hypertensive rats compared to sedentary controls (Sed) and SHRs running for 6 months with subsequent 4 rmonths cessation (Ex-Run). Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; One-Way ANOVA with subsequent Student-Newman-Keuls post-hoc analysis.




Effect of Aldosterone Inhibition on the Number of Circulating Lymphocytes, the Adherence of Lymphocytes to the Vascular Wall, and Transcriptional Adaptation of the Vasculature in Spontaneously Hypertensive Rats and Its Interference With Running Wheel Activity

As already shown, SHRs have higher levels of NK-cells, neutrophils, and monocytes. Among them, aldosterone blockade by spironolactone was sufficient to reduce the number of NK-cells and at least in part also that of neutrophils but did not modify the number of monocytes (Figure 7). However, combined with voluntary running wheel exercise, spironolactone was ineffective to reduce the amount of NK-cells and neutrophils (Figure 7). Spironolactone treatment strongly reduced the number of CD206+ cells that was found in the aortae of these rats (Figure 8). The combination of high physical activity and spironolactone reduced specifically the number of CD206+ cells at the luminal side.


[image: Figure 7]
FIGURE 7. Effect of spironolactone (Spiro) given for the last 4 months and of voluntary running wheel activity (Run) on blood cell concentration in hypertensive rats compared to sedentary controls (Sed). Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; One-Way ANOVA with subsequent Student-Newman-Keuls post-hoc analysis.



[image: Figure 8]
FIGURE 8. Histological cross sections from aortae of hypertensive rats treated with spironolactone (see Figure 7). Top: Representative slights from confocal laser microscopy used to count the number of CD206+ cells (in red) normalized to the total cell number as calculated by DAPI-stained nuclei in blue. Lamina elastica is seen in green. Bottom: Quantification of different slices from n = 5 rats each group. Red rectangles indicate the median, blue rectangles individual data points.


Spironolactone treatment increased the expression of VEGF-A and VE-cadherin, an effect that was not seen when the administration of spironolactone was combined with running activity. Spironolactone treatment reduced the expression of arginase-1 and vWF but did not modify PAI-1. In the combination of spironolactone and running wheel activity the anti-inflammatory and pro-fibrotic cytokine TGF-β1 was induced (Figure 9).


[image: Figure 9]
FIGURE 9. Effect of 10 months voluntary running wheel activity (Run) and spironolactone (Spiro) on mRNA expression of selected proteins in hypertensive rats compared to sedentary controls (Sed). Box plots represent 25, 50, and 75 percentiles with 5 and 95 percentiles given as whiskers. *p < 0.05; One-Way ANOVA with subsequent Student-Newman-Keuls post-hoc analysis.





DISCUSSION

Our study was aimed to investigate whether protective effects of high physical activity seen in normotensives can be translated into similar effects in the presence of essential hypertension, as a co-morbidity. In normotensiove rats we found a couple of strong effects of exercise on white blood cell number (decrease in neutrophile cell counts), low monocyte adherence at the vascular wall, and in the vascular wall reduced expression of IL-6, PCSK9, vWF, and arginase 1 and increased expression of PAI-1 and VEGF-A. In most cases, these adaptations to high physical activity can be considered as protective and similar adaptation in hypertensive rats should be considered as important for the progression of the disease. This was however not the case. In hypertensive rats we did not only found little evidence for similar adaptations but additive stress by high physical activity. In contrast to high physical activity, pharmacological treatment with spironolactobe was sufficient to reverse some of the mal-adaptaive effects in SHRs that were analyzed here. Examples are give by NK-cells counts, cell adheasion, and VEGF-A. However, with the exception of cell adhesion this was lost when spironolactobne was combined with high physical activity. Therefore, this study suggests that hypertension-dependend mechanisms overrun the protective effects of high physical activity in rats and that these mechanisms in SHRs are aldosterone independent. Figure 10 compares the effects of high physical activity found in normotensive rats to those found in SHRs with either high physical activity, spironolactobe, or a combination of both.


[image: Figure 10]
FIGURE 10. Summary and comparison of the effects of life-long high physical activity in normotensive rats (Wistar) to those seen on these parameters in sponatenously hypertensive rats (SHR). High physical activity decreases the number of circulatin neutrophils (first raw), decreases the mRNA expression of IL-6, PCSK9, vWF, and arginase-1 (second raw), and increases the mRNA expression of PAI-1 and VEGF-A (third raw). Red points in the SHR columns stand for lack of similar effect, gray points for similar effects but of minor strength (p > 0.05), and green points indicate similar responses.


A participation of inflammatory processes affecting the vasculature in the context of hypertension is well-established and inflammatory blood cells contribute to this process. In this study we confirmed this hypothesis by comparison of the number of circulating white blood cells between normotensive and spontaneously hypertensive rats. The numbers of several leukocytes that are related to inflammation were significantly increased in SHRs. Among them, we found increased counts for NK-cells, neutrophils, and monocytes, mainly non-classical monocytes, but also a reduced counts for CD8+ of T cells. Constitutive high physical activity is expected to exert anti-inflammatory effects. We found indeed that high physical activity decreased the number of circulating neutrophils in normotensive rats. Acute bursts of exercise normally increase the mobilization of neutrophils although decreasing their activity. However, in the long-term adaptation to high physical activity normotensive female rats had lower neutrophil counts than sedentary female rats. Similarily, in several long-term studies reduced neutrophil counts were described due to exercise in overweight women as well as in untrained men (29–32). However, in SHRs a similar effect of high physical activity was absent. On the very contrary, the number of neutrophils and in addition that of NK cells further increased whereas the number of CD8+ T cells was normalized. All these effects are directly dependent on high physical activity as they were reversed when the running wheel was removed after 6 months of training. It can therefore be concluded that the effect of high physical activity in normotensive rats does not predict the outcome in SHRs. Moreover, as white blood cells are directly associated with blood pressure, suggesting a causative relationship, high physical activity does not protect against blood cell-vasculature interaction (3).

Based on the PCR analysis performed in this study on aortic tissue, running wheel activity triggers several favorable effects in the vasculature such as reduction of the expression of the pro-inflammatory cytokine IL-6, of the pro-thrombotic vWF, and of the NOS competitor arginase-1. Similarly, higher physical activity is associated with lower plasma levels of IL-6, vWF, and arginase 1 in men (33–35). Furthermore, running wheel activity reduced the vascular expression of PCSK9 often associated with oxidative stress (36). In contrast, the vascular expression of PAI-1 and VEGF-A was increased. The effect of exercise on PAI-1 has repeatedly been analyzed leading to divergent results. Exercise decreased PAI-1 expression (18, 37), does not affect PAI-1 expression (38), or increases PAI-1 expression (9, 15). Vascular effects of PAI-1 depend on the activation of components of the RAAS (16, 17, 19). Consistent with these findings, running-induced PAI-1 expression was lowest in the co-presence of spironolactone in our study. An exercise-dependent upregulation of VEGF-A is consistent with many other studies and has been conformed in various tissues (39). In SHRs the effects on the transcriptional adaptation were much more complex compared to normotensive rats. Similar to normotensive rats, vWF was down-regulated and PAI-1 was induced in SHRs performing high physical activity. Moreover, in the SHRs, aortic expression of LOX-1, and MCP-1 was reduced. While the expression of LOX-1 is required for maturation of collagen fibers and thus stabilization of the vascular wall, MCP-1 is a pro-inflammatory cytokine. Interestingly, most of the changes were reversed when the running activity was ceased, except that of PAI-1. In this context, MCP-1 is required for accumulation and migration of monocytes/macrophages and we found in our SHRs indeed an inverse relationship between MCP-1 expression and macrophages at the abluminal side of the aorta (40).

In SHRs we also analyzed whether the running-induced adaptations are reversible. Cessation of high physical activity after 6 months indicated a direct correlation between activity and alterations in NK cells, CD8+ cells, and neutrophils in SHRs. A similar trend was found for the number of CD206+ cells at the abluminal side of the aorta. On the mRNA level, downregulation of LOX-1, MCP-1, vWF, and NCF-1 were also reversible. In contrast, the activity-dependent expression of PAI-1 was not reversed. Furthermore, cessation worsens the expression of IL6 and NCF-1. This may indicate that these adaptations are linked to high physical activity in the early adulthood and adapations to this life-style rather than direct effects of high physical activity.

In contrast to running wheel activity the number of circulating NK-cells and at least in part that of neutrophils was reduced in SHRs receiving spironolactone suggesting that mobilization of NK-cells is at least in part aldosterone-dependent. However, in spironolactone treated SHRs performing running wheel activity these changes were absent. The data suggest that the exercise-dependent effect on NK-cells is aldosterone independent. Furthermore, spironolactone increased the expression of VEGF-A and VE-cadherin but again not in combination with running wheel activity. This suggests that aldosterone suppresses the expression of VEGF-A and VE-cadherin but the effect of exercise on these parameters is again aldosterone independent. Collectively, the data do not support any evidence for a meaningful combination of aldosterone blockade and high physical activity to protect the vasculature against hypertension-dependent stress.

The number of monocytes did not significantly change by either running wheel activity or spironolactone and subsequently the number of CD206+ monocytes adherent at the aortic endothelium or invagination into the vascular wall did not show strong differences, with the exception of a similar trend for a reduced number of cells at the abluminal sites after running activity or spironolactone treatment. These data suggest that spironolactone has minimal effects on white-blood cell-dependent inflammatory processes seen in SHRs.

Our study is limited in the way that we can not directly conclude from each of the individual adaptation to hypertension and high physical activity to the physiological consequence. However, in total this study shows that lack of translation from promising protective effects from rats to patients may be related to co-morbidities rather than to species differences. As mentioned in the discussion, many of the observed changes were found similar in humans in response to exercise.

In summary the current study reveals that protective effects of high physical activity on white blood cell counts and vascular adaptation in normotensive rats cannot simply be transferred into the complex interaction between circulating leukocytes and the vasculature in hypertensive rats. Furthermore, the data show that some of the most characteristic effects of spironolactone seen in sedentary rats, are reversed when combined with high physical activity in SHRs. Based on our study we conclude that the majority of adaptive processes specifcally seen in SHRs are independent from aldosterone effects and even overrun the protection seen with inhibition of aldosterone effects.
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Despite great progress in the management of atherosclerosis (AS), its subsequent cardiovascular disease (CVD) remains the leading cause of morbidity and mortality. This is probably due to insufficient risk detection using routine lipid testing; thus, there is a need for more effective approaches relying on new biomarkers. Quantitative nuclear magnetic resonance (qNMR) metabolomics is able to phenotype holistic metabolic changes, with a unique advantage in regard to quantifying lipid-protein complexes. The rapidly increasing literature has indicated that qNMR-based lipoprotein particle number, particle size, lipid components, and some molecular metabolites can provide deeper insight into atherogenic diseases and could serve as novel promising determinants. Therefore, this article aims to offer an updated review of the qNMR biomarkers of AS and CVD found in epidemiological studies, with a special emphasis on lipoprotein-related parameters. As more researches are performed, we can envision more qNMR metabolite biomarkers being successfully translated into daily clinical practice to enhance the prevention, detection and intervention of atherosclerotic diseases.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality around the world (1). Of the 55.95 million global deaths in 2017, 17.79 million (31.8%) were due to CVD (2). Atherosclerosis (AS), as the underlying pathogenesis, starts early in life and takes decades to develop into serious vascular occlusion, thus, effective detection and well-understanding of the diseases would be valuable for primary prevention (3).

Although definite mechanisms of atherogenic process continue to be intensively investigated, lipids or lipoproteins are known to play pivotal roles (4). Circulating low-density lipoprotein (LDL) and other ApoB-containing lipoproteins constitute a key driver of plaque formation through their interaction with monocyte-derived macrophages in the arterial intima. Due to the accumulation of retained lipoproteins, macrophage cells and extracellular matrix, the vascular lesions gradually enlarge and progress into more complex arterial plaques (5). Since dyslipidemia is a recognized risk factor for atherosclerosis, routine evaluation of lipoprotein level offers a valid contribution to stratify atherosclerotic risk (6). However, the standard lipid panel is not always sensitive and specific enough for the identification of patients at risk.

Low-density lipoprotein cholesterol (LDL-C) is a well-established risk factor and the primary intervention target (7–9). However, individuals who develop atherosclerotic diseases may have “optimal” LDL-C levels (10, 11), especially subjects with insulin resistance (12, 13). Additionally, patients who receive cholesterol-lowering treatment and reach satisfactory LDL-C targets still develop CVD (14). This is partly due to other nonlipid risk factors, such as hypertension, cigarette smoking, inactivity, obesity, and type 2 diabetes (T2DM). However, it is likely that other lipid or lipoprotein factors also play a part in the atherogenic process.

Many large epidemiological studies have supported that triglycerides (TGs) correlate with CVD risk (15–17), although the association is sometimes attenuated with adjustment for other traditional risk factors (18). However, increasing evidence now has highlighted the importance of triglyceride-rich lipoproteins (TRLs) and their remnants, both in fasting and nonfasting periods (19–22). Populations with mild-to-moderately elevated nonfasting TG levels have increased risks for ischemic stroke, myocardial infarction, ischemic heart disease, and all-cause mortality (23–25). Mendelian randomization studies also demonstrate that TRLs are causally associated with CVD and all-cause mortality (26). Thus, new insights strongly suggest that TRLs are independent CVD factors; however, the discrepancies in atherogenicity among their subclasses and lipid content are still an area of continuing investigation.

Additionally, there exists a widely held view that high-density lipoprotein cholesterol (HDL-C) levels causally relate to AS. Nevertheless, the EPOCH-JAPAN (Evidence for Cardiovascular Prevention from Observational Cohorts in Japan) study (27) and CANHEART (Cardiovascular Health in Ambulatory Care Research Team) study (28) both presented a U-shaped relationship between HDL-C and CVD mortality. In addition, elevated HDL-C from cholesterol ester transfer protein (CETP) inhibitors failed to lower CVD risk (29, 30), and gene variants altering HDL-C levels in Mendelian randomization studies were not necessarily associated with CVD (31). Instead, it has been proposed that indexes of HDL structure and function may better mediate the atheroprotective effects of HDL (32).

Hence, the standard metrics in routine lipid testing are only part of lipoprotein factors, which cannot account for all CVD risks. Lipoprotein is known to be a lipid-protein conglomerate possessing complex structure, composition and function (33). Chylomicron containing ApoB-48 is secreted from the intestine, whereas very low density lipoproteins (VLDL) containing ApoB-100 is synthesized in hepatocytes and then enters the systemic circulation. TGs in VLDL are hydrolyzed by lipoprotein lipase (LPL), resulting in small, cholesterol-enriched VLDL remnants and IDL (34). IDL particles can be further converted into LDL by hepatic lipase (HL), and both of them can be removed by the interaction of apolipoproteins with hepatic LDL receptor (LDLR) (35). The HDL metabolism begins with secretion of small discoidal protein-phospholipid complex mainly from liver. The nascent HDL removes cholesterol from peripheral tissues, and increasingly matures into a larger spherical HDL particle. In summary, the metabolic processes of lipoproteins are very complex, which involve dynamic changes of cholesterol, triglyceride, phospholipid and apolipoprotein in various lipoprotein subclasses (36). More detailed lipoprotein profiles based on advanced detection methods are necessary to identify new biomarkers of AS and its clinical manifestations (37–39).

Metabolomics is able to measure the global metabolic status in cells, tissues or biological fluids (40). Being downstream of biometabolic processes, the metabolome can filter out nonfunctional effects and greatly amplify small functional changes at the genetic or protein expression levels (41). Quantitative nuclear magnetic resonance (qNMR) metabolomics enables rapid, nondestructive, reproducible and high-throughput quantifications of lipoproteins, lipids and molecular metabolites with uncomplicated sample preparations (42). Since mass spectrometry (MS) cannot analyze protein-lipid complexes, qNMR metabolomics occupies a very important position in lipoprotein testing. It has also been demonstrated that qNMR lipoprotein detection is unaffected by frozen storage and multiple freeze-thaw cycles (43). Because of these advantages, qNMR metabolomics paves the way for large population-based studies and, therefore, provides a distinct perspective on atherosclerotic diseases (44, 45).

Over the past two decades, accumulating evidence has suggested that qNMR metabolomics can serve as a promising strategy to discover new biomarkers in atherosclerotic diseases (46, 47). The qNMR-based lipoproteins with differing sizes and densities have diverse vascular effects (48, 49). The profiling of metabolic status holds promise of unraveling the pathological mechanisms underlying atherosclerosis. In addition, qNMR metabolomics may better reflect atherogenesis than traditional lipid testing (48, 50, 51). The quantification of circulating metabolites identifies changes prior to the onset of overt disease, and hereby contributes to earlier and more accurate cardiovascular risk assessment.

Despite such a large number of studies in this field, no literature has systematically reviewed the qNMR-based metabolite biomarkers in detail. In this review, we intend to (1) describe the detection and analytical principle of qNMR metabolomics; (2) summarize the epidemiological findings that seek novel biomarkers for AS and CVD using qNMR metabolomics, focusing on lipoprotein and lipid; (3) discuss the significance of identifying qNMR biomarkers; (4) illustrate the current challenges and future directions in this field.



QUANTITATIVE NMR-BASED METABOLOMICS

In 1983, Nicholson et al. (52, 53) pioneered the application of NMR spectroscopy to study multicomponent metabolic composition. NMR-based metabolomics identifies metabolites subjected to a magnetic field by characteristic chemical shifts in resonance frequency. Quantitative NMR metabolomics, also known as metabolite profiling, offers transparent biological information about metabolite identification and absolute quantitation (54). The most versatile and widely used method is 1H qNMR. Each molecule with hydrogen atoms gives a characteristic signal with a shape that is quantum mechanically distinctive, and the area is proportional to the concentration of the molecule (55, 56). Using standard equipment, qNMR can resolve the concentrations of target molecules down to the micromolar range. By enhancing or attenuating different signals with multiple pulse programs, qNMR is able to optimize large or small molecules (57). Individual molecular signals may overlap, but current linefitting methods relying on molecule-specific model lineshapes and regression modeling can robustly handle part of the overlapping information (58, 59).

It is also widely known that qNMR is suitable for detecting and quantifying lipoproteins because the chemical shifts fundamentally reflect the physical structure of the particle (60, 61). Lipoproteins give rise to a series of broad peaks in spectral regions that are superimposed on the very broad envelope from proteins such as albumin and the sharp peaks of small-molecule metabolites (62). Among them, the shapes of two peaks, i.e., the terminal CH3 group peak and the long-chain (CH2)n peak of the fatty acyl groups, can reflect the differences derived from lipid chemical heterogeneity and lipoprotein particle size (63). According to the size of the particle, the lipid methyl and methylene moieties in lipoproteins resonate at different frequencies, with smaller particles resonating at lower frequencies. Therefore, the concentrations of lipoproteins can be quantitated when decomposing the methyl and methylene signals of the core lipids into individual signals or using statistical methods to estimate the entire envelope (64).

To further determine lipoprotein parameters, research teams have developed various fitting models to cover different lipoprotein subfractions categorized by size or density. The research team led by Otvos first developed lipoprotein quantification in 1991 (65); they detected the particle numbers and sizes of large, medium, and small subclasses of VLDL, LDL, and HDL separately. The group then created a simplified LipoProfile® panel, which has been commercially available from LipoScience Inc. (Raleigh, North Carolina) since 1997 (66). The Finnish research team led by Ala-Korpela determined the particle numbers and sizes of 14 lipoproteins (CM, 5 VLDL, 1 IDL, 3 LDL, and 4 HDL) (67). A Spanish research team developed a Liposcale panel, which was reported to be more accurate than the LipoProfile (68). The spectrometer manufacturer company Bruker BioSpin also offers lipoprotein analysis. The latest method is capable of quantifying over 100 parameters, including 16 lipoprotein subclasses (5 VLDL, 1 IDL, 6 LDL, and 4 HDL) and their compositional components (total cholesterol, free cholesterol, triglyceride, phospholipid, apolipoprotein etc.) (62). It also reports 41 low-molecular-weight metabolites in units of mole, mildly extending the metabolic profiles.



BIOMARKERS FOR ATHEROSCLEROTIC DISEASES USING QNMR METABOLOMICS

Herein, drawing on discoveries in population-based studies, we describe the qNMR biomarkers from a perspective of three main categories of lipoproteins (i.e., LDL, VLDL, and HDL), along with some molecular metabolites. We provide a tabular overview of qNMR-based potential lipoprotein biomarkers (Table 1). We also summarize the epidemiological studies of biomarker discovery in subclinical atherosclerosis (Supplementary Table 1) and cardiovascular disease (Supplementary Table 2) using qNMR metabolomics in recent 5 years.


Table 1. Lipoprotein biomarkers of atherosclerotic diseases identified in epidemiological studies using quantitative NMR metabolomics.
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LDL Particle Number, Subclasses, Particle Size, and Lipid Components

The LDL-C in standard lipid panel is calculated from the Friedewald equation which is easily influenced by hypertriglyceridemia (69), but qNMR provides quantitative data directly. In addition, the LDL-C only refers to cholesterol in LDL, while qNMR detects various LDL-related measures such as particle number, subclasses, particle size, and lipid components.

There has been agreement that LDL particle number (LDL-P) is strongly related to atherosclerotic diseases. In 2,888 individuals from the EPIC (European Prospective Investigation into Cancer and Nutrition)-Norfolk study, LDL-P correlated with coronary artery disease (CAD), even after adjusting for the Framingham risk score and LDL-C (70). Toth et al. (71) showed that patients undergoing LDL-P measurement were more likely to receive intensive lipid-lowering therapy and had lower CVD risk than those in the LDL-C cohort. In fact, LDL-C and LDL-P may be discordant in some cases, exerting an additional risk (72–74). In the MESA (Multi-Ethnic Study of Atherosclerosis) study, Otvos et al. (72) identified 5,598 participants with discordant LDL-P and LDL-C. The carotid intima-media thickness (cIMT) was highest in subjects with raised LDL-P but normal LDL-C. Among 27,533 initially healthy women that were followed up for 17.2 years in another study (74), a similar result was observed, namely, coronary risk was underestimated for women with such discordance. Therefore, as described in the National Lipid Association (NLA) consensus statement (75), LDL-P is a “reasonable measure” in the estimation and management of CVD risk and may be a potential intervention target.

In regard to LDL subclasses, it is well-established that small dense LDLs (sdLDLs) are more atherogenic (76–79). In fact, the necessity of monitoring the sdLDL concentration has been stressed by many guidelines, such as the 2016 Chinese guidelines (80) and 2019 ESC/EAS guidelines (81). However, some researchers regard the large LDL subclass to be as important as sdLDL. Mora et al. (82) found that failure to adjust the strong inverse association between sdLDL and large LDL might conceal the atherogenic effect of large LDL. Likewise, Otvos et al. (83) demonstrated that both LDL subclasses were significantly related to coronary events once their correlation was taken into account. Moreover, it is worth noting that LDL particle size (LDL-S) in nanometers (nm) reflects similar but weaker information compared to the LDL subclass distribution. Specifically, although LDL-S was shown to be negatively associated with atherosclerotic diseases in some studies (84, 85), the relationship was not sustained in other studies or lost its statistical significance when adjusting for other lipid parameters (82, 86).

With regard to lipid components in LDL, most of the current studies targeting triglycerides in LDL (LDL-TG) use other methods, such as the enzyme-linked immunosorbent assay (ELISA) kits and automated homogeneous methods (87, 88). For example, Saeed et al. (89) examined plasma LDL-TG levels with automated homogeneity and discovered that LDL-TG independently correlated with the incidence of CVD events. In 4,381 patients with established CAD, high LDL-TG was associated with worse cardiovascular outcomes, suggesting its utility among secondary prevention populations (90). Likewise, Tzoulaki et al. (91) assessed metabolic profiling among 3,867 MESA participants based on qNMR metabolomics. The results indicated that TGs in total and large (density 1.019–1.031 kg/L) LDL were related to cIMT and CVD events (P < 0.005) when adjusting for other risk factors. Nevertheless, Albers et al. (92) failed to prove the correlation between LDL-TG and CVD events in the AIM-HIGH (Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides and Impact on Global Health Outcomes) trial. Thus, more studies using qNMR to precisely quantify LDL-TG levels are needed to explore its atherogenicity.

Although the mechanisms underlying the atherosclerotic process that are secondary to dyslipidemia remain largely unclear, the adverse effects of LDL have been partially identified. Circulating LDLs penetrate endothelial cells and enter the intimal space, especially in the context of hypercholesterolemia (93, 94). After being exposed to oxidative injury by free radical species, modified LDL can then be engulfed by monocyte-derived macrophages through receptor-mediated endocytosis and phagocytosis (95, 96). Macrophages subsequently turn into foam cells engorged with large amounts of cholesteryl esters, which give rise to the initiation of vascular lesions and the formation of fatty streaks (97). Regarding lipid components in LDL, it is interesting to note that TG can be catabolized by macrophages, which is different from cholesterol (98). LDL-TG may not directly lead to plaque formation, but may still potentiate atherogenesis. Elevated LDL-TG correlated with inflammatory markers such as C-reactive protein, white blood cell count, amyloid-A, fibrinogen, and interleukin-6 (89, 99) and was negatively associated with adiponectin levels, which have anti-inflammatory and cardioprotective effects (100). Therefore, chronic low-grade inflammation may be the link between LDL-TG and atherosclerosis, and more possible mechanisms remain under active investigation.



VLDL Subclasses, and Lipid Components in VLDL and IDL

Increasing attentions have been focused on TG-rich lipoproteins, which consist of VLDL, IDL in the fasting state, and plus chylomicron (CM) in the postprandial state (101–103). Since CM particles may generate NMR spectral interference, qNMR detections usually avoid nonfasting serum or plasma, we thereby discuss the fasting TRLs, namely, VLDL and IDL in this part.

The first thing to mention is the concentrations of VLDL subclasses. Early in 1998, Freedman et al. (104) found that large (diameter 60–100 nm) VLDL was positively associated with CAD independent of age and standard lipid measurements. Four years later, Mackey et al. (105) reported that the level of large (diameter 60–200 nm) VLDL was associated with higher coronary calcification (CAC) after multivariable adjustments. However, studies performed in the JUPITER (Justification for the Use of Statins in Prevention) trial seemed to endorse the smaller VLDL subclasses. In 11,984 participants with a baseline LDL-C lower than 3.36 mmol/l (130 mg/dl), each standard deviation (SD) increase in the concentration of small (diameter 29–42 nm) VLDLs resulted in a 68% increase in residual CVD risk (106). However, statin-induced changes in large (diameter > 60 nm) or medium (diameter 42–60 nm) VLDL particles caused no risk reduction (107). In addition to the two opposite views, some studies considered all VLDL subclasses to have adverse effects. Mora et al. (108) found that total VLDL and its subclasses, as well as IDL, all independently predicted the incidence of CVD events in 27,673 women that were followed up for over 11 years. In 4,662 individuals from the CKB (China Kadoorie Biobank) cohort, the adjusted odds ratio (OR) for myocardial infarction ranged from 1.18 (1.07–1.29) for extremely large VLDL to 1.30 (1.19–1.44) for small VLDL, including IDL in the interval (109).

The second point that needs to be discussed is lipid components in VLDL and IDL. In recent years, cholesterol in TRL remnants (RLP-C), mainly small VLDL-C, has been proven to play a crucial role in residual CVD risk. Lawler et al. (107) observed a dose-dependent relationship between a decrease in VLDL-C and the residual risk reduction. In addition to VLDL-C, VLDL-TG is also an index of great concern but is under debate. In 25,480 Copenhagen subjects, Balling et al. (110) discovered that VLDL-TG did not account for MI risk, whereas VLDL-C explained 50% of the risk among ApoB-containing lipoproteins. However, for the same CVD endpoint, Holmes et al. (109) found that TG in all VLDL subclasses (diameter from 31.3 to >75 nm) had strong positive correlations with MI. Similarly, Tzoulaki et al. (91) demonstrated that nearly all VLDL-TG correlated with cIMT and TG in total and that the largest VLDL was related to CVD after multivariable adjustments (P < 0.005). Hence, VLDL-TG is very likely to take part in the atherogenic process and should be considered seriously in future studies.

Despite belonging to ApoB-containing lipoproteins, large VLDL, owing to the size limitation of transcytotic vesicles, cannot traverse the endothelium and exert atherogenic effects like LDL (111). However, some studies considered elevated large VLDL might reflect postprandial dyslipidemia, which is characterized by delayed chylomicron clearance and prolonged atherogenic lipoprotein retention (105). In addition, basic studies suggested that small RLP particles, which contain 5–20 times more cholesterol than LDL, had a greater affinity for subendothelial components. The TRL remnants could be taken up by macrophages directly without modification, thus promoting rapid cholesterol accumulation in lesional macrophages (22, 112). TRL remnants are also proposed to exacerbate the atherosclerotic process by inducing the secretion of TNF-α and IL-1β (113), activating the coagulation cascade (114), impairing endothelium-dependent vasodilation (115), and increasing oxidative stress (116). Except for its own pathogenicity, elevated VLDL under insulin resistance can also initiate lipoprotein destabilization (117). Specifically, excess VLDL particles undergo deficient TG lipolysis and poor hepatic uptake, which results in increased RLP particles. Afterwards, VLDL particles and remnants promote TG transfer to LDL and HDL by CETP. The latter two particles consequently become TG-enriched and can be further hydrolyzed into more atherogenic sdLDL and small TG-depleted, TC-depleted HDL (118). The whole pathological disturbances alter the lipoprotein profile towards an atherogenic form. In summary, TRL subclasses and their lipid composition promote endothelial dysfunction, but further research is still needed to identify the underlying mechanisms.



HDL Particle Number, Subclasses, Particle Size, and Compositional Components

Since HDL is not simply a carrier of cholesterol but a complex particle with physiological heterogeneity, the structural, and compositional parameters measured by qNMR such as particle number, particle size, subclasses, and compositional components tend to better reflect the cardioprotective effects of HDL.

In the MESA cohort, HDL particle number (HDL-P) was protective against cIMT and CHD after adjusting for HDL-C, LDL-C, LDL-P, TG, and other confounders (119). In the Dallas Heart Study, when HDL-C was no longer related to CVD in multivariable analyses, HDL-P maintained a strong correlation (120). With no interaction with black race, HDL-P had consistency across diverse ethnicities (121). Moreover, among four HDL-related biomarkers in the JUPITER trial, HDL-P was consistently the strongest predictor of CVD at baseline or on statins (122). These studies all support that HDL-P might be a promising protective biomarker in atherosclerotic diseases.

The HDL subclass that best reflects the antiatherogenic features of HDL has been laden with controversy. Some studies describe large HDL as an effective form. A nested case-control study in the CKB cohort discovered that all HDL subclasses, except for small (diameter < 8.7 nm) HDL, were negatively associated with MI (109). In the Chicago Healthy Aging Study, large (diameter 8.8–13 nm) and medium (diameter 8.2–8.8 nm) HDL particle levels positively correlated with HDL cholesterol efflux capacity (CEC), which characterizes the key function of effluxing cellular cholesterol (123). Nevertheless, conflicting results have been reported. Ditah et al. (124) suggested that medium (diameter 8.2–9.4 nm) and small (diameter 7.2–8.2 nm) HDL were associated with CAC even after adjusting for HDL-C, while large (diameter 9.4–14 nm) HDL fell short of statistical significance. Silbernagel et al. (125) presented an inverse correlation of small (diameter 7.0–8.5 nm) HDL with CVD mortality, which could further improve the performance of the prediction model. Kim et al. (126) found that small and medium HDL-P was strongly associated with cardioprotective paraoxonase 1 (PON1) activity and that PON1 is a glycoprotein enzyme that prevents oxidation of LDL. These studies fuel the speculation that small HDL subclasses act as more accurate risk indicators.

HDL particle size (HDL-S) is usually inversely correlated with AS, but the negative relationship might be attenuated or abolished by other factors. In the Women's Health Study, the adjusted hazard ratio (HR) for HDL-S was 0.65 (0.51–0.81) (108). However, in the EPIC study, the association between HDL-S and CAD was diminished after adjusting for ApoB and TG levels (127). In the JUPITER trial, HDL-S underwent slight drug-induced changes and showed no association with CVD in fully adjusted models (128). As a result, in the long run, HDL-S seems to be a weaker predictor than the HDL subclass distribution.

In addition to HDL quantity, HDL quality has aroused growing attention. HDL functions are closely related to its compositional components. ApoA1 is the major protein on HDL that ensures structural stability and stimulates cholesterol efflux from cells to HDL (32). In the post-hoc analysis of the IDEAL (Incremental Decrease in End Points through Aggressive Lipid Lowering) trial and EPIC-Norfolk study, when HDL-C lost its inverse relationship with major coronary events after serial adjustments, ApoA1 exhibited a stable negative association in most models (129). Moreover, it also suggested that high levels of very large HDL particles not accompanied by high levels of ApoA1 were associated with increased but not decreased CVD risk (129). Therefore, ApoA1 should be taken into account more in risk assessment. Regarding lipid components in HDL, most cohort studies indicated that the cholesterol in small HDL subclasses primarily drove the inverse association with CVD events (130, 131). However, there is also a study that supports the idea that the cholesterol in large HDL inversely correlates with MI (109). Furthermore, despite the protective properties of HDL on the whole, HDL-TG has been reported to be positively correlated with arteriosclerotic diseases in many populations, such as the CKB cohort (109), MESA cohort (91) and T2DM or MS patients (132). Thus, it may be a potential pathogenic biomarker of CVD risk.

HDL particles demonstrate multiple antiatherogenic biological functions. The most widely known is reverse cholesterol transport (RCT) (133). Small HDL particles remove cholesterol from the arterial wall, primarily from the lipid-overloaded macrophages, and gradually expand into larger spherical HDL. These large HDL particles transfer their cholesterol esters to hepatocytes by scavenger receptor-B1 (SR-B1) or to ApoB-containing lipoproteins using CETP, regenerating a smaller HDL that repeats the process. Additional atheroprotective properties of HDL, particularly the small and medium HDL subclasses, include angiectatic, anti-inflammatory, antioxidant, and antiapoptotic actions. Specifically, HDL can stimulate the production of nitric oxide (NO) and prostacyclin to exert vasodilatory effects (134). HDL also suppresses the chronic inflammatory response by decreasing the generation of adhesion molecules, platelet-activating factor and Von Willebrand factor (135). By reducing the production of reactive oxygen species and contrasting the oxidation of LDL through paraoxonase or platelet activating factor acetyl hydrolase (136, 137), HDL is able to decrease intracellular oxidative stress. Furthermore, HDL particles exert cytoprotective actions, protecting both macrophages and endothelial cells from apoptosis (138). Taken together, small HDL particles seem to mainly represent the protective capacity of HDL, but more evidence from experimental studies in vitro and in vivo is needed.



qNMR-Based Molecular Metabolites

The risk assessments of atherosclerotic diseases are traditionally based on lipoproteins and lipids. However, several qNMR platforms also enable the simultaneous detection of low-molecular-weight metabolites, offering multimetabolic signatures. In this review, we briefly introduce some typical qNMR-based molecular biomarkers.

Glycoprotein acetyls (GlycA) is a novel NMR biomarker of systemic inflammation that reflects the enzymatic glycosylation state of the main acute-phase reactants. Compared with hsCRP, GlycA was reported to have lower analytic imprecision and intraindividual variability (139). In the MESA cohort, GlycA was associated not only with subclinical atherosclerosis (140–142) but also with poorer CVD health independent of hsCRP, d-dimer, IL-6, and fibrinogen (143). However, it is not clear whether GlycA is a determinant or just an indicator of atherosclerotic progression.

The amino acid profile is also included in the qNMR metabolome, even though its overall picture may not be as clear as the lipoprotein profile. In the Taizhou Imaging Study, two branched-chain amino acids (leucine and isoleucine) were positively correlated with arterial stiffness (144). Additionally, phenylalanine showed an inverse association with CVD (91). In another multiqueue study, a high phenylalanine level was consistently associated with CVD death but was only associated with CVD events at a young age, except in elderly individuals over 60 years (145).

Lactate was inversely associated with cIMT in the Taizhou Imaging Study (144). But in another multi-racial study, lactate showed positive associations with CVD events (91). With respect to fatty acids, higher levels of monounsaturated fatty acid (MUFA) were positively correlated with CVD risk while higher levels of omega-6 fatty acids and docosahexaenoic acid (DHA) negatively related to CVD risk (145).




SIGNIFICANCE OF QNMR-BASED METABOLITES IN ATHEROSCLEROTIC DISEASES

A statement by the American Heart Association addressed the potential impact of metabolomics on CVD health and disease (146). Indeed, studies looking for novel biomarkers using qNMR metabolomics, as described in the previous section, usually have three major, interlinked objectives, which will be discussed below.


Improving Risk Assessment

Current CVD risk assessments, such as the Framingham Risk Score (FRS) (147) and the China-PAR tool (148), rely on traditional risk factors (TRFs). However, the first CVD event often originates in people classified as being at intermediate or low risk; hence, it is hoped that new qNMR-based metabolite biomarkers can complement or outperform the existing risk estimations.

The weighted metabolite score derived from 13 replicated signals was independently associated with CHD incidence. When adding age and sex to the score, the predictive performance paralleled that of TRFs (C-index 0.81 and 0.82) (149). The model using the calculated “VLDL extra-hepatic lipolysis indicator” and “VLDL hepatic turnover indicator” combined with LDL-C and HDL-C had better CVD risk prediction performance than that with only TRFs (AUROC 0.812 vs. 0.795) (150). In addition, in a meta-analysis across three cohorts, the prediction score incorporating phenylalanine, MUFAs, omega-6 fatty acids and DHA improved risk classification, particularly for people in the intermediate (5–10%) risk range (145).

Thus, qNMR metabolites not only offer additional risk information beyond traditional lipids but also have the clinical potential to reclassify the CVD risk stratification. In other words, qNMR metabolomics can be taken as an extension to routine analysis and, to a certain degree, may supersede lipid panels in the future.



Unraveling Disease Etiology

qNMR metabolomics is expected to shed light on the “black box” mechanisms of AS and CVD. Biological pathways underlying the biomarkers can be characterized by searching metabolic pathway databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.kegg.jp) and Human Metabolome Database (HMDB; https://www.hmdb.ca) (151). Clinical studies and basic research studies have shown that during AS progression, metabolic perturbations lie in lipid and fatty acid metabolism, BCAA and aromatic acid metabolism, the TCA cycle, glycolysis, urea metabolism, oxidative stress, and inflammatory and insulin pathways (152–154). Mapping the molecular interaction gene network can further depict interconnections between disturbed pathways to gain a more precise understanding (91).

Exposure to various environmental factors may bring about metabolic changes contributing to atherogenesis. A meta-analysis of 26,065 individuals from eight cohorts reported that age-specific metabolic profiles differed by sex, and the menopausal transition in females induced a proatherogenic lipoprotein profile along with amino acid changes (155). Additionally, the association between HDL-C and CVD events was attenuated in patients with chronic CAD or chronic kidney disease, probably owing to long-term inflammation, oxidative stress, and abnormal hormone secretion (38). In addition, a polymorphism of the APOA5 gene, which encodes a key regulator of TG levels, could modify lipoprotein distributions toward a more atherogenic pattern. This pattern was significantly associated with increased cIMT, especially in overweight or centrally obese patients, thus reflecting a “double hit” from gene-environment interactions (118).



Guiding Therapeutic Strategy

The qNMR-based metabolic profile is capable of monitoring treatment efficacy. For example, among subjects treated with gemfibrozil, a fibric acid derivative, neither TG nor HDL-C predicted CHD events, but LDL-P and HDL-P could serve as independent predictive indexes (83). Therefore, the therapeutic benefit not reflected by conventional biochemical testing may be uncovered by qNMR metabolomics.

The profiling of metabolic changes also contributes to personalized intervention or optimal evaluation. Six metabolic patterns were identified in the early stage of AS (156). Among them, phenotype A held the highest risk (RR = 2.6); phenotype B presented less lipoprotein variation than A (RR = 2.4). Phenotype C held a relatively optimal profile, but the risk (RR = 1.8) was not accordingly desirable. For phenotypes D, E, and F, the relative risks were statistically similar. Thus, various metabolic phenotypes may involve varying risk levels. Proper classification of AS patients can help direct individualized treatment. Moreover, in the JUPITER trial that recruited subjects with low LDL-C, a small (diameter 29–42 nm) VLDL-P was responsible for residual CVD risk (106), and HDL-P was the strongest inverse predictor for CVD among several HDL-related indexes (122). Hence, qNMR metabolic profiles allow for the identification of potential targets for intervention and prognostic indicators for evaluation.




CHALLENGES AND FUTURE DIRECTIONS OF QNMR METABOLOMICS STUDIES IN ATHEROSCLEROTIC DISEASES

Although great progress has been made in regard to techniques, including automatic sample injection, spectral feature extraction, and efficient analytical tools, studies using qNMR metabolomics in AS and subsequent CVD still face a series of issues. In this section, we discuss several challenging points.


Identifying Key Metabolite Biomarkers

It is required to determine the “golden value” biomarkers for clinical applications. An eligible biomaker should fulfill some prerequisites, including valid and precise measurement, additional value beyond existing tests, and clinical benefit to subjects (157, 158).

NMR metabolomics offers metabolic profiles in reproducible manners. The relative standard deviations (RSD) of metabolites derived from qNMR spectroscopy are much smaller (i.e., values are within less fluctuation range) than those detected by mass spectrometry (57). In this regard, qNMR metabolomics endows its biomarkers with some practicability.

Despite a plethora of biomarkers for AS and CVD that have been identified in epidemiological studies, very few successfully find their way into clinical use. Various biomarker panels comprise different lipoproteins and/or molecular metabolites, which bring great difficulties in comparison and validation. Another point that needs to be noted is the application scope. Although AS is a systemic disease, risk factors across differing arterial beds and atherosclerotic endpoints do not necessarily overlap (159, 160). Thus, owing to intergroup variability and disease complexity, few biomarker candidates have been translated into clinical practice, and further research is still required.

In addition, the cost-benefit needs to be considered. NMR metabolomics detects a suite of metabolites. Making a diagnosis based on so many metabolites would not be convenient or economical in clinical practice. Encouragingly, the simplified LipoProfile panel (including LDL particle number, NMR determined HDL-C, and TG) was approved by the U.S. Food and Drug Administration in 2008 (161) and was covered by some health insurance companies in America. However, the clinical utilization rates and practical benefits remain unclear. If the clinical benefits are very small or deficient, the additional costs may not be justified.



Various Analytical Platforms

The lack of standardized and uniform settings has become one of the biggest barriers to putting biomarker candidates into practice. A variety of analytical methods have been developed to separate lipoprotein subfractions according to their size or density. However, the measurement units differ between qNMR platforms, which makes it difficult to compare or combine results from different studies.

However, on the upside, a series of consortia or programs have been established to overcome the heterogeneity. The Consortium of Metabolomics Studies (COMETS) was developed in 2014 (162). As the largest consortium worldwide, it builds on 47 prospective studies that include over 136,000 participants from Asia, Europe, North America, and South America as of April 2018. Furthermore, the Atheroflux consortium consists of two earlier EU consortia, AtheroRemo and RiskyCAD (157). The intention of these alliances is to combine multiple data and to discern more reliable targets for clinical treatment and scientific research. It can be anticipated that with more communication among researchers, uniform criteria or comparative methods across various platforms may be available in the future.



Necessity of Collaboration With Other Methodologies

Despite the many advantages of qNMR, especially the unique ability to quantify lipoproteins, its sensitivity is relatively poor in contrast to that of mass spectrometry. It is difficult to identify molecules with concentrations much lower than the detection limit; thus, qNMR is currently less preferred than MS in lipidomics. Moreover, the high sample volume requirement makes it difficult to perform assays on specimens at trace levels. The overlapping resonances in spectral regions may correspond to multiple metabolites, posing a great challenge to metabolite annotation (45). By comparison, MS has a greater sensitivity and can identify complex mixtures, despite its suboptimal quality control and high cost of absolute quantification. Therefore, NMR and MS have become complementary technologies in the field of metabolomics.

It should be noted that qNMR metabolomics provides only a “snapshot” of metabolic profiles. To learn about the potential causal pathways and upstream changes, cooperation with genomics, transcriptomics, proteomics, and microbiomics is required to identify serial biomarkers (38, 158). Additionally, metabolomics studies may only function as hypothesis-generating to provide an initial framework for further research. Whether the identified biomarkers are pathogenic and through which signaling pathways the biomarkers play their role remain to be solved. Hence, to elucidate definitive pathological mechanisms underlying the atherogenic process, more scientific investigations need to be performed.




CONCLUSION

In the postgenomic era, qNMR metabolomics has been widely applied in atherosclerotic diseases, which allows for the rapid, accurate and high-throughput measurements of circulating lipoproteins, lipids, and some molecular metabolites. In this review, we summarized the recent qNMR metabolomics studies associated with AS and CVD, with a particular emphasis on lipoprotein biomarkers referring to particle number, particle size, and compositional components. Since various qNMR platforms have discordant categorization criteria, along with intraindividual variability, interlab heterogeneity, and confounding factor interference, few biomarker candidates have been ultimately accepted in routine clinical practice. In conclusion, more extensive exploration in large population-based cohorts and validation of clinical applications should be pursued in the future. To successfully translate the “golden value” metabolite biomarkers from bench to bedside, we still have a long way to go.
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The Effects of Intermittent Hypoxic–Hyperoxic Exposures on Lipid Profile and Inflammation in Patients With Metabolic Syndrome
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Background: Patients with metabolic syndrome (MS) tend to suffer from comorbidities, and are often simultaneously affected by obesity, dysglycemia, hypertension, and dyslipidemia. This syndrome can be reversed if it is timely diagnosed and treated with a combination of risk factors-reducing lifestyle changes and a tailored pharmacological plan. Interval hypoxic-hyperoxic training (IHHT) has been shown as an effective program in reducing cardiovascular risk factors in patients with MS even in the absence of exercise. However, the influence of IHHT on the lipid profile and inflammation in this clinical population remains relatively unknown.

Methods: A prospective, single-center, randomized controlled trial was conducted on 65 (33 men) patients with MS aged 29–74 years, who were randomly allocated to the IHHT or control (sham) experimental groups. The IHHT group completed a 3-week, 5 days/week intermittent exposure to hypoxia and hyperoxia. The control (sham) group followed the same protocol but was breathing room air instead. The primary endpoints were the lipid profile (concentrations of total cholesterol [TC], low-density lipoprotein [LDL], high-density lipoprotein [HDL], and triglycerides [TG]) and the inflammatory factors such as high-sensitivity C-reactive protein (hs-CRP), galectin-3, heat shock proteins (Hsp70). The secondary endpoints were alanine aminotransferase (ALT), aspartate aminotransferase (AST), N-terminal pro-hormone of brain natriuretic peptide level (NTproBNP), transforming growth factor beta-1 (TGF-beta1), heart-type fatty acid-binding protein (H-FABP), and nitric oxide synthase 2 (NOS2).

Results: There were no differences between the two groups but the different baseline values have affected these results. The IHHT group demonstrated pre-post decrease in total cholesterol (p = 0.001), LDL (p = 0.001), and TG levels (p = 0.001). We have also found a decrease in the CRP-hs (p = 0.015) and Hsp70 (p = 0.006) in IHHT-group after intervention, and a significant decrease in pre-post (delta) differences of NTproBNP (p < 0.0001) in the IHHT group compared to the control group. In addition, the patients of the IHHT group showed a statistically significant decrease in pre-post differences of ALT and AST levels in comparison with the control group (p = 0.001). No significant IHHT complications or serious adverse events were observed.

Conclusions: The IHHT appears to improve lipid profile and anti-inflammatory status. It is a safe, well-tolerated procedure, and could be recommended as an auxiliary treatment in patients suffering from MS, however, the experiment results were limited by the baseline group differences.

Clinical Trial Registration: ClinicalTrials.gov, identifier [NCT04791397]. Evaluation of the effect of IHHT on vascular stiffness and elasticity of the liver tissue in patients with MS.

Keywords: metabolic syndrome, inflammation, cholesterol, low density lipopoprotein, high density lipoprotein, intermittent hypoxic training, anti-inflammatory action


INTRODUCTION

Cardiovascular diseases (CVD) remain the leading cause of morbidity and mortality throughout the world. Risk factors associated with CVD, such as obesity, hypertension, dyslipidemia, and insulin resistance, when combined, define the metabolic syndrome (MS) (1–3). It is estimated that approximately 40–46% of the adult population in the world suffers from MS. The population suffering from MS is at a higher risk of heart attack/stroke, and is three times more likely to have CVD as compared to people without the syndrome (4). In addition, people with MS are at a greater risk of developing insulin resistance and dysglycemia leading to type 2 diabetes (1). At the same time, MS is a reversible condition (2), therefore with an early diagnosis and timely treatment, it is possible to achieve a reduction in the severity of its main clinical manifestations.

There is considerable variability in both the diagnostic criteria and the definition of MS, but in relation to its pathophysiology, the evidence that chronic inflammation underlines MS is growing. On the other hand, its pharmacological treatments are limited by various factors and only partially effective (3).

Besides, the chronic nature of MS typically requires prolonged pharmacological treatment which may not be convenient or affordable for many patients. The development of alternative strategies, such as lifestyle changes, nutraceuticals, education of patients, and other promising novel therapies can limit the side effects and improve patient compliance. In this context, intermittent passive exposure to hypoxia at rest has been identified as a promising strategy, which can reduce cardiometabolic risk factors and become useful in treating patients with exercise difficulties and those who are looking to engage in healthy lifestyles (5, 6). The interval hypoxic training (IHT) has been shown to improve the sympathetic system function, increase the oxygen transport system capacity including capture and utilization of oxygen and energy supply substrates, change lipids and lipoproteins metabolism due to activation of key enzymes that catalyze the esterification of cholesterol and regulate the formation of high-density lipoproteins, decrease the insulin synthesis and insulin response to glucose administration, and reduce renin synthesis so potentially affecting the blood pressure regulation (7–9).

This systemic response may play an important therapeutic role in individuals with insulin resistance, metabolic syndrome, and impaired carbohydrate tolerance (10–12).

A novel approach to IHT, where a “bout” of hypoxia is followed by normoxia, is to alternate hypoxia with mild hyperoxia in order to shorten reoxygenation and stimulate the redox system. The intermittent hypoxic–hyperoxic training (IHHT) program can be viewed as a more effective form of intermittent hypoxia exposure (8, 13). Indeed, during the mild hyperoxia period, a more pronounced induction of reactive oxygen species (ROS) triggers a redox signaling cascade, thus promoting the synthesis of protective intracellular proteins such as antioxidant enzymes and heat shock proteins (14, 15).

The beneficial effects of different passive hypoxic conditioning protocols are well-reported in many studies. The effectiveness of various hypoxic training models has been investigated in the programs of complex treatment and rehabilitation of patients with obesity (16, 17), systemic hypertension (18), and type 2 diabetes (9). The use of hypoxic-hyperoxic training was shown to cause a significant decrease in body weight (mainly due to fat mass reduction) and in blood lipids, lower blood pressure, and improve hypoxia and exercise tolerance. As hypoxic interval training can be personalized, this novel approach has a great potential to play a major role in the complex treatment and rehabilitation of patients with MS by taking individual patient differences into account (6, 19).

The study is aimed to evaluate the effects, safety, and efficacy of the passive systemic IHHT in patients with MS.



METHODS


Study Design

The study was a single-blind, prospective, randomized (randomization ratio 1:1) parallel-group controlled study performed at the Cardiology Clinic of I.M. Sechenov First Moscow State Medical University, Moscow, Russia.

The study was approved by the ethical committee of I.M. Sechenov First Moscow State Medical University (Local ethics protocol No̱ 05-19 10.04.2019) and carried out in conformity with the ethical standards laid down in the Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects (Bulletin of the WHO [2001]). Written informed consent was obtained from all the trial participants. The study was registered at ClinicalTrials.gov (NCT04791397, protocol ID A0519).



Participants and Randomization

In the study, 86 patients with MS aged 29–74 years old in stable clinical condition for the last 3 months were invited. The MS was defined according to the National Institute of Health guidelines as having three or more of the following: waist circumference longer than 89 cm in women and longer than 102 cm in men, blood pressure equal to or higher than 130/85 mm Hg, dyslipidemia (triglyceride level 150 mg/dL (1.7 mmol/L) or higher; high-density lipoprotein (HDL) cholesterol <40 mg/dL (1.04 mmol/L) in men, or <50 mg/dL (1.3 mmol/L) in women, elevated fasting blood sugar (100 mg/dL [5.6 mmol/L] or higher). The exclusion criteria were individual intolerance to hypoxia, liver cirrhosis, class C Child-Pugh classification, the patients with positive serological reactions to hepatitis B and C, chronic kidney disease (GFR <30 mL/min/1.73 m2), pregnancy, serious respiratory disorders, acute cardiovascular state, and neuromuscular disorders.

After the exclusion of 21 patients, 65 patients were randomly (by drawing lots) assigned to either IHHT (32 patients) or Control (sham) (33 patients) group. The process of inclusion, randomization, stratification, hypoxia program, and outcome analysis is presented in Figure 1. The baseline anthropometric, clinical characteristics, and medications are presented in Table 1. The groups were matched by sex, age, presence of MS components, and comorbidities. The patients were asked to maintain their daily food intake, physical activity, prescribed medications, and habitual lifestyle during the whole study period.


[image: Figure 1]
FIGURE 1. Study flowchart. IHHT, intermittent hypoxic–hyperoxic training; MS, metabolic syndrome.



Table 1. The anthropometric data, morbidity, and medications of the participants.

[image: Table 1]

Sixty-five patients have completed the study with their data available for the outcome analysis.



Intermittent Hypoxic–Hyperoxic Training Program

All patients underwent a hypoxic treatment with the ReOxy Breathing Therapy Device (AI Mediq S.A., Luxembourg). The device delivered a gas mixture of alternating oxygen content (10–35%) and nitrogen. Arterial oxygen saturation (SpO2) and pulse rate values were continuously measured using a built-in finger pulse oximeter KIT Masimo (measurement accuracy ± 2%) and stored by the device. After the initial blood pressure measurements, patients from both IHHT and control groups did the same 10 min-long Hypoxic Test (HT) by breathing a hypoxic gas mixture with 11% O2 through a face mask while sitting on an armchair. Based on their HT SpO2 and pulse rate data, the device automatically calculated and planned individually tailored IHHT sessions for all the subjects (20).

Starting from the next study day, the IHHT group patients have repeatedly inhaled hypoxic gas mixtures with 12–11% O2 for 4–7 min (subject to individual hypoxia tolerance as established by the HT), followed by 2–4 min exposure to a hyperoxic gas mixture with 30–35% O2. During the sessions, both the SpO2 and pulse rate were constantly monitored and transmitted to a monitoring device invisible to the patients. The device compared the latest SpO2 value with the predefined individual minimum SpO2 level. As soon as a patient reached this minimum SpO2, the device immediately switched to the hyperoxic gas mixture until full pre-hypoxic of SpO2 level recovery (usually within 1–3 min) occurred; then the next hypoxic–hyperoxic cycle started. Blood pressure was re-measured after the treatment. The overall length of sessions in both the patient groups varied between 40 and 45 min with no observable differences for anyone except the equipment operator/researcher who provided either treatment.

The control group completed a similar program (with the same “exposure” time and number of sessions) but they were breathing a normoxic gas mixture (room air) during the whole session.

In total, 15 hypoxic–hyperoxic or sham treatment sessions were done for both groups five times a week with 2 days weekend break over a period of 3 weeks.

During the first procedures, some IHHT group patients had short-term light dizziness complaints that did not require procedure interruption. After the first procedure, no patients have refused to participate in the further study tests.



Procedures and Assessments

Before starting the experimental sessions, all the patients underwent a routine medical examination that included checking the daily dosage of medication, family history of hypertension, diabetes mellitus, obesity, and other diseases, by a medical specialist.

In the study, 1-day before starting the course of hypoxic/sham treatments, and 2–3 days after the last treatment session, both groups patients were subjected to the same outcomes measurements: resting blood pressure (BP), heart rate (HR), SpO2, anthropometric data (height, body weight, waist, and hip circumference), and blood sampling collection for serum lipid profiles (total cholesterol, triglyceride, direct HDL-cholesterol, and indirect LDL-cholesterol), enzymes (alanine aminotransferase [ALT], units per Liter, aspartate aminotransferase [AST], units per liter), and chronic inflammation markers.

The resting heart rate (HR) and blood pressure values of all the participants were measured twice after 5 min rest in the sitting position using an automatic tonometer AND UA-767 (AND, Japan). The SpO2 levels were recorded using a pulse oximeter (Beurer model: PO30, Hollywood, LA, USA). The body weight and height were measured using a beam scale. The waist circumference was measured at the midpoint between the lower margin of the last palpable rib and the top of the iliac crest. The hip circumference was measured at the widest portion of the hip.


Venous Blood Samples and Analysis

Samples of venous blood (10 mL) were withdrawn from the forearm median brachial vein and collected into vacuum tubes for the analysis. In order to minimize the platelets count, the blood was allowed to clot (BD Vacutainer Plus SST), and serum was separated immediately (by centrifugation at 3,500 rpm for 15 min after sampling), then aliquoted and stored at −80°C. The samples from a given participant were analyzed in a microtiter plate to minimize the run-to-run variability. All the laboratory analyses were conducted by the University's hospital Blood Analysis Center, a certified blood biochemistry laboratory certified by the Moscow Department of Health.

The levels of brain natriuretic peptide N-terminal prohormone (NTproBNP, N, mediana = 5.6 pmol/L; “Biomedica,” Austria), transforming growth factor beta-1 (TGF-beta1, N = 0–2.644 pg/mL; “ThermoFisher Scientific,” Austria), heat shock proteins (Hsp70hs, ng/mL; “Enzo,” New York, NY, USA), galectin-3 (ng/mL; “ThermoFisher Scientific,” Austria), heart-type fatty acid-binding protein (H-FABP, nanograms per milliliter; “Hycult Biotech,” The Netherlands), and nitric oxide synthase 2 (NOS2, nanograms per milliliters; “Cloud-Clone Corp.,” USA; N < 0.156 ng/mL) were measured using an enzyme-linked immunosorbent assay and a Biochrom Anthos 2020 Jencons Microplate Reader photometer. High-sensitivity C-reactive protein (CRP-hs, milligram per liter, “Beckman Coulter,” USA, Assay range of 0.2–160 mg/L) was measured using Siemens Advia 1800 Biochemical Analyzer (“Siemens Healthcare Diagnostics Inc.,” USA.) by immunoturbidimetry using latex particles.

The lipid profile and AST/ALT were measured using a Siemens Advia 1800 Biochemical Analyzer (“Siemens Healthcare Diagnostics Inc.,” USA) and dedicated test kits “Siemens Healthcare Diagnostics Inc.,” USA: total cholesterol (TC, ref.: 3.2–5.6 mmol/L), high-density lipoprotein (HDL, ref.: >1.56 mmol/L), low-density lipoprotein (LDL, ref.: 4.2 mmol/L), triglycerides (TG, ref.: 0.4–1.7 mmol/L;), ALT (ref.: 10–49 u/L), and AST (ref.: 0–34 u/L).




Statistical Methods

All data were analyzed using Python Software Foundation version 3.8 for Windows (Delaware, USA). The data were presented as mean ± SD. The anthropometric characteristics were reported as Median and inter-quartile range 25–75. The assumption of normality and homoscedasticity was verified using Shapiro–Wilk's W-test before parametric tests. To identify the magnitude of statistical difference between Sham and IHHT treatments in each period of the study, Student's t-test or Fisher's exact test, as appropriate, was used. In the case of the non-normal distribution of data, we used Mann-Whitney's U-test or the Wilcoxon's test to compare the baseline data between the groups as well as different changes (delta pre-post) between the groups. Fisher's exact test was also used to compare the proportions. Pearson's or Spearman's correlation analysis was performed to test relationships between the variables. The α-level was set at 0.05 for all statistical analyses.




RESULTS

Tables 2, 3 show the descriptive statistics, comparisons, and differences between the two experimental groups for all the measured variables. Due to numerous baseline differences between the groups, the pre-post treatment differences in each group are also shown.


Table 2. Anthropometric, lipid profile, and clinically relevant measured variables.
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Table 3. Parameters of chronic inflammation.
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At the IHHT group baseline, AST (p = 0.006), total cholesterol (p < 0.001), TG (p < 0.015), and LDL (p < 0.001) were significantly higher than those measured in the control group. There were no lipid profile differences between groups after the intervention. Nevertheless, analyzing the average difference between the groups pre-post treatment (pre-post delta) demonstrated that the total cholesterol has significantly decreased in the IHHT (TC: −0.8 ± 0.8 mmol/L, p = 0.002) group as compared to the control (TC: 0.3 ± 1.0 mmol/L, p = 0.001) (p < 0.001) group. TG levels were also reduced in the IHHT group in comparison with the control group (p < 0.001), and a decrease in the level of LDL in the IHHT group in comparison with the control group (p < 0.001) has been observed. The HDL levels were not different between both the experimental groups. In addition, the IHHT group patients exhibited a statistically significant decrease in pre-post differences (deltas) in ALT (p < 0.001) and AST (p < 0.001) levels as compared with the control group.

The observed post-treatment changes in the inflammatory markers included the decreased levels of CRPhs (p < 0.015) and Hsp70 (p < 0.006) in the IHHT group, as compared with the control group where there were no post(sham)-treatment differences (Table 3).

The only significant changes in the inflammatory markers in pre-post (delta) intervention between the groups were identified in NT-poBNP (p < 0.001) levels in the IHHT group in comparison with the control group.

A tendency toward a decrease in the galectin-3 (p = 0.08) levels after the treatment has been detected in the IHHT group, and the levels were significantly lower as compared to the control group (p = 0.003). The TGF-beta1 levels were lower both before and after treatment in the IHHT group, and significantly lower after the treatment as compared to the control group (p < 0.001). However, due to the variability of values between groups at baseline, no significant pre-post (delta) shifts were found for galectin-3 (p = 0.027) and TGF-beta1 (p = 0.888).

The statistically significant pre-post changes (delta) in anthropometric indicators were shown: a decrease in the abdominal/hip circumference (−5 cm/−4 cm, p = 0.0001) and a decrease in BMI (p = 0.0001) in the IHHT group compared with the control group.



DISCUSSION

We have failed to demonstrate the statistically significant differences between the IHHT and sham patient groups receiving their respective treatments. However, the obtained results were strongly affected by significant baseline differences between both the groups. It is worth noting that the two groups were not different in terms of their anthropometric and clinical profiles, as well as medications taken. At the same time, the baseline values of total cholesterol, triglycerides, and LDL cholesterol were significantly higher in the IHHT group than in the sham group.

Nevertheless, we have also reported statistically significant pre-post changes within each experimental group which could indicate interesting trends in many clinically relevant biomarkers, with specific biomarkers levels improving after 15 sessions in the IHHT but not the sham group.

For instance, measurable decreases in the morphometric indices such as BMI, waist circumference, and hip circumference after 3 weeks of IHHT were not observed in the control group.

Similar reductions in the body weight, adipose tissue mass, and waist circumference have been reported in a number of reviews when different hypoxic conditioning protocols were used (19, 21). The reported body weight reduction promoted by intermittent hypoxic training/exercise is largely due to a decrease in energy intake/appetite suppression accompanied by an increase in energy expenditure and lipid oxidation (6, 22). Nevertheless, most such studies have used active/interval exercising in a hypoxic environment, and the obtained results were inconsistent (23–25).

In contrast to the above studies, we have observed positive effects after using intervallic individually dosed interval passive hypoxic exposure alternating with hyperoxic pauses in the patients with MS without any exercise or dietary changes.

The obesity improvement indicated in the study has been accompanied by a moderate metabolic status correction, namely a decrease in dyslipidemia markers and the liver AST and ALT enzymes. This outcome has been anticipated due to an earlier report by Glazachev et al. (5), wherein uncontrolled study reductions in the total cholesterol, low-density lipoproteins, and glucose after 15 IHT treatments in the patients with MS were reported. The preclinical data and data from healthy volunteers also indicate the potential beneficial effects of moderate hypoxic exposure on blood glucose and cholesterol levels, as well as mitochondrial enzymes activity, glycolysis, and fatty acid oxidation (26–28).

The detected trends in chronic inflammation and cardiovascular health biomarkers are also potentially relevant. Significant intergroup differences in the values of galectin-3 and transforming growth factor-beta1 (TGF-beta1) after the IHHT course were noted. These molecules are considered as profibrotic, proinflammatory, and likely heart and liver fibrosis markers (29). Therefore, their decrease may reflect a reduction in the chronic systemic inflammation typical in the patients with MS (3, 30).

The significant decrease of NTproBNP (p < 0.0001) in the IHHT group in contrast to the control group, where the opposite tendency was noted, cannot be ignored. NT-proBNP is a cerebral natriuretic hormone, a protein formed in the left ventricle that plays an important role in the early diagnosis of heart failure. The decreasing value of NT-proBNP can be regarded as a sign of improved cardiovascular function. This is supported by Muangritdech et al. (18) reporting a decrease in blood pressure and improvements of endothelial function/NO availability in the hypertensive patients after a 6-week course of passive hypoxic-normoxic exposures, and further reinforced by data presented in a very recent systemic review confirming antihypertensive IHT/IHHT effects (31).

The pieces of evidence obtained support the idea about the effectiveness of IHHT in the complex treatment of patients diagnosed with MS. Intermittent hypoxia and IHHT could potentially control the development and progression of MS and associated CVD. In animal and human studies, IHC improved the cardiovascular risk factors (CVRF), augmented cerebral blood flow (CBF), and endothelial NO production while decreasing oxidative stress (15).

Intermittent hypoxia-hyperoxia training could be more beneficial than intermittent hypoxia-normoxia (IHT). Indeed, Sazontova et al. (15, 32) has demonstrated in rats that, unlike IHT, IHHT augmented exercise capacity by reducing CVRF, such as arterial hypertension, atherogenic lipid levels, MS, ischemic heart disease, excessive weight, and psychological stress.

In recent decades, IHT has received increased attention as the hormetic approach boosting resistance to common damaging factors (33). Reoxygenation (or in the case of IHHT—mild hyperoxygenation) generate ROS which, if controlled personalized dose (intensity and duration of hypoxic-hyperoxic exposures) is applied, trigger redox-signaling cascades that initiate adaptations to oxidative stress (14, 15). Thus, ROS signaling in the hyperoxic phase facilitates hypoxic stimulus in each treatment bout, so facilitating the conditioning efficiency.

The combination of hypoxic stimuli and hyperoxic pauses in a single procedure has a good physiological foundation in the hypoxic–hyperoxic paradox hypothesis (34). Hypoxia is a natural trigger of mitogenesis and mitochondrial metabolic changes through the induction of hypoxia-inducible factor (HIF), vascular endothelial growth factor (VEGF), other relevant molecular cascades, stem cell proliferation, etc. At the same time, hyperoxic stimuli accompanied by an increased oxygen availability promote the production of both ROS and ROS scavengers, and trigger the same molecular cascades as hypoxia does, activating angiogenesis, mitogenesis, OXPHOS efficiency, and metabolic activity in different tissues.

The safety and efficacy of IHHT shown in the study are corroborated by the successful clinical use of passive hypoxia–hyperoxia exposures in the rehabilitation of elderly patients with dementia and other neurodegenerative diseases (13, 35, 36).


Limitation

The optimal drug therapy was assessed according to the words from the patients “without checking the drug concentrations in their blood,” which does not exclude increasing adherence to pharmacotherapy in the experimental patient groups. This was a single-centered trial with a relatively small number of patients that does not allow firm conclusions in regard to the rare but important safety events. On the practical side, there may be barriers to the clinical IHHT use due to availability of special equipment and dedicated staff. Our study results only apply to the patients with MS who are clinically stable, so caution should be used in applying the same procedures to other patients.




CONCLUSION

This randomized controlled clinical trial has demonstrated that IHHT can be safely used in patients with MS. The observed decrease in the key lipid metabolism and inflammatory markers in the IHHT group supports the efficacy of this intervention in reducing systemic inflammation and improving the lipid profile in patients with MS. Further research is needed to clarify the potential benefits of patient-tailored intermittent hypoxia-hyperoxia programs in clinical populations where inflammation and dyslipidemia play a key pathophysiological role.
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Atherosclerosis is a chronic lipid-driven and maladaptive inflammatory disease of arterial intima. It is characterized by the dysfunction of lipid homeostasis and signaling pathways that control the inflammation. This article reviews the role of inflammation and lipid accumulation, especially low-density lipoprotein (LDL), in the pathogenesis of atherosclerosis, with more emphasis on cellular mechanisms. Furthermore, this review will briefly highlight the role of medicinal plants, long non-coding RNA (lncRNA), and microRNAs in the pathophysiology, treatment, and prevention of atherosclerosis. Lipid homeostasis at various levels, including receptor-mediated uptake, synthesis, storage, metabolism, efflux, and its impairments are important for the development of atherosclerosis. The major source of cholesterol and lipid accumulation in the arterial wall is proatherogenic modified low-density lipoprotein (mLDL). Modified lipoproteins, such as oxidized low-density lipoprotein (ox-LDL) and LDL binding with proteoglycans of the extracellular matrix in the intima of blood vessels, cause aggregation of lipoprotein particles, endothelial damage, leukocyte recruitment, foam cell formation, and inflammation. Inflammation is the key contributor to atherosclerosis and participates in all phases of atherosclerosis. Also, several studies have shown that microRNAs and lncRNAs have appeared as key regulators of several physiological and pathophysiological processes in atherosclerosis, including regulation of HDL biogenesis, cholesterol efflux, lipid metabolism, regulating of smooth muscle proliferation, and controlling of inflammation. Thus, both lipid homeostasis and the inflammatory immune response are closely linked, and their cellular and molecular pathways interact with each other.

Keywords: atherosclerosis, LDL, cholesterol, inflammation, lncRNA, microRNA, medicinal plants


INTRODUCTION

Atherosclerosis is an important cause of cardiovascular diseases such as ischemic heart disease and stroke. This complex multifactorial disease has chronic and progressive pathology characterized by lipid accumulation, low-grade inflammation in the walls of large- and medium-sized arteries, and endothelial dysfunction (1, 2).

Two key factors in the pathogenesis of atherosclerosis are cholesterol deposition and chronic inflammation (3). Atherosclerosis has three significant stages including fatty streak formation, induction of atheroma, and atherosclerotic plaques (4).

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) damage the cellular function of lipids, proteins, and carbohydrates, and cause lipid peroxidation and low-density lipoprotein (LDL) oxidation (5). Oxidized LDL (ox-LDL) can remain in the vascular intima. ox-LDL has a crucial role in the initiation and development of atherosclerosis through inducing endothelial cell (EC) dysfunction, increasing leukocyte adhesiveness, inducing the expression of leukocyte and monocyte adhesion molecules on the endothelial surface such as Vascular Cell Adhesion Molecule-1 (VCAM), Intercellular Adhesion Molecule-1 (ICAM), E selectin and P-selectins (3, 6, 7). Monocytes, T lymphocytes, and mast cells are taken up into vascular wall intima by these adhesion molecules. T cells can respond to inflammatory signals by producing γ-interferon (IFN-γ) and lymphotoxin, and tumor necrosis factor β (TNF-β) (8, 9). Monocytes are converted into macrophages in the sub-endothelial space through Monocyte Chemotactic Protein-1 (MCP-1), Macrophage Colony-Stimulating Factor (M-CSF), and Interleukin-8 (IL-8). Macrophages uptake ox-LDL molecules via the scavenger receptor-A family to form lipid-laden foam cells. Yellow foam cells aggregate on the arterial walls and cause the development of fatty streaks (10, 11). A fibrous atherosclerotic plaque cap is formed from the fatty streak during the migration of Smooth Muscle Cells (SMCs) from media to intima and SMCs proliferation (9, 12). At advanced stages of atherosclerosis, Macrophages and T lymphocytes of fibrous atherosclerotic plaque cap secrete proteolytic enzymes such as metalloproteinase to reduce the stability of the fibrous cap and lyse the fibrous cap extracellular matrix. Breakdown of fibrous cap collagen content leads to coagulation process, blood clot formation, thrombus formation, and blockade of the arteries (3, 13, 14).

The pathophysiologic feature of atherosclerosis is an inflammatory, cellular, and metabolic process (4, 8). So, elucidating atherosclerosis pathogenesis is vital for understanding disease progression and the development of new therapeutics. This review will discuss the role and significance of inflammation and lipid accumulation especially LDL in the pathogenesis of atherosclerosis with more emphasis on cellular mechanisms. Furthermore, this review will highlight briefly the role of medicinal plants, long non-coding RNA, and microRNAs in the pathophysiology, treatment, and prevention of atherosclerosis.



SOURCES OF THE INFORMATION

The comprehensive information in this review article was obtained from noteworthy scientific databases, including Web of Science, PubMed, Science Direct, Scopus, and Google Scholar. The main search terms used in this study were atherosclerosis, LDL, lncRNA, microRNA, cholesterol, inflammation, and medicinal plants.



RESULTS


Role of Lipid and Lipoprotein Accumulation in Atherosclerosis

Various forms of lipoproteins and lipids are implicated in lipid trafficking such as chylomicrons, sphingolipids, ceramides, very-low-density lipoproteins (VLDL), cholesterol, apolipoproteins, including ApoB (apolipoprotein B), intermediate-density lipoproteins (IDL), and low-density lipoprotein (LDL) (15–20). Lipid biomarkers are classic LDL and HDL, cholesterol, ox-LDL cholesterol, small dense LDL cholesterol, lipoprotein (a), and lipoprotein-associated phospholipase A2 (Lp-PLA2) (21).

Lipid homeostasis at various levels, including receptor-mediated uptake, synthesis, storage, metabolism, and efflux, as well as its impairment, are important for the development of atherosclerosis (22). Under normal physiological conditions, LDL in the cell can degrade in the lysosomes that prevent an imbalance of uptake, synthesis, efflux, and excessive lipid accumulation (23). The hypothesis of cholesterol retention in the arterial cells was suggested by Nikolai Anitschkow over 100 years ago (24). Enhanced plasma concentrations of cholesterol-rich apolipoprotein-B-containing lipoproteins are related to atherosclerosis. Lipoproteins can flux into and get out of the arterial wall via caveolin-1 and the scavenger receptor class B type I (SR-BI). Retention, or trapping, of cholesterol-rich apoB-containing lipoproteins within the arterial wall, is the key initiating event in atherogenesis. The retention of apoB-lipoproteins leads to lipid accumulation, triggers cellular responses within the artery wall, lesion development, maladaptive local responses, and plaque initiation (25, 26). The response-to-retention occurs via interacting lipoproteins with proteoglycans of the arterial wall (26). The consequences of the retention of apoB-lipoproteins include accumulation of lipids and exposure to local enzymes within the vessel wall (27–29). Important enzymes involved in apoB-lipoprotein retention, aggregation, and atherogenesis are secretory sphingomyelinase (S-SMase), lipoprotein lipase, and phospholipase A2. The most action of these enzymes is accelerating further retention of atherogenic lipoproteins (26). Also, retention of cholesterol-rich apoB-lipoproteins within the artery wall causes several modifications and significant biological consequences (26).

The major source of cholesterol and lipid accumulation in the arterial wall is proatherogenic mLDL (30). Desialylation, oxidation, formation of LDL self-associates, and LDL-containing immune complexes are the known LDL modifications (31). Also, all eight classes of scavenger receptors have been recognized as both native and modified LDL (32).

The first known atherogenic LDL modification is desialylation, and the trans-sialidase (neuraminidase) enzyme is responsible for LDL desialylation. The action mechanisms of intracellular lipid accumulation by desialylated LDL are performed in two ways; the first is binding, uptake, and degradation of LDL. The second is the evaluation of hydrolysis and esterification rates of lipids in LDL particles (33). LDL particles desialylation causes autoantibodies production, which forms circulating immune complexes (CIC) containing LDL (34). CIC causes the secretion of pro-inflammatory cytokines and macrophages apoptosis (34). Desialylated LDL causes the following consequences: lipid accumulation, enhancing its binding to the arterial proteoglycans, proliferative activity, connective tissue matrix components synthesis, breaking intercellular communication, chronic inflammation, and intracellular esterification of free cholesterol through preventing of the cholesterol acyltransferase esterifying activity in macrophages and cholesterol accumulation (24, 34).

Oxidative lipoprotein modification by intimal oxidizing agents, proteases, and lipases leads to the generation of oxidized phospholipids (oxPLs), inducing leukocyte recruitment, leukocyte activation, LDL aggregation, formation of cholesterol crystals, and inflammation (16).

Modified lipoproteins, such as ox-LDL, and LDL binding with proteoglycans of the extracellular matrix in the intima of blood vessels, cause aggregation of lipoprotein particles, endothelial damage, leukocyte recruitment, and inflammation (26). Then, foam cell forms from aggregated modified apoB-lipoproteins through taking up oxidized, proteolyzed, or lipolysed lipoproteins, taking up cholesterol crystals by macrophages and taking up lipoproteins by SMCs via different classes of scavenger receptors (SR), such as SR class A (SR-A1, also known as CD204), SR class B (CD36), and the lectin-like oxidized LDL 1 receptor (LOX-1, or SR-E1), which can identify and bind to modified lipoproteins (35–37). Also, aggregated mLDL may accumulate in macrophages, which is recognized by low-density lipoprotein receptor-related protein 1 (LRP1) and Toll-like receptor 4 (TLR4) or degraded via lysosomal synapses (38–40).

SR-A is expressed on the surface of macrophages by regulating various factors. Sac1 and Sac3 phosphatases maintain a constant level of SR-A expression in the endoplasmic reticulum (41). Upregulation of Sac1 expression increases the SR-A receptor abundance. Tumor Necrosis Factor-alpha (TNF-α) and Interleukin-6 (IL-6) can upregulate the SR-A expression leading to LDL accumulation by macrophages (42).

CD36 with its ligands (mLDL, HDL, fatty acids, and VLDL) is involved in lipoprotein uptake and lipid metabolism (43). Signaling pathways, such as non-receptor tyrosine kinase (SRC), cJun NH2-terminal kinase (JNK), Rac (GTPase) protein, and nuclear factor-kB (NF-kB transcription factor), are activated by interacting mLDL and CD36, which can result in LDL absorption, oxidative processes, and the production of proinflammatory cytokines (32, 44). LOX-1 from the E class SR family is involved in lipid accumulation, and its expression is increased in the intima under the inflammation and oxidative condition (32).

In the context of the response-to-retention, HDL has the following roles: interfering with the irreversible binding of plasma LDL to arterial wall proteoglycans, blocking SMase-induced aggregation of LDL, omitting toxic lipids, ameliorating the maladaptive inflammatory infiltrate, inhibiting lipoprotein oxidation, EC protection and suppression of monocyte adhesion (45–49).



Role of Inflammation in Atherosclerosis

The role of inflammation in the pathogenesis of atherosclerosis was suggested in 1908 by Sir William Osler (50). Inflammation participates in all phases of atherosclerosis. For example, stable plaques and ruptured plaques are characterized by a chronic inflammatory infiltrate and “active” inflammation in the thinning of fibrous caps (21). Inflammation is linked with different risk factors of atherosclerosis (26, 51). All risk factors of atherosclerosis cause inflammatory response (9). Cellular cholesterol and inflammation can affect the immune system and autoimmune diseases (26).

Ox-LDL and generally modified lipoproteins increase endothelial damage, leukocyte recruitment, and inflammation. Several studies revealed that high levels of E-selectin, ICAM-1, and VCAM-1 are expressed by inflamed endothelium (52). Thus, these activated endothelial cells are the local source of leukocytes recruited into an atherosclerotic lesion (21). One of the earliest signs of atherosclerosis is endothelial dysfunction or activation (53). High inflammatory responses lead to arterial wall thickening (53).

Various inflammatory cells such as macrophage foam cells and T lymphocytes participate in inflammatory responses and the progression of atherosclerosis (21). Different cytokines are produced by macrophage foam cells leading to activation of SMCs and extracellular matrix production (8).

In the initiation phase of atherosclerosis, monocytes and lymphocytes migrate into the inner arterial wall with the help of MCP-1 and T cell chemo-attractant. Inside the intima, monocytes are differentiated into macrophage foam cells under the influence of M-CSF. All activated cells release inflammatory cytokines and proinflammatory mediators. In the fatty-streak lesion, T-cells secrete TNF-β, IFN-γ, fibrogenic mediators, and growth factors that can cause the migration and proliferation of smooth muscle cells. Also, activated T-cells cause the following important inflammatory reactions: stimulating Matrix Metalloproteinase (MMP) production by macrophages in the lesion, producing IFN-γ, and halting collagen synthesis by the SMCs. It is considered that plaque formation is related to increased plasma concentration of C-Reactive Protein (CRP) (53). As mentioned above, inflammatory cells, macrophage foam cells and T-cells, and proinflammatory mediators (cytokines, interleukins) have important roles in all different stages of atherosclerosis.

Traditional risk factors of atherosclerosis are Hypercholesterimia, HDL, hypertension, obesity, and diabetes. The high level of LDL cholesterol in the blood causes artery and vascular smooth muscle cells (VSMCs) injury, induction of adhesion molecules and proinflammatory cytokines expression in macrophages and endothelial cells, and activation inflammatory response by expressing mononuclear leukocyte recruiting mechanisms (9).

The mechanisms of actions of HDL are inhibiting LDL oxidative modification, blocking the proinflammatory effects of ox-LDL, promoting antioxidant enzyme activity such as acetylhydrolase and paraoxonase, which neutralize oxidized lipids, and proinflammatory effects (9).

Angiotensin II (AII), as a powerful vasoconstrictor, is produced during hypertension (54). AII increases the growth of SMCs and facilitates smooth muscle lipoxygenase activity and results in speeding up inflammation. Also, it causes inflammation of endothelial intima via promoting the expression of cytokines (IL-6) and MCP-1 and superoxide anion production by the endothelium and SMCs of the artery (9, 54). In fact, Ang-II has pro-atherogenic effects and increases endothelial oxidative stress. Also, it up-regulates the LOX-1 gene and causes the activation of apoptosis pathways and induction of endothelial dysfunction (54).

Oxidative stress, ROS formation, endothelial activation, and disruption of cellular defense systems in conditions of chronic hyperglycemia and diabetes promote inflammation. Glycated lipoproteins protect the proinflammatory action of cytokines in the arterial endothelium (55, 56).

The elevated levels of VLDL and inflammatory processes can initiate atherosclerosis. Adiponectin, leptin resistin, TNF-α, and IL-6 are cytokines generated from adipose tissue, which can impact inflammation (9). Biomarkers of inflammation or indicators of the inflammatory response are CRP, Protease Activated Receptor (PAR), CD40, Interleukin-18, LOX-1, and Lipoprotein-associated phospholipase (Lp-PLA2) (57). Obesity accelerates atherosclerosis through increasing glucose level, abnormal lipid profile, and systemic inflammation (58).

One of the most stable plasma biomarkers for low-grade systemic inflammation is CRP. It is a valuable tool for predicting, diagnosing, and prognosis of atherosclerosis. CRP has a direct role in promoting the inflammatory component of atherosclerosis. The significant mechanisms actions of CRP are: downregulating endothelial nitric oxide synthase (eNOS) to prevent nitric oxide releasing into the endothelium, destabilizing eNOS mRNA, increasing the release of endothelin (ET-1), adhesion molecules (VCAM-1, ICAM), MCP-1, migration of SMCs and facilitating LDL uptake by macrophage (59).

PAR has four types (PAR-1,−2,−3,−4). PAR-1 activation facilitates the binding of monocytes and leukocyte recruitment in the endothelium. PAR-1 and PAR-2 can enhance the leukocytes and platelets to the endothelium. It is proposed that the proinflammatory property of PARs is induced by IL-1 and TNF-α in inflamed cells (9).

CD40/CD40L is a proinflammatory system belonging to the TNF family. This protein is found in atherosclerotic plaques and expressed by activated macrophages, SMCs, vascular endothelial cells, and T lymphocytes. Binding of soluble CD40L (sCD40L), derived from activated platelet, to CD40 on SMC, and endothelium causes endothelial dysfunction, inflammation, and production of proinflammatory cytokines (IL-6, IL-1), VCAM-1, ICAM, MCP-1, MMPs, fibroblast growth factor, vascular endothelial growth factor, platelet activation, and thus the production of ROS and RNS (9, 60–62).

Interleukin-18 (IL-18) is made by monocytes and macrophages and its receptor is expressed on T lymphocytes (T helper). IL-18 binds to its receptors and causes inflammation and plaque formation via producing IL-1, TNF-α, and a positive feedback mechanism. The stability of plaque is reduced by increasing MMP expression (9). This proinflammatory cytokine causes induction of IFN-γ, inhibiting collagen synthesis, preventing thick fibrous cap formation, and facilitating plaque destabilization (63).

LOX-1 is found in endothelial cells, macrophages, and SMCs. It is bound only to ox-LDL and detected in all phases of atherosclerosis. The ox-LDL/LOX-1 complex causes the following impacts: increasing ROS production, death of SMCs, MMP influence on a fibrous cap, providing a route of entry for ox-LDL into endothelium, disrupting the normal endothelial function and monocyte adhesion, and infiltration. The stimulation of LOX-1 causes endothelial dysfunction, leukocyte adhesion, collagen degradation, and foam cell formation (64). Lp-PLA2 has performed its proinflammatory and proatherogenic functions by promoting monocyte chemotaxis, enhancing expression of mononuclear leukocyte adhesion molecules in endothelial cells, producing lysophosphatidylcholine (lysoPC) and non-esterified fatty acid moieties (9).



The Cellular Mechanisms of Inflammation and Lipid Accumulation in the Pathogenesis of Atherosclerosis

The intimal layer of the arterial wall is the location of the Atherosclerotic lesion. The endothelial cells separate the intima from the lumen of the vessel. Under the basal membrane, different types of cells such as macrophages, dendritic cells, foam cells, lymphocytes, and other inflammatory cells are found in intimal atherosclerotic lesions (65). Deeper layers include SMCs and pericytes that participate in immunity reactions. Pericytes secrete pro-inflammatory cytokines such as IL-1, IL-6, and TNF. They also act as phagocytes and antigen-presenting cells (66, 67). Lesion development is associated with a local enhancement of the number of macrophages, loss of intercellular communication, and changes of Pericytes, macrophages, and SMCs phenotype (68).

Lipid droplets accumulate in the cytoplasm of Pericytes, macrophages, and SMCs and lead to change their appearance. The presence of Pericytes, macrophages, and SMCs in the subendothelial space of the arterial wall is an early manifestation of atherosclerosis (68). Atherogenic mLDL is the primary source of lipids that are found in foam cells and the circulation of atherosclerotic patients. Atherogenic modification of LDL is mentioned in section 3.1. mLDL stimulates phagocytosis by pericytes and macrophages. Then inflammatory cytokines are secreted, which causes the attraction of immune cells to the location of the inflammation. Inflammatory cytokines cause the accumulation of intracellular lipids. Intracellular lipids accumulation leads to rupture of the cells (68). Also, increasing proliferative activity and stimulation of extracellular matrix synthesis are occurring in the phase of inflammatory reaction (69). Based on current consensus, endothelial activation and enhanced permeability is the key event in the atherosclerotic lesion development. Endothelial cells express cytokines and chemokines (IL-1, TNF-α, MCP-1, growth factors, and adhesion molecules). This leads to the interaction of circulating immune cells with endothelium and enhancement of the pro-inflammatory signaling at the emerging lesion site (68). As a result of the increase of pro-inflammatory cytokines, endoplasmic reticulum stress in the arterial wall cells and apoptosis have occurred (70). This process and cytokine-induced inflammation lead to interrupt the normal activity of mitochondria and then impaired mitophagy and apoptosis (71). mtDNA mutations have an important role in atherosclerosis. These mutations lead to impaired glucose and fat metabolism, increased oxidative stress, ROS generation, and cell death (68). ROS act as modulators of gene expression related to atherosclerosis development. The mutation spectrum of the mitochondrial genome is useful for the early detection of atherosclerosis (3, 71–74).

Lysosome function is linked to inflammatory cytokine release and regulation of immune response. So, loss of lysosomal function in ox-LDL-loaded Macrophages is a general effect related to the excess lipid loading during atherosclerosis (75, 76).



The Role of Long Non-coding RNAs in Lipid Accumulation and Inflammation

Long non-coding RNAs (lncRNAs) have been considered as a novel group of epigenetic regulators with significant roles in the pathogenesis and development of atherosclerosis. Also, these biomarkers have the potential for targeting them therapeutically (77). lncRNAs have multiple functions in a wide range of biological processes. They are involved in regulating macrophage, lipid metabolism and inflammatory, and immune responses (78, 79).

Taurin-up-regulated gene 1 (TUG1) knockdown prevents hyperlipidemia and atherosclerotic lesions through up-regulating the miR-133a expression which targets the fibroblast growth factor 1 (FGF1) (80, 81). LncRNA-H19 has influenced lipid metabolism by targeting miR-130b. It suppresses lipid metabolism and increases lipid accumulation which causes lipid metabolic disorders and atherosclerosis (79, 82). lncRNA-H19 knockdown decreases inflammatory responses and pro-inflammatory factors (IL-1β, IL-6, and TNF-α) and enhances the expression of anti-inflammatory factors (IL-4 and IL-10). So, H19 can prevent endothelial inflammation by inhibiting the STAT3 (signal transducer and activator of transcription 3) signaling pathway (82–84). lncRNA RP5-833A20.1 has a regulatory function in lipid metabolism and inflammation during atherosclerosis. Its target is miR-382. This lncRNA causes enhancement of inflammatory cytokines (TNF-α, IL-1β, and IL-6) and decreases cholesterol efflux via the miR-382-mediated Nuclear factor I A (NFIA) pathway, and attenuates ATP binding cassette transporter A1 (ABCA1) levels (85). lncRNA E330013P06 is a new pro-inflammatory long non-coding RNA. MiR143/145 is a key target of this lncRNA. Overexpressing E330013P06 promotes foam cell formation via increasing inflammatory genes (Nos2, Il6, and Ptgs2) and scavenger receptor CD36 (78). lncRNA growth arrest-specific 5 (GAS5) regulates atherosclerosis developments via various mechanisms including promoting monocyte migration, interaction with the histone methyltransferase EZH2 (enhancer of zeste homolog 2) PRC-2 subunit, decreasing ABCA-1 expression, cholesterol efflux, and producing of inflammatory cytokines via targeting miR-221 and up-regulating MMP-2 and MMP-9 (86, 87). Antisense non-coding RNA in the INK4 locus (Anril), or CDKN2B antisense RNA 1 (CDKN2B-AS1), has different effects on lipid metabolism and inflammation in atherosclerosis. It can promote lipid uptake and LPS induced-inflammation via regulating the CDKN2B promoter and activating the NF-kB signaling pathway (4, 88, 89). Knocking down of long non-coding RNA Maternally Expressed Gene 3 (MEG3) protects the VSMCs from ox-LDL-induced injury by enhancing p53 expression (90). Also, it increases pyroptosis by sponging miR-223 and targeting NOD-like receptor protein 3 (NLRP3). Also, the ox-LDL-induced apoptosis in VSMCs by sponging the miR-361-5p. So, MEG3 promotes the development of atherosclerosis by increasing inflammation (91–93). Long non-coding RNA-DAPK1-IT1 decreases ABCA1 and ATP-binding cassette transporters G1 (ABCG1) protein levels in THP-1 macrophages by sponging miR- 590–3p and targeting lipoprotein lipase (LPL). Thus, it reduces the levels of HDL and enhances the levels of LDL (94).

Long non-coding RNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) has a protective effect against atherosclerosis lesions. The supportive effects of MALAT1 against the ox-LDL-induced apoptosis were performed through these action mechanisms: Upregulating endothelial-to-mesenchymal transition (EndMT), competing with miR-22-3p, induction of autophagy by inhibiting the PI3K/AKT pathway or sponging miR-216a-5p, and suppressing the production of ox-LDL mediated pro-inflammatory cytokines such as IL-6 and IL-8 via sponging miR-155 (95–98). The anti-inflammatory effect of MALAT1 is increasing lipid uptake in macrophages via interacting with nuclear enriched abundant transcript (NEAT1) (99, 100). lncRNA myocardial infarction associated transcript (MIAT) has a protective effect against the ox-LDL-induced apoptosis through inhibiting miR-181b and signal transducer and activator of transcription 3 (STAT3) (101, 102). From a therapeutic point of view, lncRNA-DYNLRB2-2 has anti-atherosclerotic properties via different mechanisms, including promoting cholesterol efflux, inhibiting inflammation, increasing ABCA1 expression, inhibiting THP-1 macrophage foam cell formation, activating the LKB1/AMPK/mTOR signaling pathway, and inhibiting the lipopolysaccharide (LPS)-induced inflammatory cytokines such as TNF-a, IL-1b, and IL-6 in macrophages by reducing TLR2 expression (4, 103–105). From a therapeutic point of view, Anril causes cholesterol efflux and reduction of inflammatory cytokines such as IL-1b and TNF-α in ox-LDL-exposed THP-1 macrophages via inhibiting a disintegrin and metalloprotease (ADAM) expression (106). The most important lncRNAs involved in lipid accumulation and inflammation are summarized in Table 1 and Figure 1.


Table 1. A list of lncRNAs involved in lipid accumulation and inflammation.
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FIGURE 1. The cellular mechanism of atherosclerosis and the involvement of non-coding RNAs in this process (107).




Role of microRNAs in Lipid Accumulation and Inflammation

MicroRNAs have appeared as key regulators of several physiological and pathophysiological processes in atherosclerosis including regulation of HDL biogenesis, cholesterol efflux, lipid metabolism, regulating of smooth muscle proliferation, and controlling of inflammation through the activation and infiltration of leukocytes via the vascular wall (108–110). Moreover, numerous studies have demonstrated the beneficial role of miRNAs as therapeutic targets in the treatment of atherosclerosis and cardiovascular disease (Table 2 and Figure 1) (131).


Table 2. A list of microRNAs involved in lipid accumulation and inflammation.
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The overexpression of miR-146a can inhibit the activation of the TLR4 signaling pathway and prevent ox-LDL accumulation (116). Overexpression of miR-146a significantly decreases intracellular LDL cholesterol content and secretion of IL-6 and IL-8, chemokine (C-C motif) ligand-2, and MMP-9 in macrophages by targeting CD40L (116, 117). It was demonstrated that miR-146a regulates IL-1 receptor-associated kinase-1 (IRAK1) and TNF-receptor-associated factor-6 (TRAF6) (118). The protective role of miR-125a-5p against atherosclerosis was performed through regulating the pro-inflammatory response, lipid uptake by macrophages, decreasing content of the inflammatory cytokines: tumor growth factor-beta (TGF-α), TNF-α, IL-2, and IL-6 (115). The miR-125a-5p expression can cause the expression of LOX-1 and CD68 leading to a decrease of ox-LDL-stimulated macrophage uptake (115). Thus, it suppresses oxysterol binding protein like-9 (ORP9) and leads to reduction of lipid uptake and the secretion of inflammatory cytokines, including IL-2, IL-6, TNF-α, and TGF-β, in ox-LDL stimulated human primary monocytes (115). miR-223 is one of the most abundant miRs in LDL and HDL particles and inflammation (128). NOD-like receptor pyrin domain containing 3 (NLRP3) and ICAM-1 are the targets of miR-223. Upregulation of both these targets increases endothelial inflammation and causes leukocyte infiltration and inflammation connected with atherosclerosis (129, 130). It inhibits cholesterol biosynthesis via suppressing the sterol enzymes 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) and methylsterol monoxygenase 1 (MSMO1) in humans (131). miR-10a up-regulation can influence inflammation through decreasing IκB/NF-κB activation, downregulation of inflammatory biomarkers, such as MCP-1, VCAM-1, E-selectin, IL-6, and IL-8. So, it suppresses inflammatory molecules in endothelial cells (122). miR-21 is a vital signaling mediator in an inflammatory state. Inhibition of this miRNA is related to the progression of atherosclerosis via increasing expression of mitogen-activated protein kinase kinase 3 (MKK3), inducing both p38 and the JNK (c-Jun N-terminal kinase) signaling pathway and regulating the expression of different pro-inflammatory mediators, including lipopolysaccharides and TNF-α (126, 132). miR-302a can regulate ABC transporters, which are involved in cholesterol efflux. The action mechanisms of this miRNA are increasing ABCA1 activity, cholesterol efflux out of macrophages, and preventing foam cell formation and growth of the atheromatous plaque (77). miR-126 can affect the inflammatory state of vasculature by the activation and infiltration of leukocytes via the vascular wall. It inhibits VCAM-1. Thus, miR-126 inhibition leads to enhancement of the proinflammatory TNF-α expression, the activity of NF-κB (nuclear factor κB), the activity of VCAM-1, as well as leukocyte-endothelial cells interactions and atherosclerotic lesions formation (123–125). Overexpression of miR-155 can cause attenuated inflammation and the subsequent foam cell formation via miR-155/calcium-regulated heat-stable protein 1 (CARHSP1)/TNF-α signaling pathway and targeting of mitogen-activated protein kinase 10 (MAPK10) signaling pathway (111, 112). It was suggested that miR-155 can contribute to the inflammatory processes through increasing STAT3 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling and targeting the suppressor of cytokine signaling 1 (SOCS1) in ox-LDL-induced macrophages (113). miR-155 could decrease the lipid uptake in ox-LDL-stimulated cells (114). miR-33a/b is a key regulator of lipid metabolism. It plays a key role in regulating reverse cholesterol transport by inhibiting the expression of ABCA1 at the RNA and protein level and decreasing cellular cholesterol efflux to apolipoprotein A-I (ApoA-I) (119, 120). Inhibition of miR-33a/b causes the following consequences: Increasing β-oxidation and decreasing fatty acid synthesis, ameliorating circulating lipids profile, and slowing down the progression of atherosclerosis (119, 120).

miR-92a expression in the endothelial cells of atherosclerosis-prone areas is an important regulator of atherosclerosis development via targeting STAT3 and secreting IL-6 and MCP-1 (127). miR-34a can develop atherosclerosis via inhibiting cell cycle and SirT1 protein expression, inducing endothelial cell senescence and repressing cell proliferation (121).



Role of Medicinal Plants and Their Active Compounds in Atherosclerosis

In recent decades, medicinal plants and natural products have been considered as one of the most important anti-atherosclerotic strategies for the treatment and prevention of atherosclerosis. Medicinal plants and natural products with their potential antioxidant, antiatherogenic, and anti-thrombotic properties, prevent atherosclerosis and its harmful complication through modulating the pathways of the inflammatory response, reducing cholesterolemia, free radicals, and decreasing vascular resistance (133, 134). The most important medicinal plants with anti-atherosclerotic actions have been summarized in Table 3 and Figure 2.


Table 3. Important anti-atherosclerotic medicinal plants and compounds.
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FIGURE 2. The cellular mechanism of atherosclerosis development and mechanisms of action of medicinal plants and natural products (173).


The experimental New Zealand rabbits group treated with extract of Tribulus terrestris revealed decreased levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglyceride (TG) in serum compared to the control group (133, 157). In Triton WR-1339-induced hyperlipidemic rats treated with Ocimum basilicum extract, the TC, TG, and LDL-C levels decreased (133, 158). Salvia miltiorrhiza with its Salvianolic acid B can inhibit CD36-mediated lipid uptake via binding directly to CD36 with high affinity (159). Salvia miltiorrhiza and cryptotanshinone decrease the expression of MMP-9, NF-κB, and the production of adhesion molecules. This plant prevents the migration of human aortic smooth muscle cells (174, 175). Salvia miltiorrhiza and its active compound, Danshenol, suppress ICAM-1 expression and relevant monocyte adhesion to endothelial cells through the NADPH oxidase subunit 4 (NOX4)-dependent inhibitor of kappa B (IκB) kinase β (IKKβ)/nuclear factor-kappa B (NF-κB) pathway (164). Cryptotanshinone from S. miltiorrhiza decreased LOX-1, ICAM-1, and VCAM-1 expression (135, 136). Salvianolic acid B from Salvia miltiorrhiza reduced JAK2 (Tyr 1007/1008) and STAT1 (Tyr701 and Ser727) phosphorylation. It enhanced protein inhibitor of activated STAT 1 (PIAS1) and suppressor of cytokine signaling 1 (SOCS1) expressions in endothelial cells (176). The modulatory effects of salvianolic acid B and Cryptotanshinone, bioactive compounds from S. miltiorrhiza, significantly suppressed the atherosclerotic plaque formation by inhibiting the LOX-1 and MMP-9 expression and affecting PI3K/Akt, MAPK, NF-KB pathways (135, 137). Allium sativum with large amounts of flavonoids, such as kaempferol inhibits cyclooxygenase and lipoxygenase and prevents the accumulation of thrombocytes. Allium sativum extract decreases the level of malondialdehyde, superoxide, and hydroxyl radicals (141). Allium sativum has antithrombotic activity by suppressing cyclooxygenase, reducing the generation of thromboxane B2, prostaglandin E2, and leukotriene C4 by platelets (142). Extract from Allium sativum inhibits platelet aggregation via different mechanisms including increasing cyclic nucleotides, inhibiting GPIIb/IIIa receptor and fibrinogen binding, and preventing phosphorylation of collagen-induced ERK, JNK, and p38 (143–145). It lowers blood lipids such as total cholesterol and triglycerides through down-regulating acetyl-CoA carboxylase (ACC), acyl-CoA cholesterol acyltransferase (ACAT), HMGR, fatty acid synthase (FAS), sterol regulatory element-binding protein-1c (SREBP-1c), and glucose-6- phosphate dehydrogenase (G6PD) (170). Nigella sativa and its main active compounds, propolis and thymoquinone, prevent LDL oxidation and decrease in the development of atherosclerotic lesions. It scavenges the free radicals and has antioxidant activity. This medicinal plant and its active compounds decreased TC, LDL-C, and TG, while increased HDL-C levels in hypercholesterolemic rabbits (162, 163). Celastrus orbiculatus up-regulated scavenger receptor class B type 1 (SR-B1), cholesterol 7α-hydroxylase A1 (CYP7A1), and 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase and significantly decreased TC, non-HDL-C, TG, and lipid deposition in the arterial wall (160). C. orbiculatus decreased CRP, IL-6, and TNF-α levels in plasma and CD68 up-regulation and NF-κB p65 protein activation in the arterial wall (160). Magnolia officinalis, with its main compound, magnolol, suppressed IL-6-induced phosphorylation of Tyr705 and Ser727 on STAT3. STAT3 is a transcription factor involved in inflammatory responses. It reduces ICAM-1 expression on the endothelial surface (151). The ethanolic extract of Astragalus membranaceus decreased blood glucose and triglyceride (TG) via the increasing activity of PPAR-α and PPAR-γ (146). Also, downregulation of CD40 ligand and C-X-C chemokine receptor type 4 (CXCR4) expression on the platelet surface, and stromal cell-derived factor-1 (SDF-1) and CXCR4 expression in the aorta are the most important effects of A. membranaceus and Astragaloside IV (147). β-Elemene isolated from Curcuma wenyujin inhibits the production of pro-inflammatory cytokines and cell adhesion molecules such as IL-1β, TNF-α, INF-γ, MCP-1, and ICAM-1 and decreases the size of atherosclerotic lesions (152). Tripterygium wilfordii and its triterpenoid, Celastrol, prevent phosphorylation and degradation of IκB. This medicinal plant reduces the production of inducible nitric oxide synthase (iNOS), NO, and pro-inflammatory cytokines such as TNF-α and IL-6 (153). Curcuma longa and curcumin inhibit SR-A-mediated oxidized LDL uptake and lead to reduced cholesterol accumulation in the arterial wall via activation of the AMPK-SIRT1- LXRa signaling pathway (167, 168). Also, curcumin shows anti-inflammatory properties via inhibiting the activity of iNOS, COX-2, lipoxygenase, and xanthine oxidase, and activating NF-kB (169). C. longa inhibits IκBα, protein kinase B (Akt), and protein kinase C (PKC) phosphorylation and suppresses VCAM-1 expression (155). Glycyrrhiza glabra and its main flavonoid, glabridin, have anti-inflammatory properties via different action mechanisms including inhibiting TNF-a-stimulated gene expression of VCAM-1 and ICAM-1 and blocking JNK and NF-kB (138, 139). It prevents LDL oxidation through inhibiting 2, 2-azobis (2-amidinopropane) hydrochloride (AAPH)–stimulated production of cholesteryl linoleate hydroperoxide in LDL (140). Coptis chinensis and its main compound, berberine, increase LXRa-ABCA1-dependent cholesterol efflux and activate the AMPK-SIRT1-PPAR-g pathway, consequently decreasing foam cell formation (156). Punica granatum, ellagic acid, and punicalagin, possess obvious anti-inflammatory effects including reducing plasma levels of IL-6 and TNF-α, increasing the anti-inflammatory cytokine IL-10, and decreasing the translocation of NF-kB from the cytosol to the nucleus (148–150). Ginkgo biloba extract decreases IL-1β, TNF-α, IL-10 expression, and growth of vascular smooth muscle cells (VSMC) (154).

Paeonol, the active compound of Paeonia lactiflora, decreased ICAM- 1 expression via phosphorylation of IκBα and inhibition of NF-κB p65 translocation into the nucleus. It had influences on extracellular signal-regulated kinase (ERK) induced by TNF-α and blocked the phosphorylation of p38 (172). Saponins, the active compounds of Panax notoginseng suppress TNF-α-induced endothelial adhesion molecules such as ICAM-1 and VCAM-1 expression and reduce monocyte adhesion to the endothelium (161). Purple perilla and its main compound α-asarone prevent ox-LDL-induced foam cell formation via inhibiting SR-B1 expression. Also, Purple perilla causes the adenosine triphosphate (ATP)-binding cassette transporter A1 (ABCA1) and ABCG1 upregulation, and subsequently result in cholesterol efflux from macrophages through interactions between peroxisome proliferator-activated receptorγ (PPARγ), liver X receptor α (LXRα), and ABC transporters (133). Buddleja officinalis reduces VCAM-1 and ICAM-1 through inhibition of NF-κB and reactive oxygen species (ROS) (156). Sesamum indicum with its antioxidant and anti-inflammatory properties showed inhibitory effects on membrane microsomal peroxidation, lipid peroxidation, ADP-Fe3+/NADH-induced peroxidation, and Cu ions-induced LDL oxidation. Hence, this plant decreases the levels of plasma triglyceride and cholesterol, and LDL-cholesterol (LDL-C) (165, 166).




CONCLUSIONS

Atherosclerosis is a chronic inflammatory disease that is continuous crosstalk between the lipid metabolism and immune-inflammatory pathways. Accumulation of intracellular lipids is a fundamental event in atherogenesis at the cellular level. The accumulation of intracellular modified lipids, especially ox-LDL, leads to foam cell formation. Inflammation participates in all phases of atherosclerosis. Lipid droplets accumulate in the cytoplasm of Pericytes, macrophages, and smooth muscle cells and lead to change their appearance. All risk factors of atherosclerosis cause an inflammatory response. Inflammatory cytokines cause the accumulation of intracellular lipids. Intracellular lipids accumulation leads to rupture of the cells. As a result of the increase of pro-inflammatory cytokines, endoplasmic reticulum stress in the arterial wall cells and apoptosis occur. This process and cytokine-induced inflammation lead to interrupt the normal activity of mitochondria and then impaired mitophagy and apoptosis. Thus, both lipoprotein metabolism and inflammatory immune response play vital roles in the initiation, perpetuation, and eventually, resolution of the atherosclerosis process.

This information leads to the development of new approaches to the diagnosis and treatment of atherosclerosis such as evaluation of microRNAs and lncRNAs. On the other hand, new developments based on using cell models, medicinal plants, and natural products as therapeutic tools have been developed to prevent lipid accumulation and foam cell formation. Recently, lncRNAs and miRNAs have been considered for the treatment and prevention of atherosclerosis. Hence, the therapeutic effects of these molecules, especially lncRNAs, have largely remained experimental at this time. Expressing the therapeutic effect of these molecules with more details and their mechanism of action needs more experiments and research in the future. Totally, various lncRNAs and miRNAs can prevent and treat atherosclerosis by regulating HDL biogenesis, cholesterol efflux, lipid metabolism, regulating smooth muscle proliferation, and controlling inflammation.

Medicinal plants and their active compounds can prevent atherosclerosis through the following mechanisms: in fact, medicinal plants decrease total cholesterol, LDL-C, and TG. Various bioactive compounds reduce LOX-1 expression. They inhibit ROS production. Natural products inhibit the foam cell formation and SR-B1 expression. Also, the production of IL-1β, TNF-α, INF-γ, MCP-1, and ICAM-1 is inhibited by different medicinal plants.
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ABBREVIATIONS

ABCA1, ATP binding cassette transporter A1; ABCG1, ATP-binding cassette transporters G1; ApoB, apolipoprotein B; CIC, circulating immune complexes; CRP, C-Reactive Protein; EC, endothelial cell; EndMT, endothelial-to-mesenchymal transition; eNOS, endothelial nitric oxide synthase; HDL-C, high-density lipoprotein cholesterol; ICAM, Intercellular Adhesion Molecule-1; IDL, intermediate-density lipoproteins; IFN-γ, γ-interferon; IL-8, Interleukin-8; JNK, cJun NH2-terminal kinase; LDL, low-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; lncRNA, long non-coding RNA; LOX-1, the lectin-like oxidized LDL 1 receptor; Lp-PLA2, lipoprotein-associated phospholipase A2; LPL, lipoprotein lipase; LPS, lipopolysaccharide; LRP1, low-density lipoprotein receptor-related protein 1; lysoPC, lysophosphatidylcholine; M-CSF, Macrophage Colony-Stimulating Factor; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; MCP-1, Monocyte Chemotactic Protein-1; mLDL, modified low-density lipoprotein; MMP, Matrix Metalloproteinase; NEAT1, nuclear enriched abundant transcript; NF-kB, nuclear transcription factor-kB; NFIA, Nuclear factor I A; ox-LDL, oxidized low-density lipoprotein; PAR, Protease Activated Receptor; RNS, reactive nitrogen species; ROS, Reactive oxygen species; S-SMase, sphingomyelinase; SMCs, Smooth Muscle Cells; SR, scavenger receptors; SR-BI, scavenger receptor class B type I; SR-E1, the lectin-like oxidized LDL 1 receptor; SRC, non-receptor tyrosine kinase; STAT3, signal transducer and activator of transcription 3; TC, total cholesterol; TG, triglyceride; TLR4, Toll-like receptor 4; TNF-β, tumor necrosis factor β; VCAM, Vascular Cell Adhesion Molecule-1; VLDL, very-low-density lipoproteins; VSMCs, vascular smooth muscle cells.
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Transcription factor-7-like-2 (TCF7L2), a vital member of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family, plays an important role in normal human physiological and pathological processes. TCF7L2 exhibits multiple anti-atherosclerotic effects through the activation of specific molecular mechanisms, including regulation of metabolic homeostasis, macrophage polarization, and neointimal hyperplasia. A single-nucleotide substitution of TCF7L2, rs7903146, is a genetic high-risk factor for type 2 diabetes and indicates susceptibility to cardiovascular disease as a link between metabolic disorders and atherosclerosis. In this review, we summarize the anti-atherosclerosis effect and novel mechanisms underlying the function of TCF7L2 to elucidate its potential as an anti-atherosclerosis biomarker and provide a novel therapeutic target for cardiovascular diseases.
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INTRODUCTION

Atherosclerosis precedes and forecasts the pathological process of cardiovascular disease (CVD), the leading cause of mortality worldwide (1, 2). Atherosclerosis is characterized by complex pathological progression involving endothelial damage, local chronic inflammation, and metabolic disorders (3). The onset of atherosclerosis in endothelium stimulates chemokine releases and recruits circulating monocytes, which then differentiate into M1 macrophages in the local inflammatory environment (4). Additionally, subendothelial M1 macrophages not only secrete proinflammatory cytokines but also transform into foam cells through excessive lipid uptake. However, foam cells are prone to apoptosis or necrosis owing to cytotoxicity, and the debris and lipids from foam cells inflate the necrotic core of atherosclerotic plaques. Vascular smooth muscle cell (VSMC) migration is another pathologic feature of atherogenesis, which thickens the vascular walls and narrows the vascular lumen. Even worse, once these atherosclerotic plaques rupture and the necrotic core breaks through into the vascular lumen, patients will suffer from acute CVD events, such as stroke or myocardial infarction. In addition to the local microenvironment, atherogenesis is affected by multiple systemic factors such as obesity, dyslipidemia, and insulin resistance (IR). Recently, metabolic syndrome, the simultaneous presence of various risk factors related to metabolism, has been identified as a prominent risk factor for atherosclerosis (5).

TCF7L2 is well characterized as a member of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family, whose remaining members are LEF1, TCF7, and TCF7L1 in humans. It was also previously called T-cell factor 4 (TCF4), not to be mistaken for transcription factor 4 (6). Korinek et al. (7) discovered TCF7L2 via the hybridization screening of TCF7 cDNA for the first time and described TCF7L2 as an important transcription factor of Wnt signaling. During embryogenesis, TCF7L2 promotes embryonic organ development as a key player in Wnt signaling (7, 8). In adults, TCF7L2 has attracted widespread attention because of its significant genetic correlation with the high risk of type 2 diabetes (T2D), which alters the function and survival of pancreatic β cells (9–13). Currently, TCF7L2 has drawn increasing academic attention because it has been reported to be associated with inflammation, metabolism, and atherosclerosis (14, 15). Studies have shown that silencing TCF7L2 leads to insufficient insulin secretion, impaired adipogenic differentiation, blood-vessel dysplasia, and lipid accumulation (16–18). In contrast, overexpression of TCF7L2 promotes macrophage polarization (M2) and inhibits neointimal hyperplasia (19, 20). This evidence indicates the anti-atherosclerotic effects of TCF7L2. With an in-depth study of genomics, single-nucleotide polymorphisms (SNPs) have been found to be related to the genetic susceptibility to atherosclerosis and the distribution of high-risk populations; of these, TC7FL2 rs7903146 is one of the most notable SNPs (21–23). These findings indicate that TCF7L2 plays a vital role in anti-atherosclerosis and can be considered as a potential biomarker for the treatment of CVD. Therefore, in this review, we summarize the structure, function, and anti-atherosclerosis effects of TCF7L2 in order to provide insight for the development of an alternative treatment strategy for CVD.



STRUCTURAL AND FUNCTIONAL CHARACTERISTICS OF TCF7L2

In humans, TCF7L2 is located on chromosome 10q25.2-q25.3; it spans over 217,432 bp of DNA and consists of 17 exons. The full-length TCF7L2 protein contains 596 amino-acid residues in a certain subsequence of the N terminal, β catenin-binding domain, Groucho-binding sequence, HMG box-DNA-binding domain (HGM-DBD), cysteine clamp (C clamp), and C terminal (24, 25). With the help of HGM-DBD, TCF7L2 can recognize specific DNA subsequences (5′-xCTTTGATx-3′) in the double-helix dimple and trigger transcription factor activity (17, 26). Until now, the C clamp has been considered to assist the binding of HGM-DBD with certain DNA sequences, although the C clamp contains an alternative DNA-binding domain (5′-xTGCCGCx-3′) without transcription regulatory activity (27). Remarkably, TCF7L2 exerts dual transcription regulatory effects on target genes influenced by the transcriptional co-activator β-catenin or transcriptional co-repressor transducin-like enhancer of split (TLE)/Groucho (28–30). With Wnt signaling stimulation, increased amounts of β-catenin are imported into the nucleus, where they subsequently assemble into the β-catenin/TCF7L2 complex. In addition, β-catenin functions as a scaffold to assist the binding of the β-catenin/TCF7L2 complex to the promoter of target genes and thus enhance promoter activity. In the absence of Wnt/β-catenin signaling, the co-repressor TLEs preferentially occupy TCF7L2 by the glutamine-rich (Q) domain and recruit histone methyltransferases or histone deacetylases to silence downstream genes (31, 32). Taken together, TCF7L2 contains two DNA-binding domains (HGM-DBD and C clamp), but only HGM-DBD can activate transcription. Furthermore, TCF7L2 is subject to dual regulation by the transcriptional co-activator β-catenin or transcriptional co-repressor TLE/Groucho.



TCF7L2 AND WNT SIGNALING

Wnt signaling plays a protective role in the development of atherosclerotic CVDs. Many studies have shown that Wnt signaling prevents the development of atherosclerosis via a series of processes, including glucolipid metabolism, macrophage polarization, and neointimal hyperplasia (33–36). Upon activation of canonical Wnt signaling, accumulated β-catenin binds to TCF7L2 in the nucleus and regulates the expression of downstream genes. This signaling pathway is widely present in pancreatic islets and adipocytes, where it balances glucose and lipid metabolism. TCF7L2 is the terminal executor of the Wnt signaling pathway, which directly acts on the promoters of downstream genes. Insulin and glucagon exert opposite effects on blood glucose levels; glucagon-like peptide 1 (GLP-1) promotes insulin secretion, while inhibiting glucagon secretion in a blood glucose concentration-dependent manner. Yi et al. (37) found that the promoters of both GLP-1 and glucagon contain TCF7L2-binding sites. However, TCF7L2 upregulates GLP-1 expression in gut endocrine cells but downregulates glucagon expression in pancreatic α cells, exerting powerful effects on insulin synthesis and balance of blood glucose levels (37). Additionally, macrophages have been proven to be a source and effector of Wnt signaling, and Wnt signaling greatly affects macrophage phenotypes. Wnt signaling can induce myeloblasts to differentiate into monocytes in the bone marrow (38) and can promote macrophage polarization into M2 phenotypes in the peripheral residences, with a pattern of decreasing expression of TNF-α and IL-6 and increasing expression of the M2 marker CD206 (39–41). Taken together, the Wnt signaling pathway has been proven to balance blood glucose levels and alleviate local inflammation, which is defined as an anti-atherosclerosis action. Considering TCF7L2 to be a determinant element of Wnt signaling, we will further explore the role of TCF7L2 in metabolism, inflammation, and atherosclerosis.



TCF7L2 RS7903146 AS A RISK PREDICTOR OF CVD

With the advances in genome sequencing, the identification of gene polymorphisms in populations has been shown to be important in disease risk prediction (42). SNPs comprise a type of gene polymorphisms and specifically refer to single-nucleotide substitutions of one base for another that have more than 1% incidence in the general population (43). Many gene polymorphisms have been confirmed to be involved in the development of atherosclerosis, such as rs7903146 in TCF7L2.

SNPs can be classified into two categories according to their distribution on DNA: linked SNPs and causative SNPs (44, 45). Linked SNPs do not reside within genes and do not affect protein production or function. Causative SNPs are located within the coding region and regulatory subsequence and can thus influence gene transcription or translation. Among causative SNPs, rs7903146, located in exon 4 of TCF7L2, is well known for conferring a genetic predisposition to T2D (Figure 1) (9, 46). rs7903146 influences the activity of the TCF7L2 promoter and alters the alternative splicing of exon 4 (47–50). The T-allele genotype of TCF7L2 shows a higher degree of open chromatin, and the promoter is accessible to transcription factors. Additionally, rs7903146 is regarded as a cis-regulatory variation wherein the T-allele genotype exhibits robust enhancer activity to promote TCF7L2 transcription (49, 50). Conversely, TCF7L2 protein levels are decreased in T-allele carriers, in contrast to elevated TCF7L2 mRNA levels (11, 51). A possible hypothesis for this inconsistency is that rs7903146 reduces exon 4 cutting from TCF7L2 transcripts (47, 48). Notably, this TCF7L2 transcript containing exon 4 exhibits high mRNA but gets rarely encoded into mature protein, which caused the discrepancy in transcription and translation. In addition, the expression of this TCF7L2 splice variant increases endoplasmic reticulum stress, triggers the ER-associated degradation pathway to degrade, and ultimately induces irreversible apoptosis (48, 52, 53). Thus, rs7903146 in TCF7L2 not only affects the expression of TCF7L2 but also causes cell dysfunction.
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FIGURE 1. Location of rs7903146 in human TCF7L2. Representative 17 exons and location of rs7903146 on human TCF7L2. Alternatively spliced exons are colored, and the black arrow represents alternative transcription start sites. rs7903146 is located in exon 4 of TCF7L2. TCF7L2 comprises several domains, including the β catenin-binding domain, Groucho-binding sequence, HMG box-DNA-binding domain (HGM-DBD), and cysteine clamp (C-clamp).


Atherosclerosis is well documented to be the primary pathological basis of CVD and results from subendothelial lipid accumulation and local chronic inflammation. rs7903146 induces postprandial dyslipidemia, causing high triglyceride (TG), high low-density lipoprotein (LDL)-C, and low high-density lipoprotein (HDL)-C levels (54, 55). Some evidence implies that Apo-B is overproduced, but ApoA-I is lacking in T-allele carriers with a high-fat diet (54). ApoA-I is well documented to be a beneficial apolipoprotein in the cardiovascular system (56, 57); ApoA-I accepts intracellular cholesterol efflux from the membrane transporter ABCA1, assembles it into HDL, and transports the excess cholesterol to the liver for metabolism. Deficiency of ApoA-I reduces the feedback regulation of the cardiovascular system in response to dyslipidemia and increases subendothelial lipid accumulation (21, 58). Additionally, TCF7L2 rs7903146 aggravates pancreatic β-cell dysfunction and IR and thus presents as a metabolic correlation in CVD and T2D. Islet morphology analysis showed a 20% decrease in β-cell mass and a 30% increase in α-cell mass within islets from T/T genotype carriers (59). As for islet function, T/T-allele homozygotes exhibited 3.2 mg/dl higher baseline fasting glucose levels than C/C allele homozygotes. In addition, TCF7L2 rs7903146 reduces the efficiency of glipizide and metformin in pre-diabetic or newly diagnosed T2D subjects (60, 61). As previously mentioned, TCF7L2 can promote GLP-1 expression and sensitize pancreatic β-cells to blood glucose, but TCF7L2 rs7903146 causes a decrease in protein levels. These underlying mechanisms are consistent with the function and pathological changes in the islets of T/T allele homozygotes.

In summary, TCF7L2 rs7903146 has a great impact on metabolic balance, linking dyslipidemia and hyperglycemia, and results in greater risk of CVD in T-allele carriers, especially in T2D patients (21). Decades ago, Bielinski et al. (62) found that rs7903146 slightly increased the CVD risk in patients with early-onset diabetes, and they attributed this risk to diabetes without further research. However, this explanation was not all-inclusive, because atherosclerosis was regarded as a multi-cause disease. On the one hand, TCF7L2 rs7903146 induces the development of T2D by damaging pancreatic β-cell function and stimulating IR, which causes the vascular endothelium to be more accessible to atherosclerosis (18, 63). On the other hand, rs7903146 can lead to dyslipidemia and arterial intimal hyperplasia, both of which causes irreversible damage to the cardiovascular system (54, 64). Above all, TCF7L2 rs7903146 appears to have an intricate relationship with atherosclerosis. Although T2D is an indispensable factor, dyslipidemia and other factors are also involved in this relationship. Therefore, TCF7L2 rs7903146 can be regarded as a genetic risk factor for CVD, which could be useful to guide clinical treatment.



ANTI-ATHEROSCLEROTIC ROLE OF TCF7L2 IN METABOLIC BALANCE

As mentioned previously, TCF7L2 rs7903146 is a genetic risk factor for CVD, which cause a reduction in TCF7L2 protein. However, TCF7L2 is a functional transcription factor with pleiotropic anti-atherosclerotic effects on glucose and lipid metabolism. Metabolic syndrome comprises a complex group of pathological circumstances associated with metabolic and proinflammatory states, which play an important role in the atherosclerotic process by gathering atherogenic risk factors (Figure 2) (65). It is noteworthy that TCF7L2 is widely distributed in pancreatic islets, adipose tissue, and the liver and regulates their function and metabolism.


[image: Figure 2]
FIGURE 2. Pathological mechanisms of atherosclerosis in metabolic syndrome. Metabolic syndrome comprises a complex group of metabolic disorders characterized by hyperglycemia/insulin resistance, dyslipidemia, and obesity. It may accelerate atherogenic progression via increased adipocytes, proinflammatory environment, prothrombotic state, excess concentration of free fatty acids, unfavorable lipidomics, and decreased insulin levels and insulin sensitivity.



TCF7L2 Improves Pancreatic β-Cell Function and Insulin Sensitivity

A large sample investigation involving 584 participants revealed that compared to non-T2D participants, T2D patients suffer from more severe carotid atherosclerotic stenosis, appearing as larger lipid necrosis cores with increasing calcification (66). T2D patients are extremely susceptible to CVD, which has become the most common cause of death in T2D (67). Similar to other metabolic diseases, T2D shares several pathological factors with atherosclerosis. Insulin insufficiency, the chief culprit in T2D, also causes damage to vessel walls and increases inflammasome activity (68–70). All these pathologies propel the progression of atherosclerosis. TCF7L2 mutations or deficiency have been shown to impair both pancreatic β-cell and insulin function in in vivo and in vitro experiments (18, 71, 72).

As the exclusive source of insulin, β cells are vital for maintaining metabolic balance and organ functions. On the one hand, TCF7L2 is positively related to β-cell mass (16, 59). As quiescent cells, β cells have a long-life span with low proliferation ability, but their regeneration can be affected by tissue damage and increasing demands (73–75). In these situations, TCF7L2 is required for β-cell renewal and regeneration through JAK2/STAT3/Ngn3 signaling. In addition, TCF7L2 directly reduces mitochondrial permeability and inhibits β-cell apoptosis via the GSK-3β/p53-dependent pathway (76–78). On the other hand, TCF7L2 affects the most important β-cell function, insulin secretion, from two aspects: proinsulin maturation and Ca2+ voltage-gated channel (CAV) activity. To enhance insulin synthesis, TCF7L2 significantly promotes the expression of the proinsulin genes Ins1 and Ins2. Subsequently, TCF7L2 can upregulate PSCK1 and PSCK2 to cleave proinsulin into mature insulin and the C peptide (79, 80). Insulin secretion relies on islet β-cell exocytosis, which is controlled by the L-type Ca2+ channel CAV1.2. Upon membrane depolarization, Ca2+ influx through CAV1.2 triggers β-cell exocytosis (81–83). Ye et al. (83) found that TCF7L2 silencing reduced the expression of α2δ-1, an auxiliary subunit of CAV1.2, and alleviated the Ca2+ current, causing a voltage-insensitive response to high-glucose/depolarization-evoked stimulation, accompanied by insufficient insulin secretion. In addition, TCF7L2 can stimulate the PI3K/AKT pathway to promote insulin sensitivity and secretion, because TCF7L2 can bind to conserved TCAAAG motifs in the promoter of PIK3R1 to upregulate PI3K (84). Li et al. found that TCF7L2 protein expression in the adipocytes, liver, and skeletal muscle is positively correlated with changes in homeostasis model assessment (HOMA)-IR (85), which indicates that TCF7L2 deficiency may induce IR. A recent study found that selective deletion of TCF7L2 in adipocytes leads to IR (63). In conclusion, accumulating evidence confirms that TCF7L2 plays a key role in metabolism and is responsible for maintaining β-cell function and insulin sensitivity. Under TCF7L2 dysfunction, T2D patients suffer more severe insulin deficiency and glucose metabolism disorders with a high risk of CVD (21, 36, 86).



TCF7L2 Regulates Adipose Differentiation and Blood Lipid Homeostasis

Adipose tissue is the most abundant fat storehouse and exerts a chronic and profound influence on lipid metabolism and blood lipids. Blood lipid homeostasis is jointly maintained by adipose tissue and the cardiovascular system and is mutually beneficial (87, 88). A heat map of gene expression and gene set enrichment analysis showed alterations in several signaling pathways related to adipogenesis and metabolism in TCF7L2−/− mice (63). Wnt signaling is well-documented to inhibit adipogenesis, in which the formation of the β-catenin/TCF7L2 complex is indispensable (89, 90). Inducible deletion of TCF7L2 promotes adipose differentiation and subcutaneous fat accumulation in TCF7L2F/F mice (63).

Atherogenic dyslipidemia is characterized by high TG, high fatty free acid (FFA), high LDL, and low HDL levels (91–94); particularly, high serum TG levels are very dangerous signals for myocardial infarction (95). TGs, which are small particles, can easily enter the arterial intima and induce subendothelial lipid accumulation and local inflammation (96). However, TCF7L2 expression can decrease serum TG levels with the help of lipoprotein lipase (LPL) and triglyceride hydrolases (TGH), both of which can hydrolyze TGs (22, 63). LPL is mainly anchored in the vascular endothelium and is sensitive to serum TG. Our previous study showed that TCF7L2 can bind to the promoter of LPL and promote LPL expression to decrease serum TG levels (97, 98). Another study showed using RNA seq analysis that the expression of TGH was decreased in TCF7L2F/F mice, but the underlying mechanism remains unknown. Additionally, FFAs play a major role in inducing the endothelial prothrombotic state (99). A recent study showed that serum FFA concentrations increased dramatically after knocking out TCF7L2 in mice (72). In conclusion, TCF7L2 is a crucial regulatory element in metabolic balance. On the one hand, TCF7L2 regulates adipose differentiation via Wnt/β-catenin signaling and prevents adipocyte hypertrophy; on the other hand, TCF7L2 upregulates serum TG and FFA levels (Figure 3).
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FIGURE 3. TCF7L2 rs7903146 is a link between metabolism disorders and atherosclerosis. TCF7L2 rs7903146 inhibits the expression of TCF7L2, thereby influencing glucose and blood lipid homeostasis. On the one hand, TCF7L2 rs7903146 induces hyperglycemia and insulin resistance by decreasing β-cell mass, proinsulin gene expression, Ca2+ voltage-gated channel activity, and insulin sensitivity of cells. On the other hand, TCF7L2 rs7903146 disrupts blood lipid homeostasis by increasing white adipocyte tissue (WAT) mass and harmful lipid components and decreasing HDL levels.





POTENTIAL ANTI-ATHEROSCLEROTIC MECHANISM OF TCF7L2

In addition to metabolic disorders, inflammatory infiltrates and neointimal hyperplasia aggravate the progression of atherosclerosis. Previously, we have illustrated TCF7L2 as a regulatory element in metabolism, but recent research has revealed other anti-atherosclerotic effects of TCF7L2, such as those against inflammation and neointimal hyperplasia (Figure 4).
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FIGURE 4. Molecular mechanisms underlying the action of TCF7L2 in anti-atherosclerosis. TCF7L2 exerts a protective role in atherosclerosis through multiple molecular mechanisms, including the inhibition of inflammation, VSMC proliferation and migration, dyslipidemia, insulin resistance, and foam cell and myofibroblast formation.



TCF7L2 Promotes M2 Polarization

Macrophages are the major inflammatory effectors in atherosclerotic lesions. After endothelial injury, monocytes are recruited by chemokines and differentiate into macrophages in the vascular wall. Macrophages are divided through the process of macrophage polarization into two primary phenotypes according to their roles in inflammation: pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages. Under IFN-γ or TNF-α stimulation, macrophages polarize into the M1 phenotype and intensify local inflammation. M1 macrophages secrete numerous pro-inflammatory factors, including ROS, IL-1, and TNF-α, in the atherosclerotic microenvironment where they can destroy the structure or function of blood vessels (100). Additionally, M1 macrophages are more likely to transform into foam cells because of excessive lipid intake. In contrast, M2 macrophages can delay the development of atherosclerosis by relieving local inflammation (101, 102). TCF7L2 partially regulates macrophage polarization (19, 103). In vitro, curcumin can upregulate TCF7L2 to suppress M1 macrophage-derived inflammation (103). Consistently, TCF7L2 can induce macrophage polarization toward the M2 phenotype by downregulating the lncRNA XIST (19). These results indicate that TCF7L2 may be an upstream factor that regulates macrophage polarization and exerts anti-inflammatory effects in the atherosclerotic microenvironment, but the underlying molecular mechanism needs further exploration.



TCF7L2 Inhibits Neointimal Hyperplasia

During atherogenesis, VSMCs are characterized by two phenotypes: a contractile phenotype and a synthetic phenotype. VSMCs usually exhibit a contractile phenotype to maintain vascular elasticity. However, VSMCs transform from this contractile phenotype into a synthetic phenotype during atherogenesis and show strong proliferation and migration activities (104, 105). TCF7L2 has been proved to be negatively related to VSMC plasticity (20, 36). Mechanistically, TCF7L2 can directly bind to the promoter of GATA6 and upregulate the expression of SM-MHC, a well-established marker of the contractile VSMC phenotype. In addition, TCF7L2 can downregulate Sp1 expression to suppress the VSMC phenotypic switch (36, 106). Notably, Wnt/TCF7L2 dysfunction enhances Sp1/PDGF/JNK signaling and subsequently leads to extensive VSMC proliferation (107, 108). Taken together, TCF7L2 upregulates GATA6 expression while downregulating Sp1 expression to inhibit VSMC plasticity and neointimal hyperplasia. Understanding the mechanisms underlying the recruitment of VSMCs by TCF7L2 may provide novel insights into the pathogenesis of atherosclerosis.

Myofibroblasts play an active role in neointimal hyperplasia and have been reported in all stages of atherosclerotic CVD from plaque formation and rupture to restenosis after percutaneous coronary intervention (109). Transformation of fibroblasts into neointimal myofibroblasts causes collagen deposition and neointimal expansion under TGF-β stimulation (110–112). Meanwhile, myofibroblasts also secrete pro-inflammatory cytokines to aggravate atherosclerosis (113, 114). Contreras et al. found that TCF7L2 is highly expressed in fibroblasts, while it is barely expressed in myofibroblasts, and it behaves as a key control switch in the differentiation of fibroblasts to myofibroblasts (115, 116). During this process, TGF-β accelerates the degradation of TCF7L2 to induce myofibroblast formation via the ubiquitin-protease system (115).




THERAPEUTIC STRATEGIES TO PROMOTE TCF7L2 EXPRESSION

TCF7L2 exerts multiple anti-atherosclerotic effects, including IR, lipid accumulation, and local inflammation. TCF7L2 is expected to be an alternative therapeutic target for atherosclerotic CVDs. Thus, the promotion of TCF7L2 expression is a more intuitive therapeutic strategy. Numerous studies have indicated that noncoding RNAs, including short noncoding RNAs (miRNAs) and long noncoding RNAs (lncRNAs), are master regulators of gene expression, and many are involved in the development of atherosclerosis (117). Serum miR-217 levels have been reported to be significantly increased in patients or mice with atherosclerosis (118). Mechanistically, miR-217 aggravates the progression of atherosclerosis by promoting endothelial dysfunction and inflammatory responses (119, 120). Yu et al. (121) showed that TCF7L2 is a downstream target of miR-217, as confirmed by dual luciferase reporter assays. Thus, suppression of miR-214 expression may be a possible treatment for atherosclerotic CVDs. Other miRNAs, such as miR-26b-5p, miR-17-5p, and miR-181-5p, show inhibitory effects on TCF7L2 expression similar to those of miR-217 (122, 123). Moreover, miR-26b-5p and miR-17-5p can promote adipogenic differentiation by downregulating TCF7L2 expression (124). MiR-17-5p can specifically bind to the 3′UTR of TCF7L2 mRNA and recruit the RNA-induced silencing complex (RISC) to degrade TCF7L2 mRNA (125). LncRNA also participates in the anti-atherosclerotic action of TCF7L2, wherein TCF7L2 downregulates the lncRNA XIST and promotes M2 polarization in THP-1 macrophages (19). Interestingly, TCF7L2 also participates in the protective effects of estradiol on the cardiovascular system (126). Tian et al. (126) generated a dominant-negative TCF7L2 mouse model via adenovirus transfection and found that overexpression of dominant-negative TCF7L2 significantly increased serum TG and hepatic lipid accumulation in male transgenic mice, but not in females; this finding caused the researchers to be curious about the relationship between TCF7L2 and estradiol. In the subsequent estradiol treatment, male transgenic mice showed an amelioration in serum TG and hepatic lipid accumulation, perhaps owing to the increased expression of TCF7L2 and the nuclear translocation of β-catenin. In general, TCF7L2 exerts a variety of anti-atherosclerotic effects by regulating downstream genes and is itself regulated by multiple controllable factors, making its use in clinical treatment applications potentially advantageous.



CONCLUSIONS AND FURTHER DIRECTIONS

TCF7L2, an important element in Wnt signaling, has attracted extensive attention since its discovery in 1998 (7). There are four functional structures in the TCF7L2 protein: the β catenin-binding domain, Groucho-binding sequence, HGM-DBD, and C-clamp (24, 25). HMG-DBD is responsible for identifying and binding to specific nucleotide sequences on the promoters of target genes to regulate their expression (17, 26). However, the activity of TCF7L2 is controlled by two contradictory regulatory elements: the co-activator β-catenin and co-repressor TLE/Groucho (28–30). TCF7L2 is mainly distributed in the nucleus and is usually occupied by TLE/Groucho, which suppresses the regulatory activity of TCF7L2 on target genes. However, activating the Wnt signaling pathway promotes the nuclear import of β-catenin, which competitively binds with TCF7L2 and exerts positive effects on TCF7L2. With the assistance of β-catenin, TCF7L2 participates in insulin secretion, adipogenesis, and maintenance of the blood lipid balance. During insulin secretion, TCF7L2 can increase proinsulin and PSCK1/PSCK2 to provide abundant insulin (79, 80). In addition, TCF7L2 upregulates the L-type Ca2+ channel CAV1.2, which promotes insulin efflux through exocytosis (81–83). TCF7L2-binding sites are present on the promoters of LPL and TGH genes, both of which are related to TG hydrolysis and can reduce serum TG levels (91–94).

In addition to metabolism, TCF7L2 can influence cell fate to alleviate atherosclerosis in the vascular endothelium. It is well established that local inflammation is an essential and forceful factor in the development of atherosclerosis, and macrophages are major participants in the inflammatory response (100–102). With different stimulations, macrophages can polarize into the pro-inflammatory M1 phenotype or anti-inflammatory M2 phenotype. TCF7L2 is involved in polarization of macrophages into the M2 phenotype, alleviating the local inflammatory response and atherogenesis (19, 103). Neointimal hyperplasia mainly occurs in the middle or late stages of atherosclerosis, especially after PCI (20, 36, 115, 116). During neointimal hyperplasia, VSMCs or fibroblasts proliferate and migrate to the vascular intima, where they transform into synthetic VSMCs or myofibroblasts, respectively, which synthesize and secrete large amounts of extracellular matrix. These changes eventually cause a decline in blood-vessel elasticity and lumen area, causing CVD patients to have more obvious clinical manifestations.

In terms of CVD prevention and treatment, we should pay attention to TCF7L2 rs7903146, which has been proven to be a causative SNP close to exon 4 (9, 46). Previous studies have shown that rs7903146 is closely associated with genetic susceptibility to T2D, and accumulating evidence indicates that rs7903146 increases CVD risk in the population, especially in subjects with diabetes (21, 127). Causally, rs7903146 alters the sequence of TCF7L2 mRNA, inserting an extra exon 4, and results in the reduction of TCF7L2 protein (47, 48). Owing to insufficient TCF7L2 protein, rs7903146 T-allele carriers are more likely to suffer from islet atrophy, dyslipidemia, and atherosclerosis, as shown in Figure 3. Thus, rs7903146 is a genetic biomarker to identify a population with a high risk of CVDs. Furthermore, TCF7L2 is a promising therapeutic target; we have provided a detailed description of its role in atherosclerosis from metabolism and inflammation to neointimal hyperplasia, which makes it suitable for clinical applications. However, a comprehensive understanding of TCF7L2 remains necessary to ensure that any future TCF7L2-based clinical treatment for CVD is safe and effective. Therefore, the following issues are worthy of further exploration: (i) the mechanism of TCF7L2 in independent Wnt signaling; (ii) factors affecting the conversion of TCF7L2 between co-repressors and co-activators; (iii) potential effects of TCF7L2 on FFA uptake in the intestine; (iv) mechanism underlying the induction of M2 polarization by TCF7L2; (v) potential inhibition of foam cells by TCF7L2; and (vi) potential regressive effect of TCF7L2 on vascular intimal hyperplasia. A better understanding of these issues will further reveal the molecular mechanism underlying the action of TCF7L2 in atherosclerosis, which is necessary for the development of new anti-atherosclerotic drugs in the future.
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Cardio-cerebrovascular diseases, as a major cause of health loss all over the world, contribute to an important part of the global burden of disease. A large number of traditional Chinese medicines have been proved effective both clinically and in pharmacological investigations, with the acceleration of the modernization of Chinese medicine. Sinomenine is the main active constituent of sinomenium acutum and has been generally used in therapies of rheumatoid arthritis and neuralgia. Varieties of pharmacological effects of sinomenine in cardio-cerebrovascular system have been discovered recently, suggesting an inspiring application prospect of sinomenine in cardio-cerebrovascular diseases. Sinomenine may retard the progression of atherosclerosis by attenuating endothelial inflammation, regulating immune cells function, and inhibiting the proliferation of vascular smooth muscle cells. Sinomenine also alleviates chronic cardiac allograft rejection relying on its anti-inflammatory and anti-hyperplastic activities and suppresses autoimmune myocarditis by immunosuppression. Prevention of myocardial or cerebral ischemia-reperfusion injury by sinomenine is associated with its modulation of cardiomyocyte death, inflammation, calcium overload, and oxidative stress. The regulatory effects on vasodilation and electrophysiology make sinomenine a promising drug to treat hypertension and arrhythmia. Here, in this review, we will illustrate the pharmacological activities of sinomenine in cardio-cerebrovascular system and elaborate the underlying mechanisms, as well as give an overview of the potential therapeutic roles of sinomenine in cardio-cerebrovascular diseases, trying to provide clues and bases for its clinical usage.
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INTRODUCTION

Sinomenine is an alkaloid isolated from the root and stem of Sinomenium acutum Rehder et Wilson or Sinomenium acutum var. cinereum., and is the main active chemical component of these traditional Chinese medicine which used to treat rheumatism and neuralgia for centuries (1–4). The classic pharmacological activities of sinomenine are anti-inflammation and immunomodulation, contributing to its potent therapeutic effects on rheumatoid arthritis and sciatic neuritis or lumbalgia (1, 2, 5). Since sinomenine is purified in the 1920s, many other pharmacological properties and therapeutic efficacies of this alkaloid have been discovered and investigated, including promotion of histamine release, mild sedative and analgesic effects, treatment of ankylosing spondylitis, and protection against cardio-cerebrovascular diseases, etc. (1–3, 6–10). The diverse functions of sinomenine make it a promising and effective drug in clinical use.

Cardio-cerebrovascular diseases are the leading cause of death and severely threaten the health and living quality of people worldwide (11–13). As the effectiveness of Chinese medicine in clinical treatments has been recognized gradually around the world, investigations on the specific role of sinomenine in cardio-cerebrovascular diseases are increasing, especially inspired by the fact that inflammatory responses and immune activation are involved in many pathological processes in cardio-cerebrovascular diseases, such as atherosclerosis, as well as cerebral and myocardial ischemia-reperfusion injury (IRI) (14–17). Recently, it has been realized that sinomenine treatment could be beneficial to many cardio-cerebrovascular diseases, including atherosclerosis, cerebral or myocardial IRI, cardiac allograft rejection, autoimmune myocarditis, hypertension, and arrhythmia. The underlying mechanisms involve anti-inflammation, immunosuppression, regulation of cell proliferation and apoptosis, inhibition of oxidative stress and calcium overload, vasodilation, and regulation of electrophysiology. In this review, we will systematically summarize and expound the role of sinomenine in cardio-cerebrovascular diseases based on its pharmacological effects and therapeutic potentials, aiming to give enlightenments for clinical applications of sinomenine.



SINOMENINE AND ATHEROSCLEROSIS

Atherosclerosis is the major driving factor of coronary artery diseases (15, 18–20). The formation and development of atherosclerotic plaques may cause coronary artery stenosis or blocking and ischemia of myocardium or brain, frequently leading to severe cardio-cerebrovascular diseases such as myocardial infarction, angina, heart failure, and ischemic cerebral stroke (14, 15, 21, 22). Multiple pathological progressions contribute to the initiation and development of atherosclerosis, including lipid metabolic disorder, endothelial dysfunction and inflammation, activation of immune cells, and abnormal cellular activities of vascular smooth muscle cells (VSMCs) (14). Sinomenine is reported to have pharmacological activities such as anti-inflammatory effects on endothelium, immunosuppressive effects on leukocytes, and inhibitory effects on VSMCs proliferation (Figure 1). Besides, drug interactions between sinomenine and other cardiovascular drugs also have been investigated. Therefore, sinomenine is promising to be used for the prevention or treatment of atherosclerosis.
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FIGURE 1. Anti-atherosclerotic effects of sinomenine. Sinomenine could suppress the progression of atherosclerosis by affecting the activities of multiple cells including VECs, monocytes, granulocytes, lymphocytes, macrophages, and VSMCs. Sinomenine attenuates the endothelial inflammation through decreasing pro-inflammatory factors VCAM-1, IL-1α, and ET-1. Sinomenine represses the proliferation, migration, and invasion of monocytes with downregulating CD147 and MMP-2/9. Sinomenine also inhibits the migration of granulocytes, as well as the proliferation and antibody production of lymphocytes. In addition, sinomenine promotes cell apoptosis and decreases the inflammatory response of macrophages through regulating ERK and NF-κB signal pathways respectively, resulting in upregulation of p27 and Bax, and downregulation of TNF-1α and IL-1β. Furthermore, Sinomenine restrains the dedifferentiation, proliferation, and migration of VSMCs depending on inhibition of several signal pathways including MAPK, Akt/GSK3β, STAT3, and PDGFR-β, leading to the increased expression of SMA, Smoothelin, and SM22a.



Suppression on Endothelial Inflammation and Immune Activation

Endothelial inflammation and immune activation are essential pathological processes of atherosclerosis. Long-term chronic inflammation throughout atherosclerosis triggers the assembly and activation of immune cells in the lesions of atherosclerotic plaque, thus contributing to the progress of atherosclerosis (23). Inflammatory responses in vascular endothelial cells (VECs) can prompt the excretion of pro-inflammatory cytokines, activation of multiple signal pathways, and expression of endothelial leukocyte adhesion molecules including E-selectin, intracellular adhesion molecule-1 (ICAM-1), and vascular adhesion molecule-1 (VCAM-1) (14, 24, 25). These cellular activities are responsible for immune responses which play vital roles in the development of atherosclerosis, such as recruitment, invasion, and differentiation of monocytes, and inflammatory activities mediated by macrophages and other leukocytes (15, 23). Therefore, the regulation of endothelial inflammation and immune activation are important ways to treat or prevent atherosclerosis. Sinomenine has strong anti-inflammatory and immunosuppressive activities and hence may have anti-atherogenic effects through regulating endothelial inflammation and function of immune cells that participate in atherosclerosis (26–31).

VCAM-1, expresses and distributes on the activated VECs surface, is a kind of adhesion molecules and can bind to leukocytes and promote their adhesion and trans-endothelial migration (25, 26, 32). Cytokines such as tumor necrosis factor-α (TNF-α) and interleukin (IL)-1 play important roles in stimulating the expression of adhesion molecules including VCAM-1 (33). As VCAM-1 usually indicates the infiltration of leukocytes such as monocyte, macrophage, or lymphocyte, it is thought to be a promising target to detect atherosclerosis and assess the efficacy of anti-atherogenic therapies (25). Sinomenine is found to inhibit VCAM-1 expression induced by TNF-α in VECs (26). Sinomenine downregulates TNF-α and IL-1β through blocking the activity of nuclear factor-kappa B (NF-κB) in macrophages and synoviocytes (27). Sinomenine also inhibits the lipopolysaccharide-induced upregulation of IL-1α in VECs (28). Increased IL-1 has been reported leading to endothelial inflammation by inducing the adhesion and migration of leukocytes to endothelium dependent or independent of VCAM-1 (34). Therefore, the decline of VCAM-1 in VECs caused by sinomenine might be at least in part due to the suppression of TNF-α and IL-1 by regulating the NF-κB signal pathway, which needs further investigation. Besides, Sinomenine has an inhibitory effect on endothelin-1 (ET-1) in VECs (28). ET-1 is a marker of endothelial damages and is involved in inflammation responses (35, 36). As a result, sinomenine can be helpful to alleviate the endothelial inflammation in atherosclerosis by suppressing VCAM-1, IL-1, and ET-1.

The effects of sinomenine on VCAM-1 and pro-inflammatory factors including TNF-α, IL-1, and ET-1 suggest its potent repression on inflammatory and immune responses which facilitate the formation of foam cells and exacerbate the progression of plaque in atherosclerosis. Multiple immune cells participate in different stages of atherosclerosis. Monocytes can be activated and recruited to the damaged endothelium and differentiate into macrophages. Macrophages secret pro-inflammatory factors and ingest lipids, usually the low density lipoproteins, to form the inflammatory foam cells (14, 23). Lymphocytes and granulocytes are also found to be pro-atherogenic and play parts in atherosclerotic plaque formation (15, 37). It is proved that sinomenine can inhibit the proliferation of monocytes and suppress the invasion and migration ability of activated monocytes which differentiate into macrophages (30, 38). The suppression on invasion and migration of monocytes by sinomenine may be related to the reduction of metalloproteinase (MMP)-2 and MMP-9 in the activated monocytes by downregulating the expression of extracellular matrix metalloproteinase inducer (EMMPRIN, CD147) (30). Hence, sinomenine contributes to restraining the leukocytes-endothelial adhesive interactions by suppressing invasion, migration, and differentiation of monocytes. Sinomenine induces the apoptosis of macrophages through activating extracellular signal regulated protein kinase (ERK) to upregulate p27 and pro-apoptotic factor B-cell lymphoma (Bcl)-2-associated x (Bax) (29). p27 is an inhibitor of cyclin E/cyclin-dependent kinase 2 and p27 overexpression may block cell cycle progression and induces apoptosis (39). As a member of the Bcl-2 family, Bax induces the release of inducing factors of apoptosis such as procaspase-9 and cytochrome c (40). Sinomenine also decreases the pro-inflammatory factors production of macrophages including TNF-α, IL-1, and prostaglandin E2 (41–44). The role of sinomenine on macrophages may reduce the formation of inflammatory foam cells and atherosclerotic plaques. Besides the impacts on monocytes and macrophages, sinomenine also inhibits proliferation of lymphocytes from mouse spleen, antibody production by B cells, and transmigration of granulocytes across the IL-1β activated human umbilical vein endothelial cells monolayer, conducing to alleviate the progression of atherosclerosis (31, 38, 45). Taken together, sinomenine may suppress proliferation, invasion, migration, and differentiation of monocytes, increase apoptosis of macrophages, and modulate functions of lymphocytes and granulocytes, which benefit for mitigating plaque formation and progression in atherosclerosis.



Inhibition of VSMCs Proliferation

VSMCs are abundant in the arterial wall and play important parts in atherosclerosis by promoting vascular remodeling, neointima formation, and plaque stability (14, 46, 47). The phenotype switching of VSMCs from contractile to synthetic, characterized by enhanced proliferation and migration abilities and reduced apoptosis of VSMCs, can accelerate atherosclerosis progression (14, 46). Dedifferentiated VSMCs can migrate from the media to the intima of the vessel wall and proliferate rapidly, with higher expression of extracellular matrix components, extracellular matrix-remodeling enzymes, and pro-inflammatory cytokines (48). As the phenotype switching of VSMCs is a reversible process, the regulation on phenotype switching could be developed into a method used for preventing or retarding the progress of atherosclerosis (46).

Sinomenine has an influence on phenotype switching of VSMCs by inhibiting the dedifferentiation, proliferation, and migration of rat VSMCs induced by platelet-derived growth factor-BB. The reversed dedifferentiation of VSMCs by sinomenine is proved by upregulating multiple smooth muscle-specific contractile genes such as smooth muscle α-actin (SMA), smoothelin, and smooth muscle 22α (SM22α). As a result, sinomenine decreases the neointimal formation after carotid artery injury in vivo, represented by the reduced intimal area and intima-to-media ratio. The effects of sinomenine on VSMCs phenotype modulation may be due to its inhibition on mitogen-activated protein kinase (MAPK), protein kinase B (Akt)/glycogen synthase kinase 3β (GSK3β), signal transducer and activator of transcription 3 (STAT3), and platelet-derived growth factor receptor-β (PDGFR-β) pathways (21). The phosphorylation of ERK1/2 and p38 in MAPK signal pathway promotes platelet-derived growth factor-BB induced VSMCs dedifferentiation (49–51). The Akt/GSK3β signal pathway modulates VSMCs phenotype to increase its dedifferentiation and is implicated in cell proliferation and migration (49, 52, 53). STAT3 regulates cell growth and differentiation and its phosphorylation is usually in response to acute vascular injury and induces neointimal hyperplasia (54–56). Sinomenine might suppress MAPK, Akt/GSK3β, and STAT3 signal pathways directly or by inhibiting the phosphorylation of their upstream regulator PDGFR-β which can be activated by platelet-derived growth factor-BB and cause the activation of its downstream signal pathways (57, 58). Relying on its effects on phenotype switching of VSMCs, sinomenine could be used to treat vascular proliferative diseases including atherosclerosis and restenosis after percutaneous coronary intervention or vein graft (59, 60).



Interaction of Sinomenine with Statins

Statins are commonly used to alleviate atherosclerosis and can lower the cardiovascular mortality and the risk of cardiovascular events in patients with coronary artery diseases (61, 62). Statins are usually prescribed for long-term use and combined with other drugs, resulting from the complicated and diverse conditions in cardiovascular diseases. Consequently, drug interactions between statins and other drugs of clinical use have become a special concern for the sake of ensuring the safety and efficacy of medications in these patients (63, 64).

Sinomenine has been reported to have drug interaction with statins, as statins can influence the metabolism of sinomenine in liver and lead to the change of pharmacokinetic parameters of sinomenine. Sinomenine can be metabolized in rat liver microsomes, catalyzed by enzymes CYP3A1/2 and CYP2D1 which are homologous with CYP3A4 and CYP2D6 of human. The inhibitory or inductive effects on sinomenine metabolism by statins are dependent on the dosage and administration period. Single dose of simvastatin or lovastatin could inhibit the liver metabolism of sinomenine, resulting in increased plasma concentration and decreased clearance rates of sinomenine (65). The underlying mechanism could be that simvastatin and lovastatin, as well as their metabolites, are the substrates of CYP3A (66–69). Thus, co-administration of statins may competitively inhibit the metabolism of sinomenine by CYP3A1/2 in rats after a single administration. It also suggests that co-administration of sinomenine might influence the concentration of statins in turn, as well as other drugs catalyzed by CYP3A. However, multiple doses of simvastatin reduce the plasma concentration of sinomenine. The upregulation of CYP3A1/2 at the transcriptional and translational levels by long-term co-administration with simvastatin may account for this opposite effect on sinomenine (65). Upregulation of CYP3A1/2 after long-term co-administration of sinomenine and simvastatin might result from the compensatory mechanism since the two drugs compete for CYP3A1/2 leading to insufficiency of enzymes. Drug interactions between sinomenine and statins give us a hint about how to ensure the effectiveness and safety of both drugs, as well as other drugs catalyzed by CYP3A, in clinical use based on the regulation of dosage and administration period of medication.




SINOMENINE AND ISCHEMIC CARDIO-CEREBROVASCULAR DISEASES

Ischemic cardio-cerebrovascular diseases, typically referring to myocardial infarction and ischemic stroke, are major cause of death and disability globally. IRI is a phenomenon that occurs after the restoration of blood flow in ischemic tissues and is associated with many severe cardio-cerebrovascular diseases (16, 70). IRI is characterized by functional and structural alterations with cellular destruction and dysfunction in ischemic tissues after reperfusion (17). Multiple factors such as oxidative stress, inflammatory and immune response, calcium overload, and dysfunction of mitochondria contribute to the pathogenesis and development of IRI (16, 17, 71). It is urgent to find suitable drugs as the treatment for IRI remains lacking (72, 73). Sinomenine has been reported protective for IRI of the myocardium and brain depending on its regulatory effects on cell death, inflammation, calcium overload, and oxidative stress (Figure 2), which could be a promising drug to treat or prevent IRI in the cardio-cerebrovascular system (10, 74–77).
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FIGURE 2. Modulatory mechanisms and protective effects of sinomenine in cerebral and myocardial IRI. (A) Sinomenine may alleviate cerebral IRI through inhibition of neurological inflammation, neurocyte apoptosis, and calcium overload in the cerebrum, resulting in the amelioration of brain injury and improvement of neurological function. (B) Sinomenine could mitigate myocardial IRI by suppressing the apoptosis and oxidative stress of cardiomyocytes, as well as lowering myocardial calcium level, further leading to the reduction of IR-induced arrhythmia. Red upward arrows represent stimulation by sinomenine, and green downward arrows represent inhibition by sinomenine.



Prevention of Cerebral IRI

Cerebral IRI is an important part of brain injuries caused by ischemic stroke with high recurrence and disability rates worldwide (77). Cerebral IRI could lead to cerebral edema, brain hemorrhage, neurocyte death, neurological dysfunction, and poor prognosis such as disability (78–80). As a consequence, effective drugs to prevent or treat cerebral IRI can be helpful to recover neurological function and improve the prognosis of ischemic stroke. Targeting several pathological processes such as cell apoptosis, inflammatory response, and calcium overload may be beneficial to relieve ischemia-reperfusion (IR)-caused brain damages (81–85). Sinomenine, with the ability to cross the blood-brain barrier (BBB), could prevent and alleviate cerebral IRI by inhibiting apoptotic gene activation and the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-mediated inflammation, as well as attenuating calcium overload through regulating acidosis and energy metabolism, resulting in reverse of neurological functional damages (10, 76, 77, 86–88).

Apoptosis is crucial to the pathogenesis of IRI (89, 90). Both the extrinsic and intrinsic pathways of apoptosis are activated in IRI. The extrinsic pathway functions by recruiting caspase-8 to cleave caspase-3, and the intrinsic pathway leads to upregulation of pro-apoptotic Bax and downregulation of anti-apoptotic Bcl (16, 91). Sinomenine may reduce the neurocytes death induced by oxygen glucose deprivation-reperfusion or middle cerebral artery occlusion models through inhibiting apoptosis, since Bax and cleaved caspase-3 are reduced while Bcl and Bcl/Bax ratio are elevated during treatment of cerebral IRI with sinomenine (76, 87).

Besides suppression of apoptosis, sinomenine protects the cerebrum from IRI through decreasing inflammatory responses, especially NLRP3 inflammasome-mediated inflammation (87). Inflammatory response in brain is an important inducer of cerebral IRI, involving NLRP3 inflammasome activation, pro-inflammatory factors production, gliacyte activation, and immune cells involvement, etc. (17, 92, 93). NLRP3 inflammasome, consisting of NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and caspase-1, is a classic and well-characterized inflammasome that can sense and respond to neurological injuries such as cerebral IRI (94–96). Activation and assembly of the NLRP3 inflammasome promote the release of pro-inflammatory cytokines including IL-1β, IL-18, and TNF-α (94, 97, 98). Adenosine 5'-monophosphate-activated protein kinase (AMPK) is an upstream regulator of NLRP3 inflammasome and its inactivation leads to excessive NLRP3 inflammasome activation (99, 100). Sinomenine downregulates IR-induced elevation of NLRP3, ASC, and caspase-1 in cerebral tissues through promoting AMPK phosphorylation (87). Elevation of pro-inflammatory factors, including IL-1β, IL-18, IL-6, TNF-α, and ICAM-1, in cerebral tissues during IR are alleviated through sinomenine treatment, at least in part due to its regulation on NLRP3 inflammasome (86, 87). In addition, the suppressive effects of sinomenine on brain inflammatory responses induced by IR are also proved by inhibition of astrocyte and microglia activation which are vital for the initiation and progression of neurological inflammation following cerebral IR (87).

During cerebral IR, intracellular levels of calcium in neurocytes are elevated resulting from ischemia or hypoxia-induced insufficiency of energy supply, which could harm the cells by increasing production of reactive oxygen species, destructing cell membrane, and causing mitochondrial dysfunction, and eventually lead to cell death (16). Low levels of ATP cause the inactivation of several ATPases including Na+-K+-ATPase, Ca2+-ATPase, and Ca2+-Mg2+-ATPase, leading to membrane depolarization and activation of voltage-gated calcium channels (VGCCs) which mediate the pumping of calcium into neurocytes (16, 17, 86). Another ion channel mediating the entrance of calcium into neurocytes is Ca2+-permeable acid-sensing ion channel 1a (ASIC1a) and its activation is mainly responsible for acidosis-mediated injuries of neurons (101, 102). Since acidosis is a common feature of ischemia-induced brain injuries, ASIC1a is activated during cerebral IR, which increases the uptake of calcium into neurocytes. Calcium overload induced by cerebral IR promotes the autophosphorylation of calcium/calmodulin dependent protein kinase II (CaMKII), a protein kinase regulating many calcium signal-mediated events, and the excessive activation of CaMKII contributes to ischemic brain injuries (103–105). Sinomenine blocks the calcium overload in brain induced by IR-related membrane depolarization and acidosis, through the regulation of ATPases, VGCCs, and ASIC1a (76, 86). Sinomenine improves the energy metabolism of the ischemic cortex by elevating Na+-K+-ATPase, Ca2+-ATPase, and Ca2+-Mg2+-ATPase levels which are reduced in IR (86). L-type calcium channel, one type of VGCCs, is suppressed by sinomenine, resulting in the reduction of calcium currents into neurocytes (76). The inhibition of L-type calcium channel might result from a direct impact of sinomenine or its indirect effect through enhancement of ATPase activation, as the increased ATPase levels may reduce the membrane depolarization and thus suppress VGCCs. Sinomenine also declines the elevated lactate dehydrogenase (LDH) levels in neurocytes and ischemic cortex induced by IR, as well as increased ASIC1a expression and ASIC1a-mediated calcium uptake induced by extracellular pH reduction, suggesting the alleviation of acidosis in the brain by sinomenine (76, 86). In addition, the suppressive effects of sinomenine on calcium overload induced by cerebral IR are demonstrated by its inhibition on cortical autophosphorylation of CaMKII which responds to upregulation of intercellular calcium concentration (76).

Treatment with sinomenine could contribute to attenuation of brain injury and improvement of neurological function (76, 86, 87). The infarct size can predict long-term adverse events in patients suffering IRI and has been used as an indicator of IRI (72, 73). Sinomenine reduces cerebral infarction volume, brain water content, and BBB permeability induced by middle cerebral artery occlusion. The attenuation of these brain injuries induced by IRI leads to elevation of body weights and better performance on neurological function in middle cerebral artery occlusion-treated animals, including the decrease of neurological severe score (NSS), alleviation of severe neurological deficits such as hemiparalysis symptoms and sensorial or motorial disability (76, 86, 87).



Prevention of Myocardial IRI

Myocardial IRI is a common pathological process in acute coronary artery diseases after restoring blood flow to the ischemic myocardium with percutaneous coronary intervention (71). Myocardial IRI may aggravate impairment of cardiac function and lead to complications of acute coronary artery diseases such as reperfusion arrhythmia (106, 107). Myocardial IRI often manifests as cardiomyocyte damages including apoptosis, pyroptosis, oxidative injury, and calcium concentration elevation, etc. (71, 89, 90, 108–110). Sinomenine could alleviate myocardial IRI by decreasing calcium concentration, oxidative stress, and apoptosis of cardiomyocytes, and also reduces IR-induced arrhythmia (74, 75).

Similar to cerebral IR, calcium concentration in cardiomyocyte augments during the process of cardiac IR. After reperfusion to the ischemic myocardium, the sudden restoration of blood flow together with increased calcium level can trigger oxidative stress with reduced activity of antioxidases, generation of reactive oxygen species and lipid metabolites, finally inducing cell damages and death (16, 17, 71, 93). Sinomenine reduces the elevated calcium contents in the myocardium induced by IR and inhibits oxidative stress in cardiomyocytes through increasing superoxide dismutase (SOD) activity and decreasing lipid peroxidation metabolite malonaldehyde (MDA) (74, 75). Sinomenine also downregulates the expression of NF-κB in cardiomyocytes stimulated by oxidative stress (75). NF-κB, as a redox-sensitive transcription factor, responds to oxidative stress rapidly and plays significant roles in IRI. Activated NF-κB induces the transcription of target genes, promoting multiple pathogenic activities involved in IRI, such as apoptosis and inflammation, and the inhibitors of NF-κB have been proved to reduce IRI (16, 75, 111). Therefore, sinomenine might protect the myocardium and cardiomyocytes from IRI relying on its inhibitory effects on calcium overload, oxidative stress, and NF-κB function.

Cell death in the myocardium induced by IR is a vital cause of cardiac IRI (16, 71). Apoptosis of cardiomyocytes can be evoked due to IR-induced hypoxia and production of reactive oxygen species, and restraint of apoptosis might be a treatment strategy for myocardial IRI (16, 89, 90). Sinomenine suppresses the apoptosis of cardiomyocytes induced by oxidative stress and decreases the LDH release which is positively related to the degree of cell damage and death, suggesting the potential therapeutic role of sinomenine in cardiac IRI (75). Recently, pyroptosis has been found to promote the death of cardiomyocytes and enlarge myocardial infarct area in IR (110). Pyroptosis is a process of programmed cell death that can be induced by NLRP3 inflammasome-mediated activation of caspase (86, 112). Cardiac IRI can be alleviated by inhibition of pyroptosis with suppressing NLRP3 inflammasome including downregulation of NLRP3 and caspase-1 in cardiomyocytes (113). Since sinomenine can restrain the activation of NLRP3 inflammasome with the decrease of NLRP3, ASC, and caspase-1, it is probable to alleviate cardiac IRI by reducing pyroptosis of cardiomyocytes through inactivating NLRP3 inflammasome (87, 114).

In addition, sinomenine is reported to prevent IR-induced arrhythmia in isolated hearts including decreasing the incidence of ventricular extrasystole, ventricular tachycardia, and ventricular fibrillation, shortening the duration of ventricular fibrillation, and prolonging the incubation of ventricular fibrillation (74). In conclusion, sinomenine may protect the myocardium against IRI through its regulation on calcium overload, oxidative stress, apoptosis, and pyroptosis probably, as well as reduction of IR-induced arrhythmia.




SINOMENINE AND IMMUNO-RELATED CARDIOVASCULAR DISEASES

Sinomenine has been demonstrated to possess immunosuppressive and anti-inflammatory activities, including regulating the activation, proliferation, and differentiation of lymphocytes, the differentiation and function of dendritic cells (DCs), and production of pro-inflammatory factors, etc. (1). Such effects make sinomenine suitable for therapy of immune-related disorders such as rheumatoid arthritis, hepatitis, colitis, and allograft rejection (41, 44, 115, 116). Excessive immune responses in cardiac tissue cause several immuno-related cardiovascular diseases, while sinomenine may protect the cardiovascular system from immune response-mediated injury including cardiac allograft rejection and autoimmune myocarditis (116, 117).


Prevention of Cardiac Allograft Rejection

Cardiac graft is an important therapy to rescue patients suffering severe heart failure. Chronic rejection (CR) with graft vasculopathy is a major cause of cardiac graft failure (118–120). Myocardial fibrosis, perivascular and interstitial inflammatory infiltration mediated by immune cells, and narrowing or occlusion of the graft vasculature due to hyperplasia of vascular intima and VSMCs make contributions to CR of cardiac allograft (118, 119). Besides, the upregulation of vascular endothelial growth factor, basic fibroblast growth factor, and ET-1, which are generated from a variety of cell types such as VSMCs and macrophages, could be stimulated by T cell/B cell-driven immune responses and promote the development of CR in multiple transplant organs (121–123). Sinomenine has been reported to exhibit anti-inflammatory, immunomodulatory, and anti-hyperplastic effects in vessels, suggesting that it may also have therapeutic effects on vasculopathy-related CR in cardiac allograft (14, 15, 24, 26, 28, 32). It is found that sinomenine, compared with untreatment or cyclosporin A, causes less severe vasculopathy in a model of cardiac allograft, representing as lower vasculopathy score, less luminal narrowing, less proportion of diseased vessels, and less fibrotic alterations, as well as reduced mononuclear cell infiltrates and macrophages proportion in cardiac allografts. Furthermore, the combination of sinomenine and cyclosporin A results in more significant improvements on vasculopathy probably through reducing IgM levels and downregulating vascular endothelial growth factor, basic fibroblast growth factor, and ET-1, indicating that sinomenine may act synergistically with cyclosporin A by enhancing the effects of cyclosporin A on vasculopathy, humoral immune response, and expression of cytokines and tissue growth factors (116). Hence, sinomenine could be effective in treatment of chronic cardiac allograft rejection either alone or in combination with other immunosuppressive drugs, which benefits for patients with heart failure.



Prevention of Autoimmune Myocarditis

Excessive or abnormal immune response in myocardium induced by infectious or non-infectious factors can trigger myocarditis, leading to severe consequences especially in children and young people (124–126). Autoimmune myocarditis is a kind of non-infectious myocarditis, which could be mediated by the activity of DCs (127). DCs are a type of antigen-presenting cells with a strong capacity to induce primary immune responses and act as an essential regulator in immunity and tolerance balance relying on their activation status (128–130). Inhibition of DCs maturation leads to T cell unresponsiveness and inflammation tolerance, resulting in alleviation of autoimmune diseases including autoimmune myocarditis (129, 130). Sinomenine could suppress the maturation of monocyte-derived DCs, represented by downregulation of their mature parameters such as membrane antigens CD40, CD80, CD83, CD86, and human leukocyte antigen DR, resulting in inhibition of T cells activation and IL-12 expression (117). The immunosuppressive effects of sinomenine on DCs may depend on the downregulation of phosphorylation of inhibitor of NF-κB α and inhibition of the nuclear translocation of RelB, leading to the inactivation of NF-κB pathway which has been proved to regulate the maturation of DCs (117, 131–133). In consequence, it provides evidence that sinomenine might have the potency to treat DCs-mediated autoimmune myocarditis.




SINOMENINE AND OTHER CARDIOVASCULAR DISEASES


Sinomenine and Hypertension

Vascular tone regulation is crucial to many cardiovascular diseases, especially to hypertension. Relaxation of the vessels could reduce the blood pressure and workload of heart, which plays essential roles in therapy of hypertension and heart failure (8, 134). Sinomenine could dose-dependently mitigate norepinephrine, phenylephrine, KCl, or phorbol 12, 13-dibutyrate-induced vasoconstrictions of isolated aortal rings through multiple mechanisms (8, 134, 135). The activation of protein kinase C (PKC) in VSMCs is an important inducer of vasoconstriction (134, 135). The facts that sinomenine mitigates vasoconstriction induced by phorbol 12, 13-dibutyrate (a PKC activator) and pretreatment with staurosporine (a PKC inhibitor) attenuates the vasodilative effects of sinomenine suggest that sinomenine may function through suppressing the PKC activity in VSMCs (8, 135). Increased calcium concentration in VSMCs triggers contraction of VSMCs and the blockade of calcium channels has become a common method for vasorelaxation and decompression (136, 137). In addition, the opening of ATP-sensitive K+ channel in VSMCs could also lead to a decrease of intercellular calcium concentration (138). Sinomenine alleviates the contraction induced by phenylephrine/KCl and lowers the elevated calcium concentration in VSMCs, and pretreatment of nicardipine (a L-type calcium channel blocker) or glibenclamide (a selective ATP-sensitive K+ channel blocker) attenuates vasodilative effects of sinomenine. Accordingly, it is possible that sinomenine reduces the calcium concentration in VSMCs to cause vasorelaxation through both blocking L-type calcium channel and opening ATP-sensitive K+ channel (8, 134, 135). Besides, sinomenine may activate β-adrenoceptor in VSMCs to relax the vessels since propranolol (a β-adrenoceptor blocker) attenuates vasodilation induced by sinomenine (8). In addition to acting on VSMCs, endothelial-dependent vasorelaxation plays important parts in the vasodilative effects of sinomenine. Removal of endothelium attenuates the vasorelaxation caused by sinomenine (135). Reduction of the endothelium-derived relaxing factor NO and less release of prostaglandin I2 from endothelium induced by pretreatments with NG-monomethyl-L-arginine, monoacetate salt (a NO synthesis inhibitor) and indomethacin (a cyclooxygenase inhibitor) also result in attenuated vasodilative effects of sinomenine, indicating that sinomenine may elevate NO and prostaglandin I2 levels to dilate vessels (8, 135).

To sum up, sinomenine could cause vasorelaxation probably relying on its inhibition of PKC activity and L-type calcium channel, accompanied with the activation of ATP-sensitive K+ channel and β-adrenoceptor stimulation in VSMCs, as well as its promotion of endothelial-dependent NO and prostaglandin I2 synthesis (8, 9, 134, 135). It is found that sinomenine only lowers the systolic blood pressure in spontaneously hypertensive rats while has no impact on the systolic blood pressure in normotensive rats, which might partly result from the increased distribution and/or sensitivity of ATP-sensitive K+ channel and augmented Ca2+ sensitivity induced by PKC during hypertension (134, 139). Therefore, sinomenine may have the potential for controlling blood pressure clinically. Furthermore, since vasodilation is helpful to reduce the pre- and after-loads of the cardiovascular system, which is essential for the treatment of heart failure, sinomenine also could be a hopeful drug to treat heart failure through executing its vasodilative effects (8, 9, 135).



Sinomenine and Arrhythmia

Dysrhythmia makes great damages to cardiac function, and severe or untreatable arrhythmia may lead to death clinically (9). It has been reported that sinomenine has cardioprotective effects based on its regulation of cardiac rhythm (8, 9, 74, 140). Sinomenine has an impact on action potential configurations in ventricular cardiomyocytes and papillary muscles, including prolonging action potential duration with increase of repolarization and decreasing action potential amplitude with inhibition of the maximum rate of depolarization, probably resulting from its regulation of several ionic currents. Sinomenine could inhibit the L-type Ca2+ current, the delayed rectifier K+ current, and the inwardly rectifying K+ current (IK1) in cardiomyocytes, resulting in the prolonging of the action potential duration. The inhibition of the inwardly rectifying K+ current by sinomenine could depolarize the membrane potential, which plays a part in anti-arrhythmic actions. Suppression of action potential amplitude and the maximum rate of depolarization suggest the repressive action of the fast Na+ current, a class I anti-arrhythmic action, indicating the inhibitory effects of sinomenine on the conduction velocity and excitability. Besides, the reduced fast Na+ current might also cause the decline of cellular calcium concentration, which is essential for the alleviation of arrhythmia. As a consequence, the abnormal action potentials induced by calcium overload are suppressed by sinomenine (8, 140). Arrhythmia caused by picrotoxin or BaCl2 could also be recovered into sinus rhythm by sinomenine (9). Furthermore, sinomenine attenuates the arrhythmia following IR, as mentioned in the former parts (74). In summary, sinomenine may be used for the treatment of arrhythmia depending on its electropharmacological effects on the action potential configuration and the ionic channel currents.




CONCLUSION

Cardio-cerebrovascular diseases are the major cause of public health problems globally and Chinese medicine has broad prospects for treatment of such diseases. Sinomenine possesses promising protective effects on atherosclerosis, cerebral or myocardial IRI, cardiac allograft rejection, autoimmune myocarditis, hypertension and heart failure, as well as arrhythmia, relying on its diverse pharmacological activities including anti-inflammation, immunosuppression, modulation of cell proliferation and apoptosis, attenuation of oxidative stress and calcium overload, and vasodilatory or electrophysiological function. Further investigations are required to focus on the definite therapeutic roles of sinomenine in clinical situation.
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Background/Aims: Rheumatoid arthritis (RA) is associated with the emergence of cardiovascular disease, while chronic inflammation is considered a common denominator for their parallel progression. The Proprotein convertase subtilisin/kexin type 9 (PCSK9)/LDL-Receptor (LDLR) system is of high importance during atherogenesis, via regulating the clearance of LDL from the circulation; nevertheless the role of this molecular mechanism during RA-related atheromatosis is not known.

Methods: Herein, high-resolution ultrasound measurements for arterial hypertrophy, atheromatosis and arterial stiffness as well as comprehensive biochemical profiling were performed in 85 RA patients. The circulating levels of PCSK9 and LDLR were measured and their potential associations as well as of the PCSK9/LDLR ratio with patients' characteristics and the degree of atherosclerosis were investigated.

Results: Increased LDLR levels and decreased PCSK9/LDLR ratio were found in RA patients with at least 2 atheromatic plaques as compared to the ones without any plaques. In addition the levels of both PCSK9 and LDLR were positively correlated with the presence of atheromatic plaques as an age- and gender- adjusted multivariate analysis revealed.

Conclusions: Our data imply that the PCSK9/LDLR system plays a significant role during RA-related atherosclerosis and may therefore be used as a screening tool for disease progression in the future.

Keywords: rheumatoid arthritis, cardiovascular disease, inflammation, PCSK9, LDLR


INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory disease with considerable prevalence worldwide, characterized by arthritis mainly of the peripheral joints. RA associates with increased cardiovascular disease (CVD), which is a main cause of morbidity and mortality in these patients. While classical CVD risk factors—namely arterial hypertension, hyperlipidemia and insulin resistance—are of higher frequency and severity in these patients compared to the general population, they account for part of the accelerated CVD in RA (1–4). Thus, recent efforts have focused on the possible causal association between RA and CVD, based on the common background of chronic inflammatory processes and dysregulated immune response in RA and atheromatosis (5–7).

Impaired lipid metabolism, mainly due to familial forms of hyperlipidemia, is a major disorder leading to increased plasma levels of atherogenic low-density lipoprotein cholesterol (LDL-C) and consequently to accelerated atherosclerosis and CVD. To this end, LDL is a primary therapeutic target for reducing CVD risk (8, 9).

PCSK9 is a newly discovered protease that regulates the plasma levels of atherogenic LDL-C. Under physiological conditions, LDL particles are removed from the circulation by binding to the LDL receptor (LDLR) on the membrane of hepatic, endothelial and other cells and then internalized by endocytosis. The LDLR returns to the cell surface and binds to other LDL particles. PCSK9 binds to LDLRs at the surface of the cells, enhances their degradation and thus reduces the availability of LDLRs on the cell surface and LDL-C clearance. This ultimately leads to a significant increase in the plasma LDL-C levels. Therefore, in recent years, PCSK9 inhibition via monoclonal antibodies has become a new therapeutic option for patients unable to achieve LDL-C levels with other lipid-lowering drugs, such as statins (10–12).

The possible role of PCSK9 in the acceleration of CVD in RA has been a subject of interest in recent years, given that there is a bidirectional link between PCSK9 inhibition and inflammation (13, 14). However, data is very limited and contradictory, while a correlation between PCSK9 and subclinical CVD in RA is lacking. Furthermore, no studies have examined the relative association of the PCSK9/LDLR ratio and CVD. The aim of the present study was to examine whether PCSK9 or LDLR levels associate with markers of subclinical CVD in RA patients and whether PCSK9 levels or PCSK9/LDLR ratio can predict high CVD risk in RA.



MATERIALS AND METHODS


Study Population and Subclinical CVD Markers

In this prospective study, we included consecutive RA patients who met the 1987 revised criteria of the American College of Rheumatology and attended Laikon Hospital's outpatient clinics (15). Patients were at least 18 years of age and did not have clinical CVD, Diabetes mellitus, malignancy, chronic renal failure, or other concomitant chronic or acute inflammatory disease. Moreover, participants must have had at least 3 years of disease duration, in order to study RA's impact on atherosclerosis. Patients receiving any lipid-lowering therapy were excluded from the analysis.

All RA patients were evaluated by high-resolution ultrasound for subclinical CVD, namely (a) arterial hypertrophy, (b) atheromatosis, and (c) arterial stiffness. Arterial hypertrophy of the common carotid arteries was assessed by intima-media thickness (IMT) (average of the maximal IMT from two measurements) measured adjacent to plaques if present. Atheromatosis was estimated by the presence of carotid and/or femoral artery plaques in the distal and proximal wall of eight arterial sites (left and right common, internal carotid arteries and carotid bulb, and common femoral arteries). Atheromatic plaques were defined as local increase of the intima media thickness (IMT) of >50% compared to the surrounding vessel wall, an IMT>1.5 mm or local thickening>0.5 mm. Finally, arterial stiffness was assessed by carotid to femoral pulse wave velocity (PWV) and pressure wave reflections by augmentation index (Aix@75) using pulse wave analysis methodology (Shygmocor, AtCor, Sydney, Australia) as previously described (3). Subjects abstained from food, drink, or any medication for 12 h prior to examination and all ultrasound measurements were performed by the same technician using high-resolution B-mode ultrasound (Vivid 7 Pro, GE Healthcare) with a 14-MHz multifrequency linear transducer.

The study was approved by the Institutional Body Review and all subjects provided informed consent according to the Declaration of Helsinki.



PCSK9 and LDLR Measurement, Biochemical, and Clinical Parameters

Blood samples were collected from all patients prior to examination of vascular indices and the levels of PCSK9 and LDLR were measured in patients' plasma using ELISA kits from R&D systems (Minnesota, USA).

The presence of CVD risk factors, as well as biochemical parameters–including high sensitivity C-reactive protein (hs-CRP), total cholesterol (TC), HDL, LDL, triglycerides (TG)- were obtained from each patient's file. Measurements had to be within 3 months from examination. A reclassification of classical CVD risk factors was performed for hypertension by out-of-office blood pressure measurements (>130/80 mmHg by 7-day home BP monitoring or 24-h ambulatory BP monitoring) and hyperlipidemia by LDL plasma levels (>130 mg/dl). RA-related therapies were also recorded and RA disease activity was assessed by the Disease Activity Score on 28 joints (DAS28) (16).



Statistics

Normality of sample distribution was examined by the Kolmogorov–Smirnov test. For description and variation of continuous variables, we calculated the means and standard deviations (SD) when sample had a normal distribution or the median and 25th and 75th percentile values when samples were not normally distributed. For estimating correlations of biochemical and vascular indices we used multiple regression after adjustment for age and gender. Stata version 12 (StataCorp, College Station, TX, USA) was used for analyses and p < 0.05 was considered as the level of statistical significance in all cases.




RESULTS

Overall, 85 RA patients (aged 59.2 ± 12.5, 15.3% men) fulfilled the inclusion criteria and their demographics, clinical and biochemical characteristics are presented in Table 1. Among them, 49 patients did not have atheromatic plaques (aged 53.1 ± 11.5, 12% men) and 36 had at least 2 atheromatic plaques (aged 67.4 ± 8.7, 19% men). Although no difference was found in the levels of PCSK9 between patients with no plaques as compared to those with at least 2 plaques, the latter were presented with increased LDLR levels and reduced PCSK9/LDLR ratio (Figure 1). Importantly, no difference at the levels of PCSK9, LDLR, or their ratio was found when RA patients were compared with age-, gender,- and atheromatosis status-matched healthy controls (data not shown), implying that the RA disease per se does not have an impact on PCSK9 and LDLR levels.


Table 1. Demographics, clinical characteristics, and subclinical vascular indices of RA patients.
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FIGURE 1. The circulating levels of PCSK9 (in A), LDLR (in B), and PCSK9/LDLR ratio (in C) in RA patients without plaques (n = 49) or with ≥2 plaques (n = 36) are shown. Data in (A,B) are presented as mean ± SD, while in (C) data are median and interquartile range of the 25th and 75th percentile of each group (*p < 0.05). PCSK9, Proprotein convertase subtilisin/kexin type 9; LDLR, low density lipoprotein receptor. *p < 0.05.


Multivariate analysis, after adjusting for age and gender for all RA patients, revealed that PCSK9 was positively correlated with the presence of atheromatic plaques (p = 0.033), as well as IMT in the RCCA (p = 0.013) and a trend was observed for the LCCA (p = 0.060). Regarding arterial stiffness indices, PCSK9 was also associated with AIx@75 (p = 0.022), but not PWV. LDLR concentration was also associated with plaque presence by multivariate analysis (p = 0.005) and a trend was observed for IMT in the RCCA. No association was observed for any of the arterial stiffness indices under study (Figure 2 and Supplementary Table 1).
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FIGURE 2. Associations of laboratory and clinical indices (A: p-values, B: coefficients or odds ratio for continuous and categorical variables, respectively) in all RA patients included in the study (n = 85) upon multiple regression analysis and adjustment for age and gender. PCSK9, Proprotein convertase subtilisin/kexin type 9; LDLR, low density lipoprotein receptor; MAP, mean arterial pressure; BMI, body mass index; CRP, C-reactive protein; RCCA, right common carotid artery; LCCA, left common carotid artery; IMT, intima-media thickness; PWV, pulse wave velocity; Alx@75, augmentation index.




DISCUSSION

To our knowledge, this is the first study to examine the correlation of PCSK9, as well as LDLR, and markers of subclinical CVD, including PWV and AIx, in RA. Herein, we chose to exclude patients receiving lipid-lowering therapies, in order to attenuate any possible impact on PCSK9 concentrations. We found an association between PCSK9 plasma levels and atheromatic plaques, RCCA IMT, and AIx, even after adjustment for age and gender. Our findings are in accordance with current knowledge for the general population, where PCSK9 is associated with atherosclerosis and the progression of atheromatic plaques (17, 18). Moreover, LDLR levels were associated with increased plaque presence, while the PCSK9/LDLR ratio seems to work well as a screening tool for RA-related atheromatosis.

The association between PCSK9 and inflammation has been widely investigated in recent years. In RA, PCSK9 may also be implicated in the promotion of inflammation, contributing to the atherogenic background of the disease. In epidemiological studies, PCSK9 is positively correlated with inflammatory markers, such as CRP, white blood cell count and fibrinogenin patients with acute coronary syndromes (13). Additionally, PCSK9 has been found to activate the TLR4/NF-κB pathway and promote the secretion of pro-inflammatory cytokines in macrophages, induced by oxidized LDL (oxLDL) in a variety of tissues (13, 19, 20). It also affects the migration of monocytes, via regulation of the chemokine receptor CCR2, which plays a role in joint inflammation as well as in the development of atherosclerosis (21). Although PCSK9 inhibition does not seem to reduce C-reactive protein levels (22), PCSK9 silencing seems to directly decrease vascular inflammation in apolipoprotein E knockout mice (19).

Interestingly, PCSK9 promotes inflammation, which in turn may further stimulate the expression of PCSK9. In a recent study, LPS administration resulted in a marked increase in PCSK9 mRNA levels in the liver and the kidney, thus causing further increase to circulating LDL (23). Moreover, OxLDL has been found to upregulate the expression of PCSK9 macrophages in a dose-dependent manner, possibly by the secretion of inflammatory cytokines, such as IL-1, IL-6, and TNF-a (24).

Regarding the role of PCSK9 in RA, results from two studies are conflicting. Ferraz-Amaro et al. showed that RA patients had lower PCSK9 levels than healthy controls, after adjustment for classical CVD risk factors, lipids and statins; this was attributed to the “lipid paradox” seen in patients with RA (25, 26). However, patients included in this study had moderately active disease (DAS28 = 3.48) and even so, higher PCSK9 levels were associated with DAS28-CRP, but not CRP nor ESR, suggesting a link between inflammation and PCSK9. In our study, there was no correlation between CRP nor DAS28, however RA disease was in remission or low activity. On the other hand, in the study by Ferraz-Amaro et al. the difference in statin intake could have concealed even lower levels of PCSK9 in RA patients, as statins seem to increase PCSK9 concentrations and may explain the lack of association with LDL cholesterol (27). Importantly, PCSK9 was positively associated with cIMT and the presence of carotid plaques in patients with RA, however this association was lost after adjusting for classical cardiovascular risk factors. Oppositely, a small Chinese study reports that PCSK9 levels were significantly higher in RA patients vs. controls and also in patients with high disease activity vs. those with milder disease, indicating a link between PCSK9 and inflammatory status. Moreover, PCSK9 levels were also linked to lipid metabolism, in accordance with current knowledge (28).

While the role of PCSK9 in predicting CVD is well-established, at least in the general population, data on the predictive role of circulating LDLR is lacking; especially in the case of RA patients. LDLR is predominantly expressed by hepatocytes, as well as by endothelial cells, and circulating LDLR is considered a product of LDLR shedding from the cell surface. Importantly, previous studies have shown a strong correlation between the levels of circulating LDLR and those of LDL and triglycerides, implying that increased LDLR shedding is likely associated to impaired LDL clearance by the liver, thus favoring the emergence of atherosclerosis and CVD (29–31). In parallel, increased levels of PCSK9 may also result to decreased LDL clearance due to increased intracellular LDLR degradation (10). The absence of difference at the levels of PCSK9 in our case with a parallel increase of the levels of circulating LDLR, may indeed be associated with increased LDLR shedding in the presence of RA. Increased inflammation, such as that under RA conditions, may be the key factor via activation of sheddases, mostly those of the ADAM family, such as ADAM-17 (32). Further prospective studies specifically examining soluble LDLR are needed to elucidate the underlying mechanisms and pathophysiology.

Our study has few limitations. Firstly, the relatively small size of our cohort, which was unavoidable as patients under lipid-lowering therapy were excluded in order to reach more accurate results. Secondly, our RA patients were in remission or low disease activity; hence we could not evaluate an association between inflammation in RA, subclinical CVD and PCSK9 levels. Lastly, specific RA-related therapies were not included in the analysis, due to the small sample size, even if there are indications from recent publications that they could affect PCSK9 levels or even lipid profile in RA (33–35).

In conclusion, our data indicates that PCSK9 is associated with indices of subclinical CVD in RA. Nevertheless, whether there is a distinct pathogenic background or implication of disease-related inflammation or therapies affecting PCSK9 concentrations and acceleration of CVD in RA patients, needs to be examined in larger, prospective case-controls studies.
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Aim: Malondialdehyde-modified low-density lipoprotein (MDA-LDL) forms a significant component of oxidised LDL. The effects of exercise on levels of MDA-LDL and anti-MDA-LDL antibodies are not well-understood. Furthermore, it is not known whether these can be modified in patients with coronary artery disease by percutaneous coronary intervention (PCI).

Methods: The Objective Randomised Blinded Investigation with optimal medical Therapy of Angioplasty in stable angina (ORBITA) trial was the first blinded, multi-centre randomised trial of PCI vs. placebo procedure for angina relief. Serum samples were available at four time-points: pre-randomisation pre- (P1) and post- (P2) exercise and post-randomisation (6-weeks following the PCI or placebo procedure), pre- (P3) and post- (P4) exercise. ELISAs were performed using laboratory-developed assays for MDA-LDL (adjusted for Apolipoprotein B) and anti-MDA-LDL antibodies.

Results: One hundred ninety-six of the 200 patients (age 66.1 [SD 8.99] years, 28% female) with severe single vessel coronary artery disease suitable for PCI enrolled in the ORBITA trial had blood available for analysis. With exercise at pre-randomisation (P2–P1) there was no significant change in adjusted MDA-LDL (−0.001, 95% CI −0.004 to 0.001; p = 0.287); however, IgG and IgM anti-MDA-LDL significantly declined (−0.022, 95% CI −0.029 to −0.014, p < 0.0001; −0.016, 95% CI −0.024 to −0.008, p = 0.0002, respectively). PCI did not have a significant impact on either the pre-exercise values (P3 controlling for P1) of MDA-LDL (p = 0.102), IgG (p = 0.444) or IgM anti-MDA-LDL (p = 0.909). Nor did PCI impact the exercise induced changes in these markers (P4 controlling for P1, P2, and P3) for MDA-LDL (p = 0.605), IgG (p = 0.725) or IgM anti-MDA-LDL (p = 0.171). Pre-randomisation ischaemia on stress echo did not impact these interactions.

Conclusions: Exercise results in an acute reduction in anti-oxLDL antibodies in patients with severe single vessel coronary disease, possibly indicating an induction in homoeostatic clearance via the innate immune system. However, PCI did not ameliorate this effect.

Keywords: atherosclerosis, percutaneous coronary intervention (PCI), exercise, LDL-cholesterol, oxidised LDL (oxLDL), malondialdehyde-modified LDL (MDA-LDL)


INTRODUCTION

Oxidised low-density lipoprotein (oxLDL) is found both within atherosclerotic plaques and the plasma of patients with cardiovascular disease (CVD). It has been shown, in observational studies, to be a significant predictor of cardiovascular outcome, reflecting a central role in atherogenesis (1–3).

Oxidation specific epitopes (OSEs) on oxLDL can act as “danger associated molecular patterns,” whereby they undergo recognition by members of the innate immune system such as C-reactive protein, complement proteins and both “natural” and “adaptive” antibodies (3). This provides an important homeostatic mechanism for oxLDL clearance (4). Anti-oxLDL antibodies of the IgM subclass have been generally found to confer protective benefit from coronary artery disease (CAD) and CVD, and indeed lower levels of IgM to one well-characterised epitope [malondialdehyde-modification of LDL (MDA-LDL)] have been linked with features of atherosclerotic plaques vulnerable to rupture (5). Conversely, the association of IgG anti-oxLDL antibodies with CVD is less clear (6).

Exercise, although of course widely accepted to carry significant health advantages, can transiently increase circulating oxLDL (7), and high levels of physical activity may counterintuitively contribute to atherogenesis in the presence of adequate substrate (8).

It has been demonstrated previously that percutaneous coronary intervention (PCI) can lead acutely to transiently higher levels of oxLDL in the plasma, attributed to either direct mechanical release/disruption from stented atherosclerotic plaque or increased generation (9). Whether or not this is clinically significant is unknown.

In this study we sought to assess the effects of exercise on plasma MDA-LDL in relation to anti-MDA-LDL antibodies. The availability of blood samples collected from CAD patients enrolled in the Objective Randomised Blinded Investigation with optimal medical Therapy of Angioplasty in stable angina (ORBITA) trial provided the unique opportunity of determining whether any changes with exercise we observed are influenced by coronary artery intervention (10).



METHODS


Study Protocol

The ORBITA trial was a blinded, multi-centre randomised trial of PCI (105 patients) vs. a placebo procedure (95 patients) for stable CAD. The full ORBITA study protocol has been described previously (10). In brief, patients were enrolled if they had severe (≥70%) single vessel stenoses suitable for PCI. Key exclusion criteria were angiographic stenosis ≥50% in a non-target vessel, acute coronary syndrome, previous coronary artery bypass graft surgery, left main stem coronary disease, severe valvular disease or left ventricular systolic impairment. After enrolment, patients received 6 weeks of intense anti-anginal medication optimisation and were then randomised 1:1 to undergo PCI or a placebo procedure. The primary endpoint was difference in exercise time increment between baseline and 6-week follow-up between the two groups. Dobutamine stress echocardiography and cardiopulmonary exercise testing were performed at pre-randomisation after medication optimisation and 6-weeks post-randomisation, as previously described (11). From this a stress echo score was calculated (11); in brief, each abnormal segment was assigned a single point and segments totalled.



Ethical Approval

The London Central Research Ethics Committee (13/LO/1340) approved the study and the investigation conformed to the principles outlined in the Declaration of Helsinki. Written consent was obtained from all patients prior to enrolment. The study is registered with ClinicalTrials.gov, number NCT02062593.



Blood Samples and Exercise Protocol

Blood samples were obtained on the day of pre-randomisation assessment (after the six-week medical optimisation run-in), prior to exercise (timepoint P1) and 3 h after exercise (P2). At post-randomisation assessment (6 weeks following the PCI or placebo procedure) further blood tests were obtained: before (P3) and 3 h after (P4) exercise (Figure 1). On both occasions exercise consisted of a cardiopulmonary exercise test, performed with the QUARK CPET breath-by-breath metabolic measurement system (COSMED, Rome, Italy). A physician and a physiologist, both blinded to treatment assignment, performed all tests. The test was continued until the development of limiting symptoms (angina, dyspnoea, or fatigue), heart rhythm or blood pressure abnormalities, or marked ST-segment deviation (≥0.20 mV associated with typical angina or in the first stage of exercise).


[image: Figure 1]
FIGURE 1. Timepoints of blood sampling throughout the study.




Biomarker Assessment

Blood plasma specimens were stored at −80°C and thawed to room temperature prior to use. Enzyme-linked immunosorbent assays (ELISA) were performed to assess for MDA-LDL, IgG anti-MDA-LDL, IgM anti-MDA-LDL, and Apolipoprotein B (ApoB), as have been conducted previously (5, 12). ApoB levels were assessed as a marker for dilutional change. All researchers were blinded to treatment allocation. Intra-plate and inter-plate coefficients of variance were <5 and <15%, respectively.


MDA-LDL

A sandwich ELISA protocol was adopted using LO1, an in-house generated IgG monoclonal mouse autoantibody, to detect MDA-LDL (13). ELISA plates were coated with 10 μg/mL of LO1 as the capture antibody prior to washing and blocking with 3% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). Goat biotinylated polyclonal anti-ApoB antibody (1:2000) (Abcam, Cambridge, MA, USA) and horseradish peroxidase (HRP)-conjugated streptavidin (R&D Systems, Minneapolis, MN, USA) at 1:200 dilution were used for detection. Subsequently, for this assay and all other assays, 3,3′,5,5′-tetramethylbenzidine (TMB) (Sigma Aldrich, Poole, UK) was added and the reaction stopped with 0.5M H2SO4. Plates were read at 450 nm optical density using a Synergy HT microplate reader (BioTek, VT, USA).



ApoB

ApoB was measured by ELISA in sandwich format. Plates were coated with polyclonal goat anti-human anti-ApoB (Abcam, Cambridge, MA, 1:2000). Detection was performed with goat biotinylated anti-ApoB antibody, prior to HRP-conjugated streptavidin and TMB as above.



IgG and IgM Anti-MDA-LDL

Acid hydrolysis of malondialdehyde bis (dimethyl acetal) (Sigma-Aldrich, Poole, UK) was performed to produce 0.5 M MDA solution, which was subsequently incubated with native LDL at 37°C for 3 h, as described previously (14). This generated MDA-LDL, which was then eluted through a Zeba Spin desalting column (ThermoFisher Scientific, Waltham, MA, USA), and PBS/0.01% EDTA added to prevent additional oxidation.

ELISA plates were coated with 10 μg/mL MDA-LDL, prior to washing and blocking as above. The primary detection antibodies were either unlabelled mouse anti-human IgG (Southern Biotech, Birmingham, AL, USA, 1:2000), or biotinylated mouse anti-human IgM (Southern Biotech, Birmingham, AL, USA, 1:2000). The secondary detection antibody was HRP-conjugated polyclonal rabbit anti-mouse antibody (Dako, Cambridgeshire, UK, 1:2000) for IgG anti-MDA-LDL and HRP-conjugated streptavidin for IgM anti-MDA-LDL.



Interpretation of ELISA Readouts

Concentrations of MDA-LDL and ApoB were derived by interpolation from log transformation of OD values onto a sigmoidal, four-parametric logistic curve using GraphPad Prism 8 (La Jolla, CA, USA). To correct for possible changes in plasma protein concentration due to exercise, each MDA-LDL concentration was adjusted by expressing the values as a ratio to ApoB concentration. MDA-LDL adjusted for ApoB is used throughout this study. Raw OD values were utilised for anti-MDA-LDL antibodies.




Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD) or median with interquartile range (IQR), depending on the normality of the distribution. Categorical variables are presented as numbers with percentages.

Statistical analysis was performed using R 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria) using the modelling package “rms” (15, 16). The change in biomarkers with exercise from timepoint P1 to P2 and P3 to P4 were assessed using paired Student's t-test. The remainder of the analyses were performed using ordinary least squares regression modelling. The effect of PCI vs. placebo on the pre-exercise (P3) biomarkers was assessed by including the treatment arm, and the P1 time point in the model. The effect of PCI on the post-exercise biomarker was assessed by including treatment arm and the P1, P2, and P3 timepoint in the model. The effect of stress echo score on the pre-randomisation post-exercise (P2) biomarker was assessed by including the P1 timepoint, and the stress echo score with a restricted cubic spline with 3 knots. The effect of stress echo score on the placebo-controlled impact of PCI on the post-exercise (P4) biomarker levels was again assessed using modelling, including the treatment arm and pre-randomisation stress echo score (with a restricted cubic spline) and their interaction, and timepoints P1, P2, and P3.




RESULTS


Baseline Characteristics

The ORBITA trial randomised 200 patients to either PCI or placebo procedure between January 6, 2014, and August 11, 2017. From these patients, 196 had blood samples available for analysis. Table 1 displays baseline patient characteristics. The mean age in the PCI group was 66.0 (9.50) (mean [standard deviation, SD]) years and 66.2 (8.45) years in the placebo group. There were no substantial differences in baseline demographics between the PCI and placebo groups. At pre-randomisation assessment, 98% (192/196) of patients were taking aspirin and 95% (186/196) were taking a statin. 78% (153/196) of the study population were taking β-blockers whilst 91% (178/196) were taking calcium channel antagonists. The median number of anti-anginal medications was three prior to randomisation.


Table 1. Baseline patient characteristics for the study population.
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Effect of Exercise on Baseline MDA-LDL and Anti-MDA-LDL Antibodies

Table 2 displays the average values for adjusted MDA-LDL and anti-MDA-LDL antibodies at each study timepoint. There was no significant change with exercise (P1–P2) in ApoB (−9.189 OD, 95% CI −19.913 to 1.542; p = 0.09) or in MDA-LDL adjusted for ApoB levels (−0.001, 95% CI −0.004 to 0.001; p = 0.287; Figure 2A). On the other hand, there was a significant reduction in anti-MDA-LDL antibodies with exercise: IgG anti-MDA-LDL declined by −0.022 OD (95% CI −0.029 to −0.014; p < 0.0001; Figure 2B; whilst IgM anti-MDA-LDL reduced by −0.016 OD (95% CI −0.024 to −0.008; p = 0.0002; Figure 2C).


Table 2. Average biomarker values at each study timepoint (P1–P4).
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FIGURE 2. Dynamic change in measured biomarkers between P1 (baseline pre-randomisation assessment, pre-exercise) and P2 (baseline pre-randomisation assessment, post-exercise). (A) Adjusted MDA-LDL; (B) IgG anti-MDA-LDL; (C) IgM anti-MDA-LDL. One sample t-test used to assess significance.




Effect of PCI vs. Placebo on Pre-exercise and Post-exercise MDA-LDL and Anti-MDA-LDL Antibodies

PCI, when compared to placebo, did not have a significant impact on pre-exercise (P3 controlling for P1) adjusted MDA-LDL, IgG or IgM anti-MDA-LDL (p = 0.102, p = 0.444, p = 0.909 respectively). Similarly, PCI did not have a significant impact on post-exercise (P4 controlling for P3, P2, and P1) biomarker measurements (adjusted MDA-LDL p = 0.605, IgG anti-MDA-LDL p = 0.725, IgM anti-MDA-LDL p = 0.171). This is despite the exercise induced changes in the measured antibodies remaining in the whole study population when retested, with significant reductions in both IgG and IgM anti-MDA-LDL (−0.006, 95% CI −0.013 to −0.0004, p = 0.036; −0.015, 95% CI −0.024 to −0.006, p = 0.002, respectively. Again, there was no significant change in adjusted MDA-LDL (0.0007, 95% CI −0.003 to 0.004; p = 0.707.

We also examined for a relationship between oxidative biomarker change with exercise at baseline (P2 controlling for P1) and exercise intensity. There were no significant associations between MDA-LDL (p = 0.355), IgG (p = 0.386) or IgM (p = 0.657) anti-MDA-LDL antibodies with exercise duration. Similarly, there were no relationships between biomarker changes and maximum oxygen consumption (VO2 max) (MDA-LDL [p = 0.121], IgG anti-MDA-LDL [p = 0.701], IgM anti-MDA-LDL [p = 0.07]).

Of the patients included in the study, 180 had dobutamine stress echocardiography performed at baseline. The pre-randomisation stress echo score (with higher scores reflecting more abnormal myocardial segments) did not significantly affect the post-exercise (P2 controlling for P1) MDA-LDL (p = 0.349), IgG anti-MDA-LDL (p = 0.852) or IgM anti-MDA-LDL (p = 0.255). Furthermore, the pre-randomisation stress echo score did not affect the placebo-controlled impact of PCI on the post-exercise (P4) levels of adjusted MDA-LDL (p = 0.484), IgG anti-MDA-LDL (p = 0.750) or IgM anti-MDA-LDL (p = 0.759). Therefore, even patients with high levels of baseline ischaemia saw no significant effect of PCI on exercise-induced biomarker change.




DISCUSSION

In this study we find that high intensity exercise resulted in significant plasma oxidative biomarker changes in patients with severe CAD on intensively up-titrated anti-anginal medical therapy, with IgG and IgM anti-MDA-LDL antibodies significantly decreasing following exercise. PCI neither significantly influenced the biomarkers at baseline prior to exercise, nor their changes after exercise.

One explanation for the immune system modulation in this population is that the vigorous exercise acts as a severe cellular stressor, resulting in oxidative stress with increased free radical generation and MDA-LDL formation. Consequently, there is consumption of the circulating anti-oxLDL antibodies as they beneficially clear the increased antigenic load, forming complexes and trafficking them to the reticuloendothelial system for removal in a homeostatic clearance mechanism. These observations are consistent with other studies from our laboratory, which demonstrate acute reduction in anti-MDA-LDL antibodies following major vascular surgery and coronary artery bypass grafting (17).

The degree of myocardial ischaemia as assessed by stress echocardiography did not influence biomarker changes in this study. We also report no significant change in MDA-LDL, which possibly may be due to rapid immune clearance. Nonetheless, an acute increase in circulating oxLDL with exercise has been demonstrated previously in diseased populations, such as hypertensive hypercholesterolaemic patients (18), chronic heart failure (19), diabetes mellitus (20) and in aged populations (7, 21). A possible explanation for this discrepancy is the timing when samples are obtained; blood samples were taken 3 h following exercise in this study, rather than immediately post exercise as in many of these studies. As such, the acute rise prior to homeostatic clearance may be missed at the time of blood sampling. Another possible explanation is that the highly optimised medical therapy renders the patients relatively non-ischaemic, and as such the biomarkers behave as though they were not sampled from patients with severe CAD. Indeed, there is no consensus in the literature on exercise-induced oxLDL changes in healthy participants (22–27), and in some circumstances no changes in oxLDL levels, even following very high intensity exercise, have been found (28).

The chronic effect of regular exercise on baseline oxLDL levels has been examined, with studies reporting improved oxidised lipid profiles with sufficiently robust exercise (29–33). Moreover, exercise training has been demonstrated to counteract raised baseline oxLDL levels that are found in overweight or obese individuals (34), to combat the acute exercise-induced increased LDL oxidation that occurs with advancing age (21), and in patients with CVD undergoing cardiac rehabilitation, those who completed the 6-month exercise program had significantly lower baseline MDA-LDL levels than their counterparts (35). Additionally, MDA-LDL levels have been shown to vary inversely proportionally to daily pedometer step counts (36). Moreover, in animal models of exercise, it has been demonstrated that exercise can reduce oxidative stress (37) and even selectively increase the B-1 cell population and natural IgM levels (38).

One hypothesis to explain the apparent paradox between acute and chronic exercise and circulating oxLDL level is that recurrent plasma oxLDL exposure leads to greater homeostatic immune system induction. With a greater circulating anti-oxLDL antibody reservoir, there may have a better adapted clearance mechanism to cope with the oxidative stress of exercise once the antioxidant capacity is exceeded and go some way to explain why baseline oxLDL levels decline with greater fitness. Perhaps greater immune system induction could also underpin some of the cardiovascular benefit associated with exercise. Indeed, exercise-related cardiovascular events occur more commonly in inactive people with multiple cardiovascular risk factors than in well-trained athletes, who may have more honed innate immunity (39). Immunosenescence, ageing of the adaptive and innate immune systems, may also explain the greater LDL oxidation that occurs with exercise in advancing age (7, 40).

In our study we only measured samples at 3 h following single episodes of exercise and identified immune consumption. If samples were tested at multiple earlier timepoints after frequent exercise we may expect to see a rebound rise in anti-oxLDL antibodies, as has been reported in the literature (41, 42). However, in a recent study by Bachi and colleagues, trained athletes after running a marathon exhibited no change in IgM or IgG anti-MDA-LDL antibodies immediately or 72-h after the race, despite increases in plasma oxLDL (27). Again, perhaps the timepoints tested missed any small dynamic changes with the utilised assay, or the elite fitness of the participants means that their baseline anti-oxLDL antibody levels are already fully induced.

There is some plausibility to the theory of immune induction following an oxLDL stimulus: using PCI as an example (43), studies have shown long-lasting immune system induction to rapid oxLDL increases, with raised IgG and IgM anti-oxLDL antibodies present out to 6 months following the index procedure (9, 44). Whilst these studies demonstrated immunomodulation following PCI, we did not find such a trend in this study, with unchanged baseline or post-exercise oxidative biomarkers. It may be expected that PCI, through restoring unobstructed flow and therefore coronary perfusion, would attenuate the immune system induction seen with exercise. As above, this unexpected result may be due to sample timing (taken at 6-weeks following the procedure, where the peak level may have been missed), or an interaction with medical therapy, with a very high proportion of patients on a statin and well-titrated anti-anginal therapy. What is demonstrated however, given the lack of association between severity of baseline ischaemia and dynamic biomarker change with exercise, is that anti-MDA-LDL antibodies in themselves were not biomarkers of ischaemia per se, in this study.


Limitations

The main limitations of this study lie in the fixed timing of blood samples for biomarker analysis. The availability of plasma samples immediately following exercise and the PCI/placebo procedure would shed further light onto the interaction of the stimuli and the immune system. Furthermore, the limited number of blood sampling timepoints makes it difficult to exactly elucidate when plasma levels peak and when they are cleared. Another caveat of this study is that MDA adduction of LDL is but one of a range of possible post-translational oxidative modifications on LDL; however, MDA-LDL does comprise a significant component of the oxLDL population (45).




CONCLUSION

Using blood samples obtained from the ORBITA trial, this study demonstrates that exercise results in an acute reduction in anti-oxLDL antibodies, possibly indicating an induction in homoeostatic clearance of oxLDL via the innate immune system. However, PCI did not ameliorate this effect.
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Objective: Coronary heart disease (CHD) is a complex disease caused by multifaceted interaction between genetic and environmental factors, which makes identification of the most likely disease candidate proteins and their associated risk markers a big challenge. Atherosclerosis is presented by a broad spectrum of heart diseases, including stable coronary artery disease (SCAD) and acute myocardial infarction (AMI), which is the progressive stage of SCAD. As such, the correct and prompt diagnosis of atherosclerosis turns into imperative for precise and prompt disease diagnosis, treatment and prognosis.

Methods: The current work aims to look for specific protein markers for differential diagnosis of coronary atherosclerosis. Thirty male patients between 45 and 55 years diagnosed with atherosclerosis were analyzed by tandem mass tag (TMT) mass spectrometry. The study excluded those who were additionally diagnosed with hypertension and type 1 and 2 diabetes. The Mufuzz analysis was applied to select target proteins for precise and prompt diagnosis of atherosclerosis, most of which were most related to high lipid metabolism. The parallel reaction monitoring (PRM) was used to verify the selected target proteins. Finally, The receiver operating characteristic curve (ROC) was calculated by a random forest experiment.

Results: One thousand one hundred and forty seven proteins were identified in the TMT mass spectrometry, 907 of which were quantifiable. In the PRM study, six proteins related to lipid metabolism pathway were selected for verification and they were ALB, SHBG, APOC2, APOC3, APOC4, SAA4.

Conclusion: Through the detected specific changes in these six proteins, our results provide accuracy in atherosclerosis patients' diagnosis, especially in cases with varying types of the disease.

Keywords: atherosclerosis, albumin, SHBG sex hormone-binding globulin, APOC2, APOC3, APOC4, SAA4


INTRODUCTION

The coronary heart disease (CHD) is presented by a broad spectrum of heart diseases, including stable coronary artery disease (SCAD) and acute myocardial infarction (AMI), which is the progressive stage of SCAD (1). The pathogenesis of CHD includes epicardial atherosclerosis and plaque formation, arterial and microvascular spasms (2). The outcome is myocardial infarction, which is a complex process that begins with atherosclerosis, progresses to endothelial cell dysfunction in the coronary arteries, and eventually leads to narrowing of the blood vessels. The last impedes blood flow to the heart, thus leading to AMI (3–5). In both SCAD and AMI, the coronary atherosclerosis is the cause of the disease.

Atherosclerosis by itself is a chronic inflammatory disease of the arteries that leads to the calcification of the lesions in the intima layer. The calcification process can be exacerbated by plaque formation, which makes atherosclerosis a marker of CHD progression (6). Atherosclerosis is progressive with three types of specific changes that appear successively: lipid spots and stripes, atherosclerotic and thin-cap fibroatheroma, followed by complex alterations in the arteries (7, 8). The American College of Cardiology classifies these lesions into 6 categories (types) based on their progression (9, 10). Type I and II are the initial stages characterized by lipid spots, small yellow dots in the intima of the arteries with foam cell aggregation for a small range of macrophages. In the intima, there are smooth muscle cells and lipid droplets that are infiltrated by T cells. Type III is called the plaque prophase in which more extracellular lipid droplets are present and lipid nuclei are made between the smooth muscle cells layers of the inner and middle membrane, but the lipid pool is not yet formed. Type IV is the stage in which the atheromatous plaque is formed. Lipids are more concentrated, which is an indication that the lipid pool is shaped. The intima structure is destroyed, and the arteries' walls are deformed. Type V is characterized by the formation of thin-cap fibroatheroma. It is the most characteristic lesion of atherosclerosis with white plaques protruding into the arterial lumen and causing stenosis of the lumen. The intima of the plaque surface is destroyed and the lipid pool is enclosed by proliferating fibrous cap. Type VI is referred to as a complex type of atherosclerosis lesions, namely, severe lesions. It is characterized by fibrous plaque bleeding, necrosis, ulceration, calcification and mural thrombosis formation. Calcification is an accurate predictor of future cardiovascular events and a key factor in atherosclerosis (11). Different levels of calcium deposition are associated with the progression and severity of cardiovascular diseases (12). In the early stages of the disease, conventional diagnostic imaging methods cannot detect microscopic changes. As a result, most patients are diagnosed in the late stages when already huge calcifications are present. Currently, there is no treatment for the prevention or treatment of calcification in cardiovascular diseases, indicating the need for extensive study in this area (13, 14).

The occurrence of atherosclerotic heart disease is the result of complex interactions among environmental and genetic factors. Recent data show that smoking and stress can easily lead to cardiovascular diseases (15, 16). Though the genetic factors are uncontrollable, the change in certain environmental influences such as lifestyle and smoking habits holds the potential to improve cardiovascular symptoms (17, 18). Noteworthy, genetic factors account for 50% of the probability for development of atherosclerosis. Hence, the early acquisition of accurate genetic biomarkers for atherosclerosis makes patients' early diagnosis prompt and timely, thus leading to correct therapeutic decisions. Therefore, it is of great significance to search for novel molecular markers for early diagnosis, timely warning, early intervention and improvement of CHD prognosis (19, 20).

Here, through a proteomic approach, we aim to screen for unique differential proteins closely related to different types of coronary atherosclerosis. Our results show that multiple protein markers define the different stages of atherosclerosis. Six of them, namely ALB, SHBG, APOC2, APOC3, APOC4, and SAA4 have been further verified. The results show that these genes are involved in the lipid metabolism pathway and can be used in the diagnosis and discrimination among different types and severity of atherosclerosis.



MATERIALS AND METHODS


Patients' Classification and Peripheral Blood Plasma Collection


Patients' Classification

This study is a retrospective study. All selected patients signed informed consent and met the Helsinki Declaration. All data identifying patient information have been deleted. Peripheral blood plasma samples of 30 male patients aged 45–55 who were hospitalized in the Department of Cardiovascular Medicine, China-Japan Union Hospital, Jilin University from June 2017 to August 2018 were used in the study. Patients with accompanying diagnoses such as hypertension and diabetes were excluded. All others were subdivided into three groups. Ten patients were classified in the AMI group (T3), 10 patients were enrolled in the SCAD (stable coronary artery disease) group (T2) and 10 cases fell into the control group (C1). Plasma collection in AMI group was first diagnosed and collected within 12 h, and plasma collection in SCAD group was first diagnosed and collected within 12 h. The selected people are all from Northeast China with similar living habits and eating styles. The medical history and biochemical indexes such as blood plasma triglycerides, total cholesterol, high and low-density lipoprotein and fasting blood glucose were recorded for each patient. The inclusion criteria for the patients in the AMI (T3) group followed the latest guidelines for the diagnosis of acute myocardial infarction issued by the European Society of Cardiology in 2017 (21). The patients enrolled in the stable coronary artery disease group (SCAD) showed 50–75% stenosis by coronary angiography and met the latest guidelines for the diagnosis of stable coronary artery disease issued by the European Society of Cardiology 2019 (22). The inclusion criteria for the patients in the control (T1) group were no clear vascular lesions confirmed by coronary angiography, neither stenosis nor occlusion of <5% of the main (left trunk, right trunk, etc.) and main branches of the coronary arteries (rotatory branch, anterior descending branch, etc).

The exclusion criteria were based on whether atherosclerosis was caused by secondary factors and immune deficiency diseases. These exclusion criteria were as follows: (1) myocardial infarction associated with percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG); (2) type I myocardial infarction, namely secondary myocardial infarction, associated with blood supply imbalance or myocardial infarction caused by elevated catechol levels or coronary artery spasms; (3) myocardial infarction with cardiac surgery or non-cardiac surgery; (4) multiple factors or uncertain myocardial damage caused by uncertain diseases such as severe heart failure, stress cardiomyopathy, severe pulmonary embolism or pulmonary hypertension, septicemia, critical illness, renal failure, stroke, subarachnoid hemorrhage and other severe neurological diseases; (5) immune system diseases and/or hormones use; (6) a history (active or latent) of tuberculosis or evidence of tuberculosis, and (7) chronic infectious disease, recurrent infectious disease or medical history, serious infectious diseases, malignant tumor complications or suspected, confirmed immunodeficiency. We have excluding these factors was due to the fact that there are many secondary causes of atherosclerosis, and numerous variables need to be controlled. Moreover, the direction of the immune deficiency is regularly wide and the influencing factors are numerous, which we assumed unfitting for the current study.



Blood Sampling

Fasting peripheral blood (6 ml) of all subjects was extracted in EDTA anticoagulant tubes in the morning and stored at 4°C. Lymphocytes were extracted within 4 h of sample collection, and the reagent used was peripheral blood lymphocyte separation solution (STEMCELL technologies). The detailed steps were as follows: (1) fresh anticoagulant blood was mixed evenly with 0.9% sodium chloride injection of the same volume; (2) the above mixture was carefully added to the equal volume human peripheral blood lymphocyte separation solution and centrifuged at 3,000 r/min for 20 min; (3) after centrifugation, the cells were divided into 4 layers from top to bottom: the plasma layer, the opalescent lymphocyte layer, the clear separation liquid layer and the red blood cell layer. The plasma layer was absorbed and stored in the refrigerator at −80°C.




Statistical Analysis

The SPSS 22 software was exploited for statistical analysis. The measurement data were normally distributed and X ± S was used for statistical description. The inter-group differences were compared and analyzed by an independent T-test. The median and quartile spacing were used for statistical analysis, and the rank-sum test was used for the inter-group differences. The counting data were statistically analyzed by frequency, and the difference between groups was analyzed by x2 test.

Screening conditions for differential proteins: |fold change| > 1.2, p < 0.05. The first step is to calculate the differential expression of protein between two samples in the comparison group. First, calculate the average value of quantitative value of each sample in multiple repetitions, and then calculate the ratio of the average value between the two samples, which is used as the final differential expression of the comparison group. The second step is to calculate the significance p-value of the differential expression of the protein in the two samples. Firstly, the relative quantitative value of each sample is taken as log2 (so that the data conforms to the normal distribution), and then the P-value is calculated by the two sample two tailed t-test method. When p < 0.05, the change of differential expression was more than 1.2 as the change threshold of significant up regulation, and <1/1.2 as the change threshold of significant down regulation.



Baseline Data of the Selected Patients

A tandem mass tag (TMT) multiplex protein quantitation was further performed and included 10 healthy people, 10 SCAD and 10 AMI while in the PRM validation experiment, 16 healthy subjects were selected, 19 SCAD subjects and 20 AMI subjects. A total number of 30 people were included in TMT and 55 people were included in PRM. In PRM experiment, we expanded the sample size to verify, from 30 in TMT experiment to 55. In the case of large sample size, we observed whether the results of PRM and TMT were consistent. Statistical analysis of the baseline data was conducted using SPSS22. In the baseline data statistics of these patients, no baseline differences were found that significantly influenced the study results. Baseline statistics are shown in Supplementary Tables 1, 2.



Proteomic Analyses


Protein Extraction

Before treatment, peripheral blood was collected and plasma was used. The samples were removed from −80°C and centrifuged at 12,000 g for 10 min at 4°C. Cell debris was removed and the supernatant was transferred to a new centrifuge tube. Pierce™ Top 12, Abundant Protein Depletion Kit (Thermo Company) was used for the removal of high abundance proteins.



Liquid Chromatography-Mass Spectrometry

Orbitrap fusion Lumos mass spectrometry. The ion source voltage was set at 2.0 kV, and the peptide parent ions and their secondary fragments were detected and analyzed by high-resolution Orbitrap. The scanning range of primary mass spectrometry is set to 350–1,550 M/Z and the scanning resolution is set to 60,000; The scanning range of secondary mass spectrometry is fixed at 100 m/Z, and the secondary scanning resolution is set at 30,000. The data acquisition mode uses the data dependent scanning (DDA) program, that is, after the primary scanning, select the parent ions of the top 20 peptide segments with the highest signal intensity to enter the HCD collision cell in turn, use 32% fragmentation energy for fragmentation, and also conduct secondary mass spectrometry analysis in turn. In order to improve the effective utilization of mass spectrometry, the automatic gain control (AGC) is set to 5e4, the signal threshold is set to 50,000 ions/s, the maximum implantation time is set to 70 ms, and the dynamic exclusion time of tandem mass spectrometry scanning is set to 30 s to avoid repeated scanning of parent ions.



Tandem Mass Tag Mark

Trypsin enzymatic peptides were desalted with Strata X C18 (Phenomenex) and then freeze-dried in a vacuum. The peptides were dissolved with 0.5 M TEAB and marked according to the tandem mass tag (TMT) kit instructions (Thermo). The simple operation was as follows: after thawing, the marked reagent was dissolved in acetonitrile, mixed with the peptide and incubated at room temperature for 2 h. After mixing, the marked peptide was desalted and freeze-dried in a vacuum.



Mass Spectrometry Quality Control Detection and Sample Repeatability Test

For biological or technical replicate samples, it was necessary to test whether the quantitative results of biological or technical replicate samples were statistically consistent. Three statistical analysis methods, namely the principal component (PCA), the relative standard deviation (RSD) and the Pearson's Correlation Coefficient analyses were used to evaluate the quantitative repeatability of proteins (as shown in Supplementary Figure 1).




According to mfuzz Analysis to Find the Relevant Module of Atherosclerosis

Through the cluster analysis of expression patterns, the protein abundance of C1, T2, T3 samples was significantly changed, and the module related to atherosclerosis was found.



Protein Protein Interaction Network Analysis

The database protein numbers or sequences of differentially expressed proteins screened from different comparison groups were compared with the database of the STRING (v.10.5) protein network, and the differential protein interaction relationship was extracted according to the confidence score >0.7 (high confidence). Then, the R package “networkD3” tool was applied to visualize the differential protein interaction network.



PRM Validation of Proteomics

The parallel reaction monitoring (PRM) verification included protein extraction, trypsin digestion, LC-MS/MS(Liquid chromatography-tandem mass spectrometry) analysis and data processing with Skyline (v.3.6) software. LC-MS / MS is a tandem mass spectrometry, which can obtain both molecular ion peak and fragment ion peak, so it can be used for qualitative and quantitative analysis.



Machine Learning-Random Forest Experiment

The target proteins in the three groups were sorted according to their characteristics and then were selected and applied to the ROC analysis. The general rule is that the closer the ROC curve is to the upper left corner, the better the prediction ability of the model is. An intuitive indicator is to use the area under the ROC curve, namely the AUC (area under the curve), in which the AUC value lies between 0.5 and 1, where 0.5 denotes a bad classifier and 1 denotes an excellent one.




RESULTS


Overview of Protein Identification

MS was used to identify the proteins in the tested blood probes of the patients grouped in T2, T3 and C1. In total, 10,56,063 secondary spectrograms were obtained by mass spectrometry. The protein theoretical data were analyzed and the number of available effective spectrograms was reduced to 55,833. The utilization rate of spectrograms was 5.3%. Twelve thousand one hundred and twenty five peptides were identified by the spectrogram analysis, among which the specific peptide segment was 11579.0. In our study, 1,147 proteins were identified, 907 of which were quantifiable.



Target Proteins Were Screened by mfuzz Analysis

Gene expression profiles and pathway enrichment analysis to identification of differentially expressed gene and signaling pathways in atherosclerosis was performed through two bioinformatic resources, namely the KEGG (Kyoto Encyclopedia of Genes and Genomes) and the GO (Gene Ontology) with special attention to the factors involved in both lipid metabolism and atherosclerosis. Figure 1 shows the protein heat map, where the ordinate is the protein serial number while the abscissa is the patient's acronym. Through functional analysis, we can see that there are some lipoprotein related functions in the protein function of cluster 1; In cluster 1, there are 5 enrichment function categories highly related to atherosclerosis, of which 3 are the main functions, all of which come from the function of lipid metabolism, namely. Among the protein functions of cluster 3, there are some contraction related functions. The two secondary functions of lipid metabolism are mitochondrial transport and cellular response to insulin stimulus. In cluster 3, there can be two enrichment function categories highly related to atherosclerosis, namely contractual fiber and troponin complex. The specific proteins in the 6 groups are shown in Supplementary Table 3.


[image: Figure 1]
FIGURE 1. Mfuzz analysis of differential proteins expression in the studied three groups of atherosclerotic patients: The shade of red and blue represents high expression and low expression, respectively.C1 demotes the control group, T2 is the SCAD group, while the T3 is the AMI group.




Protein Protein Interaction Network Analysis

The protein interaction networks of cluster 1 and cluster 3 were analyzed. ALB and SHBG proteins belong to cluster 3. APOC2, APOC3, APOC4 and SAA4 proteins belong to cluster 1 and focus on the function of “high density lipoprotein particle.” See detail in Figure 2.


[image: Figure 2]
FIGURE 2. Protein protein interaction network analysis. The lines are interactions, with the proteins in the red circle belonging to Cluster1 and the proteins in the blue circle belonging to Cluster3.




Heatmap Results of PRM

During the experimental design, more than 2 unique peptides were used to quantify each protein. PRM was quantified using the peak area. The results of PRM were consistent with those of TMT, and the expression trend of each protein in different groups was consistent with that of protein thermogram (see Figure 3). The distribution diagram of the fragment ion peak area of the selected peptide segment is shown in Supplementary Figure 2. The expression of these proteins increased gradually in C1, T2, and T3 groups. The expression of ALB and SHBG in C1 Group, T2 group, and T3 group decreased gradually. The results of PRM and TMT are consistent.


[image: Figure 3]
FIGURE 3. Heatmap results of PRM. The 1, 2, and 3 in the horizontal coordinates represent C1, T2, and T3, respectively. The darker the Red Module, the higher the expression, and the darker the blue module, the lower the expression. The ordinate represents the name of the protein.




Machine Learning-Results of Random Forest Experiment

To visualize the ranking results of protein expression characteristics, we have drawn the ranking histogram of these characteristics. Figure 4 demonstrates the obtained results. The mRMR feature selection method was used to achieve this goal. In this method, mRMR feature score was calculated for each expression feature by calculating the correlation between expression feature and sample category and the redundancy between the selected expression features.


[image: Figure 4]
FIGURE 4. Machine Learning-Results of Random Forest Experiment. (A–C) shows the histogram of protein characteristics. (D–F) is the ROC curve drawn according to the target protein. SCAD and healthy people are in groups (A,D), SCAD and AMI are in groups (B,E), while the healthy people and AMI are in groups (C,F). The protein name and AUC are in the lower right corner of the corresponding picture. The ordinate is sensitivity and the abscissa is 1-specificit.





DISCUSSION

Atherosclerotic cardiovascular disease is divided into three stages: non-AS (non-Atherosclerotic), SCAD and AMI (23). In this study, 55 patients between 45 and 55 years were selected from whom those with hypertension and type 1 and 2 diabetes were excluded. The main reason for that was the fact that both hypertension and type 1 and type 2 diabetes are recognized as polygenic hereditary diseases with genetic tendency (24). Therefore, the interference of common polygenic diseases should be excluded as far as possible (25). The reason that the age of the included patients was controlled between 45 and 55 years was that most of the SCAD and acute myocardial infarction diseases appear under the age of 45, mainly due to genetic predisposition, while the risk factors over 55 are aging and degeneration of the blood vessels (26). Therefore, we consider that the exclusion of common diseases and the restriction of age more accurately predict that the differential expression of proteins is the key factor in the occurrence of the coronary arteriosclerosis. See Figure 5 for the general experimental flow.


[image: Figure 5]
FIGURE 5. The flowchart of the experiment and the specific experimental process can be found in the “Meterials and Methods part”, and “the result part”.


The purpose of the current work is to find the specific protein markers for the diagnosis of different types of coronary atherosclerosis. Through the proteomic analysis of blood plasma of patients diagnosed with atherosclerosis, we have found 1,147 differential proteins, 907, of which were quantifiable (as shown in Supplementary Table 4). Compared with the myocardial tissue, the peripheral blood was easy to obtain, convenient for detection and preservation. Moreover, peripheral blood has been extensively used as an evaluation window for diseases (27–30). Validation of six proteins related to lipid metabolism was performed by expanding sample size. According to the results of TMT, the Mufuzz analysis was used to determine the modules related to arteriosclerosis, the protein interaction network analysis was used, and the PRM was used to verify the results of TMT, finally, the application of machine learning is proved to be correct. The results showed that the expression differences between these six proteins were consistent, and the results were correct and repeatable.

Therefore, we assume that these differences in protein expression can be used as markers for diagnosis and assessment of the severity of coronary atherosclerosis. Atherosclerosis patients are divided into two groups depending on the severity of the condition and they are patients with stable coronary artery disease (SCAD) and acute myocardial infarction (AMI) (31, 32). Both SCAD and AMI are different stages of coronary atherosclerosis and patients experience different symptoms. Those with stable coronary artery disease have pain in the back of the sternum or the front of the heart, or squeezing pain, radiating to the left shoulder and left upper arm. After physical labor, chest tightness, palpitation, shortness of breath occur, which can relieve itself when resting (33). The application of symptoms alone is uncertain, and the combination of symptoms and protein markers will provide necessary help in the early diagnosis of SCAD or AMI (34).

In the PRM validation process, six proteins involved in the lipid metabolism were ALB, APOC2, APOC3, APOC4, SHBG, and SAA4. Interestingly, they do not only participate in the lipid metabolism but also play a special role in the progression of atherosclerosis (35). For example, albumin is the main blood protein and has important physiological functions (36). The concentration of plasma albumin is related to the occurrence and degree of inflammation (37). The process of atherosclerosis is an inflammatory process. Albumin is an important inhibitor of platelet activation and aggregation and induces coronary artery vasoconstriction (38). Several studies conducted at different times showed that low serum albumin level was associated with increased cardiovascular mortality and incidence rate of (39). This is consistent with the fact that the albumin in the AMI group and SCAD group was lower than that in the control group. The second protein Apoc-2 is a modified form of APOC. Similar modifications are apoc-3 and apoc-4. Apoc-2 is the main activator of lipoprotein lipase (LPL), which increases inflammation by promoting macrophages (40). Apolipoprotein C-3 stimulates monocytes, promotes tissue damage (41), and promotes the formation and outcome of alcoholic cirrhosis. Besides, it increases the risk of Alzheimer's disease by increasing high-density lipoprotein (HDL) (42, 43). Apolipoprotein C-4 increases the risk of diabetes in young people and affects the lipid profile of patients (44). Apoc-4 may affect the development of hepatitis B together with other members of the APOC family (45).

Endothelial dysfunction, on the other hand, is an important criterion for prediction of the prevalence of the cardiovascular disease in men and premenopausal women (46). Sex hormones and sex hormone-binding globulin (SHBG) are potential regulators of male endothelial function, and SHBG is positively correlated with endothelial function (47). This is consistent with our conclusions. SHBG in T2/C1, T3/C1, T3/T2 (SCAD group/control group, AMI group/control group, AMI group/SCAD group) showed a trend of low expression and further confirmed that SHBG was negatively correlated with the atherosclerosis type.

The sixth protein SAA4 is a member of serum amyloid A (SAA). So far, four SAA subtypes have been identified, which are closely related to lipid metabolism in tissues and serum, and play a role in promoting inflammation (48). SAA4 is a major acute phase reactant expressed in coronary artery macrophages, which suggests that SAA4 plays a special role in inflammatory processes including atherosclerosis (49).

In conclusion, our study is the first to reveal the changes of plasma proteins between different types of atherosclerosis. Six of these proteins were found to promote the development of atherosclerosis by participating in the lipid metabolism pathway. Changes in plasma proteins contribute to the identification of their potential as biomarkers and provide a new method for the clinical diagnosis and treatment of atherosclerosis (50, 51). More importantly, the establishment of effective and safe personalized treatment programs can meet the needs of the development of modern precision medicine and personalized diagnosis and treatment. The relationship between differentially expressed proteins and the exact molecular mechanisms of action (e.g., transcriptional and post-translational modifications) of atherosclerosis needs to be validated by further studies.
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Objective: Atherosclerosis is an arterial occlusive disease with hypercholesterolemia and hypertension as common risk factors. Advanced-stage stenotic plaque, which features inflammation and necrotic core formation, is the major reason for clinical intervention. Receptor interacting serine/threonine-protein kinase 1 (RIPK1) mediates inflammation and cell death and is expressed in atherosclerotic lesions. The role of RIPK1 in advanced-stage atherosclerosis is unknown.

Approach and Results: To investigate the effect of RIPK1 inhibition in advanced atherosclerotic plaque formation, we used ApoESA/SA mice, which exhibit hypercholesterolemia, and develop angiotensin-II mediated hypertension upon administration of doxycycline in drinking water. These mice readily develop severe atherosclerosis, including that in coronary arteries. Eight-week-old ApoESA/SA mice were randomized to orally receive a highly selective RIPK1 inhibitor (RIPK1i, GSK547) mixed with a western diet, or control diet. RIPK1i administration reduced atherosclerotic plaque lesion area at 2 weeks of treatment, consistent with suppressed inflammation (MCP-1, IL-1β, TNF-α) and reduced monocyte infiltration. However, administration of RIPK1i unexpectedly exacerbated atherosclerosis at 4 weeks of treatment, concomitant with increased macrophages and lipid deposition in the plaques. Incubation of isolated macrophages with oxidized LDL resulted in foam cell formation in vitro. RIPK1i treatment promoted such foam cell formation while suppressing the death of these cells. Accordingly, RIPK1i upregulated the expression of lipid metabolism-related genes (Cd36, Ppara, Lxrα, Lxrb, Srebp1c) in macrophage foam cells with ABCA1/ABCG1 unaltered. Furthermore, RIPK1i treatment inhibited ApoA1 synthesis in the liver and reduced plasma HDL levels.

Conclusion: RIPK1 modulates the development of atherosclerosis in a stage-dependent manner, implicating both pro-atherosclerotic (monocyte infiltration and inflammation) and anti-atherosclerotic effects (suppressing foam cell accumulation and promoting ApoA1 synthesis). It is critical to identify an optimal therapeutic duration for potential clinical use of RIPK1 inhibitor in atherosclerosis or other related disease indications.

Keywords: atherosclerosis, RIPK1, foam cells, macrophages, inflammation, reverse cholesterol transport, cell death


INTRODUCTION

Atherosclerotic cardiovascular disease is a leading cause of morbidity and mortality worldwide (1). Development of atherosclerosis involves lipid metabolism disorder and inflammation and is substantially modified by risk factors. Monocytes are initially recruited to the vessel wall in response to local stimulation by modified lipids and differentiate into macrophages, which uptake oxidated lipids and mediate cholesterol efflux to liver via a process called reverse cholesterol transport (RCT) (2). The recruited macrophages phagocytize oxidized low-density-lipoproteins (LDL) via CD36 (3), diminishing lipid accumulation in the artery. As atherosclerosis proceeds, with more oxidized LDL deposit, an imbalance between the uptake and degradative metabolism of oxidized LDL drives macrophages to transform into lipid-rich foam cells. In advanced stage atherosclerosis, macrophages/foam cells cannot effectively process the engulfed cholesterol, undergo cell death and release lipid contents, forming necrotic core. With lipid necrotic core expansion and increasing inflammation, plaque may become vulnerable, with its rupture causing acute atherothrombotic manifestations, such as myocardial infarction (4, 5). High-density-lipoprotein (HDL) exerts athero-protection by transporting excess cholesterol from macrophages to liver (RCT) (6). Apolipoprotein A1 (ApoA1), mainly synthesized in the liver and the small intestine, is a major structural protein of HDL that accepts cholesterol exported from macrophages during RCT. Expression of lipoproteins is regulated by transcription factors, such as peroxisome proliferator-activated receptors (PPAR) (7, 8). Hypercholesterolemia and hypertension are two common risk factors for atherosclerosis (9), and their combination exerts a strong synergistic effect on inducing advanced atherosclerotic plaques.

Receptor interacting serine/threonine-protein kinase 1 (RIPK1), a member of serine/threonine kinases family, mediates TNFα-induced programmed cell death, namely, apoptosis and necroptosis (10). Activation of RIPK1-dependent apoptosis, triggered by a secondary cytosolic Complex IIa which includes RIPK1, FADD, and caspase-8 (11), has been implicated in some inflammatory diseases (12). RIPK1 could mediate an alternative form of regulated necrotic cell death called necroptosis via sequential phosphorylation of RIPK3. In this process, mixed lineage kinase domain-like protein (MLKL) is recruited and phosphorylated to facilitate membrane rupture and cell lysis (11). RIPK1 also plays an essential role in the activation of IkB kinase/mitogen-activated protein kinase pathway under TNFα induction. It influences transcription of cellular FLICE-like inhibitory protein and release of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) (13). Due to its crucial role in cell death and inflammation, RIPK1 has implicated as a potential therapeutic target for cardiovascular diseases. RIPK1 is expressed in human and mouse atherosclerosis lesions (14), highly in macrophages (15). RIPK1 Inhibition is protective in myocardial infarction (16) and early atherosclerosis (17) in mice. By contrast, in a recent study, loss of MLKL, a downstream molecule of RIPK1/RIPK3 mediated necroptosis pathway, increased macrophage lipid accumulation in atherosclerosis (18). The role of RIPK1 in the development of advanced atherosclerosis, which features both inflammation and cell death, remains unclear.

Here, we report that GSK547 (RIPK1i), a mono-selective kinase inhibitor that robustly targets RIPK1 in vivo (19) plays a dual role in lipid metabolism and inflammation, conferring a stage-dependent impact on atherosclerosis.



MATERIALS AND METHODS


Mice

Eight-weeks-old male and female ApoESA/SA mice on C57BL/6J background, which are deficient in Apoe gene and with SR-BI knockdown and inducible angiotensin II expression (by doxycycline administration) were used in the present study (20). For atherosclerosis study, ApoESA/SA mice were fed a Western diet (TD 88137; Harlan Teklad) which contains GSK547 powder [GlaxoSmithKline; 10 mg/kg/day (0.083 g/kg food)]. Doxycycline (Dox) (1 mg/ml, protected from the light, Sangon Biotech, Shanghai, China) water was prepared freshly and replaced every other day to induce hypertension for 2 or 4 weeks. All animal experiments were approved by the Institutional Animal Care and Use Committee, Fuwai Hospital, National Center for Cardiovascular Diseases, China.



Histologic Analysis

After being sacrificed, fresh mice hearts were collected after perfused via the left ventricle with 5 ml PBS, and embedded in OCT. Aortic sinus serial sections were cut through the aorta at the origin of the aortic valve leaflets for 4 cross-sections (8 μm), at 80 μm intervals. In this study, cross sections with three valves present were considered as representative images of the aortic sinus. Aortic sinus atherosclerotic lesions were stained with Oil Red O (Sigma, USA), and the average of Oil Red O (ORO)-positive area at different levels in aortic sinus were used to represent each animal. Coronary artery ORO-positive area was assessed in five transverse sections at 200 μm intervals. All ORO-positive area in the five cardiac sections along the coronary arteries was calculated and the average value was used to represent each animal. Weigert staining (Leagene, China) was used to show elastic fiber. Next, the stained slides were scanned with a Pannoramic SCAN (3DHistech) histological scanner. Quantification analysis of the lesions were measured manually using Image-Pro Plus 6.0 software (Media Cybernetics, MD). For immunofluorescent staining, frozen sections were firstly placed at room temperature for 20 min, then fixed in 95% alcohol for 10 min and transferred to phosphate buffer to remove OCT. Tissue sections were blocked with goat serum containing 0.3% of Triton X-100 for 60 min and then incubated with primary antibodies overnight at 4°C, followed by incubation with specific secondary antibody for 1 h at 37°C. Coverslips were mounted with a medium containing DAPI (Zsbio, China) to stain nuclei. Images were taken by an Axiovert 200M microscope (Zeiss, Germany) or by Pannoramic SCAN (3DHistech, Hungary). The antibodies used for immunofluorescent staining were as follows: F4/80 (1:50, sc52664, Santa Cruz, Dallas, TX, USA), RIPK3 (1:100, sc-374639, Santa Cruz, Dallas, TX, USA), α-SMA (1:200, ab5694, Abcam, Cambridge, UK).



Acute TNF/zVAD Shock Model

Acute TNF + zVAD shock model was used to examine activity of RIPK1 inhibitor in vivo as previously described (19). Mice were pretreated with 0.01, 0.1, 1, and 10 mg/kg GSK547 administered orally, then challenged with injection with TNF/zVAD-fmk (16.7 mg/kg). Body temperature was determined as readout for GSK547 efficacy in protecting from shock induced by TNF/zVAD.



Pharmacokinetic Experiment

Mice were administered GSK547 orally at 0.01, 0.1, 1.0, and 10 mg/kg, then blood drug levels at serial time points were measured. The average drug level from 0.5 h post-dose was used to calculate the predicted RIPK1 inhibition, and actual body temperature change was calculated as percent change corrected to the TNF/zVAD group.



Chronic Food Base Pharmacokinetic and TNF-Induced Shock Experiments

RIPK1 inhibitor GSK547 PK/PD study was conducted to assess drug levels in mice fed the diet for 1 week at 9.6 and 96 mg/kg/day. Mice were challenged on day 8 with TNF/zVAD at the same dose mentioned above.



Evaluation of Plaque Vulnerability

Plaque vulnerability in aortic sinus cross-sections from both groups of mice was evaluated by H&E staining and immunohistochemistry. Necrotic core was quantified by acellular area as described (21). Smooth muscle cells content in plaque was quantified by α-SMA positive area.



Plasma Lipid Measurement

Sodium citrate anti-clotted blood samples were collected from inferior vena cava after mice were anesthetized. Plasma was isolated from blood after centrifugation (8,000 rpm, 4°C, 5 min) and stored in −80°C freezer until analysis. Plasma concentration of total cholesterol (TC) and HDL-C were measured using commercial kits (BioSino, China) and analyzed by UniCel DxC 800 Synchron (Backman, USA).



Cytokines Analysis

Plasma cytokine secretion was evaluated by Meso QuickPlex SQ120 (Meso Scale Discovery, Rockville, MD, USA).



Cell Study

Peritoneal macrophages isolated from male ApoESA/SA mice or male C57BL/6J mice, which were pretreated with RIPK1i (50 ng/ml) or DMSO for 3 h; Then, the isolated macrophages were stimulated with oxidized LDL (50 μg/ml; YB-002, Yiyuan Biotechnologies, China) for 24 h. Macrophages were stained with Oil Red O, Hoechst33342 (Thermo, USA) or TUNEL (Roche, Switzerland), and were photographed by photomicroscope (Leica, Germany). For each well, five consecutive microscopic pictures were taken randomly. The counts of ORO or TUNEL positive cell was quantified using the Image J software.



RNA Isolation and qPCR

For RNA isolation, peritoneal macrophages or liver isolated from mice were homogenized in 1 ml TRIzol (Invitrogen, USA). The solution was then mixed with 200 μl chloroform, and centrifuged (12,000 rpm; 15 min; 4°C). The aqueous phase was removed, mixed with same volume of isopropanol and centrifuged (12,000 rpm; 10 min; 4°C). After washing with 75% ethanol, the concentration of RNA was determined by ultraviolet spectrophotometer. A total of 500 ng RNA was used for reverse transcription using PrimeScript™RT Master Mix (Takara, Japan). qPCR reactions were performed in triplicate with SYBR master mix (Yeasen, China). The primers used in this study are listed as follows:
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Western Blot Analyses

For western blot analyses, liver from male ApoESA/SA mice were lysed in RIPA buffer containing protease inhibitors (P0013, Beyotime Biotechnology, China). After full cracked, homogenate was centrifuged at 10,000–14,000 g for 3–5 min, and the supernatant was collected into another EP tube. Supernatant was mixed with loading buffer and denatured by heating. Proteins were subjected to 10% SDS-PAGE and then transferred to PVDF membranes (Thermo, USA). Immunoblotting was performed for ApoA1 (1:1,000, ab20453, Abcam, UK) and β-actin (1:5,000, ab8226, Abcam, UK). Horseradish peroxidase-conjugated secondary antibodies (1:10,000, Yeasen, China,) and ECL luminous liquid (Thermo, USA) were used to detect proteins on a FluorChem System (ProteinSimple, USA).



Flow Cytometry

Macrophages were incubated with AF647-ABCA1 (1:500, MCA2681A647, BioRad, Hercules, CA, USA) or PE/Cy7-ABCG1 (1:2,000, NB400-132PECY7, Novus Biologicals, Centennial, CO, USA). Samples were acquired on a FACS Aria II (BD Biosciences, USA) flow cytometer. Analysis of the flow cytometry data was performed using FlowJo (BD Biosciences, USA).



Blood Pressure Measurement

Mouse systolic blood pressure was measured by a tail-cuff method (IITC Life Science, Woodland Hills, CA, USA) as reported previously (22). Before the atherosclerosis study, mice were trained 3 days for acclimatization of tail-cuff method. From the beginning of induction of hypertension, mouse systolic blood pressure measurement was measured at a fixed time every day.



Myocardial Ischemia-Reperfusion

Wild-type C57BL6/J mice were subjected to 30-min ligation of the coronary artery and 24-hr reperfusion, as we previously described (23). GSK547 (50 mg/kg) was administered by intraperitoneal injection immediately after the coronary ligation and 12 h after the coronary ligation. Cardiac infarct size was quantified by TTC staining at the end of reperfusion.



Quantification of Aneurysms

Abdominal aorta aneurysms (AAA) were analyzed after aortae were isolated from the mice and cleaned of perivascular tissues, as previously described (24).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software, San Diego, USA). Comparisons of the two groups were made using unpaired t-test or non-parametric Mann-Whitney test as appropriate. Comparison among >2 groups was performed by a one-way ANOVA followed by the post-hoc analysis with an unpaired t-test or non-parametric Mann-Whitney test to evaluate statistical significance between the two groups. Statistical significance was defined as P < 0.05. In text and graphs, data were presented as the mean ± standard error.




RESULTS


GSK547 Pharmacokinetics and Its Potent Inhibition of RIPK1 in Mice

GSK547 is a mono-selective kinase inhibitor (Figure 1A) that robustly targets RIPK1, with an in vitro IC50 of 13 ng/ml (19). GSK547 dose-dependently suppressed acute TNF/zVAD shock in mice (Figure 1B). Consistent with the acute in vivo efficacy on body temperature change protection, the pharmacokinetics of GSK547 in mice displayed a well-correlated dose-dependent pharmacokinetics/pharmacodynamics (PK/PD) relationship (Figure 1C). The RIPK1 inhibition prediction was calculated based on the in vitro potency of pIC50 at 7.5 and the in vivo PK drug level (Figure 1D). The GSK547 would inhibit 99 % of RIPK1 at 10 mg/kg, which was validated in the actual observation from the experiment. To further validate the in vivo utility of GSK547 for the chronic dosing, the PK study was conducted in a food-based study, at doses of 9.6 and 96 mg/kg. The blood samples were collected at ~8:00 a.m. for peak and 3:00 p.m. for trough on the animal eating cycle on days 1, 2, and 6 (Figure 1E), and mice were challenged with TNF/zVAD shock on day 8. As shown, the GSK547 drug level consistently achieved the concentration needed to inhibit RIPK1. Therefore, RIPK1i GSK547 is a desirable molecule with great PK/PD for the in vivo chronic study.
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FIGURE 1. Pharmacokinetics of GSK547 and its potent inhibition of RIPK1 in mice. (A) Chemical structure of GSK547 and its reported in vitro IC50 (19). (B) Pharmacodynamics dose-response in an acute TNF/zVAD shock model on body temperature at 0.01, 0.1, 1, and 10 mg/kg GSK547 administered orally. mpk = mg/kg. n = 3–7 mice per group. Mice were administered GSK547 orally at 0.01, 0.1, 1.0, and 10 mg/kg, then blood drug levels at serial time points were shown (C,D). The average drug level from 0.5 h post-dose was used to calculate the predicted RIPK1 inhibition, and actual body temperature change was calculated as percent change corrected to the TNF/zVAD group. (C) Pharmacokinetics of GSK547 at 0.01, 0.1, 1, and 10 mg/kg orally. n = 5 mice per group. (D) Correlation of PK drug level to the RIPK1inhibtion. The drug concentration is correlated with the acute in vivo PK data on (D) at 0.1 mpk (11 ng/ml), 1 mpk (98 ng/ml), 10 mpk (886 ng/ml). The drug dose of 0.1 mpk is equivalent to the IC50 of the in vitro data. The drug concentration increased dose-dependently, which correlated well to the predicted and observed inhibition as indicated in the table (B,D). At 1.0 and 10 mpk doses, the GSK547 inhibited RIPK1 activation at 99%. (E) Administration of GSK547 in food base PK study achieved a steady-state concentration. GSK547 PK (E, left)/PD study (E, right) was conducted and blood was sampled at peak and trough in mice fed the diet for 1 week at 9.6 and 96 mg/kg/day. Mice were challenged on day 8 with TNF/zVAD (16.7 mg/kg). n=3-5 mice per group. (F) Plasma levels of GSK547 in ApoESA/SA mice that were administered with a western diet (21% fat and 0.2% cholesterol) mixed with GSK547 at a dose of 10 mg/kg/day, and with Doxycycline (Dox)-containing water to induce hypertension. Sample was collected at ~10 a.m. of the day after 2- and 4-week dosing. n = 4 mice per group. All the data represented as mean ± SEM; ***P < 0.001. Statistical analysis: Ordinary one-way ANOVA test.




Differential Impacts of RIPK1 Inhibition on Early and Late Atherogenesis in Mice

To examine the effect of RIPK1 inhibition on the development of advanced atherogenesis, we used a mouse model (ApoESA/SA) that exhibits both hypercholesterolemia and hypertension upon induction and develop advanced atherosclerotic lesions including those in coronary arteries (20). Eight-week-old male ApoESA/SA mice were administered with a western diet (21% fat and 0.2% cholesterol) mixed with or without GSK547 at a dose of 10 mg/kg/day, and with doxycycline (Dox)-containing water to induce hypertension. The plasma levels of GSK547, as determined at 2 and 4 weeks of treatment (Figure 1F), were 117.3 and 171.3 ng/ml, respectively, which is >9 folds of IC50 during administration. In male mice, RIPK1i reduced plaque lesion areas in aortic sinus at 2 weeks of the atherosclerosis induction. However, prolonged treatment of RIPK1i exacerbated atherosclerotic lesion formation at 4 weeks of the atherosclerosis induction (Figures 2A,B). Likewise, coronary artery ORO-positive area was ameliorated at early stage, but enhanced at late stage (Figures 2C,D). Similar to male mice, 8-week-old female ApoESA/SA mice treated with RIPK1i developed more atherosclerosis lesions in late stage (Supplementary Figures S1A,B). We used Weigert staining to show elastic fibers of coronary arteries (Supplementary Figure S1C) and no difference was observed between RIPK1i and control group in coronary artery media thickness (68,273 ± 6,510, 66,840 ± 23,550; t-test with Welch's correction, p = 0.8811, n = 7,8). RIPK1i treatment did not alter blood pressure (Supplementary Figure S2A). No difference was observed in abdominal aortic aneurysm formation (Supplementary Figures S2B,C).
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FIGURE 2. Differential impacts of RIPK1 inhibition on early and late atherogenesis in mice. Male ApoESA/SA mice were fed a western diet contained RIPK1 inhibitor GSK547 (RIPK1i, 10 mg/kg) or not (Ctl) for 2 or 4 weeks with Dox-containing water to induce hypertension. Representative histological analysis of cross-sections from the aortic sinus stained with Oil Red O (A) and quantification of aortic sinus Oil Red O-positive area of male mice (B). Scale bar = 500 μm. Representative histological analysis of heart cross-sections stained with Oil Red O (C) and quantification of coronary artery (D) Oil Red O-positive area of male mice. Panel C, scale bar = 500 μm, top; scale bar = 100 μm, bottom. Dashed lines showed vessel media. Blue symbols = Ctl group, pink symbols = RIPK1i group. n = 6–10 mice per group. All the data represented as mean ± SEM; *P < 0.05, **P < 0.01. Statistical analysis: unpaired student's t test.




RIPK1i Treatment Decreased Plasma HDL and Suppressed Liver ApoA1 Expression

To understand the impact of RIPK1 inhibition on atherogenesis, we first examined plasma lipids level in the mice. HDL-C level was progressively lowered in RIPK1i groups compared with control groups (Figure 3A), whereas total cholesterol level showed no significant difference compared to control groups (Supplementary Figure S3). ApoA1, the major protein component of HDL, is synthesized mainly in the liver, and its expression was thus detected. RIPK1i treatment markedly decreased ApoA1 protein expression (Figures 3B,C) and mRNA expression level (Figure 3D). Meanwhile, liver expression level of apolipoprotein M (ApoM), an HDL-associated plasma protein exhibiting various anti-atherosclerotic functions such as anti-oxidation and pro-cholesterol efflux, was also decreased by RIPK1i. Consistently, expression of Ppara, a transcription factor of ApoA1, was also reduced (Figure 3D). Hence, RIPK1 inhibition caused lipid metabolism dysfunction, which might impair the RCT process, facilitating atherogenesis.
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FIGURE 3. RIPK1i treatment decreased plasma HDL and suppressed liver ApoA1 expression level. (A) Plasma HDL-C level in male ApoESA/SA mice fed with WD and Dox for 2 and 4 weeks. n = 5–8 mice per group. (B) Representative Western blot images of ApoA1 from liver of male ApoESA/SA mice fed with WD and Dox for 2 weeks. (C) Quantification of liver ApoA1 protein level (n = 9.7). (D) qRT-PCR analysis of Apoa1, Apom, Ppara in liver of male ApoESA/SA mice fed with WD and Dox for 2 weeks (n = 9.8). All of the data represented as mean ± SEM; *P < 0.05, **P < 0.01. Statistical analysis: unpaired student's t-test.




Long-Term RIPK1i Treatment Promoted Macrophage Accumulation and Foam Cell Formation

We next performed morphometries of the atherosclerotic plaques to further understand the mechanism underlying the exacerbation of atherogenesis by the long-term RIPK1 inhibition. We found that the number of macrophages in atherosclerotic plaque was significantly increased in the long-term RIPK1i group, compared to control group (Figures 4A,B), while the number of lesional smooth muscle cells showed no difference (Figures 4C,D). No difference was observed in plaque necrotic core area (Supplementary Figures S4A,B). Plaque macrophages phagocytize oxLDL through scavenger receptors, such as CD36, transforming into foam cells, and thereby resulting in an excessive cholesterol accumulation in the intima (3). To test if RIPK1 inhibition regulates foam cell formation, peritoneal macrophages were isolated from ApoESA/SA and C57BL/6J mice and stimulated with oxLDL. RIPK1i markedly promoted macrophage foam cells formation ex vivo (Figures 4E,F). CD36 gene expression in isolated peritoneal macrophages was significantly enhanced by RIPK1i treatment (Figure 4G). Expression of lipid metabolism related genes, Para, Lxra, Lxrb, and Srebp1c, was significantly upregulated in the RIPK1i-treated macrophages, as compared to vehicle group (Figure 4H). Expression of cell-surface proteins that associate with cholesterol efflux (ABCA1, ABCG1) in macrophages did not differ between the two groups (Supplementary Figures S5A,B). These data supported that RIPK1 inhibition might promote macrophage foam cell formation via increasing lipid uptake while recruited in vessel wall/atherosclerotic plaques.
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FIGURE 4. RIPK1i accelerated macrophage accumulation and foam cell formation. (A–D) Histological analysis of cross-sections from aortic sinus of ApoESA/SA mice receiving RIPK1i for 4 weeks. n = 5 mice per group. (A) Representative IHC images of F4/80 in aortic sinus plaque. Scale bar = 100 μm. (B) Quantification of macrophages (F4/80 positive) are represented. (C) Representative IHC images of α-SMA in aortic sinus plaque. Scale bar = 100 μm. (D) Quantification of smooth muscle cells (α-SMA positive) are represented. (E–H) Peritoneal macrophages isolated from male ApoESA/SA mice or male C57BL/6J mice were pretreated with RIPK1i (50 ng/ml) or DMSO for 3 h, then stimulated with oxidized LDL (50 μg/ml) for 24 h. (E) Representative images of Oil Red O stained foam cells for male ApoESA/SA mice. (F) Percentage of foam cells in ox-LDL induced peritoneal macrophages for male ApoESA/SA mice (left, n = 5) and male wild-type mice (right, n = 3). (G) Relative Cd36 mRNA level in ox-LDL induced peritoneal macrophages for male ApoESA/SA mice (n = 6). (H) Lipid metabolism-related genes expression levels in ox-LDL induced peritoneal macrophages for male ApoESA/SA mice (n = 5–6 per group). All of the data represented as mean ± SEM; *P < 0.05, **P < 0.01. Statistical analysis: unpaired student's t-test (B,G), non-parametric Mann-Whitney U test (F,H).


Inhibition of RIPK1 is known to prevent cell death (10). Here, we observed that RIPK1i significantly decreased cell apoptosis (Figures 5A,B) and necroptosis (Figures 5C,D) in cross-sections of aortic sinus plaque. Meanwhile, we also observed that the apoptosis of macrophages induced by oxLDL treatment were alleviated by RIPK1i (Figures 5E,F). Taken together, these data suggest that RIPK1 inhibition might lead to the foam cell accumulation in the plaque both by promoting foam cell formation (via upregulating lipid uptake) and by suppressing their cell death, thus exacerbating late-stage atherosclerosis.
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FIGURE 5. RIPK1i suppressed cell apoptosis and necroptosis in plaque. (A–D) Histological analysis of cross-sections from aortic sinus of ApoESA/SA mice. (A) Representative immunofluorescence images of Cleaved Caspase-3 staining (red) in aortic sinus. Scale bar = 500 μm. (B) Quantification of apoptosis (Cleaved Caspase-3 positive) area (n = 5). (C) Representative IHC images of RIP3 in aortic sinus plaque. Scale bar = 100 μm. (D) Quantification of necroptosis (RIP3 positive) area (n = 6). (E) and (F) Peritoneal macrophages isolated from male ApoESA/SA mice were pretreated with RIPK1i (50 ng/ml) or DMSO for 3 h, then stimulated with oxidized LDL (50 μg/ml) for 24 h and stained for TUNEL. (E) Representative immunofluorescence images of TUNEL staining (green). TUNEL positive cells are indicated by the white arrows. Scale bar = 50 μm. (F) Percentage of TUNEL positive cell in peritoneal macrophages (n = 6). All of the data represented as mean ± SEM; *P < 0.05, **P < 0.01. Statistical analysis: unpaired student's t-test (B), non-parametric Mann-Whitney U test (D,F).




RIPK1i Treatment Alleviated Systemic Inflammation in Early Stage of Atherosclerosis

Besides lipid metabolism, inflammation plays an important role in atherogenesis. To determine the influence of RIPK1i treatment on inflammatory response, we measured the plasma levels of inflammatory cytokines of mice. As shown in Figures 6A–D, plasma levels of inflammatory cytokines, including TNF-α, IL-1β, and MCP-1 levels, were substantially decreased in the RIPK1i-treated group compared to control group, in early stage atherogenesis, but not in late stage. MCP-1 was a critical chemokine for monocyte/macrophage infiltration into inflamed vessels (25). We thus examined the infiltration of macrophages in the atherosclerotic plaque of early stage by immune-staining of F4/80, and found that macrophage infiltration in aortic sinus lesions was diminished by RIPK1i treatment (Figure 6E). Thus, the early athero-protection of RIPK1 inhibition may be due to suppressed inflammation.


[image: Figure 6]
FIGURE 6. RIPK1i treatment alleviated systemic inflammation and macrophage infiltration in early atherogenesis. (A) Heat map analysis of inflammatory cytokines levels in ApoESA/SA mice in early stage (left, 2 weeks) and late stage (right, 4 weeks). (B–D) Plasma levels of TNF-α (B), IL-1β (C) and MCP-1 (D) in early stage (2 weeks) and late stage (4 weeks) of ApoESA/SA mice. n = 4–6 mice per group. (E) Representative IHC images of F4/80 in aortic sinus plaque from ApoESA/SA mice in early stage (left). Quantification of macrophages (F4/80 positive) are represented (right). Scale bar = 100 μm. n = 7.9 mice per group. All of the data represented as mean ± SEM; *P < 0.05; **P < 0.01. Statistical analysis: non-parametric Mann-Whitney U test (B,E), unpaired student's t-test (C,D).


Lastly, to examine the effect of RIPK1 inhibition in a setting of coronary plaque rupture, which is related to clinical revascularization treatment of acute myocardial infarction, post-ischemia administration of RIPK1i reduced cardiac infarct size (Supplementary Figure S6).




DISCUSSION

Taking advantage of ApoESA/SA mice, a new model combining both hypercholesterolemia and hypertension that rapidly develops atherosclerosis (manuscript under submission), we examined the impact of RIPK1 inhibition on advanced atherosclerosis. Here, we report that RIPK1 inhibition protected against early atherosclerosis, confirming a recent observation (14), however, surprisingly, it promoted atherogenesis in late stage. This reflects a dual action of RIPK1 in inflammation and cholesterol metabolism related to foam cell formation. The early athero-protective effect of RIPK1 inhibition is consistent with reduced monocyte infiltration to atherosclerotic lesions and alleviated system inflammation, including suppressed MCP-1 production.

We uncovered a key role of RIPK1 in suppressing oxidized lipids uptake by macrophages. RIPK1 inhibition upregulated macrophage expression of Cd36 and other lipid metabolism-related genes, including Ppara, Lxra, Lxrb (26), Srebp1c (27). Consistent with our observation, a recent study reports that MLKL (downstream of the RIPK1/RIPK3 pathway) knock-down increased lipid deposition in the plaque in ApoE−/− mice and increased lipid accumulation in macrophages foam cells (18). Colleagues also report that RIPK1 regulates expression of CH25h, which catalyzes the rate-limiting step in the conversion of cholesterol to the oxysterol 7α, 25-dihydroxycholesterol (25HC) (28).

We found that inhibiting RIPK1 suppressed cells necroptosis and apoptosis in plaques. As atherosclerosis progressed, we found substantial increase in the number of macrophages in late stage atherogenesis plaque in RIPK1i group. This could be explained by the impact of RIPK1i in foam cell dynamics: enhanced formation of macrophages foam cells and reduced cell death. Apoptosis of macrophages plays a critical role in atherosclerosis. Genetic deletion of apoptosis inhibitor of macrophages (AIM) in Ldlr−/− mice accelerated macrophages apoptosis in atherosclerosis lesions, which resulted in reduction of atherosclerotic plaque with decreased macrophages content (29). On the other hand, defective clearance of apoptotic debris in advanced lesions favors arterial wall inflammation and enhanced recruitment of monocytes, leading to enhanced atherogenesis (30). Thus, RIPK1i treatment may play both protective and detrimental roles in atherosclerosis depending on different stages. This is in line with previous observations in MLKL knockdown mice (18) and in Nec-1(another RIPK1 inhibitor) treated ApoE−/− mice (17) or foam cells in vitro (31). Consistent with our results, myeloid-specific RIPK1 gene deletion resulted in differential impacts at different atherogenesis stages (15).

This study also reveals a key role of RIPK1 in liver cholesterol metabolism. HDL cholesterol level was reduced consistently under RIPK1 administration. Accordingly, liver expression of ApoA1, the dominant structural protein component of HDL (32), was also suppressed by RIPK1i. In addition, the expression level of hepatic PPARα was inhibited, which might explain the decreased ApoA1 synthesis (7). HDL transports excess lipid from macrophage/foam cells in atherosclerotic lesions to liver (6), attenuating atherosclerosis progression (33). Therefore, RIPK1i might reduce HDL via inhibition of liver synthesis of ApoA1, contributing to the pathogenesis of atherosclerosis at a later stage.

Although we provided evidence that RIPK1 regulated the synthesis of ApoA1 in the liver possibly through PPARα, the exact underlying mechanism warrants future investigation. Also, unclear in this study is whether RIPK1i might prevent the endothelial dysfunction or cell death, contributing to the retarded atherogenesis in early stage.

In summary, we report a stage-dependent effect of RIPK1 inhibition in atherogenesis under two most common risk factors—hypercholesterolemia and hypertension. Short-term RIPK1 inhibition diminished macrophage infiltration and inflammatory response, preventing early stage atherogenesis, whereas extended drug exposure increased foam cell formation, reduced HDL cholesterol, resulting in lipid accumulation in lesion area, and exacerbated late atherogenesis. RIPK1i administration may play both protective and detrimental roles in atherosclerosis depending on different stages. The stage-dependent impact of RIPK1 inhibition on atherogenesis and related mechanisms are schematically illustrated (Figure 7). These results call for attention to define optimal therapeutic timing/duration for future clinical use of RIPK1 inhibitors in cardiovascular diseases, as well as in treating other RIPK1-driven diseases with cardiovascular concern.


[image: Figure 7]
FIGURE 7. Schematic illustration of the stage-dependent impact of RIPK1i in atherosclerosis.
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Background: Obstructive sleep apnea is an atherogenesis factor of which chronic intermittent hypoxia is a prominent feature. Chronic intermittent hypoxia (CIH) exposure can sufficiently activate the sympathetic system, which acts on the β3 adrenergic receptors of brown adipose tissue (BAT). However, the activity of BAT and its function in CIH-induced atherosclerosis have not been fully elucidated.

Methods: This study involved ApoE−/− mice which were fed with a high-fat diet for 12 weeks and grouped into control and CIH group. During the last 8 weeks, mice in the CIH group were housed in cages to deliver CIH (12 h per day, cyclic inspiratory oxygen fraction 5–20.9%, 180 s cycle). Atherosclerotic plaques were evaluated by Oil Red O, hematoxylin and eosin, Masson staining, and immunohistochemistry. Afterward, we conducted immunohistochemistry, western blotting, and qRT-PCR of uncoupling protein 1 (UCP1) to investigate the activation of BAT. The level of serum total cholesterol (TC), triglyceride, low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), and free fatty acid (FFA) were measured. Finally, RNA-Sequencing was deployed to explore the differentially expressed genes (DEGs) and their enriched pathways between control and CIH groups.

Results: Chronic intermittent hypoxia exposure promoted atherosclerotic plaque area with increasing CD68, α-SMA, and collagen in plaques. BAT activation was presented during CIH exposure with UCP1 up-regulated. Serum TC, triglyceride, LDL-c, and FFA were increased accompanied by BAT activation. HDL-c was decreased. Mechanistically, 43 lipolysis and lipid metabolism-associated mRNA showed different expression profiling between the groups. Calcium, MAPK, and adrenergic signaling pathway included the most gene number among the significantly enriched pathways.

Conclusion: This study first demonstrated that BAT activation is involved in the progression of CIH-induced atherosclerosis, possibly by stimulating lipolysis.

Keywords: chronic intermittent hypoxia, brown adipose tissue (BAT), uncoupling protein 1 (UCP1), atherosclerosis, obstructive sleep apnea


INTRODUCTION

Atherosclerosis is a leading cause of vascular disease worldwide. Its major clinical manifestation, which is cardiovascular disease (CVD), remains the leading cause of mortality in the world (1). Recent studies stated that obstructive sleep apnea (OSA), which affects 34% of men and 17% of women and is largely undiagnosed (2), is a modifiable CVD risk factor (3, 4). Chronic intermittent hypoxia (CIH) is a prominent feature of OSA pathophysiology and could be a major mechanism linking OSA to arteriosclerosis (3). Abundant evidence from animal studies has linked atherosclerosis to CIH (5–7). Despite this long-known linkage between CIH and high atherosclerosis risk, mechanisms underlying CIH-induced atherosclerosis have not been fully elucidated, although NF-κB pathway, oxidative stress, and neuroendocrine disorders have been claimed to be associated with atherosclerosis incidence (8, 9).

In rodents, CIH exposure can sufficiently activate the sympathetic system, leading to an increased level of norepinephrine (10, 11), which acts on the β3 adrenergic receptors of brown adipose tissue (BAT) (12). Brown adipocytes contain many mitochondria that have uncoupling protein 1 (UCP1) in their inner membrane (13). UCP1, which is only expressed in brown adipocytes, uncouples the respiratory chain from oxidative phosphorylation yielding a high oxidation rate and enabling the cell to use metabolic energy to provide heat (14). BAT is found firstly as the main site of adaptive thermogenesis. In rat and mouse models, BAT generates heat to enable the organism to adapt to a cold environment (15, 16). While initially believed to be of relevance only in human newborns and infants, research during recent years provided unequivocal evidence of active BAT in human adults (17). Moreover, it has become clear that BAT plays an important role in insulin sensitivity and metabolism in rodents and humans (18–20). These data all indicated that BAT plays an important role in the metabolism of both rodents and humans. However, it remains unclear whether BAT takes part in CIH-induced atherosclerosis, as a kind of metabolic disorder.

Brown adipose tissue activation has been reported in ApoE−/− mice fed with a high-fat diet at 23°C (21). It has also been reported that cold exposure promotes atherosclerotic plaque growth and instability via UCP1-dependent lipolysis in ApoE−/− mice and Ldlr−/− mice at 4°C (22). Nevertheless, whether BAT is involved in metabolic dysregulation in CIH-induced atherosclerosis has not been explored. In this study, we investigated the impact of CIH-induced BAT activation on atherosclerotic plaque formation in ApoE−/− mice. We reported our findings that CIH exposure significantly accelerated the atherosclerotic plaque growth in ApoE−/− mice by the possible mechanism of accelerated UCP1- mediated lipolysis.



METHODS


Animals

Male homozygous ApoE−/− mice (C57BL/6J background) were purchased from the Hua Fukang Bioscience Company (Beijing, China). All the mice were obtained at 7 weeks of age, housed in a specific pathogen-free facility under a 12/12 h light-dark cycle at 25°C, acclimated for a week prior to the study, and fed with a high-fat diet (0.15% cholesterol and 21% fat, 4 kcal/g) during the experiment. The mice had unrestricted access to food and tap water. All experimental protocols were approved by the Animal Care and Use Committee of Capital Medical University Beijing Anzhen Hospital (Beijing, China).



Chronic Intermittent Hypoxia

After 4 weeks of a high-fat diet, mice were randomized into two groups of 10: (1) ApoE−/− mice exposed to normoxia as the control group; (2) ApoE−/− mice exposed to CIH. CIH was performed as previously described by Du et al. (23). Mice were housed in customized standard cages to deliver CIH (Oxycycler A84 BioSpherix, Redfield, NY, USA). Briefly, a gas control system regulated the room airflow (N2 and O2). A series of programs and flow regulators enabled manipulation of the fraction of inspired O2 from 20.9 to 5% over a 120-s period, with a rapid reoxygenation to normal air levels via a burst of 100% O2 in the succeeding 60-s period. Hypoxic events occurred at a rate of one event per 180 s throughout the 12-h period for 8 weeks. During the other 12-h period, the CIH group was maintained in a normoxic environment. Control mice were exposed to normoxic air at all times with noise and turbulence similar to mice exposed to CIH. All the mice were fed with high-fat diet during the 12-week experiment.



Tissue Preparation

After 8-week CIH exposure, all mice were starved for 8 h prior to collecting blood samples and were anesthetized with 1% pentobarbital sodium (i.p., 60 mg/kg). Blood samples were collected by puncturing through the cardiac apex and placed at room temperature (25°C) for 2–3 h for sedimentation. After centrifugation at 1,000 × g for 15 min at 4°C, the serum was collected and stored at −80°C for further analysis. After perfusion with natural saline containing 1% heparin, aortas, hearts, and interscapular BAT were dissected. BAT in the interscapular region was a butterfly-shaped tissue with brown color for its rich blood vessels. After it was removed by blunt dissection, it was separated with white adipose tissue and connective tissue according to the color of the tissue by an optical microscope. For Oil Red O staining, the entire aorta extending 5 to 10 mm below the bifurcation of the iliac arteries was removed. Various tissue samples were collected, followed by fixation with 4% paraformaldehyde solution for further histological analysis. A fraction of tissues was frozen in liquid nitrogen for further western blotting and mRNA analysis.



Histology and Immunohistochemistry

After removal of periarterial connective tissue and fat, the entire mouse aorta was opened and then pinned onto a standard black wax dissection pan using.15 mm-black anodized pins. Aortas were stained in 0.5% Oil Red O (O0625, Sigma-Aldrich, USA) at room temperature for 30 min, followed by washing with 60% isopropanol for 5 min (24).

Mouse arterial tissue and BAT were embedded in paraffin, cut into 5 μm-thick slides. Sections were prepared for hematoxylin and eosin (HE), Masson's trichrome staining, and immunohistochemistry staining. For immunohistochemistry staining, after dewaxing and antigen retrieval with a citrate buffer (pH = 6.0) which was followed by treatment with 3% H2O2, tissue slides were blocked at room temperature with 3% bovine serum albumin for 60 min (22). Primary antibodies, including CD68 (1:100, ab125212, Abcam, Cambridge, UK), α-SMA (1:100, ab5694, Abcam, Cambridge, UK), and UCP1 (1:100, ab23841, Abcam, Cambridge, UK) were incubated at 4°C overnight. An HRP-conjugated Goat anti-Rabbit IgG (PV-9001, ZSGB-Bio, Beijing, China) secondary antibody was added the next day at room temperature for 1 h. A 3, 30-diaminobenzidine reagent (ZLI-9017, ZSGB-Bio, Beijing, China) was used for color development. The nuclei were counterstained with hematoxylin. Finally, sections were viewed on a Nikon microscope (Japan). Three serial sections were quantified for each sample. Then, another three fields were randomly selected from each slice. The positive area ratio was quantified as positive area divided by the whole area of tissue. Finally, an average value for each specimen was obtained (23).



Western Blotting

Total proteins from adipose tissues were extracted by a Total Protein Extraction Kit (AT-022, Invent Biotechnologies, USA) (24). Proteins were separated by SDS-PAGE electrophoresis and transferred to a PVDF membrane (Millipore, Germany). After being blocked with 5% fat-free milk in TBST, the membranes were incubated with UCP1 (1:1000, ab23841, Abcam, Cambridge, UK) antibody and β-actin (1:1000, ab213262, Abcam, Cambridge, UK) antibody overnight at 4°C. Subsequently, the membranes were incubated with an infrared Dye 800-conjugated secondary antibodies (1:10,000, 926-32211, LI-COR Biosciences, Lincoln, USA). The images were quantified using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, USA) (25). UCP1 protein expression was analyzed with band intensity analysis by Image-Pro Plus 6 (Media Cybernetics, USA).



RNA Extraction and Quantitative Reverse Transcription-PCR

Ribonucleic acid was extracted using TRIzol reagent (Invitrogen, USA). For reverse transcription, 1 μg of the total RNA was converted to the first-strand cDNA using a reverse transcription kit (RR047A, Takara, Japan). Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed utilizing SYBR Green Master Mix (RR820A, Takara, Japan) on the iCycler iQ system (Bio-Rad, USA). The thermal cycling program was 30 s at 95°C for enzyme activation, 40 cycles of denaturation at 95°C for 5 s, and annealing and extension at 60°C for 30 s. The comparative cycle threshold method was used to determine relative mRNA gene expression as normalized by the GAPDH housekeeping gene. There were three technical replicates for each sample. All primers were synthesized by Qiagen (Beijing, China) as follows:

Angptl4: 5′-GAGGTCCTTCACAGCCTGCA-3′;

5′-TGGGCCACCTTGTGGAAGAG-3′

Slc27a2: 5′-TCGGTTCCTGAGGATACAAGAT-3′;

5′-GGGTCACTTTGCGGTGTTTA-3′

UCP1:    5′-ACTGCCACACCTCCAGTCATT-3′;

5′-CTTTGCCTCACTCAGGATTGG-3′

GAPDH: 5′-CATGGCCTTCCGTGTTCCTA-3′;

5′-GCGGCACGTCAGATCCA-3′



Serum Analysis

Fasting blood glucose was performed in unanesthetized mice by tail bleeding. Blood glucose was measured with a glucometer.

Triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c) (Roche Diagnostics GmbH, Mannheim, Germany), and free fatty acid (FFA) (DiaSys Diagnostic Systems GmbH, Holzheim, Germany) in serum were measured using commercial kits (26).

The levels of superoxide dismutase (SOD) and glutathione (GSH) in mouse serum were measured using superoxide dismutase assay kit (A001-3, Nanjing Jiancheng Bioengineering Institute, China) and glutathione assay kit (A006-2, Nanjing Jiancheng Bioengineering Institute, China).



RNA-Sequencing Analysis

Isolated RNA of mouse BAT was used for RNA-seq analysis. cDNA library construction and sequencing were performed by the Wuhan BGI using the BGISEQ-500 platform (China). High-quality reads were aligned to the mouse reference genome using Bowtie2 (China). Expression levels for each of the genes were normalized to fragments per kilobase of exon model per million mapped reads (FPKM) using RNA-seq by Expectation-Maximization (RSEM). Differentially expressed genes (DEGs) were defined by a fold change ≥2 and a false discovery rate (FDR)-corrected p < 0.05. Pathway analysis, predominantly based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, was used to determine the significant functions and pathways of DEGs. Only pathway categories with an FDR-corrected p < 0.05 were considered as significantly enriched (27).



Statistical Analysis

Continuous data have been presented as mean ± SEM. The normality of values was tested. If values followed a normal distribution, then data were analyzed with student's t-test for two independent samples. If not, the Mann-Whitney U test was performed. The statistical significance level for all the tests was set at a two-sided p < 0.05. All analyses were performed using SPSS software (SPSS Statistics version 25, IBM Corporation, USA).




RESULTS


Basic Characteristics

The body weight of mice remained stable during CIH and did not differ from control conditions (Table 1). Based on the diet-induced obesity in the control group, the effect of CIH on body weight may be blunted. After 8-week CIH exposure, mice of the CIH group had higher levels of blood glucose (Table 1).


Table 1. Basic characteristics of mice exposed to CIH or control.
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CIH Induced BAT Activation in Atherosclerosis

The study primarily proved that CIH exacerbated atherosclerosis in ApoE−/− mice. We stained the whole aorta with oil red O and the aortic root cross-sections with HE to identify atherosclerotic lesions and found atherosclerotic lesions increased in the CIH group, compared with the control group (Figures 1A–D). Immunohistochemical analysis showed that CD68 positive area, α-SMA positive area, and Masson structures in atherosclerotic plaques were significantly increased after 8 weeks of CIH exposure (Figures 1E–J). These findings showed that CIH accelerated atherosclerosis progressing in ApoE−/− mice, which is consistent with previous findings of the effect of CIH on atherosclerosis (5–7).


[image: Figure 1]
FIGURE 1. Eight-week exposure of CIH-induced atherosclerosis in ApoE−/− mice. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) Representative photographs of whole aorta plaque that were stained with Oil Red O. (B) Plaque area as a percentage of the total area in Oil Red O staining. (C) Representative photographs of plaque in aorta roots that were stained with HE staining. Dashed lines encircle atherosclerotic plaques. (D) Lesion area in HE staining. (E) Representative photographs of aortic root sections that were immunostained with CD68. (F) The quantification of macrophages in aorta plaque. (G) Representative photographs of aortic root sections that were immunostained with α-SMA. (H) The quantification of smooth muscle cells in aorta plaque. (I) Representative photographs of aortic root sections that were stained with Masson. (J) The quantification of collagen in aorta plaque. Three serial sections were quantified for each sample. n = 7. Data were presented as mean ± SEM. * CIH vs. control p < 0.05.


Afterward, we made a histological analysis of BAT and found an activated phenotype in CIH-treated BAT. BAT HE staining showed that the adipocyte sizes were smaller in CIH-exposed adipose tissues compared with controls (Figure 2A). This histological analysis supported an activated phenotype in CIH-exposed BAT. Immunohistochemical analysis showed that the UCP1 positive area of BAT was increased in the CIH group (Figures 2B,C). Western blotting also showed higher UCP1 protein levels in the BAT of the CIH group (Figures 2D,E). Consistently, the UCP1 mRNA level also significantly increased in the BAT of the CIH group (Figure 2F). All these data indicate that CIH exposure increased the expression level of UCP1 which is the hallmark of BAT activation. These findings showed that CIH augments BAT activation during the process of atherosclerosis formation.


[image: Figure 2]
FIGURE 2. Eight-week exposure of CIH-induced BAT activation in ApoE−/− mice. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) Representative photographs of BAT that were stained with HE. (B) Representative photographs of BAT that were immunostained with UCP1. (C) The quantification of UCP1 positive area percentage in BAT. Three serial sections were quantified for each sample. n = 7. (D) Representative photographs of UCP1 western blotting in BAT. (E) Relative expression level of UCP1 in BAT in western blotting. (F) UCP1 mRNA expression in BAT. n = 5. Data were presented as mean ± SEM. * CIH vs. control p < 0.05.




Activation of Lipolysis by CIH Exposure

Atherosclerotic plaque growth was associated with the disturbance of lipid metabolism and UCP1 has been reported involved in lipid metabolism. Due to this, we measured blood lipid levels. In ApoE−/− mice, exposure to CIH elevated serum levels of TG, TC, and LDL-c (Figures 3A–C). Serum levels of HDL-c were decreased (Figure 3D). Serum levels of FFA were significantly decreased because of an active phenotype of lipolysis (Figure 3E). Compared with wild-type C57BL/6J mice, both control and CIH mice showed the disturbance of lipid indicating that obesity and CIH can lead to increase adipose tissue lipolysis. These findings indicated that UCP1- mediated lipolysis is involved in CIH-induced atherosclerosis.


[image: Figure 3]
FIGURE 3. Hyperlipidemia and lipolysis induced by CIH. Male wild-type C57BL/6J mice as Blank group. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) TG levels in the serum of mice. (B) TC levels in the serum of mice. (C) LDL-c levels in the serum of mice. (D) HDL-c levels in the serum of mice. (E) FFA levels in the serum of mice. n = 6. Data were presented as mean ± SEM. * CIH vs. control p < 0.05. # vs. Blank p < 0.05.




Alteration of Expression Levels of Lipolysis-Associated Gene Products

To explore molecular mechanisms, whole mRNA expression profiling in BAT was analyzed. CIH exposure resulted in noticeable alterations of gene expression patterns with 387 up- and 337 down-regulation of genes (Figures 4A,B). Among them, a nearly three-fold increase of UCP1 expression was detected in CIH-treated BAT compared with the control group. Interestingly, 43 lipolysis and lipid metabolism-associated mRNA of BAT showed different expression profiling between the CIH and control group (Figure 4C). Among them, we validated the genes which play important role in regulating lipoprotein metabolism by RT-PCR. CIH exposure decreased the expression of Angptl4 mRNA in BAT and increased the expression of Slc27a2 mRNA in BAT (Figure 4D).


[image: Figure 4]
FIGURE 4. Alteration of gene expression profiling and the pathway enrichment in ApoE−/− mouse BAT exposed to CIH. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) A total of 387 up-regulated genes in BAT of CIH group compared with the control group. (B) A total of 337 down-regulated genes in BAT of CIH group compared with the control group. (C) A total of 43 lipolysis and lipid metabolism-associated mRNA of BAT showed different expression profiling between the CIH and control group. (D) Angptl4 and Slc27a2 mRNA expression in BAT. n = 6. Data were presented as mean ± SEM. * CIH versus control p < 0.05. (E) The top 20 of pathway enrichment based on KEGG was classified according to their functions related to metabolism, lipolysis, and signaling pathways. Calcium signaling pathway (with 20 genes), MAPK signaling pathway (with 25 genes), and adrenergic signaling pathway (with 16 genes) include the most gene number among the significantly enriched pathways. KEGG indicates Kyoto Encyclopedia of Genes and Genomes. n = 3. (F) SOD levels and GSH levels in mouse serum. n = 6. Data were presented as mean ± SEM. * CIH vs. control p < 0.05. SOD indicates superoxide dismutase. GSH indicates glutathione.


Then the top 20 of pathway enrichment was classified according to their functions related to metabolism, lipolysis, and signaling pathways (Figure 4E). Calcium signaling pathway (with 20 genes), MAPK signaling pathway (with 25 genes), and adrenergic signaling pathway (with 16 genes) include the most gene number among the significantly enriched pathways. These data showed that CIH significantly modulated the cellular and molecular components in the BAT microenvironment.

Owing to UCP1 has been reported to induce mitochondria reactive oxygen species (ROS). We measured the production of antioxidant markers such as SOD and GSH of mouse serum. CIH exposure decreased the expression level of SOD and GSH (Figure 4F), indicating that oxidative stress also participating in the process of CIH-induced atherosclerosis and it may act with UCP1.




DISCUSSION

In this work, we provided new insights into the active phenotype of BAT in CIH-induced atherosclerosis and demonstrated that UCP1- mediated lipolysis is involved in this process. First, by using a CIH-induced atherosclerosis mouse model, we demonstrated that BAT is activated with upregulated UCP1. Meanwhile, the disturbance of lipid metabolism and lipolysis were observed along with BAT activation. Finally, we explored the possible molecular mechanisms and pathways of BAT activation which are involved in CIH-induced atherosclerosis. In summary, our data provided novel evidence that BAT activation is involved in CIH-induced atherosclerosis by regulating lipolysis.

Chronic intermittent hypoxia has been widely known as an independent risk factor for atherosclerosis concerning numerous mechanisms including inflammation, oxidative stress, and blood lipid distribution (28). In clinical, it has been reported that OSA is associated with hypercholesterolemia, independent of adiposity, and partially reversible with continuous positive airway pressure therapy, even with no changes in body weight (29, 30). In the animal model, CIH can up-regulate the sterol regulatory element-binding protein-1 (SREBP-1) and stearoyl-CoA desaturase-1 (SCD-1), increase the level of cholesterol esters and triglycerides (7, 31). In our study, we observed the increased level of serum TC, TG, and LDL-c in ApoE−/− mice exposed to CIH, accompanied by accelerated atherosclerosis. These findings all supported that CIH plays a major role in the pathogenesis of the dysregulation of lipid metabolism. However, the precise mechanism by which CIH induces dyslipidemia is not well understood.

Brown adipose tissue is the main site of adaptive thermogenesis. Brown adipocytes contain many mitochondria with a high oxidative capacity and have UCP1 in their inner membrane. UCP1, which is only expressed in brown adipocytes, is a biomarker of BAT activation (18). Each brown adipocyte is in close proximity to a nerve ending that releases norepinephrine on sympathetic stimulation (32). Norepinephrine subsequently binds to the β3- adrenergic receptor on the membrane of the brown adipocyte (33). It is known that the sympathetic system is over-activated in CIH leading to an increased level of norepinephrine, which acts on the β3- adrenergic receptors (10, 11). However, whether the activated sympathetic system can affect BAT activation in CIH has not been explored. Then in our study, after 8-week CIH exposure, we found the activation of β3- adrenergic receptors in BAT (Supplementary Figure 1), and the level of UCP1 protein and mRNA was increased in BAT. The present study demonstrated that BAT is activated in CIH-induced atherosclerosis.

Upon BAT activation, intracellular lipolysis causes depletion of intracellular triglyceride stores that subsequently need to be replenished via de novo lipogenesis and via the uptake of FA from the circulation, mainly via selective delipidation of TG-rich lipoproteins (TRLs) through the hydrolyzing action of lipoprotein lipase (LPL). The released FA are taken up by cluster of differentiation 36 (CD36) and FA transport proteins (FATP) and stored in the lipid droplets as TG again in brown adipocyte (34). Then the activation of protein kinase A (PKA) in brown adipocytes enhances the activity of lipolytic enzymes that are associated with the intracellular lipid droplets, leading to the release of FA that enters the mitochondria for β-oxidation. In this study, we found the mRNA level of angiopoietin-like protein 4 (Angptl4), a potent inhibitor of the LPL activity (35), was downregulated and Slc27a2, the subunit of FATP, was upregulated in BAT of the CIH group. These all indicated that in CIH BAT was prolonged activated and affected lipolysis.

We further explored the function of BAT activation in CIH-induced atherosclerosis. Berbée et al. (36) proved that BAT activation increases lipolytic processing and hepatic clearance of lipoproteins, ameliorates dyslipidemia, and prevents atherosclerosis in E3L.CETP mice. However, BAT activation did not protect ApoE−/− and Ldlr−/− mice from atherosclerosis (36). Conversely, the study of Sui et al. reported that β3-adrenergic receptor agonist activated BAT and increase plasma levels of both LDL-c and very LDL-c remnants in ApoE−/− mice. This phenomenon is dependent on thermogenesis-triggered lipolysis. Genetic deletion of UCP1 completely abrogates dyslipidemia (24). Meanwhile, in various cold environments, BAT activation also has different effects on atherosclerosis (21). All these studies suggested that BAT activation owns complex functions. The study of Dong et al. reported that BAT activation in 4°C promoted lipolysis and atherosclerosis in ApoE−/− mice and Ldlr−/− mice. Deletion of UCP1 completely protected mice from cold-induced atherosclerotic lesions (22). This contradictory phenomenon has been explained by the study of Hoeke G et al. because an intact apoE-LDLR pathway is crucial for the cholesterol-lowering, wherein after BAT activation, the lipid metabolism mode of ApoE−/− and Ldlr−/− mice would be different from that of E3L.CETP mice (37). In the present study, we also found that serum TC, TG, LDL-c, and FFA were increased, accompanied by BAT activation in ApoE−/− mice exposed to CIH. RNA-Sequencing analysis revealed that 43 lipolysis and lipid metabolism-associated mRNA of BAT were affected by CIH. These data supported that regulating lipolysis may be one of the mechanisms in which BAT activation affects atherosclerosis in CIH.

Finally, we further analyzed the DEGs between the control group and the CIH group and determine the significant functions and pathways of DEGs by KEGG. The calcium signaling pathway, MAPK signaling pathway, and adrenergic signaling pathway include the most gene number among the significantly enriched pathways. It has been reported that calcium overload on mitochondria can induce brown adipose dysfunction (38). P38-MAPK and adrenergic pathway have been reported involved in BAT activation in a previous study (37, 39). This results in the activation of adenylyl cyclase to produce cyclic AMP that activates PKA to phosphorylate the lipolytic enzymes adipose triglyceride lipase, hormone-sensitive lipase, and monoglycerol lipase, leading to increased intracellular lipolysis. FA that is released subsequently enter the mitochondria where they are broken down into substrates for the citric acid cycle, leading to activation of the electron transport chain and uncoupled respiration through UCP1 that results in the generation of heat instead of ATP (12). These data indicated that the calcium signaling pathway, MAPK signaling pathway, and adrenergic signaling pathway play the most important role in CIH-induced BAT activation.

The present study has several limitations. First, we observed BAT activation accompanied by lipolysis in CIH. Though UCP1 has been recognized as the biomarker of BAT activation, it is still an indirect indicator. Additionally, the mechanism of how BAT activation contributed to lipolysis in CIH was poorly understood. Other physiological processes which were associated with lipolysis during BAT activation, such as hepatic cholesterol synthesis and taking up of glucose in brown adipocytes, need to be further explored. Therefore, further investigation is needed to confirm the DEGs which were found by RNA-Sequencing regulate BAT activation and lipolysis in CIH. Second, we speculated other pathways may be involved in the BAT activation in CIH by KEGG analysis. In the future, these pathways need further investigation.

In conclusion, this study first demonstrated that BAT activation is involved in the progression of CIH-induced atherosclerosis, possibly by stimulating lipolysis.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care and Use Committee of Capital Medical University Beijing Anzhen Hospital (Beijing, China).



AUTHOR CONTRIBUTIONS

YW (first author) is a doctorial candidate of grade 2020; YW (fifth author) is a doctorial candidate of grade 2019. YW (first author) performed experiments, analyzed and interpreted the data, and drafted the manuscript. H-fJ contributed resources and secured funding, designed research, and conducted the experiments. B-bL, L-lC, YW (fifth author), and X-yL conducted the experiments. MS analyzed and interpreted the data and edited the paper. X-fW contributed resources and secured funding, designed research, supervised the project, and reviewed the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Beijing Natural Science Foundation and Municipal Education Commission Grant KZ202010025045, the National Natural Science Foundation of China (NSFC) Grants 82071573, 81470492, and 81670317), Beijing Talents Project 2020A39 to X-fW. National Natural Science Foundation of China (NSFC) Grant 81970392 and Beijing Natural Science Foundation J190010 to H-fJ.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.751519/full#supplementary-material



REFERENCES

 1. Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of atherosclerosis and the potential to reduce the global burden of atherothrombotic disease. Circ Res. (2016) 118:535–46. doi: 10.1161/CIRCRESAHA.115.307611

 2. Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM. Increased prevalence of sleep-disordered breathing in adults. Am J Epidemiol. (2013) 177:1006–14. doi: 10.1093/aje/kws342

 3. Javaheri S, Barbe F, Campos-Rodriguez F, Dempsey JA, Khayat R, Javaheri S, et al. Sleep apnea: types, mechanisms, and clinical cardiovascular consequences. J Am Coll Cardiol. (2017) 69:841–58. doi: 10.1016/j.jacc.2016.11.069

 4. Gottlieb DJ, Punjabi NM. Diagnosis and management of obstructive sleep apnea: a review. JAMA. (2020) 323:1389–400. doi: 10.1001/jama.2020.3514

 5. Song D, Fang G, Greenberg H, Liu SF. Chronic intermittent hypoxia exposure-induced atherosclerosis: a brief review. Immunol Res. (2015) 63:121–30. doi: 10.1007/s12026-015-8703-8

 6. Lin H, Zeng Y, Wang Z. Maternal chronic intermittent hypoxia in rats causes early atherosclerosis with increased expression of Caveolin-1 in offspring. Sleep Breath. (2019) 23:1071–77. doi: 10.1007/s11325-019-01781-y

 7. Savransky V, Nanayakkara A, Li J, Bevans S, Smith PL, Rodriguez A, et al. Chronic intermittent hypoxia induces atherosclerosis. Am J Respir Crit Care Med. (2007) 175:1290–7. doi: 10.1164/rccm.200612-1771OC

 8. Song D, Fang G, Mao SZ, Ye X, Liu G, Miller EJ, et al. Selective inhibition of endothelial NF-κB signaling attenuates chronic intermittent hypoxia-induced atherosclerosis in mice. Atherosclerosis. (2018) 270:68–75. doi: 10.1016/j.atherosclerosis.2018.01.027

 9. Ma L, Zhang J, Liu Y. Roles and mechanisms of obstructive sleep apnea-hypopnea syndrome and chronic intermittent hypoxia in atherosclerosis: evidence and prospective. Oxid Med Cell Longev. (2016) 2016:8215082. doi: 10.1155/2016/8215082

 10. Rukhadze I, Fenik VB, Benincasa KE, Price A, Kubin L. Chronic intermittent hypoxia alters density of aminergic terminals and receptors in the hypoglossal motor nucleus. Am J Respir Crit Care Med. (2010) 182:1321–9. doi: 10.1164/rccm.200912-1884OC

 11. Hui AS, Striet JB, Gudelsky G, Soukhova GK, Gozal E, Beitner-Johnson D, et al. Regulation of catecholamines by sustained and intermittent hypoxia in neuroendocrine cells and sympathetic neurons. Hypertension. (2003) 42:1130–6. doi: 10.1161/01.HYP.0000101691.12358.26

 12. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev. (2004) 84:277–359. doi: 10.1152/physrev.00015.2003

 13. Von Bank H, Hurtado-Thiele M, Oshimura N, Simcox J. Mitochondrial lipid signaling and adaptive thermogenesis. Metabolites. (2021) 11:124. doi: 10.3390/metabo11020124

 14. Porter C, Herndon DN, Chondronikola M, Chao T, Annamalai P, Bhattarai N, et al. Human and mouse brown adipose tissue mitochondria have comparable UCP1 function. Cell Metab. (2016) 24:246–55. doi: 10.1016/j.cmet.2016.07.004

 15. Asano A, Kimura K, Saito M. Cold-induced mRNA expression of angiogenic factors in rat brown adipose tissue. J Vet Med Sci. (1999) 61:403–9. doi: 10.1292/jvms.61.403

 16. Lim S, Honek J, Xue Y, Seki T, Cao Z, Andersson P, et al. Cold-induced activation of brown adipose tissue and adipose angiogenesis in mice. Nat Protoc. (2012) 7:606–15. doi: 10.1038/nprot.2012.013

 17. Brychta RJ, Chen KY. Cold-induced thermogenesis in humans. Eur J Clin Nutr. (2017) 71:345–52. doi: 10.1038/ejcn.2016.223

 18. Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose tissue as a secretory organ. Nat Rev Endocrinol. (2017) 13:26–35. doi: 10.1038/nrendo.2016.136

 19. Stanford KI, Middelbeek RJ, Townsend KL, Lee MY, Takahashi H, So K, et al. A novel role for subcutaneous adipose tissue in exercise-induced improvements in glucose homeostasis. Diabetes. (2015) 64:2002–14. doi: 10.2337/db14-0704

 20. Betz MJ, Enerbäck S. Human brown adipose tissue: what we have learned so far. Diabetes. (2015) 64:2352–60. doi: 10.2337/db15-0146

 21. Kataoka N, Takeuchi T, Kusudo T, Li Y, Endo Y, Yamashita H. Lack of UCP1 stimulates fatty liver but mediates UCP1-independent action of beige fat to improve hyperlipidemia in Apoe knockout mice. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165762. doi: 10.1016/j.bbadis.2020.165762

 22. Dong M, Yang X, Lim S, Cao Z, Honek J, Lu H, et al. Cold exposure promotes atherosclerotic plaque growth and instability via UCP1-dependent lipolysis. Cell Metab. (2013) 18:118–29. doi: 10.1016/j.cmet.2013.06.003

 23. Du Y, Wang X, Li L, Hao W, Zhang H, Li Y, et al. miRNA-mediated suppression of a cardioprotective cardiokine as a novel mechanism exacerbating post-MI remodeling by sleep breathing disorders. Circ Res. (2020) 126:212–28. doi: 10.1161/CIRCRESAHA.119.315067

 24. Sui W, Li H, Yang Y, Jing X, Xue F, Cheng J, et al. Bladder drug mirabegron exacerbates atherosclerosis through activation of brown fat-mediated lipolysis. Proc Natl Acad. (2019) 116:10937–42. doi: 10.1073/pnas.1901655116

 25. Li Y, Chen B, Yang X, Zhang C, Jiao Y, Li P, et al. S100a8/a9 signaling causes mitochondrial dysfunction and cardiomyocyte death in response to ischemic/reperfusion injury. Circulation. (2019) 140:751–64. doi: 10.1161/CIRCULATIONAHA.118.039262

 26. Miida T, Nishimura K, Okamura T, et al. Validation of homogeneous assays for HDL-cholesterol using fresh samples from healthy and diseased subjects. Atherosclerosis. (2014) 233:253–9. doi: 10.1016/j.atherosclerosis.2013.12.033

 27. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

 28. Drager LF, McEvoy RD, Barbe F, Lorenzi-Filho G, Redline S. INCOSACT Initiative (International Collaboration of Sleep Apnea Cardiovascular Trialists): sleep apnea and cardiovascular disease: lessons from recent trials and need for team science Circulation. (2017) 136:1840–50. doi: 10.1161/CIRCULATIONAHA.117.029400

 29. Robinson GV, Pepperell JC, Segal HC, Davies RJ, Stradling JR. Circulating cardiovascular risk factors in obstructive sleep apnoea: data from randomised controlled trials. Thorax. (2004) 59:777–82. doi: 10.1136/thx.2003.018739

 30. Chin K, Shimizu K, Nakamura T, Narai N, Masuzaki H, Ogawa Y, et al. Changes in intra-abdominal visceral fat and serum leptin levels in patients with obstructive sleep apnea syndrome following nasal continuous positive airway pressure therapy. Circulation. (1999) 100:706–12. doi: 10.1161/01.CIR.100.7.706

 31. Li J, Grigoryev DN, Ye SQ, Thorne L, Schwartz AR, Smith PL, et al. Chronic intermittent hypoxia upregulates genes of lipid biosynthesis in obese mice. J Appl Physiol. (2005) 99:1643–8. doi: 10.1152/japplphysiol.00522.2005

 32. Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elía E, Kessler SH, Kahn PA, et al. Activation of human brown adipose tissue by a β3-adrenergic receptor agonist. Cell Metab. (2015) 21:33–8. doi: 10.1016/j.cmet.2014.12.009

 33. Townsend KL, Tseng YH. Brown fat fuel utilization and thermogenesis. Trends Endocrinol Metab. (2014) 25:168–177. doi: 10.1016/j.tem.2013.12.004

 34. Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, et al. Brown adipose tissue activity controls triglyceride clearance. Nat Med. (2011) 17:200–5. doi: 10.1038/nm.2297

 35. Drager LF Li J, Shin MK, Reinke C, Aggarwal NR, Jun JC, et al. Intermittent hypoxia inhibits clearance of triglyceride-rich lipoproteins and inactivates adipose lipoprotein lipase in a mouse model of sleep apnoea. Eur Heart J. (2012) 33:783–90. doi: 10.1093/eurheartj/ehr097

 36. Berbée JF, Boon MR, Khedoe PP, Bartelt A, Schlein C, Worthmann A, et al. Brown fat activation reduces hypercholesterolaemia and protects from atherosclerosis development. Nat Commun. (2015) 6:6356. doi: 10.1038/ncomms7356

 37. Hoeke G, Kooijman S, Boon MR, Rensen PC, Berbée JF. Role of brown fat in lipoprotein metabolism and atherosclerosis. Circ Res. (2016) 118:173–82. doi: 10.1161/CIRCRESAHA.115.306647

 38. Kazak L, Chouchani ET, Stavrovskaya IG, Lu GZ, Jedrychowski MP, Egan DF, et al. UCP1 deficiency causes brown fat respiratory chain depletion and sensitizes mitochondria to calcium overload-induced dysfunction. Proc Natl Acad Sci USA. (2017) 114:7981–6. doi: 10.1073/pnas.1705406114

 39. Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessì-Fulgheri P, Zhang C, et al. Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in mouse and human adipocytes. J Clin Invest. (2012) 122:1022–36. doi: 10.1172/JCI59701

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Jiang, Liu, Chen, Wang, Liu, Suo and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 28 October 2021
doi: 10.3389/fcvm.2021.760926






[image: image2]

High-Intensity Statin vs. Low-Density Lipoprotein Cholesterol Target for Patients Undergoing Percutaneous Coronary Intervention: Insights From a Territory-Wide Cohort Study in Hong Kong

Andrew Kei-Yan Ng1*, Pauline Yeung Ng2,3, April Ip3 and Chung-Wah Siu4


1Cardiac Medical Unit, Grantham Hospital, Wong Chuk Hang, Hong Kong, SAR China

2Department of Adult Intensive Care, Queen Mary Hospital, Hong Kong, SAR China

3Division of Respiratory and Critical Care Medicine, Department of Medicine, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong, SAR China

4Department of Medicine, Queen Mary Hospital, The University of Hong Kong, Hong Kong, SAR China

Edited by:
Alexander Nikolaevich Orekhov, Institute for Aterosclerosis Research, Russia

Reviewed by:
Sharen Lee, The Chinese University of Hong Kong, China
 Yu Ho Chan, CUHK Medical Centre, Hong Kong, SAR China

*Correspondence: Andrew Kei-Yan Ng, drandrewkyng@gmail.com

Specialty section: This article was submitted to Atherosclerosis and Vascular Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 19 August 2021
 Accepted: 27 September 2021
 Published: 28 October 2021

Citation: Ng AK-Y, Ng PY, Ip A and Siu C-W (2021) High-Intensity Statin vs. Low-Density Lipoprotein Cholesterol Target for Patients Undergoing Percutaneous Coronary Intervention: Insights From a Territory-Wide Cohort Study in Hong Kong. Front. Cardiovasc. Med. 8:760926. doi: 10.3389/fcvm.2021.760926



Background: Different guidelines recommend different approaches to lipid management in patients with atherosclerotic cardiovascular disease. We aim to determine the best strategy for lipid management in Asian patients undergoing percutaneous coronary intervention (PCI).

Method: This was a retrospective cohort study conducted in patients who underwent first-ever PCI from 14 hospitals in Hong Kong. All participants either achieved low-density lipoprotein cholesterol (LDL-C) target of <55 mg/dl with ≥50% reduction from baseline (group 1), or received high-intensity statin (group 2), or both (group 3) within 1 yr after PCI. The primary endpoint was a composite outcome of all-cause mortality, myocardial infarction, stroke, and any unplanned coronary revascularization between 1 and 5 yr after PCI.

Results: A total of 8,650 patients were analyzed with a median follow-up period of 4.2 yr. After the adjustment of baseline characteristics, complexity of PCI and medications prescribed and the risks of the primary outcome were significantly lower in group 2 (hazard ratio [HR], 0.82; 95% confidence interval [CI], 0.74–0.93, P = 0.003) and group 3 (HR, 0.75; 95% CI, 0.62–0.90; P = 0.002). The primary outcome occurred at similar rates between group 2 and group 3.

Conclusions: Use of high intensity statin, with or without the attainment of guidelines recommended LDL-C target, was associated with a lower adjusted risk of MACE at 5 yr, compared with patients who attained LDL-C target without high intensity statin.

Keywords: percutaneous coronary intervention, dyslipidemia, statin, low density lipoprotein cholesterol, major adverse cardiac events, all-cause mortality, myocardial infarction, stroke


BACKGROUND

Deposition of low-density lipoprotein cholesterol (LDL-C) within the arterial wall is a key initiating and propagating event in atherogenesis (1). Numerous randomized controlled trials (RCT) have established the pivotal role of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitors (statins) in cardiovascular risk reduction for patients with established coronary artery disease (2, 3). However, there are different approaches in its clinical application. The 2013 American College of Cardiology/American Heart Association (ACC/AHA) guideline recommended high intensity statin without specifying LDL-C targets for patients with established cardiovascular disease (4). In the 2018 revision, the ACC/AHA conjoined with other American societies continued the class I recommendation for routine high-intensity statins, with options of adjunctive lipid-lowering therapy in selected subgroups (5). In contrast, the 2019 European Society of Cardiology/European Atherosclerosis Society (ESC/EAS) guideline recommended an LDL-C target of <55 mg/dl (<1.4 mmol/L) and a 50% LDL-C reduction from baseline for those with established cardiovascular disease which could be achieved by maximally tolerated statin and other lipid-lowering therapies (6).

Due to genetic polymorphism, the plasma levels of statin and its metabolites are generally doubled in Asians as compared with Caucasians (7, 8). Several studies have observed no significant outcome difference with high-intensity statins as compared with moderate intensity statins in Asian patients, (9–12) raising questions whether routine high-intensity statins are needed (13). However, one study showed benefits of high-intensity statins in Asians who attained a less contemporary LDL-C target of <70 mg/dl (<1.8 mmol/L) (14). There were no data comparing the effects of the ACC/AHA vs. ESC/EAS guidelines, especially for Asians. We aimed to determine the best approach to lipid management for Asian patients after percutaneous coronary intervention (PCI).



METHODS


Study Population and Design

Adult patients (18 yr of age or older) who underwent first-ever PCI between January 1, 2004, and December 31, 2017, at any of the 14 public hospitals in Hong Kong and entered the territory-wide PCI Registry were reviewed. Patient characteristics, exposures, and outcomes were retrieved from the Clinical Data and Analysis Reporting System (CDARS). The study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority. The requirement for written informed consent was waived due to the retrospective nature of the study.

We included all patients who survived for at least 365 days after PCI. Patients with outcome events within 365 days were excluded to avoid reverse causality. Patients were excluded if they did not fulfill either the intensity criteria or target criteria as specified below.



Definitions of Exposure and Outcome Variables

The target criteria were fulfilled if LDL-C was reduced to <55 mg/dl for at least one measurement between 0 and 365 days after PCI, together with ≥50% reduction from baseline if the patient was not previously on statins. The intensity criteria were fulfilled if the patients were prescribed high-intensity statins at any time between 0 and 365 days after PCI. High intensity statin was defined as atorvastatin ≥40mg per day, rosuvastatin ≥20 mg per day, or simvastatin ≥80 mg per day, in accordance with ACC/AHA guideline (remarks: simvastatin was not considered high intensity statin after 2011) (4, 5). Patients were grouped according to the lipid management strategy into three groups. Group 1 included patients fulfilling the target criteria only, group 2 included those fulfilling the intensity criteria only, and group 3 included those fulfilling both target and intensity criteria.

The primary endpoint was a major adverse cardiac event (MACE), defined as a composite outcome of all-cause mortality, non-fatal myocardial infarction, stroke, or any unplanned coronary revascularization, in a time-to-first-event analysis up to 5 yr after PCI. The secondary endpoints were individual components of the primary endpoint, and a composite outcome of all-cause mortality, non-fatal myocardial infarction (MI), and stroke. Detailed definitions are shown in the Supplementary Appendix.



Statistical Analysis

All analyses were performed with prespecified endpoints and statistical methods. Unadjusted analyses were performed using Chi-square tests for categorical variables and ANOVA tests for continuous variables. Pair-wise comparisons between the three exposure groups were performed for each endpoint. Cox regression analysis was performed to evaluate the independent relationship between lipid management strategy and clinical outcomes, adjusting for potential confounders selected a priori based on published data and biological plausibility. Variables adjusted in the Cox model were sex, age, tobacco use, diabetes mellitus, hypertension, dyslipidemia, cerebrovascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, previous myocardial infarction, previous coronary artery bypass surgery, history of heart failure, atrial fibrillation or flutter, baseline anemia (last known hemoglobin before PCI < 13 g/dl for men, or <12 g/dl for women), renal insufficiency (estimated glomerular filtration rate [eGFR] <60 ml/min/m2), indication for PCI (stable CAD, unstable angina, nonST elevation myocardial infarction [NSTEMI], and ST elevation myocardial infarction [STEMI]), number of coronary arteries affected, angiographic success, aspirin on discharge, P2Y12 inhibitors on discharge, beta-blocker on discharge, angiotensin blockade on discharge, and PCI period (before and after 2013ACC/AHA guideline) (4). The comorbidities were recorded as a part of mandatory input for the registry. The laboratory results, medication prescriptions, and outcomes were extracted from the CDARS.



Sensitivity Analyses

We examined a more stringent criteria, such that only patients who fulfilled criteria measured at both periods of 0–180 days and 181–365 days after PCI were considered as criteria fulfillment, and repeated the analysis examining the outcomes occurring between 365 days and 5 yr. Next, we assumed that all our patients belonged to the “very high risk” subgroup according to the 2018 ACC/AHA guidelines, (5) repeated the primary analysis after excluding those who did not achieve 50% reduction in LDL-C (if newly started on statin after PCI), and did not achieve an LDL-C of <70 mg/dl (<1.8 mmol/L) in group 2. In addition, we constructed a propensity score for the likelihood of fulfillment of either target criteria (i.e., group 1) or intensity criteria (i.e., group 2) using logistic regression with the variables in the primary regression model. Matched pairs were generated by 1:1 propensity-score-matching using a caliper of 0.05. Outcomes between the matched pairs were compared.

The complete case method was adopted to address missing data in the primary statistical analysis. To test the robustness of our results, the regression analysis was repeated with the entire cohort using the technique of multiple imputations by chained equations.



Exploratory Analyses

We studied the effect modifications on the relationship between lipid management strategy (group 2 vs. group 1) and primary outcome by introducing interaction terms to the Cox regression model. These included sex, age >65, diabetes mellitus, eGFR <60 ml/min/m2, and acute coronary syndrome.

Data management and statistical analyses were performed in Stata software, version 16 (StataCorp LP). For each endpoint, the Bonferroni–Holm method was used to control for multiple comparisons to maintain a family-wise type I error rate of 0.05 (i.e., statistical significance achieved if P-value < 0.0167 for the lowest P-value; < 0.025 for the second-lowest P-value; < 0.05 for the third-lowest P-value) (15).




RESULTS


Patients and Characteristics

Between January 2004 and December 2017, a total of 36,346 patients were considered for inclusion, and 27,696 (76.2%) were excluded due to any of the following exclusion criteria: age younger than 18 yr, MACE occurred within 365 days after PCI, orno available lipid profile within 365 days after PCI, or fulfilled neither target nor intensity criteria. Of the remaining 8,650 patients analyzed, a total of 611 (7.1%) were excluded from the complete case analysis due to missing values in any of the variables used in the Cox regression model (Figure 1). The mean age was 63.6 ± 11.5. The cohort consisted of 1,829 (21.1%) female patients and 8,112 (93.8%) were Chinese. A total of 3,832, 3,512, and 1,306 patients were included in group 1, group 2, and group 3 respectively. Table 1 shows the baseline and characteristics of the study population. Patients in group 1 were older, more frequently had diabetes, hypertension, previous myocardial infarction, heart failure, atrial fibrillation or flutter, chronic kidney disease, and anemia. Patients in group 2 and 3 more frequently had PCI done after 2013. Table 2 shows the lipid profile and lipid-lowering medications of the study population. The mean LDL-C at PCI and at one yr, and also the lowest LDL-C within the first yr was higher in group 2. The absolute reduction in LDL-C at one yr was higher in group 2 and group 3.


[image: Figure 1]
FIGURE 1. Study profile. eGFR, estimated glomerular filtration rate; PCI, percutaneous coronary intervention.



Table 1. Baseline characteristics of patients.
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Table 2. Lipid profile (values in mg/dl) and lipid lowering treatment.
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Primary Outcome

After a median follow-up of 4.2 yr, the primary outcome of MACE has developed in 811 (21.2%) patients in group 1 in 448 (12.8%) in group 2, and in 160 (12.3%) in group 3 (Table 3 and Figure 2). In adjusted analysis with covariates listed in the Method section, the risks of MACE at 5 yr were significantly lower in group 2 (hazard ratio [HR], 0.82; 95% confidence interval [CI], 0.72–0.93, P = 0.003) and group 3 (HR, 0.75; 95% CI, 0.62–0.90; P = 0.002) (Table 4). The primary outcome occurred at similar rates between group 2 and group 3.


Table 3. Unadjusted annualized risks (95% confidence interval) of primary and secondary outcomes.
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[image: Figure 2]
FIGURE 2. Unadjusted estimated probabilities of major adverse cardiovascular events stratified by lipid management strategy. Group 1 (target criteria only) had a higher risk of MACE compared with group 2 (intensity criteria only) and group 3 (both criteria).



Table 4. Adjusted hazard ratios of primary and secondary outcomes.
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Secondary Outcomes

Patients in group 2 had a lower risk of all-cause mortality compared with group 1 (HR, 0.77; 95% CI, 0.62–0.95; P = 0.015). The composite endpoint of all-cause mortality, MI, and stroke was lower in group 2 (HR, 0.82; 95% CI, 0.71–0.95; P = 0.010) and group 3 (HR, 0.78; 95% CI, 0.64–0.96; P = 0.020). Other secondary outcomes were not significantly different across pair-wise comparisons using the Bonferroni–Holm method to control for multiple comparison. Detailed results are shown in Table 4.



Sensitivity Analyses

After reclassification of patients using more stringent criteria, there were 1,816 patients in group 1, 3,071 patients in group 2, and 538 patients in group 3. Patients in group 2 had a lower risk of MACE compared with group 1 (HR, 0.74; 95% CI, 0.63–0.86; P < 0.001), but patients in group 3 had similar risks of MACE compared with group 1 (HR, 0.73; 95% CI, 0.55–0.97; P = 0.027) and group 2 (HR, 0.99; 95% CI, 0.75–1.31, P = 0.95).

Next, we excluded 256 patients from group 2 because they achieved less than 50% reduction in LDL-C (if newly started on statin after PCI) or failed to reduce LDL-C below 70 mg/dL (1.8 mmol/L). The risks of MACE remained significantly lower in group 2 (HR, 0.82; 95% CI, 0.72–0.94, P = 0.003) and group 3 (HR, 0.75; 95% CI, 0.62–0.90; P = 0.002) when compared with group 1. The risks of MACE were similar between group 2 and group 3 (HR, 0.92; 95% CI, 0.76–1.11, P = 0.37). These findings were consistent with the primary analysis.

After propensity score matching, 5,110 patients (2,555 pairs) in group 1 and group 2 were matched. The baseline characteristics were well-balanced with standardized differences of <0.1 in all variables except age (Supplementary Table 1 in the Supplementary Appendix). The risk of MACE was lower in group 2 compared with group 1 (HR, 0.78; 95% CI, 0.68–0.90; P < 0.001) (Figure 3).


[image: Figure 3]
FIGURE 3. Estimated probabilities of major adverse cardiovascular events stratified by lipid management strategy after propensity score matching. Group 1 (target criteria only) had a higher risk of MACE compared with group 2 (intensity criteria only) in the propensity score-matched cohort.


A total of five variables in the Cox regression model had missing data. Multiple imputation was conducted, and the imputed cohort included all 611(7.1%) patients who were excluded due to missing values in any of the variables used in the model. In the imputed dataset, the risks of MACE were significantly lower in group 2 (HR, 0.82; 95% CI, 0.72–0.93; P = 0.001) and group 3 (HR, 0.73; 95% CI, 0.62–0.88; P = 0.001) compared with group 1, but the risks of MACE were similar between group 2 and group 3 (HR, 1.22; 95% CI, 0.75–1.08, P = 0.26). These findings were consistent with the complete case cohort.



Exploratory Analyses

The benefits of high-intensity statin were consistent across all subgroups. There was no significant interaction between lipid management strategy and predefined subgroups on the primary outcome (Table 5 and Figure 4).


Table 5. Major adverse cardiovascular events in group 2 (intensity criteria only) compared with group 1(target criteria) in predefined subgroups.
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[image: Figure 4]
FIGURE 4. Forest plot for subgroup analyses. The decreased risks of major adverse cardiovascular events in group 2 (intensity criteria only) compared with group 1 (target criteria only) were similar across all subgroups.





DISCUSSION

In this cohort of 8,650 adult patients who underwent a first-ever PCI, we showed that high-intensity statins, with or without attainment of LDL-C target in accordance to the latest guideline, (6) were associated with a lower adjusted risk of MACE and all-cause mortality at 5 yr, compared with patients who attained LDL-C target without high-intensity statins. Our data suggests that a strategy of routine high intensity statin may be more suited to the Asian population.

An extensive body of evidence from RCT has shown that statins can reduce cardiovascular events, with greater benefits derived from higher intensity statins (2, 3). All, except one RCT, either compared a fixed-dose statin with placebo (or no treatment) or compared statins at different intensities. The one exception was a RCT designed to evaluate the effect of dose-adjustment to achieve certain LDL-C target in patients with ischemic stroke, (16) but cardiac outcomes were not examined. The 2013 ACC/AHA guideline had recommended the use of high-intensity statins for all patients with atherosclerotic cardiovascular disease (ASCVD), and deemphasized targeting specific LDL-C levels (4). This was a significant departure from other societal guidelines, e.g., Adult Treatment Panel III Guidelines (17) and National Lipid Association Recommendations (18). Although the updated 2018 ACC/AHA guideline includes a goal of 50% reduction in LDL-C levels, routine high-intensity statins remain as the guiding principle of lipid management (5). In contrast, the 2019 ESC/EAS guideline takes a different approach and retains a goal approach to lipid management, recommending a LDL-C target of <55 mg/dl with a 50% reduction from baseline for patients with ASCVD (6). It interprets the totality of evidence as a reflection that cardiovascular risk reduction is proportional to the absolute reduction in LDL-C levels, and that benefits related to LDL-C reduction are not specific to statin therapy. Each of these two approaches has its own merits and short-comings. Routine high-intensity statins for secondary prevention is in line with the large body of evidence showing that the benefits of statin are similar across all levels of baseline LDL-C without any threshold (3). However, lack of emphasis on LDL-C target may make it difficult for clinicians to incorporate the newer effective, non-statin-lipid lowering therapies, (19–21) particularly as an add-on therapy in patients who can tolerate high-intensity statins (22–24).

To our best knowledge, there are no published data comparing these approaches at the most contemporary recommendations. One study used a previous LDL-C target (<70 mg/dL or >50% reduction from baseline level) and found that high-intensity statins were associated with a lower risk of MACE (14). Another study showed that on-treatment, LDL-C level was an independent predictor of MACE, but statin intensity was not (25). Our data suggested that Asians would benefit from high-intensity statins, regardless of attainment of LDL-C target. Importantly, we observed a reduction in mortality which is considered as the important outcome from a perspective of a patient.

There are several plausible explanations. First, the absolute reduction in LDL-C was greater in the high-intensity statin groups (group 2 and 3), and it is likely that the beneficial effects was mediated by LDL-C reduction. Large meta-analyses have concluded that each unit reduction in LDL-C was associated with similar relative risk reduction of MACE without any threshold level (3, 26). Collectively, the LDL-C hypothesis and “the lower the better” principle withstood the test of time (27). Second, statins have several beneficial lipid-independent (pleotropic) effects on atherosclerotic lesions, including favorable effects on endothelial function, modulation of inflammatory response, inhibition of coagulation cascade, and stabilization of plaques (28–31). Pathogenic investigations and clinical trials have suggested that these pleotropic effects of statins are dose-dependent (30, 32, 33). Third, triglyceride levels were lower with a greater degree of reduction in the high intensity statin groups, lending an alternative mechanism to decreasing cardiovascular risk (34).

Due to genetic polymorphism, the plasma levels of statin can be doubled in Asians as compared with Caucasians (7, 8). Asians typically achieve similar LDL-C reduction at lower statin doses (35, 36). Previous observational studies in various Asian populations did not demonstrate superior cardiovascular outcomes with high-intensity statins after PCI and acute myocardial infarction, (9–12) thereby resulting in vastly different statin-prescribing practices. In Japan, for instance, none of the statins is approved at high intensity doses (37). The majority of Asian societal guidelines still recommend a LDL-C target of 70–100 mg/dL for secondary prevention, substantially looser than the ESC/EAS guideline (38–40).

In future guideline revisions, emphasis should be made on either routine high-intensity statins or, if a target should be recommended for practical purposes, on absolute or percentage reduction of LDL-C, as opposed to a universal target for patients with ASCVD. From a practical perspective, 56.7% of the screened patients in our study, unfortunately, received care that was adherent to neither of the two major societal guidelines (Figure 1). This translational gap called for methods that can effectively increase guideline adherence. Further studies are needed to understand the effects of statin adherence, cholesterol variability, and applicability in primary prevention or other subgroups such as elderly or diabetics, (41–43) although we did not observe any effect modification in our subgroup analysis.

This study has some limitations. First, the observational nature of the study conferred risks of unmeasured confounding and bias. However, the large population-based sample size allowed extensive adjustment for potential confounders that may affect lipid management strategy and outcomes, and the findings were consistent with multiple sensitivity analyses. Our data was retrieved from a population-based electronic database with minimal loss to follow up and complete information on laboratory results and subsequent events. All information was recorded a priori, thus minimizing the selection, information, and recall biases. Second, we only included patients who had first-ever PCI and survived 365 days, and so the findings may not be applicable to those with recurrent coronary stenosis. We also could not evaluate the effects of high intensity statin initiated before PCI (44, 45). Third, this was an as-treated analysis, and there may be unexplored reasons behind the eventual lipid management strategy.



CONCLUSION

Among patients who underwent a first-ever PCI in Hong Kong, high-intensity statins, with or without the attainment of guideline-recommended LDL-C target, were associated with a lower adjusted risk of MACE at 5 yr, compared with patients who attained LDL-C target without high-intensity statins.
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Background: Dyslipidemia is one of the modifiable risk factors for cardiovascular diseases (CVD). Identifying subjects with lipid abnormality facilitates preventative interventions.

Objectives: To evaluate the effects of lipid indices on the risks of ischemic stroke (IS), coronary heart disease (CHD), CVD, all-cause death, and CVD death.

Methods: The cohort study of 4,128 subjects started in May 2009 and followed up to July 2020. Restricted cubic spline (RCS) regression analysis was used to explore the dose-response relationship between lipid indices with outcomes. Cox proportional hazard regression analysis was used to estimate the association with a hazard ratio (HR) and 95% CI.

Results: RCS analysis showed that there were significant linear associations of TG with IS, non-high-density lipoprotein cholesterol (HDL-C), apolipoprotein B (ApoB), and total cholesterol (TC)/HDL-C ratio with all-cause death, non-HDL-C and RC with CVD death, and significant non-linear associations of ApoB with IS and CVD, TC, LDL-C, ApoAI, and TC/HDL-C ratio with CHD, and TC with all-cause death (all P <0.1). Cox regression analysis revealed that subjects with TC <155 mg/dl (vs. 155–184 mg/dl), > 185 mg/dl (vs. 155–184 mg/dl), and ApoB <0.7 g/l (vs. ≥0.7 g/l) had higher risks of CHD (P < 0.05), the adjusted HRs (95% CIs) were 1.933 (1.248–2.993), 1.561 (1.077–2.261), and 1.502 (1.01–2.234), respectively. Subjects with ApoAI > 2.1 g/l (vs. 1.6–2.1 g/l) and TG <80 mg/dl (vs. 80–177 mg/dl) had higher risks of CVD and all-cause death (P < 0.05), the adjusted HRs (95% CIs) were 1.476 (1.031–2.115) and 1.234 (1.002–1.519), respectively.

Conclusions: Lower or higher levels of TC, higher level of ApoAI, and lower level of ApoB were associated with increased risks of CVD, and lower level of TG was associated with increased all-cause death. Maintaining optimal lipid levels would help to prevent CVD and reduce mortality.

Keywords: lipids, apolipoprotein, derived lipid indices, cardiovascular diseases, death, cohort study


INTRODUCTION

Cardiovascular disease remains a major cause of premature mortality and rising health care costs across the world (1). In China, the prevalence rate of cardiovascular disease (CVD) increased significantly by 14.7% from 1990 to 2016 (2), which was likely to increase substantially in pace with population growth and aging. Among the major drivers of CVD, atherogenic dyslipidemia is one of the major and modifiable risk factors for CVD (3, 4). In recent years, the blood lipid level of the Chinese population has shown a significant upward trend (5), with a 30% and above prevalence rate of dyslipidemia in adults, whereas the rates of awareness, treatment, and control of dyslipidemia remain low (6). Therefore, it is necessary to evaluate the effect of lipid profiles on CVD and mortality, identify the high-risk population, and tailor risk reduction strategies.

Epidemiological studies have investigated the associations between lipid profiles and CVD, including stroke and coronary heart disease (CHD). Two large-scale, prospective cohort studies indicated that the elevated levels of conventional lipids indices including total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TG), and the reduced level of high-density lipoprotein cholesterol (HDL-C) contributed to the increased risk of CVD incidence (7, 8). However, there was an inconsistency of the relationships between TC, HDL-C, LDL-C, and the risk of CVD incidence of all-cause death with a “U” or “J” pattern (9, 10). Due to the limitation in using a single lipid index to evaluate the relationship between dyslipidemia and CVD events and all-cause mortality, some studies proposed that apolipoprotein B (ApoB), apolipoprotein AI (ApoAI), lipoprotein (a) [Lp(a)] or lipid ratios had an additional clinical value, and recommended to attach importance to the measurement of ApoB in clinical practice (11–14). Interestingly, some studies indicated that the apolipoproteins and calculated lipid ratio as derived lipid indices have comparable CVD predictive value with conventional lipid indices (15, 16).

Most of the previous studies dealt with lipid indices as continuous variables for linear correlation or divided lipid indices into categorical variables according to the existing guidelines and percentage scales. Limited data were available on the non-linear relationship between lipids, especially the effect of low blood lipid and CVD events and mortality. Recently, restricted cubic spline (RCS) analyses have been widely used to explore the dose-response relationship in public health research. Therefore, this prospective cohort study aimed to quantitatively evaluate the effects of lipid profiles on CVD and death with a 10-year follow-up.



METHODS


Data Source and Study Population

A cluster sampling survey was conducted in Guanlin and Xushe towns at Yixing City, Jiangsu province, from May 2009 to August 2009 (17). A total of 4,128 community-dwelling adults aged 24–96 years old were included at baseline. The first field follow-up survey proceeded from May to October in 2014. From the local disease and death register system of the centers for disease control and prevention (CDCs), CVD and death events were further followed up till July 27, 2020. The flow chart of study subjects is shown in Figure 1. All the subjects were followed for the outcome of all-cause death (n = 4,128), while the subjects with the corresponding disease at baseline were excluded for IS patients (n = 30), coronary heart disease (CHD) patients (n = 50), and CVD patients (n = 78).


[image: Figure 1]
FIGURE 1. The flow chart of the cohort study.


All subjects were well-informed and signed informed consent before inclusion in the cohort study. The study was approved by the ethics committee of Nanjing Medical University (#200803307), Nanjing, China.



Data Collection and Definitions of Exposure

All subjects were interviewed using a questionnaire, underwent physical examinations and laboratory tests by trained investigators as previously described (18).

Smokers were defined as individuals who smoked ≥ 20 cigarettes/week lasting for at least 3 months a year. Drinkers were defined as those whose current or past alcohol consumption ≥ two times per week lasting for at least 6 months per year. Body mass index (BMI) was calculated as weight (kg)/height squared (m2). Individuals with an average systolic pressure (SBP) ≥ 140 mmHg or diastolic pressure (DBP) ≥ 90 mmHg, or a self-reported hypertension history or currently receiving antihypertensive medication were defined as hypertension cases. Individuals with fasting plasma glucose (FPG) ≥ 7 mmol/l, or a self-reported diabetes history, or currently receiving hypoglycemic medication were defined as diabetes cases.



Lipid Indices Detection and Categorization

Blood samples were collected after overnight fasting (>8 h), plasma TC, TG, HDL-C, LDL-C, ApoAI, ApoB, Lp(a), and glucose (GLU) levels were measured with an automatic biochemistry analyzer Olympus AU2700. Non-high-density lipoprotein cholesterol (non-HDL-C), remnant-cholesterol (RC), TC/HDL-C, TG/HDL-C, LDL-C/HDL-C, and ApoB/ApoAI were further calculated. The non-HDL-C value was calculated as TC minus HDL-C. RC was calculated as TC minus LDL-C minus HDL-C. The judgment of abnormal lipid levels determined dyslipidemia according to commonly detected clinical lipid indices of TC, TG, HDL-C, and LDL-C (TC ≥ 240 mg/dl, or TG ≥ 200 mg/dl, or LDL-C ≥ 160 mg/dl, or HDL-C <40 mg/dl) or the self-reported history of the disease, or taking lipid-lowering drugs (19).

Lipid indices were categorized according to the dose-response relationships with CVD events and mortality tested by RCS regression analyses. If the relationship of lipid parameter and outcome was linear or no overall association, considering selecting the median or guidelines reference value as a cut-off point, if the median was close to the guidelines reference value, choose the latter as the final cut-off point, otherwise select the former. If the relationship of lipid parameter and outcome was U-shaped, select the lipid level with the corresponding HR of 1 in the RCS regression analyses or guidelines reference value as cut-off points. If there was a range with a corresponding HR value of 1, and the range was close to the guideline reference, the latter was chosen as the final cut-off point, otherwise the former was selected.



Outcome Ascertainment

Outcome events of stroke, CHD, CVD, death, and CVD death were recorded from the disease and death register system, further inspected by certified neurologists and cardiologists of People's Hospital of Yixing City. International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) was used to identify for stroke (I60–I64), ischemic stroke (I63), hemorrhagic stroke (I60, I61, I62, and I64), and CHD (I20, I21, I22, I25.5, I25.6, and I46.1). In this study, CVD only included stroke and CHD.



Statistical Analysis

Quantitative variables were presented as median (interquartile range) for the data with non-normal distribution, and the difference between the two groups was compared with the Mann-Whitney U-test. Qualitative variables were presented as frequencies and proportions, the difference among groups was compared with Chi-square (χ2) test. The dose-response relationships of lipid levels with CVD events and death were characterized by multiple adjusted RCS regression with four knots at the 5th, 35th, 65th, and 95th percentiles. Incidence density was calculated with censor data and Cox proportional hazard regression analysis was performed to estimate the hazard ratios (HRs) and 95% CIs and also multiple factor analysis with adjustment for age, gender, smoking, drinking, BMI, hypertension, diabetes, and lipid-lowering treatments.

For the linear and non-linear relationship analysis of RCS, a P-value <0.1 was defined as statistical significance for the non-linearity and linearity tests. A two-tailed P-value <0.05 was defined as statistical significance for the association analyses. All statistical analyses were performed with SAS version 9.4 (SAS Institute, Inc, Cary, NC).




RESULTS


Baseline Characteristics

Baseline characteristics of 4,128 subjects were summarized in Table 1. During a median duration of 10.75-years follow-up, a total of 272, 189, 434, 519, 157 subjects developed IS, CHD, CVD, all-cause death, and CVD death, respectively. The proportion of subjects with dyslipidemia was 36.07% at baseline. Compared with subjects without dyslipidemia, those with dyslipidemia were more likely to have a higher level of BMI, and higher proportions of hypertension and diabetes (P < 0.05). Age, gender, and the proportion of smokers and drinker were comparable between the two groups (Table 1).


Table 1. Baseline characteristics of the study population.
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Dose-Response Relationship Analysis of Lipid Indices and Outcomes

The results of RCS regression analyses are shown in Supplementary Figures 1–13. ApoB had a non-linear association, and TG had a linear association with IS, respectively (P < 0.1). TC, LDL-C, ApoAI, and TC/HDL-C ratio had a non-linear association with CHD (P < 0.1). Also, ApoB had a non-linear association with CVD (P < 0.1). TC had a non-linear association, and non-HDL-C, ApoB, and TC/HDL-C ratio had a linear association with all-cause death, respectively (P < 0.1). Moreover, non-HDL-C and RC had a linear association with CVD death (P < 0.1).



Lipid Indices Cut-off Points and Reference Range for Different Outcomes

According to the results of RCS regression analyses, each lipid index was differentially divided into categories by estimating the risk of IS, CHD, CVD, all-cause death, and CVD death. The cut-off points or reference ranges of lipid parameters for different outcome events were presented in Table 2.


Table 2. Lipid indices cut-off points and reference range for different outcome events.
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Association of Lipid and Apolipoprotein With CVD Events and Death

The results of Cox proportional hazard regression analysis were summarized in Figure 2. TG ≥ 115 mg/dl (vs. <115 mg/dl) was significantly associated with increased risk of IS (unadjusted HR [95% CI]: 1.329 [1.044–1.691]), while the association was weakened after adjustment for confounding factors (adjusted HR [95% CI]: 1.216 [0.944–1.565]). Compared with the reference interval of 155–185 mg/dl, TC <155 mg/dl and > 185 mg/dl were both significantly associated with the increased risk of CHD (adjusted HRs [95% CIs]: 1.933 [1.248–2.993], 1.561 [1.077–2.261]) and CVD (adjusted HRs [95% CIs]: 1.375 [1.032–1.831], 1.272 [1.01–1.602]). Additionally, ApoAI > 2.1 g/l (vs. 1.6–2.1 g/l) was associated with the increased risk of CVD (adjusted HR [95% CI]: 1.476 [1.031–2.115]) and ApoB <0.7 g/l (vs. 0.7–0.9 g/l) was associated with increased risk of CHD (adjusted HR [95% CI]: 1.502 [1.01–2.234]). Moreover, TG <80 mg/dl (vs. 80–177 mg/dl) was associated with the increased risk of all-cause death (adjusted HR [95% CI]: 1.234 [1.002–1.519]). Furthermore, ApoB ≥0.9 g/l (vs. <0.9 g/l) was associated with decreased risk of CVD death (unadjusted HR [95% CI]:0.702 [0.511–0.964]) while the association was weakened after adjustment for confounding factors (adjusted HRs [95% CIs]:0.749 [0.54–1.038]).
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FIGURE 2. Multivariable adjusted association of lipid indices and IS, CHD, CVD, all-cause death, and CVD death. Cox regression was used to estimate adjusted hazard ratios (HRs) [95% confidence intervals (CIs)] for a low or elevated group of lipid indexes. Adjusted for age, gender, BMI, smoking, drinking, hypertension, diabetes, and lipid-lowering treatment. Lipid indices were divided into two groups (normal group and elevated group, or normal group and low group) or three groups (normal, low, and elevated groups) for different outcomes. Each square has an area inversely proportional to the variance of the log risk. The horizontal lines represent the 95% CI. ApoAI, Apolipoprotein AI; ApoB, Apolipoprotein B; CHD, coronary heart disease; CVD, cardiovascular diseases; HDL-C, high-density lipoprotein cholesterol; IS, ischemic stroke; LDL-C, low-density lipoprotein cholesterol; Lp(a), Lipoprotein(a); Non-HDL-C, non-high-density lipoprotein cholesterol; RC, remnant cholesterol; TC, total cholesterol; TG, triglycerides. *P < 0.05.





DISCUSSION

This study systematically analyzed the effects of lipid profiles on CVD events and death. The major findings indicated that lower and higher TC levels were associated with an increased risk of CVD. Lower ApoB levels and higher ApoAI levels were also associated with increased risk of CVD incidence. Furthermore, a lower level of TG was associated with an increased risk of all-cause death.

As an important lipid parameter, TC was used to explore the relationships between cholesterol and CVD events since Framingham Heart Study. The Asia Pacific Cohort Studies Collaboration (APCSC) integrated 30 cohort studies found a positive association between TC and CVD events; each 1 mmol/l increased for TC level was associated with a 41% greater risk of CHD incidence and 23% greater risk of IS incidence (20). However, further subgroup analysis by region indicated that such a relationship was observed among Australia and New Zealand populations but presented a “J” shaped relationship among Asian populations, including Chinese. Additionally, a recent cohort study of 364,486 UK populations free of CVD found a “U” shaped relationship between TC and the risk of CVD incidence (12). The above findings were inconsistent with traditional views but similar to our result, which revealed that lower and higher TC levels were associated with increased risk of CVD incidence. The discrepancy might be explained by the variation of cholesterol levels across countries. The cholesterol level of the Chinese rural population was lower than those in developed countries, in which the proportion of the population with low cholesterol levels was relatively small (21). As a result, it's difficult to find the hazard effect of low TC levels on CVD incidence in those studies carried out in developed countries. Potential mechanisms accounting for the effect of low TC level on CVD may be due to the dysfunction of the cell membrane and the absence in the synthesis of important hormones, including estrogen (22). Estrogens can promote vasodilation, inhibit the renin-angiotensin system (23), reduce blood pressure, and regulate specific inflammatory markers and cytokines (24). Moreover, a multi-ethnic Study of Atherosclerosis of post-menopausal women observed that higher estradiol levels were associated with a lower CHD risk (25).

High-density lipoprotein cholesterol was regarded as “good cholesterol” for its reverse cholesterol transport function, and ApoAI was the important component of HDL for functioning normal biosynthesis (26, 27). Previous studies indicated that the level of ApoAI was inversely associated with CVD events. In the Apolipoprotein Mortality RISk (AMORIS) Study, per 1 SD increase of ApoAI accompanied a 19% reduction of risk of major cardiovascular events (MACE) (28). Similarly, a study from UK Biobank observed that ApoAI per 1 SD (0.27 g/l) increased was inversely associated with risk of CVD, but did not explore potential non-linear relationship (15). In contrast, a significant association of elevated ApoAI with the increased risk of CVD was observed in our study, whereas not for stroke or CHD, the underlying mechanism accounting for the impact of elevated HDL-C and or ApoAI on CVD deserves further exploration.

The key role of LDL-C played in the development and progression of CVD events has been well-illustrated. ApoB was highly related to LDL-C (r > 0.9), and one molecule of ApoB was mostly presented in each atherogenic lipoprotein (12, 13, 29). Therefore, ApoB could accurately reflect the total atherogenic lipoprotein in blood and is considered a superior CVD predictor. A cohort from the Stockholm area (Sweden) indicated that elevated ApoB level was a risk predictor of early CVD. Additionally, another large-scale cohort study showed that ApoB was positively correlated with CVD risk; 1 SD increased ApoB, resulting in a 23% increase in CVD risk (12). Unexpectedly, we observed that low ApoB level (< 0.7 g/l) also increased the risk of CHD, and this finding was firstly reported in this study.

In previous studies, TG presented a positive relationship with all-cause death, and elevated TG level was associated with increased all-cause death risk (30, 31). Inconsistent with the above results reduced TG level was associated with a higher risk of all-cause death in our analysis. Recently, some studies proposed the concept of the “TG paradox,” they found that the level of TG showed a negative relationship with the risk of all-cause death in the CVD patients (32, 33). The adverse effects of low TG level could be that TG level was highly associated with BMI (34), low level of TG reflected the poor nutritional status of subjects, and BMI was negatively associated with the risk of all-cause death (35), which named “obesity paradox” (36).


Strengths and Limitations

The current study has several strengths. First, prospective cohort design spanning over 10 years to investigate the effects of lipid profiles including routine lipids, apolipoproteins, and lipid ratios on the risk of CVD and death, making the conclusion more reliable. Second, the blood lipids levels were comparable to the national level from the 2013–2014 China Chronic Disease and Risk Factor Surveillance (CCDRFS) consisting of 163,641 adults, making the conclusion more representative (37).

There were limitations in this study. Firstly, the sample size is relatively small, which may limit the power of detection. Secondly, we did not collect information on physical activity, which may affect the relationship between lipid and CVD morbidity and mortality. Thirdly, as lipid levels vary among different ethnicities, it could be cautious about generalizing the conclusion to other populations. Thus, a prospective cohort study with a larger sample size and more comprehensive baseline information is warranted to elucidate precise associations between lipid profiles and CVD and death.




CONCLUSIONS

Our findings suggested that the non-linear relationship between TC and CVD events, both lower and higher levels of TC, contributed to the increased risk of CVD. Higher ApoAI levels and lower ApoB levels were associated with the increased risk of CVD, while the lower level of TG was associated with the increased risk of all-cause death. Although the underlying mechanism had not been fully elucidated, maintaining optimal lipid levels would help to prevent CVD and reduce mortality.
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Study Characteristics Measure Total Cholesterol (TC) Triglycerides (TG)
TC tertile 1 TC tertile 2 TC tertile 3 p-value TG tertile 1 TG tertile 2 TG tertile 3 p-value
(n =146) (n =140) (n=143) (n =166) (n =166) (n=163)
Age (years) Median (IQR) 726 69.4 659 0.067 718 715 645 0.044
(54.1-81.2) (83.4-78.7) (51.9-76.4) (54.1-81.5) (86.7-79.2) (51.9-76.8)
Male Sex No (%) 109 (74.7%) 99 (70.7%) 107 (74.8%) 0676 132 (79.5%) 119 (71.7%) 119 (73.0%) 0214
BMI Mean (SD) 19.9(32) 22339 222@35) <0.001 205@35) 216(36) 22.1386) 0.002
Initial AFB smear positivity No. (%) 62 (42.5%) 64 (46.0%) 64(45.1%) 0820 63(38.2%) 65 (39.2%) 79 (48.8%) 0.101
Initial AFB smear grade Median (QR) 0(0-2) 0(0-2) 0(0-2 0538 0(0-1) 0(0-2) 0(0-2) 0.126
Prior T8 No. (%) 11 (12.6%) 5(7.3%) 3(4.6%) 0.186 6(6.9%) 5(5.6%) 5(6.3%) 0.940
Cavitary disease No. (%) 18 (12.3%) 23(16.4%) 23(16.1%) 0555 23(13.9%) 19 (11.5%) 28 (17.2%) 0326
Smoking No. (%) 52 (52.0%) 45 (38.5%) 47 (38.5%) 0072 55 (41.4%) 56(41.5%) 63 (50%) 0278
Alcoholism No. (%) 3(2.1%) 42.9%) 5(3.5%) 0758 3(1.8%) 2(1.2%) 9(55%) 0,038
oM No. (%) 31 (12.2%) 50 (35.7%) 40 (27.9%) 0025 31(18.7%) 47 (28.3%) 58 (35.6%) 0,003
HIN No. (%) 72 (49.3%) 61(43.6%) 78 (54.6%) 0.182 68 (40.9%) 66 (39.8%) 76 (46.6%) 0.405
Cancer No. (%) 18 (12.3%) 21(15%) 22 (15.4%) 0720 34 (205%) 22(13.3%) 20 (12.3%) 0.077
CKD Stage = 3 No. (%) 14.(9.6%) 7(5% 8(5.6%) 0240 14.(8.4%) 6(3.6%) 16 (9.8%) 0,075
Asthma No. (%) 4@2.7%) 2(1.4%) 10 (7%) 0,085 5(3.0%) 8(4.8%) 8(4.9%) 0.627
CcoPD No. (%) 22(15.1%) 23(16.4%) 29(203%) 0479 26(15.7%) 32(19.3%) 25 (15.3%) 0.567
Bronchiectasis No. (%) 5(3.4%) 4(2.9%) 5(3.5%) 0947 2(1.2%) 10 (6.0%) 3(1.8%) 0.021
Pneumoconiosis No. (%) 10.7%) 10.7%) 2(1.4%) 0777 0(0%) 2(12%) 2(12%) 0361
Autoimmune disease No. (%) 4@7%) 3(2.1%) 8(6.6%) 0238 6(3.6%) 5(3.0%) 12 (7.4%) 0.128
Liver cirthosis No. (%) 7 (4.8%) 3(2.4%) 2(1.4%) 0.183 8 (4.8%) 4(2.4%) 1(0.6%) 0,057
History of transplant No. (%) 3(2.3%) 8(7.2%) 4(4.1%) 0.168 4(2.4%) 7 (4.2%) 5(3.1%) 0.642
HIV No. (%) 9(6.8%) 3(2.7%) 3(3.1%) 0228 2(1.2%) 10 (6.0%) 8(4.9%) 0,067
CAD No. (%) 18 (18.5%) 22(19.8%) 12 (12.2%) 0248 20 (12.1%) 29 (17.5%) 20 (12.3%) 0273
AMI No. (%) 6(4.1%) 10 (7.1%) 4(2.8%) 0.206 7 (4.2%) 11(6.6%) 9(55%) 0,626
CHF No. (%) 12 (8.2%) 9(6.4%) 6 (4.2%) 0370 10 (6.0%) 14.(8.4%) 8(4.9%) 0.413
ovA No. (%) 12 (8.2%) 6(4.3%) 5(3.5%) 0.161 13 (7.8%) 11(6.6%) 8(4.9%) 0,556
cal No. (%) 46(.7) 452.7) 392 0,069 4429 46 (25) 43(25) 0.457
Metformin use No. (%) 16 (10.9%) 21 (15.0%) 28 (19.6%) 0.124 14.(8.4%) 27 (16.3%) 36 (22.1%) 0,003
Statin use No. (%) 13 (8.9%) 18 (12.9%) 24.(16.8%) 0.134 11(6.6%) 20 (12.1%) 26 (15.9%) 0,020
CcoBuse No. (%) 32 (21.9%) 23(16.4%) 36 (26.2%) 0.192 35(21.1%) 37 (22.3%) 43 (26.4%) 0.492

AFB, acid-fast bacill; AMI, acute myocardial infarction; BMI, body mass index; CAD, coronary artery disease; CCB, calcium channel blocker; CCl, charison comorbidity index; CHF, congestive heart feilure; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; DM, dlabetes melltus; HIV, human immunodeficiency virus; HTN, hypertension; IQR, interquartie range; PVD, peripheral vascular disease; SD, standard
deviation; TC, total cholesterol: TG, triglycerides.
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Type of lipid

LDL tertiles
1st

2nd

3rd

HDL tertiles
1st

2nd

3rd

TC tertiles 1st
2nd

3rd

TG tertiles 1st

2nd

3rd

Total
patient

N

86

146

140

143

166

166

163

n (%)

32
(37.2%)
21
(24.1%)
13
(19.7%)
32
87.7%)
21
(27.6%)
9
(11.7%)
52
(38.8%)
25
(18.4%)
12
8:8%)
58
(88.2%)
30
(18.9%)
39
(25.0%)

Unadjusted
HR

Ref

0.64

0.38

Ref

0.71

0.27

Ref

0.44

0.19

Ref

0.47

0.65

9-month all-cause mortality

(95%Cl)

0.37-1.17

0.19-0.72

0.41-1.23

0.13-0.57

0.28-0.72

0.11-0.37

0.30-0.73

0.43-0.97

p-value

0.117

0.003

0.230

0.001

0.001

<0.001

0.001

0.037

Adjusted
HR!

Ref

1.03

0.60

Ref

0.40

017

Ref

0.54

0.30

Ref

058

1.08

95%Cl

0.50-2.12

0.24-1.49

0.19-0.85

0.07-0.44

0.29-0.99

0.14-0.65

0.33-1.01

0.65-1.81

p-value

0.933

0273

0.017

<0.001

0.049

0.003

0.054

0.765

n (%)

19
(22.1%)

13
(14.9%)

4(4.7%)

20
(23.5%)
12
(15.8%)

3(3.9%)

34
(25.4%)
11
(8.1%)

6(4.4%)

30
(19.7%)
18
(11.3%)
23
(14.7%)

LDL, low density lpoprotein cholesterol; HDL, high density lpoprotein cholesterol; TC, total cholesterol; TG, trigiycerides; HR, hezard ratio.

#Adjusted for age; sex; BMI, body mass index; CCI, charison comorbidity index; transplantation; alcoholism; smoking; initial AFB smear; presence of cavitary disease; metformin, statin, and calcium channel blocker use.

Ref, Reference group for the cox-regression analysis among the three terties.

9-month Infection related mortality

Unadjusted  (95%Cl)

HR

Ref

0.68

0.19

Ref

0.66

0.15

Ref

0.31

0.16

Ref

056

0.75

0.34-1.38

0.07-0.59

0.32-1.35

0.04-0.50

0.16-0.61

0.07-0.37

0.31-1.01

0.44-1.30

p-value

0.284

0.003

0.259

0.002

0.001

<0.001

0.054

0.311

Adjusted
HRY

Ref

1.36

0.42

Ref

043

0.13

Ref

0.35

0.26

Ref

071

1.14

95%Cl

0.64-3.41

0.11-1.67

0.16-1.19

0.03-0.53

0.15-0.86

0.09-0.72

0.35-1.41

0.68-2.24

p-value

0.510

0.218

0.105

0.004

0.021

0.009

0.322

0.711
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Type of lipid

LDL tertiles 1st
2nd

3rd

HDL tertiles 1st
2nd

3rd

TC tertiles 1st
2nd

3rd

TG tertiles 1st
2nd

3rd

Mean
(SD)

73(4.2)
59(4.1)
4134
74043
5.8(4.4)
43@3.1)
69(4.1)
59(4.0)
39(34)
7140
52(34)
6.8(4.7)

Univariable
B(SE)

Ref
~1.36(0.85)
~3.11(0.98)
Ref
~1.83(0.91)
~38.12(095)
Ref
~087 (068
~2.89(0.78)
Ref
~1.93(065)
—0.35 (0.66)

CRP (mg/dL)

p-value Multivariable

0.113
0.002
0.047
0.001
0.201
<0.001
0.003
0.596

B (SE)*

Ref
—1.71(1.14)
—2.54(1.27)

Ref
-1.28(1.17)
—3.27 (1.15)

Ref
~0.53(0.87)
~2.73(0.96)

Ref
~1.84(0.82)

0.39(0.84)

p-value

0.138
0.049
0.279
0.006
0.545
0.005
0.026
0.634

Mean
(sD)

80(4.6)
8.1(4.1)
7.43.)
89(5.4)
81(3.6)
70@2.4)
89(4.9)
7.8(35)
7229
83(4.2)
7986
83@.7)

Total Leukocyte count (x 10%/uL)

Univariable
B (SE)

Ref
0.13(0.71)
~0.66(0.69)
Ref
~0.81(0.75)
~1.86(0.79)
Ref
~1.15 (0.56)
~1.69 (0.56)
Ref
~0.38 0.49)
—0.06 (0.51)

p-value

0.857
0.336
0.284
0.011
0.041
0.008
0.437
0.902

Multivariable
B (SE)*

Ref
0.38(0.80)
~1.18(0.78)
Ref
~0:81(0.81)
—-1.68 (0.74)
Ref
~0.11(056)
~137 (057)
Ref
~0.05 (0.53)
0.28(0.57)

p-
value

0.634
0.126
0.920
0.025
0.846
0.017
0.922
0.624

Mean
(sD)

33(19
32(18
25(1.2)
35(1.9
27(1.4)
28(1.7)
3722
28(1.5)
26(1.5)
3.4(1.9
3120
31(1.8)

Univariable
B (SE)

Ref
—-0.11 (0.31)
~0.75(031)
Ref
~0.79(039)
~0.76(032)
Ref
-0.88(027)
~1.05(0.26)
Ref
~0.35 (0.26)
—-0.34 (0.26)

NL ratio

p-
value

0.720
0.016
0.018
0.019
0.001
<0.001
0.178
0.197

Multivariable
B (SE)*

Ref
0.06(0.40)
~0.65 (0.39)
Ref
-0.70(0.42)
~108(039)
Ref
-050(0.29)
-090(0.29)
Ref
~0.50(0.29)
—0.46 (0.32)

p-
value

0.16
0.008
0.005
0.010
0.093
0.002
0.090
0.157

LDL, Lowdensity poprotein cholesterol; HDL, High densiy lipoprotein cholesterol; TC, Total cholesterol; TG, Triglycerides; B, Linear regression co-efficient; SE, standard error; CRP, C-reactive protein; NL ratio, neutrophi-ymphocyte ratio.
#Adjusted for age; sex; BMI, body mass index; CCl, charison comorbidity index; transplantation; alcoholism; smoking; initial AFB smear; presence of cavitary disease; metformin, statin, and calcium channel blocker use.
Ref, Reference group for the cox-regression analysis among the three tertiles.
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Study characteristics Measure All patients LDL HDL
(N =514)
LDLtertile1  LDLtertle2  LDLtertile3  p-value  HDLtertle1  HDLtertle2  HDLtertle3  p-value
=92 (n=90) (n=88) =83 (n=86) (n=80)
Age (years) Median (QR) 698 708 714 68.4 0879 78 706 68.6 0581
(53.9-78.8) (62.8-77.7) (65.1-77.9) (56.9-76.9) (83.2-77.8) (56.7-78.2) (65.3-76.3)

Male Sex No (%) 384 (74.7%) 65 (70.7%) 72 (80%) 66 (75%) 0344 74 (81.3%) 56(71.8%) 56 (70%) 0.183
BMI Mean (SD) 21.43.7) 199 3.7) 225(4.9) 224(3.1) <0.001 206(3.8) 22.4(3.6) 216(@.7) 0024
Initial AFB smear positivity No. (%) 221 (43.2%) 43(46.7%) 43 (48.3%) 39 (44.8%) 0.898 48 (53.3%) 35 (44.9%) 34 (43.0%) 0355
Initial AFB smear grade Median (QR) 0(0-2) 0(0-2) 0(0-2) 002 0816 10-2) 0(0-2) 00-2) 0619
Prior T8 No. (%) 19 (7.2%) 5(10.2%) 2(4.2%) 3(7.9%) 0520 5(10.2%) 2(4.2%) 3(7.9%) 0520
Cavitary disease No. (%) 72 (14.0%) 13 (14.1%) 11 (12.2%) 17 (19.3%) 0.395 6(12.2%) 0(0%) 3(8.1%) 0.090
Smoking No. (%) 117 (43.4%) 32 (48.5%) 31(43.1%) 42 (51.9%) 0551 38 (68.5%) 31 (50.8%) 30 (41.1%) 0.123
Alcoholism No. (%) 14.2.7%) 1(1.1%) 2(2.2%) 2(2.3%) 0.799 4(4.4%) 1(1.8%) 0(0%) 0.106
DM No. (%) 141 (27.4%) 25 (27.2%) 30 (33.3%) 35 (30.7%) 0.201 25 (27.5%) 26 (33.3%) 26 (32.5%) 0666
HIN No. (%) 263 (51.2%) 51(55.4%) 45 (50.0%) 46 (52.3%) 0762 50 (54.9%) 38 (48.7%) 41(513%) 0716
Cancer No. (%) 81(158%) 15 (16.3%) 11 (12.2%) 8(0.1%) 0.342 8(8.8%) 9(11.5%) 15 (18.8%) 0.139
CKD Stage = 3 No. (%) 37 (7.2%) 13(14.1%) 4(4.4%) 2(227%) 0,004 8(8.8%) 6(7.7%) 4(5.0%) 0622
Asthma No. (%) 21(4.1%) 4(4.4%) 1(1.1%) 7(7.9%) 0,086 44.4%) 2(2.6%) 5(6.3%) 0530
coPD No. (%) 88(17.1%) 11(11.9%) 19 (21.1%) 17 (19.3%) 0225 10 (10.9%) 18(28.1%) 13(16.3%) 0.107
Bronchiectasis No. (%) 16(3.1%) 2(2.2%) 2(2.2%) 3(3.4%) 0.842 2(2.2%) 2(2.6%) 3(3.8%) 0818
Pneumoconiosis No. (%) 4(0.8%) 1(1.1%) 1(1.1%) 0(0%) 0614 0(0%) 1(1.3%) 0(0%) 0333
Autoimmune disease No. (%) 25 (4.9%) 2(2.2%) 3(33%) 4(46%) 0675 3(3.3%) 4(6.1%) 1(1.3%) 0384
Liver cirthosis No. (%) 13 (2.5%) 4(4.4%) 2(2.2%) 0(0%) 0.141 3(3.3%) 2(2.6%) 0(0%) 0282
History of transplant No. (%) 16(3.1%) 5(6.4%) 5(5.6%) 4(4.6%) 0946 2(2.2%) 1(1.3%) 10 (12.56%) 0.002
HIV No. (%) 21(4.1%) 9(9.8%) 6(6.7%) 1(1.1%) 0,046 10 (10.9%) 2(2.6%) 3(3.8%) 0042
CAD No. (%) 72 (14.0%) 14 (15.2%) 19 (21.1%) 11 (12.5%) 0.281 13 (14.3%) 9(11.5%) 15 (18.8%) 0.436
AMI No. (%) 29 (5.64%) 6(6.5%) 7 (12.5%) 3(5.4%) 0411 5(5.5%) 6(7.7%) 5(6.3%) 0842
CHF No. (%) 35 (6.8%) 9(16.5%) 9(10.0%) 3(3.4%) 0211 9(9.9%) 6(7.7%) 7 8:8%) 04881
VA No. (%) 33(6.4%) 9(9.8%) 6(6.7%) 4(4.6%) 0384 10 (10.9%) 5(6.4%) 4(5.0%) 0398
cal Mean (SD) 44(28) 5229 49(26) 4120 0,029 47 28) 46(2.6) 45258) 0818
Metformin use No. (%) 81 (15.8%) 11(11.9%) 20 (22.2%) 20(22.7%) 0.112 10 (10.9%) 17 (21.8%) 14(17.5%) 0.161
Statin use No. (%) 61(11.9%) 12(18.0%) 19(21.1%) 14 (15.9%) 0335 10 (10.9%) 11 (14.19%) 16/(20.0%) 0249
coBuse No. (%) 117 (22.8%) 26 (28.3%) 20 (22.2%) 19 (21.6%) 0510 23(26.3%) 17 (21.8%) 21(263%) 0.790

AFB, acid-fast bacill; AMI, acute myocardial inferction; BMI, body mass index; CAD, coronary artery disease; CCB, calcium channel blocker; CCI, charison comorbidity index; CHF, congestive heart failure; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; DM, diabetes melltus; HDL, high density lipoprotein cholesterol; HIV, human immunodeficiency virus; HTN, hypertension; IQR, interquartie range; LDL,
low density lipoprotein cholesterol: PVD, peripheral vascular disease; SD, standard deviation.
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Energy (% Keal)
Proteins

Lipids

Nitrogen free extracts
Fatty acids (mg/kg)
PA

Total SFA

oA

Total MUFA

Total PUFA

Fatty acid ratios
SFA:PUFA
MUFA:PUFA
PAPUFA
OAPUFA

Chow

22,69
10.14
67.17

3,100
5,500
6,500
7,600
10,100

0.64
0.75
031
0.64

0.175% lard

21.20
7.60
71.20

5,417
5,985
3216
9,792
6,448

093
1.52
0.84
0.50

5% lard

18.00
21.60
60.40

25,494
29,108
20,600
31,830
11,006

2.64
2.89
232
1.87

MUFA, monounsaturated fatty acid; OA, oleic acid; PA, palmitic acid; PUFA,

polyunsaturated fatty acid; SFA, saturated fatty acid.
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White blood cell count (/)
Neutrophil count (</j)
Neutrophil percentage (%)
Lymphocyte count (/i)
Lymphocyte percentage (%)
Monocyte count (K/j)
Monocyte percentage (%)
Eosinophil count (K/p)
Eosinophil percentage (%)
Basophil count (K/jul)
Basophil percentage (%)
Red blood cell count (M/j)
Hemoglobin (g/dl)
Hematocrit (%)

Platelet count (K/j)

Mean platelet volume (f)
Platelet-to-lymphocyte ratio
Neutrophil-to-lymphocyte ratio
dp-ucMGP (pmol)

IL-6 (pg/mi)

Fetuin-a (ng/m)

Creatinine (mg/di)
Transferrin (g/)

Iron (ug/cl)

Calcium (mmol/)
Phosphorous (mmol/)

Pre

4.98 (3.86-5.16)
0.79(0.52-0.94)
13.70 (11.80-22.00)
3.70 (2.85-4.02)
77.60 (71.70-79.10)
024 (0.19-032)
5.81(4.61-6.39)
0.001 (0.000-0.002)
0.02(0.00-0.05)
0.11(0.09-0.16)
2,66 (2.06-3.46)
557 (5.36-5.92)
11.00 (10.10-11.50)
35.50 (32.90-38.00)
312,00 (278.00-325.00)
3.65 (3.28-3.90)
87.84 (75.87-108.73)
0.17(0.15-0.33)
436,63 (403.40-595.22)
505.99 (247.82-985.14)
70.85 (62.37-79.73)
057 (0.52-0.58)
1.12 (1.04-1.18)
201.44 (183.66-206.30)
2.76 (2.72-2.82)
1.99 (1.81-2.07)

0.175%

Post

2.32 (1.24-3.16)
093 (0.76-1.17)
70.00 (23.80-71.90)
0.63 (0.24-2.18)
27.00 (22.10-69.00)
007 (0.04-0.09)
2.89(1.46-5.47)
0.001 (0.000-0.001)
0.03(0.00-0.05)
0.00(0.00-0.11)
0.10(0.00-3.57)
5.98(5.89-6.10)
12.40 (11.40-12.70)
39.80 (37.00-40.50)
306,00 (281.00-328.00)
3.77 (3.57-3.88)
488,04 (165.32-938.27)
2.60(0.34-3.24)
350.16 (322.90-453.57)
30.66 (27.46-101.45)
55.15 (46.92-63.05)
0.72(0.61-081)
1.05 (1.02-1.18)
180.01 (172.21-223.87)
2.77 (2.49-3.00)
1.22 (0.97-1.25)

Values represent median (P25-P75). P-values < 0.05 are highiighted in bold.
dp-ucMGP, dephosphorylated uncarboxylated Matrix Gia Protein; IL-6, interleukin-6; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio.

P-value

<0.001
0.087
0.006
<0.001
0.007
0.001
0.021
0.500
0.651
0.018
0.212
0.078
<0.001
0016
0.172
0583
0.032
0.021
0.062
0.229
0.004
0.003
0.501
0737
0.880
<0.001

Pre

481(2.39-5.08)
088 (0.78-1.05)
21,00 (15.90-55.60)
3.42 (0.54-3.61)
68.95 (39.60-76.60)
024 (0.04-0.37)
625 (2.52-8.33)
0.000 (0.000-0.000)
0.00(0.00-0.00)
021(0.01-0.28)
4.19(027-5.52)
5.70(6.43-6.00)
11.45 (10.70-11.70)
37.70 (35.10-38.40)
31550 (280.00-384.00)
4,08 (3.33-4.56)
105.82 (90.30-500.00)
029 (0.23-1.46)
351.30 (328.68-438.14)
60.95 (24.24-83.85)
63.92 (51.05-65.56)
058 (0.55-0.67)
1.13(1.07-1.20)
215.71 (184.95-222.70)
2.75 (2.64-2.87)
2,26 (2.05-2.53)

5%

Post

2,80 (1.62-3.24)
098 (0.82-1.07)
33,60 (26.30-63.30)
1.74 (0.58-2.23)
62.15 (35.90-69.40)
004 (0.02-0.07)
1.33 (0.72-3.45)
0.002 (0.000-0.008)
005 (0.00-0.09)
006 (0.01-0.08)
1.6 (0.49-2.28)
5.87 (5.46-6.08)
11.95 (11.80-12.30)
39,05 (37.20-39.90)
294.00 (278.00-313.00)
3.86 (3.43-4.03)
179.32 (140.36-461.41)
054 (0.87-1.77)
379.41 (300.00-475.18)
43.93 (15.28-105.42)
5116 (40.31-56.47)
079 (0.69-0.84)
1.12(1.00-1.20)
192.69 (180.74-237.25)
2.73(2.61-2.82)
1.27 (0.91-1.34)

P-value

0.069
0478
0.006
0.088
0.317
0.042
0.095
0.054
0.052
0.094
0219
0171
<0.001
<0.001
0.197
0.356
0.319
0.399
0.539
0.789
0.001
0.007
0.63
0.749
0.458
0.007
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Total cholesterol (mg/dl)
Triglyerides (mg/di)
LDL-c (mg/d)

HDL-c (mg/d)

Non HDL-c (mg/d)
ApoA (mg/d)

ApoB (mg/d)

Chow

24.08(17.43-31.38)
92.49 (62.38-166.83)
14.28 (8.83-18.50)
5.95 (4.99-7.60)
17.78 (11.00-25.92)
21.48 (20.20-22.33)
10.66 (10.36-11.38)

Values represent median (P25-P75).
HDL-C, high density lipoprotein cholesterol: LDL-C, low density lipoprotein cholesterol.

0.175%

23,00 (16.57-32.42)
166.60 (78.47-204.70)
13.99 (9.45-18.65)
5.14 (3.76-7.98)
17.91 (10.01-27.56)
21.08 (19.70-22.43)
10.88 (10.44-11.99)

P-value vs. chow

0.962
0.630
0.907
0.894
0.955
0.784
0.702

5%

2124 (0.04-27.99)
42,55 (28.06-145.70)
12.14 (6.79-18.97)
5.85(4.54-7.42)
13.71 (5.32-20.57)
2022 (19.47-20.72)
10.54 (9.62-10.84)

P-value vs. chow

0.703
0.255
0.863
1.000
0.521
0.432
0.646
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PAOA
SFAPUFA
PAPUFA
OA:PUFA
CE_PAOA
CE_SFAPUFA
CE_PA:PUFA
GE_OAPUFA
DAG_PA'OA
DAG_SFA:PUFA
DAG_PAPUFA
DAG_OAPUFA
FFA_PAOA
FFA_SFAPUFA
FFA_PAPUFA
FFA_OAPUFA
LPC_PA:OA
LPC_SFA:PUFA
LPC_PAPUFA
LPC_OAPUFA
LPE_PA:OA
LPE_SFAPUFA
LPE_PA:PUFA
LPE_OA:PUFA
PC_PAOA
PC_SFA:PUFA
PC_PA:PUFA
PC_OAPUFA
PE_PAOA
PE_SFA:PUFA
PE_PAPUFA
PE_OAPUFA
TAG_PA:OA
TAG_SFAPUFA
TAG_PA:PUFA
TAG_OAPUFA

Chow

1.20 (1.07-1.49)
1.49 (1.39-1.52)
0.93 (0.91-1.01)
079 (0.62-0.84)
0.43 (0.20-0.52)
053 (0.47-0.59)
0.34(0.33-0.35)
0.79 (0.60-1.19)
0.71 (0.50-0.76)
1.18 (1.10-1.31)
0.85 (0.75-0.86)
1.18(1.10-1.32)
2.56 (1.80-3.77)
361(3.01-4.43)
2,02 (1.67-2.56)
0.84 (0.68-1.06)
1.72 (1.29-1.92)
1.15 (0.99-1.26)
0.70 (0.66-0.83)
0.48 (0.39-0.51)
1.05 (0.85-1.85)
5.47 (4.23-6.35)
1.89 (1.26-2.21)
1.80 (1.40-2.10)
2.47 (2.14-2.91)
1.18 (1.09-1.19)
082(0.71-0.90)
033 (0.26-0.38)
065 (0.62-0.74)
091 (0.88-0.92)
0.20 (0.18-0.20)
030 (0.27-0.30)
1.08 (0.99-1.34)
1.43 (1.31-1.56)
1.05 (1.03-1.22)
097 (0.90-1.14)

0.175%

1.10(0.96-1.21)
1.77 (1.71-1.89)
1.14(1.02-1.18)
1.11(0.84-1.17)
035 (0.31-0.50)
061 (0.57-0.67)
0.38(0.34-0.42)
1.11(0.69-1.16)
0.57 (0.46-0.63)
1.19 (1.07-1.44)
0.78 (0.72-0.99)
1.58 (1.36-1.82)
217 (1.50-2.35)
3.99(3.85-4.76)
231 (2.25-2.66)
1.26 (1.14-1.55)
1.31(1.25-1.62)
1.33(1.11-1.39)
0.84(0.74-0.88)
059 (0.56-0.66)
092 (0.73-098)
6.00(3.92-7.58)
207 (1.40-2.35)
2.18(1.80-2.68)
1.99 (1.88-2.60)
1.21(1.10-1.27)
0.80(0.73-1.01)
0.39(0.33-0.46)
060 (0.51-0.76)
095 (0.92-0.98)
0.23(0.19-0.24)
036 (0.29-0.42)
1.02 (0.81-1.09)
1.76 (1.66-2.01)
1.29 (1.20-1.48)
1.42 (1.10-1.62)

P-value vs. chow

0.148
<0.001
0.012
0014
0914
0.200
0312
0.640
0.124
0.670
0.741
0.082
0.222
0.328
0.196
0.001
0274
0.483
0.401
0.021
0.236
0.791
0.852
0.986
0.188
0.503
0.826
0.142
0.393
0.054
0240
0.042
0.150
0.003
0014
0.006

5%

1.42 (1.00-1.28)
216 (2.02-2.27)
1.44 (1.25-151)
1.25 (1.14-1.45)
036 (0.35-0.42)
0.83(0.78-0.89)
0.56 (0.50-0.60)
1.65(1.52-1.76)
0.69 (0.64-0.79)
1.72 (1.71-1.81)
1.34 (1.20-1.41)
207 (1.68-2.29)
1.59 (1.46-1.72)
4.84(4.35-5.38)
297 (2.66-3.31)
1.87 (1.82-1.99)
1.24 (1.14-1.43)
1.14 (1.08-1.26)
0.74 (0.70-0.82)
060 (0.57-0.62)
064 (0.59-0.83)
3.79(3.55-4.53)
1.46 (1.30-1.56)
2.19(2.02-2.69)
2.19(2.04-2.34)
1.26(1.18-1.34)
0.90 (0.80-1.02)
0.42(0.39-0.42)
060 (0.56-0.64)
1.02 (0.98-1.04)
0.23(0.21-0.25)
036 (0.35-0.41)
1.04 (0.99-1.18)
2.49 (2.87-2.62)
2.03(1.96-2.15)
1.98 (1.72-2.22)

P-value vs. chow

0.429
<0.001
<0.001
<0.001

0.780
<0.001
<0.001

0.016

0.827
<0.001
<0.001
<0.001

0.018

0.120

0.012
<0.001

0.087

0.976

0878

0.009

0.076

0.801

0.886

0.822

0218

0.031

0291

0.043

0.202
<0.001

0.056

0.004

0.831
<0.001
<0.001
<0.001

Resuils are presented as median (P25-P75). CE, cholesteryl esters; DAG, diacylglycerols; FFA, free fatty acids; LPC, lysophosphaticylcholines; LPE, lysophosphaticylethanolamines;
PC, phosphatiaylcholines; PE, phosphaticylethanolamines; TAG, triacylglycerols; PA, paimitic acid; OA, oleic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,

polyunsaturated fatty acid.
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Biomarker Full name

Low-density lipoprotein (LDL)

LDL-P LDL particle
number

Small LDL-P Small LDL particle
number

Large LDL-P  Large LDL particle
number

LoL-s LDL size

LDL-TG Triglycerides in
oL

Triglyceride-rich lipoprotein (TRL)
Small VLDL-P Small VLOL
particle number

Large VLDL-P  Large VLDL
particle number

RLP-C Cholesterol in
TRLs remnant

VLDL-TG Triglycerides in
VLDL

High-density lipoprotein (HDL)

HDL-P HDL particle
number

Smaller Smaller HDL

HOL-P particie number

Large HDL-P  Large HDL particle
number

HOL-S HDL size

HDL-ApoAt  apolipoproteinA-1
in HOL

HOL-TG Trighycerides in
HDL

Unit

nmol/L.

nmol/L.

nmoV/L.

nm

mg/dL

nmol/L.

nmol/L.

mg/dL

mg/dL

nmol/L.

nmol/L.

nmol/L.

nm

mg/dL

mg/dL

Potential ability

LDL-P is a “reasonable measure” for
atherosclerotic diseases. When
LDL-C and LDL-P are discordant,
LDL-P indicates additional risk
information. The LipoProfile panel
inclucing LDL-P has entered clinical
practice in United States.

Small and dense LDL (sdLDL) is a
well-recognized atherogenic indicator,
‘which has been highlighted by many
quidelines.

Some studies regarded large LDL as
important as sdLOL. Failure to adjust
the strong negative correlation
between large and small LDL might
conceal the atherogenicity of large
oL

LDL-S was found to be inversely
associated with atherosclerosis (AS)
and cardiovascular disease (CVD),
reflecting similar but weaker
information compared to LDL
subclasses distribution.

LDL-TG was proved to be positively
‘associated with AS and subsequent
OVD even after multivariable
adjustments, but some studies failed
to prove the association.

Small VLDL-P was found to have a
positive dose-response relationship
with residual GV risk, independent
of LDL-C.

Large VLDL-P was presented to be
positively associated with AS and
CVD in some studies, but the
relationship was not supported in
other studies.

RLP-C, especially cholesterol in small
VLDL, showed strong association
with residual GVD risk.

VLDL-TG was not shown to explain
VD risk like VLDL-TC. But in
insulin-resistant subjects, VLDL-TG
usually increases, generating
lipoprotein disturbances.

HDL-P had a negative association
with CVD, with a consistency actoss
diverse ethnicities.

Smaller HDL-P negatively correlated
with CVD and improved the
prediotion efficiency.

Large HDL-P showed a inverse
association with CVD risk.

HDL-S inversely correlated with AS,
but the relationship may be
attenuated by other factors.

ApoAT strongly correlated with
HDL-C, HDL-P, and offered extra risk
information.

HDL-TG was reported to be directly
associated with arteriosclerotic
diseases.

Hypothesized mechanisms

Increased LDL-P, within the
same level of LDL-G, reflects
elevated small, dense LDL.
particles which is more
atherogenic.

Smaller LDL has a lower affinity
for receptor, greater affinity for
arterial wall, and is more prone to
oxidation.

Unclear. Large LDL s enriched in
cholesterol, which may become
cholesterol donors at some
point.

‘The smaller LDL-S is, the more
sdLDL particles may exist.

Unclear. LDL-TG may participate
in the local inflammation after
penetrating into arterial wall.

Small VLDL can diffuse into
arterial wall without modification.

Large VLDL may correlate with
delayed chylomicron clearance,
reflecting the postprandial
lipernia.

Cholesterol in RLP, including
‘small VLDL and IDL, exhibits
increased retention time in artery
wall.

Insulin resistance induces
increased TG-enriched VLDL,
which leads to atherosclerotic
lipoprotein profile.

HDL is the only protective
lipoprotein in circulation.
Elevated HDL-P reflects efficient
protection effects.

Smaller HDL removes cholesterol
from arterial wall, and has
anti-inflammatory, antioxidant,
antiapoptotic actions.

Unclear. Larger HDL may also
relate to the reverse cholesterol
transport activity.

Unclear

ApoA ensures HDL structural
stability and cholesterol efflux.

Unclear

Need for further study

Although LDL-P in LipoProfile
has achieved initial clinical
transformation, the clinical
utiization rates and practical
benefits remain unclear so far.

The precipitating factors for
elevated small LDL-P under
various disease environments
need to be explored.

Future studies should consider
the inverse correlation between
LDL subclasses to identify the
true effect of large LDL-P.

The relationship between LDL-S
and atherosclerotic diseases was
inconsistent or lost statistical
significance after adjustments.

The number of studies focusing
on LDL-TG using NMR s limited.
Since TG s not riched in LDL, to
which degree LDL-TG explains
the risk and the exact
mechanisms remain to be
solved.

Whether small VLDL-P can serve
as a therapeutic target needs
more dlinical and basic studies.

The refationship between large
VLDL and atherosclerotic
diseases was discordant in
dferent studies, and needs
further researches.

The relationship between fasting
and (or) postprandial RLP-C
levels and CVD has been a
research hotspot, and needs
further confirmation in different
populations.

Whether VLDL-TG accounts for
CVD risk and how it exerts an
adverse effect, remain to be
investigated.

Whether HDL-P presents stable
relationship with CVD across
diverse ethnicities, ages, sex
reqires validation.

Several issues remain unclear:
‘which HDL subclass better
protects against CVD, the
mechanisms of performing these
functionalities, how these actions
are compromised in pathological
states etc.

HDL-S seems to be a weaker
predictor than other HDL-related
parameters.

Whether distribution of ApoA1
plays a part needs further
research.

The mechanisms of HDL-TG
exerting pathogenic effects
requie to be solved.
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Gene

ARGT
B2M

e

Lox
ceL2
MmP12
NCF1
SERPINET
PCSK9
TGF-p
VEGF-A
CDH5
vWF

Forward

‘GGA AGC ATC TCT GGC CAC GCC
GCC GTC GTG CTT GCC ATT C
TGG TCA AAG ACG TTC ACG GT
ACA ACC GCA CTG CCT CTG CC
TCA CGC TTC TGG GCC TGT TGT
GC AGC TGT CTT TGA TCC AC
GCA CCA CCT CGC AGG TCG AC
CCT CCT CAT CCT GCC TAAG
TTG AAC AAA CTG CCC ATC GC
ATT CCT GGC GTTACC TTG G
TGC CCC TAATGC GGT GTG CG
CCA GAATTT GCC CAG CCC TA
AAG ATG GCA AGA GAG TGG GC

Reverse

‘CAC CGG TTG CCC GTG CAG AT
CTG AGG TGG GTG GAA CTG AGA C
CTC TGC TAG CCA AGG AGT GC
GCC TTG AGG CTC CAT CGC CG
GCC TTG AGG CTC CAT CGC CG
GCATCAATT TTT GGC CTG AT
GCG CTG CTG CAG GAA TCG GA
TGC CGC TCT CGT TCAC

CCC AAC AGG TCA CTG CTC AT
CCT GTATTC CGT CTC CTT GG
GGC TCA CAG TGA ACG CTC CAG G
GTC CTC GTT CTT CAG GGC AA
CCG TAG GCC TCA CTG GAA AG

The genes are encoding for the following proteins: ARG, arginase-1; B2M, p2-Microglobulin; IL6, Interleukin-6; LOX, lysyl oxidase; CCL2, Monocyte Chemotactic Protein 1; MUP12,
Matrix Metalloproteinase-12; NCF1, Neutrophilcytosol factor 1; SERPINET, Plasminogen-activator-inhibitor; PCSKS, Proprotein Convertase Sublilsin/kexin type 9; TGF 81, Transforming

growth factor By; VEGF-A, Vascular Endothelial Growth Factor A; CDHS, VE-Cadherin; vWF, von Willebrand Factor.
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NK-cells (CD161+)

B-cells (CD45R*)

T-cells (CD3*)

T-cells (CD3*/CD4*)

Tcells

(CD3+/CD4*/CD8a*)

Tcells

(CD3*/CD4*/CD8a")

T-cells (CD3+/CD8a)
Neutrophils (CD43*)
cMonocytes
(CD11b*/CD172a*/CD43low)
ncMonocytes.
(CD11b*/CD172a*/CD43high)

Wistar

174 £ 65
914 £ 186
2,112 £ 570
1,533 £ 406

14+5

9+56

565 + 184
1,006 + 221
229+ 85

183 + 102

SHR

404 + 66
748 £ 100
1,687 + 205
1,176 + 145
9+3

10+2

372+ 80
1,985 + 405
371+ 80

1,224 + 253

p-Value

0.000018
0.058594
0.006548
0.108968
0.011261

0.587641

0.022427
0.000416
0.007371

<0.000000

NK, natural killr; c, classical; nc, non-classical; n = 6 Wistar and n = 10 SHR. p-values

are calculated by unpaired T-Tests.
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Medicinal plants Active compounds

Anti-inflammatory effects of medicinal herbs

Salvia miltiorrhiza Salvianolic acid B and cryptotanshinone

Glycyrrhiza glabra glabridin

Allum sativum kaempferol
Astragaloside IV

Ellagic acid and punicalagin

Astragalus membranaceus
Punica granatum

Magnolia offinicalis Magnolol
Curcuma wenyujin B-Elemene
Tiipterygium wilfordli Celastrol

Ginkgo biloba Ginkgo biloba extract
Curcuma longa Bisacurone
Coptis chinensis berberine

Lipid-lowering effects
Tiibulus terrestris Tribulus terrestris extract
Ocimum basilicum Aqueous extract of Ocimum basilicum
Salvianolic acid B

Celastrus orbiculatus extract

Salvia miltiorrhiza
Celastrus orbiculatus

Panax notoginseng saponins
Nigella sativa Propolis and thymoquinone
Astragalus membranaceus  Astragaloside IV

Allium sativum Flavonoids, alkaloids
Anti-oxidative effects and inhibitory activity of LDL oxidation
Nigella sativa Propolis and thymoguinone

Salvia mitiorrhiza Danshenol A, Tanshinone lIA, Salvianolic
acid B and Cryptotanshinone

Phenol, Ellagic acid and punicalagin
Aqueous extract of B. officinalis
p-Elemene

C. orbiculatus extract

Punica granatum
Buddieja officinalis
Curcuma wenyujin
Celastrus orbiculatus

Tripterygium wilfordi Gelastrol

Ocimum basilicum Adueous extract of Ocimum basilicum
G. glabra Glycyrhizin and glabridin

A. sativum Flavonoid, kaempferol

Sesamum indicum Sesamolinol, sesamol

Suppression of cholesterol accumulation and foam cell formation

Curcuma longa curcumin
Coptis chinensis berberine
Allum sativam kaempferol

Salvianolic acid B
Ellagic acid and punicalagin

Salvia mittorrhiza
Punica granatum
Inhil

Purple perila Purple perila extract and a-asarone

Buddleja officinalis Aqueous extract of Buddeja officinalis

Curcuma longa curcumin
Salvia miltorrhiza Cryptotanshinone
Paconia factifora Paconol

Panax notoginseng Saponins

Action mechanism

Decreasing expression of MMP-9 and inhibition of NF-kB pathway and
ICAM-1,VCAM-1 and MCP-1 expression

Blockage of JNK and NF-kB signaling, suppression of TNF-a, and production of

IL-1b
Inhibiting of inflammation signaling (ike TNF-a, IL-1b, ICAM-1)
Down regulating of CDA4OL, CD40, CXCR4 and SDF-1
Decreasing plasma levels of IL-6 and TNF-a and increasing IL-10

Suppressing phosphorylation of Tyr705, Ser727 and Tyr705 and statd, inhibition

of NF-kB pathway and inhibition of adhesion molecules expression
Inhibiting production of IL-18, TNF-a, INF-y, MCP-1, and ICAM-1
Decreasing production of iNOS, NO, and pro-inflammatory cytokines

Decreased expression of IL-18,
TNF-a and IL-10

Inhibiting activity of INOS, COX-2, lipoxygenase, and xanthine oxidase. Inhibiting

JAK/STAT signaling pathway
NF-kB activation and JNK phosphorylation

Decreasing total cholesterol, LDL-C, and triglyceride (TG)
Decreasing total cholesterol, LDL-C, and triglyceride (TG)

Inhibiting CD36 and decreasing total cholesterol, LDL-C, and triglyceride (TG)
Up regulating SR-B1, CYP7A1 and HMG-CoA, decreasing total cholesterol,

LDL-C, and trigyceride (TG)
Decreasing total cholesterol, LDL-C, and triglyceride (TG)
Decreasing total cholesterol, LDL-C, and triglyceride (TG)
Increased activity of PPARa and PPARy

Decreasing total cholesterol, LDL-C, and triglyceride (TG)

Scavenging of free racicals
Inhibiting ROS prodiuction and decreasing LOX-1 expression

Decreasing ROS production
Inhibiting ROS production

Inhibiting ROS production and eNOS expression

Inhibiting ROS production

Inhibiting ROS production and LOX-1 and iNOS expression
Inhibiting Radical anion superoxide production

Inhibiting ROS production, inhibiting LDL NADPH oxidase and preventing
cholesterol oxidation

Decreasing lipid peroxidation, superoxide and hydroxyl radicals
Inhibiting ADP-Fe-+/NADH-induced peroxidation and lipid oxidation

Promoting ABCA1-dependent cholesterol efflux and inhibiting of SR-A-mediated

oxidized LDL uptake

Increasing LXRa-ABCA1 -dependent cholesterol effiux, activating the
AMPK-SIRT1-PPAR-?pathway and down-regulating HMGR expression

Down-regulation of HMGR, FAS, SREBP-1c, GBPDH and acetyl-CoA
carboxylase

Down-regulating of CD36 expression

Up-regulation of ABCA1 expression and regulating PPAR-ABCA1 pathway
itory effects of medicinal herbs against monocyte recruitment
Inhibiting foam cell formation and SR-B1 expression, upreguiation of ABCAT and

ABCG1
Inhibiting VCAM-1 and ICAM-1 expression

Inhibiting IkBe, Akt, and PKG phosphorylation and VCAM-1 expression
Reducing LOX-1, VCAM-1 and ICAM-1 expression

Inhibiting ICAM- 1 expression and NF-kB p65 translocation into the nucleus

Inhibiting ICAM- 1 and VCAM-1 expression

Reference

(135-137)

(138-140)

(141-145)

(146, 147)

(148-150)
(151)

(152)
(159)
(154)

(155)

(156)

(133, 167)
(133, 158)
(159)
(160)

(161)
(162, 163)
(146, 147)
(141-145)

(162, 169)
(135, 164)

(148-150)
(156)
(152)
(160)
(153)

(133, 158)

(138-140)

(141-145)
(165, 166)

(167-169)

(156)

(170)

(159)
(148-150)

(133,171)

(156)
(167-169)
(136, 164)

(172)

(161)
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miRNA

miR-155
miR-125a-5p
miR-146a

miR-33a/b

miR-34a
miR-10a
miR-302a
miR-126
miR-21
miR-92a
miR-223

Target

MAPK10/ SOCS1
ORP9

TNF receptor (TNFR)
associated factor 6
(TRAF6)

ABCA-1

SirT1

MAP3K7

ABCA1

VCAM-1

MKK3

STAT3

ICAM-1 and NLRP3

Function

Decreasing inflammation, ipid uptake and foam cell formation
Reduction of lipid uptake and secretion of inflammatory cytokines
Decreasing intracellular LDL cholesterol content and inflammation

HDL biogenesis and reverse
cholesterol transport

Inducing endothelal cell senescence and inhibiting cell cycle
Inhibits NF-kB activation and down regulation of inflammatory molecules
HDL biogenesis, cholesterol efflux and inhibiting foam cell formation
Inhibiting angiogenesis and inflammation

Cholesterol efflux and inhibiting foam cell formation

Increasing inflammation

Reducing foam cell formation and production of proinflammatory cytokines

Reference

(111-114)
(115)
(116-118)

(119, 120)

(121)
(122)
(@)
(128-125)
(21,126)
(127)
(128-130)
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IncRNA

MALAT1

MIAT

GASS

DYNLRB2-2
Anril

DAPK1-IT1
MEG3
E330013P06
RP5-833A20

H19

TUGT

Biological
processes

Leukocyte
activation, cholesterol
metabolism
Macrophage

apoptosis

Cholesterol
metabolism
Cholesterol metabolism
Endothelial
dysfunction;
cholesterol

metabolism
Cholesterol metabolism
Lipid metabolism

Lipid metabolism
Cholesterol
metabolism

Endothelial

dysfunction

Endothelial
dysfunction;
Macrophage

apoptosis

Target

miR-216a-5p, miR-155 and
miR-22-3p

miR-181b/STAT3

miR-221, MMP-2 and MMP-9

ABCA1 and TLR2
ADAM10 and CDKN2B

miR- 590-3p and LPL.
miR-228 and miR-361-5p
-143 and miR-145
miR-382

mif

miR-130b

miR-133a/FGF1

Function

Inhibiting inflammation

Apoptosis, inhibiting inflammation
Promoting inflammation

Inhibiting inflammation and increasing cholestero efflux
Promoting lipid accumuiation and inflammation

Promoting lipid accumuiation and inflammation
Increasing inflammation and pyroptosis

Promoting inflammation and foam cell formation
Promoting inflammation/decreasing cholesterol efflux

Increasing lipid accumulation, and Inflammation

Promoting lipid accumulation,
inflammation and apoptosis

Reference

(95-100)

(101, 102)

(©6,87)

(4,103-108)
(“,88)

©4)
(90-93)

8)

©9)

(82-84)

(80, 81)
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Variables

Galectin-3, ng/mL.
NOS2, ng/mL
HSP70, ng/mL_

TGF betal, pg/mL

H-FABP, ng/mL
CRP-hs, mg/L

NTproBNP, pmol/L.

IHHT group (n = 32)

Pre

739241

0.158 + 0.154

0.963 + 0.316

4,567 % 7,080

1.52 £ 0.46

3.608 + 3.441

27.5£45.1

Post

7.31:£231
p=008
0.195 4 0.184

0.865 + 0.334
*p < 0,006

2,609 + 4,038

1.47 £0.54

2287 + 1,527
p=0015
20.4:+84.2
*p <0001

Sham group (n = 33)

Pre

887372
007 +0.07
*p = 0,001

0818+ 0.223
*p <003

7,966 6,860
“p =002
1.850.92
351+ 4.06

259+459

Post

9.49 +3.31
*p =0.003
007 +0.06
*p = 0.001

0.802 +0.228

8,412 + 6,846
*p = 0,001

196+ 129
p =002
338+ 8.49

349:+62.1
“p < 0.004

IHHT group,
Delta Pre-Post

—0.078 £ 1.641

0.037 +0.104

—0.097 +0.181

—1958.119 +
7045.798

—0.044 £ 0.269

—1.371 £ 3634

~71+13.6

Sham group,
Delta Pre-Post

063178
p=0027
~0.002 +0.011
p=0317
~0.017 £0.195
p=0702
446,206 &
5803.064
p=0888
0.106 0,676
p=0720
-0.135 + 1.808
p=0904
90180
**4p < 0.0001

CRP-hs, high-sensitivity C-reactive protein; H-FABR, Heart-type fatty acid binding protein; Hsp70, heat shock proteins; NOS2, Nitrc oxice synthase 2; NTproBNP, N-terminal pro-hormone

of brain natriuretic peptide; TGF-betal, Transforming growth factor beta-1.

“significant difference between Pre and Post in one group.

‘significant diference between groups at the same study time.

**significant difference between changes in the two groups.
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Variables IHHT group (n = 32) Sham group (n = 33) IHHT group, Sham group,

Delta Pre-Post Delta Pre-Post
Pre Post Pre Post
BMI, kg/m2 342452 333+£52 336+42 338+43 -09+05
p <0001
Waist Crcumference, cm 1162+ 11.2 110116 113.1 £ 106 1138+ 10.9 52424
p <0.001
Hip Gircumference, cm 1141 £94 110394 1129+ 106 1132+ 110 -88%17
p <0001 “p = 0.002
Total Cholesterol, Mmol/L 60£1.3 51%13 48+12 5411 -08£08
“p = 0001 *p=0.046
Triglycerides, Mmol/L 20+06 17+06 16404 17£07 ~03+04
“p =001
HDL-Cholesterol, Mmol/L 1404 1.4£04 13+06 13+04 00£02
LDL-Cholesterol, Mmol/L 3812 30£12 2711 30£10 -08£07
*'p =0.001
ALT, wL 37.3:+26.1 290+ 16.3 308+ 19.7 362215 83146
“p=0.002 “p=0.002
AST, WL 31.4:£190 269+ 109 209+ 144 28.1 %160 —45+121
“p = 0008

Values are expressed as mean - SD. ALT, alanineaminotransferase; AST, aspartateaminotransferase; HDL-Cholesterol, high-density lpoprotein; LDL-Cholesterol, low-density lipoprotein.
“significant difference between Pre and Post in one group.

‘significant difference between groups at the same study time.

**significant difference between changes in the two groups.






OPS/images/fcvm-08-700826/fcvm-08-700826-t001.jpg
Characteristics

Gender, male

Age, years

Weight, kg

BMI, kg/m?

Waist Giroumference, om
Hip Circumference, cm
Smoking

Hypertension

Diabetes Melltus, type 2
Obesity (BMI>30)
Regular Medication:
Aspirin

ACE inhibitors

AT llinhibitors

Calcium channel blockers
Beta-blokers

Diuretios

Statins

Metformine
Sulfonylureas

Insuiin

IHHT group (n = 32),

14 (43.7%)
60.0[45.5; 65.5)
92.0[81.0; 114)
34.3(30.2;38.0]

114 [108; 124)
113.5[106.8; 119.5)

10 (31.2%)

32 (100%)

12 (37.5%)

24 (75.0%)

4(12%)
16 (50%)
14 (43.7%)
12 (37.5%)
14 (43.7%)
14 (43.7%)
14 (43.7%)
14 (43.7%)
6(18.7%)
2(6.25%)

Data represent Median (interquartile range 25-75) or frequencies (%).

Sham group (n = 33)

19 (657.5%)
61,5 [56.2; 66.0)
925 [82.8; 104)
32.4[30.8; 35.8)
110(108; 115
110 [105; 120]
11 (33.3%)
33 (100%)
10 (30.3%)
27 (81.8%)

8(24.4%)
13 (39%)
16 (48.4%)
12 (36.3%)
13 (39.9%)
14 (42.29%)
17 (51.6%)
10 (30%)
4(12.1%)
5(15%)

p-value

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
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86 Patients with MS for

Excluded (v=21)

Personal reasons preventing

expected adherence (n=10)
Hypoxia intolerance in hypoxic
test (n=3)

65 patients randomised

Withdrew consent (n=8)

/

N

‘Nlocatedt IHHT group (v=32), Received
llocated nervention- 15 restment, 5
days per e, 3 weeks

:

Allocated to Sham group (n=33), Received
allocated intervention - 15 placebo 5 days

perweek,3 weeks

Follow-Up and Analysis

Follow-Up and Analysis

!

1

Analysed (n=32)
Excluded from analysis (n=0)

Analysed (n=33)
Excluded from analysis (n=0)
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Author, year Country N Age Male (%) Follow-up (year) Persistent (hs)CRP (mg/dl) P Treat (%) Reference

CAAs
Chen, 2017 Australia 60 143 58 11.46 % 5.60 15 Cases: 0.06" NS 100 (50)
Control: 0.04*
Cho, 2014 Korean 68 7.61+1.69 59 5.05+2.43 8 Cases 1: 0.91 £0.72* NS 91 (42)
Cases 2: 1.32 £ 1.69"
Control: 1.17 & 0.54"
Ishikawa, 2013 Japan 24 79+28 58 65+17 4 Cases 1: 15.4* 0.022 100 (61)
Cases 2: 7.0"
Gupta-Malhotra, 2009  USA 28 209+6.0 68 16+6 0 Cases: 0.24" 0.118 36 (64)
Control: 0.20*
Niboshi, 2008 Japan 36 27.0+42 46 241+45 9 Cases 0:0.153 £0.32*  <0.05 NM ®)
Control: 0.035 £0.05*
Borzutzky, 2008 Chile 11 106+20 64 81+36 1 Cases: 0.23 + 0.3° 0.045 100 (60)
Control: 0.05 + 0.03*
Dalla Pozza, 2007 Germany 20 12.1+4.7 60 41+36 NM Cases 1:14.0+£ 6.2  <0.05 100 (67)

Cases 2: 3.0 + 3.9*

Cases 0, KD with persistent CAW/CAL; Cases 1, KD with CAA/CAL; Cases 2, KD without CAA/CAL; CRR, C-reactive protein; hsCRR, high-sensitive C-reactive protein; N: KD patients
enrolled; NV, not mentioned; NS, not statistically significant (statistical significance wes assumed at P < 0.05); Treat (%), The percentage of KD patients involved that were treated with
intravenous immunoglobulin (IVIG) infusion = aspirin at the time of diagnosis. *The value of hsCRP; * The value of CRP.
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Author,year ~ Country N Age  Male(%) Follow-up (years) Persistent CAAs %FMD P Treat(%) Reference

Parihar, 2017 India 20 11.48%35 60 448188 0 Cases: 1331+ 1041 0.874 100 (43)
Control: 12.86 £ 7.09
Ishikawa, 2013 Japan 24 79+28 58 65+ 17 4 Cases 1: 4.4 <0.05 100 (61)
Cases 2: 9.1
Control: 13.9
Ghelani, 2009 India 20 84zx23 65 2117 0 Cases: 5.7 £9.2 0.017 100 (@)
Control: 12.2 £ 8.9
Noto, 2009 Japan 35 205+93 80 186+84 26 Cases: 9.1 £2.7 <0.001 52 (56)
Control: 13.3 & 4.8
Liu, 2009 China 41 7.15@-11) 61 4.4 (1.5-10)" 21 Cases 1:45+ 15 <0.01 100 (59)

Cases 2:9.6+28
Control: 12.1 £2.3

Niboshi, 2008 Japan 3 270%42 46 241%45 9 Cases: 10.4 + 2.6 <0.01 NM )
Control: 14.4 £ 3.2
Borzutzky, 2008  Chlie 11 106+£20 64 81+36 1 Cases: 11.1£56.7 NS 100 (60)

Control: 8.0 + 2.9

Cases 1, KD with CAA /CAL; Cases 2, KD without CAA/CAL; FMD, flow-mediated dilatation; N, KD patients enrolled; NM, not mentioned; NS, not statistically significant (statistical
significance was assumed at P < 0.05); Treat (%), The percentage of KD patients involved that were treated with intravenous immunoglobulin (IVIG) infusion + aspirin at the time of
diagnosis; %FMD: the percent FMD; *median (range).
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Author, year Country Age Male (%)  LP(mg/d)  Patients withKD,n  Healthy controls, n P Reference

Chen, 2017 Australia 143 58 T 150.06+33.67 (60) 16951 & 39.86 (60) NS (50)
LoL-C 89.01 + 20.41 (60) 96.75 < 27.09 (60) NS
HDL-C 54.95  13.93 (60) 58,05  13.16 (60) NS
TG 7088 (60) 7088 (60) NS
Laurito, 2014 Italy 10£3.7 64 TC 167 £ 33 (14) 157 £29(14) 0.40 (62)
LoL-C 9123 (14) 84.+21(14) 037
HDL-C 60 + 15 (14) 55414 (14) 0.38
TG 8238 (14) 8979 (14) 078
Lin, 2014 USA 54 65 TC 148 (192) 169 (45) <0.001 (63)
LoL-C 85(192) 106 (45) <0001
HDL-C 50 (192) 48 (45) 0.13
e 82 (192) 105 (45) 0.008
Gupta-Malhotra, 2009 USA 209+ 6.0 8 T 175 4 36 (28) 157 33 27) 0034 (59)
LoL-C 108 4 30 (28) 90+ 23 (27) 0076
HDL-C 524 14(28) 504 13 (27) 0.180
TG 99+ 48 (28) 8654 (27) 0.127
Noto, 2009 Japan 205+93 80 TC 172.8 +34.5(35) 165.0 £21.2(35) 0.43 (56)
LoL-c 94.4 1 23.8 35) 90.2 4 17.3 36) 056
HDL-C 60.3 % 12.1(35) 6.4+ 168 (35) 044
TG 91.046.1 (35) 83.8 42,6 (35) 063
Niboshi, 2008 Japan 27.0+42 46 TC 168.3 + 27.9 (35) 161.3 + 24.5 (36) 0.242 ®)
LoL-C 97.3 4+ 25.3 (35) 93.2 + 19.4 (36) 0.454
HDL-C 565 12,8 (35) 55.4 % 89 (36) 0690
TG - - -
Borzutzky, 2008 Chie 106 +2.0 64 TC 152.6 £27.9 (1) 1505 £ 27.4 (11) NS (60)
LoL-C 77.4+20.8 (1) 83.6+21.1 (1) NS
HDL-C 58,64 10.6 (1) 50.8 10.8(11) NS
TG 83.2+37.8(11) 80.4.+31.5(11) NS
McCrindle, 2007 Canada  155£23 67 T 160.99+23.99(62) 15789 % 27.09 (60) 052 (47)
LoL-C 97.52 + 2167 (52) 94.04  22.06 (60) 043
HDL-C 44.12 £ 10.06 (52) 46.05 £ 11.99 (60) 0.40
e 97.46 +87.21 (52) 88.60 + 36,33 (60) 022
Dalla Pozza, 2007 Gemany  121£47 60 T 169.4 £ 16.7 (20) 167.3 = 18.4(28) NS ©7)
LoL-C 94.3 % 22.4 (20) 925+ 16.4 (28) NS
HDL-C 485 % 1.2 (20) 47.7£17.9(28) NS
TG 128.6  65.6 (20) 1305 = 65.3 (28) NS

HDL-C, High-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LP, lipid parameter; NS, not statistically significant (Statistical significance was assumed at P <
0.05); TC, total cholesterol: TG, triglycerides.
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Author, year Country N Age  Male (%) Follow-up (years) Persistent CAAs IMT (mm) P Treat(%) Reference

Gopalan, 2018 India 27 1385+2.75 74 6.97 £1.18 [ Cases: 0.564 +0.087 <0.001 100 (49)
Control: 0.42 £ 0.038
Parihar, 2017 India 20 11.5+3.70 60 4.48 £1.88 [ Cases: 0.036 £ 0.015  0.791 100 (43)
Control: 0.035 £ 0.076
Chen, 2017 Australia 60 143 58 11.46 + 5.60 16 Cases: 0.49 + 0.05 0.80 92 (50)
Control: 0.48 + 0.06
Ishikawa, 2013 Japan 24 79+28 58 6517 4 Cases: 0.433 £ 0.029 0.906 100 (61)
Control: 0.433 £ 0.028
Meena, 2013 India 27 822+26 74 245+1.19 1 Cases: 0.500 +£0.071  0.000 100 (62)
Control: 0.417 £ 0.065
Selamet Tierney, 2013  America 203 16.73 + 4.21 60 11.6 (1.2-26)" 10 Cases: 045+ 0.03  0.385 93 (63)
Control: 0.43 + 0.04
Gupta-Malhotra, 2009 America 28  20.9+6.0 68 16+6 0 Cases: 049+ 0.07  0.905 36 (64)
Control: 0.48 + 0.06
Lee, 2009 Korea 256 126420 NM >8 NM Cases: 041+0.19  >005 100 (65)
Control: 0.50 + 0.01
Noto, 2009 Japan 35  20.5+9.3 80 186+84 26 Cases: 057 £0.16  <0.001 52 (66)
Control: 0.46 + 0.05
Cheung, 2007 China 50 8.6+2.8 66 6.6+ 3.1 13 Cases: 0.41+0.04  <0.001 90 ©)
Control: 0.36 + 0.04
Dalla Pozza, 2007 Germany 20 121 +4.7 60 41+36 NM Cases: 0.45+0.02 <0.001 100 (67)

Control: 0.42 + 0.01

CIMT, carotid intima-media thickness; I, KD patients enrolled; N, not mentioned; Treat (%), The percentage of KD patients involved that were treated with intravenous immunoglobulin
(VIG) infusion = aspirin at the time of diagnosis; *median (range).
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P1(n=188)
MDA-LDL 0.155 (0.085)
19G anti-MDA-LDL 0.454 (0.214)
IgM anti-MDA-LDL 0773 (0.457)

MDA-LDL is expressed as a ratio of MDA-LDL to Apolipoprotein B; anti-MDA-LDL antibodies are expressed as optical density values at 450 nm. Mean (standard deviz
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0.154 (0.088)
0432 0.198)
0.759 (0.460)

P3 (n = 186)

0158 (0.116)
0473 (0.229)
0832 (0.517)

P4 (n = 183)

0.160 (0.123)
0.467 (0216)
0.808 (0.492)

ion).
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PCl

(n=102)
Age (years, SD) 66.0 (9.50)
Meale (%) 71 (70%)
Hypertension (%) 70 (69%)
Hypercholesterolaemia (%) 79 (77%)
Previous myocardial infarction (%) 5(5%)
Previous PCI (%) 9(9%)
Diabetes Melitus (%) 15 (15%)
Current smoker (%) 10 (10%)
Angina duration (months, SD) 97 (15.9)
Left ventricular systolic function
- Normal (%) 96 (94%)
- Mildly impaired (%) 3(3%)
- Moderately impaired (%) 3(3%)
Significant coronary stenosis
- LAD (%) 69 (68%)
- D1(%) 2(2%)
- Intermediate (%) 1(1%)
- Lox (%) 9(9%)
- OM1 (%) 4(4%)
- RCA (%) 17 (17%)

PCI, percuteneous coronary intervention; LAD, left anterior descending; D1,
LCx, circumflex; OM1, st obtuse marginal: RCA, right coronary artery.

Placebo
(n=294)

66.2
(©.45)

71 (76%)
65 (69%)
62 (66%)
70%)
15 (16%)
21 (22%)
15 (16%)
84(7.6)

84 (89%)
7(7%)
3(3%)

65 (69%)
22%)
2(2%)

10 (11%)
0(0%)

15 (16%)

Al
patients
(n =196)

66.1(8.99)

142 (72%)
135 (69%)
141 (72%)
12 (6%)
24 (12%)
36 (18%)
25 (13%)
9.1(12.6)

180 (92%)
10 (5%)
6(3%)

134 (68%)
4(2%)
3(2%)

19 (10%)
4(2%)
32 (16%)

Ist diagonal
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Age (years)

Gender (male) (%)

BMI (kgs/m?)

DAS 28

Biologic therapy (n)
C-reactive protein (mg/L)
Systolic BP (mmHg)
Diastolic BP (mmHg)

Map (mmHg)

Smoking (%) Never
Current
Ex

Hypertension (%) (after reclassification)*
Hyperlipidemia (%) (after reclassification)™™
Antihypertensive drugs (%)

Lipid lowering drugs (%)

Placues (%) Carotid and/or femoral
Carotid
Femoral

IMT (mm) RCCA
LCCA

PWV (m/s)

AX@T5 (%)

RA patients (n = 85)

502+ 125
153
27.0+438
245+092
365
32(32-6.0)
1248+ 185
744£7.0
87.4£99
447
212
341
40
405
363
24
365
353
0602 +0.133
0.741 £ 0.156
845+ 184
324106

*YES if already treated or based on out-of-office BP measurements.
**YES if reported to be diagnosed in the past or (b) diagnosed if LDL measurement

>130 mg/d.
Data are mean + SD.
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Subgroup

Sex
Male
Female
Age Group
Age<65
Age>65
Diabetes
No diabetes
With diabetes
Baseline Renal Function
©GFR>60mU/min/1.73m2
€GFR<60mV/min/1.73m2
Indication for PCI
Stable coronary artery disease
Acute coronary syndrome

Hazard Ratio
(95% confidence interval)

083 (0.72-097)
0.78(0.59-1.03)

091 (0.75-1.11)
0.7 (0.64-0.93)

081(0.68-0.97)
083 (0.68-1.01)

062 (0.70-0.96)
082 (0.65-1.04)

097 (0.72-131)
0.78 (0.67-091)

P value for
Interaction

0.67

0.43

050

0.59

0.24

eGFR, estimated glomerular filtration rate; PCI, percutaneous coronary intervention.
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Outcomes
Primary
Meajor adverse cardiovascular events

Secondary
All-cause mortality

Myocardial infarction
Stroke
Unplanned revasoularization

Composite of all-cause mortality,
myocardial infarction and stroke

Group 1 (Target criteria only)

Reference

Reference

Reference

Reference

Reference

Reference

Group 2 (Intensity criteria only)

Hazard Ratio (95% CI)

0.82(0.72-0.93)
Reference

0.77 (0.62-0.95)
Reference
087 (0.70-1.09)
Reference
090 (0.67-1.20)
Reference
0.87 (0.70-1.09)
Reference
0.82(0.71-0.95)
Reference

*Significant P valve(s) after using the Bonferroni-Holm method to control for multiple comparisons.

P Value

0.003*

0.015*

0.23

0.46

0.22

0.010*

Group 3 (Both criteria)

Hazard Ratio (95% CI)

0.75 (0.62-0.90)
092 (0.76-1.11)

0.77 (0.58-1.02)
1.00 (0.73-1.37)
082 (0.60-1.13)
0.94(0.68-1.30)
0.99 (0.67-1.46)
1.11 (0.74-1.66)
0.75 (0.54-1.04)
0.86 (0.63-1.19)
0.78 (0.64-0.96)
095 (0.77-1.18)

P Value

0.002*
0.38

0.07
0.99
0.22
0.72
0.96
0.63
0.084
0.37
0.020"

0.66
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Outcomes

Primary

Major adverse cardiovascular events.
Secondary

All-cause mortality

Myocardial infarction

Stroke

Unplanned revascularization

Composite of all-cause mortality, myocardial
infarction and stroke

Group 1
(Target criteria only)

6.58% (6.14-7.05%)

2.93% (2.65-3.23%)
2.15% (1.91-2.42%)
1.31% (1.13-1.52%)
1.71% (1.50-1.95%)
5.36% (4.97-5.78%)

Group 2
(Intensity criteria only)

4.03% (3.68-4.42%)

1.22% (1.04-1.44%)
1.89% (1.19-1.63%)
0.74% (0.60-0.91%)
1.60% (1.39-1.85%)
2.92% (2.62-3.25%)

Group 3
(Both criteria)

4.04% (3.46-4.71%)

1.51% (1.18-1.93%)
1.37% (1.06-1.78%)
0.82% (0.59-1.15%)
1.43% (1.11-1.85%)
3.00% (2.59-3.68%)
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Characteristics Group 1 Group 2 Group 3 P value

(Target criteria only) (Intensity criteria only) (Both criteria)
N 3,832 3512 1,306
LDL-C at PCI, mean (SD) 78.1(34.4) 127.6 (46.4) 955 (42.5) <0001
LDL-C at 1 year, mean (SD) 53.0(17.0) 89.7 (30.6) 49.9(17.8) <0001
Lowest LDL-C between 0-365 days, mean (SD) 44.08.5) 84.9(28.7) 42687) <0001
Reduction in LDL-C at 1 year, mean (IQR) 21.0(-2.6-532) 31.2(6.2-69.6) 453 (13.3-75.0) <0001
% Reduction in LDL-C at 1 year, mean (IQR)" 30.2% (5.3-53.0%) 27.0% (6.5-46.0%) 49.5% (22.8-62.7%) <0001
Triglyceride at PCI, mean (SD) 148.8 (129.3) 155.9 (121.4) 167.4 (155.0) <0.001
Triglyceride at 1 year, mean (SD) 135.5(113.4) 129.3 (93.9) 125.8(93.0) 0011
Reduction in triglyceride at 1 year, mean (96% C)) 10.0 (~18.6-44.3) 17.6 (~10.7-54) 17.7 (-8.0-62.0) <0001
Atorvastatin on discharge 857 (22.4%) 2,125 (60.5%) 914 (70.0%) <0.001
Rosuvastatin on discharge 369 (0.6%) 802 (22.8%) 321 (24.6%) <0001
Simvastatin on discharge 2,461 (64.2%) 539 (15.3%) 59 (4.5%) <0001
Other statins on discharge 11(0.3%) 400.1%) 0(0%) <0001
Non-statin therapy within 1 year 21(1.1%) 236 (6.7%) 54(4.1%) <0001
Ezetimibe 41 (1.1%) 235 (6.7%) 53 (4.1%) <0.001
PCSKS inhibitor 0(0.0%) 1(<1%) 1(01%) 028

LDL-C, low-density lipoprotein cholesterol; PCI, percutaneous coronary intervention; SD, standard deviation; IQR, inter-quartie range. *Not equivalent to a rectuction from baseline
measurement before statin therapy since some patients were already on statin before PCI.
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Characteristics Group 1 Group 2 Group 3 P value

(Target criteria only) (Intensity criteria only) (Both criteria)
N 3,832 3512 1,306
Female 924 (24.1%) 680 (19.4%) 225 (17.2%) <0001
Age, mean (SD) 66.5 (11.4) 60.8 (10.8) 62.7 (11.3) <0.001
Chinese 3,648 (95.2%) 3,234 (92.1%) 1,230 (94.2%) <0001
Tobacco use 1,402/3569 (39.3%) 1,704/3,356 (50.8%) 570/1,229 (46.4%) <0001
Diabetes melltus 1,753 (45.7%) 933 (26.7%) 458 (35.1%) <0001
Hypertension 2,687 (70.1%) 1,864 (53.1%) 784 (60.0%) <0001
Cerebrovascular disease 395 (10.3%) 221 (6.3%) 93(7.1%) <0.001
Peripheral vascular disease 56/3,819 (1.5%) 38/3,502 (0.9%) 11/1,300 (0.8%) 0,058
Chronic obstructive pulmonary disease 81(2.1%) 44.(1.3%) 26 (2.0%) 0015
Previous myocardial infarction 498 (18.0%) 320 (0.4%) 92 (7.0%) <0001
Previous CABG 82(2.1%) 76 (2.2%) 26 (2.0%) 093
Congestive heart failure 324 (85%) 151 (4.3%) 52 (4.0%) <0.001
Atial fibrilation or flutter 250 (6.5%) 84 (2.4%) 39(3.0%) <0001
eGFR < 60 m/min/m? 875 (22.8%) 384 (10.9%) 194 (14.9%) <0.001
Anemia® 1,363 (35.6%) 881 (25.1%) 369 (28.3%) <0001
PCl indication <0.001

Stable CAD 849/3,824 (22.2%) 641/3,511 (18.3%) 219 (16.8%)

Unstable angina 874/3,824 (22.9%) 700/3,511 (20.2%) 209 (16.0%)

NSTEMI 1,642/3,824 (42.9%) 1,558/3,511 (44.4%) 579 (44.3%)

STEMI 459/3,824 (12.0%) 603/3,511 (17.2%) 299 (22.9%)
Number of arteries involved <0001

One vessel disease 1,828/3,808 (48.0%) 1,460/3,459 (42.2%) 576/1,287 (44.8%)

Two vessel disease 1,235/3,808 (32.4%) 1,188/3,459 (34.2%) 439/1,287 (34.1%)

Three vessel disease 745/3,808 (19.6%) 816/3,459 (28.6%) 272/1,287 (21.1%)
Angiographic success 3,741/3,819 (98.0%) 3,442/3,511 (98.0%) 1,275/1,306 (97.6%) 067
Aspitin on discharge 3,731 (97.4%) 3,424 (97.5%) 1,279 (97.9%) 052
P2Y12 inhibitor on discharge 3,790 (98.9%) 3,487 (29.3%) 1,801 (99.6%) 0.030
Beta-blocker on discharge 2,977 77.7%) 2,602 (74.1%) 1,005 (77.0%) 0.001
Angiotensin blockade on discharge 2,119 (55.3%) 1,603 (45.6%) 609 (46.6%) <0001
PCl done in 2013 or later 2,401 (62.7%) 2,870 (81.7%) 1,199 (91.8%) <0.001

SD, standard deviation; GABG, coronary artery bypass surgery; eGFR, estimated glomerular firation rate; PCI, percutaneous coronary intervention; CAD, coronary artery disease.
*Anemia: Hemoglobin <13g/dl for men, <12g/d for women.
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Kaplan-Meier Estimates of MACE

Q
S Logrank P<0.001
g
S
°
S
2
S
g
3
8
3
o 365 730 1095 1460 1825
Days since PCI
Number at risk
Group 1 2555 2387 2266 1696 1291
Group2 2555 2426 2327 1597 1048
Group 1 Group 2
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Kaplan-Meier Estimates of MACE
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S
o 365 730 1095 1460 1825

Days since PCI

Number at risk
Group 1 3831 3526 3323 2567 2035
Group2 3512 3331 3210 2188 1369
Group3 1306 1237 1191 733 364

Group 1 Group 2 Group 3
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cc R p-value

Cholesterol
Fibrosis (biopsy) 0.152 0.155
Steatoss (biopsy) 0279 0008
NASH 0234 0028
Elastography 0078 0475
Ultrasonography 0215 0470
LDL

Fibrosis (biopsy) 0.167 0118
Steatosis (biopsy) 0276 0009
NASH 0241 0024
Elastography o.107 0327
Ultrasonography 0.185 0.087
Non-HDL cholesterol

Fibrosis (biopsy) 0.111 0.308
Steatosis (biopsy) 0231 0030
NASH 0173 0.109
Elastography 0,002 0.402
Ultrasonography 0218 0045
HDL-C

Fibrosis (biopsy) 0.096 0373
Steatoss (biopsy) 0.108 0316
NASH 0.149 0.169
Elastography ~0.126 0250
Ultrasonography -0008 0372
Tas

Fibrosis (biopsy) 0.183 0.087
Steatoss (biopsy) 0.159 0137
NASH 0171 0.111
Elastography 0.188 0084
Ultrasonography 0358 0001
VLDL

Fibrosis (biopsy) 0225 0039
Steatosis (biopsy) 0210 0085
NASH 0216 0050
Elastography 0266 0016
Ultrasonography 0335 0002

CC, correlation  coefficient; NASH, non-alcoholic ~ steatohepatitis; LDL, low-
density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; VLDL, very-low
density lipoprotein.
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Lipid AUC Cutoff Sens Spec
(%) (%)

Total cholesterol ~ Fibrosis (biopsy) 064 176 58 71
Steatosis (biopsy) 065 176 60 71
NASH (biopsy) 066 176 61 71
Fibrosis (elastography) 056 202 27 87
Steatoss (ultrasonography) 061 162 64 68
LDL-C Fibrosis (biopsy) 064 81 [CI-]
Steatosis (biopsy) 064 8 74 59
NASH (biopsy) 064 86 73 59
Fibrosis (elastography) 058 87 3 87
Steatosis (ultrasonography) 060 87 67 63
Non-HDL-C  Fibrosis (biopsy) 064 115 68 57
Steatosis (biopsy) 064 118 69 57
NASH (biopsy) 064 115 68 59
Fibrosis (elastography) 055 158 84 87
Steatosis (ultrasonography) 061 115 66 68
HOL-C Fibrosis (biopsy) 054 35 94 21
Steatosis (biopsy) 055 8 9 20
NASH (biopsy) 056 86 98 23
Fibrosis (elastography) 050 48 21 89
Steatoss (ultrasonography) 056 46 63 54
TGs Fibrosis (biopsy) 061 104 8 42
Steatosis (biopsy) 059 95 8 33
NASH (biopsy) 059 95 & 33
Fibrosis (elastography) 060 184 27 @2
Steatosis (ultrasonography) 066 123 59 68
VLDL-C Fibrosis (biopsy) 0.63 24 68 58
Steatosis (biopsy) 062 24 68 56
NASH (biopsy) 062 25 65 59
Fibrosis (elastography) 066 20 45 81

Steatosis (ultrasonography) 067 24 63 66

AUC, area under the curve; Sens, sensitivity; Spec, specificity; NASH, non-
alcoholic steatohepatitis.
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Total cholesterol

HDL-C

LDL-C

TG

VLDL-C

Non-HDL

Parameters

Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)
Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)
Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)
Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)
Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)
Fibrosis (biopsy)
Steatosis (biopsy)
NASH

Fibrosis (elastography)
Steatosis (sono)

0053
0030
0.027
0275
0.110
0.379
0313
0.266
0.718
0.563
0.047
0.037
0.036
0.120
0219
0.092
0.120
0115
0.040
0.041
0.072
0.092
0.087
0.013
0.045
0.083
0.051
0.049
0.334
0.099

Crude model

OR (95% Cl)

1.011 (1.000-1.022)
1.012 (1.001-1.024)
1.013 (1.001-1.024)
1.006 (0.995-1.017)
1.011(0.998-1.024)
1.027 (0.968-1.089)
1.031(0.972-1.093)
1.034 (0.975-1.008)
1.011 (0.953-1.073)
0.981 (0.981-1.048)
1.015 (1.000-1.029)
1.015 (1.001-1.080)
1.015 (1.001-1.030)
1.011 (0.997-1.025)
1.010(0.994-1.027)
1.006 (0.999-1.014)
1.006 (0.999-1.012)
1.006 (0.999-1.013)
1.009 (1.000-1.017)
1.013 (1.001-1.025)
1.036 (0.997-1.077)
1.032 (0.995-1.071)
1.033 (0.995-1.071)
1.065 (1.013-1.120)
1.070 (1.001-1.144)
1.010 (0.999-1.021)
1.011(1.000-1.022)
1.011 (1.000-1.022)
1.005 (0.995-1.016)
1.011(0.998-1.025)

0373
0.280
0.280
0.784
0.386
0.739
0.630
0.630
0572
0.759
0.286
0.251
0.251
0.251
0.785
0411
0.597
0597
0.203
0.194
0.376
0532
0532
0.050
0.257
0.127
0.078
0078
0.725
0.361

Adjusted model

OR (95% Cl)

1.008 (0.991-1.025)
1.010 (0.999-1.027)
1.010 (0.999-1.027)
1.002 (0.989-1.015)
1.007 (0.992-1.022)
1.014 (0.983-1.109)
1.021 (0.938-1.111)
1.021 (0.988-1.111)
1.024 (0.943-1.111)
0.985 (0.892-1.087)
1.010 (0.991-1.030)
1.011 (0.992-1.081)
1.011 (0.992-1.031)
1,011 (0.993-1.028)
1.003 (0.984-1.021)
1.005 (0.994-1.015)
1.003 (0.992-1.013)
1.003 (0.992-1.013)
1.008 (0.996-1.019)
1.010 (0.995-1.025)
1.025 (0.970-1.084)
1.017 (0.965-1.72)
1.017 (0.965-1.72)
1.069 (1.000-1.144)
1.045 (0.968-1.128)
1.012 (0.997-1.029)
1.015 (0.998-1.031)
1.015 (0.998-1.031)
1.002 (0.989-1.016)
1.007 (0.992-1.023)
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Variable

Male
Age
BMI
Weight
Waist circumference
Height
Diabetes type 2
Hypertension
Metabolic syndrome:
Liver stifiness measurement (kPa)
Fibrosis stage
0 = o fibrosis
1 = zone 3 perivenular or pericellular fibrosis
2 =stage 1 plus portal fibrosis
3 = bridging fibrosis, focal or extensive
4 = residual pericellular fibrosis
NASH status
No NASH (0-2)
NASH (3-8)
Steatosis status
S0: <5%
S1:5-33%
52: 34-66%
$3: > 6%

Data are presented as N (%) or mean + SD.

BMI, body mass index; NASH, non-alcoholic steatohepatitis.

Total

18 (20)
385+ 11.1
45.46 + 6.26
12134 % 20.32
133.04 + 136
1.62 £8.87
25(27.8)
23(25.6)
46 (51.1)
61125

38(42.2)
40 (44.4)
888
4(44)

39(43.9)
51(56.7)

39(43.3)

31(34.4)

12(13.3)
889
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Fibrosis status (biopsy)
No fibrosis
Fibrosis
NASH status
No NASH (0-2)
NASH (3-8)
Steatosis status (biopsy)
No steatosis (<5%)
Steatosis (=5%)
ibrosis status (elasto)
No fibrosis
Fibrosis (fibrosis cutoff = 5.85 kPa)
Steatosis status (sono)
No steatosis (0-1)
Steatosis (>1)

Values are means = SD.

LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; VLDL, very-low density lipoprotein.

Cholesterol

165.2 + 41
182.5 + 40

164.2 + 41*
184.1 £ 40

164.2 + 41*
183.6 + 39

170.3 + 40
180 + 42

163.5 + 42
179.8 + 40

aMann-Whitney test; values are median = interquartie range.

*P < 0.05 between the groups.

LDL-C

93.1 £ 34"
1086.9 + 30

92.8 £ 33"
107.6 + 31

92.8 4 33*
107.3 £ 30

95.7 +£30
108.6 + 33

94.4 £37
104.2 + 30

Non-HDL
cholesterol

1213+ 40
136.8 % 41

120.4 £ 40"
1382+ 41

120.4 + 40*
137.9 & 41

1266 + 38
134.3 + 44

17,6+ 41
1347 £ 41

HDL-C*

45 (38-47)
44 (41-48)

45 (39-47)
44 (42-48)

45 (39-47)
44 (42-48)

45 (42-47)
44 (40-48)

47 (41-48)
44 (40-47)

TGs®

119 (87-167)
138 (108-184)

121 (87-170)
138 (108-181)

121 (87-170)
137.5 (108-180)

117 (95-153)
138 (101-190)

112 (86-142)"
187.5 (105-183)

vLbL®

235 (19-33)"
28 (22-89)

24(20-34)
28 (22-38)

24.(20-34)
28 (22-37)

235 (20-29)"
285 (21-39)

22 (20-28)"
27 (21-87)
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Control CH

Bodyweight (g)
Baseline 24.29.+0.36 23324036
End of the experiment 2828 +054 27224064
Blood glucose (mmol/L) 5924035 7.98+0.58"

CIH, chronic intermittent hypoxia; *p < 0.05 vs. control.

0.23
0.01
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Gene

Cdss
Apoal
Apom
Ppara
Lxa
Lxb
Srebpic
Gapdh

Forward primer (5'-3)

TGGCAAAGAACAGCAGCAAA
GGCACGTATGGCAGCAAGAT
CCTGGGCCTGTGGTACTTTA
TGTCTGTCGGGATGTCACACA
GGAGTGTCGACTTCGCAAATG
TCCGACCAGCCCAAAGTCA
GGAGCCATGGATTGCACATT
GGTTGTCTCCTGCGACTTCA

Reverse primer (5'-3')

AGGAGCACAACTTGAACAAATGA
CCCAGAAGTCCCGAGTCAAT
CCATGTTTCCTTTCCCTTCA
AAGCGTCTTCTCGGCCATAC
TCAAGCGGATCTGTTCTTCTGA
GCTTGGCAAAGTCCACAATCTC
GCTTCCAGAGAGGCCAG
GGTGGTCCAGGGTTTCTTACTC
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Gene  Pathway RNA sequencing PCR validation

Fold change MeanFC SEM  p-value

Ankrd2  Muscle 8282346937 63222 1378 00157
differentiation

Fam110c Gell migration 81.57599817 4471 063 0004

Fegrda  Tissue 38.00645515 1415 2066 <0.0001
remodeling

GCpeb1  Cell migration 28.80605667 4649 06437 <0.0001

Top diferentially expressed genes in the RV of Sukix vs. control rats valdated by GPCR in
an independent cohort of animals (n = 5 per group).
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PBS-PBS  PBS-«GC
n=10) (=5

Body weight, g 467+25 48414
Systolic blood 112+£9 107 £7
pressure, mmHg

Blood chemistry

Non-HDL cholesterol, 9B+ 26 94+ 19
mg/dL.
Triglyceride, mg/dL 56413 4212

Angll-PBS
(n=6)

46.4 £2.0
164 & 13

144 £ 19

81+36

Angll-«GC
(=12

44444

161 420"

124 +31°

77+18

PBS, phosphate-buffered saline; «GC, a-galactosylceramide; Angl, angiotensin Il

*P < 0.01 vs. PBS-PBS. All data are means + S.D.
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Lipid indices

TC (mg/d)
TG (mg/d)

HDL-C (mg/d)
LDL-C (mg/d))
Non-HDL-C (mg/d)
RC (mg/d)

ApoB (9/)

ApoAl (/)

Lpla) (mg/)
ApoB/ApoAl
TC/HDL-C
TG/HDL-C
LDL-G/HDL-C

185
115
40-60
105
105
30
0.7-09
16
90
0.4-0.6
5.0
1.0-35
20

CHD

165-185
80-177
40-60
80-105
105-135
30
0.7-0.9
1.6-2.1
90
0.4-06
36
0.6-1.6
20

CcVvD

1566-185
115
40-60
80-105
105-135
30
0.7-09
1.6-21
90
0.4-06
36
1.0-35
20

All-cause death

185
80-177
40-60
105
135
30
0.7-09
1.6-2.1
90
0.6
36
10
2032

CVD death

185
115
40-60
105
136
30
09
1.6-2.1
920
0.6
36
1.0
1.6-2.4

Median

186
17
51
102
134
29
0.9
16
88
0.6
36
1.0
20

Clinical reference value

200 (Borderine Elevated), 240 (Elevated)
150 (Borderline Elevated), 200 (Elevated)
40-60

130 (Borderline Elevated), 160 (Elevated)
160 (Borderline Elevated), 190 (Elevated)
08-1.1

12-16

200

ApoAl, Apolipoprotein Al; ApoB, Apolipoprotein B; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp{a), Lipoprotein(e);
Non-HDL-C, non-high-density lipoprotein cholesterol; RC, remnant cholesterol; TC, total cholesterol; and TG, trigiycerides; IS, ischemic stroke; CHD, coronary heart disease; CVD,

cardiovascular diseases.





OPS/images/fcvm-08-745539/fcvm-08-745539-t001.jpg
Characteristic

Num. of subjects (%)
Age (year)
Gender (%)

Male

Female

Smoker (%)
Drinker (%)

BMI (kg/m?)
Hypertension (%)
Diabetes (%)

TC (mg/d)

TG (mg/d)
HDL-C (mg/d)
LDL-C (mg/d))
Non-HDL-C (mg/d)
RC (mg/d)
ApoAl (/)

ApoB (9/)

Lpte) (mg/)
ApoB/ApoAl
TO/MHDL-C
TG/HDL-C
LDL-G/HDL-C

All subjects

4,128 (100.00)
59.33 (52.75, 67.07)

1,682 (40.75)
2,446 (59.26)
1,005 (24.35)

891(21.58)
24.01(21.93, 26.42)
2012 (48.74)
465 (11.26)

186.33 (162.93, 210.42)

116,81 (79.65, 176.99)

5135 (43.63, 59.85)

102.32 (84.94, 120.08)

133.59 (111.68, 157.14)

29.34 (13.90, 43.63)
157 (1.38, 1.80)
0.90(0.75, 1.08)

87.75 (43.10, 176.00)
057 (0.46,0.70)
3.64(3.07, 4.22)
099 (0.63, 1.63)
2.02 (1.64,2.39)

Dyslipidemia

No

2,639 (63.93)
59.25 (52.77, 66.78)

1,094 (41.46)
1,545 (58.54)

667 (25.27)
584/(22.18)
23.42 (2137, 25.91)
1,197 (45.36)

220 (8.34)
181.85 (162.55, 202.70)
94.69 (69.91, 131.86)
53,67 (47.10, 61.39)
101.16 (86.87, 116.60)
126,64 (106.95, 146.33)
23.94(10.04, 36.68)
1.62 (1.43, 1.83)
087 (0.73,1.02)
89.1(44.78, 169.73)
054 (0.4, 0.65)
335 (2.87,3.89)
078 (0.53, 1.10)
1.87 (168, 2.29)

Yes

1,489 (36.07)
59.42 (52.49, 67.75)

588 (39.49)

901 (60.51)

388 (22.70)

307 (20.62)
24.99 (22.76, 27.06)
815 (54.78)

245 (16.45)
197.68 (164.86, 239.77)
212.39 (126,99, 283.19)
43.63(37.07, 56.76)
104.63 (81.47, 131.66)
151.35 (122.39, 183.01)
40.93 (25.10, 59.85)
1.49 (1.30, 1.73)
099 (0.79,1.17)
86.75 (40.50, 185.00)
0.65 (0.52, 0.80)
4.28(3.69, 4.94)
1.94 (1.25,2.82)
220 (1.91,2.78)

0.269
1.523

3.427
1.285
12172
33.498
62.752
12.760
35.443
21.777
3.976
21.033
22.787
11.628
12.322
0.986
17.433
32.849
38.544
22.547

0788
0.217

0.064
0.257
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0324
<0.001
<0.001
<0.001
<0.001

Values are presented as median (interquartie range) or n (%).ApoAl, Apolipoprotein Al; ApoB, Apolipoprotein B; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; Lp(a), Lioprotein(a); Non-HDL-C, non-high-density lipoprotein cholesterol; RC, remnant cholesterol; TC, total cholesterol; TG, trigiycerides.

For each quantitative variable, the P-value is obtained by the Mann-Whitney U-test; for each categorical variable, the P-value is obtained through Pearson’s x2-test.
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n (%)
DM 237 (21.8%)
HIN 619 (56.8%)

HTGs® 287 (21.8%)
HCHOLe 71 (65%)

The ORs (95% CI) of inflammatory indicators on the AS risk in four different populations from the training set by univariate logistic regression.
Independent variable: leukocyte subtype counts and ratios.

OR

1112
1.16°
1.3%°
1120

Dependent variable: outcome of AS.

Population: four subgroups of each pathophysiological characteristc in the training set.

NE

95% Cl

0.92-1.33
1.02-1.29
1.10-1.81
0.71-1.66

OR

0.52°
0.61°
0.73*
0.16°

[N

95% Cl

0.33-0.81
0.45-0.80
0.41-1.21
0.03-0.64

ap 5 0.05:°P < 0.05;°P < 0.001; 9TGs >2.3 mmol/L; *CHOL >6.2 mmol/L.

OR

10.42°
5.02¢
3472
169°

Mo

95% CI

2.33-65.65
2.01-13.44
0.86-12.79
0.16-0.30

OR

1.00*
1.00*
1.00*
1.00*

PLT

95% CI

1.00-1.00
1.00-1.00
1.00-1.01
1.00-1.01

OR

1.54°
1.48°
1.93°
1840

NLR

95% CI

1.23-1.97
1.26-1.74
1.34-2.88
1.11-3.29

OR

1.01°
1.01°
1.01°
102

PLR

95% ClI

1.00-1.02
1.00-1.01
1.00-1.02
1.01-1.04

MLR

OR 95% ClI

260.63° 26.58-3311.14
94.20° 22.57-434.69
54.26° 4.25-1,188.40

3211.41°  6.50-9685020.36
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Ly®

NE®
MoP
PLT®
NLR®
MLRY
PLR®
Model 1°
Model 2°
Lye

NE®

MO®
PLT®
NLR®
MLR®
PLR®
Model 3°
Model 4°
Lyd

NE¢
Mo*
PLTY
NLR?
MLRY
PLRY
Model 5¢
Model 6¢

AUC (95% CI)

062 (0.59-0.66)
0.59 (0.55-0.63)
062 (0.58-0.66)
058 (0.54-0.62)
066 (0.62-0.70)
0.70 (0.66-0.74)
054 (0.50-0.59)
0.87 (0.85-0.90)
087 (0.84-0.89)
0.65 (0.61-0.70)
057 (0.52-0.62)
0.61 (0.56-0.65)
0.58 (0.53-0.69)
067 (0.63-0.71)
0.72 (0.67-0.76)
0.58 (0.53-0.63)
0.87 (0.84-0.90)
087 (0.84-0.90)
054 (0.46-0.62)
063 (0.56-0.71)
064 (0.56-0.72)
0.53 (0.45-0.61)
063 (0.56-0.71)
0.67 (0.59-0.74)
051 (0.42-0.59)
0.87 (0.83-0.92)
0.87 (0.82-0.92)

Specificity

0.83
0.60
0.49
0.74
0.50
0.52
0.78
0.83
0.83
0.85
0.69
0.39
0.80
0.50
0.73
0.83
0.84
0.79
0.58
0.65
0.68
0.78
0.60
0.69
0.72
0.81
0.81

Training set
Sensitivity

0.38
057
0.71
0.44
0.74
0.78
0.33
0.79
0.78
0.41
0.45
077
0.39
0.77
0.60
0.36
0.77
0.81
053
0.59
0.58
031
0.63
0.64
0.34
0.86
0.84

Cutoff

1.39
337
0.34
177.50
1.68
0.19
141.87
0.25
0.26
1.39
3.79
033
166.50
1.68
0.24
141.31
0.27
0.22
1.70
3.28
0.37
180.00
1.79
0.20
102.73
0.20
0.22

Youden index

021
017
0.20
0.18
024
0.30
o1
0.62
0.61
0.26
0.14
0.16
0.19
027
0.33
on
0.61
0.60
oM
024
0.26
0.09
023
033
0.06
0.67
0.65

AUC (95% CI)

0.61(0.57-0.66)
0.54 (0.49-0.59)
0.56 (0.51-0.60)
059 (0.54-0.64)
0.63 (0.58-0.67)
0.63 (0.58-0.68)
054 (0.49-0.58)
083 (0.79-0.86)
082 (0.79-0.86)
0.63 (0.58-0.69)
051 (0.45-057)
0.52 (0.47-0.58)
0.64 (0.58-0.69)
0.63 (0.57-0.68)
0.63 (0.57-0.68)
053 (0.47-0.59)
084 (0.80-0.88)
084 (0.80-0.88)
0.57 (0.48-0.65)
059 (0.51-0.68)
0.63 (0.54-0.71)
050 (0.42-0.59)
0.63(0.54-0.71)
0.64 (0.56-0.72)
0.55 (0.47-0.64)
080 (0.74-0.87)
080 (0.73-0.87)

Recognition abilty for arterial stffness of inflammatory indicators and multiple regression models was assessed by ROC curves analysis.
@The multivariate linear regression models identilying influencing factors that predict CAVI in training set with backward selection method (in Table 3).

bIn all participants.

In men.

9in women.

Specificity

0.74
038
0.54
0.74
051
0.44
0.83
0.72
0.68
0.74
0.95
0.41
0.73
0.60
0.78
0.85
0.72
0.73
0.66
0.62
0.75
027
0.59
059
0.62
0.78
0.72

Validation set
Sensitivity

0.48
0.70
057
0.42
073
075
0.26
081
0.84
054
0.10
0.67
051
0.61
0.42
0.27
0.84
0.85
051
054
0.46
0.83
0.72
0.68
051
0.70
0.77

Cutoff

1.49
2.80
037
178.50
1.74
0.18
160.18
024
022
1.50
5.74
035
178.50
1.99
0.28
159.06
023
024
161
3.10
0.38
252.50
1.73
0.18
136.34
0.30
0.26

Youden index

0.22
0.08
0.1
0.16
0.24
0.19
0.09
053
0.52
0.28
0.05
0.08
0.24
0.21
0.20
0.12
0.56
0.58
017
0.16
0.21
o.10
0.31
027
0.13
0.48
0.49

ROC, receiver operating characteristics; AUC, areas under the ROC curve; BMI, body mass index; LY, lymphocyte; NE, neutrophi; MO, monocyte; PLT, platelet; NLR, neutrophil-lymphocyte ratio; MLR, monocyte-lymphocyte ratio;
PLR, platelet-lymphocyte ratio; UA, uric acid; FBG, fasting blood glucose; HTN, hypertension; DM, diabetes.
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Al Non-AS AS P°

Individually pair matched case-control set®

n 348 232 116
Age 62.71(14.09) 61.51(1087) 65.12(13.43) 0,007
Age group n (%)° 1
Young 30(86) 2086) 10(86)

Middle-aged 138 (39.7) 92(39.7) 46(39.7)

Elderly 180 (51.7) 120 (51.7) 60(51.7)

Sex, men, n (%) 276 (79.9) 184 (79.3) 92(79.3) 1
BMI (kg/m?) 2483 (3.25) 24.89 (3.20) 24.72 3.37) 0,637
BMI group, n (%)¢ 1
Low weight 3(0.9) 2(0.9) 109

Normal 144 (41.4) 96 (41.4) 48 (41.4)

Obesity 51(14.7) 34(14.7) 17 (14.7)

Over weight 150 (43.1) 100 (43.1) 50 (43.1)

Hyperlipidemia, n (%)° 72(207) 48(20.7) 2420.7) 1
CAVI (1) 855 (1.48) 7.79 0.90) 10.06 (1.28) <0001
Smoke, yes, n (%) 134 (37.9) 83(37.9) 46(39.7) 0846
Alcohol, yes, n (%) 115 (35.9) 82(353) 33(28.4) 0243
LY (@71 1.69 [1.36, 2.06) 165 [1.40, 2.06) 1.71[1.80, 2.10) 0883
NE (G7L) 3.20 [2.57, 4.05) 304 251,8.76] 365 267, 4.70) 0001
MO (G/L) 0.38(0.29, 0.50) 037 [0.27,0.46) 0.42 0,33, 0.57) <0001
PLT (@) 197.00 (16275, 231.00] 191.00[161.00, 226.25) 204.50 [166.00, 234.00] 0,057
NLR 1.84 143, 2.57) 1.77[1.39,2.37) 1.95 [1.62,2.91) 0,004
MLR 022 (0.17,0.30) 0.21(0.16,0.27) 025 [0.19,0.33) <0.001
PLR 11592 [91.61, 139.79] 11531 [91.12, 136.73] 12025 [99.63, 149.22) 0.167
UA (umolL) 361.20 [310.175, 425.200) 357.85 (308,08, 425.20] 368.30 (820,48, 425.68) 0342
FBG (1mol/L) 5.03[4.62,5.78) 5.00 [4.61,5.60] 5.16[4.65,6.12) 0.133
TGs (mmol/L) 1.33 096, 1.95] 1.34 (098, 1.96] 1.24 (1.02, 1.94) 0.839
CHOL (mmolrL) 4.08[3.40, 4.83) 4.08(3.38, 4.91) 4.06[3.49, 4.79) 0843
LDL-C (mmol/t) 2.40 [1.87, 3.06) 2.38 (1,87, 3.08) 2.41[1.92,3.06) 0841
HTN, yes, n (%) 234 (67.2) 156 (67.2) 78(67.2) 1
DM, yes, n (%) 69(19.8) 46(19.8) 23(19.8) 1

Values are represented as mean (SD), medians [interquartie range (IQRJ}, or  (%).
4The data set derived from the training set with matching according to the ratio of the cases (AS) and controls (non-AS) es 1:2. The matching elements inciude sex, the age group, the
BMi group, hyperiipidernia, HTN, and DM.

bBetween the groups, the t test and Mann-Whitney U test were used to continuity data with and without normal distribution, respectively; the x? test was used for categorical data.
*The age group, el treining samples are dividedinto three equal parts according to age: young (age <51 years), midde-aged (51 < age < 62 years) and elderly (age =62 years).
9The BMI group, all training samples are divided into low weight (BMI < 18.5 kg/m?), the normal (18.5 kg/m? < BMI < 23.9 kg/m?), overweight (23.9 kg/m? < BMI < 27.9 kg/m?), and
obesity (BMI > 27.9 kg/m?).

®Hyperlipidemia (20) (TGs > 2.3 mmol/L or CHOL > 6.2 mmol/L or LDL-C > 4.1 mmol/L) and the normal (TGs < 2.3 mmol/L and CHOL < 6.2 mmol/L and LDL-C < 4.1 mmol/L).
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Regression coefficients

Lye -0332
NE® 0.102
MO® 1.248
PLT® ~0.002
NLR® 0311
MLR® 3521
PLR? 0.003
Lye ~0.487
NE® 0.100
MO® 1.150
pLT® -0.003
NLR® 0.138
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CAV, cardio-ankle vascular index; LY, lymphocyte; NE, neutrophil; MO, monocyte;
NLR, neutrophil-lymphocyte ratio; MLR, monocyte-lymphocyte ratio; PLR, platelet-
lymphocyte ratio.
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Multivariate linear regression analysis with backward regression method was performed to determine the independent predictors of CAVI,

Mode! 1: In all participants; inital inclusion indlcators include age, sex, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, CHOL, LY, NE, MO, and PLT; F°adj = 0.421, AIC = 235.28.

Model 2: In all participants; inital inclusion indlicators include age, sex, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, CHOL, NLR, MLR, and PLR; R%adj = 0.416, AIC = 243.20.

Mode! 3: In men; inital inclusion indicators include age, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, CHOL, LY, NE, MO, and PLT; Readj = 0.433, AIC = 174.00.

Model 4: In men; initial inclusion indlcators include age, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, CHOL, NLR, MLR, and PLR; R2ad = 0.432, AIC = 174.35.

Model 5: In women; iniial inclusion indicators incluce age, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, CHOL, LY, NE, MO, and PLT; Réadj = 0.391, AIC = 52.68.

Model 6: In women; initial inclusion indicators includee age, BMI, HTN, DM, alcohol, smoke, LDL-C, UA, TGs, FBG, GHOL, NLR, MLR, and PLR; Feadj = 0.383, AIC = 56.11.

CAVI, cardlio-ankle vascular index; BMI, bodly mass index; HTN, hypertension; DM, diabetes; LY, lymphocyte; NE, neutrophi; MO, monocyte; MLR, monocyte-lymphocyte ratio; FBG, fasting blood glucose; UA, uric acid; FPadj, adjusted
RR: AIC, Akaike information criterion.
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OR, odds ratio; Cl, confidence interval; BMI, body mass index; HTN, hypertension; DM, diabetes; LDL-C, low-density lipoprotein; UA, uric acid; TGs, triglycerides; FBG, fasting
blood glucose; CHOL, cholesterol; LY, lymphocyte; NE, neutrophi; MO, monocyte; PLT, platelet; NLR, neutrophil-lymphocyte ratio; MLR, monocyte-lymphocyte ratio; PLR,

platelet-lymphocyte ratio.
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*Botween the groups, the t test and Mann-Whitney U test were used to continuity data with and without nommal distribution, respectively; the 2 test was used for categorical date.
©The differences of inflammatory indicators between AS and non-AS by analysis of covariance (ANCOVA), and covariates include age, sex, TGs, BMI, CHOL, DM, and HTN.

AS, arterial sifiness; non-AS, non-arterial stifiness; GAVI, cardio-ankle vascular index; BM, body mass index; LY, lymphocyte; NE, neutrophi; MO, monocyte; PLT, platelet; NLR, neutrophi-lymphocyte ratio; MLR, monocyte-ymphocyte
ratio; PLR, platelet-lymphocyte ratio; UA, uric acid; FBG, fasting blood glucose; TGs, triglycerides; CHOL, cholesterol: LDL-C, low-density lipoprotein; HTN, hypertension; DM, diabetes.
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