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Abstract

:

Chronic obstructive pulmonary disease (COPD) is a respiratory and systemic disease affecting more than 300 million people globally every year, and it also becomes a substantial economic burden. COPD is commonly comorbid with various underlying diseases such as cancer, cardiovascular diseases, cerebrovascular diseases, diabetes mellitus, osteoporosis, etc. It has been shown that statins can improve a significant decline in pulmonary function among COPD patients due to their pleiomorphic effect. Some systematic reviews also reported that statins reduced the risk of COPD-related events such as cancer and cardiovascular events, eventually resulting in more favorable outcomes than for non-statin user COPD patients. However, the physiological mechanism is still elucidated. Recently, it has been reported that statins influence the gut microbial composition with increased relative abundance of Akkermansia muciniphila and Faecalibacterium prausnitzii and act with pleiomorphic effects such as anti-inflammatory and anti-cancer effects through modulating gut dysbiosis. We described this review to focus on whether statins can be a useful preventive option for COPD.
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1. Introduction


“Chronic obstructive pulmonary disease (COPD) is a life-threatening lung disease that causes an economic and health burden worldwide” [1], and there are approximately 300 million cases reported globally, with 3.2 million COPD-related deaths, which is ranked as the third leading cause of death in 2017 [2]. In addition, in the USA, COPD-related medical costs increased from 32.1 billion US dollars in 2010 to 49.0 billion US dollars in 2020 in direct healthcare costs, which became a substantial economic burden [3].



COPD is a progressive and systemic disease characterized by dyspnea, persistent cough, sputum, and weight loss due to airflow limitation and various systemic manifestations such as nutritional, musculoskeletal, and cardiovascular impairments, mood disorders, and malignancy [4,5,6]. It has been shown that COPD patients have various comorbid diseases, and comorbidities cause poor outcomes in COPD patients [4,5,6]. Thus, physicians need to care for the comorbidities as well. Hyperlipidemia is one of the most common comorbidities in COPD patients [4]. Statin is commonly used to reduce the risk of a cardiovascular event [7,8,9]. As COPD patients progress to lung function impairment yearly, the prognosis worsens [10]. Previous studies have shown that statin use can significantly improve lung function after introducing a bronchodilator [11,12]. Several pleiotropic effects of statins can contribute to favorable outcomes in cardiovascular diseases, various cancer patients as well as COPD patients. The pathogenesis of chronic respiratory disorders correlates with lung and gut microbiome, and dysbiosis can affect disease progression in COPD patients. Recently, statins have been reported to have an effect modulating the gut microbiome to keep homeostasis, which is one of its pleiotropic effects, such as anti-inflammatory, antioxidant, and antitumor effects. This review focuses on the modulating microbiome composition caused by statin intake and the possibility of a new therapeutic strategy for COPD.



1.1. Alternation of Lung and Gut Microbiome Gut Correlate with Lung Diseases


Lungs were considered to be sterile organs. Recent studies have documented that alternations of lung and gut microbiomes were associated with the development and progression of chronic lung diseases [1,13,14]. Patients with bronchial asthma have different respiratory microbiomes compared to healthy people [1]. Moreover, various types of asthma can show different altered microbiomes in the lungs and gut [15,16,17]. We also reported that steroid-resistant asthma differed extremely from naïve control using a cockroach allergen asthma mouse model [18]. Lung and gut microbiomes among patients with advanced lung cancer are significantly different from early-stage lung cancer [19]. Furthermore, patients with non-small cell lung cancer, which is the most common cancer type of lung cancer, showed different microbiomes from those with small-cell lung cancer [20]. Some taxa are considered to correlate with disease progression. “Streptococcus was significantly lower in metastatic adenocarcinoma than that in non-metastatic adenocarcinoma, and Veillonella and Rothia were higher in metastatic SCC compared to non-metastatic SCC using bronchial washing fluid samples” [1,21]. Concerning COPD, its development and progression are affected by altered microbiome in the lung and gut. Details are to be described in the later session.




1.2. Comorbidities Accelerate the Severity of COPD


It is well-known that COPD patients commonly have several comorbidities, which can impact outcomes such as reduced quality of life (QOL) and physical activity, increased frequency of hospital admissions, and worse therapeutic response [22,23,24,25]. A systematic review reported that there are 13 of the most common comorbidities, such as hypertension, coronary artery disease, diabetes, osteoarthritis, psychiatric conditions, asthma, gastroesophageal reflux (GERD), chronic heart failure, chronic kidney disease, arrhythmia, osteoporosis, obesity, and atrial fibrillation. Among the 13 comorbidities, coronary artery diseases, DM, psychiatric disorders, chronic heart failure, atrial fibrillation, and other arrhythmias are associated with increased mortality among COPD patients [22]. Benson et al. demonstrated that GERD correlates with increased acute exacerbation and hospitalization [26]. Sleep quality and psychiatric symptoms such as depression and anxiety were associated with physical activity in severe-grade COPD patients [27]. Asthma is also one of the most prevalent respiratory diseases, which overlaps with COPD. Also, asthma can cause more severe respiratory conditions and acute exacerbation of COPD, resulting in impaired lung function and lower QOL. Therefore, it is crucial to recognize the co-existence of asthma and consider using an inhaled corticosteroid in COPD with asthma patients [28,29].




1.3. COPD Pathogenesis and Microbiome


The lung has been considered a sterile organ for a long time [1,30]. However, increasing evidence suggests that a microbiome exists in the lung, and the lung microbiome plays an essential role in the pathogenesis of COPD [1,13,30,31]. Previous studies documented that the respiratory microbiome detected by Bronchoalveolar lavage fluid (BALF) and sputum in COPD patients were quite different from that of healthy control, with an increased relative abundance of Moraxella, Streptococcus, Proteobacteria, Veillonella, Eubacterium, and Prevotella spp. [32,33]. Conversely, Sze et al. compared GOLD stage 4 COPD patients with a control group using explanted lung tissue and reported an increase in Proteobacteria phylum organisms and a decrease in Firmicutes, Bacteroidetes phylum, Streptococcus, Haemophilus infuenzae, and Prevotella spp. have also been documented [34]. This discrepancy can happen due to the different methods of analyzing the microbiome [35,36]. In terms of an event of acute exacerbation, the fecal microbiome has also been shown to display a lower relative abundance of Firmicutes and Actinobacteria, with an associated increase in Bacteroidetes and Proteobacteria [37,38]. These results suggest that the gut–lung axis can influence disease progression in COPD patients, and modulating the lung and gut microbiome can be targeted and potentially become a proper preventive strategy for COPD.




1.4. A Link with Respiratory Syncytial Virus Infection and COPD


Respiratory syncytial virus (RSV) is a single-stranded negative-sense RNA virus that belongs to the Paramyxoviridae family, predominantly recognized as a pediatric pathogen causing acute respiratory failure and persistent wheezing, resulting in bronchial asthma in children [39,40]. Numerous studies reported that lower tract infection due to RSV was associated with impairment of lung function and the development of bronchial asthma. “Susceptibility to persistent RSV infection could involve both host and viral factors. Cigarette smoking and COPD are likely to result in impaired antiviral immunity, and RSV is capable of evading immune responses by inducing skewed type 2 T-helper cell responses, antagonizing antiviral cytokines, mimicking chemokines, inhibiting apoptosis, and entering immune-privileged cells such as pulmonary neurons” [41]. It can also escape an established immune response through antigenic drift. It has been estimated that children with a history of LRTI due to RSV infection have a 2- to 12-fold higher risk of developing asthma. The correlation between RSV infection and impairment and decline of function remains throughout adolescence and early adulthood, suggesting a possible role for RSV even in the inception of chronic obstructive pulmonary disease. Lukacs et al. performed a study by using an early-life mouth model and demonstrated that long-term effects due to a secondary RSV infection 3 months following initial early-life RSV infection led to significant lung dysfunction [42]. They previously reported that the altered PFT and structural changes induced by early-life RSV were alleviated in TSLPR-/- mice. Despite these, the mechanisms by which RSV contributes to the onset of wheezing/asthma and lung function impairment are not fully understood but appear to relate to injury caused directly by the virus and/or to pre-existing predisposing factors. A possible explanation of the mechanism that RSV can cause the development of bronchial asthma and COPD is that RSV alters lung and gut microbiomes. Some documented that 16S rRNA gene sequencing analysis showed an increase in the relative abundance of Haemophilus, Streptococcus, and Moraxella in the lung following RSV infection [43]. Interestingly, these taxonomic changes in the lung microbiome are similar to those of patients with asthma [17,44,45]. These alternations in the lung and gut microbiomes can cause altered metabolomics, leading to focal lung impairment and systemic inflammations.




1.5. Acute Excarbation Event and RSV Infections


Acute exacerbation event is a critical event showing a high mortality rate in COPD patients. RSV has been known as an important pathogen which induces acute respiratory failure. Recent studies documented that RSV could impact respiratory conditions in adults with comorbidity, including cancer, heart disease, and chronic respiratory disease. A previous study performed in the United States between 1999 and 2003 showed that 3–7% of healthy older adults, 4–10% of high-risk patients, and 8–13% of hospitalized patients had RSV infections [3]. A prospective observational cohort in the EU reported that RSV had been found in 2 to 5% of community-acquired pneumonia in adults [9]. We also previously performed a prospective cohort to examine the exact frequency of acute exacerbation of COPD and to detect a causative pathogen by multiplex polymerase chain reaction (PCR) using sputum in Japan. The results showed that 20% of the patients who were admitted to our institute had RSV, which was the second most frequent virus isolated, followed by influenza virus and adenovirus [46]. While demanding a deeper understanding and clearing the pathophysiological mechanism between RSV infections and the development of chronic respiratory diseases, the essential role of physicians is to establish a preventive strategy against RSV infections to prevent children and young adults from developing worsened respiratory conditions in the future.



A Vaccine against RSV in adults was approved first in the USA in 2022 [47]. The randomized control trial (RCT) demonstrated the efficacy and safety of the RSV vaccine for elderly patients with comorbidities. While the study showed a high prevention rate for RSV-associated infections, most participants were healthy without any comorbidities, or the comorbidities were well controlled. In addition, there was the RCT showing the efficacy and safety of the vaccine for pregnant women and infants, although most of the participants were healthy people without unstable comorbidity [22]. A meta-analysis of RCTs for RSV maternal vaccine showed lower significant differences in the incidence of LRTI [risk ratio (RR): 0.64; 95% confidence interval (CI): 0.43, 0.96; p = 0.03)] and severe LRTI (RR: 0.37; 95% CI: 0.18, 0.79; p = 0.01) between the vaccine group and the placebo group for newborns and infants. These differences were observed at 90, 120, and 150 days after birth, respectively (p = 0.003, p = 0.05, p = 0.02, p = 0.03, p = 0.009, p = 0.05). At 180 days after birth, there was a significant difference observed in the incidence of LRTI between the two groups (RR: 0.43; 95% CI: 0.21, 0.90; p = 0.02). The analysis concluded that the RSV maternal vaccine is effective and safe for preventing LRTI in postpartum infants [48]. These results suggest that the RSV vaccine would be a useful preventive method for RSV infections in children in early life, resulting in a reduction of bronchial asthma COPD occurrence. INSPIRE trial, which is a large, population-based birth cohort of healthy infants with non-low birthweight born during 2012 and 2013 in Tennessee, USA, revealed that the estimated proportion of 5-year current asthma cases that could be prevented by avoiding RSV infection during infancy was 15% (95% CI 22–26.8) [49]. Despite a huge demand for a new drug to treat effectively and safely against RSV infections, Palivizumab, a monoclonal antibody, has been currently approved [50]. Another monoclonal antibody with a long half-life, Nirsevimab, will soon be approved for clinical use [51]. However, the long-term efficacy of these drugs to prevent the development of chronic respiratory diseases in the future is not clear. Prevention against RSV infection would be an essential strategy for adult patients with COPD to avoid events of acute exacerbation and to reduce the development of bronchial asthma and COPD in children.




1.6. Statin Can Improve COPD Outcomes


“Statins are competitive inhibitors of 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA) reductases, which catalyze the rate-limiting step in cholesterol biosynthesis” [52]. They are also one of the most prescribed drugs worldwide, with a high volume of solid evidence of having a significant reduction in morbidity and mortality associated with cardiovascular diseases. Statins have shown anti-inflammatory, antithrombotic, antitumor, and antioxidant effects [53]. Due to these pleiotropic effects, statin use leads to a favorable outcome in several diseases such as cancers, COPD, etc. A systematic review showed that statins reduce the risk of mortality and hospitalization and some cytokine levels, such as C-reactive protein (CRP) and interleukin (IL)-6 among COPD patients [54]. A recent case–control study published in Korea reported that statin use decreased the risk of acute exacerbation in COPD patients [55]. Additionally, a meta-analysis of randomized control trials showed statins improved exercise tolerance and lung function among COPD patients with hyperlipidemia [56]. As illustrated below, our study also reproduced the result of the meta-analysis.




1.7. Do Statins Affect the Gut Microbiome?


Some statins influence the bacterial gut microbiome in both human and murine studies [57,58,59,60]. Sun and Liu documented that individuals with statins showed a higher relative abundance of Firmicutes by phylum level and an increased proportion of Lactobacillus and Bifidobacterium genera. In addition, both studies found that a better response to statin treatment correlated with diversity in the gut microbiome [57,58]. As for the mechanism of how statins affect the gut microbiome, Khan reported that atorvastatin-treated hypercholesterolemic patients showed a higher relative abundance of anti-inflammatory gut microbial profile with increased proportions of Faecalibacterium prausnitzii and Akkermansia muciniphila, a lower relative abundance of proinflammatory species, Desulfovibrio sp. than the untreated hypercholesterolemic patients did [59]. Schneeberger et al. performed a murine study and reported that “levels of Akkermansia muciniphila were strongly and positively correlated with the levels of almost all the parameters involved in fatty acid oxidation and fat browning. Conversely, the levels of Akkermansia muciniphila were inversely associated with inflammatory markers, lipid synthesis, and several plasma markers of insulin resistance, cardiovascular risk and adiposity” [61]. Concomitantly, F. prausnitzii is a butyrogenic bacteria that has the potential to decrease TNF-α and IL-12 and increase IL-10, acting as anti-inflammatory effects [62].




1.8. Oral Microbiome and COPD Pathogenesis


“The balance of oral bacterial composition can keep the oral ecosystem healthy. The resident bacteria in a healthy mouth are divided into six broad phyla. Firmicutes, Proteobacteria, Fusobacteria, Actinobacteria, Bacteroidetes, and Spirochaetes constitute 96% of total bacteria. They maintain a dynamic balance to maintain oral health” [63]. However, the imbalance of the oral ecosystem can cause the development of oral diseases as well as cardiovascular disease, pancreatic cancer, rheumatic arthritis, and pulmonary diseases [64,65,66]. The alternation of the oral microbiome affects the pathogenesis of COPD.



A possible mechanism by which the oral microbiome affects COPD is the entry of oral pathogenic bacteria into the airways to induce lung injury. Porphyromonas gingivalis, a Gram-negative, anaerobic, rod-shaped bacterium, is an important causative pathogen of periodontitis. P. gingivalis can alter the oral microbiome [67]. Watanabe et al. reported that P. gingivalis is a potent inflammatory stimulant for human bronchial and pharyngeal epithelial cells and can stimulate TLR2-mediated cytokine production [15 Watanabe]. “P. gingivalis causes lung injury by activating toll-like receptor-2 (TLR2) in respiratory epithelial cells, promoting the secretion of inflammatory factors such as TNF-α, IL-6, and IL-17 and causing a large number of neutrophils to accumulate in the lungs” [66]. Besides, P. gingivalis can collaborate with the influenza virus to accelerate lung injury, and the co-infection of P. gingivalis with influenza virus H1N1 in the lung epithelial cells can activate the Bcl-2/Bax/caspase-3 pathway to increase the level of apoptosis, promoting lung epithelial injury [68]. P. gingivalis also accelerates the invasive ability of Pseudomonas aeruginosa and regulates the apoptotic mechanism of P. aeruginosa by activating the STAT3 signaling pathway. Compared with simple infection with P. aeruginosa, co-infection of P. gingivalis with P. aeruginosa resulted in more cell death, leading to AE-COPD [67,69]. Fusobacterium nucleatum, an anaerobic bacillus, is an essential causative pathogen of periodontitis. It has been reported that F. nucleatum can induce proinflammatory cytokines IL-6 and IL-8 in bronchial and pharyngeal respiratory epithelial cells in vitro and in vivo, leading to AE-COPD. Co-existence with F. nucleatum and P. aeruginosa can aggregate the severity of AE-COPD. Li et al. documented that F. nucleatum co-existed with P. aeruginosa in the respiratory tract, and the number of F. nucleatum was negatively correlated with the lung function of AE-COPD patients in human cell lines. In addition, F. nucleatum interacts with P. aeruginosa to induce the formation of P. aeruginosa biofilm to antibiotic tolerance in vitro via Fusobacterium adhesin A [70].



Some have already documented that oral dysbiosis is associated with the prevalence of COPD [71,72,73]. A previous meta-analysis reported that periodontal disease was an independent risk factor for COPD [71]. Takeuchi et al. conducted a 5-year prospective follow-up study in Japan and concluded that the severity of periodontitis positively correlated with the risk of COPD [72]. A case–control study of COPD and periodontitis in China displayed a strong correlation between periodontitis and COPD. Participants with more severe COPD were more likely to have severe periodontal disease. Also, they concluded that the plaque index can be a major periodontal factor for predicting COPD among Chinese adults [74]. Although accumulated evidence shows the correlation between periodontitis and the development of COPD, there is a debate about whether both periodontitis and COPD contribute mutually or whether periodontitis promotes COPD unilaterally [66]. Some studies indicated that certain oral microorganisms were associated with a decline in lung function. A large prospective cohort study performed in Germany found that periodontal diseases were significantly correlated with reduced lung volumes and airflow limitation in the general adult population [75]. Tan et al. reported that the increase of specific microorganisms such as P. gingivalis, Klebsiella pneumonia, P. aeruginosa, and Streptococcus pneumonia was found in COPD patients than in control patients. Additionally, a significant negative association was noted between the relative content of P. gingivalis and FEV1% in participants with COPD. Yang et al. conducted a multicenter cohort study among HIV patients with lung diseases. The results showed that oral dysbiosis in HIV patients with lung diseases was related to impaired pulmonary function and systemic inflammation [76]. Beck et al. conducted a comparative study to examine the oral and lung microbiome in patients HIV-uninfected, those HIV-infected without antiviral therapy, and those HIV-infected who received antiviral therapy. “Microbial populations differed in the oral washes among the subject groups (Streptococcus, Actinomyces, Rothia, and Atopobium), but there were no individual taxa that differed among the BALs” [77]. Interestingly, CD4 cells did not affect the oral or lung microbial composition microbiome. These concluded that the oral microbiome might be a biomarker of lung function among HIV patients with lung diseases [76,77].



Oral dysbiosis influences the occurrence of acute exacerbation of COPD (AE-COPD) [78,79]. A large longitudinal cohort study performed in Taiwan showed a positive correlation between the risk of periodontitis and the times of COPD exacerbations [80]. Another case–control study displayed that median antibody levels for H1N1 and Prevotella intermedia in patients with AE-COPD were higher than in the control group [81]. Baldeoro et al. researched the relationship between AE-COPD occurrence and dental health. The results displayed that “oral health status was not related to COPD exacerbations but was associated with self-reported respiratory health. Non-exacerbators were more likely to be edentate or have ≤4 teeth compared to exacerbators” [82]. “Extensive plaque biofilm attached to the affected teeth can be aspirated into the lungs, leading to AE-COPD, forming a vicious cycle” [66]. Brushing reduces the accumulation of plaque, removing oral pathogens, decreasing the incidence of periodontitis, and restoring the balance of the oral microbiome. In addition, it is beneficial in reducing the frequency of AE-COPD [82]. Good periodontal health can contribute to a reduction of the decline of lung function, resulting in acute exacerbation of COPD and frequent hospitalization. Therefore, frequent brushing with dental floss can be a preventive method for AE-COPD. Another possible mechanism for aggravating the severity of COPD is gut–oral axis. It has been well-known that the gut microbiome mutually correlates with the oral microbiome. In addition, oral dysbiosis can exaggerate the severity of COPD via the gut–oral axis and the gut–lung axis [1,83,84]. Oral care can be one of the proper preventive methods for accelerating the pathogenesis of COPD.





2. Perspective


COPD is not only a respiratory but a systemic inflammatory disease with various manifestations. COPD causes systemic inflammation, leading to multiple comorbidities. Strong evidence suggests that systemic inflammation can increase the risk of developing cardiovascular disease, malignancy, diabetes mellitus, osteoporosis, etc., resulting in poor outcomes, while the pathophysiological mechanism is still unclear. It has been shown that statins have a potent anti-inflammatory, antithrombotic, and antitumor effect and improve clinical outcomes in breast cancer, liver cirrhosis, COVID-19, cardiovascular disease, etc. [85,86,87,88,89]. We hypothesize that the anti-inflammatory effect of statins can contribute to decreasing the risk of COPD development and the occurrence of various events, resulting in a favorable outcome compared to those not taking statins.



There is a sufficient volume of evidence regarding microbiome studies that have suggested that the alternation of the gut microbiome (gut dysbiosis) involves various disease progression and pathogenesis [1,14,30]. The progression and pathogenesis of COPD are linked to the altered respiratory microbiome, which correlates with gut dysbiosis (Figure 1).



It has been reported that some species with anti-inflammatory effects, such as Faecalibacterium prausnitzii and Akkermansia muciniphila, were decreased in chronic respiratory diseases and cancer patients [60]. A meta-analysis showed that Acinetobacter baumannii and P. aeruginosa were more prevalent in patients with COPD and asthma than healthy control [90]. A. baumannii can induce the production of proinflammatory cytokines, such as TNF-α, type I IFN, and IL-1β, which mediates lung immune response and lead to cell death [91,92,93]. “P. aeruginosa is the leading cause of a decline in lung infections” [90]. It also attaches to different solid surfaces and forms biofilms to enable bacteria to resist the host’s innate immune system and antibiotic treatment [94] and can induce acute host inflammatory response [90], leading to a significant decline in lung function. As statin intakes result in the increased relative abundance of F. prausnitzii and A. muciniphila in humans [60], it is reasonable that statins help to increase anti-inflammatory bacteria, leading to favorable outcomes.



In conclusion, statins can be a helpful option as a preventive treatment, even though there are several limitations regarding the studies evaluating statins’ efficacy for COPD. Simultaneously, modulating the altered respiratory and gut microbiome can be one of the helpful treatment options, which should be examined in further studies.
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Figure 1. Correlation between the gut–lung axis and microbiomes in COPD. Figure 1 shows the comparison of microbial composition between healthy control (HC) and COPD patients. COPD patients show different microbial compositions in the airway microbiome than those of HCs. 
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