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Abstract

:

The Western lifestyle is a complex concept that includes the diet as the main axis of different factors which contribute to a detrimental effect on health, lower life expectancy and low quality-of-life. This type of diet is characterized by being high in calories, mainly provided by saturated fats, and rich in sugars that can lead to changes in immune cells and their responsiveness, by different mechanisms that have yet to be totally clarified. Inflammatory processes are perpetuated through different pathways, in which adipose tissue is a major factor. High fat stores in overweight and obesity accumulate energy but the endocrine function is also producing and releasing different bioactive compounds, adipokines, known to be pro-inflammatory and which play an important role in the pathogenesis of asthma. This review therefore explores the latest evidence regarding the adverse effect of the Western diet on adipose tissue inflammation and its causative effect on the asthma epidemic.
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1. Introduction


Inflammatory diseases are increasing worldwide to epidemic proportions and are considered lifestyle-associated diseases, similar to obesity [1]. These pathologies have a multifactorial cause in which diet is a well-known environmental factor involved in obesity, whilst in the etiology of other inflammatory diseases, diet is gaining increasing attention as a risk factor. With regard to this, the Western diet is characterized, broadly speaking, by a high content of saturated fats and simple sugars and a low content of plant-origin foods, and is associated with an increased risk of inflammatory diseases, including asthma.



This kind of diet usually includes foods rich in calories and their regular consumption can lead to overweight and obesity, which basically consists of an excess of body-fat stores. This adipose tissue seems to be an important factor in systemic inflammation, including airway inflammation (asthma), and especially in the case of obesity, which is characterized by excessive accumulation of fat [2]. From this perspective, this review examines the evidence for the association between asthma and nutrition, and specifically addresses the effect of Western diets on the inflammatory processes, reviewing the causative relationships with the adipose tissue.




2. Diet and the Parallel Epidemics of Obesity and Asthma


There is a growing body of evidence on the association between asthma and nutrition. Although the exact mechanisms of this association are far from clear, the epidemiological data suggest that this is indeed the case.



From the most elemental point of view, there has been a parallel increase between the asthma and the obesity epidemics [3], with the latter being closely related to changes in nutrition [4]. According to the epidemiological data on asthma tracking back to the 1960s and 1970s [5,6,7], in the Nordic and English-speaking countries, there has been an increase in asthma prevalence in all age groups. That same trend has been found in Mediterranean countries [8]. Those regional reports were later supported, albeit partially, by the findings from the International Study of Asthma and Allergies in Childhood (ISAAC), which compared prevalence data from its Phases One (carried out between 1994 and 1995) and Three (performed between 2002 and 2003) [9]. There was, however, a different note here as the authors suggested that the prevalence had increased among both schoolchildren as well as adolescents in those countries where the asthma prevalence had previously been lower, while it was stable or even reduced in countries with a formerly higher prevalence.



The obesity epidemic, which relates to nutrition and sedentarism, tracks back to similar years to that of asthma and shows a parallel increasing trend starting at a higher prevalence [3]. This does not necessarily mean that the two epidemics really started at the same time, but the epidemiological data available track back in an interesting parallel way. Curiously, a similar behavior to the asthma epidemic seems to be happening at least in some populations: both in adults and adolescents, the rise in prevalence occurring from the 1970s seems to have slowed down or even halted [10,11].



Taking this phenomenon into consideration, whether nutrition disorders lead to obesity and this to asthma (through altering lung mechanics, for instance), or asthma favors obesity (through sedentarism, for example), or asthma and obesity are effects of common parallel causes (including nutrition) is a matter of certain debate and is probably dependent upon each individual.



There are certain facts that relate obesity to asthma, starting from a common genetic predisposition, as shown by studies in twins. The study by Hallstrand et al., including 1001 monozygotic and 383 dizygotic twin pairs of the same sex, arrived at the conclusion that apart from there being a strong association between asthma and body mass index (BMI), there was also an important heritability for asthma (53%) and obesity (77%) with additive genetic influences in each condition [12]. However, a second study from the Danish Twin Registry [13], including 29,183 twin individuals, found that the heritability of obesity was higher (81% in males and 92% in females) as was that of asthma (78% and 68%, respectively). However, their analyses of age-adjusted genetic liabilities to asthma and obesity were significantly correlated only in females, and this was related to common genes.



Nevertheless, diet has been shown to be independently associated to asthma at the epidemiological level. For instance, in cross-sectional studies, a Mediterranean diet has been shown to be associated to a lower prevalence of asthma, independently of BMI [14,15], whilst frequent fast-food consumption seems to be a risk factor for asthma [16]. Furthermore, the frequent consumption of anti-oxidant foods has been associated to lower asthma prevalence [17,18]. Those dietary profiles (Mediterranean diet versus fast food) also have important implications for obesity. On the other hand, the frequent consumption (three or more times per week versus never or occasionally) of individual foods such as fruit and vegetables have been related to lower BMI and to lower asthma prevalence in adolescents worldwide [16,19].



More interestingly, the influence of certain factors related to both asthma and obesity seem to be important during pregnancy or during the first weeks of life. For instance, adherence to a Mediterranean diet by the mother in pregnancy seems to have implications for both asthma and obesity [20]. Moreover, maternal obesity in pregnancy is associated to both asthma and obesity in the offspring [21,22].



Thus, it is quite probable that nutrition influences obesity and asthma in parallel, independently of the interaction of the two conditions on each other, no matter whether the mechanisms of this interaction are purely mechanic, inflammatory, or others, and this influence occurs more easily in genetically predisposed individuals. The purpose of this review is to summarize the current evidence on the connections between nutrients highly present in the Western diet and asthma, as well as the possible mechanisms involved.



2.1. Role of Micronutrients and Macronutrients


The relationship between environmental factors, such as diet, and asthma risk is very complex and thus not fully understood [23]. The effects of individual nutrients on health have been widely studied in order to better understand the effects of isolated compounds on different diseases. However, nowadays, the study of specific dietary patterns and foods as complex matrices and their effect on health and disease prevention is gaining attention [24]. Regarding this, diets rich in vegetables are clearly related with valuable effects in preventing different diseases, whilst diets rich in calories, and overall when that energy is mainly provided by fat-rich foods, are strongly linked with chronic inflammatory processes, such as asthma, among others [25]. These fat-rich foods, usually consumed as part of the Western-style dietary patterns which are also considered as obesogenic, are often associated to an increased access to highly processed foods that are related with high contents of simple sugars and saturated fats and low contents of minerals and vitamins [26]. It is clear that this change in dietary patterns modifies general diet quality, which is involved in the development of different diseases, mainly those related with inflammation, cardiovascular risk, aging process [27], and also with the increasing burden of asthma [28], mainly through the control of various immune pathways; specifically, with the role of macro- and micro-nutrients on them being clearly different.



This type of pattern (Western diet) also includes reduced intake of micronutrients (vitamins and minerals), dietary fiber, unsaturated fatty acids and a low consumption of a wide variety of bioactive compounds that, in isolation, have been reported as having different interesting beneficial properties [29], and when they are consumed as part of a diet, may act together with more favorable effects on health status and disease management, including asthma [30]. Furthermore, typical Western foods are usually poor in fiber, providing daily amounts below the recommended 30 g, which is correlated with a higher risk of respiratory diseases related with an increase in short chain fatty acids’ (SCFA) production in the colon, which are systemically distributed [31].



Within the dietary foodstuffs included in the Mediterranean diet, fish consumption is highly recommended and implies the intake of fatty acids with a predominance of the w-3 profile that are able to partly inhibit a number of aspects of inflammation [32] and have been proposed as protective metabolites for asthma. However, this effect has been demonstrated when marine oil is abundantly consumed in the diet, provided by one serving of fish per day. This, although it can be obtained through the diet, is not a usual habit. Based on this, including 2–3 portions per week of sardines, mackerel, herring, tuna or salmon in addition to foods rich in different compounds with anti-inflammatory activity, such as those included in the Mediterranean diet, would help to achieve sufficient amounts of bioactive compounds to reduce inflammatory pathways.



The increased distance from this dietary pattern has alarmingly increased overweight and obesity, as well as related diseases, in recent years [33]. In obesity, excessive weight gain leads to adipose tissue remodeling, adipocyte hypertrophy, hypoxia, stress and apoptosis/necrosis, including a prolonged production of inflammatory mediators, with the subsequent release of adipose-derived pro-inflammatory cytokines and free fatty acids into the circulation. This can lead to systemic disturbances in metabolism and tissue health, promoting chronic low-grade inflammation and an increased risk for chronic diseases [34]. With regard to this, it has recently been reported that fat mass loss compared to BMI or weight can further improve different risk profiles and inflammation-related biomarkers and also shows a high capability for predicting the cardiometabolic profile [35]. This highlights the importance of body fat in the inflammatory response and how the accumulation of excessive fat, as in the case of obesity, may interfere with the maintenance of an optimal state of health [2]. Inflammatory mediators are stimulated by macronutrients in the adipose tissues that are mainly incorporated as flux through the diet as carbohydrates and fats that, after absorption, are stored in adipose tissue. It is important to highlight that not only the total amount of calories consumed but also their distribution, mainly across fats and/or carbohydrates, have a different impact on adipose tissue and thus on the incidence/severity of asthma [2,36].



Overconsumption of macronutrients in the diet stimulates the adipose tissue to release inflammatory mediators, predisposing the pro-inflammatory state in addition to increasing the risk and severity of infections [37,38]; moreover, micronutrient deficiencies (especially regarding those which are lipophilic: vitamins A, D, E, K and carotenoids) have a negative impact on the regulation of adipose tissue biology with respect to the modulation of adipogenesis or inflammatory status that gain importance related with obesity and associated pathologies. Regarding this, there is also information indicating that diet composition (the type of dietary macro- and micro-nutrients), independently of its caloric content, can influence the function of adipose tissue in different ways and the expression and secretion of inflammatory biomarkers [37].



In this way, complex dietary carbohydrates (starches, glucans, fructans and cellulose), and especially those from whole-grain products, have demonstrated an inverse association with inflammation and adipose tissue deposition but also depending on the gut microbiota population [38]. Meanwhile, elevated simple carbohydrates’ (sugars mainly used as sweeteners, such as glucose and fructose) consumption promotes the inflammatory state and acts on adipose tissue, inducing lipogenesis, because, in excess, they are converted into fatty acids, mainly palmitate, and promote lipid synthesis. Simple carbohydrates are highly consumed in the Western diet, and based on their effects on health, we can affirm that limiting the consumption of simple/refined grains and increasing the intake of whole grains is highly recommended [39]. Moreover, the high consumption of simple sugars used as sweeteners in different sugary beverages, that are widely consumed in this kind of diet, has been associated with asthma being more evident in case of beverages containing a high fructose:glucose ratio that can cause fructose malabsorption, resulting in the intestinal formation of pro-inflammatory products between unabsorbed fructose and some dietary proteins that, after intestinal absorption, are associated with asthma [40].



Focusing on dietary fats, they are mainly consumed as triglycerides and great differences and biological effects on tissues can be found, depending on the type of fatty acid after lipolysis. An increase in the intake of monounsaturated fatty acids (MUFAs) (mainly oleic acid, abundant in olive oil), omega-3 polyunsaturated fatty acids (PUFAs) (alpha linolenic acid, abundant in seeds and vegetables, and eicosapentanoic (EPA) and docosahexanoic (DHA) acids, present in fish), and omega-6 (linoleic acid) present in nuts and seeds, particularly as a replacement for saturated fats, have demonstrated beneficial effects on health and a reduction in disease risk and in the case of asthma exerting benefits mainly related with the development and resolution of airway inflammation [41]. Furthermore, the saturated fats, which are highly consumed as part of the Western diet, have pro-inflammatory abilities involved in asthma, amongst other detrimental effects on health. Moreover, the weight loss usually associated to dietary saturated fats’ restriction, and the subsequent reduction of adipose tissue, also contributes to a reduction of neutrophilic airway inflammation. This has been recently described in the postprandial period after the intake of foods rich in saturated fatty acids, and also describing that dietary fat is more pro-inflammatory than simple carbohydrates in the case of asthma [42].



It has been reported that individual macronutrients exert a different impact on adipose tissue and inflammatory response [34,43] so that simple sugars and saturated fats, individually and/or combined in the diet, have the ability to induce cytotoxicity and oxidative stress, favoring inflammatory processes and even epigenetically reprogramming the immune response to more severe diseases, as occurs when the Western diet is regularly consumed [44]. Evidences on the negative effect of an unhealthy diet on respiratory health are robust, with dietary components of this type of diet being suggested as pro-inflammatory, inducing to low-grade systemic inflammation and influencing asthma development and severity. Regarding this, studies on the use of the Dietary Inflammatory Index (DII) [45] to predict the anti-inflammatory capacity of the whole diet in the case of asthma are still scarce and warrant further investigation but, they indicate that DII is higher in subjects with asthma and also indicate worse clinical asthma outcomes, indicating that an improvement in this index as an indicator of an adequate diet might be a useful strategy for improving clinical outcomes in asthma [45].




2.2. Role of Food Groups and Dietary Patterns


In this context, the Mediterranean diet reflects a complex concept which includes specific dietary patterns of a high consumption of olive oil as the main source of dietary fats, fruits, green vegetables, nuts, whole cereals, lean protein such as fish, moderate consumption of fermented dairy products and a limited use of meat, meat products and refined sugars [46]. This dietary pattern also includes high consumption of different compounds such as flavonoids, resveratrol or turmeric, among others [43], which are mainly present in vegetables, fruits, olive oil and nuts, and are very powerful against oxidative and inflammatory processes that are highly connected to pathways of the immune system. It is well known that a stable inclusion of this kind of diet, including a wide variety of foods, predominately of plant origin, provides solid health benefits in the prevention and also therapeutic approach of cardiovascular diseases, obesity, type 2 diabetes, metabolic syndrome, cancer and neurodegenerative diseases [47]. Antioxidant and anti-inflammatory properties of compounds present in foods consumed as part of the Mediterranean diet have also demonstrated effectiveness against inflammatory processes and it must be considered that moving away from these dietary patterns usually involves a high intake of processed foods rich in refined starches, sugar and saturated fatty acids that is often accompanied by a lower intake of fish, vegetables, fruits, nuts, legumes and whole grains. Antioxidants are molecules that scavenge free radicals, preventing oxidative damage. If the antioxidant defense system of lungs is unbalanced by oxidants, it can result in pulmonary dysfunction that could be buffered by dietary antioxidants present at high values in plant foods (vitamins C and E, carotene, flavonoids, selenium, etc.). These compounds have been shown to confer a protective effect on neutrophil membranes against oxidants exposure, improving immune cell function and contributing to the positive effect of plant foods’ consumption on asthma [48].



However, in the case of the Western diet, it is usually linked to a high consumption of processed foods and also supposes a high presence of saturated fatty acids in addition to a high intake of fat. This kind of dietary fat is strongly linked to inflammation in the adult stage. However, during infancy and childhood, high consumption of these saturated fats may also cause an activation of the innate immune system by excessive production of pro-inflammatory cytokines associated with a reduced production of anti-inflammatory cytokines [49]. This situation must be taken seriously because a gradual shift away from traditional diets to those higher in saturated fats, refined carbohydrates and animal-sourced foods, with increased processed food consumption and also changing culinary practices, has been confirmed [50]. Regarding this, the World Health Organization (WHO) [51] has established a global strategy on diet and health with the aim of reducing unhealthy diets and preventing different diseases, mainly those related to overweight and obesity, including asthma. This improvement of diets includes focusing on promoting fruits, vegetables, legumes, whole grains and nuts, and limiting saturated fats in favor of unsaturated fats, as well as promoting the consumption of foods rich in micronutrients that could reduce associated diseases and mortality.



Processed meats and red meats are also included in the Western dietary pattern and, interestingly, there are studies indicating that a high consumption of these meats has been positively associated with obesity [52]. Regarding this, despite the fact that consumption of cured meats, known for its high nitrite content, may favor airway inflammation and lung damage by nitrosative stress, few studies have been conducted on the association between processed meat and asthma. However, in the case of cured meats, that are an important component of the Western diet, a high intake of this kind of processed meat has been associated with worsening asthma symptoms, probably non-mediated by BMI [53,54], but is important to consider that this Westernized diet includes the consumption of complex meals that might interact with each other and that previous studies [55] have suggested that cured meat may adversely affect lung health, but the magnitude of the cured meat–asthma association may depend on other factors, including obesity or smoking, and must be considered within a broader context, also including dietary patterns and not only cured meat intake. Dietary patterns included in the Mediterranean diet involve a high consumption of fruits and vegetables containing antioxidant compounds that are capable of reducing nitrite levels with an anti-inflammatory effect in lung epithelial cells [55] and probably dampening the effects of high cured meat consumption on asthma symptoms. Moreover, epidemiological studies indicate an increased risk of inflammatory processes when a Mediterranean-style eating pattern is taken away, associated with a high consumption of processed meat, dietary saturated fats and low levels of vitamin D, that can reduce a tolerogenic mucosal immune state locally at the gut but also systemically, and particularly in the lung. In the case of vitamin D, that can be obtained from the diet or by dermal synthesis, its deficiency has been associated with a greater disease activity and extended disease duration in patients with different inflammatory processes, including protection against infections and regulatory effect on the gut microbiota, and has also been linked to beneficial effects in asthma [56].





3. Obesity-Related Asthma and Interrelations with Diet, Inflammation and Adipose Tissue


The parallel trend between the obesity epidemic and asthma makes it necessary to understand mechanisms involved in this association and how different components of foods included in the Western diet can be involved in the regulation of mechanisms in obesity-related asthma. In this regard, there are contradictory studies indicating that obese asthma is poorly controlled by conventional therapies, including corticosteroids, and it shows an increase in neutrophilic airway inflammation; however, there is a growing consensus on the important implication of fatty acids, inducing modifications on lipid metabolism and its immune regulators in obesity-related asthma [57,58]. Obesity has been linked to increased systemic leukotriene inflammation in patients with asthma and the excess of adipose tissue might contribute to airway inflammation, exacerbating asthma symptoms [59]. The inflammatory effect of obese asthma appears to occur through innate immune pathways, with a significant increase in the proportion of neutrophils in the airways of obese asthmatics [57]. In obese asthma, it is important to highlight that body composition and fat distribution affect systemic inflammation, airway inflammation and lung function, and this can explain important differences found between obese males and females with asthma, suggesting that the worsened lung function known to be associated with the obese-asthma phenotype is multifactorial and involves the body composition [60]. Western diet it is usually linked to a high consumption of foods containing important amounts of calories, mainly provided by fats and carbohydrates. In the case of fats, processed foods included in this type of diet provide high amounts of saturated fatty acids in addition to a high intake of fat and calories, increasing the risk of overweight and obesity, that contribute to immune dysfunction as well as altered airway structure and function [61]. The disturbed lipid metabolism and immune modulators of lipid metabolism in obesity, in addition to several immune factors, potentially contributing to the pathogenesis of obesity-related asthma, including intestinal microbiota and inflammation, could indicate that controlled modifications in the diet, in addition to a medical intervention, could be a promising strategy in controlling obesity-related asthma. These modifications in diet (mainly on fats and fiber types and contents) can also exert an important impact on human gut and its microbiome, leading to the selection of a high variety of bacteria interacting both for defense and nutritional advantages. Gut dysbacteriosis might result in altered immune response and chronic inflammatory respiratory disorders, particularly asthma (gut-lung axis), with an important role of the microbiome in inflammation and its influence on important risk factors for asthma being reported. Due to its high content in saturated fats and low fiber content, the Westernized diet can be a major contributor that can trigger factors regulating the development and/or progression of inflammatory conditions, including asthma. Increasing evidence indicates that there is a link between the gut and airways in disease development, reinforcing the evidence on the impact of the Western diet and associated nutrients on immune response and microbiota diversity, and how these can influence the pathology of asthma. Differences found on the lung microbiome between asthmatic and healthy people suggest that bacteria can contribute to the development of asthma, also indicating a possible important role in influencing the immune responses for gut microbiota [62].



Chronic inflammatory diseases are now considered epidemic and highly related with overweight and obesity. All these non-communicable diseases are considered a pandemic of lifestyle-associated pathologies [1]. As findings linking a chronic consumption of Western diet with inflammatory diseases such as asthma are consistent, efforts are now being focused on the study of how diets and combined components of foods can modify immune cell responsiveness. Different microbial metabolites produced after the digestion of foods seem to shed light on how immune cells are shaped in different ways depending on the type of diet. In the case of the Western diet—high in simple sugars and saturated fats—it can alter immune cell responsiveness, inducing systemic inflammation, which plays a key role in asthma patients.



Apart from lipid storage, other biological functions have been attributed to adipose tissue, such as hormones and protein factors’ production. These products are known as adipokines, playing different local and systemic roles with the main purpose of the integration of metabolism and immune systems. Pro-inflammatory cytokines such as leptin or resistin are included among them. In the same way, anti-inflammatory adipokines such as adiponectin have also been identified [63,64,65].



3.1. Anti-Inflammatory Adipokines: Adiponectin


Adiponectin is the best known and most abundant anti-inflammatory adipokine. It is secreted as a monomer, assembling and forming oligomers of different molecular weights. As a result, low, middle and high molecular weight (LMW, MMW and HMW) isoforms have been identified in serum [66] and their receptors, T-cadherin, adipoR1 and adipoR2, are widely distributed. The interaction between adiponectin and Adiponectin receptor 1 (AdipoR) receptors increases intracellular Adenosine monophosphate (AMP) concentration via AMP-activated protein kinase (AMPK) in different tissues and immune cells, with anti-inflammatory effects and AdipoR activation by HMW isoform, and seems capable of reducing tumor necrosis factor-alpha (TNF-α), transforming growth factor beta (TGF-β), interleukin-6 (IL-6) and interleukin-8 (IL-8) cytokines [67]. Adiponectin plasmatic concentration has been mainly associated with adipose tissue repletion, in the way that low calorie intake increases, whereas obesity decreases adiponectin levels [68,69,70].



Different studies have analyzed the relationship between serum levels of adiponectin and metabolic diseases. In this regard, Zhu et al. [69] and Iwata et al. [70] reported that a high HMW/total adiponectin ratio is positively associated to peripheric insulin resistance, whereas the association with other isoforms still seems to be unclear. According to the meta-analysis performed by Liu et al. [71], plasmatic levels of adiponectin can be considered as an adequate biomarker for prediction of metabolic syndrome risk. With regard to T-cadherin receptors, they have been related to a protective effect of adiponectin in heart and lung diseases [72]. In fact, different studies based on mice models pointed to the possibility that deficiencies in adiponectin and T-cadherin receptor could be related to myocardial ischemia-hypertrophy and high blood pressure [73,74,75].



At the bronchio-alveolar epithelium, T-cadherin seems to act as a binding protein, translocating adiponectin from serum to epithelial cells through the capillary barrier, playing an important role in inflammatory response regulation [74,76]. However, this mechanism still remains unclear. On the one hand, Otero et al. [77] proposed that adiponectin could have a pro-inflammatory effect, stimulating epithelial IL-8 secretion. Regarding this, Jaswal et al. [76] recently conducted a cross-sectional observational study comparing adiponectin levels between a group of 60 patients with chronic obstructive pulmonary disease, and 30 healthy people. That study concluded that a high level of adiponectin could have a pro-inflammatory effect, being positively correlated with airway inflammation and inflammatory biomarkers such as IL-8, whereas it was inversely correlated with forced expiratory volume and pulmonary function. On the other hand, Kirdar et al. [78] reported that the presence of a high level of adiponectin could be an attempt to reduce pro-inflammatory cytokines in chronic obstructive pulmonary disease, leading to a downregulation of TNF-α production by macrophages at the bronchio-alveolar epithelium. With regard to asthma, there are no conclusive results about the role of adiponectin on airway inflammation regulation in humans. It seems that serum adiponectin levels would be related to asthma severity, especially in children [79]. Ma et al. [80] analyzed serum adiponectin levels and BMI in 122 asthmatic children, concluding that asthma severity was negatively correlated with adiponectin levels, and positively correlated with BMI. These results are in concordance with previous studies showing that obese and asthmatic children presented an inadequate asthma control and lower serum levels of adiponectin when compared with non-obese asthmatic children [81,82]. The effect of low levels of adiponectin in obese-related asthma could be associated to an increase in TNF-α secretion by macrophages, favoring a Th2-predominant reaction and an eosinophilic-mediated inflammation (type I hyper-sensitivity) [74,82]. Recently, Zhu et al. [83] analyzed the effect of venous adiponectin administration in a murine model of obesity-related asthma, at a cellular and molecular level. According to the results they obtained, obese and asthmatic mice show low levels of serum adiponectin, as well as low levels of lung AdipoR1 and AdipoR2 receptors. Venous administration of adiponectin resulted in a reduction of eosinophils and pulmonary inflammation signs through apoptosis promotion of inflammatory cells, mainly mediated by two mechanisms: downregulation of the inhibitory apoptosis gene Bcl-2, and inhibition of TNF-α secretion. In the same way, administration of adiponectin increased activation of AMPK via AdipoR1 receptors, and inhibited nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). Both the activation of AMPK and the inhibition of NF-kB were related to a significant reduction in nitric oxide (NO) species and inducible NO synthase (iNOS), as well as to a significant increment in total antioxidant capacity reported in serum and lung tissue from obese and asthmatic mice.




3.2. Pro-Inflammatory Adipokines: Leptin and Resistin


Leptin was the first adipokine described, being originally defined as a satiety hormone due to its effect on the satiety center in the hypothalamus. Its secretion is mainly regulated by adipocytes’ repletion, with its plasmatic levels positively correlating with adipose tissue. When the adipocytes’ lipid storage increases, leptin is released in order to stimulate anorexigenic peptides secretion by the hypothalamus [84,85]. However, a pro-inflammatory and immuno-modulatory effect has also been proposed [86,87]. Leptin is a 16 kDa non-glycosylated protein encoded by the ob-gene and it is recognized by cell receptors Leptin receptors (LEPRs), which belong to the type I cytokines superfamily. The leptin-LEPR complex activates different intracellular signaling pathways, mainly mediated by four tyrosine Janus Kinases (JAK1, JAK2, JAK3 and tyrosine kinase (TYK2)) and seven signal transducers and activators of transcription (STAT1–STAT7). Other intracellular pathways activated by leptin are the mitogen-activated protein kinase (MAPK) cascade, the phosphoinositide 3-kinase (PI3K) pathway or the 5′-AMP-activated protein kinase (AMPK) cascade [88]. LEPRs are expressed by the majority of immune cells, where the JAK2, STAT3, MAPK and PI3K pathways are activated in order to modulate both innate as well as adaptive immune response [44,89]. With regard to innate immune response, leptin promotes cell proliferation and decreases apoptosis, as well as stimulating the activity of NK-cells, activating chemotaxis and the oxidative function of neutrophils, activating the proliferation and pro-inflammatory cytokines release by eosinophils and basophils, or inducing proliferation, activation and pro-inflammatory cytokines production (such as IL-1, IL-2, IL-6, IL-8 or TNF-α) by monocytes, macrophages and dendritic cells. Among leptin’s effects on the adaptive immune response, the following have been described: induction of T cell proliferation, polarization to a pro-inflammatory TH1-IFNγ predominant phenotype instead of to an anti-inflammatory TH2-IL-4 phenotype, reduction of regulatory T cells and an increment of TH17 population favoring the maintenance of inflammatory and auto-immune response, proliferation and activation of B cells’ population [90].



Resistin is another adipocyte signaling molecule synthesized not only by adipose tissue, but also by monocytes and macrophages. Its secretion is induced by high glucose levels and inflammatory mediators (lipopolysaccharides, IL-6 or TNFα) [91]. Resistin has been mainly associated to insulin resistance in mice; however, in humans, it seems to actively regulate inflammation. This regulatory effect is mediated by adenylyl cyclase-associated protein-1 (CAP-1) receptors, presented in monocytes and macrophages. Resistin-CAP-1 complex increases intracellular AMP concentration and protein kinase A (PKA) activity, as well as activating DNA transcription regulated by nuclear transcription factor NF-kB. In this way, resistin upregulates the production of pro-inflammatory cytokines such as IL-6, IL-12 or TNFα [90,91].



Based on the above, leptin and resistin have been related to metabolic syndrome- and chronic inflammation-associated diseases. In this way, elevated circulating adipokines levels seem to be involved in the regulation of inflammation and allergic response, affecting the risk of asthma, especially in the case of obesity when adipose tissue is expanded and altered.



As previously explained, obesity has been associated to an increased risk of obstructive airway diseases and severe forms of asthma. In the same way, leptin serum levels are related to obesity and adipocytes’ repletion. For these reasons, different studies have tried to elucidate the possible role of leptin in airway inflammation and asthma. Regarding this, Sood et al. [92] performed a cross-sectional study which included 5876 participants (>20 years old), in order to measure basal morning serum levels of leptin, and to establish a possible correlation with clinical asthma status. The results obtained showed that high serum levels of leptin were associated with asthma, and that the association was stronger in women than in men. However, the relationship between BMI, leptin levels and asthma was not corroborated referring to the possible intervention of other factors. In the case of children, Guler et al. [93] also found a positive relationship between asthma and leptin serum levels. Bodini et al. [94] measured the level of leptin in serum and exhaled breath condensate (EBC) in 61 asthmatic and non-asthmatic children from 6 to 14 years old. Those authors also considered the obese and non-obese status based on the BMI. According to the obtained results, although no significant differences were found between obese and obese asthmatic children, they presented significantly higher levels of leptin in EBC and serum than non-obese asthmatic and non-asthmatic children. In the same way, leptin in EBC was significantly higher in non-obese asthmatic children than in non-obese and non-asthmatic children, without differences in serum levels of leptin. From this study, it can be deduced that leptin is able to translocate from serum to the respiratory epithelium, where it could play a crucial role in airway inflammation. This role seems to be more noticeable in non-obese asthmatic children as the systemic pro-inflammatory status and high level of serum leptin in obese children could mask the local airway inflammation.



Less is known about leptin-mediated molecular mechanisms in human airway inflammation and asthma. However, in recent years, different studies conducted on human bronchial cells [95,96] or mice models of obese asthma [97] have shed some light on this mechanism. Hao et al. [95] and Watanabe et al. [96] analyzed the effect of leptin on human bronchial epithelial cells’ cultures (HBE16) and human lung fibroblasts, respectively (NHLFs). According to those studies, when HBE16 cells line are exposed to IL-13, mucus secretion would be increased by the upregulation of MUC5AC encoding gene transcription, with this process being mediated by leptin. This mechanism seems to be modulated by leptin activation of the JAK2-STAT3 intracellular signaling pathway. In parallel, when Normal Human Lung Fibroblasts (NHLFs) cells are cultured under high concentrations of leptin, the production of inflammatory cytokines and myofibroblast differentiation and proliferation is enhanced by the interaction of leptin with LEPR, which is widely expressed by fibroblasts. According to the reported studies, NHLFs stimulation resulted in an induction of chemo-attractants production, including eotaxin, IL-8 or monocyte chemoattractant protein-1 (MCP-1). These cytokines would recruit inflammatory cells, induce cells’ degranulation and myofibroblasts differentiation, contributing to asthma exacerbation and epithelial remodeling. With regard to animal models, Chong et al. [97] designed a mice model of obese asthma and after sensitization with intra-parenteral ovalbumin, the animals were sacrificed and bronchoalveolar lavage fluid was collected in order to analyze leptin levels and expression of cellular transcriptional and translational factors. According to their results, leptin levels were higher in Bronchoalveolar lavage (BALF) from obese and asthma-induced animals when compared with non-obese asthmatic and non-asthmatic mice. What is more, when the role of leptin on pulmonary inflammation was analyzed, it was associated to JAK/STAT3 upregulation. As can be seen, studies based on cell cultures and mice models are in concordance, constituting a possible explanation for the mechanism involved in airway inflammation and asthma in humans.



Although the role of resistin in asthma pathogenesis is less known, it has been proposed that resistin serum levels and the resistin:adiponectin ratio could be a predictor of asthma risk and lung function in asthma. Ballantyne et al. [98] conducted a cross-sectional observational study, including 96 asthmatic adults and 46 healthy controls. According to their results, plasmatic resistin levels and the resistin:adiponectin ratio were higher in asthmatic patients than in controls, presenting an inverse correlation with respiratory functional parameters: FEV1% and FEV1/FVC (Forced expiratory volume: FEV; Forced vital capacity: FVC). In the case of the resistin:adiponectin ratio, these differences where higher for obese asthmatic patients, as serum adiponectin levels decrease in obese subjects. However, in contrast to adiponectin, resistin levels were not affected by BMI, which agrees with the previously exposed studies, according to which, resistin secretion is mainly induced by high glucose levels and inflammatory mediators [91]. Different studies have analyzed the resistin-mediated mechanisms in obstructive airway diseases, including asthma. In this respect, Fang et al. [99] analyzed the expression of resistin-like molecule β (p bronchial biopsies from allergic patients, and Resistin-like molecule-beta (RELM-β) effect on both human lung fibroblast cell cultures (MRC5)), and mice previously sensitized and exposed against Aspergillus fumigatus. Those authors concluded that RELM-β was highly expressed in airway epithelium from asthmatic patients. Its high expression was associated to the increment of TGF-β local production, which seems to promote proliferation of lung fibroblasts and their differentiation to myofibroblasts. This mechanism would increase subepithelial matrix deposition and would contribute to airway fibrosis, which are crucial for obstructive airway diseases’ evolution, such as asthma, since it comprises the reversibility of obstruction. In the same way, Kwak et al. [100] demonstrated that, similar to leptin, resistin increases mucin secretion in human airway epithelial cells through the expression of MUC5AC and MUC5B encoding genes. This mechanism seems to be mediated by NF-Kβ. For that reason, the over-presence of resistin in respiratory epithelium and the over-transcription of MUC encoding genes could be associated to severe asthma, as mucus hypersecretion contributes to airway-obstructive diseases’ pathogenesis [101].



In summary, both obesity and adipocytes’ repletion have been associated with an imbalance in adipokines’ serum concentration, increasing pro-inflammatory adipokines such as leptin or resistin, and decreasing anti-inflammatory cytokines such as adiponectin. In recent years, this imbalance has been related to different inflammatory-related chronic diseases, including asthma. In the case of asthma and obstructive pulmonary disease, pro-inflammatory cytokines seem to increase the risk of asthma and its severity. More specifically, according to the bibliography reviewed, leptin and resistin would lead to an induction of airway inflammation and epithelial proliferation and fibrosis through fibroblast differentiation stimulation and pro-inflammatory cytokines secretion. On the contrary, caloric restriction and adipocytes’ depletion are associated to high adiponectin levels in serum, which would decrease local airway inflammation and increase local antioxidant capacity. The previously described mechanisms have been summarized in Figure 1.





4. Concluding Remarks and Future Directions


Dietary patterns play a main role in the risk and development of many diseases, including asthma. Western lifestyle implies a regular intake of foods containing high amounts of saturated fats and simple sugars that also suppose a reduced intake of complex carbohydrates, unsaturated fats and antioxidant compounds present in plant-origin food. In this frame, the obesity epidemic is highly related with Western/unhealthy dietary patterns and with the alarming and simultaneous growth of inflammatory diseases such as asthma. Related to this, more information about the risk associated with Westernized lifestyles should be managed in order to avoid a detrimental reprogramming of the immune response to be more inflammatory, which can lead to more severe diseases, as occurs when a Western diet is regularly consumed. Dietary management, encouraging the consumption of unsaturated fats rather than foods rich in saturated fats, and promoting the consumption of whole grain-derived foods and plant-origin foods, will provide a diet with anti-inflammatory properties and, probably, with a positive effect on adipose tissue and airway inflammatory processes. Thus, incorporating adequate dietary patterns promoting the Mediterranean diet and insisting on the importance of reducing the intake of sugar-sweetened beverages and highly processed foods into the clinical management of asthma is to be highly recommended.
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Figure 1. Role of pro-inflammatory and anti-inflammatory adipokines in airway inflammation scheme. Adipocyte depletion is associated with high levels of adiponectin, favoring airway anti-inflammatory status by increasing inflammatory cells’ apoptosis and antioxidant capacity, but decreasing eosinophilic infiltration and reducing the production of oxidative stress mediators. This anti-inflammatory status would be mediated by a downregulation of the inhibitory apoptosis gene Bcl-2, inhibition of TNF-α secretion by airway macrophages and the increment of intracellular AMP-kinase activity through activation of AdipoR1 receptors. A pro-inflammatory cytokine such as leptin is related to obesity and adipocytes’ repletion, whereas resistin levels are increased under high glycaemia and the influence of inflammatory factors. Both leptin and resistin high levels would increase airway mucin secretion through MUC-gene expression, as well as favoring fibroblast proliferation, myofibroblast differentiation and local inflammatory cells’ recruitment through the secretion of pro-inflammatory cytokines (Eotaxin, IL-8, MCP-1 or TGF-β). In this way, high plasmatic levels of leptin and resistin could favor airway inflammation and epithelial remodeling, which are crucial for pulmonary obstructive diseases’ severity and their evolution. Abbreviations: TNF, tumor necrosis factor; NO, nitric oxide; iNOS, inducible nitric oxide synthase isoforms; AmpK, AMP-activated protein kinase; Bcl-2, B-cell lymphoma type 2 gene; NF-kB, nuclear factor kappa-light-chain-enhancer of activated cells; IL, interleukin; MUC5AC Mucin 5AC precursor gene; TGF-β, Tumor growth factor b; MCP-1, Monocyte chemoattractant protein-1. 
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