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Globally, an estimated 107 million people have an alcohol use disorder (AUD) leading to 2.8 million premature deaths each year. Tuberculosis (TB) is one of the leading causes of death globally and over 8% of global TB cases are estimated to be attributable to AUD. Social determinants of health such as poverty and undernutrition are often shared among those with AUD and TB and could explain the epidemiologic association between them. However, recent studies suggest that these shared risk factors do not fully account for the increased risk of TB in people with AUD. In fact, AUD has been shown to be an independent risk factor for TB, with a linear increase in the risk for TB with increasing alcohol consumption. While few studies have focused on potential biological mechanisms underlying the link between AUD and TB, substantial overlap exists between the effects of alcohol on lung immunity and the mechanisms exploited by Mycobacterium tuberculosis (Mtb) to establish infection. Alcohol misuse impairs the immune functions of the alveolar macrophage, the resident innate immune effector in the lung and the first line of defense against Mtb in the lower respiratory tract. Chronic alcohol ingestion also increases oxidative stress in the alveolar space, which could in turn facilitate Mtb growth. In this manuscript, we review the epidemiologic data that links AUD to TB. We discuss the existing literature on the potential mechanisms by which alcohol increases the risk of TB and review the known effects of alcohol ingestion on lung immunity to elucidate other mechanisms that Mtb may exploit. A more in-depth understanding of the link between AUD and TB will facilitate the development of dual-disease interventions and host-directed therapies to improve lung health and long-term outcomes of TB.
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1 Introduction

Alcohol misuse is a significant global health issue with wide-ranging and pervasive consequences. In 2016, 5.3% of all global deaths were attributable to alcohol consumption, and alcohol misuse was the 7th leading risk factor for premature death and disability (1, 2). Alcohol use disorder (AUD) has been linked to an increased susceptibility to pulmonary infections and their associated complications for over 200 years (3). More recently, AUD has been found to be an independent risk factor for acute respiratory distress syndrome (ARDS) with a two to four-fold increased risk compared to individuals without AUD (4, 5). Similarly, persons with AUD have an increased risk for bacterial pneumonia and its associated morbidity and mortality (6–11). They also suffer from a higher incidence of serious complications from pneumonia, including bacteremia, parapneumonic effusion, and empyema (9, 12–14). AUD causes a variety of detrimental effects on the lungs including increased alveolar oxidative stress, immune impairments, and alterations in the metabolism of pulmonary cells.

Despite advances in diagnosis and treatment, tuberculosis (TB) is the second leading infectious killer worldwide, only recently surpassed by COVID-19 (15). While the global TB incidence rate has been decreasing annually since 2000, the most recent World Health Organization (WHO) global TB data reported an increase in TB mortality for the first time in 20 years, driven in large part by disruption of TB control programs from the COVID-19 pandemic (15).

The recognition of the association between alcohol and TB occurred even before the causative agent of TB was known. As early as the 19th century, physicians noted the increased incidence of infections, like TB and other causes of pneumonia, among patients that consumed alcohol (3, 16). The co-occurrence of excessive alcohol intake and TB has been continually noted since that time. AUD is one of the most common global risk factors for TB, second only to undernutrition and, notably, ahead of HIV and smoking (15). In this critical review, we will parse the complex relationship between alcohol and TB. We highlight recent epidemiologic work demonstrating a direct relationship between alcohol misuse and TB. We discuss mechanisms by which alcohol causes lung injury and suppresses lung immunity via increases in oxidative stress and impairments to the pulmonary innate immune system. For each of these biological pathways impacted by alcohol, we will highlight the potential mechanisms that might favor Mtb infection and dissemination.



2 Alcohol and TB Epidemiology

Epidemiologic data support a clear relationship between alcohol and TB and reveal the various biologic, immunologic, and clinical impacts that alcohol may have on patients with TB (Figure 1).




Figure 1 | Summary schema of the epidemiologic data of alcohol use disorder (AUD) and tuberculosis (TB). Individuals with AUD are at a higher risk for TB, more infectious, have more severe disease, and are more likely to experience poor outcomes. See main text for further details.




2.1 Risk of Infection

The risk of both latent TB infection (LTBI) and active TB disease is higher among persons with alcohol use disorders (AUD) than those without AUD (17). For example, one study in New York City found a 28-fold higher rate of active TB disease among those with AUD as compared to age-matched individuals without AUD (18). Other studies have documented a dose-response relationship between active TB and alcohol consumption, with the risk of TB rising as a person’s daily alcohol consumption increases (19, 20).

While improvements in diagnostics and broader access to treatment have led to global declines in TB incidence since 2000 (21), cases of TB associated with AUD are on the rise, particularly among men (22, 23). It is estimated that 8-15% of global TB deaths are attributable to alcohol misuse and AUD (15, 20, 24). In high-income countries where non-communicable diseases, including diabetes and AUD, have a greater prevalence, over 35% of TB deaths among those under the age of 65 are linked to alcohol misuse (25).

Although the interactions between poverty, social marginalization, alcohol misuse, and TB remain complicated and difficult to disentangle, their overlap does not fully explain the increased risk of TB with AUD. Studies examining the relationship between AUD and TB have shown that AUD remains a significant independent risk factor for TB, with a relative risk of 2.9, even after controlling for confounders such as comorbidities, lifestyle, or social determinants of health (20, 24, 26–28).



2.2 Risk of Transmission and Severity

Individuals with TB and AUD are more infectious and have more clinically severe TB. Analyses of TB outbreaks have shown clustered TB spread and transmission among persons with AUD, and drinking venues and bars have been identified as sites of TB transmission (29–31). Further, molecular epidemiology studies have shown individuals with AUD are more likely to reflect recent TB transmission and to be part of a transmission cluster (32, 33). While this increased transmission may be due to the social marginalization often seen with AUD, it could also be due to an increased mycobacterial burden in persons with AUD. Cases of TB associated with AUD have higher rates of acid-fast bacilli (AFB) detected in sputum samples and increased Mtb bacterial load compared to TB without an AUD association (25, 26). Both of these characteristics have previously been associated with more severe TB features, including cavitation, as well as increased Mtb transmission and thus may explain some of the increased transmissibility of TB in AUD (25, 26, 34–36). Those with AUD and TB are more likely to present with pulmonary rather than extrapulmonary TB (25, 26). More of their lungs are affected by TB and they are predisposed to advanced, cavitary disease at the time of presentation (25, 26, 35, 37).



2.3 Treatment Outcomes

For those who initiate treatment, patients with TB and AUD have worse clinical outcomes, including increased time to culture conversion, incidence of TB treatment failure, rate of disease relapse, and risk of death (25, 28, 38–43). Again, the intersection of alcohol and certain social determinants complicates the interpretation of these data. For example, it is known that AUD has been associated with delays in accessing TB care and poor adherence to TB treatment, both of which may contribute to the more advanced, severe disease at the time of diagnosis and inadequate therapy (44, 45). More recent data indicate an increased incidence of multi-drug resistant TB in people with AUD, possibly due to poor treatment adherence as well as comorbidities associated with AUD that impact immune function and metabolism (43, 46, 47). However, as described above, poor TB outcomes persist among individuals with AUD even when controlling for behaviors that impact access to and retention in treatment (e.g., individuals with AUD lost to treatment follow-up) (28). A two- to four-fold increased risk of death remains for those with TB associated with AUD compared to those without AUD even when only considering patients being actively treated for TB (25, 48, 49).



2.4 Efficacy of Treatment

Alcohol-associated metabolic dysfunction and adverse drug effects have been a concern regarding individuals with AUD and TB. Studies have shown alcohol’s potential impact on the metabolism, absorption, and resultant concentrations of several TB drugs including isoniazid, rifampicin, and fluoroquinolones (50–58). Proper drug concentrations are essential for successful TB treatment. Sub-therapeutic concentrations are predictive of poor outcomes in TB, including death or disease relapse, while supra-therapeutic concentrations can lead to adverse events and treatment interruptions (59). Historically, such concerns have led to the exclusion of individuals with AUD from studies of TB preventative therapy. However, clinical trials are underway investigating the true benefit vs. harm of TB preventative therapy in persons with AUD (60). Alcohol intervention programs may also play an important role in the future of treatment for TB associated with AUD. Previous studies have shown a desire for such programs among TB patients, and the initiation of intervention programs led to favorable outcomes with improved treatment adherence in individuals with AUD and TB (61, 62).




3 Mechanisms of TB in AUD


3.1 Oxidative Stress

The lung’s constant exposure to the external environment and resultant processing of inhaled smoke, dust particles, microbes, toxins, etc. generates free radicals, including reactive oxygen species (ROS) and reactive nitrogen species (RNS), that are released into the alveolar environment. In the lungs, there are efficient antioxidant defense systems, including antioxidant enzymes and antioxidant stores, that defend against oxidants and other reactive species (63, 64). Maintaining a balanced oxidation-reduction (redox) state is essential for key cellular functions, such as proliferation, differentiation, and apoptosis (63). Redox balance can alter protein structure and reactivity as well as cell signaling pathways (65). These alterations can result in a release of inflammatory mediators and cytokines with subsequent macrophage activation, polymorphonuclear (PMN) cell recruitment, inflammation, and tissue damage (64). The redox state can be assessed by measuring thiol/disulfide couples including glutathione (GSH) and glutathione disulfide (GSSG), the primary thiol redox system within the alveoli (63). Epithelial lining fluid of a healthy lung has abundant extracellular GSH in order to detoxify oxidants and free radicals (63–65). Oxidative stress in the lung results when its antioxidant capacity is depleted. Both chronic alcohol ingestion as well as Mtb infection increase oxidative stress.


3.1.1 Alcohol Increases Pulmonary Oxidative Stress

AUD increases pulmonary oxidative stress and induces an oxidized microenvironment within the lung through a variety of mechanisms. AUD depletes antioxidant stores, including GSH, within the pulmonary environment (66). GSH serves as the primary reducing agent in the alveolar space, acting as a substrate in a reaction with glutathione peroxidase that detoxifies peroxides in the lung including hydrogen peroxide and lipid peroxides (67). AUD alters pulmonary GSH homeostasis, resulting in an oxidation of GSH stores to form GSSG and oxidation of the GSH/GSSG redox potential (66, 68–70). Alcohol-induced depletion of GSH impairs an essential defense mechanism against oxidative stress in the lung.

There are a number of mechanisms through which alcohol depletes pulmonary GSH stores. First, alcohol induces mitochondrial dysfunction which decreases ATP generation and, in turn, may decrease GSH synthesis (68, 71). GSH can also be synthesized by reduction of GSSG, which utilizes NADPH as the electron donor. However, alcohol may reduce NADPH availability, resulting in decreased capacity for reduction and less GSH (71). Alcohol also increases ROS generation which then oxidizes GSH, further depleting GSH stores (71–73). A primary mechanism by which alcohol impairs GSH is its effects on the protein nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Since Nrf2 is a transcription factor that activates hundreds of antioxidant genes and innate immune effectors (74), alcohol-mediated decreases in Nrf2 activation critically impairs the lung redox balance of those with AUD. Downstream effects from Nrf2 impairment include a diminished antioxidant response to oxidative stress and drained GSH stores (74).

AUD further increases alveolar oxidative stress by enhancing the expression and activity of NADPH oxidases (Nox). Nox proteins are membrane-associated enzymes that catalyze the reduction of molecular oxygen to superoxide and hydrogen peroxide, thus serving as major sources of ROS in the lungs. In alcohol-fed mice and rats, increased Nox expression increases alveolar oxidative stress (72, 73, 75). AUD depletes alveolar macrophage levels of peroxisome proliferator-activated receptor gamma (PPARγ) which, in turn, upregulates Nox proteins (76). Nox activity is likely further enhanced by the increase in TGFβ expression seen with AUD, which also upregulates particular Nox proteins (77, 78).

The increased oxidative stress within the alveolar microenvironment of individuals with AUD has important implications for pulmonary innate immunity. GSH deficiency increases alveolar epithelial intercellular permeability and diminishes surfactant synthesis (69, 79, 80). The oxidative stress associated with upregulated Nox protein expression impairs alveolar macrophage phagocytosis in alcohol-fed mice (72, 76). In environments of limited GSH, alveolar macrophage phagocytosis and microbe clearance are also compromised (68, 71). Supplementation of GSH has been demonstrated to restore alveolar macrophage function (71, 81, 82).



3.1.2 Mtb Increases Pulmonary Oxidative Stress

Infection with Mtb has also been shown to increase oxidative stress and deplete antioxidant levels in the lungs. People with active TB disease had lower circulating levels of serum thiol and increased levels of its oxidized product serum disulfide (83). More broadly, mycobacterial infections, including Mtb and Mycobacterium abscessus (a rapid growing mycobacterium), have been associated with increased oxidative stress, as shown by decreases in total serum antioxidant capacity, total GSH, and increased lipid peroxidation (84–86). Treatment with antioxidants, including N-acetylcysteine (a precursor to GSH), have been shown to reduce oxidative stress as well as intracellular and pulmonary Mtb burden, while improving cell viability (84, 85).

Nrf2 is also an important aspect of the response to Mtb. Its expression is upregulated in Mtb infection due to the associated increase in ROS and oxidative stress (87, 88). Studies done in vitro with human macrophages have demonstrated benefit with pharmacologic Nrf2. Specifically, Nrf2 activation decreased oxidative injury, mitochondrial depolarization, and Mtb-induced ROS production in addition to inhibiting programmed necrosis of the macrophage (89).

An increase in oxidative stress, in the context of Mtb infection, allows for enhanced mycobacterial growth and survival. Mtb grows in vitro at a faster rate in more oxidized environments, as in the lung apices where clinical TB disease is most common (90). These observations are supported by a series of experiments with M. abscessus where increased intracellular growth was seen in more oxidized environments (86).



3.1.3 Pulmonary Oxidative Stress: AUD and Mtb Overlap

Taken together, the co-occurrence of AUD and Mtb infection likely results in a significant increase in pulmonary oxidative stress state which benefits Mtb. First, the combination of oxidative stress and impairments in antioxidant defenses, particularly the depletion of GSH stores and Nrf2 inhibition by alcohol, may sufficiently derange immune function and facilitate Mtb infection and growth. Second, Mtb’s growth and survival improves in oxidative environments, making the oxidized alveoli in those with AUD a more ideal environment for Mtb. Collectively, alcohol-induced oxidative stress may generate the ideal combination for Mtb infection: an oxidized alveolus and an impaired host response.




3.2 Pulmonary Innate Immunity

The pulmonary innate immune system is a multilayered system for defense against pathogens, detection of tissue damage, and maintaining pulmonary tissue integrity and homeostasis (91). Chronic alcohol misuse exerts a wide range of effects on this system resulting in impairments of several vital functions of innate immunity (92, 93). Its adverse effects impact the basic defense and barrier functions of the cilia and alveolar epithelium as well as the functions of specialized cells including alveolar macrophages and PMNs. For example, AUD inhibits neutrophil margination, influx from the peripheral circulation into the alveolar space, and subsequent pathogen clearance and killing during infection (92, 94–96). Antigen-presenting cells (APCs) of the innate immune system, necessary for adaptive immune activation, have a decreased peripheral presence and impaired activity due to alcohol (97, 98).

Alongside the growing understanding of the negative impacts of alcohol, the understanding of Mtb infection and host-pathogen interactions is also evolving. With the increased occurrence and severity of TB with AUD, it is likely that Mtb exploits alcohol-mediated impairments in pulmonary innate immunity to establish infection and disseminate. Previous research has elucidated alcohol’s deleterious effects on pulmonary mucociliary function, alveolar epithelium, and the alveolar macrophage. Given this breadth of information, in addition to the alveolar macrophage being first line of defense in the alveolar space and the dominant cell type that Mtb infects, we will spend the remaining portion of this section reviewing the specific effects of chronic alcohol misuse on the pulmonary innate immunity and how these alcohol-mediated alterations may intersect with Mtb pathogenicity.


3.2.1 Pulmonary Mucociliary Function

Ciliated airway cells are the first line of defense against inhaled pathogens and clear foreign particles from the lung. Chronic alcohol use repetitively exposes airways to ethanol eliminated from the bronchial circulation in exhaled breath. This repetitive injury impairs the integrity and function of airway cell cilia, ultimately leading to desensitization and resistance to motility, a phenomenon referred to as alcohol-induced ciliary dysfunction (99–101).

In the context of Mtb, this ciliary dysfunction facilitates transmission of airborne pathogens like Mtb into the lower airways, making it more likely that inhaled microbes will establish infection (102). Given that ciliary dysfunction has been associated with mycobacterial pulmonary infections, alcohol-induced ciliary dysfunction represents a likely mechanism by which AUD could predispose the host to Mtb infection (103).



3.2.2 Alveolar Epithelium

Chronic alcohol use is also known to disrupt the pulmonary epithelial structure and function. AUD prevents the formation of a reliable, physical barrier of the alveolar epithelium by impairing tight junctions within its monolayer. Tight junctions are an important aspect of the epithelium as they closely associate cells and limit the passage of water, proteins, and other solutes across cell layers (104). Chronic alcohol ingestion alters the expression and interaction of essential components of the tight junctions, including claudin-1, claudin-5, claudin-7, occludin, and zonula occludens-1, resulting in a five-fold increase in pulmonary epithelial permeability (79, 105–107). People with AUD have increased alveolar-capillary permeability which predisposes them to the development of non-cardiogenic pulmonary edema compared to individuals without AUD (108, 109). Experiments in animal models support this mechanism of injury, with chronic alcohol consumption in rats increasing susceptibility to edematous lung injury (69). Alcohol also increases TGF-β1 expression while inhibiting granulocyte/macrophage colony-stimulating factor (GM-CSF) in the alveolar space, both of which have been implicated in disrupting and increasing the permeability of the alveolar epithelium (77, 110, 111). Lastly, AUD reduces the alveolar epithelial cell synthesis of surfactant, an important pattern recognition molecule that binds to various microbes and targets them for immune clearance (112, 113). Surfactant proteins have been shown to function as an opsonin that increases the Mtb-macrophage interaction and upregulates phagocytosis (114). Although the mechanism by which Mtb gains access to the lung interstitium from the alveolus is not fully understood, the putative mechanisms proposed in the literature include direct infection of alveolar epithelial cells and migration of Mtb-infected macrophages across the alveolar epithelium (115, 116). Both scenarios would be significantly more likely in the setting of alcohol-induced tight junction impairments and the more permeable alveolar epithelium of the alcohol-affected lung.



3.2.3 Alveolar Macrophage


3.2.3.1 Key Functions

The alveolar macrophage is essential for maintaining homeostasis of the lower airways through phagocytosis, removal of debris, and efferocytosis. It is also the first line of pulmonary immune defense in the alveolar space, responsible for recognizing, ingesting, and clearing pathogens, as well as release of cytokines and chemokines to recruit PMNs and monocytes to the site of invasion. Through a multitude of pathways and effects, AUD causes significant alveolar macrophage dysfunction, impairing phagocytosis, pathogen clearance, and cytokine release (71, 72, 76, 81, 82, 117–120).

AUD interferes with the maturation and terminal differentiation of the alveolar macrophage through inhibition of multiple signaling pathways. Alcohol interferes with GM-CSF signaling by downregulating GMCSF-Rβ expression on the alveolar macrophage surface resulting in impaired phagocytic function (117). Impairing GM-CSF signaling results in diminished expression of PU.1, a GM-CSF-dependent regulatory transcription factor required for normal alveolar macrophage cell development and differentiation as well as alveolar macrophage phagocytosis, pathogen killing, and cytokine production (118, 119, 121, 122). In addition to its previously mentioned role in oxidative defensive, Nrf2 additionally participates in alveolar macrophage maturation by increasing PU.1 expression by binding to its promoter region. Alcohol’s inhibition of Nrf2 has been shown to also be responsible for the decreased PU.1 expression of AUD (123).

Mtb’s interaction with the innate immune system is an ongoing area of interest and research. The alveolar macrophage is the primary cell that Mtb infects once it enters the lower respiratory tract (115, 116). Once phagocytosed by the alveolar macrophage, Mtb actively blocks phagosome maturation and fusion with the lysosome to ensure its survival and establish its intracellular niche (115, 124). In some cases, the alveolar macrophage is able to achieve successful intracellular killing of Mtb, likely through IFNγ and nitric oxide synthase signaling pathways (124). However, when Mtb evades killing, it replicates and eventually disrupts the phagosome membrane allowing Mtb into the alveolar macrophage cytosol for further replication. After infecting the alveolar macrophage, Mtb then gains access to the lung interstitium, where granuloma formation occurs (115). Subsequent host-pathogen interactions determine whether infection is cleared or if there is progression to latent TB infection or active TB disease, however a discussion of these later events is beyond the scope of this review (115).

GM-CSF is known to be an important for the innate immune response to mycobacterial infections, particularly with its role in restricting bacillary growth and promoting mycobacterial clearance (125–127). Patients with mycobacterial pulmonary infections have higher rates of GM-CSF signaling dysfunction compared to healthy controls (128). Further, treatment with recombinant GM-CSF (rGM-CSF) prior to mycobacterial infection enhanced intracellular killing and phagolysosomal fusion after Mtb infection as well as intracellular mycobacterial killing and superoxide anion release after Mycobacterium avium complex (MAC) infection (125, 129). Inhibiting GM-CSF by neutralizing GM-CSF antibodies prior to Mtb exposure dampens the proinflammatory cytokine release and neutrophil recruitment and increases Mtb burden in mouse macrophages (127). Thus, alcohol’s downregulation of GMCSF-Rβ on AMs and subsequent decreased GM-CSF expression likely contribute to an impaired response to Mtb infection.

Alcohol-induced impairments in innate immunity provide multiple avenues for facilitating Mtb infection. Data is limited on alcohol’s specific effects on the alveolar macrophage in the case of Mtb infection, however multiple studies have investigated other mycobacterial infections including MAC. Several studies done in vitro using human macrophages demonstrated that exposure to alcohol enhanced the intracellular growth of MAC and diminished the macrophage response to inflammatory cytokines (130, 131). Chronic exposure to alcohol also diminished macrophage production of bactericidal, innate immune effectors in response to MAC infection in a mouse model (132). Additional experiments showed increased dissemination, impaired pulmonary granuloma formation, and increased mycobacterial burden in alcohol-fed mice following mycobacterial infection (130, 133).



3.2.3.2 Alveolar Macrophage Phenotype

Macrophages act as surveillance for the innate immune system, recognizing pathogens and tissue damage via pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), and pattern recognition receptors. They have robust phagocytic and killing abilities and act as initiators of the inflammatory response. They function as antigen presenting cells that assist in the activation of the adaptive immune system. Further, macrophages participate in tissue repair, tissue remodeling, and maintain homeostasis (91). This plasticity in macrophage function occurs in response to surrounding physiologic state and cellular signaling and is referred to as macrophage phenotype (134).

Two paradigmatic states of the macrophage were initially described. The first being the “pro-inflammatory” or “classically activated” macrophage that responds to bacteria, viruses, lipopolysaccharide (LPS), and interferon gamma (IFNγ). It produces proinflammatory cytokines and chemokines like interleukin (IL)-12 and tumor necrosis factor alpha (TNFα), induces further inflammation and IFNγ release, and attracts neutrophils, natural killer (NK) cells, and lymphocytes to the site of infection (135). It relies heavily on glycolysis and fatty acid synthesis and a decrease in mitochondrial respiration (136). The second paradigmatic activation state is the “anti-inflammatory” or “alternatively activated” macrophage that is stimulated by IL-4 and participates in wound healing and tissue repair. It produces anti-inflammatory cytokines including IL-10 and IL-13 to reduce inflammation and promote tissue growth (135). Its metabolism is dependent on the tricarboxylic acid cycle (TCA) cycle and enhanced fatty acid oxidation (136). While macrophage differentiation was previously considered to be dichotomous and terminal, recent research suggests a more dynamic spectrum of activation and function. Depending on various extracellular signals, what were previously defined as all “anti-inflammatory” macrophages can exhibit dramatic differences in physiology, including overlap in function with some “pro-inflammatory” macrophages (137). Studies looking at gene expression of macrophages in pathologic conditions have demonstrated heterogenous activation and functionality as well as significant overlap in gene expression whether stimulated with LPS or IL-10 (138–140). Further data showed macrophage functional pattern changes with duration of stimuli and that they are capable of completely changing their phenotype based on the surrounding microenvironment (135, 141, 142). Overall, data collectively support the idea that macrophages are dynamic, plastic, and capable of displaying multiple, distinct, functional patterns.

Chronic alcohol exposure impacts alveolar macrophage functionality and makes phenotyping the alveolar macrophage in the context of alcohol misuse a complex issue (134). At baseline, alveolar macrophages isolated from animal models of chronic alcohol ingestion have increased IL-13 and TGF-β1 production, both associated with suppression of inflammation, as well as decreased phagocytic ability (77, 78, 143). These findings are likely due, at least in part, to alcohol-induced oxidative stress in the alveolar environment (as discussed previously). However, when exposed to alcohol and PAMPs, such as LPS, alveolar macrophages exhibit an exaggerated inflammatory response. In studies utilizing AMs from subjects with AUD, alveolar macrophages produce increased proinflammatory cytokines, including TNFα, IFNγ, IL-1β, and IL-6, in response to LPS stimulation compared to persons without AUD (144–146). Despite this elevation in inflammatory signals, multiple studies note a persistent decrease in alveolar macrophage phagocytosis when exposed to bacterial pathogens or PAMPs (72, 76, 117). This overexuberant response to pathogen stimulation has been postulated to be a contributing factor in the elevated risk for disproportionate inflammatory states, like ARDS, in people with AUD (147). While some of these phenotypic changes are related to the alcohol-induced oxidative stress in the lung, chronic alcohol exposure also alters alveolar macrophage metabolism (76, 82). AUD been shown to impair LPS-induced glycolytic response and induce mitochondrial derangements in the alveolar macrophage which can alter its cytokine response and contribute to phagocytosis impairments (148–150).

Mtb has also been noted to induce phenotypic changes in the alveolar macrophage after infection. In the early stages of infection, Mtb induces a robust production of inflammatory cytokines, increased phagocytosis, and upregulation of glycolysis from the alveolar macrophage (151–155). Glycolysis is important to the immune response because glycolytic inhibition results in an increased mycobacterial burden (156). Once intracellular, Mtb itself attempts to evade the macrophage’s killing processes by secreting virulence factors that inhibit the alveolar macrophage’s expression of the nuclear factor-κB (NF-κB) and IFNγ, ultimately promoting Mtb’s intracellular survival (151, 157). Following the initial response to Mtb, alveolar macrophages increase production of anti-inflammatory cytokines, including IL-10 and TGF-β, with decreased glycolysis and increased oxidative phosphorylation and free fatty acid metabolism (151, 158–162). Successful treatment of TB leads to resolution of these phenotypic changes to the macrophage (163).

Further work is clearly necessary to fully understand the relationship between AUD, Mtb, and alveolar macrophage function. The quiescent, baseline state of alveolar macrophages in subjects with AUD with increased expression of TGF-β1 may provide more favorable conditions for Mtb infection and facilitate intracellular proliferation. Further, glycolysis is integral to the macrophage’s response to Mtb: a decreased glycolytic reserve has been associated with Mtb infection and risk factors for TB (156, 164). Alcohol’s impairments of LPS-induced glycolysis may contribute to alveolar macrophage dysfunction and increase the risk of Mtb infection in those with AUD.






4 Conclusion and Future Directions

Increasing rates of AUD pose a significant barrier to reaching the global goal of TB elimination. AUD is a risk factor for TB infection, severe disease, transmission, and associated death. Despite behavioral determinants of health linking AUD and TB disease, compelling evidence supports a biological impact of alcohol on TB risk and disease (Figure 2). The impact of alcohol on oxidative stress in the alveolar environment as well as impairments to the alveolar epithelium, alveolar macrophage, and remainder of the pulmonary innate immune system may facilitate Mtb infection and evasion of host defenses (Figure 3). To date, research directly investigating the mechanistic causes of TB in persons with AUD has been limited. Future investigations into the roles of innate immunity and oxidative stress specifically in alcohol and TB are needed. A better understanding of these causal pathways will lead to the development of host-directed therapies and better treatment outcomes in individuals with AUD and TB.




Figure 2 | Alcohol use disorder (AUD) influences tuberculosis (TB) care and outcomes through both behavioral and biologic mechanisms.






Figure 3 | Summary schema of the alveolar space in alcohol use disorder (AUD) and Mycobacterium tuberculosis (Mtb) infection. Multiple components of innate immunity are affected by AUD, including macrophages, surfactant, the alveolar epithelium, and the alveolar oxidative state. See main text for further details.
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Alcohol consumption is commonplace in the United States and its prevalence has increased in recent years. Excessive alcohol use is linked to an increased risk of infections including pneumococcal pneumonia, mostly commonly caused by Streptococcus pneumoniae. In addition, pneumonia patients with prior alcohol use often require more intensive treatment and longer hospital stays due to complications of infection. The initial respiratory tract immune response to S. pneumoniae includes the production of pro-inflammatory cytokines and chemokines by resident cells in the upper and lower airways which activate and recruit leukocytes to the site of infection. However, this inflammation must be tightly regulated to avoid accumulation of toxic by-products and subsequent tissue damage. A majority of previous work on alcohol and pneumonia involve animal models utilizing high concentrations of ethanol or chronic exposure and offer conflicting results about how ethanol alters immunity to pathogens. Further, animal models often employ a high bacterial inoculum which may overwhelm the immune system and obscure results, limiting their applicability to the course of human infection. Here, we sought to determine how a more moderate ethanol exposure paradigm affects respiratory function and innate immunity in mice after intranasal infection with 104 colony forming units of S. pneumoniae. Ethanol-exposed mice displayed respiratory dysfunction and impaired bacterial clearance after infection compared to their vehicle-exposed counterparts. This altered response was associated with increased gene expression of neutrophil chemokines Cxcl1 and Cxcl2 in whole lung homogenates, elevated concentrations of circulating granulocyte-colony stimulating factor (G-CSF), and higher neutrophil numbers in the lung 24 hours after infection. Taken together, these findings suggest that even a more moderate ethanol consumption pattern can dramatically modulate the innate immune response to S. pneumoniae after only 3 days of ethanol exposure and provide insight into possible mechanisms related to the compromised respiratory immunity seen in alcohol consumers with pneumonia.
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Introduction

The immune system is influenced by a myriad of environmental factors, including alcohol consumption. In 2019, 69% of U.S. adults aged 26 years or older reported alcohol use in the past month (1). Importantly, social stresses associated with the COVID-19 pandemic have led to increased sales of alcoholic beverages: sales were 3.6% higher in March 2020 and 15.5% higher in April 2021 when compared to a 3-year average from the same month in 2017-2019 (2). Further, alcohol-related deaths have been rising at an astonishingly quick pace in recent years: fatalities due to alcohol rose by 25.9% between 2019 and 2020, compared to a 16.6% increase in age-adjusted mortality rates from all causes (3). Based on this rapidly escalating prevalence of alcohol consumption, we will likely continue to see a rise alcohol-associated morbidity and mortality well into the future.

Alcohol’s effects on the immune system vary based on the amount and duration of consumption. Broadly speaking, alcohol intake can be classified as “moderate” or “excessive” (4). The U.S. Centers for Disease Control and Prevention describe “moderate” alcohol intake as 1-2 drinks per day for males or 1 drink per day for a female (4). “Excessive” alcohol consumption includes binge drinking, or that which brings blood alcohol concentration (BAC) above the “legal limit” for driving (80 mg/dL; usually 5+ drinks for a male or 4+ drinks for a female within 2 hours) and heavy drinking, considered 14+ drinks per week for a male or 7+ drinks for a female (5). In addition, human studies characterize “alcohol use disorder” (AUD) as the inability to modify or discontinue alcohol use despite adverse consequences to one’s personal or work life, and is clinically measured by several social and psychological parameters (6).

Epidemiological studies have shown that moderate alcohol intake is generally associated with protective health effects, such as decreased risk of cardiovascular disease [reviewed in (7)], lower concentrations of circulating inflammatory biomarkers (8), and lower risk of all-cause mortality in humans (9). In contrast, other studies have found an increased risk for all-cause mortality in adults with heavy alcohol consumption [> 14 and > 7 drinks per week for men and women, respectively (9), or 5+ drinks on a single occasion at least once per week in the past year (10)]. Additionally, chronic alcohol users often have health complications associated with alcoholic hepatitis and its treatment, such as invasive aspergillosis (11) and infections of the lower respiratory and urinary tracts (12). Mouse models have similarly shown that excessive ethanol exposure is linked to deleterious effects on immunity; these include decreased responsiveness to Toll-like receptor (TLR) 2, 4, and 9 agonists (13), diminished phagocytic capacity (14, 15), impaired respiratory function (16), and increased airway neutrophils following acute lipopolysaccharide-induced lung injury (17). Neutrophil function is also compromised due to excessive ethanol consumption. For example, chronic ethanol exposure is associated with impaired neutrophil chemotaxis to the airways following pulmonary Aspergillus fumigatus infection, along with attenuated phagocytosis, fungal killing, and reactive oxygen species production in A. fumigatus-challenged neutrophils from ethanol-fed mice (18). Others have demonstrated that acute ethanol treatment (6 g/kg) decreases neutrophil infiltration into the peritoneal cavity following cecal ligation and puncture, accompanied by diminished production of neutrophil extracellular traps and bacterial killing (19).

Excessive alcohol use has been linked to increased susceptibility to infectious diseases such as pneumonia, with the most common bacterial cause being Streptococcus pneumoniae (20). The estimated annual incidence of pneumonia in the United States is 24.8 cases per 10,000 adults (21), and approximately 3.5% of pneumonia patients had an AUD at diagnosis (22). In fact, meta-analyses have found a dose-dependent, linear relationship between alcohol consumption and relative risk for contracting pneumonia (23, 24). In addition, patients with alcohol use disorder are more likely to have severe invasive disease that requires hospitalization (25) and adults who drink excessively (> 60 grams per day) are 4 times more likely to die within 30 days of infection (26).

Innate immune recognition of S. pneumoniae by tissue-resident alveolar macrophages or epithelial cells stimulates the production of pro-inflammatory C-X-C motif chemokine ligand 1 (CXCL1) and CXCL2, which recruit and activate cells, such as monocytes, macrophages, and neutrophils to the site of infection (27–29). Additionally, in the context of pulmonary injury, CXCL12 promotes neutrophil migration and retention in the lung (30, 31). Important chemokines for the production and mobilization of granulocytes from the bone marrow are granulocyte colony stimulating factor (G-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF). Following an inflammatory stimuli such as infection, G-CSF and GM-CSF are rapidly produced and secreted by monocytes, macrophages, fibroblasts, and endothelial cells and this corresponds with an increase in neutrophil differentiation and production in the bone marrow (32–34). Indeed, mice lacking G-CSF or its receptor have reduced neutrophil counts in the blood and bronchoalveolar lavage (BAL) fluid following Pseudomonas aeruginosa lung infection (35). While the importance of innate immune cells in the response to S. pneumoniae has long been appreciated (36–38), excessive accumulation of these cells can be deleterious to host tissue if the inflammatory response is not properly controlled. For example, increased neutrophil recruitment to the lungs following influenza-induced pneumonia in mice is associated with alveolar damage, pulmonary edema, and development of a phenotype similar to that seen in critically ill humans with acute respiratory distress syndrome (39).

Our current knowledge regarding the effects of acute alcohol intoxication on lung immunity is largely based on animal studies using supra-physiologic doses of alcohol (3-5 g/kg) (40, 41), sometimes high enough to raise blood alcohol concentration to 350-550 mg/dL (42, 43). Here, we sought to determine the effect of a 3 day lower-dose alcohol regimen (1.5 g/kg; target BAC of ~80 mg/dL) on the pulmonary response to a clinically relevant intranasal S. pneumoniae infection (44).



Material and Methods


Mice

Female BALB/cBy mice (Jackson Laboratory) were housed at the University of Colorado Anschutz Medical Campus in specific pathogen-free conditions for at least 2 weeks prior to the start of studies. Animals used in experiments were 3-5 months of age and weighed at least 20 grams. All animal experiments were performed under a protocol approved by the Institutional Animal Care and Use Committee at the University of Colorado Anschutz Medical Campus (protocol number 00087). Animals were housed in a temperature- (72°F ± 2°) and humidity- (35%) controlled room with a 14-hour light cycle (6am-8pm) and 10-hour dark cycle (8pm-6am), and provided with a nestlet for environmental enrichment. Experiments were performed between the hours of 8 and 10 am to minimize confounding effects of circadian variation in corticosterone and other hormones which can influence inflammatory and immune responses (45). For these studies, 3-6 mice comprised each control or treatment group and results are combined from 2-3 individual experiments as indicated in the figure legends.



Oral Gavage and Measurement of BAC

Mice were orally gavaged with a 20% v/v ethanol solution (1.5 g/kg based on body weight) or vehicle (sterile water) once daily for 3 consecutive days (46). BAC levels were confirmed in each experiment by obtaining blood via tail snip at 30 minutes post-gavage and analyzing ethanol levels in a 1:50 dilution of serum using a commercially available kit (BioVision K620). Animals were gavaged between 8 and 9 am to mimic human drinking patterns.



Bacterial Growth and Infection

Previously frozen glycerol stocks (1 ml) of Streptococcus pneumoniae serotype 3 (ATCC 6303) were quickly thawed at 37°C, added to 4 ml of tryptic soy broth (BD 211825), and incubated statically at 37°C/5% CO2 until the culture reached mid-log phase (47). Bacteria were washed twice in sterile phosphate buffered saline (PBS), resuspended in an appropriate volume to yield approximately 104 colony forming units (CFU) in 50 µl, and kept on ice until inoculation. One hour after the final gavage, mice were anesthetized with an intraperitoneal injection of 12.5 mg/kg of ketamine and 1.25 mg/kg of xylazine (Webster Veterinary, Sterling, MA), and 50 ul of the prepared inoculum or sterile PBS (Gibco 14190-144) for sham animals was instilled trans-nasally. Mice were held vertically for 1 minute to assist inoculum draining into the lungs. Any mice losing more than 15% of their body weight were humanely euthanized and excluded from analysis. The exact dose of inoculum was quantified in each experiment by serial dilution of the bacterial suspension and plating on tryptic soy agar containing 5% sheep’s blood (Remel R01200).



Plethysmography

Respiratory function was measured in conscious mice using unrestrained whole-body barometric plethysmography (Buxco Research Systems) as described (16, 48). Briefly, mice were allowed to acclimate in the sealed chamber for 5 minutes and respiratory parameters were measured and recorded for 10 minutes by the manufacturer’s software (Buxco FinePointe). Mean values for each parameter per mouse were used for analysis.



Lung Bacterial Burden

Whole lungs were removed at 24 hours after infection, placed in 1 ml cold PBS, and homogenized using a Tissue Tearor (Dremel 985370). 100 µl of serially diluted sample was plated on tryptic soy agar containing 5% sheep’s blood (Remel R01200), and CFU were counted after overnight incubation at 37°C/5% CO2.



Lung Macrophage and Neutrophil Quantification by Flow Cytometry

Whole lungs were removed at 24 hours post-infection and dissociated into a single cell suspension per manufacturer’s protocol (Miltenyi 130-095-927). Briefly, separated lung lobes were placed in a C tube (Miltenyi 130-096-334) containing 2.4 ml 1X Buffer S, 100 µl enzyme D, and 15 µl enzyme A. Samples were mechanically disrupted using a GentleMACS instrument (Miltenyi), filtered, and red blood cells were lysed by incubation in Ammonium-Chloride-Potassium (ACK) buffer (Gibco A10492-01) (16). 106 cells per sample were stained in PBS (Gibco) + 1% BSA (Quality Biological Inc K719500ML) with the following antibody cocktail: CD45-FITC (clone 30-F11, Biolegend 103108), CD11b-BV650 (clone M1/70, Biolegend 101259), CD11c-BV605 (clone N418, Biolegend 117334), F4/80-PerCP-Cy5.5 (clone BM8, Biolegend 123128), SiglecF-BV421 (clone E50-2440, BD Horizon 562681), and Ly6G-APC-Cy7 (clone 1A8, Biolegend 127624). Samples were resuspended in stabilizing fixative (BD 338036), run on an LSRII flow cytometer (BD Biosciences), and data were analyzed using FlowJo software v10.7.1 (BD Life Sciences).



Quantitative Real-Time PCR

RNA was extracted from homogenized lung tissue using the RNeasy Mini kit (Qiagen 74106) and reverse transcribed to cDNA (BioRad 1708891) following the manufacturers’ protocols (49). Equal quantities of cDNA were added to a Taqman master mix (Life Technologies 4304437) containing either Cxcl1 (ThermoFisher Mm04207460_m1), Cxcl2 (ThermoFisher Mm00436450_m1), Cxcl12 (ThermoFisher Mm00445553_m1), Ly6g (ThermoFisher Mm04934123_m1), Csf2 (ThermoFisher Mm01290062_m1) or Csf3 (Mm00438334_m1), and Gapdh as endogenous control (Thermo Fisher 4352339E). Real-time quantitative PCR was performed using the QuantStudio 3 Real-Time PCR System (ThermoFisher Scientific) and analyzed using the ΔΔCt algorithm (50).



Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was collected from mice via cardiac puncture immediately following euthanasia and allowed to coagulate for 30 minutes before serum separation by centrifugation. Granulocyte-colony stimulating factor (G-CSF) was measured in serum samples according to manufacturer’s protocol (R&D Systems DY414).



Lung Histology and Immunohistochemistry (IHC)

The left lung lobe was inflated with 10% formalin (Fisher SF98-4), fixed overnight, and kept in 70% ethanol until processing. Paraffin-embedded tissue was sectioned (5 µm) and stained using hematoxylin and eosin (H&E) or IHC antibodies and scored in a blinded fashion by an experimental pathologist. IHC was performed using primary antibodies against Ly6G (1:250, BD Biosciences 551459) and S. pneumoniae (1:1000; Novus Biologicals NB100-64502), and detected using ImmPress polymer reagents (Vector Laboratories). Antigen expression was visualized with 3,3’Diaminobenzidine and alkaline phosphatase according to manufacturer’s protocol (Vector Laboratories). Sections were counterstained with Hematoxylin QS and slides were coverslipped using VectaMount medium (Vector Laboratories).



Quantification of H&E- and IHC-Stained Lung Sections

Semi-quantitative assessment of the following injury criteria in the H&E-stained sections was performed: gross accumulations of inflammatory cells in the lung parenchyma (0-6), presence of leukocytes in the airways (0-2), peri-vascular inflammatory cell accumulation (0-2) or edema (0-2), and proteinaceous material in the alveolar space (0-2). Analysis of IHC staining intensity was achieved by capturing histologic images [enough 40x images per animal to completely cover the whole IHC-stained lung cross-section (5-8 per animal)] on an Olympus BX51 (Waltham, MA) microscope equipped with a 4 megapixel Macrofire digital camera using the PictureFrame Application 2.3 (Optronics, Goleta, CA). Images were then imported into Slidebook (3I, Denver, CO) for quantification. Data are expressed as percent IHC positive pixels (51). Phagocytosis of S. pneumoniae was measured by capturing stitched images with a light microscope equipped with a motorized XY-stage at 400x magnification (Olympus IX83) and CellSens software (version 1.16, Olympus Life Sciences). Manual quantification of 8-9 non-overlapping 400x images per animal was performed and phagocytosis was calculated as the number of cells with internalized S. pneumoniae relative to total nucleated cells. Average percentage phagocytosis per group is presented.



Statistical Analysis

Data were analyzed with Graph Pad Prism software for Windows version 9.2.0 (GraphPad Software, San Diego, California USA) using an unpaired two-tailed t test with Welch’s correction or one-way ANOVA as appropriate and indicated in figure legends. p value < 0.05 was considered to represent a significant difference between treatment groups.




Results


Ethanol-Exposed Mice Have Increased Lung Bacterial Burden After S. pneumoniae Infection Compared to Vehicle-Exposed Animals

To test our hypothesis that ethanol exposure impairs clearance of S. pneumoniae from the lungs, we gavaged mice with vehicle (water) or ethanol (1.5 g/kg) and intra-nasally instilled S. pneumoniae or PBS (Figure 1A). This dose of ethanol raised serum BAC to approximately 80 mg/dL at 30 minutes post-gavage (Figure 1B). Our results indicate that ethanol-exposed infected mice had significantly higher average S. pneumoniae CFU in whole lung homogenates at 24 hours post-infection (Figure 1C). Importantly, since we are introducing 104 CFU S. pneumoniae via an intra-nasal route (vs. direct administration of bacteria to the lungs via an intra-tracheal infection), our results confirm that the bacteria are able to withstand the initial immune response in the upper respiratory tract to reach the lungs, establish an infection, and begin to replicate.




Figure 1 | Effect of ethanol exposure on blood alcohol concentration (BAC) and S. pneumoniae burden in the lung. (A) Schematic diagram of ethanol exposure and S. pneumoniae infection. (B) Representative BAC measurements from serum at 30 minutes post-gavage. Each dot represents the value from a single animal from one experiment. The line for each group represents average value ± SEM. (C) Whole lungs were collected at 24 hours post-infection, homogenized, and plated on agar. S. pneumoniae colony forming units (CFU) were enumerated and data are presented as mean ± SEM. n = 4-6 mice per group per experiment and data are combined from 3 individual experiments. *p < 0.05 by unpaired t test.





Ethanol-Exposed Mice Have Impaired Respiratory Function After S. pneumoniae Infection Compared to Vehicle-Exposed Animals

To determine the effect of ethanol consumption on respiratory function in our infected animals, we performed unrestrained whole-body plethysmography prior to infection and up to 7 days after infection. Here, we report respiratory rate [breaths per minute (bpm)], enhanced pause ratio (penh) – a dimensionless index of airflow patterns as a mouse breathes (43), expiration time (Te), and Rpef – the time required to reach peak expiratory flow relative to Te (44). Before infection, all parameters were similar between our vehicle- and ethanol-exposed groups; therefore, we used vehicle-exposed uninfected animals as our control group throughout the 7-day time course (Figure 2A–D). When comparing respiratory parameters between infected groups, we noted a significantly higher penh value in our ethanol- compared to vehicle-exposed infected mice from days 1-4 post-infection (Figure 2A), decreased breathing frequency in the ethanol-exposed infected animals at 24 hours (Figure 2B), increased expiratory time in ethanol-exposed animals at 24 hours (Figure 2C), and a lower Rpef value in ethanol- compared to vehicle-exposed infected mice at 24 hours (Figure 2D). Notably, penh values in the vehicle-exposed infected mice did not differ from the uninfected mice through 7 days of infection (Figure 2A).




Figure 2 | Effect of ethanol consumption on respiratory function following infection. Enhanced pause (penh) (A), breathing frequency (B), time of respiratory expiration (Te) (C), and Rpef (time to peak expiratory flow as a fraction of Te) (D) were measured by unrestrained whole-body plethysmography before infection and daily for 7 days post-infection. Black circles with dashed line represents values from vehicle-treated uninfected mice; solid bars represent values from infected animals (except for the “pre” values, which were obtained in vehicle- and ethanol-exposed mice prior to infection). Data are presented as mean ± SEM. n = 3-6 mice per group per experiment and data are combined from 3 individual experiments. *p < 0.05 compared to vehicle-exposed infected animals, #p < 0.05 compared to uninfected animals by one-way ANOVA.





Ethanol-Exposed Mice Have Increased Numbers of Neutrophils, but Similar Numbers of Macrophages, in the Lung 24 Hours After Infection Compared to Vehicle-Exposed Mice

Since our initial results showed that ethanol administration is associated with increased pulmonary bacterial burden and impaired respiratory function at 24 hours, we wondered if this was due to ineffective trafficking of immune cells to the infection site at this time point. To test this, we used flow cytometry to quantify neutrophils and macrophages, important early responders to S. pneumoniae infection, in single cell suspensions of whole lung homogenates. We identified neutrophils as CD45+CD11b+Ly6Ghi, and distinguished tissue-resident alveolar macrophages from infiltrating macrophages based on SiglecF and CD11b expression (Figure 3A). Alveolar macrophages are designated as CD45+F4/80+SiglecF+CD11bneg/dim, while infiltrating macrophages are CD45+F4/80+SiglecFneg/dimCD11b+ (45). The number of cells in these subsets did not differ in our uninfected mice based on vehicle or ethanol treatment (Figure 3B). However, we found increased numbers of neutrophils in both infected groups relative to uninfected animals at 24 hours (Figure 3B), indicative of an innate immune response to the infection. When comparing vehicle-exposed infected animals to their ethanol-exposed counterparts, we found that ethanol exposure resulted in 1.8-fold more neutrophils in the lungs of infected animals at 24 hours but noted no difference in the number of alveolar or infiltrating macrophages (Figure 3B). Finally, to complement our result of increased neutrophils in the lungs of ethanol-exposed animals after infection, we performed quantitative PCR on whole lung homogenates for Ly6g expression. We observed 5.0- and 2.7-fold higher Ly6g transcript in lung homogenates of ethanol-exposed infected animals compared to uninfected animals or vehicle-exposed infected animals, respectively (Figure 3C).




Figure 3 | Effect of ethanol consumption on macrophage and neutrophil numbers in the lung following infection. (A) Flow cytometry gating strategy to identify neutrophils, alveolar macrophages, and infiltrating macrophages in lung homogenates. (B) Average number of pulmonary cell subsets in lung homogenate at 24 hours post-infection. (C) RNA from lung homogenates was isolated at 24 hours post-infection and cDNA was analyzed by quantitative PCR for expression of Ly6g; target gene expression is normalized to gapdh and presented as fold change to vehicle-treated uninfected mice. Data are presented as mean ± SEM. n = 3-6 mice per group per experiment and data are combined from 2 individual experiments. *p < 0.05 compared to all other groups by one-way ANOVA.





Ethanol Exposure Prior to S. pneumoniae Infection Leads to Increased Pulmonary Expression of Pro-Inflammatory Cytokines and Chemokines, and Increased G-CSF in the Serum

Based on our results showing an increased number of lung neutrophils in ethanol-exposed infected animals observed by flow cytometry, we evaluated pulmonary expression of the chemokine genes Cxcl1, Cxcl2, and Cxcl12, important neutrophil chemoattractants and activators produced during the inflammatory response to infection (26, 46). Additionally, we measured pulmonary expression of Csf2 and Csf3, the genes encoding for granulocyte macrophage-colony stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF), respectively, important cytokines for inducing granulopoiesis and the release of granulocytes from the bone marrow (47), along with serum levels of G-CSF. Our data show that, compared to vehicle-exposed infected animals, the ethanol-exposed infected mice had significantly higher expression of Cxcl1 (3.0-fold) and Cxcl2 (3.7-fold), and no difference in Cxcl12, in lung homogenates at 24 hours (Figure 4A). Further, we found no difference in Csf2 expression, but rather elevated levels of Csf3 transcript in the lung and G-CSF in the serum (17.2-fold and 3.0-fold higher, respectively), in ethanol- compared to vehicle-exposed infected animals (Figures 4B, C). We noted no difference in pulmonary gene expression or serum G-CSF levels between our vehicle- or ethanol-exposed uninfected groups (Figure 4).




Figure 4 | Effect of ethanol exposure on chemokine gene expression in the lung and serum granulocyte-colony stimulating factor (G-CSF) levels after infection. (A, B) Gene expression as indicated in graph titles was measured as described in Figure 3. Target gene expression is normalized to gapdh and presented as fold change to vehicle-treated uninfected mice. (C) Serum concentration of G-CSF at 24 hours post-infection as measured by ELISA. Data are presented as mean ± SEM. n = 3-5 per group per experiment and represent averages from 3 individual experiments. *p < 0.05 by one-way ANOVA.





Ethanol Exposure Alters Leukocyte and S. pneumoniae Localization in the Lung at 24 Hours Following Infection

Due to the increased number of neutrophils in the lungs of ethanol-exposed infected animals detected by flow cytometry at 24 hours, we analyzed histological markers of inflammation and injury in H&E-stained lung sections. We found that ethanol-exposed infected animals had significantly increased peri-vascular cell accumulation at 24 hours and a trend toward more leukocytes in the lumen of the larger airways compared to vehicle-exposed infected animals (Figures 5A, B). We failed to observe a difference in the other individual scoring criteria—gross accumulation of inflammatory cells in the lung parenchyma, peri-vascular edema, or proteinaceous material in the alveolar space (data not shown).




Figure 5 | Effect of ethanol exposure on lung inflammation following S. pneumoniae infection. (A) Representative images of lungs from uninfected and infected mice at 24 hours. Top panel = 40x magnification, scale bar = 500 µm. Boxes denote the magnified areas in the middle and bottom panels. Middle and bottom panels = 400x magnification, scale bar = 50 µm; green arrows denote peri-vascular cells and yellow arrows denote airway leukocytes. (B) Quantitative score for criterion of peri-vascular and airway cell accumulation (0-2 score). Data are presented as mean ± SEM. n = 3-6 mice per group per experiment and data are combined from 2 individual experiments. *p < 0.05 by unpaired t test.



Next, since we noted altered leukocyte localization in the lungs by H&E and a difference in neutrophil numbers and transcript by flow cytometry and qPCR, respectively, we evaluated neutrophil and bacterial localization after infection utilizing IHC staining. Quantification of staining (as assessed by percent positive pixels) showed a great deal of variation between animals within groups, and thus, no statistical difference was observed in the levels of Ly6G or S. pneumoniae antigen in lung sections from our vehicle- and ethanol-exposed infected animals (Supplementary Figure 1). We noted an increased presence of neutrophils in the infected groups compared to vehicle-exposed uninfected animals (Supplementary Figure 1), with neutrophil localization near S. pneumoniae in both infected groups (Figure 6). Additionally, we observed a 4.6-fold higher percentage of internalized S. pneumoniae in macrophages of vehicle- compared to ethanol-exposed infected animals (Figure 6).




Figure 6 | Effect of ethanol exposure on neutrophil and S. pneumoniae localization and bacterial phagocytosis after infection. (A) IHC staining was performed onformalin-fixed lung sections with antibodies against Ly6G for neutrophils (brown) and S. pneumoniae (pink) and counterstained with hematoxylin. Representative images are at 100x magnification for the top panel (scale bar = 200μm) and 400x magnification for the bottom panel (scale bar = 50 μm). (B) Percent phagocytosis of S. pneumoniae as measured by the ratio of cells with internalized bacteria to total nucleated cells. Black arrows denote cells with internalized S. pneumoniae. Data are presented as mean ± SEM. n = 3-4 mice per group per experiment and are representative of 2 individual experiments. *p < 0.05 by unpaired t test.






Discussion

Excessive alcohol consumption weakens the ability of the immune system to effectively respond to pathogens (52). Here, we describe those 3 consecutive days of a more moderate ethanol exposure than what is typically used in the literature (Figures 1A, B) can significantly alter the early pulmonary response to Streptococcus pneumoniae. Although the peak BAC in our studies is approximately 80 mg/dL, considered the “legal limit” for driving in humans, it is likely that the BAC levels for intoxication in mice are comparably lower due to increased metabolism of ethanol in rodents compared to humans (53). Nonetheless, we found that ethanol exposure increases bacterial burden in the lung and decreases respiratory function within 24 hours after S. pneumoniae infection (Figures 1C, 2). Our results showing increased bacterial burden in the lungs of ethanol-exposed mice (Figure 1C) is in line with previous studies utilizing pathogens such as S. pneumoniae (54), Klebsiella pneumoniae (55, 56), and Escherichia coli (57). However, the animal models in these studies use supra-physiological levels of acute ethanol (often enough to raise BAC well above 350 mg/dL) or binge-on-chronic ethanol feeding [Lieber-DeCarli diet (58) for a total of 10 days with a 4 g/kg ethanol gavage on days 5 and 10 (55, 56)] before infection, making it challenging to directly compare results. Even so, our work expands upon previous findings by showing a similar response of increased bacterial burden in animals exposed to a much lower and shorter three-day ethanol exposure regimen (1.5 g/kg) and infected with a lower S. pneumoniae inoculum (104 CFU). We believe that our model better recapitulates how humans who drink alcohol may acquire bacterial pneumonia via respiratory droplets, as our mice are given an oral gavage of ethanol at a more moderate level and then infected intranasally. Furthermore, humans tend to drink alcohol for social motives (59) putting them in close proximity to others who may be infected, or more commonly, those who are asymptomatic carriers of S. pneumoniae (60).

Previous studies have found that respiratory disease is associated with impaired lung function using whole body plethysmography, including pneumococcal (61) and SARS-CoV2 infection (62), and bleomycin-induced lung injury (63). Further, our group has shown that multi-day ethanol exposure leads to respiratory dysfunction following traumatic injury, such as a cutaneous scald (16, 64). The increased penh values suggest altered airflow patterns in response to airway inflammation (65, 66), while the higher expiratory time and corresponding decreased Rpef values suggest airway narrowing/obstruction (67, 68) and airway collapse with increased airflow resistance (69, 70) in ethanol- compared to vehicle-exposed infected mice. Increased leukocyte accumulation, pulmonary edema, and alveolar wall thickening observed histologically (Figure 5A; Supplementary Figure 2) likely contribute to the impaired respiratory function observed by plethysmography. One caveat to our lung function data is that we observed mortality during the studies so respiratory parameters are representative of surviving animals only. On day 4, 6% and 14% of the vehicle- and ethanol-exposed infected animals, respectively, died. An additional 12% and 8%, respectively, of the remaining animals died on day 5; we did not observe any further mortality through day 7 post-infection (data not shown). Nevertheless, our study is the first to our knowledge that demonstrates an effect of multi-day lower-dose ethanol exposure on respiratory parameters following S. pneumoniae infection.

Neutrophils are critical early responders to respiratory pathogens, but their presence and activity at infection sites can be detrimental if not properly controlled. Using several different pathogens, animal studies have demonstrated that the host is more susceptible to severe pneumonia and death when neutrophils are depleted or otherwise unable to reach the lung (36, 71), but also when excessive neutrophil accumulation and their ineffective clearance leads to tissue damage (72–75). Our results show that ethanol-exposed mice had a higher pulmonary bacterial burden at 24 hours after infection (Figure 1C) despite increased numbers of pulmonary neutrophils (Figure 3B) and correspondingly higher expression of chemokines involved in neutrophil recruitment, such as Cxcl1 and Cxcl2 (Figure 4A). Likewise, the upregulation of Csf3 in the lungs and increased levels of G-CSF in the serum of ethanol-exposed infected mice (Figures 4B, C) further suggests an immune response geared toward granulopoiesis and neutrophil homing to the lung. Indeed, others have shown that G-CSF mRNA levels are markedly increased in lung tissue from animals challenged intratracheally with E. coli but did not observe appreciable levels of G-CSF mRNA in spleen, liver, or kidney tissue from the same animals (76). This suggests that the lung is a primary source of G-CSF production early after pulmonary infection.

Previous work from our lab has shown that prior ethanol exposure leads to excessive accumulation of neutrophils (77, 78) and apoptotic cells (78) in the lungs of mice up to 24 hours following burn injury, compared to vehicle-treated injured mice. Although not directly tested in these studies, others have shown that ethanol exposure decreases phagocytic capacity in both alveolar macrophages (14, 15, 79–81) and neutrophils (82–84), along with decreased efferocytosis by alveolar macrophages (17). Our results showing increased bacterial burden in the lung despite higher numbers of neutrophils may suggest that either the tissue-resident alveolar macrophages or the infiltrating neutrophils are less efficient at properly phagocytosing and/or breaking down S. pneumoniae within the first 24 hours after infection. Our IHC staining of infected lung tissue would suggest the former (Figure 6), although we cannot rule out that the recruited neutrophils are also functionally impaired. Additionally, the presence of Ly6G-negative airway cells could indicate apoptotic macrophages that were not detected by flow cytometry. It is also possible that ethanol treatment in our mice indirectly alters neutrophil apoptosis due to the hyper-inflammatory lung microenvironment following infection (85) and/or impairs efferocytosis of apoptotic neutrophils by alveolar macrophages or infiltrating macrophages; this question merits further evaluation and clarification. Indeed, others have reported delayed neutrophil apoptosis after acute ethanol exposure followed by a “second hit” to the immune system (86, 87). It has been shown that blood neutrophils from ethanol-exposed burned animals had decreased expression of pro-apoptotic proteins such as caspase-3 and Bax, and correspondingly decreased apoptosis as measured by histone-associated DNA fragments (86). Further, delayed neutrophil death appears to be a common characteristic of human inflammatory lung diseases such as cystic fibrosis, pneumonia, and idiopathic fibrosis, as well as in cancer with associated neutrophilia (87). Importantly, in our model, if recruited pulmonary neutrophils are not able to properly die via apoptosis and be cleared by alveolar macrophages, they may undergo secondary necrosis, releasing toxic mediators such as elastase and reactive oxygen species, and inducing lung damage in our ethanol-exposed animals (88, 89).

Inflammation is a necessary process to restore homeostasis after infection. Resident immune cells in the upper and lower respiratory tract detect pathogen associated molecular patterns on invading microorganisms and initiate a signaling cascade leading to mobilization and migration of leukocytes to the site of infection. The lungs of our infected animals showed an early accumulation of peri-vascular and airway leukocytes in animals with prior ethanol exposure (Figures 4A, B). This suggests that recruited immune cells are able to reach the lungs but appear to be less efficient at clearance of S. pneumoniae as noted by CFU counts at 24 hours post-infection in our ethanol-exposed mice (Figure 1C). While we failed to see differences in the number of alveolar or infiltrating macrophages in lung homogenates by flow cytometry (Figure 3), it is possible that ethanol exposure impairs monocyte trafficking to the lung, as others have previously shown (90).

Immunohistochemistry staining of lung sections provided valuable insight into the effect of ethanol on neutrophil and bacterial antigen localization, as well as bacterial internalization, following S. pneumoniae infection. We did not observe any gross difference in neutrophil proximity to S. pneumoniae, suggesting that neutrophils are able to migrate toward the infection site at 24 hours post-infection in our model. However, it is possible that neutrophil chemotaxis is impaired at earlier or later time points post-infection, or in other areas of the lung. Further, there was no significant difference in neutrophil or bacterial antigen staining intensity (Supplementary Figure 1), however, we are careful not to rely solely on this result since the quantification is from a single tissue section from each animal. Additionally, the S. pneumoniae antibody used for IHC is a whole cell serotype blend and will therefore bind to viable and non-viable bacteria and also closely related bacterial species; therefore, quantification of S. pneumoniae antigen by IHC may not directly relate to CFU counts of viable bacteria from lung homogenates.

The results presented here require further clarification in future studies. A strength of this work is the demonstration of increased neutrophils and S. pneumoniae in whole lung homogenates of ethanol-exposed infected animals at 24 hours, and visualization of the localization of each within the lung. In future experiments, we will characterize the number and functional capacity of neutrophil and macrophage populations in the airways following infection by isolation of these cells from BAL fluid (91). Advanced flow cytometry analysis of blood, BAL fluid, and whole lung homogenates will identify the changing inflammatory cell populations and discriminate cell death (apoptosis or necrosis) in each. Additionally, it would be useful to determine which subset of pulmonary cells are expressing Cxcl1, Cxcl2 and Csf3, as this may yield a focused therapeutic target to improve health outcomes in alcohol consumers with pneumococcal pneumonia. Finally, because S. pneumoniae was still present in the lungs at 24 hours post-infection, it is imperative to examine the later innate and subsequent adaptive immune response in our model and determine whether complete resolution of the infection is altered due to ethanol exposure.

In summary, we show here that ethanol exposure—at a dose relevant to human consumption—results in higher lung bacterial burden despite an increased presence of pulmonary neutrophils following intranasal S. pneumoniae infection. An accumulation of leukocytes was visualized in the airways and peri-vascular space, and likely contributes to the respiratory dysfunction seen in our infected animals. Additionally, we noted differences in S. pneumoniae internalization in macrophages from our ethanol-exposed infected animals, which likely contributes to the increased inflammation noted in our mice and could lead to delayed resolution of the infection. Taken together, these findings contribute to our knowledge of how short-term ethanol consumption at physiological doses can alter pulmonary immunity to respiratory infection. Future studies aimed at understanding the mechanisms underlying this exacerbated neutrophilic response could improve health outcomes in pneumonia patients who drink alcohol.
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Excessive alcohol use increases the risk of developing respiratory infections partially due to impaired alveolar macrophage (AM) phagocytic capacity. Previously, we showed that chronic ethanol (EtOH) exposure led to mitochondrial derangements and diminished oxidative phosphorylation in AM. Since oxidative phosphorylation is needed to meet the energy demands of phagocytosis, EtOH mediated decreases in oxidative phosphorylation likely contribute to impaired AM phagocytosis. Treatment with the peroxisome proliferator-activated receptor gamma (PPARγ) ligand, pioglitazone (PIO), improved EtOH-mediated decreases in oxidative phosphorylation. In other models, hypoxia-inducible factor-1 alpha (HIF-1α) has been shown to mediate the switch from oxidative phosphorylation to glycolysis; however, the role of HIF-1α in chronic EtOH mediated derangements in AM has not been explored. We hypothesize that AM undergo a metabolic shift from oxidative phosphorylation to a glycolytic phenotype in response to chronic EtOH exposure. Further, we speculate that HIF-1α is a critical mediator of this metabolic switch. To test these hypotheses, primary mouse AM (mAM) were isolated from a mouse model of chronic EtOH consumption and a mouse AM cell line (MH-S) were exposed to EtOH in vitro. Expression of HIF-1α, glucose transporters (Glut1 and 4), and components of the glycolytic pathway (Pfkfb3 and PKM2), were measured by qRT-PCR and western blot. Lactate levels (lactate assay), cell energy phenotype (extracellular flux analyzer), glycolysis stress tests (extracellular flux analyzer), and phagocytic function (fluorescent microscopy) were conducted. EtOH exposure increased expression of HIF-1α, Glut1, Glut4, Pfkfb3, and PKM2 and shifted AM to a glycolytic phenotype. Pharmacological stabilization of HIF-1α via cobalt chloride treatment in vitro mimicked EtOH-induced AM derangements (increased glycolysis and diminished phagocytic capacity). Further, PIO treatment diminished HIF-1α levels and reversed glycolytic shift following EtOH exposure. These studies support a critical role for HIF-1α in mediating the glycolytic shift in energy metabolism of AM during excessive alcohol use.
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Introduction

Over 15 million people in the United States have been diagnosed with alcohol use disorders (1). Excessive alcohol use increases morbidity and mortality (2) and increases risk of developing respiratory infections (3), which is largely linked to immune dysfunction in alveolar macrophages (AM) (4–7). AM initiate the immune response to pathogens in the lower airway (8), but excessive alcohol use impairs AM phagocytic capacity and bacterial clearance (5, 9). Phagocytosis requires high energy demands, and mitochondrial-dependent oxidative phosphorylation is the most efficient method of generating cellular ATP. Our laboratory has established that chronic alcohol exposure results in AM mitochondrial dysfunction (e.g., mitochondrial fragmentation, morphological alteration, and derangements in mitochondrial bioenergetics) (10). Further, treatment with the peroxisome proliferator-activated receptor gamma (PPARγ) ligand, pioglitazone (PIO), improved AM phagocytic dysfunction (7, 11) and oxidative phosphorylation (10) during ethanol (EtOH) exposure.

One mechanism employed by cells to meet their energy demands in the absence of oxidative phosphorylation is glycolysis (12). Glycolysis is a metabolic pathway that converts glucose into pyruvate utilizing enzymatic proteins, such as 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3) and pyruvate kinase M2 (PKM2), to generate energy (12, 13). Blocking key glycolytic proteins such as Pfkb3 and PKM2 has been shown to mitigate acute lung injury (14, 15). The effect of EtOH on these glycolytic proteins in AM has not been explored.

Stabilization of hypoxia-inducible factor (HIF)-1α and subsequent formation of HIF-1 (comprised of the inducible HIF-1α and constitutive HIF-1β) increases the transcription of numerous genes including those in the glycolytic pathway, such as glucose transporters (GLUT) 1 and 4 and pyruvate dehydrogenase kinase 1 (PDK-1) (16–19). Mounting evidence suggests that HIF-1α may act as a “metabolic switch”, shifting cells from relying on oxidative phosphorylation towards glycolysis instead (17–19). The availability of glucose needed for glycolysis is in part regulated by glucose transporters which transport glucose into the cell (12). HIF-1α (with GLUT and PDK-1) have been shown in other models to contribute to lung injury (20–22). Further, numerous studies have shown a direct relationship between HIF-1α and EtOH-mediated pathologies in the brain (23), adipose tissue (24), and liver (25). The findings from these studies showed that EtOH-induced HIF-1α can occur during oxidative stress or elevated inflammation.

The relationship between HIF-1α and these metabolic derangements in the context of chronic EtOH-induced AM phagocytic dysfunction, however, have not been examined and are the focus of the current study. Our data demonstrate that HIF-1α is a critical mediator of EtOH-mediated energy derangements in AM, suggesting a key role of HIF-1α in EtOH-mediated lung pathobiology. Further, PIO attenuated EtOH-induced HIF-1α, which could provide a novel therapeutic strategy in the treatment of alcohol use disorders in the lung and decrease susceptibility to respiratory infections.



Materials and Methods


Mouse Model of Chronic Ethanol Ingestion

Animal studies were carried out in accordance with the National Institutes of Health guidelines as outlined in the Guide for the Care and Use of Laboratory Animals. Additionally, all protocols were reviewed and approved by the Atlanta VA Health Care System Institutional Animal Care and Use Committee. 8- to 10-week-old male C57BL/6J mice purchased from Jackson Laboratory (Bar Harbor, Maine, United States) were fed standard laboratory chow ad libitum. Mice were randomly divided into two groups (control and EtOH). EtOH fed mice received increases of EtOH (5% w/v) in their drinking water for 2 weeks until the EtOH concentration reached 20% w/v and this concentration was maintained for 10 weeks, resulting in a 0.12% blood alcohol level (6, 7, 26). During the last week of ethanol ingestion, mice were administered PIO (10 mg/kg/day in 100-µL methylcellulose vehicle) or vehicle alone via oral gavage (7). Following euthanasia, tracheas were cannulated, and a tracheotomy was performed to collect bronchoalveolar lavage fluid. Bronchoalveolar lavage fluid was centrifuged at 8000 RPM for 5 minutes to isolate mouse alveolar macrophages (mAM). Isolated mAM were resuspended in RPMI-1640 culture medium (2% fetal bovine serum and 1% penicillin/streptomycin) for 24 hours for further experimentation (6, 7). Lung tissue was harvested and homogenized for RNA isolation.



In Vitro Ethanol Exposure of MH-S Cells

The mouse alveolar macrophage cell line (MH-S) was purchased from American Type Culture Collection (Manassas, VA, United States). MH-S cells were cultured in RPMI-1640 medium (10% fetal bovine serum, 1% penicillin/streptomycin, 11.9 mM sodium bicarbonate, gentamicin (40mg/ml) and 0.05 mM 2- mercaptoethanol) in the presence or absence of 0.08% EtOH for 72 hours (media changed daily) at 37°C in a humidified incubator in 5% CO2 (5, 6). In a subset of experiments, MH-S were treated with PIO (10 μM; last 24 hours of EtOH exposure) (Cayman Chemicals, Ann Arbor, Michigan, United States).



Cell Energy Phenotype Test

Cell energy phenotype tests were performed to evaluate the metabolic phenotypes of mAM and MH-S using either an XFe96 (Catalog number: 103325-100) or an XFp extracellular flux analyzer (Catalog number: 103275-100) (Agilent Seahorse Bioscience Inc.; Billerica, MA, United States). Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in mAM and MH-S over time in XF Base Medium supplemented with 1 mM of sodium pyruvate, 10 mM glucose, and 2 mM of L-glutamine followed by a single injection of 2 μM oligomycin (ATP synthase inhibitor) + 0.5 μM carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; a mitochondrial uncoupling agent). XFp plates were precoated with collagen (~4 hours) and washed with PBS and media prior to addition of mAM cells to promote mAM adherence to the plates. Raw OCR and ECAR were determined using the XF Wave 2.1 software. OCR and ECAR values were calculated, normalized to cell protein concentration in the same sample, and were expressed as mean of biological replicates ± standard error of the mean (SEM).



Glycolysis Stress Test

Glycolysis stress tests were performed using either an XFe96 or an XFp extracellular flux analyzer (Agilent Seahorse Bioscience Inc.) to evaluate the parameters of glycolytic flux. ECAR was measured in mAM and MH-S over time in XF Base Medium supplemented with 2 mM L-glutamine followed by sequential injections of 10 mM glucose (saturating concentration of glucose to promote glycolysis), 2 μM oligomycin (ATP synthase inhibitor), and 50 mM 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis). To maximize mAM adherence to XFp microculture plates, wells were precoated with collagen (~4 hours) and were subsequently washed with PBS and media before addition of cells. Glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic acidification were determined using the XF Wave 2.1 software. Raw ECAR was determined using the XF Wave 2.1 software. Glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic acidification ECAR values were calculated, normalized to cell protein concentration in the same sample, and were expressed as mean of biological replicates ± SEM.



RNA Isolation and Quantitative RT-PCR (qRT-PCR)

TRIzol reagent (Catalog number:15596026, Invitrogen, Waltham, MA, United States) was used to isolate total RNA. Primer sequences outlined in Table 1 were used to measure and quantify target mRNA levels by qRT-PCR with iTaq Universal SYBR Green One-Step kit (Catalog number: 1725151, Bio-Rad, Hercules, CA, United States) using the Applied Biosystems ABI Prism 7500 version 2.0.4 sequence detection system (6, 7). Target mRNA values were normalized to 9S or glyceraldehyde 3-phosphate dehydrogenase (GAPDH). mRNA levels were expressed as fold-change of mean ± SEM, relative to control samples.


Table 1 | Primer sequences to measure mRNA levels using qRT-PCR.





Cytoimmunostaining and Phagocytosis by Fluorescent Microscopy

HIF-1α protein was measured in mAM isolated from control- and EtOH-fed mice. mAM were fixed with 4% paraformaldehyde and incubated with a HIF-1α rabbit monoclonal antibody (1:500, Cell Signaling Technology, Danvers, MA, United States) for 1 hour, washed, and incubated with fluorescent-labeled anti-rabbit secondary antibody (1:1000) for 1 hour. Protein values were normalized to DAPI nuclear stain.

In vitro phagocytic capacity in MH-S was determined using pHrodo Staphylococcus aureus BioParticles conjugate (Catalog number: A10010, Invitrogen). MH-S (1.2 × 105 cells) were incubated with 1 × 106 particles of pH-sensitive fluorescent-labeled S. aureus for 2 hours. Following the incubation, cells were fixed with 4% paraformaldehyde. Cells with internalized S. aureus were considered positive for phagocytosis. Phagocytic capacity was quantified as phagocytic index: cells positive for internalized bacteria is multiplied by the relative fluorescent units (RFU) of S. aureus per cell. Phagocytic index is expressed as fold-change of mean ± SEM, relative to control samples (7, 11).

Fluorescence for HIF-1α cytoimmunostaining and phagocytosis of S. aureus was measured using FluoView (Olympus, Melville, New York, United States) and are expressed as fold-change of mean relative fluorescent units RFU per cell ± SEM, relative to control samples. RFU were evaluated in at least 10 cells per field, with 10 fields per experimental condition. Gain and gamma microscope settings were constant for each field and experimental condition. ImageJ was used to deconvolute and analyze images (10, 27).



Western Blot

Proteins were isolated from MH-S using SESSA lysis buffer and quantified using the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Catalog number for Pierce bicinchoninic acid (BCA) Protein Assay Reagent A: 23228 and Catalog number for Pierce bicinchoninic acid (BCA) Protein Assay Reagent B: 23224, Thermofisher, Waltham, Massachusetts, United States). Equal amounts of protein from cell lysates were loaded on NuPAGE Novex 10% Bis-Tris Protein Gels (Catalog number: NP0301BOX, Fisher Scientific, Hampton, NH, United States) subsequent to being transferred onto nitrocellulose membranes. The membranes were blocked in 5% non-fat milk and TBST for 1 hour and then incubated with primary antibodies for HIF-1α rabbit monoclonal antibody (Catalog number: 14179S, 1:500, Cell Signaling Technology) or glyceraldehyde 3-phosphate dehydrogenase rabbit polyclonal antibody (Catalog number: G9545-100UL, 1:20,000, GAPDH, Sigma-Aldrich, St. Louis, MO, United States) overnight at 4°C. Following this incubation, the membranes were washed and incubated with 1:10,000 anti-rabbit IRDye800CW Secondary Antibodies (Catalog number: 926-32211, Li-COR Biosciences, Lincoln, NE, United States) for 1 hour at room temperature. Odyssey Infrared Imaging System (LI-COR Biosciences) was used to image the membranes. Image J software (NIH, Bethesda, MD, United States) was used to measure densitometry. HIF-1α protein values were normalized to GAPDH and expressed as fold-change of mean ± SEM, relative to control samples.



Lactate Assay

Lactate levels in MH-S were determined using a lactate assay kit (Catalog number: MAK064, Sigma Aldrich) according to the manufacturer’s instructions. Lactate values were normalized to protein concentration in the same sample and were expressed as fold-change of mean ± SEM, relative to control samples.



Cobalt Chloride Treatment of MH-S

MH-S were treated with the HIF-1α stabilizer cobalt (II) chloride hexahydrate (Catalog number: C8661-25g, 25 μM, CoCl2, Sigma-Aldrich) in PBS vehicle or PBS alone for 4 hours. CoCl2 increases HIF-1α expression (28) and stabilizes HIF-1α by inhibiting the binding of von Hippel Lindau E3 ubiquitin ligase, preventing HIF-1α ubiquitination and subsequent degradation (29).



Transient Transfection of MH-S

HIF-1α was silenced in MH-S using transient transfection of a HIF-1α siRNA (Catalog number: sc-35562, Santa Cruz, Dallas, TX, United States), and HIF-1α was induced in MH-S using transient transfection of HIF-1α lysate (Catalog number: sc-120778, Santa Cruz). MH-S were resuspended in 100 μL of Amaxa Mouse Macrophage Nucleofector Kit solution (Catalog number: VPA-1009, Lonza, Alpharetta, GA, United States) containing 100 nM of control scrambled (Catalog number: sc-37007, control-scr, Santa Cruz), siRNA for HIF-1α (siHIF-1α), or HIF-1α lysate (HIF-1α) followed by nucleofection according to the manufacturer’s protocol using program Y-001. Following transfection, MH-S were washed with media and cultured with or without 0.08% EtOH for 3 days (media changed daily).



Statistical Analysis

Data are presented as mean ± SEM. A Student’s t-test was used in studies with two groups. In studies, with more than two groups, statistical significance was calculated using one-way analysis of variance (ANOVA) followed by Tukey-Kramer post hoc (GraphPad Prism version 9, San Diego, CA). In the event that the data was not normally distributed, a non-parametric statistical analysis using Kruskal-Wallis test was used. p<0.05 was considered significant.




Results


Ethanol Shifted AM to a Glycolytic Metabolic Phenotype

Previously, we have shown that EtOH exposure altered mitochondrial morphology and negatively impacted mitochondrial bioenergetics (10). To assess whether EtOH exposure increased glycolysis, we evaluated the cell energy phenotype of mAM isolated from control and EtOH-fed mice. mAM from EtOH-fed mice shifted to a glycolytic phenotype in response to the oligomycin +FCCP stressors (Figure 1A). To provide further evidence that EtOH resulted in glycolytic shift, we performed a glycolysis stress test on mAM from control and EtOH fed mice. Compared with mAM from control mice, mAM from EtOH fed mice exhibited increased glycolytic profiling (Figure 1B), glycolysis (Figure 1C), glycolytic capacity (Figure 1D), glycolytic reserve (Figure 1E), and non-glycolytic acidification (Figure 1F). Similar to our in vivo studies, glycolytic bioenergetics were elevated in EtOH-treated MH-S (Figure 2) compared to control. Assessment of the cell energy phenotype of EtOH treated MH-S exhibited a glycolytic shift compared to control (Figure 2A). Additionally, EtOH treated MH-S displayed increased glycolytic profiling compared to control (Figure 2B). Finally, glycolysis (Figure 2C), and glycolytic capacity (Figure 2D) were also elevated in EtOH-treated MH-S compared to controls. We did not observe any differences in glycolytic reserve (Figure 2E) or non-glycolytic acidification (Figure 2F) between the groups. Collectively, these data illustrate that AM exhibit a glycolytic energy phenotype in response to EtOH.




Figure 1 | EtOH induces glycolysis in mAM. Mouse alveolar macrophages (mAM) were isolated from mice fed either control (Con) or ethanol (EtOH; 20% v/w in drinking water, 12 weeks). (A) Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor) and carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was measured, normalized to protein levels, and are expressed as mean ± SEM (n = 4-5). ECAR were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are mpH over time, normalized to total protein in the same sample well, and are expressed as mean ± SEM. Parameters of glycolytic function (B), glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic acidification (F) are expressed as mean ± SEM, relative to control (n = 12-14). *p < 0.05 verses control.






Figure 2 | EtOH induces glycolysis in MH-S cells. MH-S were exposed to either control (Con) or ethanol (EtOH; 0.08%) for 72 hours. (A) Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor), carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was measured, normalized to protein levels, and are expressed as mean ± SEM (n = 3). ECAR were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are mpH over time, normalized to total protein in the same sample well, and are expressed as mean ± SEM. Parameters of glycolytic function (B), glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic acidification (F) are expressed as mean ± SEM, relative to control (n = 6). *p < 0.05 verses control.





Ethanol Increased Glycolytic Proteins in Mouse Lungs and MH-S

As we observed increases in glycolytic flux following EtOH exposure in AM, we assessed expression of the glucose transporters, Glut1 and Glut4, and key enzymes of the glycolytic pathway, Pfkfb3 and PKM2. mRNA levels of Glut1, Glut4, Pfkfb3, and PKM2 were increased in response to EtOH (Figure 3A). Additionally, EtOH induced mRNA expression of Glut1 in mouse lung homogenates (Supplementary Figure 1). Since lactate levels correlate with generation of ECAR during glycolysis (30), we investigated the effect of EtOH on AM lactate levels. Lactate was elevated in response to EtOH in MH-S (Figure 3B). These results further suggest that EtOH induces glycolysis in mouse lungs and AM.




Figure 3 | Ethanol increases expression of glycolytic proteins and lactate levels in MH-S. MH-S were exposed to either control (Con) or ethanol (EtOH; 0.08%) for 72 hours. (A) mRNA levels of glucose transporter (Glut)1, Glut4, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3), and pyruvate kinase 2 (PKM2) were measured by qRT-PCR, in duplicate, normalized to GAPDH, and are expressed as mean ± SEM, relative to control. (B) Protein isolated from MH-S cells was used to evaluate lactate levels via lactate assay kit and are expressed as mean ± SEM, relative to control (n = 4-6). *p < 0.05 versus control.





Ethanol-Induced HIF-1α in mAM and MH-S

We sought to investigate the mechanism by which EtOH increased parameters of glycolytic flux in AM. HIF-1α, a component of the transcription factor HIF-1, can act as a “metabolic switch”. HIF-1 increases the transcription of some genes in the glycolytic pathway and has been shown in other models to be increased by EtOH exposure (23–25, 31). Here, we examined how EtOH affected hypoxia-inducible factor (HIF)-1α in AM. mRNA and protein levels of HIF-1α were measured in control and EtOH mAM. EtOH feeding elevated mAM HIF-1α mRNA (Figure 4A) and protein (Figure 4B) expression. Similarly, we observed increases in HIF-1α mRNA (Figure 4C) and protein (Figure 4D) in MH-S exposed to EtOH compared to control. Collectively, these data show that EtOH induces HIF-1α in AM.




Figure 4 | Ethanol induces HIF-1α in mAM and MH-S. (A, B) Mouse alveolar macrophages (mAM) were isolated from mice fed either control (Con) or ethanol (EtOH; 20% v/w in drinking water, 12 weeks). (A) HIF-1α mRNA levels were measured by qRT-PCR, in duplicate, normalized to 9S, and expressed as mean ± SEM, relative to control. (B) HIF-1α protein levels were measured by fluorescence microscopy (10 fields/condition), normalized to DAPI, and are expressed as mean RFU ± SEM, relative to control. Representative microscopy images have been provided. (C, D) MH-S were exposed to either control (Con) or ethanol (EtOH; 0.08%) for 72 hours. (C) HIF-1α and were measured by qRT-PCR, in duplicate, normalized to GAPDH, and expressed as mean ± SEM, relative to control (n = 6). (D) HIF-1α protein levels were evaluated via western blot, normalized to GAPDH protein, and densitometry is expressed as mean ± SEM, relative to control (n = 4). Representative western blot images have been provided. *p < 0.05 versus control.





Ethanol-Induced Derangements in AM Glycolytic Shift Is Mediated by HIF-1α in MH-S

To establish whether HIF-1α is implicated in EtOH-mediated glycolytic shift in AM, control MH-S were treated with cobalt chloride, a HIF-1α stabilizer. Treatment of MH-S with cobalt chloride mimicked the increase in HIF-1α mRNA (Supplementary Figure 2A) and protein (Supplementary Figure 2B) seen in AM exposed to EtOH (Figure 4). Cobalt chloride exposed MH-S exhibited increases in components of glycolytic profiling (Figure 5A), glycolysis (Figure 5B), and glycolytic capacity (Figure 5C) similar to our EtOH studies of AM (Figures 1, 2). Similar to our in vitro studies (Figure 2), we did not observe changes in glycolytic reserve (Figure 5D) and non-glycolytic capacity (Figure 5E) with cobalt chloride treatment. Concomitantly, treatment of MH-S with HIF-1α lysate increased glycolytic profiling (Supplementary Figure 3A), glycolysis (Supplementary Figure 3B), glycolytic capacity (Supplementary Figure 3C), and glycolytic reserve (Supplementary Figure 3D). Glut4, Pfkfb3, and PKM2 (Figure 6A) mRNA levels and lactate levels (Figure 6B) were increased in response to cobalt chloride, similar EtOH-treated MH-S (Figure 3). As cobalt chloride is a mimetic for HIF-1α, these data suggest that EtOH-induced HIF-1α mediates the glycolytic shift observed in AM. Further, similar to our EtOH studies (7, 11), treatment with cobalt chloride led to AM phagocytic dysfunction (Figure 6C).




Figure 5 | Stabilization of HIF-1α in vitro via cobalt chloride mimics EtOH-mediated derangements in MH-S. MH-S were exposed to either vehicle (Veh) or cobalt chloride (CoCl2, 25 μM) for 4 hours. Extracellular acidification rates (ECAR) were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. ECAR from glycolytic profiling, normalized to protein levels, and are expressed as mean ± SEM (A), glycolysis (B), glycolytic capacity (C), glycolytic reserve (D), and non-glycolytic acidification (E) are expressed as mean ± SEM, relative to vehicle (n = 6). *p < 0.05 versus vehicle.






Figure 6 | Cobalt chloride induces expression of glycolytic proteins and lactate levels and causes phagocytic dysfunction in MH-S. MH-S were exposed to either vehicle (Veh) or cobalt chloride (CoCl2, 25 μM) for 4 hours. (A) mRNA levels of glucose transporter (Glut)4, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3), and pyruvate kinase 2 (PKM2) were measured by qRT-PCR, in duplicate, normalized to GAPDH, and are expressed as mean ± SEM, relative to control (n = 4-6). (B) Protein isolated from MH-S was used to evaluate lactate levels via lactate assay kit and are expressed as mean ± SEM, relative to vehicle (n = 6). *p < 0.05 versus vehicle. (C) Phagocytic index was calculated from the percentage of cells positive for bacterial uptake multiplied by the RFU of S. aureus per cell. Values are expressed as mean ± SEM relative to vehicle (n = 5). Representative fluorescent and brightfield images have been provided. *p < 0.05 versus vehicle.





HIF-1α Modulates EtOH-Induced Glycolysis and Phagocytic Function in MH-S

To further implicate HIF-1α in modulating EtOH-induced glycolysis, we knocked down HIF-1α in the presence and absence of EtOH. We determined that knockdown of HIF-1α prevented EtOH-mediated glycolytic shift (Figure 7A). Further, these improvements coincided with improved phagocytic index in MH-S lacking HIF-1α in the presence of EtOH (Figure 7B). Collectively, these data show that HIF-1α plays a key role in EtOH-mediated increases in AM glycolysis and impaired phagocytic capacity.




Figure 7 | HIF-1α modulates EtOH-induced glycolysis and phagocytic function in MH-S. MH-S transiently transfected with control scramble (SCR) or siRNA against HIF-1α (siHIF1α) were exposed to either Con or EtOH (0.08%) for 72 hours. (A) Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor) and carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was measured, normalized to protein levels, and are expressed as mean ± SEM (n = 5). ECAR were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are mpH over time, normalized to total protein in the same sample well, and are expressed as mean ± SEM. (B) Phagocytic index was calculated from the percentage of cells positive for bacterial uptake multiplied by the RFU of S. aureus per cell. Values are expressed as mean ± SEM relative to vehicle (n = 6). *p < 0.05 versus control; #p < 0.05 versus ethanol.





Pioglitazone Treatment Reverses Ethanol-Induced HIF-1α

The PPARγ ligand, PIO, has been previously reported to improve EtOH-mediated mitochondrial derangements (10), and phagocytic dysfunction (7, 11). As such, we sought to delineate whether PIO may affect EtOH-induced AM HIF-1α. PIO treatment diminished HIF-1α mRNA (Figure 8A) and protein (Figure 8B) levels. Collectively, these data identify PIO as a therapeutic strategy to mitigate EtOH-induced HIF-1α in AM.




Figure 8 | Pioglitazone treatment reverses EtOH-induced HIF-1α levels. MH-S exposed to either control (Con) or ethanol (EtOH; 0.08%) for 72 hours ± pioglitazone (PIO; 10 μM, last 24 hours of EtOH exposure). (A) HIF-1α mRNA levels were measured by qRT-PCR, in triplicate, normalized to GAPDH, and expressed as mean ± SEM, relative to control (n = 3). *p < 0.05 versus control; #p < 0.05 versus EtOH. (B) HIF-1α protein levels were evaluated via western blot, normalized to GAPDH protein, and densitometry is expressed as mean ± SEM, relative to control (n  = 3). Representative western blot images have been provided. *p < 0.05 versus control; #p < 0.05 versus ethanol.





Pioglitazone Treatment Reverses EtOH-Induced Glycolysis

As treatment with PIO improved mitochondrial derangements due to EtOH exposure (10), here we sought to determine if PIO affected glycolysis in MH-S in the presence of EtOH. As demonstrated previously, EtOH induced a glycolytic shift in response to oligomycin+FCCP stressors however, PIO treatment prevented the EtOH-induced glycolytic shift in MH-S (Figure 9A). Treatment with PIO also reversed EtOH-induced increases in the MH-S glycolytic bioenergetics parameters, glycolytic profiling (Figure 9B), glycolysis (Figure 9C), glycolytic capacity (Figure 9D), glycolytic reserve (Figure 9E), and non-glycolytic acidification (Figure 9F). Similarly, PIO treatment prevented the glycolytic shift in mAM isolated from EtOH-fed mice (Figure 10A). Treatment with PIO also reversed EtOH-induced increases in the mAM glycolytic bioenergetics parameters, glycolytic profiling (Figure 10B), glycolysis (Figure 10C), glycolytic capacity (Figure 10D), glycolytic reserve (Figure 10E), and non-glycolytic acidification (Figure 10F). Collectively, these data show that AM glycolytic energy phenotype in response to EtOH is reversed with PIO treatment.




Figure 9 | Pioglitazone treatment reverses EtOH-induced glycolysis in MH-S. MH-S were exposed to either control (Con) or ethanol (EtOH; 0.08%; 72 hours) ± pioglitazone (PIO, last day of ethanol). (A) Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor), carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was measured, normalized to protein levels, and are expressed as mean ± SEM (n = 15). ECAR were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are mpH over time, normalized to total protein in the same sample well, and are expressed as mean ± SEM. Parameters of glycolytic function (B), glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic acidification (F) are expressed as mean ± SEM, relative to control (n = 15). *p < 0.05 verses control; #p < 0.05 versus ethanol; ^p < 0.05 versus control stressed.






Figure 10 | Pioglitazone treatment reverses EtOH-induced glycolysis in mAM. Mouse alveolar macrophages (mAM) were isolated from mice fed either control (Con) or ethanol (EtOH; 20% v/w in drinking water) ± oral pioglitazone (PIO, last 7 days of ethanol). (A) Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured in response to an injection mixture of oligomycin (oligo; mitochondrial complex V inhibitor) and carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP; ATP synthase inhibitor and proton uncoupler) using an extracellular flux analyzer. Cell energy phenotype was measured, normalized to protein levels, and are expressed as mean ± SEM (n = 10-12). ECAR were measured in response to sequential injections of glucose (saturating concentration of glucose to promote glycolysis), oligomycin (ATP synthase inhibitor), and 2-deoxy-glucose (2-DG; a glucose analog that inhibits glycolysis) using an extracellular flux analyzer. OCR measures are pmol over time and ECAR measures are mpH over time, normalized to total protein in the same sample well, and are expressed as mean ± SEM. Parameters of glycolytic function (B), glycolysis (C), glycolytic capacity (D), glycolytic reserve (E), and non-glycolytic acidification (F) are expressed as mean ± SEM, relative to control (n = 11-14). *p < 0.05 versus control; #p < 0.05 versus ethanol; ^p < 0.05 versus control stressed.






Discussion

One of the hallmark immune functions of AM is to phagocytose invading pathogens in the lower respiratory tract (8). In order to meet the high energy demands of phagocytosis, oxidative phosphorylation is the most efficient process utilized for cellular ATP generation. Previously, we have demonstrated that EtOH exposure severely diminishes the ability of AM to phagocytose and clear pathogens (4–7). Further, we have shown that EtOH altered mitochondria morphology and diminished oxidative phosphorylation in MH-S. Additionally, we demonstrated that the PPARγ ligand, PIO, partially reversed EtOH-induced AM mitochondrial derangements (10) and improved EtOH-induced AM phagocytic dysfunction (11). However, the mechanisms by which EtOH alters AM metabolism have not been fully elucidated. This study aimed to evaluate whether HIF-1α has a role in EtOH-mediated energy derangements in AM. Our findings provide evidence that EtOH shifts AM to a glycolytic metabolic phenotype, which is mediated by EtOH-induced HIF-1α. Also, PIO treatment diminishes EtOH-induced HIF-1α, providing HIF-1α as a molecular mechanism by which PIO improves AM phagocytic function. This study establishes HIF-1α as a critical modulator of chronic EtOH-mediated metabolic derangements in AM.

This study provides a mechanistic understanding of our previous study (10) by showing that EtOH-mediated decreases in oxidative phosphorylation is due to a glycolytic shift. One method of meeting the metabolic requirements of the cell in the absence of oxidative phosphorylation is glycolysis. Glucose transporters transport glucose into the cell, providing some of the glucose needed for glycolysis (12). Glycolysis is a multistep process which utilizes proteins such as Pfkfb3 and PKM2 (12, 13). Our findings herein show that EtOH increases glycolysis (Figures 1, 2). The variance in EtOH-induced alterations in ECAR in mAM (Figure 1B) versus MH-S (Figure 2B) may be due to the difference in duration of EtOH exposure (mAM isolated from mice fed EtOH for 12 weeks versus MH-S exposed to 0.08% EtOH in vitro for 72 hours) and systemic, physiological effects of EtOH. However, the glycolysis bioenergetics profiles for glycolysis and glycolytic capacity were comparable between these mAM in vivo (Figures 1C, D) and MH-S in vitro (Figures 2C, D) models. Further, we observed mRNA levels of glucose transporters (GLUT1 and GLUT 4) were elevated following EtOH exposure (Figure 3). Further, EtOH induced Pfkfb3, PKM2, and lactate in AM (Figure 3). Together, these data demonstrate that EtOH shifts AM to a glycolytic phenotype.

Other studies have described a direct relationship between HIF-1α and EtOH-mediated pathologies (23–25, 31). These studies have demonstrated that EtOH-induced HIF-1α occurs under conditions of elevated inflammation or oxidative stress. Other models have investigated the role of HIF-1α in chronic lung injury (20, 21). HIF-1α was activated in vitro in human pulmonary artery smooth muscle cells, demonstrating a role of HIF-1α in pulmonary hypertension pathogenesis (20). HIF-1α has been branded a “metabolic switch”, shifting cells from utilizing oxidative phosphorylation to glycolysis (17–19). However, the relationship between HIF-1α and metabolic derangements in the context of chronic EtOH-induced AM phagocytic dysfunction have not been established until now and are supported by the data presented herein. This study illustrates that chronic EtOH exposure increases HIF-1α expression (Figure 4). Further, as shown in Figures 5, 6, treatment with the HIF-1α mimetic, cobalt chloride, causes AM derangements similar to EtOH. Knockdown of HIF-1α in the presence of EtOH prevented EtOH induced glycolytic shift and glycolytic profiling (Figures 7A, B). Taken together, these data suggest that HIF-1α is a critical modulator of EtOH-induced glycolytic phenotype in AM. Interestingly, Kang et al. showed that EtOH did not alter glycolysis in bone marrow derived macrophages. The group did, however, conclude that EtOH increased glycolytic capacity, glycolytic reserve, and non-glycolytic acidification. HIF-1α expression and activity was also increased due to EtOH exposure (32). The slight variance in results between our studies could be due to the differences in experimental models using bone marrow-derived macrophages to model the AM phenotype. AM may be tissue-resident or recruited cells with key differential functions in host defense (33). However, the current study provides evidence of the critical role for HIF-1α in mediating the glycolytic shift in AM due to EtOH exposure using an AM cell line and AM isolated from in vivo EtOH-fed mice. As HIF-1α is a component of the transcription factor HIF-1; elevated levels could have effects not related to glycolysis. One limitation of the current study is that it does not explore non glycolytic effects of HIF-1α. As described above, previous reports have shown that HIF-1α is elevated as a response to inflammation or oxidative stress (23–25, 31), and our lab has shown that oxidative stress contributes to AM phagocytic impairments (7, 10, 11). Modulation of HIF-1α could be alleviating EtOH-mediated oxidative stress, thus improving phagocytic dysfunction.

Since HIF-1 is a transcription factor with numerous targets, other targets may be of future interest. For example, the HIF-1 target PDK-1 can repress mitochondrial function and oxygen consumption. PDK-1-mediated phosphorylation inhibits pyruvate dehydrogenase, preventing the use of pyruvate in oxidative phosphorylation and resulting in decreased mitochondrial oxygen consumption (34). Additionally, other mechanisms, such as fatty acid oxidation, may be involved in meeting the energy demands of the cell due to EtOH exposure. However, studies in the liver suggest that chronic alcohol exposure promotes hepatic injury but does not increase the rate of fatty acid β-oxidation through inhibition of mitochondrial β-oxidation (35–37).

Previously, our lab has shown that alcohol-mediated decreases in peroxisome proliferator-activated receptor gamma (PPARγ) cause AM dysfunction (7). PPARγ is activated by synthetic ligands, such as PIO. This results in heterodimerization of PPARγ with a retinoid receptor and subsequent binding to the PPAR response element in the promoter region of its target genes. The response to this binding is dependent on whether the heterodimerization results in recruitment of coactivators (increases gene expression) or corepressors (decreases gene expression) (38). Our lab has shown that treatment with PPARγ ligands diminished oxidative stress following chronic EtOH exposure (7, 10, 11). Interestingly, decreased expression of PPARγ impaired AM phagocytic capacity following chronic EtOH exposure (7). However, the mechanism by which PPARγ mediates these effects is not known. Other models which generate reactive oxygen species (ROS) have determined that there is an inverse relationship between PPARγ and HIF-1α and that PPARγ ligand treatment decreased hypoxia-induced HIF-1α expression (20, 39). Here, we show that treatment PIO attenuated EtOH-induced HIF-1α (Figure 8). It is unclear however, if PPARγ mediates its action on HIF-1α in a direct (binding to HIF-1α promoter) or indirect (reduction of ROS) manner. As shown in Figures 5, 6, the HIF-1α mimetic, cobalt chloride produced results similar to EtOH-induced metabolic derangements. Collectively, these data demonstrated that EtOH-mediated phagocytic dysfunction is in part linked to increased HIF-1α levels, which is mitigated with PIO treatment. Further, PIO treatment reversed EtOH-induced glycolytic bioenergetics (Figures 9, 10).

The current study fills a gap in knowledge by providing a mechanistic understanding to earlier studies which demonstrate that chronic EtOH exposure results in phagocytic dysfunction (4–7, 10) and decreases oxidative phosphorylation (10) in AM. Together, our previous studies suggest that AM has diminished phagocytic capacity due to an inability to meet the energy requirements for phagocytosis. Using both in vitro and in vivo approaches, we identified HIF-1α as a critical mediator of EtOH-mediated metabolic derangements in AM. These studies establish HIF-1α as a potential therapeutic target for PIO (approved for clinical use in the treatment of type 2 diabetes), which could mitigate the risk of developing respiratory infections in people with a history of alcohol use disorders.
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CD4+ T cell differentiation to pro-inflammatory and immunosuppressive subsets depends on immunometabolism. Pro-inflammatory CD4+ subsets rely on glycolysis, while immunosuppressive Treg cells require functional mitochondria for their differentiation and function. Previous pre-clinical studies have shown that ethanol (EtOH) administration increases pro-inflammatory CD4+ T cell subsets; whether this shift in immunophenotype is linked to alterations in CD4+ T cell metabolism had not been previously examined. The objective of this study was to determine whether ethanol alters CD4+ immunometabolism, and whether this affects CD4+ T cell differentiation. Naïve human CD4+ T cells were plated on anti-CD3 coated plates with soluble anti-CD28, and differentiated with IL-12 in the presence of ethanol (0 and 50 mM) for 3 days. Both Tbet-expressing (Th1) and FOXP3-expressing (Treg) CD4+ T cells increased after differentiation. Ethanol dysregulated CD4+ T cell differentiation by increasing Th1 and decreasing Treg CD4+ T cell subsets. Ethanol increased glycolysis and impaired oxidative phosphorylation in differentiated CD4+ T cells. Moreover, the glycolytic inhibitor 2-deoxyglucose (2-DG) prevented the ethanol-mediated increase in Tbet-expressing CD4+ T cells but did not attenuate the decrease in FOXP3 expression in differentiated CD4+ T cells. Ethanol increased Treg mitochondrial volume and altered expression of genes implicated in mitophagy and autophagosome formation (PINK1 and ATG7). These results suggest that ethanol impairs CD4+ T cell immunometabolism and disrupts mitochondrial repair processes as it promotes CD4+ T cell differentiation to a pro-inflammatory phenotype.
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Introduction

At-risk alcohol use is the most common and costly form of substance use in the United States (US), and approximately 29% of the US adult population meets diagnostic criteria for alcohol use disorder (AUD) (1–4). At-risk alcohol use increases persistent systemic inflammation, which is one of the major mechanisms linked to alcohol-associated end-organ injury (5). Clinical studies show that alcohol-induced systemic inflammation leads to increased susceptibility to infections, impaired bacterial clearance and increased disease burden (5–9). Preclinical studies have shown that chronic ethanol administration increases activated, proliferating CD4+ T cells, and dysregulates effector cell differentiation by increasing pro-inflammatory Th17 CD4+ T cells in the gut while increasing the ratio of T-Box Expressed in T cells (Tbet)-expressing (Th1) to Forkhead Box P3 (FOXP3)-expressing (Treg) CD4+ T cells in the colon (10–16). These changes to immune cell activation and differentiation promote a pro-inflammatory environment that can increase the risk of developing autoimmune disorders (17) and susceptibility to infections, including human immunodeficiency virus (HIV), which targets activated CD4+ T cells (18, 19).

The adaptive immune system is critical for immunological memory and a sustained immune response to antigenic and inflammatory signals, and T cells are important in this process. T cells are classified as CD4+ and CD8+ based on the expression of an accessory glycoprotein co-receptor, which is responsible for their interaction with major histocompatibility complex (MHC) class II or class I molecules, respectively (20, 21). While CD8+ T cells are important in attacking infected or malignant cells, CD4+ T cells are responsible for the recruitment of cytotoxic T cells to sites of infection, mediating the humoral antibody response, and regulating innate and acquired immune cell activation and proliferation.

Chronic ethanol administration impairs normal metabolism in tissues, such as the liver, including glycolysis and mitochondrial electron transport chain (ETC) complexes (22–24). This impairment of glycolysis within the liver occurs, in part, due to an increase in the NADH/NAD+ ratio, which depletes free NAD+ cofactor availability for glycolytic enzymes, such as glyceraldehyde 3-phosphate dehydrogenase (25). Ethanol also decreases myoblast (muscle stem cells) glycolytic function and leads to decreased differentiation (26). Further, ethanol increases reactive oxygen species (ROS) formation in mitochondria, which can damage mitochondrial DNA and ETC proteins, leading to impaired mitochondrial function and cell death (24, 27). Though the ethanol-mediated changes to tissue metabolism are well characterized, ethanol changes to immunometabolism have not been previously investigated.

CD4+ T cells rely on both glycolysis and oxidative phosphorylation to support energy requirements of immune responses (28). Naïve CD4+ T cells exist in a quiescent state and rely on fatty acid oxidation as their primary energy source. Upon binding of the T cell receptor (TCR), T cells are activated, and metabolism shifts from fatty acid oxidation to aerobic glycolysis, a process necessary to meet the energetic demands of the proliferating, activated T cells (28). After activation of naïve CD4+ T cells, transcription factor networks direct differentiation, and the expression of these networks depends on distinct metabolic pathways (29–31). Expression of master transcription factors Tbet (Th1), GATA Binding Protein 3 (GATA3; Th2), and Retinoic Acid-Related Orphan Receptor Gamma T (RORγt; Th17) all depend on glycolytic pathway activation, specifically Mammalian Target of Rapamycin Complex 1 (MTORC1), MTORC2, and Hypoxia Inducible Factor 1 subunit alpha (HIF-1α) signaling, respectively, for their expression. FOXP3 (Treg) expression relies on oxidative phosphorylation and adenosine monophosphate-activated protein kinase (AMPK) inhibition, which is important for the promotion of mitochondrial biogenesis (32). Impairment of either of these bioenergetic pathways can dysregulate normal CD4+ T cell differentiation. Studies using 2-deoxyglucose (2-DG), an inhibitor of glycolysis, or rapamycin, an inhibitor of mTOR, shifted CD4+ differentiation from Th1, Th2, and Th17, towards a Treg phenotype (33–35). Moreover, activating mTOR-/- T cells only generates Treg cells and no other effector T cells (36). On the other hand, Treg differentiation can be impaired by using etomoxir, an inhibitor of complex I in the electron transport chain (ETC) (37).

Mitochondria play a crucial role in cellular energy metabolism and Treg differentiation (29, 32). Both preclinical and clinical studies have demonstrated that ethanol alters mitochondrial function by impairing mitochondrial biogenesis, increasing mitochondrial DNA damage, and increasing oxidative stress (38–40). Further, ethanol dysregulates gene expression implicated in mitohormesis, a response to stress to restore health and viability of mitochondria, and induces mitochondrial DNA (mtDNA) damage within alveolar macrophages (41, 42). Myoblasts isolated from persons living with HIV (PLWH) with high alcohol use disorder identification test (AUDIT) scores showed increased mitochondrial content and decreased bioenergetic health index compared to PLWH with low AUDIT scores (43). This mitochondrial dysfunction is speculated to be due to ethanol-mediated mitochondrial damage and defective mitophagy (44) as shown in previous studies where ethanol decreased expression of genes important to mitophagy, including PINK1 and PARKIN (44). These ethanol-mediated impairments of mitochondrial homeostatic processes could significantly impact the capacity for Treg differentiation.

This study tested the hypothesis that ethanol impairs bioenergetics of CD4+ T cells and dysregulates differentiation. Our results indicate that ethanol promoted differentiation of pro-inflammatory Th1 CD4+ T cells by increasing glycolysis, and decreased immunosuppressive Treg CD4+ T cell differentiation by impairing mitochondrial function. To date, this is the first report to investigate how ethanol regulates T cell immunometabolism and alter the fate of cell differentiation.



Materials and Methods


In Vitro Activation and Differentiation of CD4+ T Cells and Ethanol Treatments

Peripheral blood mononuclear cells (PBMCs) were isolated from blood bank donor buffy coats using a Ficoll-Paque gradient (Cytiva, Marlborough, MA) and frozen in 10% DMSO (ThermoFisher, Waltham, MA) in fetal bovine serum (FBS) at -80° C (45). PBMCs were thawed and washed twice using growth media [RPMI 1640 supplemented with 10% FBS, 3 mM L-glutamine, and 100 U/ml penicillin/streptomycin (Gibco, Waltham, MA)] and cultured overnight at 37°C, 5% CO2 and 100% relative humidity. Naïve CD4+ T cells were sorted using the human Naïve CD4+ T cell Isolation Kit II and LS MACS sorting columns (Miltenyi Biotec, Auburn, CA) following the manufacturer’s protocol. Naïve CD4+ T cells were then activated and differentiated by plating at a density of 2 x 105 cells in 100 ul (2x106/ml) per well on coated anti-CD3 (5 μg/ml; catalog # 16-0037-81; ThermoFisher) 96 well flat-bottom plates (Costar, Washington DC, MD) in the presence of soluble anti-CD28 (2.5 μg/ml; catalog # 16-0289-81; ThermoFisher) and IL-12 (25 ng/ml; catalog #573002; Biolegend, San Diego, CA) for 3 days in 37°C incubators with 5% CO2 with and without 50 mM ethanol. IL-12 was added to growth media (ThermoFisher) to promote both Th1 and Treg differentiation (DIFF). There was no difference in promotion of FOXP3 expression with either IL-12 or TGF-beta and IL-2 stimulated CD4+ T cells (Supplementary Figure 1). Growth media with no IL-12, was referred to as control media (Act). Naïve CD4+ T cells that were not activated and differentiated were plated (density of 2x106/ml per well) in growth media without anti-CD3 and anti-CD28. Water pans containing 75 mM ethanol were changed daily to maintain the 50 mM ethanol concentration in the incubator atmosphere as previously described (26). Both 25 mM and 50 mM ethanol were used in preliminary studies, but 25 mM had no significant effect on CD4+ T cell differentiation (data not shown), hence all subsequent experiments were performed with 50 mM. Experimental groups for this study are defined as:

	Naïve – naïve CD4+ T cells that are not activated and differentiated or treated with ethanol.

	EtOH – naïve CD4+ T cells that are not activated and differentiated but are treated with 50 mM ethanol.

	DIFF – naïve CD4+ T cells that are activated, using anti-CD3 and anti-CD28, and differentiated, using IL-12, and not treated with 50 mM ethanol.

	DIFF + EtOH – naïve CD4+ T cells that are activated, using anti-CD3 and anti-CD28, and differentiated, using IL-12, and treated with 50 mM ethanol.





Flow Cytometry

CD4+ T cells were immunostained with antibodies purchased from Biolegend unless otherwise specified using the following panel (CD4+ differentiation panel): CD4-APC (clone: A161A1), CD45RA-BV570 (clone: HI100), CD38-AF700 (clone: HIT2), CD25-BV650 (clone: BC96), CD3-PE-Cy7 (clone: OKT3), CD28-BV605 (clone: CD28.2), FOXP3-PE-CY5 (clone: PCH101) (ThermoFisher, MA, USA), Tbet-PE (clone: 4B10), GATA3-BV421 (clone: 16E10A23), RORγt -PE-CF594 (clone: Q31-378) (BD Biosciences, Franklin Lake, NJ), Live/Dead – eFluor780 (Invitrogen, Waltham, MA). The staining was performed in two steps. The gating strategy for the CD4 differentiation panel is shown as Supplementary Figure 2. Cells were incubated with antibodies (1 μg) targeting CD4, CD45RA, CD38, CD25, and Live/Dead at 4°C for 30 minutes. Cells were then fixed for 30 minutes at room temperature in the dark using the Foxp3/Transcription Factor Staining Buffer Set (catalog #: 00-5523-00; ThermoFisher) according to the manufacturer’s protocol. Following permeabilization, cells were stained with antibodies targeting CD3, CD28, FOXP3, Tbet, GATA3, and RORγt at 4°C overnight for 16-18 hours. GLUT1 expression was assessed using a separate panel, and included CD3, CD4, Tbet, and FOXP3 from the CD4+ differentiation panel. GLUT1 (R&D Systems; clone: MAB1418) was conjugated with FITC in the laboratory using the Lighting-Link FITC conjugation kit (catalog #: 707-0010; Novus Biologicals, CO, USA). Samples were analyzed using an 18-color BD LSRII flow cytometer and FACSDiva software (ver. 8.0.1, Becton, Dickinson, Franklin Lakes, NJ). Flow cytometry gates were defined based on fluorescence minus one (FMO) controls.



Sorting of CD25+-Expressing CD4+ T Cells

The differentiated CD4+ T cells were sorted to Tbet- and FOXP3-enriched CD4+ T cell subsets using the human CD4+CD25+ regulatory T cell isolation kit (catalog #: 130-091-301; Miltenyi Biotec, Auburn, CA). After sorting, flow cytometry, using the CD4 Differentiation Panel, confirmed that 29% of CD4+CD25+ T cells expressed FOXP3 and 21% expressed Tbet. Flow through containing CD4+CD25- CD4+ T cells were enriched in Tbet-expressing CD4+ T cells (18% Tbet and 4% FOXP3; Supplementary Figure 3). These sorted populations were defined as either CD4+CD25+ “Enriched Treg” or CD4+CD25- “Enriched Th1”.



Mitochondrial Function

Mitochondrial oxygen consumption rate (OCR) was measured using a Mito Stress Test (31) and Seahorse XFe96 technology (Agilent Technologies, Santa Clara, CA). Naïve and IL-12-differentiated CD4+ T cells were seeded on Cell-Tak (Corning, Corning, NY)-coated 96-well Seahorse plates in triplicate at a density of 3 x 105 cells/well within 200 ul, at a concentration of 1.5 million cells/ml, and maintained under standard cell culture conditions (5% CO2, 370C). Cells were incubated in XF Assay Medium (pH 7.4) with sodium pyruvate (1 mM), L-glutamine (2 mM), and glucose (10 mM) at 37°C without CO2 for 1 hr before measuring T cell OCR with an XFe96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA) according to manufacturer’s instructions. Respiratory parameters were assessed by the sequential addition of oligomycin (1 μM), carbonyl cyanide‐p‐trifluoromethoxyphenylhydrazone (FCCP; 2 μM), and rotenone/antimycin A (0.5 μM). OCR measurements were normalized to cell count obtained by staining nuclei with Hoescht dye (2 μM; ThermoFisher Scientific) and visualizing on a BioTek Cytation 1 cell imaging multi-mode reader (BioTek, Winooski, VT).



Glycolytic Function

A Glycolysis Stress Test (31) was performed in naïve and IL-12-differentiated CD4+ T cells seeded as described above. Cells were incubated at 37°C without CO2 for 1 hr in glucose-free XF Assay Medium (pH 7.4) with L-glutamine (2 mM) before measuring CD4+ T cell extracellular acidification rate (ECAR) at baseline and after the sequential addition of glucose (10 mM), oligomycin (1 μM), and 2-deoxyglucose (2-DG; 50 mM). ECAR measurements were normalized to cell count as described for the Mito Stress Test.



Mitochondrial Content

T cell mitochondrial content was quantified with MitoTracker Deep Red FM probes (Thermofisher) (46, 47). Naïve and IL-12-differentiated CD4+ T cells were incubated in growth media containing MitoTracker Deep Red FM (17 nM) under standard cell culture conditions for one hour. An unstained control sample was simultaneously incubated in growth media without MitoTracker. Cells were pelleted, washed with phosphate-buffered saline (PBS; Gibco) and fixed for flow cytometry using the PerFix-nc Kit (Beckman Coulter, Brea, CA) according to manufacturer instructions. Samples were analyzed on a BD FACSCanto II flow cytometer (Becton, Dickinson and Company). The gating strategy for the Mitotracker Deep Red assay is shown as Supplementary Figure 4. Mean fluorescent intensities (MFI) were calculated using BD FACSDiva software (ver 8.0.1).



Glucose Uptake

Glucose uptake was measured with 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2-NBDG) (Sigma-Aldrich, St. Louis USA). Briefly, CD4+ T cells were washed with PBS and incubated in glucose-free RPMI 1640 supplemented with 10% FBS, 3 mM L-glutamine, and 100 U/ml penicillin/streptomycin (Gibco, Waltham, MA) for 1 hour. After incubation, 2-NBDG was added to culture wells to a final concentration of 150 μM for 30 minutes at 37°C and 5% CO2. CD4+ T cells were washed twice with PBS and analyzed using the 533 nm wavelength channel on a BD FACSCanto II flow cytometer (Becton, Dickinson and Company). The gating strategy for the 2-NBDG uptake assay is shown as Supplementary Figure 5. Mean fluorescent intensities (MFI) were calculated using BD DIVA software (ver 8.0.1).



2-Deoxyglucose Treatment

Naïve CD4+ T cells were activated and allowed to differentiate using the in vitro differentiation protocol above, and on day 2 of the 3-day culture, 2-DG (0.5 mM) was added for 24 h. After incubation with 2-DG, cells were stained and assessed by flow cytometry using the CD4+ differentiation panel as described above.



Expression of Genes Implicated in Mitochondrial Function

Total RNA was extracted from naïve and IL-12-differentiated CD4+ T cells after 3 days in the presence and absence of 50 mM ethanol using the miRNeasy Mini Kit (Qiagen, Valencia, CA) according to manufacturer’s instructions. cDNA was synthesized using the Qiagen RT2 First Strand synthesis kit (Qiagen, Valencia, CA) and qPCR performed using custom RT2 qPCR profiler arrays (Qiagen: CAPA9632-12:CLAH42284). qPCR reactions were carried out in duplicate using a CFX96 thermal cycler (Bio-Rad, Hercules, CA) with Beta-2-Microglobulin (B2M) as the endogenous control. Data were then analyzed using the 2-ΔΔCt method. All genes analyzed are summarized in Table 1.


Table 1 | List of gene targets analyzed by RT2 qPCR profiler arrays.





Statistical Analysis

Data were checked for assumption of normality using the Shapiro-Wilk test. The alpha level set for all statistical analysis was a p value < 0.05. CD4+ differentiation, glycolysis, MitoTracker, and RT2 profiler array data were analyzed using a 2 (differentiation) x 2 (ethanol) analysis of variance (ANOVA) with repeated measures on both factors. 2-DG data were analyzed using a 2 (differentiation) x 2 (ethanol) x 2 (2-DG) ANOVA with repeated measures on all factors. When appropriate, post hoc pairwise comparisons were conducted and p-values adjusted using Tukey’s HSD for 2-way ANOVA and Sidak for 3-way ANOVA. To analyze the effect of IL-12 on CD4+ differentiation, and of ethanol on Tbet-FOXP3-expressing CD4+ T cells, paired T tests were performed. Paired T tests were also performed to assess the effect of ethanol on CD4+ T cell mitochondrial function and to analyze the MitoTracker data within Treg and Th1 CD4+ subsets. The Treg OCR-linked proton leak data did not pass normality or lognormality tests and therefore a Wilcoxon test was used to analyze significance. All analyses except 3-way ANOVA were performed using GraphPad prism 9.2.0 (San Diego, CA). 3-way ANOVA analyses were conducted using SPSS (Version 25, IBM Corporation, Armonk, NY).




Results


IL-12 Promotes CD4+ T Cell Expression of Tbet

IL-12 was used to direct differentiation of CD4+ T cells. IL-12 preferentially directed differentiation of Tbet- (Th1; p = 0.006; Figures 1A, B) and had no effect on FOXP3- (Treg; Figures 1C, D) expressing CD4+ T cells, while decreasing the expression of GATA3 (Th2; p < 0.001; Figures 1E, F) and RORγt (Th17; p < 0.01; Figures 1G, H).




Figure 1 | Differentiation (Anti-CD3, Anti-CD28, & IL-12) of naïve CD4+ T cells. (A) Representative FACS histograms of Tbet expression in Act and DIFF CD4+ T cells (B) IL-12 increased the ratio of CD4+ T cells expressing Tbet. (C) Representative FACS histograms of FOXP3 expression in Act and DIFF CD4+ T cells. (D) IL-12 had no effect on CD4+ T cells expressing FOXP3. (E) Representative FACS histograms of GATA3 expression in Act and DIFF CD4+ T cells. (F) IL-12 decreased the ratio of CD4+ T cells expressing GATA3. (G) Representative FACS histograms of RORgT expression in Act and DIFF CD4+ T cells. (H) IL-12 decreased the ratio of CD4+ T cells expressing RORgT. Act, Activation; DIFF, Differentiation. Data are average values for 3 independent experiments using CD4+ T cells from 5 donors. Significant differences (p<0.05) were detected using a paired T-test. *p ≤ 0.05.





Alcohol Promotes CD4+ T Cell Differentiation Towards a Pro-Inflammatory Phenotype

To test the impact of alcohol on CD4+ T cell differentiation, naïve CD4+ T cells were differentiated in the presence of 50 mM ethanol under Th1-promoting conditions. There was a significant interaction observed between DIFF and EtOH on both Tbet (p < 0.05) and FOXP3-expressing (p < 0.01) CD4+ T cells. Post hoc pairwise comparisons indicated that differentiation of CD4+ T cells significantly increased Tbet-expressing CD4+ T cells compared to undifferentiated naïve CD4+ T cells (p < 0.0001) and ethanol increased expression of Tbet within differentiated CD4+ T cells (p = 0.001; Figures 2A, B). Also, post hoc pairwise comparisons indicated that differentiation significantly increased FOXP3-expressing CD4+ T cells compared to undifferentiated naïve CD4+ T cells (p < 0.0001) and ethanol decreased expression of FOXP3 in differentiated CD4+ T cells (p = 0.001; Figures 2C, D). Ethanol increased the Tbet : FOXP3 ratio (p = 0.004; Figure 2E) in differentiated CD4+ T cells. No significant differences were detected between undifferentiated Naïve and EtOH-treated groups.




Figure 2 | Effect of ethanol on CD4+ T cell differentiation. (A) Representative FACS histograms of Tbet expression in DIFF and DIFF + EtOH CD4+ T cells. (B) Ethanol increased percent of CD4+ Tbet-expressing cells. (C) Representative FACS histograms of FOXP3 expression in DIFF and DIFF + EtOH CD4+ T cells. (D) Ethanol decreased percent expression of FOXP3 in CD4+ T cells. (E) Ethanol increased the Tbet/FOXP3 ratio in differentiated CD4+ T cells. Naïve = undifferentiated and no ethanol treatment, EtOH = undifferentiated and ethanol-treated, DIFF = differentiated and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. Data are average values for 3 independent experiments using CD4+ T cells from 6 donors expressed as mean ± SEM. Significant differences (p<0.05) were determined by repeated measures 2-way ANOVA (Panels B, D) and paired T-tests (Panel E).*p ≤ 0.05.





Alcohol Increases Glycolysis and Glycolytic Capacity in Differentiating CD4+ T Cells

Glycolysis was assessed to understand if metabolism played a role in the ethanol-mediated increase of Tbet-expressing CD4+ T cells. There was a significant interaction observed between DIFF and EtOH on CD4+ T cell GLUT1 expression (p < 0.01), 2-NBDG uptake (p < 0.05), glycolysis (p < 0.0001) and glycolytic capacity (p < 0.0001). Post hoc pairwise comparisons indicated that differentiation of CD4+ T cells significantly increased GLUT1 expression (p < 0.0001; Figures 3A, B), glucose uptake (2-NBDG; p = 0.0002; Figures 3C, D), glycolysis (p < 0.0001; Figures 3E, F) and glycolytic capacity (p < 0.0001; Figure 3G) compared to undifferentiated naïve CD4+ T cells. Also, post hoc pairwise comparisons indicated that ethanol increased GLUT1 expression (p = 0.005; Figure 3B), glucose uptake (p = 0.014; Figure 3D), glycolysis (p = 0.005; Figure 3F) and glycolytic capacity (p < 0.0001; Figure 3G) within differentiated CD4+ T cells. No significant differences were detected between undifferentiated naïve and naïve EtOH groups.




Figure 3 | Effect of ethanol on CD4+ T cell glucose metabolism. (A) Representative FACS plots of GLUT1 expression in DIFF and DIFF + EtOH CD4+ T cells. (B) Ethanol increased CD4+ T cell GLUT1 expression. (C) Representative FACS histograms of 2-NBDG uptake in DIFF and DIFF + EtOH CD4+ T cells. (D) Ethanol increased glucose uptake within differentiated CD4+ T cells. (E) All experimental groups were analyzed using the Glycolytic Stress test. Ethanol increased glycolysis (F) and glycolytic capacity (G) within differentiated groups. MFI = mean fluorescent intensity, 2-NBDG = 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose, ECAR = extracellular acidification rate, Naïve = undifferentiated and no ethanol treatment, EtOH = undifferentiated and ethanol-treated, DIFF = differentiated and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. Data represents average values using CD4+ T cells from 6 donors expressed as mean ± SEM. Significant differences (p<0.05) were determined by repeated measures 2-way ANOVA. *p ≤ 0.05.





Inhibition of Glycolysis With 2-Deoxyglucose (2-DG) Prevents the Alcohol-Mediated Increase in CD4+ T Cell Tbet-Expression

To further understand the importance of glycolysis on the ethanol-mediated increase of Tbet-expressing CD4+ T cells, CD4+ T cells were exposed with ethanol in the presence of the glycolytic inhibitor 2-deoxyglucose (2-DG). The was a significant interaction observed between DIFF, EtOH, and 2-DG on Tbet-expressing CD4+ T cells (p < 0.05) and a significant interaction observed between DIFF and EtOH on FOXP3-expressing CD4+ T cells (p < 0.05). Post hoc pairwise comparisons indicated that differentiation increased Tbet (p < 0.0001; Figures 4A, B) and FOXP3-expressing (p < 0.0001; Figures 4C, D) CD4+ T cells compared to undifferentiated naïve CD4+ T cells. Ethanol increased Tbet-expression within differentiated CD4+ T cells (p = 0.002; Figures 4A,B). 2-DG prevented the ethanol-induced increase in Tbet-expression in differentiated CD4+ T cells (Figures 4A, B). Ethanol decreased CD4+ T cell FOXP3 expression within differentiated CD4+ T cells (p = 0.024; Figures 4C, D) irrespective of 2-DG treatment (p = 0.012; Figures 4C, D). No significant differences were detected between undifferentiated naïve and naïve EtOH groups.




Figure 4 | Effect of 2-deoxyglucose (2-DG) on CD4+ T cells. (A) Representative FACS histograms plots of Tbet expression in DIFF, DIFF + EtOH, and DIFF+ EtOH + 2-DG CD4+ T cells. (B) The addition of 0.5 mM 2-deoxyglucose (2-DG) prevents the ethanol-mediated increase of Tbet-expressing CD4+ T cells. (C) Representative FACS histograms plots of FOXP3 expression in DIFF, DIFF + EtOH, and DIFF+ EtOH + 2-DG CD4+ T cells. (D) The addition of 0.5 mM 2-deoxyglucose (2-DG) did not alter the ethanol-mediated decrease of FOXP3-expressing CD4+ T cells. Naïve = undifferentiated and no ethanol treatment, EtOH = undifferentiated and ethanol-treated, DIFF = differentiated and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. Data represents average values using CD4+ T cells from 6 donors expressed as mean ± SEM. Significant differences (p<0.05) were determined by repeated measures 3-way ANOVA. Post-hoc analysis was done using Sidaks multiple comparison test. *p ≤ 0.05.





Alcohol Impaired Differentiated CD4+ T Cell Mitochondrial Function

In order to understand the ethanol-mediated decrease in FOXP3-expressing CD4+ T cells, mitochondrial parameters were assessed using the Mitostress test. Ethanol decreased maximal respiration (p = 0.049; Figures 5A, B) and increased OCR-linked proton leak within the differentiated CD4+ T cells (p = 0.022; Figure 5C). Ethanol decreased coupling efficiency (p = 0.036; Figure 5D), and OCR-linked ATP production (p = 0.014; Figure 5E) within the differentiated CD4+ T cells. Ethanol decreased Bioenergetic Health Index (BHI; p = 0.04; Figure 5F) and decreased the OCR/ECAR ratio (p = 0.01; Figure 5G) within differentiated CD4+ T cells.




Figure 5 | Impact of ethanol on CD4+ T cell mitochondrial function. (A) All experimental groups were analyzed using the Mitostress test. (B) Ethanol decreased maximal respiration. (C) Ethanol increased mitochondrial proton leak. (D) Ethanol decreased coupling efficiency and (E) ATP production. Ethanol decreased (F) BHI and (G) OCR/ECAR ratio in differentiated CD4+ T cells. OCR= oxygen consumption rate; FCCP, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; AA, Antimycin; BHI, Bioenergetic Health Index; DIFF, differentiated and no ethanol treatment, and DIFF + EtOH, differentiated and ethanol-treated. Data represents CD4+ T cells from 6 donors with lines connecting values of same donors. Significance differences (p ≤ 0.05) were determined by paired T-tests. *p ≤ 0.05.





Alcohol Impaired CD4+CD25+ T Cell Mitochondrial Function

To further understand the ethanol-mediated decrease in mitochondrial function within CD4+ T cells, cells were sorted with the human CD4+CD25+ regulatory T cell isolation kit to enrich Treg (CD4+CD25+ T cells) and negatively select CD4+CD25- Th1-enriched T cells. Ethanol increased OCR-linked proton leak in enriched Treg cells (p = 0.0313; Figures 6A, B). Ethanol decreased coupling efficiency (p = 0.0031; Figure 6C) and OCR-linked ATP production (p = 0.044; Figure 6D) in enriched Treg cells. There were no observed significant effects of ethanol on mitochondrial parameters within enriched Th1 cells. There were no differences for BHI or OCR/ECAR ratio observed between the enriched populations (Supplementary Figure 6)




Figure 6 | Mitochondrial function within CD4+ CD25+ (enriched Treg) and CD4+ CD25- (enriched Th1) CD4+ subsets. (A) Enriched Treg and Th1 cells from DIFF and DIFF + EtOH groups were analyzed using Mitostress test. (B) Ethanol increased proton leak in enriched Treg, but not enriched Th1 cells. (C) Ethanol decreased coupling efficiency in enriched Treg, but not enriched Th1. (D) Ethanol decreased ATP production in enriched Treg, but not enriched Th1 cells. OCR= oxygen consumption rate. FCCP = Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone. AA = Antimycin (A) DIFF = differentiated cells and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. Data represents CD4+ T cells from 6 donors with lines connecting values of same donors. Significance differences (p ≤ 0.05) were determined by paired T-tests and Wilcoxin test (Treg – proton leak). *p ≤ 0.05.





Alcohol Increased CD4+ T Cell Mitochondrial Volume

Since mitochondrial function was impaired within ethanol-treated CD4+ T cells, mitochondrial content was assessed to determine any further potential ethanol-mediated dysfunction. There was a significant interaction observed between DIFF and EtOH on CD4+ T cell mitochondrial content (p < 0.01). Post hoc pairwise comparisons indicated that differentiation increased mean fluorescence intensity (MFI) of MitoTracker Deep Red within CD4+ T cells compared to undifferentiated naïve cells (p < 0.0001; Figures 7A, B) and ethanol increased MitoTracker MFI within differentiated CD4+ T cells (p = 0.004; Figures 7A, B). To determine if both Th1 and Treg cells are contributing to this ethanol-mediated increase in mitochondrial content, enriched CD4+ subsets were stained. Ethanol increased MitoTracker MFI in enriched Treg cells (p = 0.038; Figures 7C, D), with no observed significant increase in enriched Th1 cells (p = 0.062; Figures 7E, F).




Figure 7 | Mitochondrial volume of CD4+ T cells. (A) Representative FACS histogram of Mitotracker Deep Red staining of DIFF and DIFF + EtOH CD4+ T cells. (B) Ethanol increased the MFI of Mitotracker Deep Red in differentiated CD4+ T cells. (C) Representative FACS histogram of Mitotracker Deep Red staining of DIFF and DIFF + EtOH CD4+ CD25+ (enriched Treg) cells. (D) Ethanol increased the MFI of Mitotracker Deep Red in enriched Treg cells. (E) Representative FACS histogram of Mitotracker Deep Red staining of DIFF and DIFF + EtOH CD4+ CD25- (enriched Th1) cells. (F) There were no significant differences in MFI of enriched Th1 cells. MFI = mean fluorescent intensity, Naïve = undifferentiated and no ethanol treatment, EtOH = undifferentiated and ethanol-treated, DIFF = differentiated cells and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. Data represents average values using PBMCS from 6 donors expressed as mean ± SEM. Significant differences (p<0.05) were determined by repeated measures 2-way ANOVA (Panel B )and paired T-tests (Panels D, F). *p ≤ 0.05.





Alcohol and Differentiation Altered CD4+ T Cell Mitochondrial Gene Expression

Gene expression important for mitochondrial repair and mitophagy were assessed to determine the potential impact of ethanol on CD4+ T cell mitochondrial homeostasis. There was a main effect of DIFF to increase gene expression important for autophagosome formation (ATG5, p = 0.01; ATG13, p = 0.04; MAP1LC3B, p = 0.01; BECN1, p = 0.01; BNIP3L, p = 0.05; ULK1, p = 0.002; Figure 8), mitochondrial biogenesis (TFAM, p = 0.03; Figure 8), and mitochondrial fission (MFF, p = 0.02; Figure 8), and decrease PPARGC1B (p = 0.005; Figure 8) expression. There was a main effect of DIFF and a main effect of EtOH to increase gene expression important for mitochondrial fusion (MFN2, DIFF: p = 0.001, EtOH: p = 0.01; OPA1: DIFF: p = 0.003, EtOH: p = 0.03; Figure 8). There was a main effect of EtOH to increase gene expression important for mitophagy (PINK1, p = 0.01; Figure 8) and decrease expression important for autophagosome formation (ATG7, p = 0.04; Figure 8). (Summarized in Figure 9). No significant interaction effects were observed.




Figure 8 | Heat map showing increased and decreased gene expression in response to ethanol or differentiation. Data are normalized as fold change to naïve CD4+ T cell gene expression and represents data using PBMCs from 6 matched donors. Naïve = undifferentiated and no ethanol treatment, EtOH = undifferentiated and ethanol-treated, DIFF = differentiated cells and no ethanol treatment, and DIFF + EtOH = differentiated and ethanol-treated. * differentiation main effect (p ≤ 0.05). # ethanol main effect (p ≤ 0.05) as determined by repeated measures 2-way ANOVA.






Figure 9 | Working model of the impact of ethanol on CD4+ T cell energy metabolism and mitochondrial dynamics. Our results show that ethanol increases CD4+ T cell glycolytic processes, decreases mitochondrial respiration, and dysregulates gene expression important for CD4+ T cell mitochondrial maintenance and mitophagy. Blue denotes gene expression affected by DIFF and green denote gene expression affected by EtOH. Cyan denotes gene expression affected by both DIFF and EtOH.






Discussion

At-risk alcohol use promotes systemic inflammation by increasing differentiation of pro-inflammatory immune cells, such as Th1 and Th17 CD4+ T cells. These studies sought to determine whether ethanol-mediated changes in CD4+ T cell immunometabolism regulate differentiation. Results indicate that 50 mM ethanol, observed in high-risk drinkers and translates to a blood alcohol concentration (BAC) of 0.23 g/dl, shifts differentiation of activated naïve CD4+ T cells toward pro-inflammatory Th1 and away from immunosuppressive Treg cells. This shift in phenotype appears to be dependent on ethanol-mediated impaired bioenergetics that is associated with increased Treg mitochondrial content and dysregulation of genes implicated in mitochondrial maintenance and mitophagy.

Functional bioenergetics are crucial for CD4+ T cell differentiation. Numerous studies have demonstrated that dysregulation of either glycolysis or oxidative phosphorylation impairs CD4+ T cell differentiation (32–37). In this study, the in vitro ethanol-mediated dysregulation of CD4+ T cell differentiation under Th1-promoting conditions, by increasing Tbet-expressing and decreasing FOXP3-expressing CD4+ T cells, recapitulated previously reported literature that Tbet : FOXP3 ratio was higher in CD4+ T cells isolated from the colon of ethanol-administered mice (16). Treg CD4+ T cells produce anti-inflammatory cytokines IL-10, IL-35, and TGF-β (48). Decreased IL-10 production promotes Th1 differentiation, as IL-10 is a critical negative regulator of Th1 differentiation (49). Thus, an ethanol-mediated decrease in Treg differentiation could potentially result in decreased anti-inflammatory T cells, anti-inflammatory cytokine production, and promote proinflammatory Th1 differentiation.

Ethanol increased CD4+ T cell GLUT1 expression, glucose uptake, and glycolytic rate. GLUT1 is the main glucose transporter expressed by T cells (50). It has been shown that increased GLUT1 expression on activated T cells correlates with increased effector function and IFN-γ production, one of the predominant Th1 cytokines (50). Further, high glycolytic rates are associated with increased permissiveness of HIV viral infection of CD4+ T cells (51, 52). This highlights a possible consequence of ethanol-mediated increases in GLUT1-expressing Th1 cells to increase HIV replication in viral reservoirs, and could potentially contribute to the observed increase in viral replication that was observed in SIV-infected chronic binge alcohol (CBA)-administered rhesus macaques (10–13). Our results indicate that inhibition of glycolysis with 2-DG, prevented the ethanol-mediated increase in Th1 differentiation without altering FOXP3-expressing CD4+ T cells. These findings agree with previous reports that Tregs do not rely on glycolysis for their differentiation and function (28–30). Thus, our results indicate that ethanol increases Th1 differentiation by promoting glycolysis in differentiated CD4+ T cells.

We observed that ethanol decreased CD4+ T cell maximal respiration, coupling efficiency, ATP production, and increased proton leak, indicative of impaired mitochondrial function. These changes in mitochondrial respiration were observed in enriched Treg T cells. Treg differentiation is dependent on mitochondrial function, and the ethanol-mediated impairment of oxidative phosphorylation could partially be responsible for the decrease in Treg CD4+ T cells caused by ethanol. Ethanol increased mitochondrial volume in enriched Treg cells, without significantly altering Th1 cell mitochondrial content. An increase in mitochondrial content has been associated with an inability to repair dysfunctional mitochondria by autophagy/mitophagy and an increase in cell death (41, 43, 53–55). Also, mitochondrial swelling due to ethanol-induced endoplasmic reticulum stress could be responsible for an increase in mitochondrial volume (56). Based on previous literature (41) and results from this study, we postulate that the increase in mitochondrial volume is due to dysfunctional mitochondrial repair and mitophagy, suggesting an inability to properly eliminate dysfunctional mitochondria.

To explore potential mechanisms underlying increased mitochondrial content, CD4+ T cell expression of genes involved in mitophagy was assessed. Ethanol increased expression of PINK1, important for mitophagy, and decreased expression of ATG7, important for autophagosome formation, within differentiated CD4+ T cells. ATG7 is critical for both the survival and development of T cells (57). Further, it was shown that ATG7-deficient T cells had increased mitochondrial content, ROS production, and an imbalanced expression of pro- and anti-apoptotic proteins leading to increased T cell death. We propose that these changes in mitochondrial gene expression may indicate that the ethanol-mediated impairments in mitophagy, specifically autophagosome formation, potentially leads to Treg cell death.

This study has some limitations, as it was performed using immune cells from blood bank donors to identify ethanol’s potential impact on CD4+ T cell immunometabolism and differentiation, which no study to date has addressed. Future studies are warranted to translate these findings to people with at-risk alcohol use. This study used only naïve CD4+ T cells rather than PBMCs, and has not assessed functional measures including CD4+ T cell cytokine production to complement the transcription factor expression. MACS sorting was used to examine CD4+ subsets, which only moderately enriched for Tregs and Th1 CD4+ subsets, and it was not feasible to obtain homogenous Treg and Th1 populations. Ongoing studies will determine the functional implications of the observed results and whether it mechanistically contributes to increased HIV viral replication. Further, there is a gap in the literature on whether alcohol dysregulates mTOR or AMPK pathways in T cells. mTOR in the absence of alcohol is involved in differentiation of more pro-inflammatory CD4+ T cell subsets and AMPK inhibition promotes Treg differentiation (29–32). Our group and others have shown that alcohol-administration impairs mTOR signaling in skeletal muscle and heart (58–60) and AMPK signaling in human alveolar macrophages and heart (61, 62). If alcohol impairs mTOR or AMPK signaling in T cells to the same extent as observed in other tissues, we would expect to see impaired Th1 and Treg differentiation, but currently we only see decreased FOXP3-expressing CD4+ T cells (Treg) within our acute in vitro ethanol model. Further understanding of these ethanol-related impairments, as well as addressing the limitations of the study outlined above will be addressed in future studies.

Our findings advance our understanding of the mechanisms underlying ethanol-mediated disruption of differentiation of pro- and anti-inflammatory T cells (Figure 9). Our study is the first to show that alcohol-mediated shifts in T cell subsets were associated with changes in immune cell bioenergetics. We also show that the observed mitochondrial dysfunction in Tregs was associated with increased mitochondrial content and dysregulated expression of genes implicated in mitophagy and autophagosome formation. Future studies are warranted to systematically investigate whether strategies to maintain immunometabolic homeostasis can ameliorate alcohol-mediated proinflammatory shifts of CD4+ T cells. This will provide evidence for potential lifestyle or therapeutic interventions to improve T cell immunometabolism and alleviate risk and progression of autoimmune or viral diseases in people with at-risk alcohol use (63).
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Although the epidemiology of bacterial pneumonia and excessive alcohol use is well established, the mechanisms by which alcohol induces risk of pneumonia are less clear. Patterns of alcohol misuse, termed alcohol use disorders (AUD), affect about 15 million people in the United States. Compared to otherwise healthy individuals, AUD increase the risk of respiratory infections and acute respiratory distress syndrome (ARDS) by 2-4-fold. Levels and fragmentation of hyaluronic acid (HA), an extracellular glycosaminoglycan of variable molecular weight, are increased in chronic respiratory diseases, including ARDS. HA is largely involved in immune-assisted wound repair and cell migration. Levels of fragmented, low molecular weight HA are increased during inflammation and decrease concomitant with leukocyte levels following injury. In chronic respiratory diseases, levels of fragmented HA and leukocytes remain elevated, inflammation persists, and respiratory infections are not cleared efficiently, suggesting a possible pathological mechanism for prolonged bacterial pneumonia. However, the role of HA in alcohol-induced immune dysfunction is largely unknown. This mini literature review provides insights into understanding the role of HA signaling in host immune defense following excessive alcohol use. Potential therapeutic strategies to mitigate alcohol-induced immune suppression in bacterial pneumonia and HA dysregulation are also discussed.
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Introduction

Excessive alcohol use associated with alcohol use disorders (AUD) (1) is linked to over 5 million annual deaths globally (2), in part due to an increased risk of respiratory infections (3) and acute respiratory distress syndrome (ARDS) (4). Pneumonia is a serious respiratory infection that is caused by at least one of several opportunistic bacteria, viruses, or fungi. Nearly 44,000 people die annually due to pneumonia in the United States, while another 1.5 million are hospitalized for pneumonia as a primary diagnosis (5). Ethanol (EtOH) impairs mucociliary clearance in the upper airway (6, 7) and diminishes innate immune defense in the lower airway by impairing the ability of alveolar macrophages (AM) to phagocytose pathogens (8–11), such as bacterial pneumonia (11, 12). Upon pneumonia-associated microbial evasion of host immune defense mechanisms in the upper airway, microbial culture in the lower airways causes pneumonia. This mini review focuses on molecular mechanisms, such as that of hyaluronic acid (HA), that may be implicated in increased susceptibility to bacterial pneumonia during acute and chronic EtOH use. Modulation of HA metabolism, signaling, and intracellular communication that impact cellular immune functions during bacterial pneumonia may pave the way for future investigations on how alterations in the extracellular matrix may be exacerbated by excessive alcohol use.



Extracellular Matrix in the Lung

The extracellular matrix is a dynamic environment, rich with proteins, carbohydrates, and other significant structural molecules. In diseased states, additional matrix deposition results in diminished intracellular communication and progression to fibrosis. AUD-associated risk of pneumonia and ARDS (3, 4) precedes pulmonary fibrosis and loss of function if unresolved (13).

Hyaluronic acid (HA), an extracellular matrix glycosaminoglycan, is essential for maintaining tissue structure, promoting cell survival, and regulating inflammation and leukocyte motility after pulmonary injury (14–19). Further, accumulation of HA fragments is associated with chronic pulmonary inflammation mediated by innate immune cells (20–27). Increased HA synthesis and fragmentation is commonly involved in pulmonary disease pathology including fibrotic diseases (27–30), excessive remodeling (14, 18, 31, 32), and inflammation (15, 24, 33–37). In non-pathologic conditions, HA is expressed at very low concentrations in bronchoalveolar lavage fluid (38, 39) but is increased during pulmonary inflammation and pneumonia infections from Klebsiella pneumoniae (40) and Escherichia coli (41, 42).

Bacterial pneumonia clearance depends on dynamic, but regulated, HA metabolism and HA binding protein signaling (36, 40–44). Regulation of HA size and signaling through cell surface immune receptors is necessary to mobilize leukocytes, including alveolar macrophages, for recognition and destruction of infectious pathogens in those with AUD. Remodeling after respiratory infections is crucial and involves a restoration of HA dynamics coinciding with decreases in bacterial colonization, inflammation, and leukocyte recruitment.



HA Signaling: Hyaladherins and HA-Protein Interactions

Hyaladherins are HA binding proteins that transmit changes in the extracellular matrix to cell signals for altered intra- or inter-immune cell function (14) through intermediate proteoglycans (45, 46) or by ionic HA binding to membrane proteins (47, 48). Although alcohol diminishes the ability of alveolar macrophages to recognize and clear pathogens, the role of HA on bacterial recognition during excessive alcohol use is largely unknown.


CD44 and CHI3L1

Cluster of differentiation 44 (CD44) is a hyaladherin that spans the cellular membrane, binds HA, and internalizes HA for lysosomal degradation by hyaluronidase enzymes (49, 50). CD44 is the primary cell surface receptor for HA binding in lymphocytes (51–53) and forms an anti-apoptotic coat of HA around alveolar macrophages (54). Therefore, CD44 is crucial for HA metabolism and signaling in leukocytes. Granulocyte-macrophage colony stimulating factor (GM-CSF) and peroxisome proliferator-activated receptor gamma (PPARγ) agonism induce expression of CD44 in monocytes that do not readily bind HA (54). However, chronic alcohol diminishes GM-CSF and PPARγ (11, 55) in primary alveolar macrophages, potentially decreasing their ability to form an anti-apoptotic HA coat for signaling with other hyaladherins.

Patients with eosinophilic pneumonia have high concentrations of CD44, HA, and interleukin-5 in their bronchoalveolar fluid. In contrast, CD44 deficient mice show decreased HA content after Streptococcus pneumoniae but increased HA in response to E. coli infection (41), suggesting that bacterial strains differentially influence host HA matrices. Yet, these studies do not address altered HA binding or signaling as mechanisms for worsened bacterial pneumonia. While altered CD44 expression following alcohol use may be one mechanism of bacterial pneumonia pathogenesis, altered HA molecular weight or indirect HA signaling may also impact inflammatory signaling and the innate immune response in leukocytes.

For indirect immune cell signaling, chitinase-3 like-protein-1 (CHI3L1) forms an intermediate bond between CD44 and HA (56). Through HA binding to CHI3L1 (57, 58), lysosomal degradation of HA by CD44 internalization is inhibited. Thus, CHI3L1 indirectly inhibits HA uptake and degradation through CD44 mediated internalization, suggesting CHI3L1 as an important regulator of HA metabolism. CHI3L1 is expressed in macrophages, neutrophils and endothelial cells and is necessary for antigen response, oxidant injury response, inflammation, and macrophage phenotype in the lung (59). Alcohol and high CHI3L1 levels have been linked to the progression of liver injury and fibrosis (60–62), but not yet in alcohol and bacterial pneumonia.

In bacterial pneumonia, CHI3L1 activity promotes innate immune defenses by sensing oxidant stress, cytokines, growth factors and miRNAs in the extracellular environment. Patients hospitalized with pneumonia have increased levels of CHI3L1 in serum (44, 63, 64). Additionally, S. pneumoniae induces CHI3L1 expression, but mice lacking CHI3L1 have reduced bacterial clearance and enhanced mortality following S. pneumoniae infection (43). These studies suggest CD44 and CHI3L1 as important regulators of innate immunity in the lung during bacterial pneumonia. Further, these studies provide CD44 and CHI3L1 as targetable mechanisms for treating bacterial pneumonia in those with AUD.



HA Heavy Chain Formation

Tumor necrosis factor-stimulated gene-6 (TSG-6) is secreted by immune cells (65) and catalyzes inter-α-trypsin-inhibitor (IαI)-heavy chain complex to HA through pentatraxin 3 (PTX3) (66). Together, these molecular components generate a heavy chain HA matrix involved in airway inflammation (67), hyperresponsiveness (68–71) and toll-like receptor 4 (TLR4)-mediated lung injury (35, 69), possibly through PTX3 stimulation by TLR signaling (72). IαI attenuates lung injury in a porcine model of lipopolysaccharide (LPS)-induced sepsis (73), and PTX3 deficiency worsens LPS-induced lung injury. TSG-6 expression in cultured U-937 monocytes is enhanced by Staphylococcus aureus and Chlamydia pneumoniae (74), suggesting enhanced expression in some strains of bacterial pneumonia. Further, PTX3 is involved in microbial recognition and innate immunity through recruitment of leukocytes and binding to K. pneumoniae, Pseudomonas aeruginosa, Salmonella enterica, S. aureus, Neisseria meningitidis, and S. pneumoniae (75–77). Altogether, there is sufficient evidence for the role of heavy chain HA matrices in bacterial pneumonia, but further studies are needed to elucidate if PTX3 involvement in heavy chain HA formation is due to production by host or pathogen.

Little is known about heavy chain HA formation during excessive alcohol use. If heavy chain HA formation is involved in lung injury amelioration during bacterial pneumonia, disruptions in this process may lead to further lung injury and possibly sepsis. The risk of developing sepsis from pneumonia increases from 35% to 60% in people with AUD (4). EtOH feeding to C57BL/6 mice significantly diminished survival rates and lung PTX3 expression in a model of sepsis, and delayed tumor necrosis factor α (TNFα) level increases in plasma (78). Similarly, in a binge drinking mouse model of gram-negative bacterial lung infection, plasma TNFα was suppressed even while bacterial colonization was increased (79). Overall, these studies suggest that sepsis after excessive alcohol use not due to lack of inflammatory TNFα signaling. Rather, alterations in PTX3 disrupt HA heavy matrix formation and may be a mechanism for deranged immune function in those with AUD.



Versican and TLRs

Lecticans are HA-binding proteoglycans, containing chondroitin sulfate side chains, that ionically bind to HA through clusters of positively charged amino acids forming the link domain (48, 53). Little is known about how lecticans are impacted in bacterial pneumonia; however, levels of hyaluronan and the lectican, versican, increase during lung injury (38, 80, 81), perhaps by HA synthase regulation (82, 83). Although rats exposed to fetal alcohol showed a decrease in synaptic versican (84), the role of versican in alcohol-induced lung derangements continue to be an active area of investigation.

TLRs bind to hyaladherins and are known mediators of the inflammatory response during bacterial pneumonia. Like HA, versican can act as a danger associated molecular pattern for TLR signaling in alveolar macrophages (85, 86). Versican is augmented in the lungs of adult mice exposed to P. aeruginosa and upon TLR agonism (87). Comparatively, conditional versican deficiency in myeloid cells reduced inflammatory cell recruitment to the lungs (88). LPS stimulation of the TLR4/Trif pathway increases HA and versican levels in bone marrow derived macrophages in vitro and in murine alveolar macrophages (42, 88), but there is a lack of similar studies with gram positive bacteria.

Defects in TLR signaling predispose an individual to immunodeficiency that can result in severe bacterial pneumonia (89). Further, the versican receptors TLR2 and TLR4 are affected by excessive alcohol use. TLR2 and TLR4 do not bind HA but have been hypothesized to interact with HA through clustering of other matrix or membrane proteins and proteoglycans, like versican. Individuals with alcohol use disorders showed significant increases in TLR2; those with AUD and cannabis use exhibited significant increases in TLR6 (90). No experimental groups had increased TLR4 expression in that study, but another study showed that alcohol exposure induced TLR4 endocytosis in alveolar macrophages, limiting TLR4 activity for the recognition of pathogens (11). These results suggest that TLR expression or signaling may compensate for impaired bacterial recognition in those who have an AUD and bacterial pneumonia. Other membrane hyaladherins can also bind HA simultaneously to influence leukocyte phenotype (91) and affect pro- or anti-inflammatory signaling depending on the binding protein. While it is not known if hyaluronan or any binding partners interact with the other TLRs, these studies identified multiple targets for therapeutic intervention.



RHAMM, HABP1 and HABP2

Receptor for HA mediated motility (RHAMM), and HA binding protein 1 and 2 (HABP1, HABP2) are expressed ubiquitously and have multiple binding partners, including HA (92, 93). RHAMM contains putative binding domains for HA (94), but RHAMM is mainly expressed intracellularly (93, 95–97) to participate in signaling excluding HA. However, it is possible that HA binds to hyaladherins within the cell membrane because several hyaladherins are expressed intracellularly. Upon HA interaction with RHAMM, cell migration is promoted, influencing tissue remodeling or immune cell trafficking (98). In mice, there is increased membrane expression of RHAMM following lung injury (99). Further, RHAMM can compensate for CD44 through increased HA binding without increased RHAMM expression, indicating convergence of HA signaling pathways (100).

RHAMM is implicated in acute lung injury (101), and alcohol use exacerbates acute lung injury (4, 8, 13, 102, 103). However, it is not yet known how alcohol consumption directly affects RHAMM in any organ system. Past work has shown that RHAMM and transforming growth factor beta (TGFβ) work collectively to promote cell motility (104). Alcohol use inhibits inflammatory cytokines while stimulating TGFβ, which acts as an inhibitory cytokine in human monocytes exposed to bacterial stimuli (105). In contrast, some studies show that alcohol induces lung injury through proinflammatory pathways and promote fibrosis by stimulating TGFβ1 activity (106, 107). In alveolar macrophages, alcohol-induced oxidative stress through TGFβ1 regulation of NADPH oxidases diminished alveolar macrophage function (108). Altogether, TGFβ1 is clearly involved in immune dysfunction following alcohol use, but more information is necessary to conclude that changes in TGFβ1 contribute to alterations in RHAMM signaling.

HABP1, also known as p32 or gClqR, can be found at the cell surface with higher affinity for HA corresponding to ionic strength and acidic environments (109), and HA binding to HABP1 can inhibit HA degradation by S. pneumoniae hyaluronidases (110). Bacteria express hyaluronidase proteins that degrade host HA matrices to allow for greater bacterial movement; thus, HABP1 activity is an endogenous antibacterial host defense. In humans, HABP1 assists in the regulation of HA metabolism in non-diseased states. While there is little known about HABP1 involvement in bacterial pneumonia, HABP1 activity is well described in cancer and mitochondrial biology. Alcohol exposure impairs alveolar macrophage ability to phagocytose pathogens (8–11) via increased cellular oxidative stress (111), mitochondrial redox imbalance (112, 113), and impaired mitochondrial bioenergetics (114). Mitochondrial HABP1 regulates oxidative phosphorylation (115, 116) by maintaining mitochondrial protein translation (117), and cleavage of HABP1 by caspase-1 shifts cancer cell phenotype toward glycolysis (118). In human lung cancers, HABP1 is highly expressed, leading to altered nuclear factor kappa B (NFκB) activity and cell proliferation (119), revealing a role for HABP1 in the lung microenvironment.

HABP2, also known as factor VII activating protease or plasma hyaluronan binding protein, is extracellular. High molecular weight HA inhibits HABP2’s activity to maintain barrier integrity while low molecular weight HA prevents a leaky barrier (120, 121). Normal barrier function prevents bacterial spread into the vasculature during bacterial pneumonia that would otherwise result in sepsis. Further, alcohol impairs pulmonary barrier function (122, 123). In the lung, HABP2 may be involved in LPS-induced lung injury (121) and ARDS (124) primarily through its role in modulating lung barrier integrity. In patients with ARDS, HABP2 levels and activity are increased in alveolar macrophage, epithelial, and endothelial cells (124), and chronic alcohol use elevates the risk for ARDS (4).

In vivo HABP2 silencing by small interfering RNA attenuated LPS-mediated lung injury and hyperpermeability, indicating a possible therapeutic strategy for bacterial pneumonia in those with AUD-induced barrier dysfunction. Additionally, HABP2 primarily binds to cell surface protease-activated receptors (PAR) (125), and silencing of PAR1 and PAR3 can attenuate LPS-mediated barrier dysfunction (121). Mice with PAR2 genetic deletions exhibited severe lung inflammation, neutrophil accumulation, and diminished macrophage and neutrophil bacterial phagocytosis in a model of P. aeruginosa. These alterations were attenuated by PAR2 activation (126), indicating a possible role for HABP2 in bacterial pneumonia clearance. Other studies show similar roles for PARs in bacterial pneumonia pathology (126–128); however, this mechanism needs to be further elucidated since HABP1 and the PARs each have multiple binding partners.




Discussion

This mini review addresses modulation of HA signaling by alcohol and bacterial pneumonia. CD44 and RHAMM are involved in HA metabolism, signaling, and intracellular communication. CHI3L1, IαI, TSG-6, PTX3, and versican all act as intermediates between HA and membrane signaling proteins, like CD44 and TLRs. Herein we also review how HA modulates cellular energy metabolism through HABP2 and intracellular signaling. Another hyaladherin, lymphatic vessel endothelial cell receptor 1 (LYVE-1), binds HA for immune cell motility and HA metabolism but was not discussed in detail due to its low expression in the lungs. Nevertheless, CD44 and LYVE-1 jointly assist in immune cell migration within the lymphatic system (129–131) to traffic cells to the lungs during bacterial pneumonia. HA-hyaladherin interactions additionally assist with leukocyte motility. In summary, changes in the extracellular matrix impact cellular signaling in bacterial pneumonia that can be exacerbated by excessive alcohol use but there is much to learn still. Nevertheless, targeting hyaladherins may be a potential therapeutic strategy for mitigating lung injury in those with alcohol use disorders. These pathways have been summarized in Figure 1.




Figure 1 | Alcohol affects hyaladherin signaling in the lung. 1) Internalization and degradation of hyaluronic acid (HA) is inhibited by overproduction of chitinase-3 like-protein-1 (CHI3L1). 2) Ethanol (EtOH) diminishes peroxisome proliferator activated receptor gamma (PPARγ) and granulocyte-macrophage colony stimulating factor (GM-CSF) levels. 3) HA-versican competes with bacterial products for toll-like receptor (TLR) signaling. 4) TLR signaling induces tumor necrosis factor alpha (TNFα) production. TNFα stimulates TNFα-stimulated gene-6 (TSG-6) expression. 5) TSG-6 catalyzes heavy chain HA matrix formation through pentatraxin 3 (PTX3, orange diamond). 6) EtOH induces TLR4 internalization and heavy chain formation by decreasing TNFα. Created with BioRender.com.




Controversies in the HA Field

Is increased HA production during lung disease pathological and does it need to be “fixed?” HA concentration increases, but average molecular weight decreases, in multiple pulmonary diseases involving immune dysfunction and inflammation. However, the mechanisms of HA signaling based on variations in molecular weight remain controversial in the field. Increased HA production appears to decrease leukocyte mobility and bacterial spread in pneumonia due to higher viscosity. However, increased HA production may aid in leukocyte motility through endogenous hyaladherins while preventing bacterial spread because of their lack of the same receptors.

Further, fragmented HA is thought to be pro-inflammatory while endogenous high molecular weight HA is anti-inflammatory (25, 34, 132). It is also clear that bacteria contain hyaluronidases to degrade host HA matrices, and fragmented HA can act as a danger associated molecular pattern for immune cell release of key immune factors. Our group has hypothesized that alcohol increases high molecular weight HA synthesis, thereby decreasing necessary pro-inflammatory signaling from fragmented HA. However, size classifications remain controversial in the field since “fragmented HA” or “low molecular weight HA” could range from HA chains of a few polysaccharides to 500 kD. Future studies should be done to clarify the immune response of leukocytes to different sized HA polymers to confirm past results.



Therapeutic Potential

Although the risk AUD individuals for getting sepsis and ARDS from pneumonia is approximately double that of non-AUD individuals (4), treatment strategies are comparable between AUD and non-AUD individuals. There are several FDA approved modulators of HA or HA binding proteins that are available by prescription or as a clinical treatment; however, additional studies on HA modulation in bacterial pneumonia and alcohol are needed before therapeutic targeting of these pathways in people with AUD can take place. Targeting bacterial protein influence in host HA matrices and barrier dysfunction go hand-in-hand. As bacteria spread and host lung cell apoptosis persists, cellular barriers are broken down. Use of current small molecule inhibitors of bacterial hyaluronidases are insufficient as a therapeutic strategy because they have low specificity and potency. Bacteria contain some hyaluronidases that are different than those in humans. Therefore, upregulation of host defenses against bacterial hyaluronidases, like HABP1, may work as an alternative treatment to prevent uncontrolled bacterial proliferation.

Proposed mechanisms of EtOH-induced oxidative stress in alveolar macrophage include loss of PPARγ activity (8, 11, 111), which is diminished following alcohol exposure (11, 55, 111). Rosiglitazone and pioglitazone, PPARγ agonists, improve EtOH-induced alveolar macrophage oxidative stress (9), mitochondrial-derived ROS (114), and dysfunctional phagocytosis and clearance of K. pneumoniae (11). Further, pioglitazone, reversed alcohol-induced derangements phagocytosis in alveolar macrophages (11, 55, 111). Because mitochondrial derived ATP is necessary for high energy processes, like phagocytosis, impaired mitochondrial function is one explanation for why alcohol impairs alveolar macrophage phagocytic ability. Identifying alcohol-induced mechanisms that impair HA signaling could further elucidate underlying mitochondrial dysfunction in alveolar macrophages.

In conclusion, AUDs increase the risk of respiratory infections and levels of the extracellular matrix component, HA, are increased in chronic respiratory diseases. HA signaling through hyaladherins are affected by alcohol use, which could modify inflammation and immune cell activity during bacterial pneumonia. The role of hyaladherins in alcohol-induced immune dysfunction is still largely unknown. This mini review highlights the necessity for future studies to provide insight into understanding the role of HA and its binding partners in host immune defense following excessive alcohol use.
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Adult hippocampal neurogenesis (AHN) is involved in learning and memory as well as regulation of mood. Binge ethanol reduces AHN, though the mechanism is unknown. Microglia in the neurogenic niche are important regulators of AHN, and ethanol promotes proinflammatory microglia activation. We recently reported that extracellular vesicles (EVs) mediate ethanol-induced inflammatory signaling in microglia. Therefore, we investigated the role of EVs in ethanol-induced loss of adult hippocampal neurogenesis. At rest, microglia promoted neurogenesis through the secretion of pro-neurogenic extracellular vesicles (pn-EVs). Depletion of microglia using colony-stimulating factor 1 receptor (CSFR1) inhibition in vivo or using ex vivo organotypic brain slice cultures (OBSCs) caused a 30% and 56% loss of neurogenesis in the dentate, respectively, as measured by immunohistochemistry for doublecortin (DCX). Likewise, chemogenetic inhibition of microglia using a CD68.hM4di construct caused a 77% loss in OBSC, indicating a pro-neurogenic resting microglial phenotype. EVs from control OBSC were pro-neurogenic (pn-EVs), enhancing neurogenesis when transferred to other naive OBSC and restoring neurogenesis in microglia-depleted cultures. Ethanol inhibited neurogenesis and caused secretion of proinflammatory EVs (EtOH-EVs). EtOH-EVs reduced hippocampal neurogenesis in naïve OBSC by levels similar to ethanol. Neurogenesis involves complex regulation of chromatin structure that could involve EV signaling. Accordingly, EtOH-EVs were found to be enriched with mRNA for the euchromatin histone lysine methyltransferase (Ehm2t/G9a), an enzyme that reduces chromatin accessibility through histone-3 lysine-9 di-methylation (H3K9me2). EtOH-EVs induced G9a and H3K9me2 by 2-fold relative to pn-EVs in naïve OBSCs. Pharmacological inhibition of G9a with either BIX-01294 or UNC0642 prevented loss of neurogenesis caused by both EtOH and EtOH-EVs. Thus, this work finds that proinflammatory EtOH-EVs promote the loss of adult hippocampal neurogenesis through G9a-mediated epigenetic modification of chromatin structure.
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1 Introduction

Heavy alcohol use and alcohol use disorder (AUD) are significant causes of morbidity worldwide. Chronic alcohol (i.e., ethanol) abuse causes dysfunction of key behaviors that contribute to ongoing misuse and age-related functional decline such as depressed mood, cognitive decline, and deficits in learning and memory plasticity. Adult hippocampal neurogenesis (AHN) occurs in the dentate gyrus and plays an important role in each of these functions (1–3). Chronic binge alcohol intake causes a loss of AHN with corresponding behavioral deficits (4–8). However, the underlying cause of the ethanol-induced loss of AHN is unknown.

AHN requires cooperation of multiple cell types and epigenetic regulation of specific transcriptomic cassettes (9–12). Proinflammatory activation of microglia, the resident monocyte/macrophage in brain, blunts AHN in infection or stress models (13–17). However, recently, resting microglia have been found to promote AHN through their secretome (18–20). Therefore, insults that modulate microglial activation state can regulate neurogenesis. Binge levels of ethanol promote proinflammatory microglial activation (21–23). Interventions that reduce induction of proinflammatory cytokines in brain, such as indomethacin and exercise, protect against ethanol inhibition of AHN (24). Therefore, we hypothesized that loss of AHN caused by ethanol involves secretion of anti-neurogenic factors from proinflammatory microglia. However, it is unknown how secreted factors from microglia alter transcriptional profiles in neuro-progenitors, to result in loss of AHN. In both embryonic and adult stages, epigenetic modifications of histone chromatin structure (e.g., acetylation and methylation) regulate neurogenesis (10–12, 25–28). Several enzymes are capable of remodeling chromatin structure. Several enzymes are capable of remodeling chromatin structure. We focused on the euchromatin histone-methyl transferase (EHMT2/G9a) since it has been implicated in facilitating changes in neuronal phenotype in response to ethanol (29, 30). G9a forms an enzymatic complex with a highly homologous protein G9a-like protein (GLP) to promote monomethylation and dimethylation of the histone 3 lysine 9 locus (H3K9me and H3K9me2 respectively), to play key roles in neurodevelopment (12). G9a is increased by ethanol, and alters neuron-specific genes in the basal forebrain (29, 30). Further, H3K9 methylation status is thought to regulate to neural cell proliferation (28). Therefore, we hypothesized that the regulation of AHN by ethanol and microglia involves secretion of EVs capable of regulating G9a/GLP-mediated epigenetic modifications of chromatin structure.

We recently reported that ethanol induction of proinflammatory signaling in brain involves the secretion of extracellular vesicles (EVs) from microglia (31). EVs are small, lipid-bilayer particles released from virtually all cell types that can affect the function of target cells (32). These proinflammatory EtOH-EVs were produced by microglia and reproduced the induction of proinflammatory cytokines caused by ethanol, and blocking their secretion prevented cytokine induction caused by ethanol. EVs have emerged as key mediators of disease pathology across organ systems (32–34). EVs facilitate the transfer of diverse cargo (i.e., protein, lipid, mRNA, miRNA, lncRNA, DNA) to target cells and/or elicit responses through interaction with cell surface receptors. EVs may cause epigenetic modifications to chromatin and DNA (35). In the context of ethanol exposure, EVs may participate in mediating transgenerational epigenetic inheritance (36) and regulating fetal neural stem cell development (37). Therefore, we hypothesized that proinflammatory EVs secreted in response to ethanol regulate AHN through epigenetic mechanisms. To study mechanisms regulating AHN we used both in vivo and ex vivo primary organotypic brain slice (OBSC) experiments. OBSC has all the brain cellular components and extracellular matrix of the adult hippocampal neurogenic niche and matures ex vivo to a neurological phenotype consistent with young adulthood with mature synapses and ongoing AHN (38–42). The use of OBSCs allows for EV transfer experiments to specifically identify the role of EVs. We found that resting microglia promote AHN through the secretion of pro-neurogenic (pn) EVs. EVs secreted by ethanol (EtOH-EVs) were proinflammatory and blunted AHN through a euchromatic histone-methyl transferase (EHMT2/G9a) epigenetic mechanism.



2 Materials and Methods


2.1 Animals

Adult C57BL/6 mice were obtained from Jackson Laboratory. Pregnant Sprague Dawley rat mothers from Charles River (Raleigh, NC, USA) were used for all slice culture preparation. All protocols followed in this study were approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill (protocols 20-231.0 and 21-224.0) and were in accordance with National Institutes of Health regulations for the care and use of animals in research.



2.2 Materials

The CSF1R inhibitor PLX-3397 was obtained from MCE (Monmouth Junction, NJ, USA). PLX-5622 was provided by Plexxikon (Berkeley, CA, USA). Antibodies were purchased from the following vendors: DCX (Santa Cruz, sc-271390, USA), Ki67 (abcam, ab16667, Boston, USA), G9a (abcam, ab185050, Boston, USA), H3K9me (abcam, ab32521, Boston, MA, USA), beta actin (abcam, ab8229). The G9a inhibitor BIX-01294 was purchased from Selleckchem (Houston, TX, USA) and UNC0642 is from Santa Cruz (Santa Cruz, CA, USA).



2.3 Microglial Depletion In Vivo

Microglia were depleted brain-wide using the colony stimulating factor 1 receptor (CSF1R) antagonist PLX-5622 supplemented in chow (1200 ppm) as described previously (43). Briefly, mice were given PLX-supplemented or normal chow for three weeks. Mice were sacrificed by intracardial perfusion with paraformaldehyde, and brains processed for immunohistochemistry (IHC) as we have reported previously (43, 44).



2.4 Primary Organotypic Brain Slice Culture (OBSC)

Primary organotypic brain slice cultures (OBSCs) were prepared from the hippocampal-entorhinal cortex formation of postnatal day (P)7 pups using previously established techniques of Stoppini and colleagues (45) with modifications as we have described previously (31, 46, 47). Briefly, a Sprague Dawley rat mother with a litter of 12 pups on P6 were obtained from Charles River (Raleigh, NC, USA) and housed overnight in the animal facility. All neonates at P7 were decapitated, the brains were removed, and hippocampal-entorhinal complex dissected in Gey’s buffer (Sigma-Aldrich, St. Louis, MO, USA). Slices (~25/pup) were transversely cut with a McIlwain tissue chopper at a thickness of 375 µm and placed onto a 30 mm diameter Millicell low height culture insert (Millipore, PICMORG50), 10-13 slices/tissue insert. Slices from both sexes were pooled together. Slices were cultured with MEM containing 25 mM HEPES and Hank’s salts, supplemented with 25% horse serum (HS) + 5.5 g/L glucose + 2 mM L-glutamine in a humidified 5% CO2 incubator at 36.5°C for 7 days in vitro (DIV), followed by 4DIV in MEM + 12% HS, and then slices were cultured with MEM + 6% HS until the end of experiments. Two replicates were performed for each experimental condition, with each experiment repeated at least twice. Serum-free N2-supplemented MEM was used to mix with MEM containing 25% HS throughout experiments. OBSC slices were incubated for a total of 14 days prior to treatment as described by Stoppini et al. to allow for functional maturation of synapses (45). OBSC slices are long-lived with undetectable cell death up to 42 days in culture in our previous report (21).

For transfection of the hM4di DREADD in microglia, OBSCs were treated with either control AAV9.EGFP or AAV9.CD68.hm4Di.mCherry (VectorBuilder) for 24 h prior to administration of the hM4di agonist CNO for 4 days.



2.5 Microglial Depletion in OBSC

For microglial depletion in OBSC, slices at 4DIV were treated with the CSF1R inhibitor PLX-3397 (1µM), chosen for solubility in media, for 7 days in regular culture medium (MEM containing 25% HS), followed by 3DIV in MEM + 12% HS to deplete microglia. We used 1µM PLX-3397 since we have previously reported that this successfully depletes >90% of microglia in our ex vivo slice culture model (21). At the end of PLX3397 treatment, slices were either immediately removed for analysis or followed by microglial repopulation protocol in MEM + 6%HS without PLX-3397 (21).



2.6 Immunohistochemistry (IHC) and Quantification In Vivo and in OBSC


2.6.1 In Vivo:

IHC was performed on PFA-perfused mice as we have reported previously (43). Briefly, perfused brains were dehydrated in 30% sucrose. Brains were then sliced at 40µM thickness using a freezing microtome. Free-floating sections were washed in 0.1M PBS, endogenous peroxidases neutralized by incubation in 0.3% H2O2 for 30 min, washed again in PBS, and permeabilized and blocked for 1 h in 0.25% Triton-X100/5% normal serum at room temperature (RT). Sections were then incubated overnight at 4°C in primary antibody in blocking solution. The next day sections were washed in PBS and incubated in biotinylated secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) for 1 h at RT. After washes sections were incubated in avidin–biotin complex solution (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA, Cat. # PK6100) for 1 h at RT. Immunoreactivity was visualized using nickel-enhanced diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA, Cat. # D5637). Tissue was mounted onto slides, dehydrated, and coverslips placed. At least three sections per mouse were quantified for immunoreactivity (+IR)



2.6.2 OBSC:

At the end of each experiment, OBSC slices were quickly washed in cold PBS and fixed with 4% paraformaldehyde in 0.1M PBS for 24 h at 4°C. Floating OBSC slices were washed with PBS and incubated with 0.6% H2O2 to inhibit endogenous peroxidase. After further washing with PBS, slices were blocked with 3% rabbit serum containing 0.25% Triton X100 for 1 h at RT and then incubated with mouse anti-DCX or anti-H3K9me2 for 48 h at 4°C. DCX+IR was detected using an ABC kit and followed by the DAB method. For quantification of DCX IR, DCX+ cell and processes in DG region of the hippocampus were imaged live at 8x magnification, background corrected, and DCX IR measured with the Keynce BZ-H4XF imaging software (in vivo) or ImageJ (OBSC).




2.7 EV Isolation and Assessment by Nanoparticle Tracking Analysis and Transmission Electron Microscopy (TEM)


2.7.1 EV Isolation:

EVs were isolated by sequential centrifugation from OBSC media as we have reported previously (31, 48). Briefly, media were centrifuged at 300 g for 10 min and followed by 6000g for 10 min to remove cellular debris. The supernatant was then centrifuged at 21,000g for 96 min at 4°C to pellet EVs. This method isolates primarily microvesicles (MVs, 0.05-1.0µm diameter) and larger exosomes (0.05-0.1µm diameter) (32). EVs were resuspended in fresh MEM media.



2.7.2 TEM Negative Stain:

EVs were visualized by negative-stain transmission electron microscopy (TEM) in the UNC Microscopy Services Laboratory. Briefly, this involved floating a glow-discharged formvar/carbon-coated 400 mesh copper grid (Ted Pella, Inc., Redding, CA, USA) on a 20μl droplet of the sample suspension for 12 min. This was transferred quickly to 2 drops of deionized water followed by addition of a droplet of 2% aqueous uranyl acetate stain for 1 minute. The grid was blotted with filter paper and airdried. Samples were then visualized at 80kV using a JEOL JEM-1230 transmission electron microscope operating (JEOL USA INC., Peabody, MA, USA). Images were taken using a Gatan Orius SC1000 CCD camera with Gatan Microscopy Suite version 3.10.1002.0 software (Gatan, Inc., Pleasanton, CA, USA).



2.7.3 Nanoparticle Tracking Analysis (NTA):

Media samples were diluted in 0.02 µm filtered PBS and assessed by NTA on the ParticleMetrix ZetaView® PMX-420 Video Microscope in the Nanomedicines Characterization Core Facility at UNC as we have reported previously (31, 49–51).




2.8 Ethanol Treatment and Conditioned EV Transfers in OBSC

All ethanol treatments with the indicated concentrations occurred in a desiccator containing 300ml water plus ethanol at the same concentration present in the culture media as we have reported previously (31, 52, 53). OBSC slices at 14DIV were exposed to ethanol (100mM) for 4 days in the absence or presence of G9a inhibitor BIX-01294. We have previously found this concentration ex vivo causes induction of immune genes that is similar to findings in vivo and in postmortem human AUD brain (48, 53). Though this is a high concentration of alcohol for non-dependent individuals, patients with AUD reach these blood alcohol concentrations while being conscious and functional (54). At the end of experiments, slices were removed for further analysis.

For conditioned EV transfer experiments, pelleted EVs from control or ethanol-treated groups were resuspended in MEM + 6% horse serum. This media and serum concentration has been optimized in our previous studies for the assessment of neurogenesis in the OBSC (42). To account for potential effects of EVs in the media, all experiments include unconditioned media controls as recommended by the International Society for Extracellular Vesicles (ISEV) guidelines in situations when the use of exosome-depleted media is not desirable (55). We also perform EV supernatant controls (described below). We have reported that this technique recovers ~30% of total media MVs, thus a ratio of EVs pelleted from 2 slice culture wells to 1 new slice culture well is transferred (31). EVs were isolated from 1 mL of culture media. Each culture well had 10-13 hippocampal slices (300µm thickness). 1.4x1010 EVs were added to each recipient culture which is ~20% of the total slice media EVs at baseline, similar to our previous studies (31, 49, 50). At the end of EV treatment, slices were removed for either mRNA analysis by RT-PCR or immunostaining for measurement of neurogenesis. To determine if remaining proteins in the EV preparations mediate the effects of EVs two methods were employed. First, supernatant (SUPN) from the final spin of EV isolation was transferred to naïve OBSC as we had done previously (31) to determine if soluble components in media mediate the effects as recommended by the ISEV guidelines (55). Briefly, SUPN from the final spin was diluted 1:1 with fresh media to ensure adequate nutrition and was then added to naive OBSC. Further, we also performed digestion of remaining proteins in the EV preparation using proteinase K as described previously (56). Briefly, pelleted EVs were resuspended in PBS and incubated with 20µg/mL of Proteinase K (Prot K, Invitrogen) at 37°C for 1 hour. Prot K activity was quenched by adding 5mM phenylmethylsulfonyl fluoride (10 min at RT). EVs were then re-pelleted (21,000g, 96 minutes) and resuspended in fresh MEM, then added to naïve OBSC.



2.9 Measurement of mRNAs and Protein in EVs and OBSC Tissue


2.9.1 RNA Isolation and Reverse Transcription:

Total RNA was isolated either from the pelleted EVs or OBSC slice tissue using miRNAeasy Kit (Qiagen Inc., CA, USA) according to manufacturer’s protocol. Briefly, the pelleted EVs from 2-3 culture media or 10-13 pooled tissue slices/per group were dissolved in total of 700ul Trizol lysis buffer as we have previously reported (21, 31). After centrifugation at 12,000g for 15 min, supernatant was removed for total RNA purification. The total amount of RNA was quantified by Nanodrop™. For reverse transcription, either 200ng of RNA from EVs or 2 μg of RNA from slices was used to synthesize the first strand of cDNA using random primers (Invitrogen) and reverse transcriptase Moloney murine leukemia virus (Invitrogen). After a 1:2 dilution with water, 2 μl of the first strand cDNA solution was used for RT-PCR.



2.9.2 RT-PCR:

The primer sequences for real time RT-PCR were as follows: TNFα-F: AGCCCTGGTATGAGCCCATGTA, R:CCGGACTCCGTGATGTCTAAG; IL-1β-F:TTGTGCAAG TGTCTGAAGCA, R: TGTCAGCCTCAAAGAACAGG; G9a-F:CTCCGGTCCCTTGTCTCC, R:CT ATGAGAGGTGTCCCCCAA; β-Actin-F:CTACAATGAGCTGCGTGTGGC, R: CAGGTCCAGAC GCAGGATGGC; 18S-F: CGGGGAATCAGGGTTCGATT, R:TCGGGAGTGGGTAATTTGCG. Primer sequences were validated using the NCBI Primer-BLAST, with only primers that targeted the desired mRNA and had single-peak melt curves (showing amplification of a single product) being used. SYBER Green Supermix (AB system, UK) was used as a RT-PCR solution. The real time RT-PCR was run with initial activation for 10 min at 95°C and followed by either 48 cycles (EV mRNA) or 40 cycles (tissue mRNA) of denaturation (95°C, 40 s), annealing (58°C, 45 s) and extension (72°C, 40 s). The threshold cycle (CT) of each target product was determined and normalized to a reference housekeeping gene. For all analyses in OBSC tissue, β-actin was used as the housekeeping gene. For measurement of mRNAs in EVs, 18S was used as the housekeeping gene since actin mRNA was not detected in the vesicles. Difference in CT values (ΔCT) of two genes was calculated   and the result was expressed as the percentage compared to control.



2.9.3 Western Blot:

OBSC sections (4-6) were pooled and lysed with Tris buffer and centrifuged at 21,000g to remove the nuclear fraction as we previously reported (48). Protein concentrations were measured using a Pierce BCA assay kit with the manufacturer’s instructions (ThermoFisher Scientific). Samples were diluted in RIPA and DTT containing reducing buffer (Pierce TM Cat. # 39000) to a final amount of 40 μg protein per well. Protein samples were separated on a 4–15% Ready Gel Tris-HCL gel (BioRad) and transferred onto PVDF membranes (BioRad). PVDF membranes were incubated at 4°C overnight with primary antibody. The following day, secondary antibody incubation (Li-Cor IRDye® 680 or 800) was performed, and membranes visualized using the LiCor Odyssey™ imaging system. Values for proteins of interest were normalized to beta-actin expression for each sample.




2.10 Statistical Analyses

For experiments when only two groups were compared, t-tests were performed. Statistical analyses for experiments with multiple treatment groups were performed using One-way ANOVAs, with Sidak’s post hoc tests for multiple comparisons. Differences were considered statistically significant if p < 0.05.




3 Results


3.1 Microglia Promote Neurogenesis Through the Secretion of Pro-Neurogenic Extracellular Vesicles (pn-EVs)

Microglia have been found to promote adult hippocampal neurogenesis through their secretome (18–20). EVs are a key aspect of the microglial secretome (31); therefore we assessed their role in neurogenesis. First, we determined the impact of microglial depletion on neurogenesis both in vivo and ex vivo. Microglia were depleted using the CSF1R antagonist PLX-5622 as reported previously (43). PLX5622 effectively removed Iba1+ microglia in the hippocampus with ~96% depletion of microglia (Figures 1A, B). We then assessed hippocampal neurogenesis in the dentate gyrus using immunohistochemistry (IHC) for doublecortin (DCX). DCX is a cytoskeleton marker of neuroprogenitors expressed during maturation of dendrites and other neuronal structures. DCX was reduced by 30% in microglia-depleted mice (Figures 1C, D, *p<0.05). Likewise, a 24% reduction in Ki67, a marker of proliferation, was found (Figures 1E, F). The role of microglia in neurogenesis was then assessed in OBSC, where PLX depletion of microglia caused a 56% reduction in DCX in the dentate gyrus (Figures 1G, H). To confirm that the loss of microglial activity underlies the loss of neurogenesis rather than factors released by dying microglia or off-target effects of CSF1R-inhibition, we next inhibited microglial activation using a chemogenetic approach. Microglial activity was inhibited by transfection with the hM4di inhibitory designer receptor exclusively activated by designer drugs (DREADD) using a viral construct (AAV9.CD68.hm4di) as we have reported previously (21). In the presence of microglial hM4di expression, a significant treatment effect across groups was found (ANOVA F5,61 = 7.148, ****p<0.0001) with the hM4di agonist CNO causing a 77% reduction in neurogenesis in the dentate gyrus as measured by DCX staining (Figures 1I, J, ***p<0.001, Sidak’s post-test). Neither hM4di transfection alone nor CNO alone significantly altered neurogenesis. Thus, microglia in healthy mouse dentate gyrus and OBSC brain slice culture promote hippocampal neurogenesis both in vivo and ex vivo. Since the microglial secretome has been implicated in hippocampal neuroprogenitor survival, we next studied the role of secreted extracellular vesicles.




Figure 1 | Microglia at rest promote adult hippocampal neurogenesis. (A-F) Adult mice were given either normal or PLX-5622-supplemented chow for 3 weeks to deplete microglia. (A) PLX chow caused robust depletion of microglia as measured by Iba-1 IHC. (B) Quantification of Iba-1 staining in hippocampus found ~96% depletion of microglia. ****p <  0.0001, t-test vs. control. Scale bar: 500µm (C) Representative images of DCX staining in hippocampal dentate gyrus showing loss of neurogenesis with microglial depletion. Scale bar 100 µm. (D) Quantification found a ~30% reduction in DCX immunoreactivity. *p <  0.05, t-test vs. control. (E) Representative images of ki67 immunostaining after EtOH in dentate regions of the hippocampus in control and microglia depleted (PLX) mice. (F) Ethanol caused a 24% reduction in ki67. *p < 0.05, t-test. (G, H) OBSC were treated with PLX-3397 (1µM) for 10 days to deplete microglia and determine its effect on neurogenesis. (G) Representative images of DCX in hippocampal region of OBSC showing loss of neurogenesis with microglial depletion. Scale bar: 100µm. (H) Quantification found a 56% reduction in DCX staining with microglial depletion. **p < 0.01, t-test vs. control. (I, J) Microglial inhibition reduces neurogenesis. OBSC were treated with either AAV9.CD68.hM4di or AAV9.EGFP control for 24 hours prior to treatment with CNO (1µM or 5µM) or vehicle for 4 days, followed by IHC for DCX. (I) Quantification of DCX found that neither viral transfection alone nor CNO alone significantly altered neurogenesis. Addition of CNO to microglial hM4di-transfected slices caused a 77% reduction in DCX with 5µM CNO. 1-Way ANOVA, F5,61 = 7.148, p<  0.0001. ***p < 0.001, Sidak’s post-hoc test vs. AAV9.CD68.hM4di alone (J) Representative images of DCX +/- CNO and AAV9 transfection. Scale bar: 100µm.



To determine the effect of OBSC EVs on neurogenesis, we used EV transfer experiments using our previously established protocols (31). EVs were transferred from either normal or microglia-depleted OBSC donors to either normal (microglia +) or microglia-depleted OBSC recipient cultures (Figure 2A). A significant treatment effect was found across the groups (F5,39 = 9.705, p<0.0001). As above, microglial depletion with PLX alone caused a robust reduction in neurogenesis as measured by DCX (62%, Figure 2C, *p<0.05 vs. Control, Sidak’s post-test) that was clearly visible (Figure 2D, top panel). EVs transferred from normal microglia-containing cultures were pro-neurogenic (pn-EVs), increasing levels of neurogenesis in normal slices by 56% (Figures 2C, D middle panel, *p<0.05 vs. Control, Sidak’s post-test). pn-EVs also increased the expression of the pro-neurogeneic cytokine IL-4 (57). IL-4 was increased by 82% (Supplementary Figure 1A, *p<0.05, Sidak’s post-test). Further, pn-EVs restored the loss of DCX in PLX microglia-depleted slices, increasing DCX by 290% relative to vehicle PLX slices (***p=0.001, vs. PLX alone, Sidak’s post-test) EVs isolated from microglia-depleted-cultures, however (Figures 2C, D lower panel), did not increase DCX in neither control (p=0.43 vs. control alone) nor microglia-depleted (p=0.78, vs. PLX alone) recipient OBSCs. This indicates that microglial EVs at baseline promote neurogenesis through the generation of pn-EVs.




Figure 2 | EVs from microglia-containing cultures are pro-neurogenic. (A) Experimental design for EV transfer experiments from normal microglia-containing and PLX microglia-depleted OBSCs. EVs from each donor condition were transferred to either microglia-containing (Control) or microglia-depleted (PLX) OBSC recipients. (B) Western blot analysis shows expression of EV markers Annexin A1, CD63 and CD81 in pn-EVs and PLX-EVs. (C) Quantification of treatment effect on DCX immunostaining (One-way ANOVA, F5,39 = 9.705, p < 0.0001). Microglial depletion with PLX-3397 (1µM, 10 days) caused a 62% reduction in DCX in the dentate region of the OBSC (*p < 0.05 vs. control, Sidak’s post-test). EVs from control OBSC (pn-EVs) increased basal levels of DCX by 55% (gray bar with dots, *p < 0.05 vs. Control, Sidak’s post-test) and increased DCX in microglia-depleted recipient OBSCs by 290% (white bar with dots, ***p < 0.001 vs. PLX alone, Sidak’s post-test). EVs from microglia-depleted OBSC donors (PLX-EVs), however, did not significantly change DCX levels in control (p=0.43 vs. control alone, Sidak’s post-test) or microglia-depleted OBSC slices (p=0.78, vs. PLX alone, Sidak’s post-test) N for each group is included within each bar. (D) Representative images of DCX IHC in OBSC treatment groups. Scale bar 100 µm.





3.2 Ethanol Induces Secretion of Proinflammatory EVs (EtOH-EVs) That Inhibit Hippocampal Neurogenesis

We recently reported that EVs play a key role in proinflammatory induction caused by ethanol, reproducing the effects of ethanol treatment (31). Though EtOH did not increase the number of EVs released as measured by nanoparticle tracking analysis, it altered EV contents and function (31). Proinflammatory stimuli such as binge ethanol are known to blunt neurogenesis (13, 15, 58), with the microglial secretome playing an important role in this regulation (18–20). Therefore, we investigated the role of EtOH-induced EVs on hippocampal neurogenesis. EVs were isolated from OBSC media with control or EtOH treatment as we have previously reported (31). NTA analysis confirmed EVs in the 50-300nm diameter size range in both control/pn-EVs and EtOH-EVs (Figure 3A). The phenotype of EVs was then assessed by TEM negative staining. TEM confirmed the presence of EVs with the expected morphology (Figure 3B). Western blot further confirmed the presence of EVs with positive expression of the MV marker Annexin A1, the exosomal marker CD63, and the shared MV/exosomal marker CD81 (Figure 3C). EtOH-conditioned EVs were proinflammatory, with adoptive transfer to naïve slices causing a significant treatment effect (Figure 3D, F3,8 = 9.211, p=0.0055). Post-hoc analyses confirmed a 4-fold increase in gene expression of TNFα (*p<0.05, Sidak’s post-test) and a 6-fold increase in IL-1β (**p<0.01 Sidak’s post-test) consistent with our previous work (31).




Figure 3 | EVs secreted by ethanol are proinflammatory. EVs were isolated from OBSC media after either ethanol (EtOH-EVs) or vehicle control (pro-neurogenic, pn-EVs). (A) NTA assessment of OBSC media showed similar size distributions between Control/pn-EVs and EtOH-EVs, mostly between 50-300nm in diameter. Averaged distributions from 3 samples per group depicted. (B) Transmitting electron microscopy confirmed the presence EVs with the expected size and cup-shaped morphology. (C) Western blot (WB) analysis of EV markers found Annexin A1, CD63, and CD81 in both pn-EVs and EtOH-EVs. (D) EtOH-EVs were transferred to naïve OBSC slices, and levels of proinflammatory cytokines in slices measured by RT-PCR. A significant main effect of treatment was found (One-way ANOVA F3,8 = 9.211, p=0.0055). EtOH-EVs caused robust inductions of TNFα (4-fold) and IL-1β (6-fold), *p < 0.05, **p < 0.01 Sidak’s post-tests.



Next, we assessed the effect of EtOH and EtOH-EVs on neurogenesis. A significant main effect of treatment was found on neurogenesis as measured by DCX (Figures 4A, B, F5, 58 = 20.9, p<0.0001) and ki67 (Figures 4C, D, F3, 22 = 18.25, p<0.0001). Ethanol reduced DCX expression by 48% compared to control (Figures 4A, B, ***p<0.001, Sidak’s post-test), consistent with previous findings in vivo and ex vivo (6, 24, 59). EVs from control OBSC were pro-neurogenic (pn) with a 67% increase in DCX (****p<0.0001 vs. Control, Sidak’s post-test). However, EVs from EtOH-treated OBSC reduced DCX staining by ~52% compared to controls (***p<0.001) similar to the effects of ethanol. There was no significant difference between EtOH treated and EtOH-EV treated EVs (p=0.998). Likewise, reductions in ki67 were seen caused by ethanol (Figure 4D, 77%, **p<0.01 vs. control) and EtOH-EVs (Figure 4D, 62% vs. pn-EVs, ****p<0.0001). In order to determine if remaining media proteins in the EV preparations mediate this effect, we also assessed the effects of the EV supernatant on AHN, as recommended by the ISEV guidelines (55). This experiment is needed in order to attribute biological effects to EVs rather than a soluble component, and avoids the confounding of effects of components from size exclusion columns on biological function of recipient cells (55). We previously reported that EVs, but not EV depleted supernatant cause proinflammatory gene induction in brain slices (31). Likewise, we found that neither supernatant (SUPN) from control/pn-EV preparations, nor SUPN from EtOH-EV preparations had any effect on DCX (Figure 4B). Further, proteinase K digestion of EtOH-EV preparations to degrade all protein species outside of the EV membrane had no impact on the loss of DCX (Figure 4B) or ki67 (Figure 4D) caused by EtOH-EVs. This indicates that the observed effects of EtOH-EVs are not due to remaining protein in the isolated EVs. Thus, EVs secreted in response to ethanol are proinflammatory and anti-neurogenic, phenocopying the effects of ethanol. Since neurogenesis involves complex changes in chromatin accessibility to allow lineage specific gene transcription, we sought to investigate if EtOH-EV inhibition of neurogenesis involved an epigenetic mechanism.




Figure 4 | EVs secreted by ethanol blunt neurogenesis. OBSCs were treated for 4 days with either vehicle, ethanol, pn-EVs, EtOH-EVs, supernatant (SUPN) from EV preparations, or EtOH-EVs treated with proteinase K (Prot K) to degrade free proteins. Neurogenesis measured by IHC for DCX. (A) Representative images showing enhancement of neurogenesis by pn-EVs and a clear reduction of neurogenesis by EtOH and EtOH-EVs. Scale bar 100 µm. (B) Quantification of DCX staining found a significant main effect of treatment (F5, 58 = 20.9, p < 0.0001). A 48% reduction in DCX was caused by EtOH, a 67% increase by pn-EVs relative to control. EtOH-EVs caused a 52% reduction compared to pn-EVs. SUPN isolated from pn-EV and EtOH-EV preparations had no effect on DCX. Prot K digestion of free proteins had no effect on reduction of DCX caused by EtOH-EVs. (C) Representative images of ki67 immunostaining in OBSC in control, EtOH, control/pn-EVs and EtOH-EVs. The neurogenic niche in the OBSC is outlined by the dashed lines. (D) Quantification of ki67 found a main effect of treatment (one-way ANOVA, F3,41 = 21.75, p < 0.0001.) Ethanol-EVs caused a 45% reduction in 60% reduction in ki67 staining compared to pn-EVs. Prot K digestion free proteins had no impack on loss of Ki67 caused by EtOH-EVs.**p < 0.01, ***p < 0.001, ****p < 0.00001 Sidak’s post-test. Each dot represents an individual culture slice.





3.3 EtOH-EVs Are Enriched With Euchromatin Histone Lysine Methyltransferase (Ehmt2)/G9a mRNA and Increase Histone-3 Lysine-9 Di-Methylation (H3K9me2)

Neurogenesis involves a complex orchestration of differential transcriptional programs that are regulated by chromatin modifications (10–12). EVs contain complex cargo including mRNAs, non-coding RNAs, miRNAs, and proteins that could potentially regulate epigenetic chromatin modifications that could regulate neurogenesis (33, 60). Therefore, we investigated whether EVs alter epigenetic modifications that regulate neurogenesis. The euchromatin histone lysine methyltransferase (Ehmt2/G9a) facilitates di-methylation of the lysine 9 residue on histone 3 (H3K9me2) to repress gene expression. G9a is involved in lineage specification during embryonic neurogenesis (12), and G9a-associated epigenetic marks are reduced by environmental enrichment-enhanced neurogenesis (11). G9a mRNA was increased by 2.5-fold (***p<0.001, Figure 5A) in microglia-depleted slices, consistent with an association between its induction and a loss of neurogenesis. In EtOH-EVs, we found that G9a mRNA was increased by more than 3-fold relative to control pn-EVs (Figure 5B, *p<0.05). In OBSC tissue, a main effect of treatment was found on G9a mRNA after treatment with either ethanol or EtOH-EVs (Figure 5C, One-way ANOVA, F3,17 = 12.90, p=0.0001). Both ethanol and EtOH-EVs increased expression of G9a mRNA by 3-fold (****p<0.0001, Sidak’s post-test) and 2-fold (*p<0.05, Sidak’s), respectively, compared to controls with no effect of pn-EVs (Figure 5C). Since G9a mRNA was increased in OBSC by ethanol, we assessed if its associated H3K9me2 mark was also increased. IHC revealed H3K9me2 staining primarily in the neuronal granular region of the dentate and at the neurogenic niche (Figure 5D, dashed line). Ethanol increased H3K9me2 in the neuronal granular region of the dentate by 30% (Figure 5D). We then assessed the effect of EtOH-EV treatment of OBSCs on both G9a and H3K9me2 by western blot to confirm RT-PCR and IHC findings. EtOH-EVs caused a ~2-fold increase in both G9a protein (Figure 5E, **p<0.01) and H3K9me2 (Figure 5F, **p<0.01) in OBSC tissue. Since we found induction of G9a and H3K9me2, we next investigated if pharmacological inhibition of the G9a/GLP complex could prevent the loss of neurogenesis caused by ethanol and EtOH-EVs.




Figure 5 | Microglia depletion and ethanol-EVs increase G9a in OBSC. (A) G9a mRNA was measured in control or PLX-microglial depleted OBSC. PLX resulted in a 2.5-fold increase in G9a relative to controls. N = 6 experimental replicates. ***p < 0.001, t-test (B) EVs were isolated from OBSC media after either ethanol (EtOH-EVs) or vehicle control (pn-EVs). RT-PCR of mRNA isolated from EVs found a 3.5-fold increase of G9a mRNA in EtOH-EVs. N = 2 experimental replicates/group. (C) G9a mRNA was increased in OBSC slice tissue after treatment with either ethanol (3-fold) or EtOH-EVs (2-fold). *p < 0.05, ****p < 0.0001, Sidak’s post-test. (D) IHC found EtOH increased the number of H3K9me2 immunoreactive (+IR) pixels/mm2 in the dentate granular (g) cell region of OBSC by 30%. The dashed white line marks the border of the hilus (h), which is the neurogenic region. Each dot represents an OBSC slice. *p < 0.05, t-test Scale bar 100 µm. (E, F) OBSCs were treated with either control (pn-EVs) or EtOH-EVs. Western blot found that EtOH EVs increased of levels of (E) G9a protein (2-fold) and (F) H3K9me2 (2.1-fold). Each dot represents 4-6 pool OBSC slices. *p < 0.05, ***p < 0.001, t-test. Insert with representative western blot images of G9a, H3K9me2 and actin.





3.4 Pharmacological Inhibition of G9a/GLP Prevents Loss of Neurogenesis by EtOH and EtOH-EVs

Since we found that ethanol and EtOH-EVs block adult hippocampal neurogenesis and increase expression of G9a, we next determined if inhibition of G9a signaling would prevent the loss of neurogenesis. We first measured G9a expression levels in OBSC after microglial depletion with PLX, which blunts neurogenesis (Figures 1 and 2). G9a methyl-transferase activity was then blocked using pharmacological inhibitors of the G9a/GLP complex – BIX-01294 (BIX), and UNC0642 (UNC) (61, 62). A main effect of treatment was observed (Figure 6A, One-way ANOVA F13,68 = 6.8, ****p<0.0001). As above, ethanol robustly inhibited hippocampal neurogenesis in OBSC (74% reduction, Figures 6A, B, ****p<0.0001 vs. control Sidak’s post-test). Neither BIX (500nM) nor UNC (1µM) alone impacted DCX levels in control OBSC (Figure 5A). However, both UNC (Figures 6A, B) and BIX (Figures 6C, D) prevented the ethanol-induced loss of neurogenesis, returning DCX to control levels (##p<0.01, ###p<0.001 vs. EtOH, Sidak’s post-test). Regarding the effects of EVs, EtOH-EVs again reduced DCX (Figure 6C, *p<0.01 vs. pn-EVs, Sidak’s post-test). Further, like the effects of G9a inhibition on ethanol-treated OBSCs, BIX prevented the loss of neurogenesis caused by EtOH-EVs (Figures 6C, D, ##p<0.01 vs. EtOH-EVs) while UNC showed a trend toward a reversal (p=0.18). In order to confirm that BIX and UNC effectively inhibit G9a/GLP complex activity at these concentrations, we measured H3K9me2 in EtOH-EV-treated OBSC +/- these inhibitors by IHC. A main effect of treatment was found (F2,12 = 22.9, p<0.0001) with both UNC (****p<0.0001, Sidak’s post-test) and BIX (***p<0.001) reducing H3K9me2 levels by 49% and 46% respectively (Supplementary Figure 1B), consistent with predictions from prior studies (61, 62). Thus, G9a/GLP complex activity facilitates the loss of hippocampal neurogenesis caused by EtOH and EtOH-EVs.




Figure 6 | Pharmacological inhibition of G9a prevents loss of neurogenesis caused by ethanol and EtOH-EVs. OBSCs were treated with either EtOH or EtOH-EVs +/- G9a inhibitors BIX-01294 (BIX) or UNC0642 (UNC). Neurogenesis was measured by IHC for DCX. (A) EtOH caused a 74% reduction of DCX that was prevented by UNC (1µM) and BIX (500nM). 1-Way ANOVA, F13,68 = 6.8, ****p < 0.0001 vs. control, ##p < 0.01 and ###p < 0.001 vs. EtOH, Sidak’s post-hoc multiple comparison’s test. (B) Representative images show loss of neurogenesis with EtOH that was prevented by G9a inhibitors. (C) pn-EVs increased DCX by 37%, while EtOH-EVs caused a 50% reduction in DCX relative to control pn-EVs. One-way ANOVA, F4,23 = 4.05, *p < 0.01 vs. pn-EVs, ##p < 0.01 vs. EtOH-EVs, Sidak’s post-test. (D) Images showing G9a inhibitors blocked the loss of neurogenesis caused by EtOH-EVs.






4 Discussion

Adult hippocampal neurogenesis is an important neurological process that is inhibited by ethanol (5, 63). Chronic ethanol abuse causes dysfunction in hippocampal behaviors linked with AHN such as learning plasticity, memory, and mood (1–4, 64, 65). Thus, strategies that ameliorate the loss of AHN caused by alcohol could have a therapeutic benefit for behavioral dysfunction caused by alcohol abuse. Here, we report that extracellular vesicles from resting microglia promote adult hippocampal neurogenesis. However, EVs secreted in response to ethanol cause deficits in neurogenesis through a G9a/GLP-mediated mechanism (Figure 7). EtOH-EVs mimicked the effects of ethanol on neurogenesis and were enriched with G9a mRNA. Both ethanol and EtOH-EVs increased G9a levels in recipient cultures, and G9a inhibitors prevented the ethanol- and EtOH-EV-induced loss of hippocampal neurogenesis. This identifies a novel EV-epigenetic signaling system that could be targeted to improve cognitive and behavioral deficits associated with ethanol.




Figure 7 | Summary of findings. At rest, microglia secrete pro-neurogenic EVs (pn-EVs) to promote neurogenesis (gray branches). Ethanol causes proinflammatory activation of microglia, with secretion of proinflammatory EtOH-EVs (Crews et al., 2021) now found to be enriched with G9a mRNA. EtOH induces G9a and H3K9me2 (yellow) in the neurogenic niche of the dentate gyrus to blunt neurogenesis (gray branches). Inhibition of G9a activity with UNC and BIX prevent loss of neurogenesis caused by EtOH and EtOH-EVs.



Both stressful and proinflammatory stimuli cause reductions in adult hippocampal neurogenesis (15–17). Microglia have recently been identified as regulators of AHN, with their phagocytic secretome increasing AHN (18, 19). In our previous report, we found that microglia induce EtOH-EVs that further promote the proinflammatory effects of ethanol (31). Here we find that resting microglia promote AHN through production of pro-neurogenic EVs. However, in the presence of ethanol, EtOH-EVs inhibit AHN through G9a. Here we find that G9a inhibitors blocked the EtOH- and EtOH-EV-induced loss of neurogenesis. Previously we reported the proinflammatory activity of EtOH-EVs was blocked by the anti-inflammatory inhibitor of HMGB1, GLY (31). However, GLY had no effect on G9a or H3K9me2 levels in these studies (not shown). This suggests that G9a-epigenetic signaling is either upstream or required in parallel with HMGB1 for proinflammatory gene activation to occur. Regarding adult hippocampal neurogenesis, a role of G9a/Ehmt2 has not been reported previously. However, other studies are consistent with this work, suggesting histone methylation represses AHN (66). A loss of the histone lysine-specific demethylase 1 (LSD1), which demethylates H3K9 (27) (resulting in increased methylation), was found to reduce neural stem cell proliferation (28), consistent with our finding. Global increases in H3K9 acetylation, the “opposing” epigenetic mark of H3K9me2, were found to increase differentiation of adult progenitors into neurons (10). Further, pro-neurogenic environmental enrichment reduced H3K9 methylation at the promoter of the neurogenesis promoting growth factor BDNF, increasing its expression (11). Thus, methylation of H3K9 in adulthood seems to inhibit AHN, though details regarding this regulation need to be explored further in future work. Though little is known about G9a regulation of adult hippocampal neuronal proliferation and differentiation, this “anti-neurogenic” role in adulthood seems to differ from its actions during embryonic development.

During embryogenesis, G9a promotes neuronal differentiation and suppresses expression of non-neuronal genes (12, 25, 26). However, evidence in adults suggests that H3K9me2 silences neuron lineage-specific genes in fully differentiated cholinergic neurons to promote a loss of the cholinergic phenotype after ethanol (30). Thus, the role of G9a appears to differ during embryonic and adult stages. This study is the first report to our knowledge that investigates the role of G9a in adult hippocampal neurogenesis. The impact of G9a on differentiation of other cell types in the adult hippocampus, however, remains unknown. It is possible that EtOH- or EtOH-EV-induced increases in G9a could promote differentiation of progenitors into other cell types, resulting in less neurogenesis. Further studies are needed to fully define the specific roles of G9a in proliferation and differentiation across cell types in the adult brain. It is important to note that the inhibitors of G9a signaling inhibit the G9a/GLP complex, also acting on GLP. Thus, the observed effects could be due to G9a or GLP. Our goal here is not to differentiate specifically between the roles GLP and G9a, rather to identify epigenetic mechanisms ex-vivo that can be moved in vivo in future work, with well-established inhibitors.

Though we found increased G9a mRNA in EtOH-EVs and induction of G9a in naïve OBSC by EtOH-EVs, it is unclear whether EtOH-EVs cause this increase through transfer of their mRNA. EVs can exert their influence in a variety of ways, many of which involve activation of immune pathways (67, 68). This can include transfer of contents to recipient cells (e.g., mRNAs, miRNAs), delivery of their contents to cell surface receptors (e.g., cytokines), or delivery of bioactive lipid species or damage-associated molecular pattern molecules (DAMPs, e.g., HMGB1). Recent studies have found that EVs play key roles in mediating multiple alcohol-related pathologies. In the periphery, this includes modulation of peripheral monocyte activity (69), promoting induction of monocyte chemoattractant protein-1 in hepatocytes (70), and induction of fibrotic genes in hepatic stellate cells through miRNA delivery (71). In the brain, microglial EVs promote hypothalamic neuronal death caused by ethanol during the embryonic period through delivery of the complement protein C1q (72) as well as neuronal death in adulthood through delivery of the miRNA let-7b (48). Astrocytes can also, in response to ethanol, secrete EVs that damage neurons involving a TLR4 neuro-immune pathway (73). An unexpected finding was that EVs from microglial-depleted cultures showed a trend toward a reduction of DCX in control OBSCs. It is possible that a loss of trophic factors in PLX-EVs or the presence of neurotoxic factors secreted in PLX-EVs mediate this, though future studies are needed to determine this. Nonetheless, EVs promote central and peripheral ethanol pathology, often through immune mechanisms. Consistent with this, we recently reported that EtOH-EVs induced by microglia seem to drive proinflammatory gene induction caused by ethanol (31). In that previous report, our studies suggested that MVs rather than exosomes mediate the pro-inflammatory signaling caused by EtOH-EVs. Here, we did not distinguish between the effects of MVs versus exosomes on AHN. Both MVs and exosomes are critical EVs, capable of modulating responses in recipient cells. Several factors known to regulate AHN have been found in exosomes (74), and MVs derived from mesenchymal stem cells are also able to promote neurogenesis (75). Thus, both MVs and exosomes could be involved in our observation, and should be investigated further in future work. This current work now implicates a role for EV modulation of epigenetic modifications to chromatin structure in both the induction of proinflammatory gene induction and loss of AHN caused by ethanol.

In summary, we found that microglia promote neurogenesis through secretion of pn-EVs and that EtOH-EVs inhibit adult hippocampal neurogenesis. The G9a/GLP complex is implicated in the loss of neurogenesis caused by ethanol and EtOH-EVs. In future work, we plan to investigate the ability of pn-EVs to reverse loss of AHN in vivo. The use of EVs as therapeutic agents could represent a promising biological medicine approach (76). Future studies will also investigate the gene targets of G9a in different cell types in brain, both ex vivo and in vitro, as well as the ability of G9a inhibitors to alter alcohol effects in vivo. Elucidating the targets of G9a and its function in vivo will determine if targeting this epigenetic pathway could be a beneficial therapeutic approach for mood and cognitive dysfunction in AUD.
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Supplementary Figure 1 | EtOH-EVs blunt IL-4 and UNC and BIX Inhibit G9a/GLP activity. (A) OBSCs were treated with either pn-EVs, or EtOH-EVs for 96 hours. pn-EVs caused an 82% increase in IL-4 gene expression (one-way ANOVA, F2,6 = 7.98, p < 0.0001). *p < 0.05, **p < 0.01, ****p < 0.0001, Sidak’s post-test. (B) OBSCs were treated with EtOH-EVs for 96 hours +/- UNC (1µM) or BIX (500nM). H3K9me2 was measured in slices by IHC. A main effect of treatment was found (One-way ANOVA, F2,12 = 22.9, p<0.0001) with UNC and BIX reducing H3K9me2 levels by 49% and 47% respectively, ***p < 0.001 ****p < 0.0001, Sidak’s post-test.
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Background

Trauma is the third leading cause of mortality worldwide. Upon admission, up to 50% of traumatized patients are acutely intoxicated with alcohol, which might lead to aberrant immune responses. An excessive and uncontrolled inflammatory response to injury is associated with damage to trauma-distant organs. We hypothesize that, along with inflammation-induced apoptosis, the activation of the Wnt/β-catenin signaling pathway would cause breakdown of the lung barrier and the development of lung injury after trauma. It remains unclear whether ethanol intoxication (EI) prior to trauma and hemorrhagic shock will attenuate inflammation and organ injury.



Methods

In this study, 14 male C57BL/6J mice were randomly assigned to two groups and exposed either to EtOH or to NaCl as a control by an oral gavage before receiving a femur fracture (Fx) and hemorrhagic shock, followed by resuscitation (THFx). Fourteen sham animals received either EtOH or NaCl and underwent surgical procedures without THFx induction. After 24 h, oil red O staining of fatty vacuoles in the liver was performed. Histological lung injury score (LIS) was assessed to analyze the trauma-induced RLI. Gene expression of Cxcl1, Il-1β, Muc5ac, Tnf, and Tnfrsf10b as well as CXCL1, IL-1β, and TNF protein levels in the lung tissue and bronchoalveolar lavage fluid were determined by RT-qPCR, ELISA, and immunohistological analyses. Infiltrating polymorphonuclear leukocytes (PMNLs) were examined via immunostaining. Apoptosis was detected by activated caspase-3 expression in the lung tissue. To confirm active Wnt signaling after trauma, gene expression of Wnt3a and its inhibitor sclerostin (Sost) was determined. Protein expression of A20 and RIPK4 as possible modulators of the Wnt signaling pathway was analyzed via immunofluorescence.



Results

Significant fatty changes in the liver confirmed the acute EI. Histopathology and decreased Muc5ac expression revealed an increased lung barrier breakdown and concomitant lung injury after THFx versus sham. EI prior trauma decreased lung injury. THFx increased not only the gene expression of pro-inflammatory markers but also the pulmonary infiltration with PMNL and apoptosis versus sham, while EI prior to THFx reduced those changes significantly. EI increased the THFx-reduced gene expression of Sost and reduced the THFx-induced expression of Wnt3a. While A20, RIPK4, and membranous β-catenin were significantly reduced after trauma, they were enhanced upon EI.



Conclusion

These findings suggest that acute EI alleviates the uncontrolled inflammatory response and lung barrier breakdown after trauma by suppressing the Wnt/β-catenin signaling pathway.





Keywords: femur fracture, hemorrhagic shock, inflammation, pulmonary, ethanol



Introduction

Traumatic injury is one of the leading causes of worldwide mortality (1). Femur fracture accompanied by hemorrhage is associated with high morbidity and mortality rates (2). Notably, hemorrhagic shock (HS) is characterized by marked early inflammatory response and concomitant activation of immune cells, leading to organ damage and significant mortality (3). Femur fracture in particular can induce remote organ complications, especially in the lungs (4). Lung and remote lung injury (RLI), a common complication after surgical procedures post-trauma, have also been shown in the combinatory model of femur fracture accompanied by hemorrhage (THFx) in mice (5, 6). Many inflammatory pathways and mediators including cytokines and other damage-associated molecular patterns were found to be important triggers for the development of lung injury. Studies have shown that proinflammatory cytokines, among the systemically distributed interleukins (IL)-1β, IL-6, IL-8, and tumor necrosis factor (TNF)-α, were associated with the activation of caspase-3, leading to pulmonary apoptosis and alveolar–capillary barrier dysfunction with the subsequent development of lung injury after trauma (5).

Wnt signaling with its main mediator protein β-catenin is essential in a variety of biological responses, including bone formation and remodeling, organ development and repair, as well as embryogenesis and carcinogenesis (7, 8). The hallmark of the canonical Wnt pathway is to control the β-catenin dynamics and, thus, the activation of β-catenin-mediated transcriptional activity. The cytoplasmic level of β-catenin is tightly regulated via its phosphorylation by the “destruction complex”, consisting of the tumor suppressor adenomatous polyposis coli (APC), the scaffold protein AXIN, glycogen synthase kinase (GSK)3β, and casein kinase (CK)1α (7, 9). CKI and GSK3β initiate the phosphorylation of β-catenin, allowing the beta-transducin repeat-containing protein to promote ubiquitination and, thus, the degradation of β-catenin (9). A Wnt member protein (e.g., WNT3A) binding to its receptor inhibits the destruction complex activities, leading to stabilization and accumulation of the cytoplasmic β-catenin, eventually allowing its translocation into the nucleus (7, 9, 10). In the absence of a Wnt stimulus, the majority of β-catenin is located at the cytoplasmic side of the cell membrane in complexes with E-cadherin and α-catenin, preventing β-catenin from degradation (9, 10). β-catenin–E-cadherin-based maintenance and stabilization of adherens junctions promote cell-to-cell adhesion (10). Tumor necrosis factor, alpha-induced protein 3 (TNFAIP3, also known as A20) is indispensable for regulating vascular E-cadherin expression in adherens junctions to maintain and repair damaged endothelial functions after pulmonary vascular injury by lipopolysaccharide (11). Interestingly, there is also an evidence of A20 presumed involvement to Wnt signaling via the receptor interacting protein kinase (RIPK)4, which is a positive modulator of the Wnt pathway (12). Over the past decades, significant progress has been made in therapeutics targeting the Wnt/β-catenin signaling pathway in bone regeneration settings, focusing on agents that neutralize or inhibit the negative regulators of Wnt signaling, such as sclerostin, among others (13).

Approximately one-third of trauma-related deaths are accompanied by a positive blood alcohol concentration (BAC), and up to 50% of hospital admissions after trauma involve alcohol/ethanol intoxication (EI) (14, 15). Studies have shown the beneficial effects of an acute EI in experimental trauma via reduced systemic and local inflammation, while current data indicate that EI might lead to a higher susceptibility to infections (e.g., sepsis and pneumonia) (3, 16). The overall impact of an acute EI on the trauma/hemorrhage-induced Wnt/β-catenin signaling pathway and subsequent lung barrier breakdown as well as organ damage is unknown. Interestingly, a previous study has shown that alcohol exposure had a negative impact on fracture-associated Wnt signaling required for normal bone fracture repair. Here, the phosphorylation of β-catenin was promoted, targeting the protein for degradation and reducing total β-catenin in the fracture callus (17).

Based on this background, the goal of this study was to investigate the following: (1) the role of the canonical Wnt signaling pathway in the trauma-induced lung injury, and (2) the effects of an acute EI on the lung inflammation and barrier breakdown after THFx. We hypothesize that an acute EI would alleviate the uncontrolled inflammatory response and lung barrier breakdown after trauma by suppressing the Wnt/β-catenin signaling pathway.



Materials and Methods


Animal Husbandry

This study was authorized by the local institutional animal care and research advisory committee and permitted by the local government of Lower Saxony, Germany (approval number: 33.12-42502-04-17/2491). Male C57BL/6J mice (17–26 weeks, Janvier Labs, Le Genest-Saint-Isle, France) were used for the experiments and were handled only by persons who had a certificate of the Federation of European Laboratory Animal Science Associations. The animals were kept under standardized conditions in the Central Animal Laboratory of the Hannover Medical School and housed in individual cages with an area of 530 cm2 (type IIL cage). Standard softwood granules (Altromin GmbH, Lage, Germany) for laboratory animals were used as litter material. Once per week, the cages, bedding, and the drinking water bottles were changed.



Group Allocation

Animals were randomly assigned to one of four groups. Mice were gavaged with either sodium chloride (NaCl, ctrl) or ethanol (EtOH) as described in the experimental model. Animals in sham groups (sham ctrl: n = 7; sham EtOH: n = 7) received an external fixator and catheterization of the femoral artery, but no osteotomy or blood loss was induced. Mice in trauma groups (THFx ctrl: n = 7, THFx EtOH: n = 7) received the external fixator followed by osteotomy of the femur and HS was induced and maintained by blood withdrawal via the catheterized femoral artery.



Experimental Model

Depending on group assignment, mice received an intragastric gavage of either 0.9% sodium chloride (NaCl, ctrl, 12.66 µl/g body weight) or 35% ethanol (EtOH, >99.5% ethanol diluted in 0.9% sodium chloride, 12.66 µl/g body weight resulting in a 3.5 g EtOH/kg body weight) via a rigid blunt cannula 2 h before surgery. An alcohol concentration of 35% was selected to simulate acute EI prior to subsequent procedures. In previous studies, such acute EI generated fatty changes in the liver that confirmed the induced EI (18). In total, the animals received two gavages. In the first gavage, 50% of the total volume (NaCl or EtOH) was administered. After 15 min, the remaining volume was administered via the second gavage. The animals were observed for activity, general health condition, posture, signs of pain, and lameness. To achieve a high blood alcohol level in the mice, surgery was started 2 h after gavage. We measured the alcohol concentration in the blood in the Clinical Chemistry Department of the MHH in six mice. They had an alcohol concentration 1.54‰ at 2 h after intoxication. This time point was chosen according to a previous study (19).

All surgical procedures were performed under deep inhalation anesthesia using isoflurane (Baxter Deutschland GmbH, Unterschleißheim, Germany) as described before (20, 21). Interdigital reflexes were proofed regularly and the surgery began when this reflex was negative. During the surgical procedure, mice were warmed using heating pads. An intraoperative analgesia with 5 mg/kg body weight carprofen (Rimadyl®, Zoetis Deutschland GmbH, Berlin, Germany) and 1 mg/kg body weight butorphanol (Torbugesic®, Zoetis Deutschland GmbH, Berlin, Germany) was injected subcutaneously. Local anesthesia with prilocaine hydrochloride was applied into the sites of the operation. For postoperative analgesia, 200 mg/kg body weight metamizole was added to the drinking water. After the surgery, the animals were kept warm and under red light until full awakening and housed individually in cages to avoid aggressive behavior between male mice and littermates reopening the surgical wound. Postoperative controls of the animals were conducted regularly, and the general health status of the animals as well as activity and possible lameness were controlled.

All surgical procedures were conducted as described before (20, 21). The placement of an external fixator (MouseExFix simple L 100%, RISystem, Davos, Switzerland) to the right femoral bone was performed in the sham and trauma group. In brief, the fixator was implanted according to the manufactuter’s manual and afterwards a diaphyseal osteotomy was performed centrally between the two middle pins using a wire saw with a diameter of 0.44 mm (Gigli wire saw, RISystem). Sham animals (sham ctrl; sham EtOH) only received the external fixator, but no osteotomy was performed. Animals in the trauma groups (THFx ctrl; THFx EtOH) underwent a subsequent pressure-controlled HS. Briefly, a catheter was installed into the femoral artery and blood was collected until a mean arterial blood pressure with a target value of 35 ± 5 mmHg was reached. The shock state of hypovolemia was maintained for 90 min in total. After 90 min, four times the amount of the withdrawn blood (maximum 2.4 ml) was reperfused with body-warm Ringer’s solution over a period of 30 min and the catheter was removed after reinfusion. In the sham animals, only catheterization was performed, but no blood loss was induced. Wounds were closed by suturing with Prolene 6-0 (Ethicon, Cincinnati, USA) and the animals were allowed to move freely immediately after the experimental procedure.



Harvesting Procedures

Twenty-four hours after surgery, the animals were sacrificed. Mice were anesthetized with 75 mg/kg body weight ketamine and 1 mg/kg body weight medetomidine via intraperitoneal injection. After confirming a negative interdigital and tail pinch reflexes, the sacrifice was initiated. The heart was punctured with a heparinized sharp 25-gauge syringe (BD, Franklin Lakes, USA) and followed by cardiac exsanguination for blood collection. Then, mice were killed by cervical dislocation. Abdominal cavity was opened and the incision was extended over the chest wall until the trachea was visible. The trachea was first punctured with a 25-gauge needle (BD, Franklin Lakes, USA) and then a 19-gauge syringe (BD, Franklin Lakes, USA) containing 1.1 ml of phosphate-buffered saline (PBS) was inserted. Lungs were flushed with 1.1 ml of PBS, followed by collection of at least 800 µl of bronchoalveolar lavage fluid (BALF). The BALF was centrifuged at 1,164 × g for 5 min at 4°C and the cell-free supernatant was frozen at −80°C for subsequent analyses. The hole in the trachea was closed with a blunt clamp, and perfusion of the entire animal with 20 ml of PBS via a 21-gauge blunt syringe (BD, Franklin Lakes, USA) through the heart (apex) began. The left lung was ligated, removed, snap frozen using liquid nitrogen, and stored at −80°C for later analyses. Mice were subsequently perfused with 10 ml of 4% buffered Zn-Formalin (Thermo Fisher Scientific, Waltham, USA) via the heart with a 21-gauge syringe (BD, Franklin Lakes, USA). The right liver lobe and right lung were removed for overnight fixation and further histo(morpho)logical analyses.



Examination of EtOH-Induced Hepatic Fat Accumulation

The evaluation of the fatty vacuoles (oil red O staining) in the liver after 24 h post-trauma confirms an acute EI, which was established and proofed in previous studies (3). Hepatic sections (3 µm) were fixed with 10% buffered Zn-formalin. Lipids were stained for 50–60 min with an oil red O working solution (0.35 g oil red O dissolved in 25 ml of 100% methanol mixed with 10 ml of 1 M NaOH) and counterstained with hematoxylin (5 g/L) for 10 min. The images were captured by using the Zeiss Axio Observer Z1 microscope (40× objective, Zeiss, Göttingen, Germany).



Examination of Lung Injury

Specimens were fixated in 4% buffered Zn-formalin overnight and embedded in paraffin. For subsequent staining with hematoxylin-eosin (HE), sectioning of 3-µm samples was performed. Lung sections were deparaffinized, rehydrated, and stained with hemalum solution according to Mayer (Carl Roth, Karlsruhe, Germany) for 10 min. After blue annealing in rinsing water (10 min), the tissue was counterstained with eosin (Carl Roth, Karlsruhe, Germany) for 3 min. This was followed by differentiation, dehydration using an ascending alcohol series, and xylene-based mounting medium (Mountex, Medite Medical GmbH, Burgdorf, Germany). An independent examiner determined the histological tissue damage of HE-stained sections of the various experimental groups in a blinded manner. To quantify the histopathological lung injury, sections of lungs were examined for desquamation, dystelectasis/atelectasis, emphysema, congestion, interstitial thickness/infiltration with inflammatory cells, and bronchial exudate by an independent examiner. The orientation for scoring is provided by Matute-Bello et al. (22). The findings from the sham ctrl group were used for normalization as 100%.



Quantification of Protein Expression Levels in BALF

To assess the extent of lung damage and loss of pulmonary barrier integrity, levels of proinflammatory mediators in the BALF were determined. Lungs of the anesthetized mice were subjected to BAL, and the BALF was processed as described above. Supernatants were stored at −80°C for later analyses of the protein concentration of CXCL1, IL-1β, and IFN-gamma using mouse-specific ELISA kits (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions. ELISA was performed using the Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).



Ribonucleic Acid Isolation and Reverse Transcription-Quantitative Polymerase Chain Reaction Analysis

The tissue was homogenized using the Precellys 24 Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) according to the manufacturer’s instructions. RNA was then isolated from the homogenate using the RNeasy assay (Qiagen, Hilden, Germany) following the manufacturer’s protocol. To remove residual DNA, the RNase-free DNase kit (Qiagen, Hilden, Germany) was used. The quantity and quality of RNA were determined using the Spark M10 Microplate Reader with the Tecan’s NanoQuant Plate (Tecan, Männedorf, Switzerland). The iScript™ cDNA Synthesis Kit (BioRad, Hercules, USA) was used according to the manufacturer’s instructions for cDNA synthesis. Gene expressions of Cxcl1 (qMnuCED0047655), Il-1β (qMnuCED0045755), Tnf (qMnuCED0004141), tnfrsf10b (qMnuCED0046132), Muc5ac (qMnuCED0061472), Wnt3a (qMnuCID0005162), and Sost (qMnuCED0045167) were quantified by using a specific primer for mouse and Gapdh (qMnuCED0027467, all PrimePCR SYBR Green Assay, BioRad, Hercules, USA) as housekeeping gene (control). The total volume of the PCR reaction was 25 µl with SYBR green qPCR Master Mix (BioRad) according to the manufacturer’s instructions. The PCR reaction was performed on a C1000 Touch Thermal Cycler with the CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, USA) and consists of an initial denaturation step at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 60 s. The relative gene expression of each target gene normalized to GAPDH was calculated by using the 2−ΔΔCT method [comparative threshold-cycle (CT) method].



Immunohistology Staining of CXCL1, Neutrophile Elastase, and Active Caspase-3

Lung tissue sections (3 µm) were deparaffinized using Roti Histol (Carl Roth, Karlsruhe, Germany) and rehydrated using a descending alcohol series. Heat-induced epitope retrieval (HIER) was performed by using R-Universal epitope recovery buffer (Aptum, Kassel, Germany) in the 2100-Retriever (Prestige Medical, Blackburn, England) for 60 min at 121°C. Blocking of endogenous peroxidase was performed via hydrogen peroxide (Peroxidase UltraVision Block, Thermo Fisher Scientific, Waltham, USA) for 20 min. Primary antibodies for CXCL1 (abcam, USA, rabbit anti-mouse, 1:300), neutrophil elastase (Bioss, USA, rabbit anti-mouse, 1:200), and active caspase-3 [Cell Signaling Technology, USA, anti-cleaved caspase-3 (Asp175), #9661, rabbit anti-mouse] were diluted as suggested by the manufacturer in Antibody Dilution Buffer (Dako Cytomation) and incubated for 1 h at room temperature. Subsequently, the secondary antibody conjugated with horseradish peroxidase (HRP) [Histofine Simple Stain Mouse MAX PO (R), Nichirei Biosciences Inc.] was applied for 30 min at room temperature and 3-amino-9-ethylcarbazol (AEC, DCS Innovative Diagnostik-Systeme, Hamburg) was used to detect specific binding. Slides were counterstained with hematoxylin (Carl Roth, Karlsruhe, Germany) and mounted (Medite Medical GmbH, Burgdorf, Germany). Imaging was performed using the Zeiss Axio Observer Z1 microscope (40× objective, Zeiss, Göttingen, Germany). The evaluation was done via ImageJ software. For CXCL1, mean intensity values were measured for all groups, whereas for neutrophil elastase and active caspase-3, positive-counted cells were measured in 25 high-power fields (HPF) at 400× magnification.



Immunofluorescent Staining of A20, β-Catenin, E-Cadherin, RIPK4, and CD4 T Cells

Paraffin-embedded lung tissue sections (3 µm) were deparaffinized with Roti Histol (Carl Roth, Karlsruhe, Germany) (2× 5 min) and rehydrated with a descending alcohol series. HIER was performed using R-Universal Epitope Recovery Buffer (Aptum, Kassel, Germany) for 10 min at 90°C in a preheated water bath. Slides were then cooled to room temperature in distilled water for 30 min and washed in distilled water (3× 5 min) and DPBS (Thermo Fisher Scientific, USA) (1× 5 min). Permeabilization was performed with 0.1% Tween 20 (Merck, Darmstadt, Germany) in DPBS (Thermo Fisher Scientific, USA) for 10 min at RT followed by washing in DPBS (1× 5 min and 2× 3 min) (Thermo Fisher Scientific, USA). Permeabilization was followed by blocking the slides with BSA (1%, Merck, Darmstadt, Germany) in PBST (PBS with 0.1% Tween 20) for 30 min at RT in a humidified incubation chamber. After blocking, slides were washed again in distilled water (1× 5 min) and DPBS (1× 5 min and 2× 3 min) (Thermo Fisher Scientific, USA). Lung sections were incubated with primary antibodies against A20 (abcam, USA, rabbit anti-mouse, 1:500, cat. ab92324), β-catenin (antibodies-online GmbH, Aachen, Germany, rabbit anti-mouse, 1:500, cat. ABIN2855042), CD4 (BD, rat anti-mouse, 1:50, cat. 550278), E-cadherin (Purified mouse anti-E-cadherin, BD Biosciences, 1:500, 610182), and RIPK4 [Santa Cruz, USA, mouse anti-mouse, RIP4 Antibody (E-7) Alexa Fluor® 647, 1:200, cat. sc-377368 AF647] overnight at 4°C in a humidified incubation chamber, which were diluted in blocking buffer (1% BSA in PBST) according to the manufacturer’s instructions. Incubation of primary antibodies was followed by washing according to the washing steps after blocking. The next steps were performed in the dark. The secondary antibodies (Thermo Fisher Scientific, USA Alexa Fluor® 488, donkey anti-rabbit, Alexa Fluor 568 donkey anti-Mouse IgG, and goat anti-rat Alexa Fluor® 647, 1:1,000) were diluted in blocking buffer according to the manufacturer’s instructions and applied to the A20 and β-catenin slides, where it was stained for 60 min at RT in a humidified incubation chamber. This was followed by another wash in DPBS (3× 5 min) (Thermo Fisher Scientific, USA). RIPK4 primary antibody was conjugated with Alexa Fluor® 647 (Molecular Probes, Inc., Oregon, USA). Tissue slides were counterstained with DAPI (Cambrex Bioscience, USA, 1:10,000) for 10 min with subsequent washing in DPBS (4× 5 min) (Thermo Fisher Scientific, USA) and mounted using Gold Antifade Mountant (Invitrogen™-ProLong™). The slides were sealed with nail polish after mounting. Imaging was performed using the Zeiss Axio Observer Z1 microscope (40× objective, Zeiss, Göttingen, Germany). Pictures at 400× magnification were evaluated with the FIJI (ImageJ) software. Mean intensity values were measured, and means were calculated for each group. Colocalization analysis of β-catenin–E-cadherin complexes was performed on fluorescent sections using ZEN Pro-software 3.2. The images for analysis were obtained using a ZEISS Axio Observer fluorescent microscope and the Zeiss digital camera ZEISS Axiocam (705 mono) with ×63 objective. Each analyzed image was individually evaluated for validation of the pattern of the staining used before processing. The images were opened in the ZEN Pro colocalization module, and the region of interest (ROI) for colocalization was defined by allowing fluorescence channels to concentrate on the relevant parts of the image. A colocalized channel was created; and channel statistics were calculated.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA). Based on the histogram and Shapiro–Wilk test, the non-parametric Kruskal–Wallis test, which does not assume a normal distribution of the residuals, followed by Dunn’s post hoc test for the correction of multiple comparisons was applied. Results were expressed as mean and standard error of the mean. A p-value of less than 0.05 was considered to be statistically significant.




Results


Impact of Acute EI on Lung Damage After THFx

Animals received a gavage of either NaCl or EtOH 2 h before the procedures as shown in Figure 1A. Mice receiving EtOH showed a clear accumulation of fatty vacuoles in liver 24 h after the procedure compared to animals receiving sodium chloride, confirming successfully induced acute EI as displayed in Figure 1B.




Figure 1 | Impact of acute ethanol intoxication (EI) on lung damage after femoral fracture (Fx) and hemorrhagic shock (HS). (A) Experimental design is shown. Two hours before the initiation of experiments, the animals received an intragastric gavage of either sodium chloride (NaCl, ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Trauma groups underwent Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation (R) with Ringer’s solution (TH) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. MABP: mean arterial blood pressure. (B) Representative oil red O staining of fatty vacuoles in hepatic tissue of mice undergoing sham procedure. Fatty vacuoles are colored red (black arrow). (C) Representative lung sections upon hematoxylin/eosin (HE) staining of the sham ctrl, sham EtOH, THFx ctrl, and THFx EtOH groups are shown. (D) Representative lung sections upon the staining of activated caspase-3 in the sham ctrl, sham EtOH, THFx ctrl, and THFx EtOH groups are shown. Exemplary caspase-3-positively stained cells are marked with red arrows. (E) Quantification of caspase 3-positively stained cells per high-power field (HPF) is shown. (F) RT-qPCR with homogenized lung tissue was performed. Relative gene expression of Muc5ac normalized to Gapdh in lung tissue was calculated by using the comparative threshold-cycle 2−ΔΔCT method. (G) Quantification of the histopathological lung injury. The findings from the sham ctrl group were used for normalization as 100%. (E, F) Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.



Lung organ damage caused by systemic inflammation following THFx was measured by assessing the relative lung injury and compared to the sham ctrl. The histomorphological differences between the groups in the lung after HE staining are demonstrated in Figure 1C. A significantly increased histopathological lung injury, e.g., thickening of the alveolar walls/loss of alveolar space, is found in the THFx ctrl group vs. all other groups (p < 0.05, Figures 1C, G). THFx EtOH exerts a significantly lower relative lung injury vs. THFx ctrl (p < 0.05).

The association of the proinflammatory changes with apoptosis induction is shown in Figure 1D as representative staining of active caspase-3 (red arrows). Quantification of cells that are positive for active caspase-3 as a direct indicator of apoptosis indicates significantly increased apoptosis in the THFx ctrl group vs. all groups (p < 0.05, Figure 1E). However, acute EI in the THFx significantly decreased caspase-3-positive cells vs. THFx ctrl (p < 0.05).

Furthermore, the gene expression of Muc5ac coding for its lung protective protein in homogenized lung tissue was investigated (23). Both sham groups had significantly higher relative gene expression compared to THFx ctrl (p < 0.05, Figure 1F). THFx EtOH does not significantly differ from the sham groups. There was a tendency to upregulate Muc5ac gene expression in the THFx EtOH group vs. THFx ctrl (Figure 1F).



Impact of Acute EI on CXCL1 Expression and Neutrophilic Infiltration After THFx

Both protein and gene expression of CXCL1 in homogenized lung tissue and CXCL1 protein concentration in the BALF were assessed.

Representative immunostaining of CXCL1 is shown in Figure 2A, and the mean intensity values are demonstrated in Figure 2B. Comparison of the mean intensity values between the four groups showed the same pattern as observed regarding the protein expression of CXCL1 in the lungs and CXCL concentration in the BALF. The marked local remote proinflammatory response to trauma is confirmed by the significantly increased CXCL1 expression in the lung in THFx ctrl vs. sham ctrl and also sham EtOH (p < 0.05, Figures 2A, B). CXCL1 expression in the THFx EtOH group is significantly reduced vs. the THFx ctrl group (p < 0.05, Figure 2B).




Figure 2 | Impact of acute ethanol intoxication (EI) on Cxcl1 gene and CXCL1 protein expression and neutrophilic infiltration after femoral fracture (Fx) and hemorrhagic shock (HS). The animals received an intragastric gavage of either sodium chloride (ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Two hours before the initiation of experiments, the animals in trauma groups underwent an Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation with Ringer’s solution (THFx) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. (A) Representative lung sections upon the staining of CXCL1 in the sham ctrl, sham EtOH, THFx ctrl, and THFx EtOH groups are shown. (B) Quantification of CXCL1-positively stained cells per high-power field (HPF) is shown. (C) Quantification of CXCL1 protein concentration in lung tissue homogenates using mouse-specific ELISA kits is shown. (D) Quantification of CXCL1 protein concentration in bronchoalveolar lavage (BAL) fluid is represented. Briefly, to obtain BAL, via trachea, lungs were flushed with 1.1 ml of phosphate buffered saline and then 800 µl was withdrawn for the determination of total protein concentration. (E) RT-qPCR with homogenized lung tissue for Cxcl1 gene expression analyses is depicted. The relative gene expression of Cxcl1 normalized to Gapdh was calculated by using the comparative threshold-cycle 2−ΔΔCT method. (F) Representative immune histological staining of neutrophil elastase (NE) as a marker of polymorphonuclear leukocytes (PMNLs) in lung sections is represented. Red arrows indicate NE-positively stained cells. (G) Quantification of NE-positively stained cells per high-power field (HPF) is shown. Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.



Protein expression of CXCL1 in lung tissue is significantly increased in THFx ctrl vs. all other groups (p < 0.05, Figure 2C). Trauma animals undergoing EI have significantly decreased protein expression vs. THFx ctrl (p < 0.05, Figure 2C).

CXCL1 protein expression in the BALF was significantly increased in THFx ctrl vs. all other groups (p < 0.05, Figure 2D), comparable to results that were observed for CXCL1 protein concentration in the lung tissue homogenates. In THFx EtOH, CXCL1 protein expression is significantly lower vs. THFx ctrl (p < 0.05, Figure 2D).

Relative gene expression of Cxcl1 does not significantly differ between sham ctrl and sham EtOH (Figure 2E). Significantly higher relative gene expression of Cxcl1 in THFx ctrl vs. both sham groups is observed (p < 0.05, Figure 2E). However, there is a trend to decreased relative gene expression in THFx EtOH vs. THFx ctrl (p = 0.073, Figure 2E).

As CXCL1 plays an important role in attracting neutrophils, we investigated neutrophil recruitment to the lungs (24). Neutrophil infiltration of lung tissue was assessed by immunohistology staining (Figure 2F) and quantified by counting the positively stained cells (Figure 2G). Neutrophil infiltration is significantly increased in THFx ctrl vs. all other groups (p < 0.05). Compared to THFx ctrl, in THFx EtOH, a significantly reduced neutrophil infiltration is shown (p < 0.05, Figure 2G). In sham EtOH, a significantly lower neutrophil invasion vs. sham ctrl is observed (p < 0.05, Figure 2G).



Impact of Acute EI on IL-1β and TNF as Well as Tnfrs10b After THFx

Similar to CXCL1, we investigated Il-1β gene expression and IL-1β protein expression in homogenized lung tissue as well as protein concentration in the BALF. The relative gene expression of Il-1β was significantly higher in THFx ctrl vs. all other groups (p < 0.05, Figure 3A). Il-1β gene expression is significantly reduced in THFx EtOH vs. THFx ctrl (p < 0.05, Figure 3A).




Figure 3 | Impact of acute ethanol intoxication (EI) on IL-1β and TNF as well as Tnfrs10b after femoral fracture (Fx) and hemorrhagic shock (HS, THFx respectively). The animals received an intragastric gavage of either sodium chloride (ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Two hours before the initiation of experiments, the animals in trauma groups underwent an Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation with Ringer’s solution (THFx) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. (A) RT-qPCR of homogenized lung tissue has been performed. The relative gene expression of Il-1β normalized to Gapdh was calculated by using the 2−ΔΔCT method. (B) Quantification of IL-1β protein concentration in total lung tissue protein homogenates using mouse-specific ELISA kits is shown. (C) Quantification of IL-1β protein concentration in bronchoalveolar lavage fluid (BALF) is represented. Briefly, to obtain BALF, via trachea, lungs were flushed with 1.1 ml of phosphate buffered saline and then 800 µl was withdrawn for the determination of total protein concentration and IL-1β levels. (D) The relative gene expression of Tnf normalized to Gapdh after RT-qPCR was calculated by using the comparative threshold-cycle 2−ΔΔCT method. (E) Quantification of TNF protein concentration in total lung tissue protein homogenates using mouse-specific ELISA kits is shown. (F) The relative gene expression of Tnfrs10b normalized to Gapdh was assessed via RT-qPCR and calculated by using the comparative threshold-cycle 2−ΔΔCT method. Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.



IL-1β concentration in the lung tissue protein homogenates was significantly increased in THFx ctrl vs. all other groups (p < 0.05, Figure 3B). IL-1β concentration was significantly reduced in THFx EtOH vs. THFx ctrl (p < 0.05, Figure 3B). There are no differences between the sham groups.

IL-1β concentration in the BALF was significantly enhanced in THFx ctrl vs. all other groups (p < 0.05, Figure 3C). In THFx EtOH, IL-1β levels were significantly reduced vs. THFx ctrl (p < 0.05). Sham animals did not differ significantly.

There was a significantly higher relative gene expression of Tnf in THFx ctrl vs. all other groups (p < 0.05, Figure 3D). Tnf gene expression was significantly decreased in THFx EtOH vs. THFx ctrl (p < 0.05, Figure 3D). However, Tnf gene expression in THFx ETOH was significantly increased vs. sham EtOH (p < 0.05, Figure 3D).

Compared with the significant differences that are observed regarding the Tnf gene expression, only a tendency regarding the TNF protein expression in lung tissue among the respective groups was observed (Figure 3E). Between all groups, the highest protein expression was shown in THFx ctrl.

The relative gene expression of Tnfrsf10b did not differ between both sham groups (Figure 3F). In THFx ctrl, a significantly increased relative Tnfrsf10b gene expression vs. all other groups was detected (p < 0.05, Figure 3F). A significantly decreased relative gene expression of Tnfrsf10b in THFx EtOH vs. THFx ctrl was shown (p < 0.05, Figure 3F).



Impact of Acute EI on Wnt Signaling, β-Catenin–E-Cadherin Co-Expression, and A20 After THFx

The relative gene expression of Sost was examined. The THFx ctrl group had a significantly reduced Sost gene expression vs. all other groups (p < 0.05, Figure 4A). In THFx EtOH, a significantly increased Sost gene expression vs. THFx ctrl was detected (p < 0.05, Figure 4A). Sham groups did not differ significantly.




Figure 4 | Impact of acute ethanol intoxication (EI) on Wnt signaling and A20 after femoral fracture (Fx) and hemorrhagic shock (HS, THFx respectively). The animals received an intragastric gavage of either sodium chloride (ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Two hours before the initiation of experiments, the animals in trauma groups underwent an Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation with Ringer’s solution (THFx) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. Wnt3a and its inhibitor sclerostin (Sost) were determined. (A) RT-qPCR of homogenized lung tissue was performed. The relative gene expression of Sost, an Wnt inhibitor, normalized to Gapdh was calculated by using the comparative threshold-cycle 2−ΔΔCT method. (B) RT-qPCR of Wnt3a is shown after Wnt3a relative gene expression normalization to Gapdh by using the comparative threshold-cycle 2−ΔΔCT method. (C) Representative immunofluorescent staining of A20 in green (green arrows, Alexa Fluor 488) and receptor interacting protein kinase 4 in red (RIPK4, red arrows, Alexa Fluor 647) are represented. (D) Quantification of A20-positively stained cells per high-power field (HPF) is shown. (E) Quantification of RIPK-4 positively stained cells per HPF is shown. (F) Immunofluorescence staining of the β-catenin as the key mediator of the Wnt/β-catenin signaling pathway in lung sections of mice was performed, and quantification of the positively stained area per HPF is depicted. Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.



Among all groups, the highest and most significant increase in relative Wnt3a gene expression in THFx ctrl vs. all other groups was detected (p < 0.05, Figure 4B). Relative Wnt3a gene expression was significantly reduced in THFx EtOH vs. THFx ctrl (p < 0.05, Figure 4B).

The protein expression of A20 was investigated via quantification of the mean intensity values in IF. Representative pictures are demonstrated in Figure 4C. A20 expression was significantly reduced in THFx ctrl vs. both sham groups (p < 0.05, Figure 4D). A20 expression in THFx EtOH did not statistically differ from sham ctrl. However, A20 was significantly reduced in THFx EtOH vs. sham EtOH (p < 0.05, Figure 4D). Sham EtOH showed a significantly higher A20 expression vs. the sham ctrl group (p < 0.05, Figure 4D). This increase upon EI was also observed after THFx; however, this tendency was not significant vs. THFx ctrl (Figure 4D).

We also examined the association of A20 to RIPK4 in lung tissue by IF, which is representatively shown in Figure 4C and quantified in Figure 4E. RIPK4 expression in lung tissue showed a significant increase in sham EtOH vs. all other groups (p < 0.05, Figure 4E). No significant differences among the other groups were found. RIPK4 expression increased in THFx EtOH compared with THFx ctrl; however, this tendency was not significant (Figure 4E).

In IF, the expression and distribution of β-catenin protein was determined and compared to the mean intensity values among the groups. The β-catenin levels were significantly enhanced in sham EtOH vs. sham ctrl and against both trauma groups (p < 0.05, Figure 4F). The expression levels of β-catenin were significantly decreased in THFx ctrl vs. all other groups (p < 0.05, Figure 4F). EI prior to trauma significantly increased the β-catenin levels vs. THFx ctrl (p < 0.05, Figure 4F). In both trauma groups, the β-catenin expression was significantly reduced compared to the corresponding control groups, respectively (p < 0.05, Figure 4F).

Stratifying the localization of the β-catenin and E-cadherin expression (Figure 5A) has shown that the colocalization of β-catenin–E-cadherin complexes was significantly higher in THFx vs. all other groups (p < 0.05, Figure 5B). However, expression of β-catenin was significantly increased in all groups vs. the THFx ctrl group, both membranous (p < 0.05, Figure 5C) and cytosolic expression (p < 0.05, Figure 5D). Membranous E-cadherin expression was significantly enhanced in both EtOH groups vs. the corresponding ctrl groups (p < 0.05, Figure 5E), while THFx showed significantly less E-cadherin presence at the membrane vs. all other groups (p < 0.05, Figure 5E). The significantly reduced E-cadherin presence in THFx vs. all other groups is also observed in the cytosol (p < 0.05, Figure 5F).




Figure 5 | Impact of acute ethanol intoxication (EI) on the β-catenin–E-cadherin co-expression after femoral fracture (Fx) and hemorrhagic shock (HS, THFx respectively). The animals received an intragastric gavage of either sodium chloride (ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Two hours before the initiation of experiments, the animals in trauma groups underwent an Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation with Ringer’s solution (THFx) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. Expression of β-catenin and E-cadherin as well as their co-localization were determined. (A) Representative immunofluorescent staining of β-catenin in green (green arrows, Alexa Fluor 488) and E-cadherin in red (Alexa Fluor 568), and overlay (orange arrows) are represented. (B) Quantification of the β-catenin–E-cadherin co-expression at junctions is shown. (C) Quantification of β-catenin expression at the membrane, (D) β-catenin expression in the cytosol, (E) E-cadherin at the membrane, and (F) E-cadherin in the cytosol in lung sections of mice is depicted. Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.





Impact of Acute EI on CD4 T Cell Infiltration After THFx

Representative immunostaining of CD4 is shown in Figure 6A, and the quantification of counted CD4-positive cells is shown in Figure 6B. The marked local proinflammatory response to trauma is confirmed by the significantly increased CD4 T cell infiltration in the lung in THFx ctrl vs. sham ctrl and also sham EtOH (p < 0.05, Figures 6A, B). Infiltration with CD4-positive cells in the THFx EtOH group is also significantly increased vs. sham ctrl as well as vs. sham EtOH (p < 0.05, Figures 6A, B).




Figure 6 | Impact of acute ethanol intoxication (EI) on CD4 T-cell infiltration after femoral fracture (Fx) and hemorrhagic shock (HS, THFx respectively). The animals received an intragastric gavage of either sodium chloride (ctrl, n = 14) or ethanol (EtOH, n = 14) to simulate an acute intoxication with alcohol. Two hours before the initiation of experiments, the animals in trauma groups underwent an Fx (via osteotomy after the placement of an external fixator) and a pressure-controlled HS with subsequent resuscitation with Ringer’s solution (THFx) via catheterized femoral artery (n = 14). Sham groups underwent catheterization and received an external fixator, but THFx was not induced (n = 14). Twenty-four hours after the end of the experiment, mice were euthanized, and sampling was performed. (A) Immunofluorescence staining of CD4 in red (red arrows, Alexa Fluor 647) in lung sections of mice was performed, and (B) quantification of the positively stained cells per HPF is depicted. (C) Quantification of interferon (IFN)-gamma protein concentration in bronchoalveolar lavage (BAL) fluid is represented. Data are presented as mean ± standard error of the mean; n = 7 in all groups, *p < 0.05 between indicated groups.



IFN-gamma protein expression in the BALF was significantly increased in THFx ctrl vs. all other groups (p < 0.05, Figure 6C), comparable to results that were observed for CXCL1 gene and protein expression.

The proposed, presumed mechanism of action is demonstrated in Figure 7.




Figure 7 | A simplified, graphical depiction of the regulation mechanism of the Wnt/β-catenin signaling by the acute ethanol intoxication (EI) (A) and with the major trauma injury (B). (A) Suspected mechanism of the EI influence over the activity of the canonical Wnt/β-catenin. According to our findings, we observed that acute alcohol intake leads to the elevated levels of Sost gene expression, whose product, sclerostin, acts as a natural competitor inhibitor for Wnt receptors. Additionally, we noticed increased expression levels of both receptor-interacting protein kinase 4 (RIPK4) and A20 protein in the same EI setting. Interestingly, it was reported before that RIPK4 appears to be a positive regulator of canonical Wnt/β-catenin signaling, while A20 protein seems to be the natural inhibitor of RIPK4 activity and presumably regulates the Wnt/β-catenin signaling through this kinase (12). In our findings, the upregulated levels appear to be contradictory to these results; however, both levels of A20 and RIPK4 seem to compensate each other, and thus, one may suspect an interaction between those, which cancels the RIPK4-upregulating activity, as the Wnt/β-catenin-driven trauma-induced inflammation is suppressed compared to the ctrl group. However, further investigation is required, especially on the field of the base protein expression and gene transcription and the involvement of the alcohol as a potential regulator of A20–RIPK4 interplay. (B) Trauma-based breakdown of the lung barrier through the positive regulation of Wnt/β-catenin signaling in the presence of alcohol. The major trauma injury affects the internal sclerostin and wnt3a ligand competition of the Fzd and LRP-5/6 receptor by favoring the expression of the latter, thus stimulating the destruction complex disruption and β-catenin release to the cytosol. In addition, β-catenin appears to dissociate from E-cadherin-based AJ (adherens junction) complexes, thus disrupting the cell–cell interactions of epithelial cells. At the same time, the expression levels of A20 and RIPK4 seem to decrease; however, it is unknown if this downregulation influences the withdrawal of the destruction complex from the cytosol or maybe it is a time-dependent interaction that requires kinetics-based observations, so that the fold change in time of both molecules during the transition between off and on states can be followed. APC: adenomatous polyposis coli, AXIN: the axis inhibition protein scaffold protein, βTrCP: the beta-transducin repeat containing protein, CKI: casein kinase, Fzd: frizzled protein, GSK3β: glycogen synthase kinase 3β, LRP 5/6: low-density lipoprotein receptor-related protein 5/6.






Discussion

In this work, we aimed to analyze the basic mechanisms of lung barrier disruption and organ damage after THFx with and without EI. Acute alcohol abuse resulting in EI has been implicated as a major risk factor not only for traumatic injury itself but also for post-traumatic immune regulation and recovery. The results thus far have been equivocal. This is of particular importance, as it is estimated that up to 50% of trauma patients present acutely intoxicated (25, 26). Thus, there is a significant need for understanding the influence of acute EI on the inflammatory response and lung injury after trauma. In particular, this study examined the involvement of the canonical Wnt/β-catenin signaling pathway after trauma.

Our results demonstrate that THFx triggered lung injury in mice, which developed from an uncontrolled inflammatory response, e.g., increased expression of TNF-α, IL-1β, CXCL1, and lung infiltration with PMNL, as well as apoptosis, which promotes lung injury. The current investigation explored whether the canonical Wnt/β-catenin signaling pathway, which plays a key role in repair mechanisms and cell-to-cell adhesion, will contribute to the breakdown of the lung barrier after trauma (27, 28). Our findings demonstrate THFx-induced activation of the canonical Wnt via inhibition of the destruction complex, since expression of Wnt3a increased and that of Sost decreased, altogether leading to the stabilization and accumulation of the cytoplasmic β-catenin levels, allowing its translocation into the nucleus. Furthermore, reduced levels of β-catenin, which ultimately lead to the absence of β-catenin in the E-cadherin–β-catenin complexes at the cytoplasmic side of the cell membrane, suggest loss of cell-to-cell adherence and lung barrier breakdown after THFx. In this study, we found that acute EI alleviated the uncontrolled inflammatory response and lung barrier breakdown via the canonical Wnt/β-catenin signaling pathway.

Prior studies have shown that severe trauma causes damage to trauma-remote organs such as lungs or liver, mainly by an uncontrolled systemic and local proinflammatory response (4–6). Zhang et al. found increased inflammation and lung damage as also shown by the LIS after hip fracture in rats (29). These results are in line with our findings. We have shown that reduction of the lung-protective Muc5ac (23) is associated with enhanced lung injury after THFx. It is well known that mediators of inflammation correlate with the magnitude of the injury and subsequent organ failure in trauma (30). Zhang et al. found increased circulating levels of TNF-α and IL-1β 24 h after traumatic fracture and surgery (29), while Xu et al. also demonstrated increased IL-1β levels in the BALF after HS in mice (31). Here, we demonstrate that lung injury is associated with significantly increased local TNF-α and IL-1β in lungs after THFx. Furthermore, we found THFx-induced Cxcl1 gene as well as CXCL1 protein expression in the lungs and BALF. As CXCL1 is an important neutrophil chemoattractant (32), the observed increase in PMNL lung infiltration after THFx was expected. These observations are supported by other experimental trauma studies, showing increased CXCL1 and infiltration of inflammatory cells into lungs after experimental multiple trauma models/polytrauma (6, 33). An uncontrolled inflammatory response with excessive cytokine production and leukocyte recruitment can lead to cellular apoptosis/necrosis, tissue damage, hemodynamic changes, and organ failure (34–36). However, the cell counts of neutrophils in the BALF have not been performed. Given the excessive inflammatory mediator release and lung injury after THFx, apoptosis in which caspase activation plays a central role was analyzed. In agreement with Zhang et al., who assessed increased levels of active caspase-3 in lung tissue 24 h after traumatic fracture induction (29), we found markedly increased caspase-3 activation after THFx, indicating lung barrier disruption.

Given the fact that increased apoptosis is associated with increased lung barrier disruption and pulmonary permeability (5), and furthermore, Wnt/β-catenin signaling pathway plays a key role in repair mechanisms and cell-to-cell adhesion (27, 28), we examined this pathway. It is well known that Wnt (e.g., WNT3A) binding to its receptor inhibits the destruction complex, leading to accumulation of the cytoplasmic β-catenin, allowing its translocation into the nucleus (7, 9, 10). Furthermore, in the absence of Wnt stimulus, the majority of β-catenin is located at the cytoplasmic side of the cell membrane in adherens junction-stabilizing complexes with E-cadherin and α-catenin, preventing β-catenin from degradation (9, 10). Activation of the Wnt/β-catenin signaling pathway leads to the release of β-catenin from complexes with E-cadherin (7, 9, 37), and thereby might contribute to the breakdown of the lung barrier. β-catenin signaling is tightly regulated in the early phases of fracture healing, and alterations to β-catenin signaling can play a disparate role in fracture healing (38). Although the Wnt/β-catenin signaling pathway plays a pivotal role in fracture healing, its role in remote organ damage after trauma is still largely unknown. Sawant et al. demonstrated caspase-3 activity, microvascular permeability, and an active canonical Wnt signaling pathway in rat lung microvascular endothelial cells after HS (37). Furthermore, specific inhibition of β-catenin phosphorylation and, thus, inhibition of the trauma-induced Wnt/β-catenin signaling protected from caspase-3 enzyme activity and against microvascular hyperpermeability following HS (37). In the current study, THFx-induced expression of Wnt3a, a major trigger for the active canonical Wnt/β-catenin signaling pathway (37), and THFx-reduced expression sclerostin, an inhibitor of the Wnt signaling pathway (13), demonstrate that THFx also induces the Wnt/β-catenin signaling pathway. Therefore, we hypothesize that enhanced canonical Wnt/β-catenin signaling pathways and loss of β-catenin from the membranous complexes as confirmed by the IF cause lung barrier breakdown and lung injury after THFx.

In this study, we focused on acute EI to elaborate its effects on the lung inflammation and barrier breakdown after THFx. Therefore, no unambiguous conclusions can be drawn regarding subacute or chronic EI. The current data regarding the impact of an acute EI on the inflammatory response and organ damage after trauma are conflicting (3, 18, 39, 40). In this study, we found that EI reduced lung damage after THFx. In agreement with our previous findings in experimental traumatic brain injury (18), we found that acute EI decreased the proinflammatory mediators that were released and activated after THFx. EI-reduced expression of Tnf and Il-1β after THFx in this study is supported by Xu et al. demonstrating reduced expressions of Tnf-α and Il-1β in the lungs in a combined model of traumatic brain injury model with acute EI (18). Similar results were confirmed in the liver as well, under the influence of an acute EI after HS in rats (3). In contrast to the anti-inflammatory effects of an acute EI, Hu et al. showed in their rat model of HS that an acute EI increased circulatory TNF-α levels and histopathological damage of the lung (39). The reports must be carefully interpreted since, e.g., Hu et al. administered EtOH intravenously (39), which is a physiologically absolutely different approach. Regarding the TNF-α levels in the serum, which we did not assess here, it is already well-reported that alcohol can induce the TNF-α release from the liver macrophages, the Kupffer cells, due to the LPS-driven NF-κB signaling pathway (41). Additionally, ethanol sensitizes the TNF receptor 1 (TNFR1) to the TNF, strengthening the inflammatory response and the recruitment of leukocytes (42), and thus contributing to local hepatic inflammation, as well as systemic inflammation. This could be a prevalent factor contributing to the circulating TNF-α levels; however it is worth mentioning that the macrophages’ general capability to express TNF-α is relatively low according to the gene/protein expression data from the Human Protein Atlas (ID: ENSG00000232810-TNF). Moreover, soluble TNF-α cytokine lifespan is rather short (43), which always brings difficulties as we have also observed in our study measuring the total circulating level of this cytokine and reflecting its importance more as a local mediator/attractant. Regarding the lung tissue response and production of TNF-α, ethanol brings mixed conclusions regarding its influence on cytokine production, impairing the LPS-driven TNF-α release and contributing to the expression of anti-inflammatory cytokines (44). We have observed this trend in our studies involving the sera derived from traumatic patients and co-incubated with human immortalized epithelial lung cells prior to the exposure to ethanol, which concluded in decreased activation of the NF-κB pathway and the desensitization of neutrophils (45). It is difficult to clearly affirm or denounce the elevated levels of circulating TNF-α coming from the Kupffer cells’ activation in the liver due to alcohol activity, while facing the difficulties described above; however, it is certain that the TNF-α gene expression levels change locally in the lung along the applied conditions. On the other hand, regarding the TNF-α levels, the disintegrin and metalloprotease 17, known also as ADAM-17 or TACE, is an enzyme capable of proteolytic cleavage of the TNF-α precursor protein, a membrane-anchored pro-protein, thus releasing the outer domain (known as ectodomain) into the mature, soluble TNF-α cytokine in the process known as “shedding” (46). This strongly indicates the role of ADAM-17 and other potentially “shedding” proteins in the regulation of expression levels of the final extracellular concentration of active TNF-α cytokine, as the target gene expression levels do not indicate the final levels of protein after translation, especially with secondary post-translational regulators such as ADAM-17, required for the maturation step of the protein. In our experimental setting, it is obviously a relevant factor for consideration, as it was shown by DeBerge et al. that the inhibition of ADAM-17 yields a decreased ratio of TNF-α processing in the animal model of lung injury and thus decreased levels of active cytokine and attenuated severity of lung injury and increased survival of mice (47). Moreover, what is especially relevant in our study is the observation that acute ethanol exposure is capable of regulating the expression of ADAM17 and thus downregulating the maturation of soluble TNF-α and its release (48, 49). However, downregulation of ADAM17 by ethanol does not exclude the negative influence of ethanol on the TNF-α gene expression, which appears to be the prevalent mechanism of action. Further comparisons were used to experimentally validate our present study. Acute EI reduced THFx-induced CXCL1 as well as PMNL presence in the lungs after THFx, which supports our previous reports obtained from the liver analyses upon an acute EI in HS (3). However, Sears et al. demonstrated an enhanced inflammatory response concomitant with increased leukocyte infiltration in lungs 24 h after acute EI and bilateral femur fracture in rats (40). These paradoxical observations might be explained in part by the differences in basic methodology. In contrast to our THFx (osteotomy) model with intragastric EtOH application, Sears et al. applied a blunt guillotine to induce femur fractures and injected EtOH intraperitoneally. In our scenario, acute EI significantly reduced uncontrolled lung inflammatory response and apoptosis after THFx. Acute EI had a marked impact on the Wnt/β-catenin signaling pathway by reducing THFx-induced Wnt3a, increasing sclerostin levels, and increasing β-catenin as demonstrated by the IF. Further studies are necessary to determine if increased sclerostin inhibits the active Wnt/β-catenin signaling pathway, ultimately increasing β-catenin in membranous complexes, and thus promoting the stability of adherens junctions after THFx as postulated here. To the best of our knowledge, there are no currently published studies that examine the influence of an acute EI on Wnt/β-catenin signaling pathway in the context of lung barrier breakdown after THFx. However, Dogget and Breslin investigated the impact of an acute EI on microvascular leakage in rats and found an increase in mesenteric microcirculation permeability caused by disrupted VE-cadherin organization at junctions (50). While our data indicate lung barrier stabilization, alcohol-induced endothelial barrier dysfunction was proposed by Dogget and Breslin (50). The ubiquitin-binding protein A20 was indispensable for regulating vascular E-cadherin expression in adherens junctions to maintain and repair damaged endothelial functions after pulmonary vascular injury by lipopolysaccharide (LPS) (11). According to Nakamura et al., it is presumed that A20 interacts with a proximal signaling protein RIPK4 of the Wnt signaling pathway through its natural affinity towards RIPK family proteins, and the regulation of Wnt signaling by A20 occurs via RIPK4, which interestingly enough acts by itself as a positive regulator of Wnt/β-catenin canonical signaling through its kinase activity of the Dsh protein (12). It is known that A20 negatively regulates the transcription factor of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), i.e., through interacting with RIPK proteins, and it was shown that A20 is capable of suppressing the activation of the NF-κB in the experimental setting of the murine traumatic bone injury model, challenged with LPS as a stimulus (51). However, the data on A20 and its modulatory involvement in trauma with/without EI are still missing to a large extent. What we have observed in our study is presumably a potential correlation between those two factors, as both A20 and RIPK4 levels seem to change in a similar manner simultaneously, which may or may not imply a potential complexing interaction or molecular connection, which could be in line with the observations considering the role of A20 in interacting with RIPK proteins. We noticed that increased levels of both A20 and RIPK4 are connected to suppressed activity of Wnt/β-catenin signaling, while its downregulation by trauma injury only seems to induce the further release of β-catenin. This initial observation is thus contradictory to the data from Nakamura et al., as diminished levels of RIPK4 negatively impact the Wnt/β-catenin signaling, as it prohibits sequestration of the destruction complex (12). This may underline the role of A20 as a negative inhibitor of RIPK4, and it is A20 that is one of the targets of EI and trauma stimulation. We illustrate the potential interaction in Figure 7; however, it is clearly too early to draw any significant conclusions based only on those data. This aspect requires more insight and deep experimental investigations, especially on the protein–protein interaction plane with huge emphasis on studying the expression patterns.

Here, we show that acute EI prior to THFx downregulated the THFx-induced increase in Wnt3a gene expression, which correlated with an increased β-catenin expression in the lung. Thus, we hypothesize that the data indicate an inhibitory effect of acute EI on Wnt signaling in the lung after trauma. It appears that this effect either is organ-specific or depends on the type of alcohol intoxication (acute vs. chronic EI). Considering the effects of chronic alcohol abuse on Wnt signaling in, e.g., liver, there are several studies that report an opposite and, thus, enhancing impact of alcohol on Wnt signaling. The consequence of such impact is often enhanced development or progression of alcoholic liver disease (ALD), which can ultimately lead to hepatitis, fibrosis, cirrhosis, or hepatocellular carcinoma (52–54). Mercer et al. examined the effects of chronic alcohol abuse (16 weeks) on the development of diethylnitrosamine (DEN)-induced hepatic tumors in a mouse model (52). In tumor-free liver tissue from EtOH+DEN-treated mice, they found significantly increased β-catenin expression in the membrane and cytosol, and enhanced accumulation in the nucleus. Moreover, induction of alcohol-induced liver disease in rats resulted in increased expression of cytosolic and nuclear β-catenin, phosphorylated GSK3β, and significantly increased gene expression of Wnt2, Wnt7a, and β-catenin target genes (52). The consequence of increased Wnt signaling was a significantly increased incidence of liver tumors in the EtOH+DEN group compared to the controls (52). Similar effects were observed by Warner et al., who investigated the role of specific dietary fatty acids (n3-PUFA) in Wnt signaling and the development of ALD in mice (53). Wild type (WT) and fat-1 transgenic mice underwent chronic EI (6 weeks) with a single final LPS challenge. Chronic EI resulted in increased gene expression of Wnt5a and Wnt4 and significantly reduced gene expression of the negative feedback regulator of Wnt signaling Axin2 in WT mice compared with control animals without long-term alcohol consumption (53). The reported data contrast with our observed effects of acute EI on Wnt signaling in the lung, although it should be noted that our work involved acute EI and not long-term alcohol abuse, and that the influence of trauma was not examined in the above-mentioned studies. Additionally, it should be noted that studies on the influence of alcohol on Wnt signaling in the liver are inconclusive. Several studies exist that describe an inhibitory influence of chronic alcohol abuse on Wnt signaling. Huang et al. investigated the influence of pharmacological activation of Wnt signaling on ALD development and progression in a rat model (54). Rats were subjected to 8 weeks of alcohol consumption. The impact of a 3-week treatment with Wnt agonists in parallel to chronic EI was additionally investigated. They found decreased cytosolic and nuclear β-catenin expression in the liver of animals with chronic alcohol abuse compared with controls (54). Pharmacological activation of the Wnt signaling pathway resulted in decreased ALD progression (54). Similar effects were demonstrated in the work of Xu et al. who examined the crosstalk of chronic alcohol abuse and both the insulin/IGF and Wnt pathways on liver regeneration. After 8 weeks of alcohol administration, rat liver tissue showed decreased gene expression of Wnt1, Wnt7a, and Fzd3 compared to control animals without alcohol administration (55). These data also suggest inhibition of Wnt signaling by chronic alcohol abuse.

Despite the fact that the data suggest the Wnt signaling pathway being involved in the observed changes, there are definitely other involved mechanisms of the widely spoken multicellular impact of ethanol, independent of Wnt signaling, as ethanol influence is exceptionally broad and affects a magnitude of several dependent and independent physiological aspects (56–58), with many of them already settled down in our scientific interests (59, 60). In the study of Samuelson et al., the authors have shown an interesting result derived from an experimental model of the recolonization of microbiota from the alcohol-fed mice donors, followed up by the evaluation of lung inflammation severity and intestinal integrity upon Klebsiella pneumoniae infection (61). The study underlines the role of alcohol-induced dysbiosis in the pathogenesis of inflammation and the importance of gastrointestinal tract homeostatic microbiota in supporting the host defense capabilities, showing increased susceptibility to pneumonia severity in the alcohol-affected microbiota (61). The nature of K. pneumoniae infection is a key factor here, considering that as an opportunistic, Gram-negative bacteria species, K. pneumoniae releases LPS (endotoxin) to its environment, which leads to the activation of Toll-like receptors (TLRs), and thus transduction of proinflammatory transcription factors and the recruitment of inflammatory cells in the end (62). Moreover, there are lines of evidences that the LPS induction of TLR4 can activate the canonical Wnt/β-catenin signaling pathway (63), which further strengthens the significance of this pathway in ethanol-mediated mechanism of action. In regard to the work of Samuelson et al. once more, we had investigated the influence of alcohol on the integrity of intestinal barrier and observed in samples derived from the healthy volunteers after acute alcohol consumption early increased levels of circulating fatty acid binding protein (FABP-I), which acts as a biomarker for intestinal damage (64). This only further underlines the role and mechanisms of malfunctioning microbiota homeostasis in contributing to the pathogenesis of inflammation. Additionally, in this study, we observed the decreased levels of proinflammatory cytokines from trauma alcohol-fed mice, which stands in opposite to the data from severely affected and overgrown microbiota due to binge-on-chronic alcohol intake, where the proinflammatory cytokine levels were increased due to alcohol dysbiosis, further showing its effect on the enhanced inflammation (61). As indicated in Figure 6, the infiltration with other inflammatory cells such as CD4-positive T cells with the trauma-induced interferon-gamma also increases, and its decrease upon acute EI after trauma underlines the importance of other immune cells and pathways in the alcohol-modulated inflammation. In summary, there are definitely other mechanisms of ethanol action, where it displays its nature from both pro-inflammatory and anti-inflammatory capabilities, especially interplaying with traumatic injury and alcohol consumption. In this study, our focus was to investigate the DAMP-induced activation of immune response; however we are absolutely aware of the PAMP and gut–liver axis importance in the pathomechanism of damage, and we consider GI tract integrity as an important inflammatory benefactor during traumatic injury.

In our work, we observed that animals with acute EI before THFx exerted less lung injury. In contrast to the acute EI we studied, chronic EI is known to have adverse effects on the lung barrier. When alcohol consumption shifts from moderate or binge drinking to chronic alcohol consumption, increased permeability of the cellular lung barrier has been observed in numerous studies. Fan et al. found a significantly increased permeability of the alveolar epithelial barrier caused by increased disruption of tight junctions upon chronic EI (65). A mechanistic study by Otis et al. on the development of ARDS in prior chronic EI showed increased permeability of the alveolar epithelia with enhanced incidence of pulmonary edema in mice (66). In contrast to the effects of acute EI as observed also in the present study, Smith et al. identified chronic EI as a risk factor for the development of ARDS in sepsis (67). The observed effects of chronic alcohol consumption on the lung barrier not only have been demonstrated in vivo but also have been part of human studies. Burnham et al. examined pulmonary permeability in subjects with chronic EI showing that even in the absence of symptoms, individuals with a history of chronic EI had increased baseline lung permeability compared with controls, which could prime for a severe course of ARDS in the setting of sepsis (68). The negative effects of chronic EI in the context of ARDS have also been described by Berkowitz et al., demonstrating that patients with chronic EI also had a threefold increased risk of developing pulmonary edema (69). In general, it remains important to understand the mechanistically different effects of acute versus chronic EI, yet in regard to the public health context, alcohol consumption is one of the leading causes of accidents and, according to several clinical studies, the percentage of alcoholized polytrauma patients is over 25% (70). Alcohol consumption leads to increased financial, time, and personnel burden, requiring additional routine and specific laboratory controls, with clinical imaging mostly of the head due to the reduced vigilance, difficult anamnesis, and compliance of the patients admitted to hospitals (71).

The present study has its limitations. Most notably, we only used young male mice in our experiments. Thus, the conclusions can only be drawn for a younger patient cohort. Further research will be required to determine if the differences in age or gender correlate to the observed results. Additionally, some of the variability in the dataset may be caused by the sample size of mice. While the clinical scenario implies first fracture and then its stabilization, in this experimental model, an external fixator is provided first, and then the osteotomy. Femur fracture is frequently accompanied by hemorrhage, which underlines the importance of this model; however, the impact of isolated fracture on remote organ injury cannot be assessed by this model. To ensure comparability, we performed a controlled HS, which would not occur in a real trauma situation of uncontrolled bleeding. During the experiment, the animals were not ventilated using intubation, which might also influence the dataset. Interindividual differences regarding the absorption rate of EtOH may have an impact on the BAC; thus, intravenous administration of EtOH might improve the inter-group comparisons, as it was done in other studies (39). However, the intravenous EtOH application does not mimic real-life conditions, and reproducing the findings in the future using an alcohol feeding model, which may prove to have different exposure parameters due to the definition of “acute”, should be considered in translational models of EI. No conclusions can be drawn regarding the influence of subacute or chronic EI from this dataset. Also, in our work, we assessed the CXCL1 gene expression and protein expression in lung and BALF, and based on known data, and because of this, a subsequent increase in neutrophil invasion into lung tissue after THFx is observed. Together with known data, our results clearly indicate a CXCL1-mediated recruitment of neutrophils to lungs after trauma; however, in future studies, neutrophil counts in the BALF should be analyzed. Finally, the results of all the analyses are at a single time point in the complex process of THFx. Having multiple post-trauma time points would have allowed for a temporal analysis of EI-induced effects and mechanisms.

In summary, the current work adds novel information about the effects of canonical Wnt/β-catenin signaling pathway in trauma-induced uncontrolled local inflammatory response and lung injury. An acute EI alleviates the uncontrolled inflammatory response and lung barrier breakdown after trauma by suppressing the Wnt/β-catenin signaling pathway. Future studies should explore the association between acute EI and other upstream and downstream factors involved in Wnt/β-catenin signal transduction after trauma to provide interventional targets.
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Alcohol consumption with concurrent cigarette smoking produces malondialdehyde acetaldehyde (MAA)-adducted lung proteins. Lung surfactant protein D (SPD) supports innate immunity via bacterial aggregation and lysis, as well as by enhancing macrophage-binding and phagocytosis. MAA-adducted SPD (SPD-MAA) has negative effects on lung cilia beating, macrophage function, and epithelial cell injury repair. Because changes in SPD multimer structure are known to impact SPD function, we hypothesized that MAA-adduction changes both SPD structure and function. Purified human SPD and SPD-MAA (1 mg/mL) were resolved by gel filtration using Sephadex G-200 and protein concentration of each fraction determined by Bradford assay. Fractions were immobilized onto nitrocellulose by slot blot and assayed by Western blot using antibodies to SPD and to MAA. Binding of SPD and SPD-MAA was determined fluorometrically using GFP-labeled Streptococcus pneumoniae (GFP-SP). Anti-bacterial aggregation of GFP-SP and macrophage bacterial phagocytosis were assayed by microscopy and permeability determined by bacterial phosphatase release. Viral injury was measured as LDH release in RSV-treated airway epithelial cells. Three sizes of SPD were resolved by gel chromatography as monomeric, trimeric, and multimeric forms. SPD multimer was the most prevalent, while the majority of SPD-MAA eluted as trimer and monomer. SPD dose-dependently bound to GFP-SP, but SPD-MAA binding to bacteria was significantly reduced. SPD enhanced, but MAA adduction of SPD prevented, both aggregation and macrophage phagocytosis of GFP-SP. Likewise, SPD increased bacterial permeability while SPD-MAA did not. In the presence of RSV, BEAS-2B cell viability was enhanced by SPD, but not protected by SPD-MAA. Our results demonstrate that MAA adduction changes the quaternary structure of SPD from multimer to trimer and monomer leading to a decrease in the native anti-microbial function of SPD. These findings suggest one mechanism for increased pneumonia observed in alcohol use disorders.
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Introduction

Alcohol misuse causes injury to the respiratory system as well as impeding lung repair and normal immune function (1). Alcohol use desensitizes ciliated upper airway epithelium resulting in diminished clearance of inhaled pathogens (2). In the lower airways, alcohol abuse causes failure to phagocytose and clear pathogens, induction of inflammatory cytokine release, upregulation and recruitment of inflammatory T cells, and up-regulation of pro-inflammatory transcription factors and pathways (1). Chronic alcohol use is associated with elevated cytokine levels resulting from increased oxidative injury in the lungs (3). Such oxidative inflammatory injury also results in the generation of reactive aldehydes such as malondialdehyde (MDA) (4). Acetaldehyde is another reactive aldehyde found in the lungs, not only in response to alcohol metabolism, but also because of smoking, where more than 0.5 mg/cigarette is inhaled (5). Cigarette and alcohol polysubstance use can adversely impact the respiratory system by depleting lung antioxidant levels, leading to chronic inflammation and increased susceptibility to bacterial infections (6, 7).

To minimize infection injury, the lungs have several innate defense mechanisms including the anti-microbial collectin, surfactant protein D (SPD). Secreted by alveolar type II cells and Club cells, SPD is a Ca+2 dependent lectin, preferring to bind to simple carbohydrates like glucose, mannose, and inositol (8, 9). SPD aggregates bacteria to enhance mucociliary transport in the upper airway and mediates macrophage phagocytosis of pathogens in the lower airways (8). In an environment not exposed to cigarette smoke or alcohol consumption, SPD is known to exist in several structures with varying functions. While monomers of SPD appear to have little function, large multimeric forms of SPD (such as dodecamers and even higher order structures) are strongly antimicrobial (10). Conversely, the trimeric form of SPD shows little antimicrobial characteristics and can even be pro-inflammatory (9).

We previously observed that the lungs of individuals who smoked cigarettes and were heavy alcohol drinkers formed MAA-adducted protein in response to the elevated amounts of lung acetaldehyde and malondialdehyde (11). Furthermore, we identified SPD to be one of these MAA-adducted proteins in mice (12). In vitro experiments demonstrated an adverse effect of SPD-MAA on lung epithelial cells and macrophages (7, 13). Therefore, we hypothesized that MAA adduction changes the structure of SPD from multimer to trimer/monomer and, in doing so, reduces the anti-microbial characteristics of SPD. Such a decrease in this important innate defensin through the covalent modification by reactive aldehydes would represent one of the injury mechanisms caused by alcohol and cigarette smoke to help explain the pathogenesis of increased pneumonia observed in alcohol misuse.



Methods


Purification and MAA-Adduction of Surfactant Protein D (SPD)

SPD was purified and adducted as previously described (7). Lung SPD was purified from human pulmonary alveolar proteinosis fluid (14). SPD was MAA-adducted by incubating 1-2 mg of SPD with a 2:1 ratio solution of malondialdehyde and acetaldehyde (SigmaAldrich, St. Louis, MO) for 3 d at 37°C in sealed polypropylene tubes as reported (15). Approximately 1–1.5 mg/mL of SPD was incubated with 1.0 mM acetaldehyde and 2.0 mM MDA in pyrogen-free 20 mM Tris buffer pH 7.4 containing 10 mM EDTA, 2 mM diethylenetriaminepentaacetic acid, and 2 mM Phytic acid in a sealed polypropylene vessel. The reaction was performed under sterile and non-oxidizing conditions in the dark for 72 h. At the end of incubation, the reaction mixture was exhaustively dialyzed under aseptic conditions against pyrogen-free phosphate buffered saline solution for 24 h at 4°C. As a handling control, mock-treated SPD was treated in the same manner in the absence of aldehydes.

The fluorescent 2:1 adduct formed during MAA adduct generation was quantified using a luminescence spectrophotometer excitation at 398 nm and emission maximum at 460 nm (Perkin Elmer, Norwalk, CT) and expressed as nanomole of fluorescent MAA equivalents per milligram protein.



Gel Filtration Chromatography

Purified SPD and SPD-MAA were filtered using size-exclusion chromatography. An FPLC column (1.5 x 12 cm) (SigmaAldrich) was packed with 20 mL of Sephadex G-200 (Pharmacia Fine Chemicals, New York, NY) and equilibrated with 0.05 M HNaPO4 and 0.15 M NaCl (pH 7, 0.45 μm filtered). Purified SPD and SPD-MAA (1.5 mg/mL) were loaded onto separate columns and eluted into 12 x 1 mL fractions under isocratic conditions. Protein concentration of each fraction of SPD and SPD-MAA was quantified using a Bradford assay (16). Aliquots (10 μL) of each fraction and bovine serum albumin (BSA) standards (0, 0.125, 0.25, 0.5, 1, and 2 mg/mL) were diluted in 500 μL of Coomassie Blue (Bio-Rad, Hercules, CA) and absorption measured at 595 nm by visible spectrophotometry (Bio-Tek, Winsooki, VT).



Western Blot

Eluted fractions were immobilized by slot blot (Bio-Rad Bio-Dot SF, Hercules, CA). Bio-Dot SF filter paper (Bio-Rad) and 1 sheet of 0.2 μm nitrocellulose membrane (Bio-Rad) were soaked in Western blocking buffer (0.05 M Tris, 0.15 M NaCl, pH 7.5) for 10 min. Samples were diluted 1:1000 in Western blocking buffer and 200 μL loaded into each slot. Nitrocellulose membranes were incubated in Western blocking buffer with 3% BSA (MilliporeSigma, Allentown, PA) overnight at 4°C. After a brief rinse in Western blocking buffer, primary antibody solution was added to the blot and rocked for 1 h at room temperature. Primary antibodies of goat-anti SPD (R&D Systems, Minneapolis, MN) and rabbit anti-MAA (17) were diluted 1:10,000 in Western blot buffer with 3% BSA. Blots were rinsed with blocking buffer for 20 min at room temperature with rocking, rinsed again with blocking buffer containing 0.02% NP-40 (SigmaAldrich) for 20 min with rocking, and lastly repeat washing with blocking buffer. Secondary antibodies for SPD (HRP-conjugated rabbit-anti Goat; Invitrogen, Carlsbad, CA) and SPD-MAA (HRP-goat anti-rabbit; Rockland, Limerick, PA) were diluted 1:15,000 in Western blocking buffer with 3% BSA and incubated for 1 h at room temperature. After repeat rinsing as described for primary antibodies, blots were incubated with ECL Western Blotting Substrate and Developer (ThermoFisher). Blots were exposed to X-ray film (PDC Healthcare, Valencia, CA) for 30 sec within 10 min after adding the developer to the nitrocellulose.



Bacterial Preparation

Streptococcus pneumoniae expressing green fluorescent protein (GFP-SP) was a generous gift from the lab of Jan-Willem Veening in the Netherlands. S. pneumoniae were grown in Remel Mueller Hinton Broth with cations (calcium and magnesium), and laked horse blood (LHB) (ThermoFisher; Waltham, MA) until they reached log phase growth. The strep suspension was centrifuged at 1000 × g for 10 min and resuspended in 10% neutral buffered formalin for 10 min. The bacteria were subsequently washed three times in phosphate-buffered saline (PBS) and resuspended in PBS for further use.



GFP-SP-SPD Binding Assay

SPD and SPD-MAA were biotinylated using a previously described method (18). Biotinylation of proteins was carried out by incubating with Immunopure NHS-LC-Biotin (Pierce, Rockford, IL) at a ratio of 2:1 of biotin to collectin by weight for 2 h at room temperature in the dark. Unbound biotin was removed by overnight dialysis. SPD and SPD-MAA binding to bacteria was tested by ELISA where S. pneumoniae (1 μg/ml) was dried onto 96-well plates (Falcon, Glendale, AZ) and fixed with methanol (MilliporeSigma) as described (19). Non-specific binding was blocked using BSA (MilliporeSigma) and gelatin (Bio-Rad) before incubation with biotinylated SPD. MAA-adducted BSA (BSA-MAA) was used as a control against any non-specific MAA adduct artifact. Bound biotinylated protein was detected with streptavidin conjugated to horseradish peroxidase followed by TMB substrate (Bio-Rad). Reactions were halted with 1 N H2SO4 and optical density measured with an ELISA plate reader using visible photospectroscopy (Bio-Tek).



Cell Culture

BEAS-2B bronchial epithelial cells and Raw 264.7 macrophages were purchased from American Type Cell Culture (ATCC, Rockville, MD) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Atlantis Biosciences, Singapore) and 1% penicillin/streptomycin (Gibco) and maintained at 37°C in a humidified CO2 incubator (Panasonic, Wood Dale, IL).



Aggregation Assay

The aggregation assay was performed as previously described (18, 20) in the presence or absence of 5 mM calcium. PBS was used to acquire a final volume of 50 μL. A Zeiss Axio inverted fluorescence microscope (Zeiss, Oberkochen, Germany) was used to visualize aggregation. An average of 10 fields of view were examined per slide. Suspensions (50 µl) of GFP-SP were incubated with SPD (10 µg/ml) for 90 min at 37°C in the presence or absence of 5 mM CaCl2. Samples were placed on slides and examined by phase-contrast and fluorescence microscopy (magnification, 50X). Ten fields of view were counted per slide, and the average area and number of clumps of aggregated bacteria per field of view was determined.



Phagocytosis Assay

Phagocytosis of GFP-SP was performed as previously described (21). RAW 264.7 cells were incubated overnight in media onto coverslips in a 12-well plate. RAW cells were then incubated for 30 min in a final 500 µL suspension of SPD or MAA-SPD in PBS with or without 5 mM calcium. Cells were then incubated with 100 µL of bacterial suspension for 60 min, quenched with 1 mL Trypan Blue (Gibco)/well for 3 min, washed 2X with PBS, fixed with 0.5% formalin (ThermoFisher) for 10 min, and then washed again. Coverslips were mounted onto slides and fluorescence was visualized by fluorescence microscopy.



Permeability Assay

The permeabilizing effects of SPD and SPD-MAA on S. pneumoniae were assayed as a function of bacterial phosphatase release using a commercial endogenous phosphatase detector kit (Thermo Fisher).



Anti-Viral Protection Assay

BEAS-2B (2 x 105 cells/mL) were cultured in 24-well tissue culture plates for 2 d, until approximately 85% confluent. Respiratory syncytial virus (RSV-2A; Advanced Biotechnologies; Eldersburg, MD) was diluted to 0.1 MOI in DMEM without serum or antibiotics in the presence of 0, 10, and 100 µg/mL SPD or SPD-MAA in a total volume of 0.5 mL and incubated for 1 h at 4°C. Cells were washed in PBS to remove serum and antibiotics and 200 µL per well of each RSV treatment condition was added to a well for 2 h at 37°C. After 2 h, an additional 200 µL of DMEM with penicillin/streptomycin was added (post-inoculation) and cells incubated for 48 h at 37°C. Cell supernates were then collected, dead cells pelleted at 200 g for 10 min, and media decanted. Pelleted cells and remaining cells attached in wells were assayed for total protein by Bradford. As previously reported for RSV-infected BEAS-2B (22), lactate dehydrogenase (LDH) activity was measured in the supernatant media using the LDH Activity Assay Kit (Sigma-Aldrich) according to the manufacturer’s instructions. Cell homogenates were added to the LDH assay buffer and LDH substrate mix. Absorbances were measured at 595 nm by visible spectrophotometry (Bio-Tek). Each sample was standardized by total protein.



Statistical Analysis

All experiments were performed a minimum of 5 times (n=5). Each data point graphically presented represents the standard deviation of those experiments. Data were analyzed using Graph Pad Prism (v9.2.0 for Mac, GraphPad Software, San Diego CA). Data were analyzed for statistical significance using a non-parametric Kruskal-Wallis test. Significance was accepted at the 95% confidence interval.




Results


MAA Adduction Changes the Structure of SPD

Purified SPD and SPD-MAA (1.5 mg/mL) were each resolved by size exclusion chromatography and measurable protein detected by Bradford assay in eluted fractions 3, 7, and 9 (Figure 1). Three fractions corresponding to multimer (>589 kDa), trimer (55 kDa), and monomer (18 kDa) were collected from SPD with multimeric protein eluting out of the column first in fraction 3. Only two SPD-MAA fractions containing protein were eluted as fraction 7 and 9, corresponding to trimer and monomer. Western blot using goat anti-SPD revealed the presence of SPD protein in all 3 fractions for purified SPD, but only fractions 7 and 9 for purified SPD-MAA. Western blot using rabbit anti-MAA detected MAA-adducted protein in fractions 7 and 9 for SPD-MAA. No reactivity for anti-MAA was observed in the fractions eluted from non-adducted, purified SPD. As expected, these data confirm that purified non-adducted SPD predominately exists as multimer, trimer, and monomer, but most of the SPD-MAA elutes as trimer and monomer with no detection of the multimeric form.




Figure 1 | Bradford protein assay with corresponding bands from the Western blot. Column fraction protein concentrations were quantified using a Bradford assay. Protein was detected in 3 fractions eluted by gel filtration. In SPD, most of the protein (multimer) was collected in Fraction 3. In SPD-MAA, almost no multimer eluted while trimer (Fraction 7) and monomer (Fraction 9) were collected. Western blots for each slot blotted fraction were probed for SPD and SPD-MAA. The SPD column fractions showed the presence of SPD in 3 fractions. SPD-MAA column fractions only contained SPD in Fractions 7 and 9. Blots probed with anti-MAA detected protein from SPD-MAA column fractions 7 and 9 (not shown).





MAA Adduction Decreases SPD Binding to Bacteria

SPD exhibits loss of bacterial binding in trimeric form as compared to the native multimeric form [Arroyo 2020]. To determine whether SPD-MAA exhibits reduced bacterial binding compared to SPD, we conducted binding assays using S. pneumoniae and biotinylated surfactant proteins. SPD bound to bacteria in a dose-dependent manner with maximum binding between 10-20 µg/mL SPD (Figure 2). In contrast, SPD-MAA showed no significant binding to S. pneumoniae except at the highest concentration (20 µg/mL) tested. At this concentration, SPD bound significantly higher (p<0.01) than SPD-MAA. No bacterial binding was detected with BSA or BSA-MAA. These data reveal a functional difference in SPD bacterial binding when the protein is MAA-adducted.




Figure 2 | Surfactant protein binding to S. pneumoniae. Plates were coated with bacteria and incubated with 0-20 µg/mL SPD, SPD-MAA, BSA (negative control), or BSA-MAA. Bound SPD was detected with antibodies by ELISA. Absorbance at 450 nm of bound SPD at the different concentrations was determined (n = 5), non-parametric Kruskal-Wallis test was performed, differences between SPD and SPD-MAA were significant at all concentrations (*p< 0.01). The data are the averages +/- SD of five experiments. The only significant difference between SPD-MAA and the BSA negative control was observed at 20 µg/mL. No binding was observed for BSA-MAA.





MAA Adduction Decreases SPD Aggregation of Bacteria

As the term collectin suggests, SPD aggregates bacteria to enhance opsonization and phagocytosis. Using GFP-SP in the absence of any cells, we observed a diffuse punctate dispersal of bacteria by fluorescence microscopy (Figure 3). Upon the addition of 5 mM calcium, S. pneumonia can form small clumps in culture. In the presence of 10 µg/mL SPD, large aggregates of GFP-SP were readily evident. However, at the same concentration, SPD-MAA failed to aggregate bacteria and produced no additional clumping beyond that observed with calcium alone. These data identify a functional difference in bacterial aggregation between SPD and SPD-MAA that is consistent with the reported difference between SPD multimer vs. trimer forms.




Figure 3 | Aggregation of S. pneumoniae in the presence of surfactant protein. GFP-SP were incubated with 10 µg/ml SPD or SPD-MAA for 90 min in the presence of calcium (5 mM) and visualized by fluorescence microscopy (X 500). The average area of aggregated clumps of bacteria was measured per field of view. The data are the averages +/- SD of five experiments. In the presence of calcium, SPD significantly increased aggregation compared to SPD-MAA, *p<0.0003. No clumping or aggregation of pneumococci was observed in the absence of calcium.





MAA Adduction Decreases SPD Enhancement of Phagocytosis

Phagocytosis of S. pneumoniae is enhanced by the binding and aggregation of SPD to bacteria. We evaluated the impact of MAA adduction on the SPD-mediated S. pneumoniae phagocytosis by macrophages in an in vitro assay. RAW 264.7 macrophages were incubated with GFP-SP in the presence or absence of 10 µg/mL SPD or SPD-MAA. Cultures were then washed, and Trypan blue was used to quench non-internalized GFP-SP fluorescence allowing for visualization of only internalized GFP-SP by fluorescence microscopy. GFP-SP was phagocytosed by 25-50% of the RAW 264.7 cells per each field of view (Figure 4). The addition of 10 µg/mL SPD enhanced the average number of cells phagocytosing GFP-SP. However, SPD-MAA had no significant enhancement effect on bacterial uptake by the macrophages. A significantly different level of phagocytosis was observed between SPD and SPD-MAA (p<0.0004). These data suggest that MAA adduction of SPD prevents surfactant protein enhancement of phagocytosis.




Figure 4 | MAA adduction of SPD decreases phagocytosis of S. pneumoniae. GFP-S. pneumoniae were incubated with the murine macrophage cell line RAW264.7. The percent of RAW264.7 cells containing internalized bacterial cells per field was determined using fluorescence microscopy (X 500) after quenching non-internalized GFP-SP with Trypan blue. The image results are a representative of 5 independent experiments summarized by graph. Bars represent averages +/- SD, *p<0.0004.





MAA Adduction Decreases SPD Enhancement of Bacterial Permeability

Surfactant can engage in direct anti-microbial action through increasing bacterial membrane permeability. To determine the effect of MAA adduction on SPD anti-bacterial killing, we assayed membrane permeability as a function of endogenous phosphatase release in cell-free in vitro suspensions of S. pneumoniae and surfactant. After 30 min of incubation with 10 µg/mL SPD, we detected a significant increase (p<0.01) in endogenous phosphate release vs. no SPD (Figure 5). However, the ability of SPD-MAA to permeabilize bacteria was significantly (p<0.05) decreased compared to that of SPD. These data support that MAA adduction reduces anti-bacterial killing.




Figure 5 | SPD-induced anti-bacterial permeability is decreased by MAA adduction. S. pneumoniae was incubated in the presence of either 10 µg/mL SPD or SPD-MAA for up to 30 min and supernatant media phosphatase release measured as a function of bacterial permeability. A significant reduction in permeability (*p<0.05) was observed between SPD and SPD-MAA. Bars represent averages +/- SD, n=5 experiments.





MAA Adduction Decreases SPD Anti-Viral Protection

The anti-microbial innate defense by SPD extends to anti-viral protection. RSV is a pathogen that specifically infects the airway epithelium resulting in cell detachment and death. To determine if surfactant protein protection from RSV is impacted by MAA adduction, we infected bronchial epithelial BEAS-2B cells with RSV in the presence or absence of 10-100 µg/mL SPD or SPD-MAA and measured LDH as a marker for cell viability. RSV caused a decrease in cell viability, but the addition of 10 or 100 µg/mL SPD significantly (p<0.0002) decreased the amount of LDH detected (Figure 6). In contrast, SPD-MAA produced no protection from cell death, as increased LDH remained after treatment with 10 µg/mL (p<0.01) and 100 µg/mL (p<0.006) SPD.




Figure 6 | MAA adduction of SPD decreases cell viability in response to respiratory syncytial virus (RSV). Infection of BEAS-2B with RSV increases LDH release compared to control media (no RSV). SPD (10-100 µg/mL) significantly (p<0.0002) decreases RSV-induced LDH release vs. the absence of SPD. No such decrease is observed with either 10 µg/mL (*p<0.01) or 100 µg/mL (**p<0.006) SPD-MAA vs. equal amounts of SPD. Bars represent averages +/- SD, n=5 experiments.






Discussion

Chronic alcohol use predisposes an individual to a plethora of maladies including chronic liver disease, chronic kidney disease, cancer, and respiratory disease (23). Alcohol is particularly important in pulmonology as alcohol misuse is associated with increased risk of acquiring pneumonia, developing antibiotic resistant pneumonia, and pneumonia severity compared to individuals who do not abuse alcohol (24). Alcohol abuse has been shown to leave an individual more at risk of contracting respiratory illness from S. pneumonia, L. pneumophila, and gram-negative enteric bacilli (24).

In 2019, an estimated 14.5 million Americans over the age of 12 were impacted by alcohol use disorder (AUD) (25). Already classified as one of the top 3 lifestyle-related causes of death in the United States (26), alcohol misuse is expected to rise due to COVID-19 (27), thus underscoring the importance of understanding alcohol effects on tissue injury.

As with alcohol, cigarette smoking is the leading cause of preventable death and disease in America (28). Cigarette smoking is an established cause of several health ailments, including impairing the respiratory system’s ability to function, protect, and repair itself (29). With 34.1 million active Americans adult smokers in 2019, the burden that cigarettes place on individual and public health results in nearly $300 billion dollars of smoking-related costs each year (28). Cigarette smokers incur up to a fourfold increased risk ratio of developing pneumonia than non-smokers (29). Cigarette smokers have increased white blood cell counts, specifically with regard to CD4+ and CD8+ lymphocytes, cytokines (IL-1, IL-8, TNF alpha, and granulocyte-macrophage colony-stimulating factor), and decreased phagocyte activity (29).

The combined use of alcohol and cigarettes introduces a new set of potential risk factors to respiratory disease and immune function. Most individuals with an AUD also use cigarettes (6). Evidence suggests that individuals consuming nicotine are more likely to overconsume alcohol (30). It is known that co-exposure to cigarette smoke and alcohol use is uniquely negative to the respiratory system. The proposed mechanism for this damage is through reactive aldehydes generated during the metabolism of both cigarette smoke and alcohol (11). Cigarette smoke contains acetaldehyde (AA) and several reactive oxidative species (ROS), and when inhaled cause oxidative stress (31). ROS can cause lipid peroxidation in the liver leading to the synthesis of malondialdehyde (MDA) (15, 31). Alcohol metabolism similarly leads to the AA formation through CYP2E1 and alcohol dehydrogenase (12). CYP2E1 also generates ROS, leading to lipid peroxidation in the liver which forms MDA (12). ROS can lead to inflammation and cytokine release, activating neutrophils and monocytes (4). Chronic inflammation from this can lead to DNA damage, cancer, and inhibition of apoptosis, leading to illnesses like chronic obstructive pulmonary disorder (COPD) (4). AA can form adducts to proteins and DNA, which can lead to robust inflammatory responses (12). AA and MDA can react through a Schiff base intermediate to generate hybrid malondialdehyde-acetaldehyde adducts, or MAA adducts (32). MAA adducts are stable and can covalently bond to proteins at lysine residues (15, 33).

One of the first lines of defense the body has is innate defense mechanisms; in the respiratory system this includes SPD. The simplest unit of SPD is the monomer, which lacks discernable function on its own (10). SPD monomer structure consists of 355 amino acids (43 kDa) arranged into 4 subunits: a short N-terminal domain, a long collagen region, alpha-helical coiled neck domain, and a C-terminus with a carbohydrate recognizing domain (8, 9). The neck and head region of SPD are stabilized by 2 Ca+2 ions and 2 disulfide bonds (9). The carbohydrate recognizing domain is located at amino acids Glu 321 and Asn 323, in order to bind to carbohydrates a glycoprotein is required (9).. The long collagen region is a repeating sequence of Gly-X-Y, a region thought to be responsible for oligomerization of SPD and interacting with scavenger receptor A (SRA). SRA is the hypothesized macrophage receptor that interacts with SPD to generate its immune functions (9). The short N-terminus is composed of 2 Cys located in aa15 and aa20 allowing for an interchain disulfide crosslinking to form which stabilized SPDs trimer structure (9). Three monomers can oligomerize to a trimer through the assembly of the collagen regions into triple helices and a coiled bundle made of alpha-helical neck regions (8). Trimers lack the protective immune functions of high order structures but can still bind to 2-3 glycoconjugates due to the spacing of the heads (9, 10). High level of trimerized SPD could inhibit higher order oligomer functions, such as bacterial aggregation and phagocytosis, but encourage inflammation (9). Two trimers can form a hexamer, the next higher order structure of SPD found in vivo. Hexamers are a structural intermediate, found as either V-shaped or rod-shaped forms, and bind and aggregate 50-60% of available bacteria (8, 10). Four trimers make up a dodecomer structure, which is the most abundant structure in vivo (8). Dodecamers and other higher order structures (fuzzy balls) have shown to be strongly antimicrobial (10). The formation and distribution of SPD structures was largely facilitated by the immediate environment’s pH (8). Dodecamers and other higher order oligomers are associated through the N-terminus of trimer subunits (9).

Inactivation of SPD through N-terminus modifications can occur through several known modifications including nitrosylation of the cysteine-residues, which also results in a change in the structure from an oligomeric form to a trimeric form (34). While by no means the only means of SPD structural change, MAA adduction occurs primarily on lysine residues. At the N-terminus of SPD, which governs quaternary structure, is a lysine-containing target for possible adduction. It is the N-terminal region of each SPD subunit that is responsible for the formation of multimeric structures (9). When MAA adducts to SPD to form SPD-MAA, it forms a stable intermediate (Figure 7) that is not easily degraded and leads to altered immune effects (12). SPD-MAA adducted proteins bind to scavenger receptor A (CD204) before being internalized to trigger an inflammatory response (31). SRA is found on immune cells such as macrophages, epithelial cells, dendritic cells, and the endothelium (31). Ligand-bound SRA activates PKCϵ to recruit more neutrophils, keratinocyte chemoattractant (KC), and release inflammatory signal molecules and chemokines including: TNFα, IL-6, IL-8, IL-12 (12, 35, 36). Due to the decreased protective functions of SPD once it has been MAA adducted, we observed that SPD-MAA functionally resembles the SPD trimer structure that lacks the innate immune properties of higher order oligomers such as the dodecomer (Figure 7). Our size exclusion results confirmed that native SPD predominately exists in multimeric form while SPD-MAA exists as trimer and monomer structures. Our findings provide a potential mechanism for the previous study where a reactive aldehyde contained in cigarette smoke, acrolein, also resulted in decreased SPD function (37). This shift in SPD structure from multimer to trimer due to MAA adduction replicates the previously reported decreases in SPD binding, aggregation, and killing of bacteria (10). In addition, macrophage phagocytosis of S. pneumoniae was no longer enhanced when SPD was MAA adducted. As well as being antibacterial, SPD is an endogenously produced antiviral protein (9). We observed that bronchial epithelial cell death due to RSV infection was significantly reduced in the presence of SPD. This protection was lost when SPD was MAA adducted. Because SPD is the key surfactant in the lungs that binds to the S-protein of SARS-CoV-2 (38, 39), decreased SPD protection against COVID-19 may be similar to that of RSV. Loss of innate defense at the level of SPD in alcohol misuse may explain one of the mechanisms for alcohol comorbidities observed in the COVID-19 pandemic (10, 40).




Figure 7 | Summary model. Covalent modification of surfactant protein D (SPD) by malondialdehyde-acetaldehyde (MAA) adduction changes the structure of the protein from multimeric form to trimeric form and reduces anti-microbial innate defense.
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Drinking alcohol, even in moderation, can affect the immune system. Studies have shown disproportionate effects of alcohol on circulating and tissue-resident myeloid cells (granulocytes, monocytes, macrophages, dendritic cells). These cells orchestrate the body’s first line of defense against microbial challenges as well as maintain tissue homeostasis and repair. Alcohol’s effects on these cells are dependent on exposure pattern, with acute drinking dampening but chronic drinking enhancing production of inflammatory mediators. Although chronic drinking is associated with heightened systemic inflammation, studies on tissue resident macrophage populations in several organs including the spleen, liver, brain, and lung have also shown compromised functional and metabolic capacities of these cells. Many of these effects are thought to be mediated by oxidative stress caused by alcohol and its metabolites which can directly impact the cellular epigenetic landscapes. In addition, since myeloid cells are relatively short-lived in circulation and are under constant repopulation from the bone marrow compartment, alcohol’s effects on bone marrow progenitors and hematopoiesis are important for understanding the impact of alcohol systemically on these myeloid populations. Alcohol-induced disruption of progenitor, circulating, and tissue resident myeloid populations contribute to the increased susceptibility of patients with alcohol use disorders to viral and bacterial infections. In this review, we provide an overview of the impact of chronic alcohol consumption on the function of monocytes and macrophages in host defense, tissue repair and inflammation. We then summarize our current understanding of the mechanisms underlying alcohol-induced disruption and examine changes in transcriptome and epigenome of monocytes and mcrophages. Overall, chronic alcohol consumption leads to hyper-inflammation concomitant with decreased microbial and wound healing responses by monocytes/macrophages due to a rewiring of the epigentic and transcriptional landscape. However, in advanced alcoholic liver disease, myeloid cells become immunosuppressed as a response to the surrounding hyper-inflammatory milieu. Therefore, the effect of chronic alcohol on the inflammatory response depends on disease state and the immune cell population.
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Introduction


Burden of Alcohol Use Disorder

Per the National Institute on Alcohol Abuse and Alcoholism (NIAAA), alcohol use disorder (AUD) is “a medical condition characterized by an impaired ability to stop or control alcohol use despite adverse social, occupational, or health consequences” ranging from mild to severe. Lasting changes in the brain caused by alcohol misuse perpetuate AUD and make individuals vulnerable to relapse (1). AUD exerts a heavy burden on people’s health and the economy. According to the 2020 National Survey on Drug Use and Health (NSDUH), alcohol consumption is widespread in the USA with 138.5 million people 12 and older reporting drinking alcohol in 2020 and 50% of them drinking alcohol in the month preceding the survey. While a majority of individuals are considered moderate drinkers defined as consuming 2 alcoholic drinks/day or less for men and 1 drink/day for women, 6.4% of people reported engaging in heavy alcohol use in the month preceding the survey. Heavy alcohol use is defined as binge drinking on 5 or more days in the past 30 days with binge drinking defined as consuming ≥5 or more drinks in one sitting for men and ≥4 drinks in one sitting for women. Furthermore, it is estimated that 10.2% of American age 12 and older and 2.8% of adolescents ages 12–17 met the diagnosis of AUD in 2020 (2).

In the United States (U.S.), alcohol is the third-leading preventable cause of death, with an estimated annual death toll of 95,000 people (3). Furthermore, the economic cost of alcohol misuse was estimated to be $249.0 billion in 2010 (4). Adverse outcomes associated with heavy drinking are not limited to the U.S. In 2016, 5.3% of all global deaths, were attributable to alcohol drinking and alcohol abuse was the seventh-leading risk factor for premature death and disability worldwide. Of alcohol-related deaths in 2016, 21.3% were due to digestive diseases (liver cirrhosis, pancreatitis), 19% to cardiovascular diseases, and 12.9% to infectious diseases (including tuberculosis, pneumonia, and HIV/AIDS) (3). These data suggest dysregulated anti-microbial and inflammatory responses with chronic alcohol consumption.



Importance of Myeloid Cells for Innate Immune Functions

During infection or inflammation, macrophages and monocytes are recruited rapidly to the affected tissues where they play a crucial role in the antimicrobial immune response via phagocytosis and secretion of immune mediators (cytokines, chemokines, and growth factors). Furthermore, monocytes and macrophages coordinate the recruitment of additional immune cell populations including lymphocytes (5, 6). Monocytes and macrophages play a critical role in tissue repair and wound healing by participating in the initial inflammatory response, clearance of injured tissue and invading pathogens, and the resolution phase (7).

Myeloid cell embryonic development occurs in three distinct waves in humans and in mice, involving first the yolk sac then the fetal liver, and finally the fetal bone marrow (5, 8). Yolk-sac derived macrophages seed multiple tissues where they persist for the life of the organism (9). In the adult bone marrow, monocytes develop from hematopoietic progenitor stem cells (HPSC) via progressively restricted lineage-committed progenitors (10, 11). Monopoeisis is well characterized in adult humans and mice, where two independent developmental pathways exist from common myeloid progenitors (CMP): via granulocyte-monocyte progenitors (GMP) to monocyte progenitors (MP) or via monocyte-DC progenitors (MDP) to common monocyte progenitors (cMoP). Mature monocytes develop from the MP and cMoP progenitor populations into the three well-defined subsets of classical, intermediate, and non-classical monocytes (8) based on their expression of CD14 and CD16. The three subsets have distinct yet sometimes overlapping functions. Classical monocytes (CD14++ CD16-) are involved in phagocytosis, innate sensing/immune responses, and migration. Intermediate monocytes (CD14++ CD16+) main functions are antigen presentation, cytokine secretion (TNF-α, IL-1β, and IL-6, following TLR stimulation), differentiation, and regulation of apoptosis. Non-classical monocytes (CD14dim CD16++) are involved in anti-viral responses, complement and Fcγ-mediated phagocytosis, and adhesion (6).

While monocytes are relatively short-lived blood circulating phagocytes, macrophages are longer-lived cells that reside in tissues, including the brain, lung, liver, and intestine, where they perform a central role in antimicrobial responses as well as in tissue homeostasis and repair. Microglia are the tissue-resident macrophages in the brain where they comprise approximately 5-15% of cells (12). Microglia originate from yolk-sac progenitor cells and are maintained in adulthood by self-replenishment without the involvement of progenitor cells from the bone marrow (13, 14). Microglia have two main functions: immune defense of the central nervous system (CNS) via phagocytosis and mediator production as well as CNS maintenance via their control of neuronal proliferation (15). Lung macrophages are the most abundant immune cell population in the healthy lung and are composed of alveolar macrophages in the lumen and interstitial macrophages in the tissue (16, 17). Alveolar macrophages arise from fetal liver-derived monocytes and populate alveoli after birth. They are maintained by self-renewal without the contribution of bone marrow (16, 17). Alveolar macrophages participate in lung host defense and in gas exchange (16, 17). Kupffer cells are the liver tissue-resident macrophages and also are self-renewing populations originating from fetal-liver precursors (18). Other tissue-resident macrophage populations, including in the intestine (where they reside primarily in the lamina propria) (19) and the dermis (20), develop via fetal liver monocyte intermediates and are replenished in adulthood by monocyte-derived macrophages.

While chronic moderate alcohol consumption and acute alcohol exposure affect multiple cell populations and their functions, this review will focus on the impact of chronic heavy alcohol use on circulating monocytes and macrophages that reside within the brain, liver, intestine, and lung since a rich body of literature indicates that heavy alcohol consumption disproportionally impacts their phenotype and function (21, 22).




Models Currently Available to Study the Impact of Chronic Alcohol Consumption on Monocytes and Macrophages

Findings from clinical studies are confounded by the presence of organ damage, smoking, use of recreational or illicit drugs, nutritional deficiencies, and by self-reported alcohol intake. To address these limitations, different experimental models have been developed to study the effects of alcohol on cell function in more defined settings. The main model systems are described below and listed in Table 1.


Table 1 | Animal models of chronic alcohol exposure.




In Vitro Systems

To model ethanol consumption, primary and immortalized cells/cell lines are exposed in vitro to ethanol at different concentrations and for various durations (23, 24). Due to their ease of manipulation, several macrophage cell lines have been used to study the in vitro effect of alcohol exposure on cellular processes. Some notable examples include cell lines to model lung alveolar macrophages [mouse AM cell line MH-S cells (25), rat alveolar macrophage cell line NR8383 cells (26), and mouse macrophage cell line RAW264.7 (27)]; Kupffer cells [HepG2 human liver hepatocellular carcinoma (28), Huh7 human hepatoma cells (29), rat Kupffer cell line 1 (RKC1) (30), human macrophage cell lines MonoMac6 (31), and mouse J774.1 cell line (32)]; microglia [mouse BV2 cell line (33)], rat cell line Microglia-SV40 (34)). In addition, THP-1 human cells differentiated into macrophages have been extensively used (35). Primary cells, including alveolar macrophages, hepatocytes and peripheral blood mononuclear cells (PBMCs) obtained from control and alcohol-exposed animals and humans have also been used (24).

However, transformed cell lines respond differently to immunological challenges compared to primary cells (36) and in vitro exposure to ethanol does not accurately recapitulate the complexity of in vivo alcohol consumption such as the generation of ethanol metabolites (37). To address some of these challenges, organoid models have been developed, offering new opportunities to explore the impact of chronic ethanol exposure using three-dimensional (3D) in vitro structures that better replicate the cellular complexity as well as the morphological and functional features of in vivo tissues compared to cells grown in a monolayer (38). Organoid models for organs heavily impacted by alcohol consumption (including liver, brain, intestine, colon, lung) are now available (39–45). A recent liver organoid model replicates alcoholic liver disease (ALD)-associated pathophysiologic changes upon ethanol treatment, including oxidative stress response, steatosis, inflammatory mediators release, and fibrosis in hepatocytes (39). Brain organoids (40) were recently used to assess the effect of alcohol binge drinking on neurons and astrocytes (46). Alcohol-mediated neurotoxicity was unveiled at the structural, functional, and transcriptional levels, revealing that alcohol-induced dose-dependent apoptosis was more severe in neurons than in astrocytes (46). Gut organoids have also been developed including a colon organoid based on a normal colon epithelium (41, 42). Jejunum and colon organoids showed that alcohol’s effects mainly targeted colon cells leading to gut leakiness (43) in line with findings showing that ALD patients with the worse intestinal dysbiosis exhibit the greatest gut leakiness (47). While alcohol’s effect on epithelial and endothelial cells was assessed in these various organoids, the role of macrophages in alcohol-mediated disease was not investigated even though they are a prominent cell subset in the colon, brain, and liver (18).



Rodent Models

Mice and rats are the animal models most commonly used to study the impact of chronic alcohol consumption on several organ systems. Depending on the model, ethanol is administered via different modalities (liquid diet, ethanol in water, gavage, or injection) in combination with dietary, chemical, or genetic manipulations (48, 49). Two prominent mouse models are the Lieber–DeCarli liquid diet (LD) and the Meadows-Cook diet (MC) of ad libitum ethanol feeding (50, 51). The LD model, designed to enhance the alcoholic liver injury phenotype in mice (50, 52), is based on an isocaloric liquid diet with alcohol concentration usually increased from 0% to 3.395% w/v for a period of 25 days to 8 weeks, with a 4-week duration most commonly used. In contrast, in the MC diet where alcohol is delivered in the water, exposure to alcohol consists of a 2-week ramping up phase from 0% to 20% ethanol followed by a maintenance phase of 4–16 weeks with a 12-week duration most commonly used (51). Some cellular immunological changes are model-dependent and limited common shared alcohol-induced transcriptional abnormalities are observed between LD and MC models (53). In addition, these mouse models of chronic alcohol consumption are characterized by minimal liver inflammation (52). Thus, both MC and LD mouse models are models of early alcoholic liver injury (steatosis) and not models of more advanced liver diseases such as fibrosis, cirrhosis, or alcoholic hepatitis. Moreover, the aversion to self-administration of ethanol in some mouse strains (BALB/c resistance vs C57BL/6) as well rodents’ higher alcohol catabolism rate compared to humans, make the analysis of organ damage challenging in a self-administration setting (54, 55).

To address these limitations, models delivering ethanol via oral gavage or intragastric injection were established, including the Tsukamoto-French enteral feeding model that results in moderate liver inflammation and steatosis (55). To model more advanced ALD while using the oral delivery route and drinking patterns closer to those observed in humans, second-hit models were developed that combine ethanol exposure with a secondary stimulus including genetic knockout/overexpression, LPS stimulation, or high-fat diet (49). Furthermore, additional mouse models were established to study specific aspects of AUD such as binge drinking with the drinking in the dark model (56); a voluntary escalation in consumption with the chronic two-bottle choice drinking (57); and development of dependence with the chronic intermittent vapor model (58). In addition to mouse models, rat models of ethanol drinking have also been developed, including the alcohol-preferring (P) and the high-alcohol-drink (HAD) rat models which prefer an alcohol solution containing 10% ethanol over water (59).



Nonhuman Primate Models

Nonhuman primate (NHP) models are the gold standard to study human diseases due to their genetic proximity to humans; therefore different NHP models of ethanol delivery were developed to mimic human alcohol consumption. Models of oral ethanol self-administration include some with stress triggers including shock avoidance, food and water deprivation, or social stressors (60–62) as well as those with positive reinforcement triggers (63). In one of the models of voluntary ethanol self-administration using a positive reinforcement trigger, rhesus macaques are first induced to freely consume increasing daily doses of ethanol, ranging from 0.5 g/kg/day to 1.5 g/kg/day over a 3-month phase followed by “open access” to a 4% w/v ethanol solution for 22 h/day. This approach establishes consistent ethanol self-administration, and thus represents a true model of alcohol addiction in rhesus and cynomolgus macaques (64, 65) with animals being categorized as low drinkers (average ethanol intake less than 2 g/kg), binge drinkers (average intake of 2.4 g/kg), heavy drinkers (average intake of 2.8 g/kg) or very heavy drinkers (intake higher than 3 g/kg) (66). While this experimental model does not induce any overt liver damage over a 12-month period, signs of fatty liver disease were observed in cynomolgus macaques exposed to an open access period of 6 months followed by 12 months of abstinence that was followed by another open access period of up to 19 months (67). This rhesus macaque model was used to define the impact of chronic drinking on circulating and tissue-resident immune cells showing that the circulating innate immune cells bear the largest burden of chronic heavy drinking (21, 22, 68–73). However due to the inherent variation in alcohol consumed in the voluntary drinking models, a model of gastric infusion of alcohol was developed in order to deliver a consistent alcohol dose in treated rhesus macaques, where animals are infused with 30% ethanol in water (w/v) via an intragastric catheter either 4 days per week or 7 days per week during 3 months resulting in blood alcohol levels of 2.3 g/kg (74–76). This model has been used to study the impact of alcohol consumption on simian immunodeficiency virus (SIV) infection (74–76).




Impact of Alcohol Consumption on Susceptibility to Infection and Wound Healing


Infection

Chronic alcohol consumption weakens antimicrobial responses by impairing the immune system’s responses and by affecting the integrity of the mucosal barrier resulting in increased susceptibility to bacterial and viral infections (77–80). In particular, chronic alcohol consumption is a predisposing factor for severe respiratory infections, such as bacterial pneumonia, respiratory syncytial virus and SARS-CoV-2 infections (81–86). Several mechanisms contribute to increased disease severity, including alcohol-induced impairment of the innate immune response, chronic oxidative stress, and alcohol-induced organ damage due to excessive inflammation (82). In addition, chronic alcohol consumption affects lung physiology by desensitizing lung airway cilia and compromising the mucociliary escalator, and leading to impaired clearance of invading pathogens (82).

Community-acquired pneumonia is a leading cause of death in the USA and patients who suffer from AUD experience more severe pneumonia than non-AUD patients (77, 81, 83, 87). Streptococcus pneumoniae, usually a commensal bacterium in the upper respiratory tract, is the prevalent infectious agent of community-acquired pneumonia (81) but alcohol abuse is also associated with an increased incidence of pneumonia from gastric aspiration of Klebsiella pneumoniae (82, 83). Moreover, alcohol abuse is a risk factor for active tuberculosis (TB) with a three-fold risk increase of active TB associated with heavy drinking (80, 88) as well as reactivation of latent tuberculosis (80, 88, 89). AUD patients are also at a higher risk of viral infections, notably respiratory syncytial virus (RSV) (84) and SARS-CoV-2 (85, 86). Increased severity of COVID-19 is believed to be additionally mediated by increased prevalence of cardiovascular diseases and chronic respiratory diseases with alcohol abuse (85, 86). Finally, chronic alcohol consumption is an independent risk factor to develop acute respiratory distress syndrome (ARDS) (90). ARDS is characterized by endothelial and alveolar epithelial barrier dysfunction, severe inflammation, and pulmonary surfactant dysfunction leading to impaired gas exchange in the lung and insufficient oxygen levels in the blood and tissues resulting in organ failure (82).

Infectious diseases affecting the liver are also more prevalent in AUD patients as alcohol metabolism takes place in the liver (91). Specifically, the prevalence of hepatitis C virus (HCV) infection is up to 30-fold higher in AUD patients compared with the general population (92), with a 4.6% to 55.5% rate in AUD patients (93). Moreover, chronic alcohol has been reported to enhance the replication of hepatitis B virus and possibly HCV (93). The increased susceptibility is also mediated by an alcohol-induced increase in oxidative stress and impaired antiviral immune responses in the liver (91, 94). In addition to respiratory and liver diseases, alcohol abuse is also positively associated with HIV incidence and progression towards AIDS in part due to antiretroviral therapy failure (95). Moreover, alcohol increases the risk of multiple AIDS comorbidities including hepatic fibrosis, hepatic cirrhosis, neurocognitive impairment, and AIDS-related dementia (96).



Wound Healing

Wound healing is a dynamic and tightly coordinated process defined by three interconnected phases: inflammation, proliferation, and remodeling. Studies have revealed the critical role played by myeloid cells at several steps of this process. Inflammation is the first phase where neutrophils and macrophages are recruited to the injury site to protect it from infection by phagocytosing invading pathogens and by producing reactive oxygen species (ROS) and pro-inflammatory cytokines and chemokines. These mediators are produced both by local tissue-resident macrophages and by circulating monocytes being recruited from bone marrow to differentiate into macrophages at the site of injury (7). After this initial pro-inflammatory response, macrophages switch to an anti-inflammatory phenotype and participate in wound resolution via their contribution to angiogenesis and formation of fibrous tissue (97). During the proliferative second phase, cell migration and proliferation are upregulated to repopulate the injured tissue with fibroblasts, endothelial and epithelial cells. Tissue reorganization takes place last during the remodeling phase so that the injured tissue can regain its functionality (98).

Alcohol abuse impairs wound healing by affecting each step of the repair process (97–99) resulting in AUD patients recovering poorly from surgeries and traumas. AUD patients with a burn injury require longer hospitalizations with more aggressive antibiotic treatments (100), exhibit higher rates of secondary bacterial infections, and are more likely to die compared to non-AUD burn patients (101, 102) even from smaller burn injuries (100). In case of other types of trauma, findings are conflicting with some studies showing that acute rather than chronic alcohol consumption accounts for septic complications after abdominal penetrating trauma while others found that chronic but not acute alcohol consumption influences the outcome from trauma (103). Alcohol consumption is associated with an increased risk for Staphylococcus aureus infection of the skin, further compromising the response to wound healing (82). Chronic alcohol exposure may impair wound healing by preventing macrophages from switching to a regulatory phenotype, a critical step to enable the subsequent resolution phase of the healing process (104). Indeed, alcohol exposure induces alterations in transcription and chromatin accessibility in alveolar macrophages indicative of decreased capability for tissue repair (105). In addition, alcohol-exposed macrophages have a reduced phagocytic capacity (26, 105) and this could further impair the wound healing process by reducing the clearance of invading pathogens (104).




Impact of Chronic Ethanol Consumption on the Functional and Transcriptional Landscape of Monocytes and Macrophages


Altered Inflammatory Response

The effect of chronic alcohol on the inflammatory response depends on the disease phase (early vs late) and the cell populations affected (tissue macrophages vs circulating monocytes). A pro-inflammatory cytokine profile (Figure 1) is observed in AUD patients, with elevated plasma levels of TNF-α, IL-1β, and IL-6 (106). Similarly, chronic alcohol results in a systemic pro-inflammatory response in ethanol-fed mice with increased circulating protein levels of TNF-α, IL-6 and MCP-1 (107). This heightened inflammatory state has been associated with multi-organ damage affecting the liver, intestine, lung, and brain (108–111). Prolonged in vitro exposure to ethanol upregulates TNF-α gene expression in human monocytes (112). Hyper-inflammation and heightened cell activation have also been observed in HIV patients suffering from AUD with increased plasma levels of soluble CD40 and TGF-β as well as upregulation of CD16, CD163 and TLR4 expression on monocytes (113). In addition, chronic alcohol consumption increases human monocyte sensitivity to LPS as indicated by elevated secretion of pro-inflammatory mediator TNF-α in part via downregulation of IRAK-M and enhanced activation of NF-κB and ERK kinases (23, 114).




Figure 1 | Model capturing the impact of chronic alcohol consumption on the phenotype and function of monocytes and macrophages in absence of severe alcoholic liver disease. Figure created withBioRender.com.



Inflammatory responses are imbalanced in alcoholic hepatitis (AH) and acute-on-chronic liver failure (ACLF), two severe conditions with substantial mortality and morbidity observed in patients with significant AUD. While AH was initially associated with a proinflammatory phenotype due to higher circulating cytokines levels (115–117), recent studies revealed that AH leads to monocyte immuneparesis characterized by a downregulation of HLA-DR, TNF-α, Il-1β and IL-6; upregulation of regulatory IL-10, PPARγ and MERTK that were accompanied by a decrease in non-classical monocytes and increase in intermediate monocytes (118). Indeed, at the transcription level, monocytes from patients with severe AH display a phenotype characterized by immunosuppressive features including reduced expression of genes related to immune pathways (innate immune responses, cytokines, response to IFNs, antigenic presentation, phagocytosis) (118). Similarly, immuneparesis was also observed in ACLF monocytes with downregulation of HLA-DR and CD86; and upregulation of regulatory IL-10 and MERTK while classical monocyte populations decreased and intermediate monocytes increased (119, 120). The seemingly contradiction of a systemic pro-inflammatory milieu and immunosuppressed cells could be due to an environment with heightened release of soluble proinflammatory mediators by alcohol-injured tissues leading to expansion of mononuclear CD14+HLA-DR- myeloid-derived suppressor cells resulting in immunosuppression of monocytes in an attempt to reduce the inflammation (121–123). This immuneparesis extended to peritoneal and mesenteric lymph node macrophages and Kupffer cells in ACLF patients (119).

Furthermore, single-cell transcriptome analyses performed at rest revealed an unsuspected level of heterogeneity in classical monocyte subsets of AH patients with three distinct classical monocyte clusters (124). These three classical clusters differentially expressed markers including CD14, MHC class II, TLR8, and CD86 (124). Interestingly, this high level of heterogeneity in classical monocytes was also observed in alcohol-fed NHPs with the identification of seven classical monocyte clusters by single cell RNA sequencing analysis (68). Two of these clusters were exclusively composed of cells from chronic heavy drinking macaques: HIF1Ahi and SOD2hi. Marker genes of these clusters enriched to gene ontology terms related to myeloid cell differentiation, cytokine signaling, and response to alcohol. Trajectory analysis showed that chronic heavy drinking was associated with a specific lineage that culminated in the HIF1Ahi cluster, indicating that heavy drinking dysregulates monocyte differentiation states thereby affecting monocyte response to inflammation (68). In addition, chronic heavy drinking was associated with downregulated expression of MHC class II genes but upregulated expression of IFN-inducible genes and activation of NF-κB signaling pathway in classical monocytes (68).

In alcohol-fed animal models, chronic drinking also results in pro-inflammatory responses by Kupffer cells, microglia, splenic and lung alveolar macrophages (22, 82, 107, 125–129). Ethanol-fed mice upregulate the expression of Tlr1, 2, 4, 6-9 genes leading to an increase in Tnf gene expression (130). Furthermore, alcohol-fed mice deficient in TLR4, CD14, TNF-α or LPS-binding proteins (LBP) have reduced liver inflammation and do not develop liver injury (131–133). Anti-TNF-α antibody treatment prevented liver inflammation in alcohol-fed rats (134). Chronic heavy drinking in rhesus macaques is associated with higher gene expression of pattern recognition receptors (TLR4, FPR3, TLR2), chemokine receptors (CCR1, CCR5), differentiation and activation markers (CD163) in splenic macrophages (22). This effect is mediated by alcohol-induced enhanced chromatin accessibility of stress-responsive transcription factors that regulate genes involved in macrophage phagocytosis (GATA-2), activation (CEBPA), hypoxia (HIF-1α), polarization (GATA-3, NFAT5) and pro-inflammatory cytokine production (GATA-2, NRF-1, NFAT5) (22). In addition, chronic alcohol enhances chromatin accessibility of promoters that regulate genes involved in pro-inflammatory responses, including TLR4 and CCL2 genes (22). Chronic alcohol exposure also increases access to transcription factors that regulate expression of inflammatory genes in alveolar macrophages, including AP-1, IRF8, and NF-κB. In the lung, chronic alcohol also upregulates genes involved in granulocyte activation and degranulation (CTSG, SNAP25, MYO3A); and downregulates genes involved in anti-inflammation (CLEC1B) (105). At the single cell level, chronic alcohol increased the expression of genes involved in oxidative stress (LCN2), HIF-1α, and cytokine signaling (105).

Alcohol consumption also elicits functional and transcriptial changes in the microglia, with high expression of TLR2 gene in alcoholic human brains (135). Moreover, alcohol treatment of mice upregulates expression of Tlr3 in the cortex where microglia are found (136) and chronic intermittent ethanol vapor exposure leads to upregulation of type I interferon-stimulated genes in the prefrontal cortex of mice (137). Additionally, gene ontology analysis identified “toll-like receptor signaling pathway” and “activation of innate immune response” as the main processes in microglia affected by alcohol exposure (137, 138). Chronic alcohol induces transcription of pro-inflammatory IL-6, IL-1β, TNF-α, and MCP-1 in mouse brain tissue, cortex, and isolated microglial cells via NF-κB activation (136, 138). In addition, levels of anti-inflammatory IL-10 were decreased in a mouse model of chronic alcohol-induced neuroinflammation (139).

LPS stimulation of alcohol-exposed monocytes and tissue macrophages further enhances the alcohol-induced hyper-inflammatory response. Upon LPS stimulation, monocytes of alcohol-fed NHPs upregulate genes associated with myeloid inflammatory pathways (TNFSF21, TLR2). These transcriptional pro-inflammatory changes were confirmed at the protein level with the increased production of pro-inflammatory mediators TNF-α, IL-6, IL-15, and CCL4 in LPS-stimulated monocytes (68). In splenic macrophages isolated from male macaques classified as chronic heavy drinkers, LPS stimulation induced greater production of TNF-α, MIP-1α, MIP-1β, IL-1β, IL-6, IL-8, and GM-CSF (22). From a transcriptional standpoint, LPS-responsive transcription factors NF-KB, p65, STAT1, SMAD1, and HIF-1 were upregulated along with genes associated with “innate immune response”, “TGF-β signaling” and “response to LPS” including CD80, NFKB1, JUN, IL6ST, IFNG, TNFRSF8 and TNFRSF10B and SOCS1 (22).

Alcohol-induced altered inflammatory state following LPS stimulation is not limited to circulating monocytes or macrophages from lymphoid tissues. Chronic heavy ethanol consumption for 12 months leads to a hyper-inflammatory response to LPS stimulation by NHP alveolar macrophages with increased production of IL-6, TNF-α, CXCL8, CXCL10, CCL2, and CCL4 (105). Similarly, chronic alcohol consumption increased protein levels of IFN-α and IFN-β in bronchoalveolar lavage (BAL) of mice. In addition, alveolar macrophages from alcohol-fed mice infected with RSV secrete higher levels of MCP-1 and TNF-α (84). In mice, chronic alcohol also leads to increased expression of pro-inflammatory mediators IL-6, TNF-α, CXCL-1 and MMP-9 by liver-resident Kupffer cells (107). Alcohol-induced liver inflammation in mice and rats is mediated by Kupffer cells, as suggested by upregulation of cell surface expression of CD14 and increased production of pro-inflammatory mediators TNFα, MCP-1, and reactive oxygen species (ROS) (140–145). Both alcohol-induced ROS and increased Kupffer-cell sensitization to endotoxin further exacerbate proinflammatory responses and are major drivers of ALD (91, 144). Intestinal macrophages from alcohol-exposed mice express higher levels of pro-inflammatory genes both at rest and following LPS-induced systemic inflammation, including Lcn2, Tnf, Il1b and Csf1 (146). Lcn2 gene encodes Lipocalin-2 which plays a pro-inflammatory role in metabolic diseases (147). Csf1 plays a role in the maintenance of intestinal macrophage populations (148), thus suggesting that alcohol-induced inflammation may increase the number of resident intestinal macrophages (147). In addition, LPS stimulation of alcohol-fed mice increases the expression of pro-inflammatory chemokine gene Cxcl1 (neutrophil recruitment) and cytokine signaling gene Il1a and its receptor Il1r in the ileum (146).

One of the potential drivers of the heightened inflammatory response following chronic alcohol exposure is microbial translocation and leakage of endotoxin in the portal circulation driven by impaired intestinal barrier function and increased gut permeability (149, 150). Additionally, alcohol abuse leads to bacterial overgrowth (151) and altered microbiome composition in the gut of alcoholic patients and alcohol-fed mice (152–154). Fecal transplants from alcohol-fed mice into germ-free mice induced intestinal inflammation, leaky gut, and liver injury (155), thus highlighting the role of dysbiosis in alcohol-induced inflammation. These effects are mediated by bacterial toxins including cytolysin as demonstrated by inhibition of alcohol-induced liver injury in humanized mice by bacteriophage treatment targeting cytolysin-producing E.faecalis (156). In addition, plasma endotoxin levels correlated with liver inflammation in alcohol-fed rats (157). While endotoxin leakage has been observed in some mouse models of chronic alcohol consumption (152, 158, 159), there is no consistent increase in endotoxin levels in plasma or in antibody-bound endotoxin levels in NHPs after 12 month of chronic ethanol consumption suggesting that a longer duration may be necessary to detect significant dysbiosis and translocation of microbial products in this model (68, 153).



Defects in Phagocytosis and Antiviral Responses

Defects in anti-microbial functions of monocytes and macrophages (Figure 1) have been reported to play a critical role in the observed increased vulnerability to infectious diseases due to chronic drinking resulting in reduced phagocytic activity and pathogen-fighting function in Kupffer cells, microglia, alveolar and splenic macrophages (22, 107, 125–128). Under homeostatic conditions, chronic alcohol leads to a transcriptional downregulation of genes associated with immune and anti-viral responses (MHC class II, antigen processing and presentation, and IFNγ signaling pathways) in non-classical monocytes of alcohol-fed NHPs (68). In contrast to the hyper-inflammatory response to LPS generated by monocytes/macrophages from heavy drinking humans or animals, chronic alcohol exposure leads to a dampened production of immune mediators by macaque monocytes stimulated with E.coli bacteria, including reduced production of IL-1β, IL-5, IL-6, IL-15, CCL4 and CXCL11 (68). In addition, genes associated with adaptive immune activation (IL21R, CD40, MHC class II) are downregulated in LPS-stimulated monocytes from heavy drinking NHPs (68). Similarly, in splenic macrophages, LPS stimulation leads to downregulation of genes associated with “type I interferon signaling”, “defense response to virus” (22). Furthermore, monocytes from AH patients upregulate SOCS1 (160), a negative regulator of the JAK/STAT pathway (161), leading to impaired IFNγ signaling and impaired intracellular killing of phagocytosed bacteria in a subset of patients and is associated with poor survival outcomes (160). Chronic alcohol also led to reduced immune response to vaccination in NHPs and downregulation of several innate immune genes predicted to be highly expressed by myeloid cells including genes involved in antigen presentation (MHC class II genes), defense responses (type I IFN) as well as microbial sensors (CD14, TLR4, TLR5) (71).

In addition to impairing antimicrobial functions of monocytes and macrophages of lymphoid organs, chronic alcohol also alters the function of tissue-resident macrophage populations, notably alveolar macrophages, Kupffer cells, and microglia, resulting in increased disease severity (94). Patients with AUD are more susceptible to respiratory infections (81–86) and alcohol-fed mice infected with Mycobacterium tuberculosis have a higher lung bacterial load and a dampened IFN-γ production (162). In addition, chronic alcohol exposure impairs phagocytosis of bacteria by alveolar macrophages, such as E.coli by rat macrophages and S.aureus by NHP macrophages (26, 105). Chronic alcohol consumption also leads to blunted induction of interferon-stimulated genes (ISGs) by alveolar macrophages in response to RSV in NHPs suggesting disrupted anti-viral responses (105). Similarly, in a mouse model of chronic ethanol consumption, RSV infection resulted in increased viral loads in the lung and reduced IFNγ protein levels in bronchoalveolar lavage (84). Influenza infection of alcohol-fed mice leads to increased lung viral loads and disease severity (163). In addition, alcohol-fed mice infected with Mycobacterium avium have higher bacterial burden in the liver, spleen, and blood (164); and chronic alcohol has been shown to reduce E.coli phagocytosis by rat Kupffer cells and microglia (165, 166). Therefore, chronic alcohol dampens microbe phagocytosis by multiple tissue-resident macrophage populations, leading to defects in antimicrobial responses in rodents and NHPs exposed to chronic alcohol.



Alcohol and Increased Oxidative Stress Response

ROS are important mediators in cell signaling and apoptosis (167) and play a critical role in the pathogenesis of various diseases including respiratory infections. ROS are produced by NADPH oxidases (Noxes) (167, 168). Chronic drinking upregulates Nox expression resulting in elevated ROS production leading to heightened oxidative stress in Kupffer cells, microglia and brain cortex, alveolar and splenic macrophages (22, 107, 125–128, 136, 169). One proposed mechanism is via alcohol-mediated downregulation of PPARγ. This downregulation of PPARγ in alveolar macrophages following chronic alcohol exposure results in upregulation of Nox and an increase in oxidative stress response leading to heightened intracellular ROS levels (105). In addition, ROS increases the expression of transcription factors HIF-1α and HIF-2α which have important roles in the response to hypoxia in several tissues including mouse liver and rat brain cortex (170, 171). Furthermore, chronic alcohol elicits upregulation of genes enriched in the HIF-1α signaling pathway in alveolar and splenic macrophages as well as monocytes of ethanol-fed NHPs (22, 68, 105). Under homeostatic conditions, chronic alcohol also leads to increased differentiation of classical monocytes expressing high levels of HIF-1α (68). Alcohol’s effect on HIF-1α expression in the intestine is more complex with an increased HIF-1α expression in mice exposed to chronic alcohol for 28 days but a decreased expression when alcohol exposure is prolonged to 42 days (159). Therefore, overall chronic alcohol increases tissue hypoxia but its effect can be organ- and exposure-dependent.




Mechanisms Underlying Alcohol-Induced Disruption of Monocyte and Macrophage Function

The functional effects of alcohol on myeloid cells are dictated by changes at the epigenome level that affect gene transcription (172). Regulation of gene expression can be mediated by epigenetic changes resulting in DNA modification that does not alter the genome sequence. The main epigenetic modifications are provided by noncoding RNAs, DNA methylation, and modifications of histones. MicroRNA molecules (miRNA) are short (19-25 nt), highly conserved, single-stranded non-coding RNAs that modulate target proteins by regulating mRNA expression through decreased transcription or by post-transcriptionally induced mRNA decay (173). In addition to having an autocrine effect, miRNAs can have a paracrine effect via exosomal delivery (174). DNA methylation is an epigenetic mark that targets cytosine residues of cytosine-guanine dinucleotide repeats and is regulated by DNA methyltransferases (DNMT) and ten-eleven translocation (TET) enzymes. Hyper-methylation in promoter gene regions leads to transcriptional repression and down-regulation of protein production (175). Histone proteins play key structural and regulatory roles by enabling the formation of nucleosomes. Histone modifications (methylation, phosphorylation, acetylation, and deacetylation as well as ubiquitination) impact chromatin packing thereby modulating gene expression (176). Histone acetyltransferases (HAT) increase chromatin accessibility and promote transcription, whereas histone deacetylases (HDAC) decrease chromatin accessibility and inhibit transcription. In contrast, the result of histone methylation is more complex and depends on several factors including the degree of methylation, the histone and lysine residue targeted, the level of chromatin condensation as well as the function of the genome region targeted (i.e. promoter, enhancer). H3K4, H3K9, and H3K27 are some of the most prominent lysine residues targeted. Studies have reported that alcohol can interfere with the fundamental processes of epigenetic regulation in several cell types including monocytes and macrophages in a dose-, duration-, and time-dependent manner (176).


Role of MicroRNAs in Alcohol-Mediated Disruption of Monocyte and Macrophage Function

miRNAs play a critical role in regulating the function of macrophages and inflammatory pathways in alcoholic steatohepatitis (174). Indeed, several miRNAs modulate the alcohol-induced hyper-inflammatory response by inhibiting negative regulators of TLR signaling pathways (177) in multiple tissue-resident macrophages populations including Kupffer cells, microglia and alveolar macrophages. Alcohol exposure upregulates miR-155 and miR-132 in murine Kupffer cells (178–180) and microglia (181). miR-155 inhibits negative regulators of the TLR4 pathway, including IRAK-M, SHIP1, and PU.1, resulting in increased sensitization to LPS and increased production of pro-inflammatory TNF-α (179) in liver and TNF-α and MCP1 (CCL2) by microglia (181). In addition, miR-155 downregulates STAT3 and SOCS1 in murine Kupffer cells resulting in upregulation of pro-inflammatory cytokines TNF-α and IL-1β and downregulation of anti-inflammatory cytokine IL-10 (161, 179, 182). On the other hand, miR-132 regulates expression of TGF-β, IL-1β, and MCP-1 in Kupffer cells as well as TNF-α and MCP1 in the cerebellum (180, 181). Increased levels of TGF-β are key for the development of fibrogenesis in the liver, while increased levels of inflammatory mediators (IL-1β, TNF-α, MCP-1) contribute to increased hepatic inflammation and development of steatosis in alcohol-fed mice (183). Indeed, miR-132 is elevated in the liver of AUD patients with fibrosis/cirrhosis (180). Other alcohol-induced miRNAs contribute to dysregulation of monocyte/macrophage cytokine responses including miR-217 which also regulates TGF-β expression in Kupffer cells of alcohol-fed mice (184), as well as miR291b and miR-181b-3b both of which are negative regulators of the TLR signaling pathway (185, 186).

In addition to their effect on the production of cytokines and chemokines, alcohol-induced miRNAs affect other monocyte/macrophage cell functions including oxidative stress and phagocytosis. Chronic drinking downregulates miR-92a and upregulates miR-130a and miR-301a in mouse alveolar macrophages leading to increased oxidative stress and reduced bacterial phagocytosis (25, 187). Downregulation of miR-92a leads to upregulation of Nox4 (25) while upregulation of miR-130a and miR-301a reduces PPARγ expression leading to increased gene expression of Noxes 1, 2, and 4 (187). Nox upregulation results in increased oxidative stress response and increased production of TGF-β as well as decreased phagocytosis (25, 187, 188). ROS production by Kupffer cells is also upregulated by alcohol-induced miR-217 (184).

Alcohol-induced changes in miRNA expression can modulate macrophage polarization balance. LPS-stimulated Kupffer cells from alcohol-exposed rats show enrichment of miR-125a-5p (189), which inhibits TLR4-dependent signaling pathway and mediator production leading to anti-inflammatory polarization (189). Moreover, miR-27a, which regulates macrophage polarization towards a regulatory profile via IL-10, is downregulated in PBMCs of ethanol-fed NHPs (21) suggesting an alcohol-induced rewiring towards a pro-inflammatory profile.

In addition to regulating gene expression within the cells in which they are generated, miRNAs can be transferred into other target cells via exosomes, thus regulating the function of other cell populations including monocytes and macrophages in a paracrine manner (174, 190, 191). Of note, increased miR-122 levels have been measured in circulating exosomes of chronic alcohol-fed mice (140) and binge-drinking humans (191). miR-122 is liver-specific and is associated with lipid metabolism, stress response, and hepatitis C virus replication (192). In vitro, horizontal transfer of miRNA-122 from ethanol-treated hepatocytes to monocytic cells via exosomes upregulates the production of pro-inflammatory cytokines TNF-α and IL-1β (191). In PBMCs isolated from heavy drinking NHPs, alcohol exposure had a differential effect on several extracellular vesicle (EV)-derived miRNAs that regulate genes with roles in myeloid cell activation and angiogenesis. Gene ontology analyses revealed enrichment of putative target genes to TGF-β receptor signaling, histone, and chromatin modification, response to ROS, and myeloid leukocyte activation. Over-expression of candidates miR-155, miR-154, miR-34c, miR-450a, and miR-204, which are upregulated in EV with alcohol drinking, led to a heightened inflammatory response in PBMCs after stimulation (190).



DNA Methylation

DNA methylation plays an important role in ethanol-mediated dysfunction. In Kupffer cells, alcohol treatment leads to abnormal DNA methylation patterns and upregulation of methyl-transferases DNMT1, DNMT3a, and DNMT3b (193) which in turn hyper-methylate anti-inflammatory mediators, PSTPIP2, SOCS1, and ZSWIM3 leading to their inhibition and inhibition of downstream anti-inflammatory targets and promotion of a pro-inflammatory profile (193). Specifically, downregulation of PSTPIP2 leads to activation of the STAT1 pathway via increased STAT1 phosphorylation. Downregulation of PSTPIP2 also leads to activation of the NF-κB signaling pathway by affecting phosphorylation of p65 and IκBα as well as the nuclear transfer of p65. Activation of these pathways results in increased transcription of pro-inflammatory mediators IL-1β, TNF-α, IL-6, IL-17, and CCL2 and increased protein production of IL-1β, TNF-α, and IL-6. Thus, PSTPIP2 plays a crucial role in macrophage-induced inflammatory responses by regulating the STAT1 and NF-κB signaling pathways (193). In the same chronic-plus-binge mouse model, alcohol exposure also reduces the expression of ZSWIM3 in Kupffer cells due to DNMT3b-induced hypermethylation of ZSWIM3 promoter. Downregulation of ZSWIM3 leads to activation of adaptor protein TRAF2 which plays a crucial role in the activation of the NF-κB signaling pathway resulting in increased transcription of IL-1β, TNF-α, IL-6 and MCP-1 as well as increased protein production of IL-1β, TNF-α and IL-6 (194) thus eliciting a pro-inflammatory phenotype.



Histone Modifications

Chronic alcohol exposure leads to histone modifications that contribute to enhanced pro-inflammatory responses. Sirtuins are NAD+ dependent deacetylases that play a key role in inflammation and oxidative stress. Ethanol metabolism results in a decrease of NAD+ in the liver leading to sirtuin dysregulation. Additionally, alcohol consumption leads to the upregulation of miR-217 and miR-132 in Kupffer cells, which in turn leads to decreased levels of sirtuin SIRT1 (184, 195). Decreased SIRT1 gene and protein expression results in the downregulation of AMPK, an anti-inflammatory regulator, and the upregulation of NF-κB and NFATC4 through H3K9 acetylation. Activation of the NF-κB and NFATC4 signaling pathways results in increased production of pro-inflammatory IL-1β, TNF-α, IL-6 and MCP-1 (184). In addition to sirtuins, other classes of deacetylases have been involved in alcohol-induced effects. Histone deacetylase 11 (HDAC11) is induced in Kupffer cells in a mouse model of ALD via upregulation of miR-155 by alcohol metabolite acetaldehyde that leads to activation of the NF-κB signaling pathway, resulting in reduced expression of anti-inflammatory IL-10 (179). The mechanism of action of HDAC11 in macrophages has been elucidated. HDAC11 binds to the proximal site of the IL-10 promoter and modulates the recruitment of PU.1, Sp1, and STAT3 at late stages of LPS activation (196).

Histone methylation is also affected by alcohol consumption. H3K27me3, mediating epigenetic silencing, is enriched at the TGF-β promoter but reduced at the TNF-α promoter location in Kupffer cells of ACLF patients. Enhancer of zeste homolog 2 (EZH2) catalyzes the methylation of H3K27 loci and increased EZH2 expression and enhanced H3K27me3 are observed in PBMCs of ACLF patients. In addition, in a murine model of liver failure induced by administration of D-galactosamine, upregulation of EZH2 and H3K27me3 in Kupffer cells correlates with upregulation of pro-inflammatory cytokine TNF-α, IL-1β, and IL-6 (197). Furthermore, in splenic macrophages of alcohol-fed NHPs, chronic alcohol affects increased tri-methylation of H3K4, an active promoter mark. In addition, changes in overlapping regions enriched for cis-regulatory inactive enhancer H3K4me1 and active enhancer H3K27Ac are associated with host defense processes including “Immune System Process” and “regulation of cytokine production” in alcohol-exposed splenic macrophages (22).




Chromatin Accessibility

Changes in histone modifications can lead to alterations in chromatin accessibility, resulting in changes in gene expression. Several studies have reported modulation of chromatin accessibility in monocytes and macrophages from alcoholic hepatitis (AH) patients and NHP chronically consuming ethanol leading to enhanced pro-inflammatory gene expression and reduced expression of genes involved in metabolic processes (22, 105, 118). In alveolar macrophages of alcohol-fed NHPs, these dysregulated responses are mediated by increased chromatin accessibility in intergenic regions that regulate inflammatory genes and binding motifs for transcription factors AP-1, IRF8, and NF-κB p-65 and reduced chromatin accessibility of promoters of genes important for endothelium development and cell junction assembly (105). In splenic macrophages of alcohol-fed NHPs, chronic alcohol increases chromatin accessibility of promoters and intergenic enhancer regions that regulate the expression of genes participating in immune activation, cytokine signaling pathways, myeloid cell activation (CD40), and cellular stress responses. Specifically, chronic alcohol increases accessibility in regions regulated by transcription factors involved in oxidative stress (NRF-1, AHR), hypoxia (HIF-1α), and inflammatory responses (NF-κB). Chronic alcohol is also associated with increased chromatin accessibility of genes engaged in inflammatory and immune responses including TLR4, CCL2, C3AR1, and LAMP1 (22).

In addition to its effect on tissue macrophages, chronic heavy alcohol consumption also increases chromatin accessibility at promoter regions that regulate the expression of genes involved in cytokine production and myeloid activation in monocytes of ethanol-fed NHPs, including regions containing binding sites for transcription factors important for monocyte activation and differentiation such as FOS, JUNB and PU.1 (68). Furthermore, studies reported increased accessibility to binding sites for transcription factors CEBP and MAF as well as regions associated with immunoregulatory genes such as PPARG in monocytes isolated from patients with severe AH. In contrast to what has been described for monocytes of heavy drinkers in the absence of liver disease, binding sites for NF-κB, IRF, and STAT1 were less accessible in enhancer regions as was chromatin accessibility in regions associated with genes involved in innate immune response, antigen presentation and cytokine secretion in monocytes obtained from patients with AH (118).




Impact of Aud on Bone Marrow Myeloid Progenitors

Monocytes develop continuously in the bone marrow from CD34+ hematopoietic stem and progenitor cells via increasingly restricted lineage-committed progenitors (10, 11). Inflammation and infection can affect monocyte production and induce emergency monopoiesis in the bone marrow (10, 198). AUD patients suffer from blood cell disorders including lymphopenia, anemia, and thrombocytopenia (199–203). In addition, almost half of alcoholics have foamy macrophages due to the storage of alcohol-induced lipids in the cytoplasm (204). Hemostasis is also perturbed in ALD, due to alcohol’s effects on the platelets leading to an increased risk of disseminated intravascular coagulation (205). These defects suggest that alcohol exposure impacts bone marrow progenitor cell populations and hematopoiesis in humans. Alcohol-induced effects on the myeloid progenitor compartment are wide-ranging, impacting hematopoietic precursor cell activation and differentiation as well as genes involved in inflammatory and metabolic responses. Multiple bone marrow precursor cell populations are affected by chronic alcohol, including erythrocytes and granulocytes where vacuolization is induced. This damage appears within a week of heavy drinking but is reversible (205).

Mice exposed to acute alcohol and infected with E.coli have a reduced number of bone marrow myeloid progenitor cells and alcohol treatment prevents switching to granulocyte phenotype. Furthermore, alcohol exposure increases the bacterial burden and mortality of E.coli-infected mice (206). In a chronic plus binge mouse model, alcohol administration triggers the release of granulocytes from the bone marrow compartment, resulting in a reduction of the granulocyte reserve in the marrow concomitant with an elevation of granulocytes in the circulation. This phenomenon is enhanced further following bacteremia, where alcohol impairs activation of granulopoietic precursor proliferation and response to LPS stimulation (207). These findings were confirmed in NHPs, where chronic alcohol exposure reduces the number of primitive hematopoietic stem and progenitor cells in the bone marrow and impairs their ability to proliferate and differentiate towards erythroid and granulocyte-monocyte cells (208). In addition, alcohol exposure leads to remodeling of the bone marrow niche and these alterations persisted after 1-month abstinence thus indicating that the effects of alcohol are long-lived (208) and may involve epigenetic rewiring of progenitor cells.



Conclusion

In summary, chronic alcohol consumption leads to a hyper-inflammatory response with heightened cytokine, chemokine, and ROS production concomitantly with decreased microbial and wound healing responses in circulating monocytes and tissue-resident macrophages. This profile is due to alcohol’s interference with the fundamental processes of epigenetic regulation at the transcriptome level.
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Alcohol use is known to alter the function of both innate and adaptive immune cells, such as neutrophils, macrophages, B cells, and T cells. Immune dysfunction has been associated with alcohol-induced end-organ damage. The role of innate lymphocytes in alcohol-associated pathogenesis has become a focus of research, as liver-resident natural killer (NK) cells were found to play an important role in alcohol-associated liver damage pathogenesis. Innate lymphocytes play a critical role in immunity and homeostasis; they are necessary for an optimal host response against insults including infections and cancer. However, the role of innate lymphocytes, including NK cells, natural killer T (NKT) cells, mucosal associated invariant T (MAIT) cells, gamma delta T cells, and innate lymphoid cells (ILCs) type 1–3, remains ill-defined in the context of alcohol-induced end-organ damage. Innate-like B lymphocytes including marginal zone B cells and B-1 cells have also been identified; however, this review will address the effects of alcohol misuse on innate T lymphocytes, as well as the consequences of innate T-lymphocyte dysfunction on alcohol-induced tissue damage.
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Introduction

A complete immune response requires optimal and timely responses from both tissue-resident and circulating immune cell populations. Innate immune cells are often found in peripheral tissues and respond to various infectious challenges, cancers, and allergens through the expression of toll-like receptors (TLRs) and limit tissue injury via the production of a wide variety of TLR-dependent effectors. However, there is a growing appreciation and understanding of the scope and diversity of tissue-resident lymphocytes in peripheral organs, which suggests that myeloid cells may not be the primary, or only, immune response prior to the initiation of classical adaptive immunity (1). Innate lymphocytes are broken into two distinct groups: innate lymphoid cells (ILCs) and innate-like T lymphocytes. Innate lymphocytes have been shown to mediate normal host immune responses to various infectious challenges, cancers, and allergens, as well as provide immune regulatory and modulatory effects. Currently, ILCs are classified into five subsets within three major groups: natural killer (NK) cells, ILC1 (group 1), ILC2 (group 2), and ILC3 and LTi cells (group 3) (1). Innate-like T lymphocytes or unconventional T cells are typically classified as gamma delta (γδ) T cells, mucosal associated invariant T cells (MAIT), natural killer T cells (NKT), and invariant natural killer T cells (iNKT) and, similar to ILCs, mediate both immune responses and homeostasis (1). This review will address our current knowledge regarding the effects of alcohol misuse on these innate and innate-like lymphocytes (Figure 1), as well as the consequences of innate lymphocyte dysfunction on alcohol-induced end-organ damage.




Figure 1 | An overview of innate and innate-like immune cells examined in this review.





Innate lymphocytes: Role and function in immune homeostasis


Innate lymphoid cells

ILCs utilize a variety of germline-encoded activating and inhibitory receptors, as opposed to conventional lymphocytes which express rearranged antigen receptors (2). ILCs are primarily located at epithelial barrier surfaces (i.e., intestine, lung, and skin) but can also be identified in lymphoid and other non-lymphoid tissues (3). ILCs are often classified based on their expression of transcription factors, cell surface markers, cytokines, and effector molecules. Following tissue injury due to infection or inflammation, as well as perturbation to the intestinal commensal microbiota, ILCs produce both proinflammatory and regulatory cytokines to combat the tissue insult (1, 3, 4). Nearly every organ has associated tissue-specific ILCs, which attests to their ability to support many critical functions necessary for immune homeostasis.


Group 1 ILCs

NK cells and type 1 ILCs (ILC1), which are defined based on the secretion of interferon (IFN)-γ, are the prototypical group 1 ILC. Group 1 ILCs are highly responsive to interleukin IL-15, IL-18, and IL-12 and are typically characterized by the expression of the surface receptors NKp46 and NK1.1 (mice) or CD56 (humans) (5). ILC1s are often considered to be more tissue specific/resident than NK cells and express higher levels of CD103, CD49a, and CD69, all of which are considered markers of tissue residency (1). Conversely, NK cells typically express surface markers that facilitate circulation, such as CCR7, S1PR, and CD62L (6). Likewise, NK cells are more cytolytic than ILC1s, as they have a higher expression of both perforin and granzymes (7). However, ILC1s also have the potential to be cytolytic via the production of the tumor necrosis factor-related apoptosis-inducing ligand. Innate lymphoid cell precursor (ILCP) differentiation into ILC1 requires the transcription factors T-bet and Hobit (8, 9); conversely, differentiation of precursor NK cells into mature NK cells is dependent on the transcription factors Eomes and T-bet (10). While these transcription factors are widely accepted for cellular development in rodents, the transcriptional profile for human ILC1s and NK-cell development is less defined. Eome expression is found in intestinal intraepithelial ILC1s (11) but, until recently, was not believed to contribute to liver-resident NK cells (12). Interestingly, however, it has been shown in humans that a liver-resident Eomeshi NK-cell population does exist (13). In fact, it appears that Eomes expression in humans is a factor for NK retention. Cuff et al. examined liver transplants from donors which were HLA mismatched (HLA-A2 or HLA-A3 mismatches). This allowed them to distinguish between donor liver–derived and recipient-derived leucocytes via antibody staining for the specific donor-recipient HLA mismatch. They found that Eomeslo NK cells circulate freely whereas Eomeshi NK cells were only observed in the liver and not found in blood samples. Cuff et al. went to further establish that liver NK-cell replenishment from the circulation can occur, possibly via Eomeslo NK cells being induced to upregulate Eomes expression. These data suggest that Eomeshi expression may be a characteristic of mature liver NK cells; however, the role of Eomes expression in NK development remains clouded. For example, some authors have described Eomes expression as part of NK-cell development but have also argued that the Eomeshi state is associated with immature NK cells. They argue instead that mature NK cells are more associated with an abundance of T-bet (14). Whatever the case may be, NK cells and ILC1s are best known for their critical role in the normal immune responses to viral infection through secretion of IFN-γ.



Group 2 ILCs

The secretion of the classical type-2 cytokines amphiregulin, IL-13, IL-9, and IL-5 in response to IL-33, IL-25, and TSLP secreted by parenchymal cells is one key defining feature of group 2 ILCs (3, 4, 15). ILC2s are also classically defined by the expression of CRTH2, KLRG1, ST2, and CD25 (16, 17). Interestingly, the expression of CD44 and CD161 on ILC2 seems to differ between mice and humans, as mouse ILC2s are CD44+ CD161-, while human ILC2s are CD44- CD161+ (18). Differentiation from ILCPs into mature ILC2s depends on the transcription factors GATA3 (also required for effector function), RORα, and TCF-1 (19–23). Recently, ILC2s have been sub-characterized via their ability to respond to IL-33 (natural ILC2s) and IL-25 (inflammatory ILC2s), or their ability to secrete IL-10 (ILC210) (24–26). The ILC2-mediated secretion of IL-13 and amphiregulin is critical for the repair of tissue damage following helminth or viral infections. IL-13 is also important for host-mediated removal of helminths.



Group 3 ILCs

Group 3 ILCs (innate counterparts of Th17 T cells) typically produce IL-22 and IL-17A following activation by IL-1β and IL-23. Furthermore, ILC3 can also secrete TNF-α and GM-CSF in response to stimulation (27, 28). ILC3 development from ILCPs is primarily driven by three key transcription factors: 1) aryl hydrocarbon receptor (AhR), 2) promyelocytic leukemia zinc finger (PLZF), and 3) retinoid-related orphan receptor γt (RORγt) (29–31). Similarly, lymphoid tissue inducer (LTi) cells, a unique subtype of ILC3s, also require RORγt for differentiation and similarly produce the cytokines IL-22 and IL-17; however, PLZF in not necessary for development (30). Similarly, ILC3s are classified by their expression of NKp46, CD127, c-Kit, and CCR6. However, in mice CCR6+NKp46− LTi cells as well as CCR6−NKp46− and CCR6−NKp46+ ILC3 cells have also been described. ILC3 through the production of IL-22 play an integral role in immune homeostasis, by stimulating antimicrobial peptide production by epithelial cells and goblet cell mucus secretion, both of which support barrier integrity. Additionally, the ILC3 secretion of IL-17 and GM-CSF promotes granulopoiesis, the production of neutrophil chemoattractant (32), as well as the generation and survival of myeloid cells, and tolerogenic T cells (27).




Innate-like T lymphocytes

Alongside ILCs, innate-like T lymphocytes participate in host defense against tissue damage or pathogenic insult prior to the adaptive immune response. Unconventional T-cell subsets express restricted T-cell receptor (TCR) sequences. Consequently, unconventional T-cell stimulation occurs independent of the classical major histocompatibility complex (MHC) I and II-dependent presentation of microbial components and/or antigens (33). Like ILCs, the classification of unconventional T cells depends on cytokines, effector molecules, transcription factors, and surface markers (Table 1). Growing evidence supports an important role of unconventional T cells in the early immune response by providing an immediate cellular response and facilitating conventional T-cell responses (33).


Table 1 | Innate-like immune cells: recognized surface markers, effectors, and transcription regulators.




Natural killer T cells and invariant natural killer T cells

Presentation of lipid antigens via CD1d is the major defining characteristic of NKT cells. NKT cells are classically subdivided into two distinct populations based on the expression of different TCR alpha chains (38–41). Type 1 NKT cells (iNKT cells) express an invariant TCRα chain and a limited TCRβ profile. Human iNKT cells typically express the TCRα chain Vα24-Jα18, while iNKT cells from mice expresses the TCRα chain Vα14-Jα18. NKT cells also possess cytotoxic capabilities due to the expression of perforin, CD95/CD95 L, and TNF (42). Conversely, type 2 NKT cells express an expanded TCRα and TCRβ profile (40, 43). Alpha-galactosylceramide (α-GalCer), a ceramide lipid attached to a polar galactose head, is a model CD1d antigen. iNKT cells react and expand rapidly in response to α-GalCer, which drives iNKT cells to a classical effector status characterized by the production of key immunoregulatory cytokines. Non-lipid antigen-specific responses in iNKT cells have also been reported; however, most iNKT cells drive innate and adaptive immune responses via tumor necrosis factor-α (TNF-α), IFN-γ, IL-17, and IL-4-mediated activation of antigen-presenting cells (APCs). Finally, iNKT cells can also be characterized based on specific cytokines and transcription factors unique to each subset. Specifically, iNKT cells are often subdivided into the following groups: 1) iNKT1 cells, which utilize T-bet and secrete IFN-γ, 2) iNKT2 cells, which are GATA-3 expressing and IL-4 secreting, and 3) iNKT17 cells, which are dependent of RORγt expression and produce IL-17 (44).



Mucosal associated invariant T cells

MAIT cells co-express a semi-invariant TCR alpha (α) and beta (β) chain and CD161. In humans, TCR Vα 7.2-Jα 33/12/20 and Vβ2/13 are the most common TCR αβ chains, while in mice TCR Vα 19-Jα 33 paired with Vβ6/20 classically defines MAIT cells (45, 46). Recognition of vitamin B (riboflavin and folic acid) metabolites via presentation through the highly conserved MHC class I-related molecule 1 (MR1) is widely viewed as one of the, if not the, main characteristic of MAIT cells. Upon stimulation, MAIT cells rapidly secrete IFN-γ, TNF-α, IL-2, and IL-17, as well as exhibit cytotoxic effects (45, 47–53). In addition to classical MAIT-cell activation via MR1 ligands, MAIT cells can be alternatively activated via IL-15, IL-18, and IL-12 without TCR engagement (54–56). RORγt and PLZF are the two key transcription factors for MAIT-cell development (57, 58). Interestingly, there appear to be tissue-specific populations of MAIT cells. For example, MAIT cells derived from the liver generally have higher levels of the tissue residency markers CD69 and CD103, as well as markers of cellular activation CD56, CD38, PD-1, and NKG2D, under normal physiological conditions (54, 55, 59). MAIT cells facilitate immune regulation both during normal physiological conditions and during pathogenic or antigenic insult.



Gamma delta T cells

γδ T cells represent a unique subset of unconventional T cells, as they exhibit characteristics of both innate and adaptive immune cells. For example, following insult γδ T cells respond rapidly and do not require clonal selection or TCR recognition-mediated differentiation (60). Additionally, γδ T cells can be further characterized into distinct populations based on their TCRδ chain expression. γδ T cells that express either the Vδ1 or Vδ2 TCR chain are the two most common populations. These γδ T-cell subsets seem to also display a tissue-specific tropic behavior. Vδ2+ γδ T cells are mainly located in the circulatory system, while Vδ1+ γδ T cells are primarily mucosal-associated (61). Vδ1+ γδ T cells are also long-lived cells that exhibit low levels of CD27 and high levels of granzyme B and CX3CR1 (62). In addition, Vδ1+ γδ T cells also retain their proliferative capacity and TCR sensitivity (62). Likewise, Vδ1+ γδ T cells secrete IFN-γ and TNF-α, as well as perforin and granzyme B following TCR or CD1d stimulation (60, 62, 63). Recently, Vδ3+ γδ T cells have been described and were found to be enriched with hepatic tissues. These cells are activated by CD1d stimulation, which drives the production of Th1, Th2, and Th17 cytokines. These cells were also demonstrated to exhibit cytotoxic activity (64). γδ T cells play an important role in host defense, especially within mucosal-associated tissues.





Innate lymphocytes: The effects of alcohol misuse

Alcohol use is known to alter the number and function of immune cells, such as macrophages, neutrophils, and T cells. This also appears to be true for innate lymphocytes (Table 2). Immune dysfunction has been associated with alcohol-induced end-organ damage (Figure 2). However, the role of innate lymphocytes remains ill-defined in the context of alcohol-induced end-organ damage. Below, we will highlight our current understanding of the effects of alcohol on innate lymphocyte populations.


Table 2 | Innate-like immune cells: their function and known alcohol-related impairments.






Figure 2 | Examples of alcohol related organ injury with potential influences from the innate-like immune system. Many tissues rely on processes regulated by innate-like immune signaling to maintain homeostasis. Alcohol can perturb homeostasis by interfering with signal release (ex. decrease in IL-22 release by ILC-3 cells), by depleting or activating regulatory cells (ex. maturation of iNKT and inactivation of NK cells following alcohol exposure) or by interfering with effector cell function. Little has been rigorously established about how broad changes in the innate-like immune system result in tissue damage. However, we can make some informed inferences. Depletion of signals like IL-22 could facilitate injury in tissues like the lungs and small intestines (2, 5) because IL-22 is a fundamental mediator of inflammation, mucous production and tissue regeneration. During necrotic alcohol-associated tissue injuries (3, 4), there is often tissue infiltration by cytolytic elements including NK cells. In a healthy individual, the activity of these cytotoxic elements is kept in check by cytokine signaling by innate-like including iNKT cells. However, alcohol exposure can dysregulate this signaling and periods of hypo- and hyperactive cytolytic activity may result.




Innate lymphoid cells


Group 1 ILCs

Chronic alcohol consumption has been demonstrated to decrease the abundance and function of NK cells in the periphery (65). Zhang et al. demonstrated that following chronic alcohol exposure, NK cells are arrested in their development at the CD27+CD11b+ stage (Figure 3). Further, cytotoxic NK cells (cNK) appear to accumulate in the bone marrow with a corresponding drop in the number of cNK cells in tissues (i.e., the spleen, lung, liver, and lymph nodes). Given that cNK cells produce IFN-γ and the cytotoxic effector molecules perforin and granzyme B, it is likely that the impairment of cNK maturation alters the release of IFN-γ and cytotoxic effector molecules, which has further downstream effects/impairments in other components of the innate immune system. Importantly, treatment with IL-15 and IL-15Rα restores the alcohol-mediated impairment of cNK development and maturation. This finding implies that the deleterious effects of alcohol might be traced to an impairment of upstream cells/pathways critical for the secretion of IL-15. For example, IL-15-producing CD11chi cells in the spleen are significantly decreased following chronic alcohol consumption. However, IL-15 can be produced from a variety of different cells including intestinal epithelial cells, thymic epithelial cells, keratinocytes, macrophages, and dendritic cells (80).




Figure 3 | The interplay between iNKT cells and NK cells appears central to the pathogenesis of hepatic steatosis and other aspects of alcoholic liver disease. Mature NK cells appear to oppose hepatic steatosis, but also facilitate tissue injury through cytotoxic activity (1). Acutely, NK activity is thought to be beneficial; NK cells release IFN-γ which downregulates a variety of lipogenic and fatty uptake genes (2). NK cells can also promote beneficial remodeling and regeneration of the liver. Chronically however, over activation of NK cells may contribute to liver injury (3). Alcohol can perturb the iNKT/NK cell balance, favoring iNKT cell maturation while suppressing the maturation of NK cells (3). This change can be achieved through a variety of possible mechanisms. For example, ethanol impairs the release of IL-15 which promotes the maturation of NK cells (4). Ethanol can also promote the release of IL-10 from iNKT cells which will suppress NK activity (5).



Mice depleted of NK cells by anti-AsGM1 antibody treatment displayed increased hepatic triglyceride levels and decreased serum alanine aminotransferase (ALT) levels following chronic ethanol exposure in mice, suggesting that NK cells mediate, in part, liver steatosis and injury. These data are also consistent with research that suggests that NK activation is beneficial in the short run, by increasing host defense against fibrosis and hepatic steatosis through selective cytotoxic activity. However, it is clear that chronic NK-cell activation contributes to liver damage (81). Cui et al. argued that the hepato-specific effects of NK cells were partially mediated by IFN-γ. IFN-γ downregulated the expression of several genes related to lipogenesis and fatty uptake including Srebp-1, Fas, Acc, Gpat, Scd1, and Fat (82). In addition, IFN-γ genetic knockout mice exhibited significantly more severe steatosis than WT mice. Finally, in recent work from our group we found that mice fed a binge-on-chronic ethanol diet exhibited reduced recruitment of NK cells and T cells to the lungs in response to bacterial pneumonia compared to control mice (83). Importantly, indole or probiotics supplementation restored pulmonary immune cell recruitment (NK cells and T cells) to the lungs of alcohol-fed mice and was dependent on AhR signaling, suggesting that alcohol-mediated intestinal dysbiosis and loss of specific microbial metabolites impairs recruitment of NK cells and T cells to the lungs to combat pathogenic insult (83). While NK-cell numbers and function are detrimentally affected by alcohol, it does not appear to affect the frequency of group I ILC.

In summary, alcohol arrests the development of NK cells in CD27+CD11b+ which could contribute to systemic dysregulation via interference with NK-driven IFN-γ signaling. Such dysregulation can contribute to the development of alcoholic liver disease, and studies on the depletion of cNK cells (via the anti-AsGM1 antibody) show increased steatohepatitis. Interestingly, NK-cell maturation can be rescued by the administration of IL-15 which suggests that IL-15 signaling is disrupted following alcohol administration. However, we have not rigorously identified which specific IL-15 producers are involved.



Group 2 ILCs

To our knowledge, there are no studies that have evaluated the effects of alcohol on ILC2 cells in any tissue. However, it is likely that ILC2s are affected by alcohol and contribute to alcohol-induced end-organ damage. ILC2 are critically important for type 2 inflammation and the regulation of normal host physiological responses, such as eosinophil and mast-cell recruitment, mucus accumulation, smooth-muscle hypercontractility, goblet-cell metaplasia, and the differentiation of macrophages toward an M2 phenotype. Alcohol is known to impair goblet-cell metaplasia and mucus accumulation (84–86), smooth-muscle hypercontractility (87), eosinophil and mast-cell recruitment (88–90), and alternative macrophage activation (91, 92). It follows that ILC2 dysregulation may contribute to alcohol-induced impairment of these processes. However, the role of ILC2 cells in these processes in the context of alcohol use is unknown and primed for future research.



Group 3 ILCs

While ILC3s have become a hot topic in immune research, little is known about the role of ILC3 in alcohol-induced end-organ damage. However, this is an ever-growing interest in the field. To date, only one study has examined the effects of alcohol on ILC3. Specifically, ethanol feeding was found to impair IL-22 production by ILC3s in the gastrointestinal tract (69). Loss of ILC3-mediated IL-22 production was driven by alcohol-associated dysbiosis and reduced levels of indole-3-acetic acid (I3AA). Noteworthily, supplementation of alcohol-fed mice with I3AA protected mice from steatohepatitis via increased expression of IL-22 and REG3G, as well as decreased bacterial translocation to the liver (69). Given that the importance of ILC3 in immune homeostasis is continually expanding, it is likely that ILC3 dysregulation may be a contributing factor during alcohol-induced end-organ damage. However, the role of ILC3 cells in the context of alcohol use is still understudied and primed for future research.




Innate-like T lymphocytes


NKT and iNKT cells

The effects of alcohol on traditional NK (discussed above), NKT, and iNKT cells are the most well studied of effects on innate lymphocyte populations. However, given the ever-growing role and understanding of innate lymphocytes, even our knowledge of the effects of alcohol on these cell types is most likely in its infancy. Further, there are differences in the effects of acute and chronic alcohol consumption and there are likely subtle differences in the effects of alcohol across specific iNKT subsets. Broadly speaking, alcohol appears to increase immature iNKT-cell proliferation and maturation in the thymus with a corresponding increase in IFN-γ-producing iNKT-1 cells (65). In vivo, this facilitates a Th1-dominant immune response. This activation is interesting as it contrasts strongly to the inhibitory effects that alcohol exhibits on NK cells (discussed above).

Some have hypothesized that NK and iNKT cells may be interlinked through a system of contra-regulation (71). A significant fraction of iNKT cells produce interleukin-10 (IL-10). IL-10 is an interleukin known to antagonize the action of NK cells (72). For example, in contrast to NK-cell activity, iNKT cells promote hepatic steatosis by inhibiting the accumulation of NK cells and the release of IFN-γ (71). In addition, Jα18-/- mice (a knockout model deficient in iNKT cells) demonstrated significantly higher levels of total NK-cell count and IFN-γ release following alcohol exposure, while WT mice exhibited a loss of total NK cells and IFN-γ. Likewise, iNKT-deficient Jα18-/- mice appeared relatively protected from hepatic steatosis, but if these mice were also depleted of their NK cells by using the anti-AsGM1 antibody, alcoholic liver injury steatosis was significantly aggravated. Further, hepatic IL-10 was significantly upregulated, but no changes in TGF-β or IL-4 were noted. As noted above, iNKT cells are known for generating IL-10, which can inhibit NK activation and recruitment. In support of this cross talk, steatosis and liver damage were also alleviated in IL-10 KO mice, presumably via the suppression of NK cells.

In summary, alcohol enhances the development of iNKT cells, which promotes a Th1-dominant immune response. The extent to which the altered abundance of iNKT alters host health is unclear. However, dysregulation of iNKT may account for reports of alcohol-related signaling dysfunction involving IL-10 and other iNKT-derived cytokines. There is also evidence that increased iNKT activity promotes alcohol steatosis.



MAIT cells

Alcohol consumption influences MAIT-cell numbers and function through a variety of mechanisms. For example, chronic alcohol use is associated with impaired intestinal transport of riboflavin, as well as other B vitamins (93), which likely contributes to MAIT-cell depletion following chronic alcohol consumption. Work done by Zhang et al. demonstrates that there is a decrease in the abundance of MAIT cells in subjects with chronic alcoholic liver disease (78). Changes in MAIT-cell numbers also appear to depend on chronic ethanol consumption, as changes in MAIT-cell numbers were not observed following short-term binge drinking or short-term abstinence. Furthermore, the levels of peripheral MAIT cells were decreased and exhibited reduced antibacterial activity in subjects with alcoholic cirrhosis or severe alcoholic hepatitis (79). The hepatic expressions of the key transcription factors RORγt, PLZF, and Eomes were all reduced in subjects with severe alcoholic hepatitis (79).

Although alcohol can directly affect immune cells, it is worth noting that alcohol-related effects on intestinal bacterial antigens and/or metabolites, independent of ethanol, can deplete MAIT cells (79), which suggests that impairment in hepatic and circulating MAIT cells in patients with severe alcoholic hepatis is more likely due to chronic exposure to bacteria than to alcohol. Recent studies from our group have found that the number of MAIT cells in the mucosal tissues was significantly decreased in mice following binge-on-chronic alcohol feeding (47). However, CD69 expression was increased following alcohol feeding. Interestingly, the expression levels of Th1-specific cytokines and transcription factors were tissue specific. Th1-specific responses were decreased in the intestinal tract but enhanced in the lung and liver (47). Like previous studies which found a critical association of the gut microbiota with MAIT cells, we found that transplantation of the fecal microbiota from alcohol-fed mice into alcohol-naïve mice resulted in a MAIT-cell profile similar to those seen in our alcohol-feeding model (47). Importantly, the differences observed between MAIT cells from alcohol- and control-fed mice were mitigated by antibiotic treatment. Further, in subjects with alcohol-associated liver disease, as well as in rodent ethanol-feeding models, there is increased intestinal permeability with systemic distribution of bacterial products, such as LPS and bacterially derived riboflavin (94, 95). Riboflavin is known to activate MAIT cells, at least in the short term; however, long-term exposure may lead to MAIT-cell exhaustion, which has been reported in chronic conditions like HIV (96, 97).

In summary, alcohol decreases the function and abundance of MAIT cells. However, these deficiencies are not caused solely by the direct effects of alcohol and its metabolites on the eukaryotic cells of the host. Rather, it appears that alcohol-related changes to the microbiota can produce MAIT-cell dysfunction independent and in addition to changes caused directly by alcohol.



γδ T cells

Like ILC3 cells, there is a paucity of data regarding the effects of alcohol on γδ T cells. Currently, the effects of alcohol on dermal immunological responses, particularly γδ T cells, are the most well characterized. In a murine model, chronic EtOH feeding leads to a loss of specific subsets of dermal T cells, including Foxp3+ regulatory T cells and both CD3hiVγ3+ and CD3intVγ3-γδ T cells (73). EtOH was also correlated with an impaired functional capacity of dermal γδ T cells (the prototypical dermal cells that produce IL-17). Precisely, IL-17 production following anti-CD3 stimulation was significantly reduced in dermal γδ T cells (73). Further, lymph node-associated γδ T cells isolated from EtOH-fed mice also exhibited diminished IL-17 production following stimulation (73). In similar studies, hepatic IL-17A production was found to be cell type specific depending on alcohol exposure. In alcohol-naïve mice, IL-17 is produced primarily by hepatic γδ T cells. However, following acute-on-chronic EtOH consumption, the secretion of IL-17A was shifted to a more CD4+ T-cell mediated response (74). Noteworthily, these results were not seen in TLR3 KO or Kupffer cell-depleted mice, which suggest that TLR3 activation in Kupffer cells leads to an elevated IL-1β expression, thus driving IL-17A secretion by γδ T cells early during alcohol-associated liver disease and increased CD4+ T-cell secretion of IL-17A during the end stage of alcohol-associated liver disease (74).





Discussion

Alcohol is known to impair immune function and perturb immune homeostasis. It follows that organ systems which rely on immune signaling for proper functioning are also impaired.  Some systems, like the nervous system may be altered in subtle ways that alter behavior (75). In contrast, systems which directly encounter pathogens from the environment can become more susceptible to infection and injury (76, 77). However, our understanding of the mechanisms by which this occurs remains in its infancy. Multiple researchers have reported that alcohol use can deplete critical cell subpopulations, by impairing cell maturation and chemotaxis. The depletion of these cells can propagate multiple deleterious effects. For example, a depletion of NK cells (cytotoxic, IFN-γ secreting) would be expected to impair immune responses reliant on cytotoxicity; however, NK depletion would also be expected to impact tissue IFN-γ levels and thereby attenuate responses by the adaptive and innate arms of the immune system. Examples of cell depletion and signaling disruption have been reported for many types of innate immune cells. However, it is also worth recognizing that alcohol and alcohol-related metabolites can interact with a variety of lymphocytes in nuanced ways through mechanisms other than cellular depletion. Some cell types, such as MAIT cells, may be mediated through indirect pathways that involve the microbiota. This review was primarily concerned with innate-like T lymphocytes, and therefore, we emphasized examples like the observation that alcohol increases iNKT IL-10 secretion. Consider however that IL-10 signaling is also heavily utilized by innate-like B cells, a group important for IgM and as the first line of defense against infection (98). It would be worth exploring the effects of alcohol on these cells, both in their secretion of IL-10 and in their ability to repel infection. At the time of this review, we found little research discussing the effects of alcohol on innate-like B cells. Overall, research on the effect of alcohol on all innate-like lymphocytes remains underdeveloped.
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Introduction

People with hazardous alcohol use are more susceptible to viral, bacterial, and fungal infections due to the effect of alcohol on immune system cell function. Metabolized ethanol reduces NAD+ to NADH, affecting critical metabolic pathways. Here, our aim was to investigate whether alcohol is metabolized by bone marrow cells and if it impacts the metabolic pathways of leukocyte progenitor cells. This is said to lead to a qualitative and quantitative alteration of key metabolites which may be related to the immune response.





Methods

We addressed this aim by using C57BL/6 mice under chronic ethanol administration and evaluating the metabolomic profile of bone marrow total cells by gas chromatography–coupled mass spectrometry (GC–MS).





Results

We identified 19 metabolites. Our data demonstrated that chronic ethanol administration alters the metabolomic profile in the bone marrow, resulting in a statistically diminished abundance of five metabolites in ethanol-treated animals: uracil, succinate, proline, nicotinamide, and tyrosine.





Discussion

Our results demonstrate for the first time in the literature the effects of alcohol consumption on the metabolome content of hematopoietic tissue and open a wide range of further studies to investigate mechanisms by which alcohol compromises the cellular function of the immune system.
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1 Introduction

Alcohol use disorder (AUD) is characterized by an impaired ability to stop or control alcohol use, despite adverse social, occupational, or health consequences. AUD is one of the most common psychiatric disorders and is a leading cause of mortality worldwide (1).

Considerable evidence indicates that alcohol abuse results in clinical abnormalities of the immune system (2, 3). Hematopoietic stem cells differentiate into myeloid progenitor cells, which are the precursor cells of granulocytes, the major type of phagocyte, constituting the front line of innate immune defense (4, 5).

Multiple lines of clinical and experimental evidence demonstrate that chronic alcohol consumption is linked to increased risks of infections, such as pneumonia. This effect has been related to alcohol’s effect on the immune system (6, 7), such as alterations in the production of bone marrow immune cells and impairment of their effector functions (3, 5).

Although there is a vast literature describing the effect of alcohol on the immune system (2, 3), there is a limitation in our understanding of the effect of alcohol on the bone marrow, and it is not known whether the cells of this system are affected by alcohol in the bloodstream or if this deleterious effect occurs inside the bone marrow microenvironment.

The majority of ingested alcohol is metabolized in the liver by hepatocytes, but immune cells such as macrophages and neutrophils can also metabolize it (8). Regardless of cell type, alcohol metabolism involves the action of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH2). The ADH enzyme is present in the cytoplasm of cells and is responsible for the oxidation reaction of ethanol that results in acetaldehyde. ADH2 is present in the mitochondria and converts acetaldehyde to acetate. These reactions involve the reduction of nicotinamide adenine dinucleotide (NAD+) to NADH, increasing the NADH : NAD+ ratio, and leading to a cellular environment vulnerable to damages caused by metabolites and adducts from ethanol metabolism and reactive oxygen species (ROS) (9).

The NADH : NAD+ ratio is an important parameter for the maintenance of several metabolic enzymes, and its disbalance is known to disturb cell metabolism (10), such as decreased glycolysis (11), decreased Krebs cycle (12, 13), and decreased gluconeogenesis (13, 14).

Immune cells have distinct metabolic configurations that allow them to balance energy demands and molecular biosynthesis. However, beyond that, it is now becoming clear that cellular metabolism has direct roles in regulating immune cell function, and disturbances in these metabolic configurations limit the functionality of these cells (15–17). The field of immunometabolism has advanced our understanding of how cell metabolism plays a central role in cell function, such as phagocytosis, ROS production, cell differentiation/maturation, and consequent host defenses (18–20).

In this study, we applied a metabolomic approach using gas chromatography–mass spectrometry (GC–MS) to characterize metabolic changes in the bone marrow microenvironment to test the hypothesis that alcohol could change metabolic pathways in the bone marrow and leukocyte progenitor cells, leading to a qualitative and quantitative alteration of metabolites that may be directly or indirectly related to the immune response.

We obtained a snapshot of the distinct changes in the metabolite composition of bone marrow cellular content in mice chronically exposed to ethanol. The identified metabolites suggest that chronic alcohol consumption would disrupt several metabolic pathways, such as glycolysis, the Krebs cycle, and amino acid synthesis, that could interfere with immune cell function.

Our results represent the first step toward understanding the dysfunction of the immune system due to alcohol consumption because of bone marrow microenvironment alteration of metabolite content.




2 Methods



2.1 Ethics statement and mouse model of chronic ethanol consumption

Animal experiments received approval from the Animal Ethics Committee (CEUA) of the Universidad Federal de Minas Gerais (UFMG), Brazil (Protocol 337/2018), which is in accordance with Brazilian guidelines (CONCEA) and international standards. Six-week-old male C57BL/6J mice were divided into EtOH and H2O groups and maintained in specific pathogen-free conditions. Animals in the EtOH group received ethanol at a rate of 5% (v/v) in the first week, followed by 10% (v/v) in the second week, and were treated for 10 weeks with 20% (v/v) of ethanol in their drinking water. The H2O group received water. This model, standardized by Yeligar et al. (21), generates similar blood alcohol levels to those observed in humans under chronic consumption.




2.2 Sample preparation for flow cytometry

Bone marrow was harvested from the femurs of six animals in each group using 0.5% BSA in 1× phosphate buffered saline (PBS). A sample for the ethanol group was lost during analysis. Total bone marrow cells were subjected to hypotonic lysis to remove residual erythrocytes. The samples were filtered in a 40 μm cell strainer, centrifuged, resuspended in 0.5% BSA in 1× PBS, fixed with 1× PBS solution containing 4% formaldehyde for 20 min, and then the cells in 0.5% BSA in 1× PBS were subjected to flow cytometry analysis on the FACSCanto II cytometer (Becton Dickinson). The relevant population was gated using accepted criteria for cell complexity and size, excluding debris and singlets (Supplementary Figure 1). FSC and SSC plots were assessed using FlowJo software (Tree Star, Ashland, OR, USA). Graphing and statistical analyses were performed using GraphPad Prism 8. Differences between different groups were analyzed by a student t-test.




2.3 Sample preparation for GC–MS

Approximately 3 × 107 total bone marrow cells were obtained from three animals pooling samples for each group (H2O and EtOH) (n = 8 pools per group). Bone marrow was harvested from the femur and tibia using phosphate buffered saline (PBS). Red blood cells were lysed by osmotic shock. Metabolic quenching was performed using a cooling bath (dry ice/alcohol), and samples containing 1 × 107 cells were centrifuged for 10 min at 225g at 4°C, and the completely dry cell pellet was stored in a −80°C freezer for further extraction of metabolites.




2.4 Metabolite extraction and GC–MS system

Metabolite extraction was performed according to modifications to the protocol described by Canuto et al. (22). Technical replicates of 1 × 107 bone marrow cells were produced. Metabolites were extracted with 300 μl of extraction solvent containing methanol:chloroform:water 1:3:1 (v/v/v) followed by 2 min in a vortex mixer, four cycles of freezing and thawing in liquid nitrogen, and centrifugation for 10 min at 16,000g at 4°C. The entire supernatant was transferred to the glass insert and completely dried in the vacuum concentrator SpeedVac at 35°C.

Methoximation was performed by adding 20 μl of methoxyamine to pyridine (15 mg/ml). The vials were placed in an ultrasound bath for 10 s, followed by vigorous vortexing for 10 s. The samples were then incubated for 90 min at room temperature and protected from light. For silylation, 20 μl of BSTFA with 1% TCMS were added. The samples were again subjected to an ultrasound bath for 10 s, followed by vigorous vortexing for 10 s. The reaction was processed in a thermostatic bath for 30 min at 40°C. Finally, 100 μl of heptane containing an internal standard (methyl tridecanoate) was added to each sample.

Samples, QCs (quality controls), and a blank were derivatized according to the protocol described above. Samples were analyzed randomly, and QCs were analyzed at the beginning, every five samples, and at the end of the analytical sequence.

For the construction of the identification library, data were corrected for the retention times of hydrocarbon patterns (FAME MIX). Metabolites detected in the blank were removed from the final result.

The analyses were performed in a gas chromatography system (model 5975C, Agilent Technologies) coupled to a quadrupole mass spectrometer (model 7890A, Agilent Technol). A HP5-MS column (30 m, 0.25 i.d., 0.25 mm film, 95% dimethyl/5% diphenylpolysiloxane—Agilent Technologies) was used to perform the separation of the metabolites. High-purity helium was used as a mobile phase at a 1 ml/min flow rate. The injector was maintained at 250°C, and samples were injected with a 1:10 split at 10 ml/min of He. The oven was initially set at 60°C and held for 1 min, and the temperature increased to 300°C at 10°C/min, resulting in 25 min of run time.

The MS was operated in scan mode (50–600 m/z). An electron impact ionization source was placed at −70 eV. Detector transfer line, source filament, and quadrupole temperatures are maintained at 290, 230, and 150°C, respectively. Operation and data acquisition using Qualitative Analysis Mass Hunter B05.00 (Agilent Technologies) software.




2.5 GC–MS data processing and statistical analysis

Raw data were converted to *.mzData in Qualitative Analysis software (B.05.00, Agilent Technologies), and the profiles were checked for outlier removal. An optimization of data extraction and processing parameters was performed using the IPO package (isotopologue parameter optimization, version 1.16.0), using QC samples to find the best conditions. Data processing was performed in XCMS software (version 1.24.1) running on the R platform (version 3.2.3, R Core Team). The optimized parameters were as follows: “Matched Filter” method for peak detection using peak width (fwhm) = 7.2, signal/noise ratio (snthresh) = 1.0, minimum difference between m/z’s for overlapping peaks (mzdiff) = 0.36, and maximum number of peaks per extracted ion chromatogram (max) = 5. The grouping step used bandwidth correction (bw) = 0.9, width of overlapping bands of m/z (mzwid) = 0.061, minimum number of samples needed in at least one of the sample groups to be a valid group (minsamp) = 1, minimum fraction of detected samples (minfrac) = 0.5, and maximum number of peaks per extracted ion chromatogram (max) = 50 (in the first and second groupings). Alignment using retention time correction was performed using the “obiwarp” method. FillPeaks were applied to remove missing values, and the extracted molecular features (m/z ratios, retention times, and intensities) were normalized before statistical analysis. The raw data matrix consisted of eight samples per group, with each sample presenting the average intensity of the referred molecular feature.

Multivariate statistical analyses were performed on the MetaboAnalyst 5.0 platform, in which the data matrix of identified metabolites was normalized by the internal standard, C13 methyl tridecanoate (m/z 74, RT 13.73 min), and log transformation and Pareto scaling were also applied. To evaluate instrumental stability, principal component analysis (PCA) was applied, followed by partial least squares discriminant analysis (PLS-DA) to indicate metabolite differences between groups (ethanol vs. control), in which a VIP score >1.0 from PLS-DA was used to select discriminants.




2.6 Metabolite annotation

Metabolite annotation was performed in AMDIS (Automated Mass Spectral Deconvolution and Identification System) software using the Fiehn RT Library. Metabolites were annotated based on retention time and mass spectral fragmentation pattern. To do that, retention indexing followed by retention time analysis were performed. The annotated metabolites were then correlated with the raw data matrix extracted from XCMS.





3 Results



3.1 Chronic ethanol consumption does not affect the size and complexity of the bone marrow cells from mice

To assess whether cell number is a suitable parameter for normalization of samples in the study, we evaluated the general profile of cells by flow cytometry using the complexity (SSC-A) and size (FSC-A) parameters. The gating strategy was able to select around 91% of total bone marrow cells in both experimental groups (Supplementary Figure 1). Figures 1A, B show representative FSC-A and SSC-A histograms from water-treated animals, while Figures 1C, D show representative FSC-A and SSC-A histograms from ethanol-treated animals. Overlapping the histograms (FSC-A in Figure 1E and SSC-A in Figure 1F) demonstrates similar distributions of cells in each parameter. To quantify the distribution of sizes and complexities of cells in both groups, we analyzed the area under the curve (AUC) and the results demonstrated that ethanol treatment did not change the distribution of cell sizes (Figure 1G) or cell complexities (Figure 1H) in the bone marrow.




Figure 1 | Bone Marrow cells analysis. Representative histograms of size and complexity in bone marrow from ethanol- and water-treated animals by flow cytometry. FSC-A represents the discrimination of cells by size, while SSC-A represents the complexity of cells. (A, C) represent the frequency of cells related to their size, and (B, D) represent the frequency of cells related to their complexity. (A, B) water-treated group (C, D) ethanol-treated group. (E) representative overlapping of (A, C) FSC-A graphs and (F) representative overlapping of (B, D) SSC-A graphs. In blue is the water-treated group, and in red is the ethanol-treated group. The area under the curve (AUC) of the samples was calculated and represents the distribution of the entire population used in metabolomics. A statistical analysis of AUC was conducted for FSC (G) and SSC (H). ns represents not statistically significant.






3.2 Chronic alcohol consumption alters the metabolomics profile in the bone marrow

Gas chromatography–coupled mass spectrometry was performed using pooled bone marrow cells. After carrying out the identification processes in AMDIS, correlation with the matrix extracted from XCMS, and removal of the analytes present in the blank, our approach was effective in identifying 19 metabolites (Table 1) that were classified into six different Gene Ontology classes: amino acids, organohetetocyclic compounds, monosaccharides, organic acids, and fatty acids alcohols/polyols (Figure 2). Metabolites 3 and 17 present two possibilities for identification.


Table 1 | Metabolites identified by GC–MS analysis and statistically significant altered metabolites in bone marrow cell of ethanol-treated mice.






Figure 2 | Biological categorization of identified metabolites. All 19 identified metabolites were classified according to functional categorization in PubChem (https://pubchem.ncbi.nlm.nih.gov). Percentages represent the number of classified metabolites in each category.



To evaluate the instrumental performance, principal component analysis (PCA) (Figure 3A) and partial least squares discriminant analysis (PLS-DA) (Figure 3B) was applied, including the QC samples. The supervised model (PLS-DA) was validated using a distance separation method with 100 permutations, considering a p-value of ≤0.05. It is possible to observe an excellent group of QCs demonstrating the quality and reliability of the instrument for data acquisition.




Figure 3 | Multivariate models (Pareto scaling) of metabolites identified in cell samples analyzed by GC–MS and discriminating metabolites between ethanol-treated and control groups by GC–MS. (A) Principal component analysis (PCA) and (B) partial least squares discriminant analysis (PLS-DA). Each dot represents one sample, and (A, B) show a separation of the groups and a robust clustering of the Quality Controls (QC). PSL-DA model parameters: R2 = 0.58 and Q2 = 0.26). Quality controls (QC—blue dots), a water-treated control group (H2O—green dots), and ethanol-treated experimental group (EtOH—red dots). (C) The PLS-DA Model (Pareto scale) shows a separation between the groups; (D) the VIP Score Chart contains the discriminating metabolites between groups. A VIP score >1 is considered significant. A red (high) to blue (low) scale indicates the relative abundance of metabolites in the ethanol-treated group compared to the water-treated control group. The green ellipses represent the water-treated control group, and the red ellipses represent the ethanol-treated experimental group.



Moreover, to better identify and discriminate metabolites, a new model (PLS-DA) (Figure 3C) was conducted without the QC samples, and a VIP score >1.0 (Figure 3D) was used to consider statistically significant differences in abundance of the metabolites between groups. Five metabolites were identified with statistical significance by multivariate analysis (uracil, L-tyrosine, L-proline, succinic acid, and nicotinamide).

Table 1 presents, in bold, the significantly altered metabolites between groups comparison, in which the statistical results (VIP score) and the variation rate fold change (FC) are presented. These five statistically different abundance metabolites are decreased in the ethanol-treated group at several intensities.





4 Discussion

Metabolic profiles have been explored in many diseases (23), including liver diseases resulting from alcoholism (24–27). This study was the first to investigate the impact of chronic alcohol consumption on the bone marrow metabolic profile using an in vivo model of chronic ethanol consumption. The motivation for this study stems from evidence demonstrating that chronic consumption has negative effects on the ability of individuals with hazardous alcohol use to respond properly during infections (2, 28, 29).

Analytical tools for metabolomics studies have high sensitivity, being able to identify and quantify the presence of analytes at low concentrations (30). Therefore, the first step of the present study was to evaluate, by flow cytometry, whether the parameter number of cells would be adequate, since alcohol could be causing an increase in cell size, resulting in a bias toward greater abundance of the metabolite. The descriptive evaluation obtained from the FSC, and SSC histograms showed that ethanol treatment does not cause changes in the size/volume of cells in the bone marrow, ensuring that the quantitative differences found in this study are because of alcohol on metabolic pathways, resulting in a distinct metabolic profile.

The negative effect of chronic ethanol consumption on the immune system and bone marrow has already been investigated. It is well established that the cells of the immune system of individuals affected by alcoholism have a lower capacity to migrate to the infectious site, phagocyte, and eliminate the pathogen, and the mechanism is often related to the production of cytokines and chemokines that have their levels and activities affected (21, 31–34). In the bone marrow, studies have shown that alcohol consumption promotes important effects on hematopoiesis (35, 36).

In this study, we evaluated the effect of ethanol on bone marrow at the level of metabolites. Once cellular metabolism plays an important role in the functionality of immune cells, changes in the metabolic profile can compromise their functionality (15).

The metabolomics profile revealed significant effects of chronic alcohol consumption on the metabolome of mouse bone marrow. Although the analytical restrictions of the gas chromatography approach limit the scope of the study to volatile compounds and/or volatile compounds through derivatization, it was possible to obtain a holistic approach to the metabolic profile of this tissue as well as the changes resulting from chronic exposure to alcohol.

Nicotinamide (C6H6N2O) showed reduced abundance in cells from animals under chronic treatment with ethanol. Nicotinamide is the active form of vitamin B3 and a component of the coenzyme nicotinamide adenine dinucleotide (NAD). When ethanol is metabolized, it generates a reduced cellular environment due to the use of nicotinamide adenine dinucleotide (NAD+) as an enzymatic cofactor at both stages of its metabolism. The reduced cellular environment has been related to the dysfunctions observed in the cells of the immune system (2, 21, 37, 38). In addition, NAD+ is an enzyme cofactor used in important metabolic pathways such as glycolysis and the Krebs cycle, which have been reported to be essential for neutrophil and macrophage function (15, 39, 40). We hypothesize that ethanol metabolism limits the availability of NAD+ for cell metabolism, altering the metabolic profile. This alteration may be related to the negative effect of alcohol on the function of these cells. Our results suggest that this may be part of the mechanism by which alcohol alters metabolism in this tissue. Although functional studies are needed to confirm and elucidate this evidence.

Succinic acid, an important component of the TCA cycle, was recently identified as a modulator of the innate immune response. In lipopolysaccharide (LPS)-activated macrophages, succinate was identified as a key metabolite in innate immune response signaling since its increase is correlated to increased production of interleukin-1b during inflammation (41, 42). Furthermore, lipopolysaccharide-induced succinate stabilizes hypoxia-inducible factor (HIF-1α), an effect that is inhibited by 2-deoxyglucose, with interleukin-1b as an important target (41, 43). HIF-1α is an oxygen-dependent transcriptional activator that plays crucial roles in tumor angiogenesis and mammalian development (44). Furthermore, HIF-1α increases macrophage aggregation, invasion, and motility and boosts the expression of pro-inflammatory cytokines. HIF-1α also increases neutrophil survival by inhibiting apoptosis and triggering NF-κB-dependent neutrophilic inflammation (45). Succinate was also shown to promote hematopoietic cell proliferation by phosphorylation of the ERK1/2 mitogen-activated protein kinase (MAPK) pathway and inositol phosphate accumulation in a pertussis toxin (PTX)-sensitive manner (46). Furthermore, succinate induced activation of ERK1/2, JNK, and p38 MAPK signaling pathways in immortalized retinal ganglion cells (RGC-5) cells in a dose-dependent manner (47). The ERK1/2 and MAPK pathways are related to the activation of the pro-inflammatory response of immune cells (48–50). Therefore, the deregulation in the amount of succinate found in this work can be considered a modulating mechanism of chronic alcohol consumption in the immune response.

In agreement with studies that investigated changes in the metabolome associated with alcohol consumption in humans, amino acids are the most representative chemical class (51). Tyrosine and proline are non-essential amino acids used in protein biosynthesis. Protein tyrosine (PTP) phosphorylation is an important post-translational modification that controls cell signaling involved in the regulation of a variety of biological processes, including cell growth, proliferation, differentiation, migration, survival, and death. The negative effect of downregulating these amino acids in the ethanol-treated group can impair an important biological process since tyrosine phosphorylation is considered one of the fundamental steps in signal transduction and regulation of enzymatic activity (52). However, studies that investigate the relationship between quantitative alterations of amino acids and the function of immune system cells were not found in the literature. The results found here suggest that investigations in this direction may be promising for understanding the mechanism behind the harmful effect of alcohol on immune response. Once some amino acids like tyrosine can be catabolized all the way down into intermediaries of the Krebs cycle, especially into fumarate and acetoacetate (53).

Uracil is a common natural pyrimidine found in RNA and was found to be downregulated in the bone marrow of ethanol-treated mice. Despite not finding in the literature a direct relationship between this nucleotide and the function of immune cells, it is known that uracil helps to carry out the synthesis of many enzymes necessary for cell function through the interaction with ribose and phosphates and serves as an allosteric regulator and a coenzyme for many important biochemical reactions (54).

A wide variety of types of RNAs act in the regulation of the immune system. microRNAs, RNA-binding proteins that control the stability and translation of messenger RNA (mRNA) and RNA interference (RNAi) are examples of RNAs that act by controlling the gene expression of cytokines and chemokines responsible for the intercellular communication of the immune system (55, 56). The decrease in uracil levels resulting from the chronic consumption of ethanol in the bone marrow may indirectly compromise the entire elaboration of the immune response.

Metabolic profiles can be considered a phenotypic state that undergoes variations under the influence of changes in the genome, proteome, transcriptome, metabolism, and modifications in the microenvironment where they are found (57). In our approach, we demonstrate for the first time that chronic ethanol consumption can alter the bone marrow microenvironment, and this can be associated with altered immune cell metabolism, leading to a programmed alteration function of the mature circulating cells. However, this is an initial, exploratory metabolomics study that brings important insights into cellular metabolism under alcohol exposure. We are aware of some limitations of our approach, such as the influence of animal gender in metabolism and susceptibility to alcohol, the use of other analytical platforms that should improve the number of identified metabolites, and the need for functional studies to demonstrate the role of metabolic pathways in the immune response. In addition, the effects of blood alcohol concentration and the effects of the products of its metabolism (e.g., acetaldehyde) can also be considered. Complementary studies will allow greater coverage of the metabolome, in addition to confirming and validating the hypotheses raised in this work.
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Chronic ethanol exposure impairs alveolar leukocyte infiltration during pneumococcal pneumonia, leading to an increased bacterial burden despite increased CXCL1 and nitric oxide levels
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Ethanol abuse is a risk factor for the development of pneumonia caused by Streptococcus pneumoniae, a critical pathogen for public health. The aim of this article was to investigate the inflammatory mechanisms involved in pneumococcal pneumonia that may be associated with chronic ethanol exposure. Male C57BL6/J-Unib mice were exposed to 20% (v/v) ethanol for twelve weeks and intranasally infected with 5x104 CFU of S. pneumoniae. Twenty-four hours after infection, lungs, bronchoalveolar lavage and blood samples were obtained to assess the consequences of chronic ethanol exposure during infection. Alcohol-fed mice showed increased production of nitric oxide and CXCL1 in alveoli and plasma during pneumococcal pneumonia. Beside this, ethanol-treated mice exhibited a decrease in leukocyte infiltration into the alveoli and reduced frequency of severe lung inflammation, which was associated with an increase in bacterial load. Curiously, no changes were observed in survival after infection. Taken together, these results demonstrate that chronic ethanol exposure alters the inflammatory response during S. pneumoniae lung infection in mice with a reduction in the inflammatory infiltrate even in the presence of higher levels of the chemoattractant CXCL1.




Keywords: alcohol, nitric oxide, pneumonia, streptococcus pneumoniae, CXCL1




1 Introduction

Alcohol abuse is one of the risk factors associated with premature death and disability worldwide (1). Digestive disease, injuries, cardiovascular diseases, cancer, and infectious diseases are the major causes of deaths associated with harmful alcohol consumption (1). During the severe acute respiratory syndrome virus (SARS-CoV-2) pandemic, an increased volume and frequency of alcohol consumption were observed within the group of people under isolation, which may have direct consequences for the health of the populations during the pandemic recovery (2, 3).

Effects of alcohol metabolism and its consequences in the immune system have been extensively studied, however differences and similarities between acute and chronic exposure during viral, fungal, and bacterial infections are vastly discussed (4–9). Despite this, literature consensus related to ethanol effects relies on the modulation of the inflammatory response during infection, modifying its normal course (8, 10). Chronic alcohol consumption, as reviewed by Malherbe and Messaoudi, is associated with an increase in the systemic inflammatory response through a direct effect on epigenetic changes in progenitor, circulating and tissue-resident cells, which will have a direct effect during an infection disease (11).

According to the World Health Organization, S. pneumoniae, which is included in the group of gram-positive bacteria, is associated with thousands of deaths yearly and one of the risk factors for this infection is alcohol abuse (12–14). Detection of pathogen associated molecular patterns of S. pneumoniae by intra- and extracellular pattern recognition receptors on immune cells initiates a proinflammatory response that includes the production of cytokines, chemokines, nitric oxide (NO) and leukocyte recruitment (15, 16). Resident macrophages are essential in this process, coordinating the correct recruitment of neutrophils and the resolution process (17). Neutrophils, in turn, will be the vast majority of migrating cells during pneumococcal pneumonia and their effector functions are essential to limit bacterial spread (18, 19). The C-X-C motif chemokine receptor 2 (CXCR2) ligands, CXCL1 and CXCL2, are critical molecules for neutrophil chemoattraction and host defense against bacterial pneumonia (20, 21).

Pneumococcal infection also induces production of NO mostly by the inducible NO synthase isoform (NOS2), supporting the orchestration of cellular activities during inflammatory response, which includes the production of several cytokines and chemokines such as TNF-α, interleukin 8, and CXCL2 (22–24). In addition to the importance of NO to control pneumococcal viability into the lungs, NOS2 deficient mice are protected during bacteremia caused by S. pneumoniae, revealing a contrast effect of NO (25).

Hulse bus and cols., recently demonstrated that moderate intoxication with ethanol increased expression of Cxcl1 and Cxcl2, neutrophil infiltration, and bacterial load into the lungs of mice infected with S. pneumoniae infection (5). The aim of this article was to investigate the inflammatory mechanisms involved in pneumococcal pneumonia, such as NO and chemokine production, and cellular infiltration to infectious sites, that may be associated with the chronic ethanol exposure. Our data revealed that following chronic ethanol exposure, mice produced increased amounts of CXCL1 in serum and bronchoalveolar lavage fluid (BALF) after S. pneumoniae infection along with increased NO levels. Although we observed higher levels of CXCL1 in ethanol infected mice, our results demonstrated decreased neutrophil and macrophage infiltration into the airways of infected alcohol-fed mice. Decreased amounts of leukocytes into the airways were associated with a higher bacterial burden in alcohol-fed mice, however no changes in lethality of infected mice were observed.




2 Material and methods



2.1 Animals and chronic ethanol exposure

Male C57BL/6J-Unib mice were purchased from the Central Animal Facility of the Federal University of Minas Gerais, Brazil. All experiments received prior approval from the Ethics Committee on the Use of Animals (protocol number: 4/2015) and followed the guidelines of the National Council for the Control of Animal Experimentation (CONCEA, Brazil). Mice were specific pathogen-free and were randomly allocated to polysulfone minisolators, without environmental enrichment and filtered air. Dry food was freely available, light was sustained at 12 hours light/12 hours dark, and temperature was maintained 23 ± 2°C.

Five-week-old mice were initiated to ethanol exposure with a 5% (v/v) ethanol solution in their freely available drinking water during the first week of treatment, 10% (v/v) ethanol in the second week, and 20% (v/v) ethanol solution from the third to the twelfth week (26). Control mice had free access to water during the same period. According to Malacco et al., 2020, the ethanol exposure protocol did not change mice weight gain and generated an average blood alcohol concentration of 200 milligrams per deciliter at the end of twelve weeks exposure. Ethanol treatment was suspended immediately prior infection.




2.2 Bacterial culture and infection

Culture of S. pneumoniae (ATCC 6303 serotype 3) was performed following protocols established by Tavares et al., 2016 (27). The bacterial inoculum was measured by absorbance until reaching the mid-log phase, centrifuged, and diluted in sterile saline to a concentration of approximately 5x104 CFU in 40 µL. The inoculum was instilled intranasally into mice anaesthetized by inhalation of 3% isoflurane. The inoculum was confirmed by plating serial dilutions of the bacterial suspension on blood agar.




2.3 Colony forming unit (CFU)

One day post infection mice were euthanized with ketamine (100 mg/kg) and xylazine (6 mg/Kg) and the lungs were sterile harvested. Bacterial load was analyzed from lung tissue macerated in sterile phosphate-buffered saline (PBS), diluted and plated on blood agar. CFUs were counted after overnight incubation at 37°C, 5% CO2 atmosphere.




2.4 Histopathological analysis

Left lung lobes were fixed in 4% formalin for 24 hours, progressively dehydrated in alcohol and embedded in paraffin blocks. 5 µm sections were cut from each tissue, placed on slides and stained with hematoxylin and eosin (H&E). Histopathological score analyses of lung slides were performed using the intensity criteria of (i) vascular inflammation (0–4), (ii) airway inflammation (0-4), (iii) parenchymal inflammation (0-5) and (iv) polymorphonuclear cell infiltrate (0-5) (28). The severity of the inflammatory lesions was then classified as absent (0-1), mild (2-5), moderate (6-9), intense (10-13) and severe (14-18). Representative images of the slides were taken under a light microscope at 10x and 40x magnification to better illustrate the phenotypes. Data are expressed as a percentage of animals showing the degree of histopathological lesion described above.




2.5 Cellular infiltrate analysis

Blood plasma and bronchoalveolar fluid (BALF) were obtained as previously described (29). Briefly, blood was harvested from inferior cava vein with heparinized Pasteur’s pipette and bronchoalveolar lavage were realized with 2 milliliters of cold PBS, after trachea exposure. BALF was centrifuged 320 x g for 10 min at 4°C, and the supernatant was stored at -20°C for chemokine analysis. Total cells in BALF were analyzed by counting in the Neubauer chamber with Turk’s solution. Differential cell counts were obtained by rapid panoptic-stained cytospin preparation (Laborclin) and double-blind observation under light microscopy using cell morphology (nuclear shape and nucleus/cytoplasm ratio) and staining criteria.

Myeloperoxidase (MPO) and N-acetylglucosaminidase (NAG) were used as indirect measures of neutrophil and macrophage accumulation in the lungs, respectively, following the established protocols of Barcelos et al, 2005. Briefly, the collected lungs were homogenized, the contents of the cell granules were released after three rounds of freezing in liquid nitrogen and the supernatant contents were used for the assay. The MPO and NAG standard curves were quantified from a known amount of each cell in a parallel experiment. The resulting colorimetric reaction was read in a spectrophotometer and the results were expressed in relative units per mg of tissue (30, 31).




2.6 Blood cells counting

Blood was collected in EDTA tubes. Leukocyte quantification and differentiation was performed using a Celltac MEK-6500K hemocytometer (Nihon Kohden). Plasma was obtained after centrifugation at 600 x g for 10 min at 4°C and stored at -20°C until further investigation.




2.7 Nitric Oxide (NO) measurement

NO production in BALF was evaluated indirectly through nitrite formation, by Griess method (32). Briefly, 50 μL of Griess reagent (1% sulfanilamide and 0.1% naphthylethylenediamine in 2.5% phosphoric acid) was added to 100 μL of BALF samples. After 10 min, the absorbance of the samples was measured at 540 nm. Nitrite quantification was done using a nitrite standard curve.




2.8 Chemokine measurement

Levels of CXCL1 in plasma and BALF and IL-6, TNF-α and CCL2 in BALF were obtained using DuoSet Enzyme-Linked Immunosorbent Assay kits (R&D 348 Systems). The assays followed the manufacturer’s instructions. The absorbance found in the samples was compared to the specific standard curve of known values for each cytokine/chemokine evaluated.




2.9 Statistical analysis

Experiments were done at least twice and randomically and double-blind analyzed. Graphs and statistical analysis were performed using Graph Pad Prism 8. Differences between different groups were analyzed by Two-way analysis of variance (ANOVA) and Tukey’s post hoc test. Statistical significance was considered when p<0.05. Survival analysis used the Log Rank test.





3 Results



3.1 Chronic ethanol exposure is related to increased bacterial load into the lungs

Proper bacterial clearance is critical for the improvement in the progression of infectious diseases (19). To assess the impact of chronic ethanol exposure on bacterial clearance, at the end of twelve weeks treatment, mice were intranasally infected with S. pneumoniae and twenty-four hours later were euthanized, lungs and plasma were harvested (Figure 1A). Results demonstrate recovery of bacteria from both infected groups, demonstrating an established infection. Nevertheless, alcohol-fed mice had a higher number of viable bacteria into the lungs compared to untreated mice (Figure 1B). We hypothesized that these animals would be more susceptible to infection, since bacterial clearance was greatly damped in alcohol-fed mice. We evaluated mice survival after S. pneumoniae infection and, curiously, we did not observe significant differences between groups (Figure 1C). These results encouraged us to investigate the inflammatory mechanisms that might be involved in mice survival even with increased bacterial load.




Figure 1 | Chronic alcohol exposure impaired bacterial clearance with no effects on survival rate after S. pneumoniae infection. (A) Methodological scheme of exposure to ethanol and infection. Five-week-old male C57BL6/J-Unib mice started the chronically exposure to ethanol with a 5% (v/v) alcoholic solution. Alcohol concentration doubled after one week until the third week and remained stable (20% v/v) at the end of treatment. After alcohol treatment, mice were infected with 5 x 104 CFU of S. pneumoniae. After 24h hours of infection, mice were euthanized. (B) Bacterial Load into the lungs after infection. (C) Lethality curves. (D) Percentage of mice with different severity of lung inflammatory lesions and (E) representative H&E stained lung section images under light microscopy at 10x and 40x magnification. Data are presented as the mean ± SD (6 to 9 mice per group). ** Significantly different (p < 0.01) by two-way ANOVA analysis test.



Histopathological analyses of the inflammatory process into the lungs were observed and uninfected animals in the ethanol-exposed and unexposed groups showed little or no severity of lung injury (Figures 1D, E). In contrast, after twenty-four hours of infection with S. pneumoniae, we observed an increase in the frequency of mice with increased severity of inflammatory lesions in the lung tissue (Figure 1D). The frequency of severe inflammatory lesions was higher in the infected group not exposed to ethanol (Figure 1D). Images of representative tissue sections show a more prominent inflammatory infiltrate into the lungs of water-treated infected mice compared to ethanol-exposed infected mice (Figure 1E).




3.2 Increased NO production is associated with chronic ethanol exposure

Chronic ethanol consumption is associated with increased NO production in liver, kidney, and lung (33–35). Although cellular NO signaling has an ambiguous role during pneumococcal infection, we investigated whether chronic exposure would alter this inflammatory mechanism (25). To understand NO production in the alveoli of ethanol-exposed mice, we assessed NO production through nitrite formation. Twenty-four hours post-infection, alcohol-fed mice produced increased amounts of NO in BALF, whereas untreated infected mice showed a similar NO production to uninfected mice (Figure 2A). As NO signaling has been linked to production of other inflammatory mediators, we investigated whether this increase in BALF NO levels would also be associated with an increase in CXCL1 (16, 23, 24, 36).




Figure 2 | Alcohol-fed mice had higher production of NO, CXCL1 in BALF and plasma 24 hours after pneumococcal infection. After alcohol treatment, mice were infected with S. pneumoniae and 24h hours post infection mice were euthanized, BALF and blood plasma was collected to determine (A) NO production through Griess reaction and for analysis of pró-inflammatory mediators. CXCR2 ligand, chemokine (B) CXCL1 on BALF supernatant and (C) plasma, (D) TNF-α in BALF, (E) CCL2 in BALF and (F) IL-6 in BALF. Data are presented as the mean ± SD (4 to 9 mice per group). *Significantly different (p < 0.05), **Significantly different (p < 0.01) by two-way ANOVA analysis test. ***Significantly different (p < 0.001) by two-way ANOVA analysis test.






3.3 Chronic alcohol exposure increases CXCL1 released in BALF and blood in pneumococcal infection

The orchestration of the inflammatory response is essential for the removal of bacteria from the infectious site (19). This process ranges from pathogen recognition to the recruitment and activation of phagocytes (37). CXCL1 is an important chemokine responsible for the influx of neutrophils into the lungs during Gram-positive bacterial pneumonia (20). Twenty-four hours after infection, alcohol-fed mice produced significantly higher amounts of CXCL1 in BALF compared to infected untreated mice (Figure 2B). At the same time point, the release of CXCL1 in plasma increased in both infected mice, with alcohol-fed mice showing higher levels of this chemokine (Figure 2C). Although CXCL2 is also a CXCR2 ligand and plays an important role in neutrophil recruitment to sites of infection, CXCL2 levels did not change in the blood or alveoli of both infected or uninfected groups. (Supplementary Figure 1). We also assessed BALF levels of other important pro-inflammatory mediators during pneumococcal pneumonia such as TNF-α, IL-6 and CCL2. The levels of these mediators increased in the alveoli twenty-four hours after infection, but there were no statistical differences between ethanol-treated infected mice and water-treated infected mice groups (Figures 2D–F).




3.4 Decreased neutrophil and macrophage migration to alveoli is associated with ethanol exposure also in the presence of high levels of chemokines

To understand the significantly increased bacterial load into alcohol-fed mice even in the presence of higher levels of NO and CXCL1, we decided to investigate inflammatory cell influx into the infection site. Ethanol consumption did not affect the total cell amount in alveoli before the bacterial challenge (Figure 3A). After infection, alcohol-fed mice demonstrated a significantly decreased number of cells into the airways compared to non-treated infected mice (Figure 3A). To analyze the immune cell profile that migrates to alveoli during S. pneumoniae infection, we performed a double-blind differential cell count. Both groups of infected mice showed a massive neutrophil and macrophage infiltration, even though alcohol-fed mice presented a decreased migration of both cell types into alveoli (Figures 3B, C).




Figure 3 | Alcohol-fed mice have decreased neutrophil and macrophage infiltration into airways 24 hours post pneumococcal infection. After alcohol treatment, mice were infected with S. pneumoniae. After 24h hours of infection, mice were euthanized, BALF, blood and lungs were collected to determine the infiltration of inflammatory cells. (A) Total cells, (B) Neutrophils and (C) Macrophages count in BALF. (D) Total cells, (E) polymorphonuclear cells and (F) mononuclear cells into the blood. (G) Neutrophils and (H) macrophages infiltrated into the lung parenchyma. Data are presented as the mean ± SD (7 to 11 mice per group). * Significantly different (p < 0.05), **Significantly different (p < 0.01), ***Significantly different (p < 0.001) by two-way ANOVA analysis test.



Despite the reduced migration of leukocytes into the BALF of infected mice exposed to ethanol, the total amount of circulating leukocytes in the blood was not altered in any of the experimental groups (Figure 3D). When polymorphonuclear and mononuclear cells in the blood were assessed, no differences were observed between any of the groups (Figures 3E, F). At the same time post-infection, we also observed no difference in the indirect quantification of neutrophils or macrophages in the lung parenchyma by the NAG and MPO assays (Figures 3G, H).





4 Discussion

Alcohol exposure is already known as a risk factor for S. pneumoniae infection by affecting the immune response during pneumococcal pneumonia, although the mechanisms involved with chronic alcohol consumption are not yet fully understood (9, 38–40). Here we demonstrated that increased bacterial load in alcohol-fed mice is associated with decreased leukocyte migration into the alveoli, reduced frequency of severe lung inflammation and systemic and local CXCL1 release during infection (Figure 4).




Figure 4 | Elucidative Design. After 24 hours of infection with Streptococcus pneumoniae, an increase in the migration of macrophages and neutrophils into the alveolus is observed. However, this migration is reduced in alcohol-fed mice, although this group also shows an increase in CXCL1 in plasma and BALF. In contrast to water-fed mice, which have low levels of nitric oxide at baseline, alcohol-fed mice have a higher bacterial load and higher alveolar nitric oxide production compared to untreated mice.



Neutrophil migration into the lungs is a critical mechanism during pneumococcal infection. Neutrophil depletion reduced clearance of S. pneumoniae in a mouse model of infection (41). In addition, antimicrobial mechanisms released by activated neutrophils are critical for controlling bacterial growth in the lung, as serine protease-deficient animals have impaired antimicrobial defense and increased mortality after infection (37, 42). Here, we associate the reduced number of alveolar neutrophils with the higher bacterial load in chronically alcohol-fed mice. We observed that the decreased leukocyte amounts in the alveoli of chronically ethanol-exposed and infected mice was reflected as a decrease in the frequency of inflammatory lesions in the lungs. These data show that even when the bacterial load was increased in animals chronically exposed to ethanol, the severity of the lung lesions, observed 24 hours after infection with S. pneumoniae, was smaller due to the reduced migration of leukocytes to the site of infection.

Curiously, this phenotype did not affect mortality. This could be due to the balance between an excessive inflammatory response and microbial burden control, or it could be related to higher mortality rate found in this inoculum (43). The ambiguous role of neutrophils in microbial inflammation is also still under investigation. Studies have already shown that attenuation of neutrophil migration is associated with reduced lung injury by preventing the damage caused by neutrophil activation and migration (44). However, the mechanisms related to the survival of alcohol-fed animals with fewer neutrophils and higher fungal load need to be further investigated. Furthermore, one of the limitations of this article is the observation window of leukocyte migration, which is limited to the first 24 hours of infection.

Recently, Hulsebus et al. (2022) demonstrated that moderate alcohol consumption increased the expression of Cxcl1 in mice lung tissue during pneumococcal infection and was accompanied by the increase in neutrophil infiltrate (5). However, previous results from our research group have shown that although chronic ethanol exposure induces elevated levels of CXCL1 in serum and BALF during Aspergillus fumigatus infection, it is also associated with a decrease in neutrophil infiltration, due to a decrease in CXCR2 expression in these cells (7). Moreover, we also demonstrated an impairment in neutrophil effector functions and a higher susceptibility to fungal infection (7). Without altering mice susceptibility to pneumococcal pneumonia, our data together suggest that chronic ethanol exposure induces important inflammatory changes during acute pneumonia, impairing adequate neutrophil migration to the site of infection. This phenotype is also observed in sepsis, a decreased neutrophil migration which is associated with increased NO release and consequent overproduction of pro-inflammatory mediators, resulting in failure of neutrophil response and lethality (45, 46).

Acute exposure to ethanol decreases granulocyte migration to the lungs during pneumococcal infection that is related to a decrease in granulopoiesis in the bone marrow (BM) of ethanol-exposed mice (47). Recently, we demonstrated that the same regimen of ethanol exposure used here does neither change the number of circulating cells in treated animals, nor the number of granulocyte precursors in BM (7). Here, we did not observe any change in the number or cell type of circulating leukocytes that could be altered by chronic exposure to ethanol. These data do not exclude the possibility that these cells have altered functionality, but highlight the fact that the decrease in cell migration to the alveoli occurs independently of the number of circulating cells. After our analyses also revealed an equal number of neutrophils and macrophages in the lung parenchyma, we can assume that the chronic effect of ethanol observed is related to the lack of migration of these cells directly to the alveoli.

Ethanol exposure increases NO released from endothelial cells and is associated with liver injury in alcoholic hepatitis (33, 48, 49). NO is known to have a role in controlling cytokine and chemokine expression (50), which could be a promising target for inflammatory diseases. This important biological mediator alters the expression pattern of genes by disrupting the activity of enzymes responsible for post-transcriptional modifications of histones, such as histone acetyltransferases and methyltransferases (51). The modification of the epigenetic code and the interaction of the transcriptional machinery with gene promoters is a determining factor for the inflammatory cell profile (52). In conjunction with the increased production of NO in the BALF of ethanol-exposed mice during pneumococcal infection, we observed a significant increase in the amount of CXCL1 in the blood and BALF. This increased production of chemokine may be due to nitric oxide and its role in epigenetic modulation during the inflammatory response, but this relationship needs to be further investigated during chronic ethanol treatment. Indeed, as highlighted by Malherbe and Messaoudi, the systemic effects of ethanol metabolism and its by-products in regulating gene expression through epigenetic modifications will be extremely important during infection and homeostasis (11).

The development of invasive pneumococcal disease is more common in people with a history of alcohol abuse, about 21% compared with 6% in the general population (53). Therefore, it is important to search and understand the pathophysiology of pneumococcal infection in patients with a history of alcohol abuse, to improve therapeutic interference and preventive measures for those affected. Health surveillance is also important to ensure that alcoholics receive adequate medical care and have a better outcome during pneumococcal pneumonia.

In conclusion, we demonstrate that chronic ethanol exposure in mice is associated with increased bacterial load and decreased leukocyte migration during pneumococcal pneumonia, even in the presence of higher levels of CXCL1. This profile may be also associated with increased BALF NO production, highlighting the ambiguous role of NO during pneumococcal infection.
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Voluntary drinking

Gastric infusion

Species

Rodent
Rodent

Rodent

Rodent

Nonhuman primate

Nonhuman primate

Alcohol administration

Ad libitum alcohol-drinking water
Ad libitum liquid diet

Enteral feeding

Ethanol exposure combined with LPS or high/fat diet

Self-administration (22h/day)

Intragastric catheter (5h/4days or 0.5h/day for 3 months)

Characteristics

Mild steatosis

Mild inflammation

Marked steatosis

Mild inflammation

Severe steatosis

Fibrosis

Fibrosis

High mortality rate

Animals stratified based on blood ethanol concentration
No overt liver damage after 12 months
Fatty liver disease after 19 months
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COMMON EXAMPLES OF ALCOROL RELATED

ORGAN INJURY OR DYSFUNCTION

Fat accumulation in hepatocytes (Steatosis)

Widespread nodules, fibrosis and scarring (Cirrhosis)

Cirrhosis-associated immune dysfunction

|: Degeneration of hepatocytes

Hepatitis

Mallory bodies

Inflammation with neutrophil infiltration

®

@ Encephalopathy

Glutamatergic dysfunction

Increased aspiration

Decreased mucociliary clearance

Decreased macrophage phagocytic function
Decreased production of chemokines
Decreased chemotaxis of neutrophils
Bacterial infection (Ex - Klebsiella)

Pancreatic insufficiency
Psuedocysts
Necroinflammation

Increased gut permeability
Reduced gut motility

Altered gut flora

Barrier disruption with bleeding

Increased bacterial translocation and endotoxemia

® ©

Potential contribution from innate-like immune system

Unknown . However ILCs release TNFa, and IL-13 which are neuro-
signaling molecules reported to influence addiction pathway and
behavior [77].

Understudied. ILC-2 (via IL-5, IL-13) influence a variety of airway
features including mucus, epithelial barrier integrity and airway
inflammation [78]. Alcohol is reported to decrease the IL-12 and
IFN-y response to infection by Klebsiella pneumoniae [79]; this may
involve interactions with ILC-1 cells which secrete IFN-y and react
to IL-12.

Alteration of NK/iNKT homeostatis. Overactivation of iNKT pro-
motes steatosis via IL-10 suppression of cytotoxic NK cells.

Unknown. However, ILCs have recently been recognized as
emerging players in pancreatic disease [34]. During acute pancre-
atitis there is widespread infiltration of the pancreas by members
of the innate immune system, including cytotoxic elements like
NK cells. Interplay between iNKT/NK seems possible.

ILC-2 involvement is probable as ILC-2 take part many related pro-
cesses including mucus accumulation, smooth muscle hypercon-
tractility, goblet cell metaplasia, and the differentiation of macro-
phages. ILC-2 effector cytokines also influence epithelial barrier
intergrity.
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Metabolite
1. Valine
2. Alanine
3. Leucine/isoleucine
4. Benzoic acid
5. Serine
6. Proline
7. Succinic acid
8. Uracil
9. Fumaric acid
10. Aspartic acid
11. Nicotinamide
12. Malic acid
13. Glutamic acid
14. Lauric acid
15. Tyrosine
16. Hexadecanol
17. Mannitol/altrose
18. Linoleic acid

19. Oleic acid

VIP score

0.63

0.99

0.06

0.62

0.82

1.26

1.38

2.90

0.54

0.73

1.20

0.28

0.91

0.28

1.07

0.01

0.64

0.34

0.36

FC (EtOH/H,0)

0.51

0.87

0.98

0.89

0.71

0.91

0.97

0.70

0.86

0.77

1.16

0.72

1,11

Chemical Classification

Amino acids, peptides, and analogues
Amino acids, peptides, and analogues
Amino acids, peptides, and analogues
Organic acids and derivates
Amino acids, peptides, and analogues
Amino acids, peptides, and analogues
Organic acids and derivates
Organoheterocyclic compounds
Organic acids and derivates
Amino acids, peptides, and analogues
Organoheterocyclic compounds
Organic acids and derivates
Amino acids, peptides, and analogues
Organic acids and derivates
Amino acids, peptides, and analogues
Alcohols and Polyols, Other
Monosaccharides and Derivatives
Fatty Acids and Fats

Fatty Acids and Fats

EC, Fold Change; VIP score, Varial Importance in Projection.

The metabolites present in lines 3 and 17 present two possible identifications. This is due to the analytical impossibility of differentiating these isomers as a function of elution at very close
retention times and because they present identical MS fragmentation profiles. Therefore, the identification is presented with both isomers. Statistically significant altered metabolites that are

present are shown in bold.
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Type of
cell

NK

ILC1

ILC2

ILC3

NKT/iNKT

MAIT

General function

Cytolytic effector lymphocytes which produce IFN-y and act to control
infection and tumor spread

Production of proinflammatory and regulatory cytokines (particularly
IFN-v), maintenance of immune homeostasis. Usually tissue-specific
residents.

Production of proinflammatory and regulatory cytokines (particularly
type 2 cytokines). Critical to type 2 inflammation. Of particular
importance to lung tissue homeostasis with influences on epithelial
barrier integrity, mucus, and airway influence.

Production of proinflammatory and regulatory cytokines (particularly
IL-22, IL-17A). In the gut, they serve as sentinels involved in
maintaining homeostasis and tolerance to commensals while also
functioning to prevent invasion by pathogens. The LTi subtype
appears important for the long-term maintenance of memory CD4 T
cells.

These cells are CD1d-restricted and react to lipid antigenic stimulation
within minutes by secreting a wide variety of cytokines. This rapid
response time makes these cells important in the early response to
infection.

Part of early rapid response to insult, these cells have characteristics of
both innate and adaptive immune cells but do not require clonal
selection or TCR recognition. Cytotoxic.

MAIT cells react to key microbe-associated molecules (riboflavin) via
a conserved TCR that recognizes MR1. Though they recognize a more
restrictive subset of antigens than other conventional MHC-restricted
T cells, their response is more rapid. These cells are a crucial part of
the early infection response mounted in peripheral mucosal tissue like
the lung and GI tract.

Alteration by alcohol

Decreases the abundance and function of NK cells in the
periphery, arrests development at the CD27+ CD11b+ stage,
and impairs chemotaxis into inflamed/infected tissues. Alcohol
also increases the number of IFN-y-producing NK cells, while
inhibiting the induction of perforin, granzyme A, and granzyme
B following IL-2 stimulation.

ILC1 numbers are relatively unaffected by chronic alcohol
administration, but ILC1 impairments in alcohol + infection
murine models have been previously suggested. Understudied.

Likely dysregulated; however, we found no studies that
evaluated the effects of alcohol on ILC2 cells in any tissue.

Ethanol impairs secretion of IL-22 from gut ILC3, which was
correlated with alcohol-related changes in the composition of
the intestinal microbiota and increased intestinal permeability.

Alcohol increases proliferation and maturation of iNKT cells.
These cells secrete IL-10 and IFN-y which are both altered in
alcohol use disorder.

In a murine model, subsets of dermal y3 T cells (CD3hiVy3+
and CD3intVy3-) were diminished. Diminished IL-17 secretion.

Chronically, alcohol depletes MAIT cells in the liver, GI, and
lungs, as well as reduces their antibacterial activity. Alcohol also
dysregulates cytokine production following infection in a tissue-
specific manner.

Citation

(65-67)

(65, 66, 68)

(36, 69, 70)

(65, 71, 72)

(73,74)

(75, 76)
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Gene

GAPDH
Glut1
Glut4
HIF-1a
Pkfb3
Pkm2
9s

Forward Sequence (5’ — 3’)

GGATTTGGTCGTATTGGG
CTCCTGCCCTGTTGTGTATAG
AAAAGTGCCTGAAACCAGAG
CTCAAAGTCGGACAG
TCTAGAGGAGGTGAGATCAG
GAGGCCTCCTTCAAGTGCT
ATCCGCCAGCGCCATA

Reverse Sequence (5’ — 3)

GGAAGATGGTGATGGGATT
AAGGCCACAAAGCCAAAGAT-
TCACCTCCTGCTCTAAAAGG
CCCTGCAGTAGGTTT
CCTGCCACTCTTATCTTCTG
CCAGACTTGGTGAGGACGAT
TCGATGTGCTTCTGGGAATCC

GAPDH; glyceraldehyde 3-phosphate dehydrogenase, Glut1; glucose transporter 1, Glut4; glucose transporter 4, HIF-10; hypoxia-inducible factor-1 alpha, Pfkfb3; 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase 3, PKM2; pyruvate kinase M2.
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Gene Symbol

Gene Targets

Mitochondrial Maintenance and Mitophagy Related Genes

PRKN & PINK1

ATGS, ATG7, & ATG13
MFN1 & MFN2

BNIP3L & ULK1

TFAM

PPARGC1A & PPARGC1B
MAP1LC3B

BECNT1

USP30

OPA1

House Keeping Genes
B2M

RPL PO

Parkin & PTEN-induced Kinase 1

Autophagy Related 5, 7, and 13

Mitofusin 1 & 2

NIX & Autophagy Activating Kinase 1

Transcription Factor A, mitochondrial

PPAR-y Co-activator o & B

Microtubule Associated Protein 1 Light Chain 3 Beta
Beclin 1

Ubiquitin Specific Peptidase 30

OPA1 Mitochondrial Dynamin Like GTPase

Beta-2-microglobulin
Ribosomal Protein Lateral Stalk Subunit PO
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