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Fatty acid metabolism, including the de novo synthesis, uptake, oxidation, and derivation of fatty acids, plays several important roles at cellular and organ levels. Recent studies have identified characteristic changes in fatty acid metabolism in idiopathic pulmonary fibrosis (IPF) lungs, which implicates its dysregulation in the pathogenesis of this disorder. Here, we review the evidence for how fatty acid metabolism contributes to the development of pulmonary fibrosis, focusing on the profibrotic processes associated with specific types of lung cells, including epithelial cells, macrophages, and fibroblasts. We also summarize the potential therapeutics that target this metabolic pathway in treating IPF.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a fatal fibrotic disorder of unknown etiology. It is usually associated with worsening respiratory symptoms, lung function decline, and limited responses to therapies. The worldwide incidence of IPF has risen steadily over time (Hutchinson et al., 2015), and disease burdens on the global healthcare system are increasing. Underlying genetic susceptibility, together with environmental insults, is believed to trigger an abnormal wound repair response, leading to the activation of a non-resolving fibrotic cascade. Mechanistic features include epithelial apoptosis, macrophages releasing pro-fibrotic mediators, and the activation of fibroblasts and myofibroblasts.

Although the underlying mechanisms of these dysregulated fibrotic responses are not completely understood, recent evidence indicates that metabolic abnormalities play a critical role. For example, altered glycolysis and glutamine metabolism were found in human lungs with severe IPF (Kang et al., 2016). Additionally, changes in lipid metabolism, specifically leading to the overproduction of profibrotic lipids such as lysophospholipids, sphingolipids, and eicosanoids, contribute to the pathogenesis of IPF [for general review, see Castelino (2012); Mamazhakypov et al. (2019)].

In this brief review, we describe the general concepts in fatty acid (FA) metabolism and the pathology of IPF. We analyze the roles of this metabolic pathway in regulating the function of specific cells and the relevant pathologic cellular responses in IPF, including pro-fibrotic phenotype changes of alveolar epithelial cells and macrophages, and fibroblast/myofibroblast activation. We also discuss potential pulmonary fibrosis therapeutics that target this pathway.



THE FATTY ACID METABOLIC PATHWAY

Fatty acids (FAs) contain a terminal carboxyl group and a hydrocarbon chain, and mostly contain an even number of carbons; they can be saturated or unsaturated. The understanding of the role of FA metabolism in both healthy and disease physiology has recently been greatly advanced (Kuda et al., 2018; Yi et al., 2018). Fatty acids tightly couple glucose and lipid metabolism via the de novo FA synthesis pathway, supporting cell adaption to environmental changes and generating large amounts of adenosine triphosphate (ATP) through β-oxidation (Bartlett and Eaton, 2004). As well as their role in energy production and as part of the structural “building blocks” of cell membranes, FAs also act individually by converting to FA-derived lipid mediators to regulate biological activities (de Carvalho and Caramujo, 2018) such as signal transduction, cell cycle regulation, apoptosis, and differentiation (Figure 1).
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FIGURE 1. Regulation of FA metabolism pathways, including anabolism, storage, uptake, catabolism, and derivation. De novo FA synthesis occurs in the cytoplasm, where citrate is converted in the TCA cycle to the final long-chain saturated or unsaturated FA. These steps involve ACLY, ACC, FASN, and desaturases, as well as elongation proteins. Once synthesized, FA is stored in lipid droplets as triglycerides or mobilized through β-oxidation to provide energy and acetyl-CoA. Acetyl-CoA is used again in the TCA cycle. Essential FAs are incorporated into cellular phospholipids and released from cell membranes to be converted into lipid-derived mediators. FAs from extracellular sources can also be used for storage or β-oxidation through the CD36 receptor.



Fatty Acid Synthesis

Fatty acid (FAs) in cells derive either from exogenous sources or de novo FA synthesis. The FA biosynthesis pathway is highly conserved and occurs in the cytoplasm (Rui, 2014). The TCA cycle intermediator citrate is transported out of mitochondria and cleaved by ATP citrate lyase (ACLY) into acetyl-CoA and oxaloacetate. Acetyl-CoA is then converted to malonyl-CoA by the rate-limiting enzyme acetyl-CoA carboxylase (ACC). Finally, acetyl-CoA and malonyl-CoA are used to produce palmitic acid as an initial product by the action of FA synthase (FASN) (Smith, 1994). Subsequent elongation and desaturation of palmitic acid determine the length and degree of FA saturation, which are critical to their functions and metabolic fates (Guillou et al., 2010). For example, stearate, a long-chain fatty acid, is produced through the actions of a family of enzymes, ELOVL1–7, that add two carbons to the terminal carboxyl group in each reaction cycle. Another family of stearoyl-CoA desaturases (SCDs) catalyzes FA desaturation (Paton and Ntambi, 2009). Fatty acids can also be taken up from extracellular surroundings via cell surface receptors, such as CD36 (Wang and Li, 2019), which is a widely expressed transmembrane protein. Once entering the intracellular FA pool, they can be esterified with glycerol or sterol backbones and stored in the form of triglycerides in lipid droplets, or utilized for energy production through FA oxidation (FAO).



Fatty Acid Oxidation

FA oxidation (FAO) is a major pathway for the utilization of FAs to generate biological energy. Free FAs in the cytosol are activated by acyl-CoA synthase to generate acyl-CoA. Acyl-CoA is conjugated to carnitine via carnitine palmitoyl transferase 1 (CPT1) activity to form acylcarnitine which is subsequently transported into the mitochondrial matrix by carnitine acylcarnitine translocase (CAT). Acylcarnitine is then converted back to acyl-CoA and carnitine by CPT2 in the mitochondria. Acyl-CoA undergoes β-oxidation, which is a series of enzyme-mediated reactions that yield large amounts of intermediator metabolites that are subsequently utilized in the TCA cycle; carnitines are recycled by being transported out of the mitochondrial matrix (Houten et al., 2016).



Fatty Acid Derivation and Derivatives

Besides anabolism and catabolism pathways in the cytoplasm, some FAs serve as substrates for enzymatic conversation to lipid-derived mediators that are bioactive in tissue inflammation and organ injury. Arachidonic acid is incorporated into cellular phospholipids and is rapidly released from cell membranes by phospholipase A2 enzymes for enzymatic conversion to prostaglandins (PGs) and leukotrienes (Kuehl and Egan, 1980) as well as lipoxins (LXs) (Serhan and Savill, 2005). Prostaglandins and leukotrienes are widely recognized for their important role in injury and inflammation, while LXs, as a family of special pre-resolving mediators (SPMs), are formed by transcellular biosynthesis and have anti-inflammatory and pro-resolving effects. These derivatives underlie the pathology of many prevalent diseases resulting in tissue fibrosis, as typified by kidney (Brennan et al., 2017), liver (Mariqueo and Zúñiga-Hernández, 2020), and lung fibrosis (Bozyk and Moore, 2011; Suryadevara et al., 2020).




ALTERATIONS IN FATTY ACID METABOLISM IN PULMONARY FIBROSIS

An altered content and profile of saturated and unsaturated FAs have been identified in IPF patients and animal models of lung fibrosis; however, there is no consensus on the specific changes. One study observed a 63% increase in serum total FA levels in IPF patients compared with control subjects (Iannello et al., 2002). Others found low levels of saturated long-chain FAs, such as palmitic acid, oleic acid, and stearic acid, in IPF lung tissues and bronchoalveolar lavage fluid (BALF) (Schmidt et al., 2002; Kim et al., 2021). In contrast, Chu et al. (2019) detected significantly higher levels of palmitic and stearic acid in BALF from IPF patients compared with controls.

The chemotherapeutic drug bleomycin is widely used as a means of inducing experimental lung fibrosis in animal models (Fleischman et al., 1971; Adamson and Bowden, 1974; Thrall et al., 1979), including mice, rats, and dogs. Lower levels of free FAs were detected in BALF from rats exposed to bleomycin the previous day, which then reached twice normal levels on days 3–30 before returning to normal on day 120 (Swendsen et al., 1996); however, unsaturated FAs were significantly increased compared with controls between day 3 and 120 (Swendsen et al., 1996). Moreover, abnormal FA compositions were identified in the lung tissue of mice exposed to bleomycin, with high levels of palmitic acid and oleic acid but low levels of the essential polyunsaturated linoleic acid (Sunaga et al., 2013).



ABERRANT FATTY ACID METABOLISM CONTRIBUTES TO IDIOPATHIC PULMONARY FIBROSIS PATHOGENESIS

Extensive changes in FA metabolism have been observed in IPF, suggesting its potential critical role in disease pathophysiology. Various FA metabolism pathways are intricately intertwined, and a perturbation of any of these in the lung may contribute to the development of pro-fibrotic phenotypes in epithelial cells, macrophages, and fibroblasts/myofibroblasts (Figure 2).
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FIGURE 2. Mechanism of FA metabolism contributing to the pathogenesis of IPF. Alterations in FA metabolism contribute epithelial cellular ER stress toward apoptosis, EMT, or secretion with profibrotic signaling, which further activates fibroblast differentiation. Increasing FAO and activation of PPAR-γ transcription factor may facilitate the transportation of some M2 macrophage target genes and promote M2 polarization. SPMs could protect these cellular endophenotypes changes and fibrotic molecular signature. Additionally, FA and the regulators are also involved in the reversible lipogenic-to-myogenic differentiation and directly contribute to myofibroblast proliferation, invasion, and resistance to apoptosis.



Impact on Epithelial Cell Switch to a Pro-fibrotic Phenotype

Epithelial cell dysfunction is a central component in IPF pathophysiology. Alveolar type (AT)2 cells are the most active cell of lung lipid metabolism, with an important role in alveolar homeostasis involving surfactant biosynthesis, and as progenitor cells to both self-renew and transdifferentiate into AT1 cells (Barkauskas et al., 2013). AT2 cells, and other lung epithelia, are often susceptible to injury. Thus, repeated genetic or environment stimulation may result in a diverse range of cellular endophenotypes and molecular signatures including endoplasmic reticulum (ER) stress, apoptosis, and inflammatory and profibrotic signaling, which ultimately converge to drive downstream fibrotic remodeling in IPF lungs (Katzen and Beers, 2020).

Fatty acid (FA) synthesis and composition are known to be involved in ER stress (Volmer et al., 2013; Han and Kaufman, 2016; Velázquez et al., 2016). Lipids are required for the export of folded proteins contained in lipid droplets from the ER lumen (Velázquez et al., 2016), and impaired lipid synthesis can increase protein accumulation, resulting in sustained ER stress. Additionally, changes in the ER membrane composition following increased levels of FA saturation may directly activate protein kinase R-like ER kinase and inositol-requiring enzyme 1 (Volmer et al., 2013). Although the mechanism that connects FA metabolism with ER stress in IPF is unclear, studies have reported that lipotoxicity caused by saturated FA accumulation may increase ER stress, leading to apoptosis. For example, Romero et al. (2018) reported that SCD1 expression was reduced in IPF lung tissues by showing that a pharmacological inhibitor of SCD1 induced epithelial cell injury and promoted lung fibrosis by blocking the synthesis of unsaturated FAs. Moreover, a high-fat diet rich in saturated FAs has consistently been shown to induce lung epithelial cell apoptosis by causing ER stress and thereby aggravating bleomycin-induced lung fibrosis (Chu et al., 2019). Additionally, Sunaga et al. (2013) found that ELOVL6 expression was downregulated in the lungs of IPF patients. ELOVL6 catalyzes the elongation of C16 FA and renders it an unsaturated FA (Matsuzaka et al., 2007). Thus, an ELOVL6 deficiency increases the proportion of saturated FAs, thereby worsening pulmonary fibrosis with collagen deposition. Furthermore, treatment with palmitic acid was shown to trigger apoptosis and transforming growth factor (TGF)-β1 expression in cultured AT2 cells (Sunaga et al., 2013).

Although the role of the epithelial–mesenchymal transition (EMT) in IPF remains controversial, recent evidence indicates that multiple inflammatory mediators and essential FA-derived SPMs involved in EMT also function in lung fibrosis. For example, maresin 1 (MaR1), an SPM derived from docosahexaenoic acid, was found to inhibit TGF-β1-induced EMT and prevent the activation of Smad2/3, Akt, and the transcription factor Snail. Additionally, MaR1 treatment attenuated bleomycin-induced lung fibrosis in vivo and reduced the generation of TGF-β1 (Wang et al., 2015). Similarly, protein DX, which also derives from docosahexaenoic acid, was reported to suppress inflammatory infiltration and the expression of pro-fibrotic cytokines, and to inhibit the EMT phenotype, which prolonged the survival time of lung fibrosis mice (Li et al., 2017). Other work found that SPMs inhibited apoptosis and promoted wound repair proliferation and the transdifferentiation of AT2 cells in respiratory distress syndrome-related lung fibrosis (Zheng et al., 2018; Yang et al., 2019).



Modulation of Macrophage Polarization

As the most abundant immune cell in the lung, macrophages play a vital role in the pathogenesis of pulmonary fibrosis. Most resident macrophages originate from progenitors in the bone marrow and migrate into different tissues where the local environment and signal cues shape the macrophage phenotype (Shapouri-Moghaddam et al., 2018). Macrophage polarization achieves a phenotypic dichotomy of the pro-inflammatory M1 subtype, which is induced by the Th1 cytokine interferon-γ, and the M2 phenotype, which is induced by the Th2 cytokines interleukin (IL)-4 or IL-13. The M2 phenotype is associated with tissue remodeling and repair and is a vital regulator of fibrogenesis in IPF (Zhang et al., 2018). Upon activation, M2 macrophages produce profibrotic mediators such as TGF-β1, which activates fibroblasts and extracellular matrix (ECM) deposition.

There appears to be a strong relationship between macrophage polarization and its demand for FAs. Fatty acids provide energy to support macrophage polarization and activate signaling pathways to shape it, while FAO generates large quantities of ATP that is thought to promote M2 polarization. Indeed, increased levels of FAO were found in IPF lungs (Gu et al., 2019), suggesting that FAO may be involved in fibrogenesis by promoting M2 macrophage activation. The M2 phenotype is also dependent upon the transcription factor peroxisome proliferator-activated receptor (PPAR)-γ (Namgaladze and Brüne, 2016), which has numerous FAs as its natural ligands (Marion-Letellier et al., 2016). Furthermore, FAs promote expression of the FA receptor CD36, thereby inducing the M2 phenotype via the simultaneous escalation of FA uptake and a cycle of self-augmented profibrotic activation. The loss of CD36 was reported to inhibit lung fibrosis and reduce levels of pro-fibrotic Th2 cytokines including IL-9, IL-4, and IL-13 (Parks et al., 2013). Lipoxins also regulate different macrophage subtypes in lung fibrosis, while an aspirin-triggered LX synthetic analog was reported to have the therapeutic ability to decrease cytokine production and restore M2 macrophage populations in established bleomycin-induced lung fibrosis (Martins et al., 2009; Guilherme et al., 2013).



Activation of Fibroblasts/Myofibroblasts

Dysfunctional epithelial cells and polarized macrophages generate large quantities of profibrotic cytokines that induce fibroblast differentiation into myofibroblasts. Myofibroblasts within IPF lungs have a pathologic phenotype (Richeldi et al., 2017), including the ability to secrete excessive amounts of matrix within lung parenchyma, and causing basement membrane disruption. The main source of lung myofibroblasts is resident interstitial lung fibroblasts. Recently, lipofibroblast was suggested as an origin of the activated myofibroblast in pulmonary fibrosis (El Agha et al., 2017). Lipofibroblast is one of the interstitial fibroblasts that contain lipid droplets and are located adjacent to AT2 cells, and likely contribute to surfactant production in quiescent lungs (Rehan and Torday, 2014).

El Agha et al. (2017) used cell lineage tracing to monitor lipogenic or myogenic populations of lung fibroblasts in mice and demonstrated a phenotypic switch between the two populations during the progression and resolution phases of lung fibrosis. Mechanically, they found that this phenotypic shift involves PPAR-γ. Nitrated fatty acids are PPAR-γ agonists which promote the dedifferentiation of myofibroblasts by blocking TGF-β1 effects (Reddy et al., 2014). Additionally, CCAAT enhancer-binding protein (C/EBP) α, which is regulated by FAs and their derivatives in adipogenesis, was found to promote myofibroblast to lipofibroblast dedifferentiation (Liu et al., 2019). Both non-fibrotic controls and IPF-derived fibroblasts/myofibroblasts express LXA4 receptors that enable activation of the ALXR G-protein-coupled receptor to regress a myofibroblastic phenotype to a fibroblastic one by reducing α-SMA expression, actin stress fiber formation, and nuclear Smad2/3 levels (Roach et al., 2015).

Additional characteristic phenotypes of fibroblasts/myofibroblasts that contribute to the development of lung fibrosis include increased proliferation, resistance to apoptosis, and the acquisition of invasive activity (Hinz and Lagares, 2020; Phan et al., 2021). During wound healing, fibroblasts proliferate in response to tissue injury but eventually disappear through apoptosis when the tissue returns to homeostasis. However, IPF fibroblasts demonstrate increased proliferation and resistance to FAS ligand-induced apoptosis (Bamberg et al., 2018). Idiopathic pulmonary fibrosis lungs have also been shown to have an abundance of PGF2α that stimulates the proliferation of lung fibroblasts (Oga et al., 2009), while IPF-derived fibroblasts have reduced PGE2 levels that contribute to their apoptotic resistance (Maher et al., 2010). Indeed, PGE2 limits many of the pathologic features of lung fibroblasts and myofibroblasts, including proliferation, migration, collagen secretion, and TGFβ1-induced differentiation (reviewed in Bozyk and Moore, 2011). These findings suggest that prostaglandins have pleiotropic activities in regulating the fibroblast phenotype in IPF.

Unlike normal fibroblasts, IPF fibroblasts invade the surrounding ECM much like metastatic cancer cells (Ballester et al., 2019). The underlying mechanism for this enhanced invasion may be correlated with de novo FA synthesis because the inhibition of FASN attenuated the invasive activity of TGFβ1-treated fibroblasts (Jung et al., 2018). Another possibility is the formation of α-smooth muscle actin (α-SMA)-containing stress fibers. A cognate binding element of C/EBPβ was identified in the α-SMA promoter that contributed to its upregulation (Phan, 2012).




POTENTIAL THERAPEUTICS TARGETING THE FATTY ACID METABOLIC PATHWAY IN IDIOPATHIC PULMONARY FIBROSIS TREATMENT

Therapies targeting FA metabolism have been tested in pre-clinical models of lung fibrosis (Table 1). Promoting the conversion and formation of FAs with small molecule compounds, such as a liver X receptor agonist (T0901317) and PPAR-γ agonists (e.g., rosiglitazone, pioglitazone, and troglitazone), was found to be beneficial in animal models of lung fibrosis (Genovese et al., 2005; Milam et al., 2008; Aoki et al., 2009; Romero et al., 2018). Metformin also exerts potent antifibrotic effects, including altering the fate of myofibroblasts via PPAR-γ activation and inhibiting collagen production via AMP-activated protein kinase activation (Kheirollahi et al., 2019; Xiao et al., 2020). Based on the altered content and composition of FAs in IPF lungs and animal models that we describe, it seems a reasonable approach to supplement appropriate FAs for the treatment of this disease. Indeed, dietary essential FAs provide protection from lung fibrosis after bleomycin treatment (Kennedy et al., 1989), while intratracheally delivered FAs have a therapeutic potential for the treatment of lung fibrosis (Zhao et al., 2014).


TABLE 1. Summary of studies evaluating the effects of fatty acid-targeting agents in animal models of lung fibrosis.
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CONCLUSION

Abnormalities of FA metabolism in pulmonary fibrosis have received increasing attention in recent years. This review describes how the FA metabolism regulates the profibrotic phenotype of alveolar epithelial cells and macrophages, as well as fibroblasts/myofibroblasts activation in the IPF lungs and the lungs of mice with experimental pulmonary fibrosis. Understanding the mechanism of these metabolic abnormalities in IPF will open a new avenue of novel therapeutics.
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