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The concept of antimicrobial lipids as effectors of innate host defense is an emerging field. There is limited knowledge on the antimicrobial role of lipids in the ocular environment. Tears act as first line of defense to protect the ocular surface from infections. Antimicrobial effects of tear lipids have been demonstrated using meibomian lipids that are the source of majority of lipids in tears. This article describes the knowledge available on the antimicrobial role of tear lipids at the ocular surface and the antimicrobial potential of various lipid classes present in tears that can contribute to antimicrobial protection of the eye. Like other mucosal secretions, tears contain many proteins and lipids with known antimicrobial effects. The antimicrobial defense of tears is far stronger than can be demonstrated by the effects of individual compounds many of which are present in low concentrations but synergistic and additive interactions between them provide substantial antimicrobial protection to the ocular surface. It is inferred that antimicrobial lipids play important role in innate defense of tears, and cooperative interactions between various antimicrobial lipids and proteins in tears provide a potent host defense mechanism that is effective against a broad spectrum of pathogens and renders self-sterilizing properties to tears for keeping the microbial load low at the ocular surface.
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Introduction

Antimicrobial effects of lipids in the context of ocular environment is scarce in literature. The first report demonstrating the antimicrobial effect of host-derived lipids in the ocular surface defense (Mudgil, 2014) used meibomian lipids that are a complex mixture of lipids secreted from meibomian glands of the eyelids and constitute the majority of lipid component of tears on the surface of the eye. Under physiological conditions similar to the ocular surface, these lipids were antibacterial against several clinical ocular surface pathogens including Gram-positive and Gram-negative bacteria, namely Staphylococcus aureus, Pseudomonas aeruginosa, and Serratia marcescens, and caused extensive cellular damage to bacteria resulting in smaller size, loss of aggregation, abnormal phenotype, cellular distortion, damaged cell wall, and cell lysis (Mudgil, 2014). A possible antimicrobial function for tear lipids was speculated, but never evidenced or substantiated, in some review articles (Tiffany, 1987; Sack et al., 2001; Bron et al., 2004) probably on the basis that meibomian glands are modified sebaceous glands and the similarity in lipid composition of their secretions (meibum Vs sebum) may imply parity in functions, given that antimicrobial role of lipids in sebum is well documented (Drake et al., 2008; Fischer et al., 2014).

Host-derived antimicrobial lipids are increasingly being recognized as part of innate host defense at various mucosal surfaces. The contribution of antimicrobial lipids to host defense is evidenced from many reports on the antimicrobial actions of mucosal secretions as well as effects of individual lipids present in these secretions tested in vitro and/or in vivo (Table 1). Prominent among these is the contribution of antimicrobial lipids in skin. Like tear lipids, skin lipids are complex mixture of non-polar and polar lipids. Skin lipids contain wax monoesters, sterol esters, cholesterol, triglycerides, fatty acids, ceramides, squalene, and sphingosine (Robosky et al., 2008; van Smeden et al., 2014). Fatty acids and sphingosines from skin lipids are potent antibacterial (Bibel et al., 1992; Drake et al., 2008; Fischer et al., 2012; Fischer et al., 2014). Vernix caseosa, the lipid-rich film covering the skin of newborns, contains cholesterol, free fatty acids, ceramides, phospholipids, triglycerides, wax and sterol esters and squalene (Hoeger et al., 2002; Nishijima et al., 2019). Fatty acids in vernix protect neonates from infections (Tollin et al., 2005). The oral mucosal secretions contain cholesterol, fatty acids, triglycerides, wax esters, cholesterol esters and squalene – these lipids are similar to those found in skin secretions but are lower in amounts (Brasser et al., 2011; Wertz, 2021). Sphingosine, sapienic acid and lauric acid are antimicrobial in the oral cavity (Fischer et al., 2013). The secretion of nasal mucosa contains free fatty acids, phospholipids, triglycerides, cholesterol, and cholesterol esters (Do et al., 2008). Cholesterol esters in the nasal fluid contribute to the antimicrobial defense of airways (Do et al., 2008). The lipid profile of human sinus secretion is similar to nasal fluid and contains fatty acids, cholesterol, cholesterol esters, triglycerides (Lee et al., 2010). Cholesteryl esters in sinus fluid play a role in host defense (Lee et al., 2010). Human milk contains triglycerides, phospholipids, cholesterol and fatty acids (Hamosh et al., 1999; Isaacs, 2001). Fatty acids and monoglycerides derived from triglycerides provide protection to infants from infections (Thormar et al., 1987; Hamosh et al., 1999; Isaacs, 2001).


Table 1 | Antimicrobial lipids in human secretions.





Defense Mechanisms of Tears

The ocular surface has many innate defense mechanisms. The first line of defense is tears that prevents and fights infections by physical and chemical mechanisms. Physical mechanisms include existence of a thin tear film (3-10 μm thick) (Bron et al., 2004) as a barrier to circumvent the direct contact of pathogens with the otherwise vulnerable cornea and the ocular surface. Reflex tearing and washing action of tears further hinder the attachment of pathogens to the ocular surface and wash them away. Tear fluid is continually secreted and drained at an average flow rate of 1.2 µL/min to ensure the continuous cleaning of the ocular surface (Mishima et al., 1966). Reflex stimulation may increase the tear volume by 50-100-fold to quickly get rid of pathogens (Fullard and Tucker, 1991; Tiffany, 2008). Mucins in tears capture, immobilize and remove pathogens in the mucous thread onto the skin (Adams, 1979). Mucins can also serve ‘janitorial’ function by trapping pathogens and removing them from the ocular surface via the lacrimal drainage (Gipson et al., 2004).

Chemical mechanisms of defense of tears involve many antimicrobial factors and these are thought to be mainly proteins such as lysozyme, lactoferrin, lipocalin, secretory IgA, complementary factors, secretory phospholipase A2, secretory leukocyte protease inhibitor, surfactant protein D, defensins and lacritin, as reviewed comprehensively by McDermott (2013). The knowledge of chemical mechanisms of host defense in tears is somewhat limited to only antimicrobial proteins. Tears contains substantial amount of lipids which are ascribed other important functions but their antimicrobial role is underexplored in comparison to proteins.



Lipids in Tears

Majority of lipids in tears are derived from meibomian lipids that are secretions of meibomian glands. Meibomian glands are sebaceous holocrine glands located in the upper and lower eyelids. Lipids are produced by the acinar cells of meibomian glands. The acinar cells, after maturation, lyse and release their contents onto the inner margin of eyelids, from where the secreted lipids spread over the aqueous tears forming the outer lipid layer of the tear film (Sirigu et al., 1992; Millar et al., 2010). The composition of meibomian lipids has been studied extensively (Nicolaides et al., 1981; Butovich et al., 2007; Butovich et al., 2009; Chen et al., 2010; Chen, 2021). Tear lipids may contain lipids derived from other sources in addition to those from meibomian lipids. Analysis of meibomian lipids and tear lipids show remarkably similar lipid profiles with the same lipid classes being present in both (Rantamäki et al., 2011; Pucker and Nichols, 2012; Butovich, 2013; Lam et al., 2014), except phospholipids which are more abundant in tear lipids compared to meibum (Dean and Glasgow, 2012; Brown et al., 2013; Lam et al., 2014; Chen et al., 2019). The lipid layer of the tear film is made up of an outer nonpolar layer and an inner polar layer.

The nonpolar lipids in tears include wax esters, cholesterol esters, mono-, di-, and triglycerides, diesters, free sterols, free fatty acids and hydrocarbons. The nonpolar lipids in tears slow down evaporation of the aqueous tears preventing ocular surface inflammation and hyperosmolarity that result from excessive tear evaporation (Bron et al., 2017). Wax esters and cholesterol esters are the main lipid classes making about 80% of total tear lipids. Wax esters contain a long chain fatty acid linked to a long-chain fatty alcohol. The fatty acids and fatty alcohols in wax esters can have various types of branching and unsaturation (Butovich et al., 2007). Different types of fatty acids and alcohols make wax esters quite diverse. Oleic acid is the most prominent fatty acid in wax esters (Butovich et al., 2007; Millar et al., 2010; Butovich, 2013). Cholesterol esters contain cholesterol linked to a long chain fatty acid by an ester bond. Fatty acids in cholesterol esters can be variously branched and unsaturated (Butovich et al., 2007). Wax esters and cholesteryl esters are extremely hydrophobic and have very poor aqueous solubility. Monoglycerides, diglycerides and triglycerides have a glycerol molecule with one, two and three fatty acid chains, respectively. Triglycerides are the most commonly found glycerides (Butovich et al., 2007). Diesters molecules have two ester bonds which can contain either cholesterol, a hydroxy fatty acid and a fatty acid, or two fatty acid and a diol molecule (Chen et al., 2010). Among free sterols in tears, cholesterol is the most commonly found sterol (Harvey et al., 1987; Butovich, 2013). Free cholesterol may be produced by breakdown of cholesterol esters (Butovich et al., 2007; Chen et al., 2010). Among free fatty acids in tears, oleic acid is the most common fatty acids and it may be produced by breakdown of fatty acids-containing lipids (Chen et al., 2010). The hydrocarbon detected in tears is squalene (Butovich, 2008).

The polar lipids in tears include phospholipids and hydroxy fatty acids. Being amphiphilic in nature, polar lipids promote tear film stability by acting as interphase between the nonpolar lipids and the aqueous part of tears allowing the nonpolar lipids to spread over the aqueous tears. Two types of phospholipids are found in tears, glycerophospholipids and sphingophospholipids. These phospholipids are present in appreciable amounts to constitute the amphiphilic polar layer of the tear film (Lam et al., 2014). Glycerophoshpholipids contain a glycerol as a diglyceride with a phosphate group that can be attached to an organic molecule. Sphingophospholipids have a similar structure as glycerophospholipids except they contain sphingosine instead of a diglyceride. The glycerophospholipids reported in tears include phosphatidylcholine, lysophosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidic acid, phosphatidylinositol, phosphatidylglycerol (Dean and Glasgow, 2012; Brown et al., 2013; Lam et al., 2014; Chen et al., 2019). The sphingolipids in tears are mainly sphingomyelin and ceramide (Rantamäki et al., 2011; Lam et al., 2014). The hydroxy fatty acids have a fatty acid chain with a hydroxyl group at one end. Tears contain (O-acyl)-ω-hydroxy fatty acids (OAHFA) which are very long-chain ω-hydroxyacids and they form part of the amphiphilic polar layer of the tear film (Butovich et al., 2009; Lam et al., 2014; Chen et al., 2019).

The methodologies for analysis of meibum and tear lipids have been extensively reviewed elsewhere (Butovich, 2009; Pucker and Nichols, 2012; Butovich, 2013). The reliable techniques for identifying lipids have included mass spectrometry-based techniques such as high performance liquid chromatography-mass spectrometry (HPLC-MS), LC-MS with MS fragmentation, and electrospray ionization-mass spectrometry (ESI-MS) (Butovich et al., 2007; Chen et al., 2010; Lam et al., 2014; Chen et al., 2019), while nuclear magnetic resonance is deemed useful for quantification of lipids (Butovich, 2013; Willcox et al., 2017). Tear collection techniques also affect the lipid profiles and indicate that basal tears collection with capillary tubes is a preferred method (Lam et al., 2014; Rentka et al., 2017; Pieczyński et al., 2021). The amounts of various lipid species in tears vary in different studies due to various analytical techniques and collection methods used, and are reviewed elsewhere (Pucker and Nichols, 2012; Butovich, 2013; Pucker and Haworth, 2015; Willcox et al., 2017). Whether the changes in tear lipid composition are associated with susceptibility to infections is not well understood but there are indications that alterations in tear lipids are correlated with the presence of bacteria that produce lipolytic enzyme as reported in chronic blepharitis in human (Dougherty and McCulley, 1986a; Dougherty and McCulley, 1986b) and pink eye infection in cattle (Wood et al., 2018).



Antimicrobial Potential of Lipid Classes in Tears

Various lipid classes present in tears are known to possess antimicrobial properties and have potential to contribute to the antimicrobial defense of tears (Figure 1 and Tables 2.1–2.3). Most of the published literature on antimicrobial lipids have tested bacteria, so antibacterial effects are more widely reported than antifungal and antiviral effects. Some of the pathogens mentioned here may not be identified with ocular infections but are included to demonstrate the known antimicrobial potential of various lipid classes as per published reports.




Figure 1 | Human tear film model showing the lipid layer with nonpolar and polar lipids that have antimicrobial properties in playing a role in the ocular surface defense. The figure is not to the scale. (WE, wax esters; CE, cholesterol esters; TAG, triglycerides; Ch, free cholesterol; FA, free fatty acids; Sq, squalene; PL, phospholipids; SPL, sphingolipid; h-FA, hydroxy fatty acids).




Table 2.1 | Antimicrobial potential of lipid classes in tears (wax esters, cholesterol esters, mono- and triglycerides, and cholesterol).




Table 2.2 | Antimicrobial potential of lipid classes in tears (free fatty acids and hydrocarbons).




Table 2.3 | Antimicrobial potential of lipid classes in tears (phospholipids and hydroxyl fatty acids).




Wax Esters

Wax esters protect tears from evaporative stress and help in preventing drying of the ocular surface. Being present in the outermost layer of the tear film, they serve as a mechanical barrier to microbial invasion. Wax esters are characteristically present in tear lipids produced by meibomian glands, and in skin lipids produced by sebaceous glands (Robosky et al., 2008; Smith and Thiboutot, 2008). Their presence on the outer surface of the body, such as skin, has a barrier function that provides protection from the outside environment and desiccation. Wax esters such as behenyl oleate and behenyl palmitoleate have been shown to have antifungal properties (Frank et al., 2018). The antibacterial properties of wax esters are not widely documented in literature, possibly due the fact that their extreme hydrophobicity makes it difficult to conduct conventional in vitro antimicrobial assays where bacterial pathogens need to be grown and tested in aqueous media.



Cholesterol Esters

Cholesterol ester inhibit growth of ocular pathogenic bacteria S. aureus and P. aeruginosa but do not kill these bacteria as revealed in an in vitro study using physiological conditions of tears (daSilva-Antunes et al., 2016). Cholesterol esters contribute to the inherent antibacterial activity of human nasal mucosa and Do et al. (2008) have demonstrated that cholesteryl linoleate and cholesteryl arachidonate exhibit direct antibacterial activity against P. aeruginosa and S. epidermidis in vitro, with cholesteryl linoleate being a more potent antibacterial lipid with a broader spectrum. Elevated levels of cholesteryl esters observed in sinus secretions of chronic rhinosinusitis patients (Lee et al, 2010) and bronchoalveolar lavage fluid of cystic fibrosis patients (Ma et al., 2015) indicate contribution of cholesterol esters to the innate host defense of the respiratory tract. In addition, cholesteryl linoleate in a liposome carrier has been shown to exhibit antibacterial activity against S. epidermidis and P. aeruginosa and lowering the minimum inhibitory concentration of vancomycin for vancomycin resistant Enterococcus faecalis (Cheung Lam et al., 2016).



Mono- and Triglycerides

Glycerides have antibacterial and antiviral properties. Monoglycerides containing linoleic acid show antiviral effects against enveloped vesicular stomatitis virus and cause reduction in virus titre in the antiviral activity assays in vitro (Thormar et al., 1987). Monocaprin, a monoglyceride containing capric acid, has been shown to be effective in killing three Gram-positive bacteria: Group A Streptococcus (GAS), Group B Streptococcus (GBS) and S. aureus. The study of the mode of action of monocaprin against GBS showed that the mechanism of killing was disruption of cell membrane because electron micrographs of bacteria treated with the lipid showed disintegrated cell membrane with cell wall left intact. It was suggested that the highly lethal effect of this monoglyceride could be utilized for treating infections caused by GBS (Bergsson et al., 2001). In an earlier work from the same group, monocaprin was shown to inactivate Chlamydia trachomatis by disrupting the membrane of the elementary bodies of the bacteria suggesting use of this lipid as a microbicidal agent (Bergsson et al., 1998). Monocaprin are also virucidal against herpex simplex virus, respiratory syncytial virus and parainfluenza virus (Hilmarsson et al., 2005; Hilmarsson et al., 2007). Another monoglyceride, monolaurin, shows a high antibacterial potency against S. aureus that is even greater than the antimicrobial effect of the fatty acid, lauric acid, derived from it (Kabara et al., 1972). Synergistic activities of monoglycerides have also been observed against Gram-positive bacteria, Streptococcus pyogenes and S. aureus (Batovska et al., 2009). Antimicrobial properties of monoglycerides and their fatty acids against various bacterial species suggest their possible therapeutic applications as alternative to antibiotics for combating infections (Churchward et al., 2018; Yoon et al., 2018).

Triglycerides are abundantly present in the human milk fat globules. Triglycerides upon hydrolysis by gastric lipases in the stomach of newborns produce free fatty acids and monoglycerides that can lyse the enveloped viruses, bacteria, and protozoa (Hamosh et al., 1999). Monoglycerides act additively with fatty acids and their combined concentration determines the antimicrobial lipid activity of human milk in which microbial inactivation happens by membrane destabilization (Isaacs, 2001). Similarly, triglycerides in skin lipids serve as source of fatty acids that act as potent antimicrobials at the skin surface (Drake et al., 2008; Fischer et al., 2014)



Cholesterol

Cholesterol being the main sterol in tear lipids was tested in an in vitro study and it inhibited the growth of clinical strains of eye pathogens, S. aureus, P. aeruginosa and S. marcescens, at low concentrations but it showed a little or no inhibitory effect at high concentrations (daSilva-Antunes, 2013). In this study, cells treated with cholesterol showed abnormal phenotype and loss of cellular content in scanning electron micrographs (daSilva-Antunes, 2013). In a previous study, Marquart et al. (2007) reported 1% cholesterol to be bactericidal against Streptococcus pneumonia in vitro and lower concentration of cholesterol being partially inhibitory in a concentration dependent manner. They proposed that topical application of cholesterol might be useful for the treatment of S. penumonae keratitis because cholesterol can inhibit pneumolysin and kill bacteria. Another study shows that targeted regulation of membrane cholesterol content is used as a host defense strategy to evade bacterial toxins that damage the animal cells by pore formation in the cell membrane (Zhou et al., 2020).

Oxysterols, the oxidation derivatives of cholesterol, have broad antiviral activity against enveloped and non-enveloped human viral pathogens (Lembo et al., 2016). Two oxysterols, namely 25-hydroxycholesterol and 27-hydroxycholesterol, possess broad antiviral activity and are involved in innate antiviral defense. 25-hydroxycholesterol has antiviral activity against Zika virus (Tricarico et al., 2019). 27-hydroxycholesterol present in colostrum is effective against paediatric viral pathogens, rotavirus and rhinovirus, suggesting that breastfeeding helps in transfer of protective factors to infants in the initial days of lactation (Civra et al., 2019). Cholesterol and its oxysterols also modulate the hepatic innate immune response against Hepatitis C virus (HCV) infection. It is proposed that cholesterol modifications can be used for adjuvant therapy and clinical management of patients with HCV infection (González-Aldaco et al., 2018).



Fatty Acids

Tears contain about 2% of free fatty acids and out of these oleic acid is the main fatty acid reported, although the amounts reported in literature vary a lot and are dependent on the analytical techniques used (Chen et al., 2010). In our previous study, oleic acid inhibited growth of clinical strains of eye pathogens, S. aureus, P. aeruginosa and S. marcescens in a concentration dependent manner with 1% concentration showing complete growth inhibition (Mudgil et al., 2014). Cells treated with oleic acid showed cellular distortions and cell lysis in scanning electron micrographs. Given its antimicrobial activity, oleic acid can be used to develop lipid-based treatment for eye infections helping in reducing antibiotics usage. Antibacterial activity associated with tear lipids identified in these bacteria may be relevant to other Gram-positive and Gram-negative bacteria with applications in treating a range of bacterial ocular infections. The mechanism by which oleic acid or other unsaturated fatty acids such as linoleic acid or palmitoleic acid may exhibit antibacterial action is by inhibition of bacterial fatty acid synthesis. These unsaturated fatty acids inhibit bacterial enoyl-acyl enoyl-acyl carrier protein reductase (FabI) which is an essential component of bacterial fatty acid synthesis (Zheng et al., 2005). FabI is responsible for catalysis of the final and rate-limiting step of the fatty acid chain elongation in bacteria. Inhibition of FabI by oleic acid and palmitoleic acid is noted against S. aureus and S. pyogenes but these lipids are not effective against Escherichia coli or P. aeruginosa (Zheng et al., 2005). Oleic acid and linoleic acid, also induce cell and protoplast lysis of Streptococcus faecalis by acting as membrane destabiliser (Carson and Daneo-Moore, 1980).

Oleic acid is also found in skin lipids and is known to be antibacterial against skin pathogens including methicillin-resistant S. aureus (MRSA) and group A streptococci (Speert et al., 1979; Chen et al., 2011). It kills S. aureus bacteria by breaking down the cell walls and is effective against many S. aureus strains including the multi-antibiotic resistant community associated MRSA USA 300 (Chen et al., 2011). Palmitoleic acid is another antimicrobial fatty acid in mammalian skin that protects against S. aureus and Gram-positive bacterial infections (Wille and Kydonieus, 2003; Parsons et al., 2012). It permeabilizes the cell membrane causing leakage of solutes and low-molecular-weight proteins into the medium (Parsons et al., 2012). Free fatty acids provide defense against S. aureus in healthy skin and their deficiency increases vulnerability of atopic dermatitis patients to colonization by S. aureus (Takigawa et al., 2005). They also create unfavorable growth conditions for bacteria by making the skin surface acidic (Fluhr et al., 2001). Sapienic acid is the major antimicrobial fatty acid uniquely present in human skin that arrests growth of S. aureus by countering the bacterial defense mechanisms (Subramanian et al., 2019). Sapienic acid has been shown to be antibacterial against Streptococcus sanguinis, Streptococcus mitis, and Fusobacterium nucleatum but not against E. coli, S. aureus, S. marcescens, and P. aeruginosa (Fischer et al., 2012). Lauric acid found in skin is a very potent antimicrobial and shows antibacterial activity against Gram-positive bacteria including S. aureus, S. mitis, S. sanguinis, Corynebacterium striatum, and Corynebacterium jeikeium, but it is not active against Gram-negative bacteria E. coli, S. marcescens, or P. aeruginosa, although it is active against F. nucleatum (Fischer et al., 2012). Lauric acid was found as the most potent fatty acid among a number of saturated fatty acids investigated against methicillin sensitive and resistant S. aureus (Kitahara et al., 2004). The strong antimicrobial effects of lauric acid against Propionibacterium acnes in vitro and in vivo show that it can be used as an alternative treatment for antibiotic therapy of acne vulgaris (Nakatsuji et al., 2009). A number of fatty acids including lauric acid and capric acid are antibacterial against GAS, GBS, S. aureus, and C. trachomatis (Bergsson et al., 1998; Bergsson et al., 2001), Fatty acids are also virucidal against herpes simplex virus and their activity increases even more in the acidic environment (Hilmarsson et al., 2005).

Host-derived fatty acids found in human milk play an important role in providing innate defense to newborns and infants. Antiviral activity in the human milk appears after storage at 4°C for 2 days. It reduces viral titre by as much as 10,000-fold and is due to antiviral fatty acids in the milk (Isaacs et al., 1986). The medium-chain saturated and long-chain unsaturated fatty acids in human milk are active against enveloped viruses vesicular stomatitis virus, herpes simplex virus, and visna virus in vitro. The antiviral activity results in the leakage of the viral envelope, and at higher concentration of fatty acids there is a complete disintegration of the envelope and the viral particles (Thormar et al., 1987). Fatty acids may exert a detergent-like effect on lipid-coated microbes. They can incorporate into the lipid membrane causing instability, which in turn results in the rupture of the membrane and death of the organism (Isaacs et al., 1986; Thormar et al., 1987).

Fatty acids typically have broad-spectrum antimicrobial effects. Unsaturated fatty acids generally have more antimicrobial effects than saturated fatty acids (Kabara et al., 1972; Zheng et al., 2005). Investigating antimicrobial effects of a variety of fatty acids, Kabara (1984) concluded that saturated fatty acids have highest activity when the chain length is C12 (lauric acid), monounsaturated fatty acids have highest activity in parmitoleic acid and the most active polyunsaturated fatty acid is linoleic acid. Another study with different Gram-positive bacteria indicated that unsaturated fatty acids having C18 chains such as oleic acid, linoleic acid and linolenic acid have potent antimicrobial activities (Galbraith et al., 1971). It is known that medium- and long-chain unsaturated fatty acids generally have more antimicrobial effects against Gram-positive bacteria in comparison to Gram-negative bacteria (Galbraith et al., 1971; Chen et al., 2011). The outer membrane of Gram-negative bacteria protects them from the destructive action of fatty acids (Speert et al., 1979). Fatty acids packaged in liposomes can be promising lipophilic antimicrobial agents. Palmitic acid and steric acid in liposome preparations have shown antibacterial activity against multidrug resistant S. epidermidis and vancomycin resistant E. faecalis (Cheung Lam et al., 2016). Lauric acid incorporated in a liposome kills P. acnes. The liposome fuses with the membrane of bacteria and releases the fatty acid directly on the bacterial membranes to kill the bacteria efficiently (Yang et al., 2009).

A number of mechanisms have been proposed for the antimicrobial action of fatty acids. They mainly target the bacterial cell membrane and affect cellular protection and functions (Desbois and Smith, 2010; Yoon et al., 2018). The proposed mechanisms include (1) exhibiting deleterious detergent effects on the cell membrane causing pore formation, leakage, and cell lysis, (2) interfering with the cellular energy production by disrupting the electron transport chain and uncoupling oxidative phosphorylation, (3) inhibiting membrane enzymes activity and nutrient uptake, and (4) formation of hydroperoxides causing oxidative stress. Fatty acids can insert into the bacterial cell membrane and increase its permeability. This membrane-lytic action causes destabilization, pore formation, leakage of contents and cell lysis (Greenway and Dyke, 1979; Speert et al., 1979; Carson and Daneo-Moore, 1980; Chamberlain et al., 1991). The electron transport chain in the cell membrane of bacteria is the site for energy production. Medium- and long-chain saturated and unsaturated fatty acids can disrupt the electron transport chain by binding to the electron carriers resulting in reduced energy production (Galbraith and Miller, 1973; Kenny et al., 2009). Fatty acids can further reduce energy production through uncoupling of oxidative phosphorylation by decreasing the membrane potential and proton gradient, or by directly binding with the ATP synthase (Sheu and Freese, 1972; Galbraith and Miller, 1973). Fatty acids can directly inhibit membrane enzymes and target membrane-associated proteins in bacteria, for example, inhibiting glucosyl transferase affecting glucan production (Won et al., 2007), and inhibiting enoyl-acyl enoyl-acyl carrier protein reductase (FabI) affecting fatty acid synthesis (Zheng et al., 2005). These effects are generally greater for unsaturated fatty acids than saturated fatty acids (Zheng et al., 2005). Fatty acid can starve bacteria by inhibiting their ability to uptake nutrients such as amino acids (Galbraith and Miller, 1973). Formation of hydroperoxides causing oxidative stress is another mechanism suggested for the bactericidal effects of polyunsaturated fatty acids (Knapp and Melly, 1986).



Squalene

Squalene shows antimicrobial activities against bacteria, Sarcina lutea and E. coli, and fungi causing aspergillosis (Biswas and Chakraborty, 2013). Squalene also has anti-oxidative properties and used as adjuvant in vaccines and cosmetics (Fox, 2009). Squalene in microemulsions has been shown to be antimicrobial against MRSA (Fang et al., 2019), and effective in the treatment of COVID-19 patients (Ebrahimi et al., 2022).



Phospholipids

The in vitro studies with the ocular pathogenic bacteria S. aureus and P. aeruginosa show that phosphatidylcholine (PC) inhibits bacterial growth slightly but time kill assays indicate that it does not kill these bacteria (daSilva-Antunes et al., 2016). Lysophosphatidic acid (LPA), a polar lipid involved in cell proliferation and wound healing, has a protective role in the activation of innate immune response and it enhances antimycobacterial activity both in vitro and ex vivo (Garg et al., 2006). LPA is present in solution form bound to albumin in many extracellular fluids including aqueous humor in the eye and is released in vitro. It is termed as a ‘bioactive’ phospholipid whose receptors and metabolic enzymes can be promising pharmacological targets in finding relevance of bioactivity of LPA in vivo (Saulnier-Blache, 2004).

Phospholipids can themselves be inhibitory to bacterial growth or enhance activity of antibiotics against antibiotic-resistant bacteria by increasing permeability of outer membrane to antibiotics through their ability to chelate divalent cations. P. aeruginosa is an opportunistic pathogen that causes chronic lung infection in patients with cystic fibrosis. Biofilm formation by this bacteria enhances development of cystic fibrosis. Monopalmitoylphosphatidic acid (MPPA), a host-derived lysophospholipid that accumulates in inflammation, has been shown to slow the growth of antibiotic-resistant strains of P. aeruginosa isolated from sputum of cystic fibrosis patients (Krogfelt et al., 2000). It hinders pathogenesis of P. aeruginosa PAO1 by inhibiting bacterial virulence factors such as extracellular accumulation of alginate, elastase, LasA protease, and siderophore pyoverdin, as well as biofilm formation (Laux et al., 2002). The inhibitory effect of MPPA is partly attributed to its ability to bind divalent cations and to physically disrupt the bacterial membrane structure. Phospholipids can also enhance the activity of β-lactam antibiotics against P. aeruginosa strains (Krogfelt et al., 2000). MPPA enhances activity of ampicillin in vitro against P. aeruginosa PAO1 by chelating divalent cations, and enhances the activity of pireracillin and ceftazidime against P. aeruginosa strains isolated from cystic fibrosis patients (Krogfelt et al., 2000). Liposomes containing bioactive lipids such as phosphatidic acid and phosphatidylinositol stimulate pulmonary cells to kill drug-resistant bacterial pathogens by augmenting immune response showing that liposomes delivered bioactive lipids enhance antimicrobial response and can be used as an additional host-directed strategy for the control of chronic drug-resistant infections (Poerio et al., 2017).

The anionic surfactant lipids of the lung, phosphatidylglycerol (PG) and phosphatidylinositol (PI), exert potent antiviral activities in vitro and in vivo against respiratory viruses including respiratory syncytial virus and influenza A virus (Numata et al., 2010; Numata et al., 2012; Numata et al., 2015). PG and PI thus paly complementary role in innate immune antiviral defense in the lung. Surfactant preparations containing PG can be used for treating respiratory viral infections and potentially for improving lung function in COVID-19 patients (Bollag and Gonzales, 2020; Ji et al., 2021).

Oxidized phospholipids that are naturally released from dead cells block the replication of RNA viruses during the early stage of viral infection in human epithelial cells (Ernandes and Kagan, 2021). Slowing viral growth prior to infection by oxidized phospholipids allows time for other immune mechanisms to take over, hence, helping in innate host defense against RNA viral infections. Endogenously produced oxidized phospholipids inhibit inflammation and provide protection from lethal endotoxin shock in severe Gram-negative bacterial infections showing that oxidized phospholipids that have ability to inhibit endotoxins can be used for developing drugs for sepsis (Bochkov et al., 2002).



Sphingolipids

Sphingomyelin, the phospholipid or more specifically a sphingophospholipid, present in human milk provides protection to neonates from bacterial infections (Silva et al., 2021). Bactericidal activity of sphingolipids of milk lipids against pathogenic strains of E. coli, Salmonella enteritidis, Campylobacter jejuni, Listeria monocytogenes has been shown in vitro (Sprong et al., 2001).

Sphingosines, the base in the sphingophospholipid molecules, are potent broad acting antimicrobial present on the skin and constitute the innate immune defense of skin (Drake et al., 2008; Fischer et al., 2014). It is proposed that exogenous application of these lipids to skin can be a therapeutic option for people at risk of infection (Fischer et al., 2014). Reduced levels of sphinogosine is associated with vulnerability of atopic dermatitis patients to colonization by S. aureus (Arikawa et al., 2002). The antibacterial activity of sphingosine has been shown in vitro against many Gram-negative bacteria and Gram-positive bacteria including E. coli, S. mitis, S. aureus, S. sanguinis, Corynebacterium bovis, C. striatum, C. jeikeium, and F. nucleatum but not against S. marcescens and P. aeruginosa (Fischer et al., 2012). Sphingosines are also antibacterial against S. pyogenes, Micrococcus luteus, P. acnes, Brevibacterium epidermidis, and Candida albicans in vitro (Bibel et al., 1992). The bactericidal activity of sphingosine against S. aureus has been shown in vitro, and the in vivo infections in mice indicate that lack of sphingosine causes susceptibility to lung infection by Staphylococcus aureus in cystic fibrosis (Tavakoli Tabazavareh et al., 2016). Sphingosine is directly involved in pathogenic defense and provides protection from P. aeruginosa infections (Baker et al., 2018). In vitro studies indicate that sphingosines are antibacterial against P. aeruginosa, Acinetobacter baumannii, and Moraxella catarrhalis, and in vivo studies in mice indicate that sphingosine can prevent lung infection by P. aeruginosa in cystic fibrosis patients (Pewzner-Jung et al., 2014).

Ceramides are derived from sphingomyelins and they have been shown to regulate mammalian defense against P. aeruginosa and S. aureus pathogens that are commonly found in pneumonia (Baker et al., 2018). Ceramides also have potent bactericidal activity against pathogenic Neisseriae. Antibacterial activity of ceramides has been observed against Neisseria meningitidis and Neisseria gonorrhoeae in vitro with kinetic assays showing killing of N. meningitidis within 2 h (Becam et al., 2017).



Hydroxy Fatty Acids

OAHFAs found in tears are also found in equine amniotic fluid and semen (Wood, 2020), and vernix caseosa in newborns (Kalužíková et al., 2017). OAHFAs act as surfactants in these fluids. While antimicrobial action of OAHFAs is not well reported, antimicrobial properties of other hydroxyl fatty acids are known. Hydroxy polyunsaturated fatty acids exert antiviral activity against influenza virus by interfering with the binding of virus to host cell receptors and reducing viral titres (de Toledo-Piza et al., 2018). Hydroxy fatty acids also show antibacterial activities against Gram-positive bacteria, Bacillus subtilis, L. monocytogenes, S. aureus, and Gram-negative bacteria, P. aeruginosa (Shin et al., 2004; Desbois and Lawlor, 2013).




Mode of Antimicrobial Action of Tear Lipids

There is lack of understanding on the mode of antimicrobial action of tear lipids. Additionally, the mechanism of action is difficult to predict due the mixed nature of tear lipids. However, the current knowledge on the action of various lipids classes such as detergent effects of fatty acids (Desbois and Smith, 2010) and virulent and direct killing effects of cholesterol and phospholipids (Laux et al., 2002; Marquart et al., 2007), with the known surfactant properties of tear lipids (Mudgil and Millar, 2011) indicate that membrane destabilization by surfactant/detergent activity may be a likely mechanism of antimicrobial action of tear lipids (Mudgil, 2014). It is also probable that various lipid classes in tear lipids exhibit multiple modes of action and together they add to the overall antimicrobial effects of tear lipids.



Host Defense as a Cooperative Action of Antimicrobial Lipids and Antimicrobial Proteins

Though tears are known to contain many antimicrobial proteins (McDermott, 2013), none of them is a potent antimicrobial on its own. They are effective in combination with each other and with antimicrobial lipids, and the host defense relies on the cooperative interactions between antimicrobial lipids and proteins (Mudgil, 2014). Many antimicrobials with multiple mode of actions help tears evade a broad array of pathogens and cooperative interactions between these antimicrobials makes them effective at lower concentrations providing self-sterilizing properties to tears with characteristically low microbial load. Cooperative interactions of antimicrobial lipids and proteins contributing to innate host defense is also applicable to other body secretions such as breast milk and secretions of skin, oral, nasal and lung mucosa.

Antimicrobial activities of human milk results from protective factors acting individually, additively and synergistically (Isaacs, 2005). Triglycerides in human milk release antimicrobial free fatty acids and monoglycerides which act additively for the overall lipid-dependent antimicrobial activity (Isaacs, 2001). Antimicrobial milk lipids further act synergistically with antimicrobial peptides to decrease the concentrations of individual compounds required for protection and reduce the time needed for inactivation of pathogens showing that synergies of lipids and proteins provide powerful protection from simple compounds at lower concentrations (Isaacs, 2005; Newburg, 2005). The overall antimicrobial protection from human milk is, therefore, far greater than can be demonstrated by effects of antimicrobial factors individually (Isaacs, 2005).

Antimicrobial synergy between lipids and proteins is a part of innate immunity of human skin (Brogden et al., 2012). Antimicrobial synergy occurs between free fatty acids of sebum and histone H4 of sebocytes against S. aureus (Lee et al., 2009). Synergistic interactions of sphingosine with cathelicidin and LL37 against a range of Gram-positive bacteria, Gram-negative bacteria, and yeast have been noted (Robertson et al., 2006). Free fatty acids in skin lipids not only provide direct antibacterial activities but they enhance the antimicrobial defense of skin by inducing the expression of antimicrobial peptides in sebocytes. Incubation of sebocytes with lauric acid, palmitic acid, or oleic acid profoundly enhances expression of human β-defensin of sebocytes which shows activity against P. acnes suggesting that free fatty acids in skin lipids upregulate the expression of β-defensin in sebocytes (Nakatsuji et al., 2010). Similarly, short chain fatty acids enhance expression of antimicrobial protein, human cathelicidin LL-37 in colonocytes and play a role in mucosal immune defense (Schauber et al., 2003).

Vernix caseosa, the creamy substance covering skin of newborns, is another example of innate host defense that is based on the cooperative interactions between antimicrobial lipids and proteins (Tollin et al., 2005). Free fatty acids in vernix exhibit antimicrobial activities and vernix lipids further enhance the activity of antimicrobial peptides indicating strong host defense resulting from interactions between antimicrobial lipids and proteins that provides protection to foetus and newborn against infections.

The secretion of oral mucosa contains many antimicrobial salivary proteins (lysozyme, lactoferrin, lactoperoxidase), antimicrobial salivary peptides (defensins, cathelicidins, histatins), and antimicrobial salivary lipids (fatty acids derived from salivary triglycerides and long-chain bases from oral epithelial sphingolipids), and together these antimicrobial factors determine the microbial composition of the oral cavity (Wertz and de Szalay, 2020). The secretion of nasal mucosa harbours many antimicrobial proteins and lipids. Lipids in the nasal fluid show synergistic effects with the antimicrobial peptide, human neutrophil peptide HNP2, against P. aeruginosa (Do et al., 2008). The elevated expression of antimicrobial factors in the sinus tissue of chronic rhinosinusitis patients may represent a concerted intrinsic defense response in which antimicrobial lipids and antimicrobial proteins act synergistically to combat offending pathogens (Lee et al., 2014). Lysozyme is a prominent antimicrobial protein in lung mucosa. Patients with cystic fibrosis get frequent lung infections with P. aeruginosa and supplementation of a non-esterified fatty acid, docosahexaenoic acid, improves clinical condition in these patients. Synergistic activity of human lysozyme and docosahexaenoic acid has been observed against P. aeruginosa in which the fatty acid facilitates incorporation of lysozyme into the bacterial membrane allowing influx of more fatty acid that leads to the bacterial cell death (Martinez et al., 2009).

The contribution of antimicrobial lipids to overall intrinsic host defense is further emphasised by association of decreased lipid levels with lowered host defense. The antimicrobial activity of nasal fluid decreases upon depleting the lipids and is restored after re-supplementing the lipids (Do et al., 2008). Decrease in levels of fatty acids and sphingosine in atopic dermatitis patients is associated with their vulnerability to colonization by S. aureus (Arikawa et al., 2002; Takigawa et al., 2005). Reduced levels of sphingosine in tracheal and bronchial epithelial cells are associated with susceptibility to lung infection by P. aeruginosa in cystic fibrosis patients (Pewzner-Jung et al., 2014). Children feeding on low fat milk are more susceptible to gastrointestinal infection in comparison with those feeding on whole milk (Koopman et al., 1984). Addition of medium chain monoglycerides to human milk and infant formulas can provide increased protection to infants from infections by respiratory syncytial virus, herpes simplex virus type 1, Haemophilus influenzae, and GBS (Isaacs et al., 1995).

In addition to the cooperative interactions between lipids and proteins, lipidation increases the antimicrobial activity of peptides involved in innate defense. Potency of antimicrobial peptides can be enhanced by conjugation with fatty acids and sometimes inactive peptides can be rendered active (Li et al., 2013). Fatty acid conjugation enhances the interaction of peptide with the microbial membranes that helps in exerting enhanced antimicrobial effect. Lipidated analogs of peptides generated by conjugation of human peptide with fatty acids provide antimicrobial activity against ESKAPE bacteria and biofilms of S. aureus (Kamysz et al., 2020). An engineered short lipopeptide generated by conjugating human cathelicidin LL-37, an innate immune antimicrobial peptide, with fatty acids shows robust antimicrobial activity against Gram-positive and Gram-negative bacteria in vitro and reduces bacterial burden of MRSA in mice in vivo (Lakshmaiah Narayana et al., 2021). It targets bacterial membranes and makes it helical so that bacteria find it difficult to develop resistance. The designer lipopeptie also has antibiofilm and immune modulation activities as it prevents biofilm formation in a catheter-associated mouse model and recruits cytokines to clear infection near catheters. Fatty acylation of an inactive human β-defensin generates a highly active peptide with potent antimicrobial activity against bacteria and C. albicans (Sharma et al., 2015). Fatty acylation increases hydrophobicity and potency of the peptide by allowing greater interaction of the peptide chain with the microbial cell surface that causes membrane permeabilization.



Conclusion

The knowledge on antimicrobial lipids in tears at the ocular surface is sparse. Meibomian lipids that form majority of tear lipids have been shown to be antimicrobial and various lipid classes present in tears are known to possess antimicrobial properties indicating the importance of antimicrobial lipids in innate immunity of tears in protecting the ocular surface from infections. Akin to other body secretions, the overall defense mechanism of tears is based on the synergistic interactions between antimicrobial lipids and antimicrobial proteins that is effective against a broad spectrum of pathogens and renders self-sterilizing properties to tears for keeping the microbial load low at the ocular surface.
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Lipid class Name of lipid ~ Antimicrobial Target organism References
effect
Phospholipids  Phosphatidyl Antibacterial Staphylococcus aureus, Pseudomonas aeruginosa (daSilva-Antunes et al.,
choline 2016)
Lyso Antibacterial Pseudomonas aeruginosa (Krogfelt et al., 2000;
phospholipid Laux et al., 2002)
Phosphatidyl Antiviral Respiratory syncytial virus, influenza A virus (Numata et al., 2010;
glycerol Numata et al., 2012)
Phosphatidy! Antiviral Respiratory syncytial virus (Numata et al., 2015)
inositol
Oxidized Antiviral Vesicular stomatitis virus (Ernandes and Kagan,
phospholipids 2021)
Sphingolipids Antibacterial Escherichia coli, Salmonella enteritidis, Campylobacter jejuni, Listeria monocytogenes (Sprong et al., 2001)
Sphingosine Antibacterial Streptococcus pyogenes, Micrococcus luteus, Propionibacterium acnes, Brevibacterium (Bibel et al., 1992;
epidermidis, Candida albicans, Escherichia coli, Streptococcus mitis, Staphylococcus Fischer et al., 2012;
aureus, Streptococcus sanguinis, Corynebacterium bovis, Corynebacterium striatum, Pewzner-Jung et al.,
Corynebacterium jeikeium, Fusobacterium nucleatum, Pseudomonas aeruginosa, 2014; Tavakoli
Acinetobacter baumannii, Moraxella catarrhalis Tabazavareh et al.,
2016)
Ceramide Antibacterial  Neisseria meningitides, Neisseria gonorrhoea (Becam et al., 2017)
Hydroxy fatty  Hydroxy fatty Antibacterial Bacillus subtilis, Listeria monocytogenes, Staphylococcus aureus, Pseudomonas (Shin et al., 2004;
acids acids aeruginosa Desbois and Lawlor,
2013)
Hydroxy Antiviral Influenza virus (de Toledo-Piza et al.,
polyunsaturated 2018)

fatty acids
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Wax esters  Behenyl oleate, behenyl Antifungal Pseudogymnoascus destructans (Frank et al., 2018)
palmitoleate
Cholesterol ~ Cholesterol oleate Antibacterial Staphylococcus aureus, Pseudomonas aeruginosa (daSilva-Antunes et al., 2016)
esters
Cholestery! linoleate, Antibacterial Pseudomonas aeruginosa, Staphylococcus epidermidis (Do et al., 2008)
cholesteryl arachidonate
Cholesteryl linoleate in Antibacterial  Staphylococcus epidermidis, Pseudomonas aeruginosa, (Cheung Lam et al., 2016)
liposome carrier Enterococcus faecalis
Mono- Monocaprin Antibacterial Chlamydia trachomatis, Group A Streptococcus, Group B (Bergsson et al., 1998; Bergsson
glycerides Streptococcus, Staphylococcus aureus et al., 2001)
Antiviral Herpex simplex virus, repiratory syncytial virus, parainfluenza virus (Hilmarsson et al., 2005;
Hilmarsson et al., 2007)
Monolaurin Antibacterial Streptococcus pyogenes, Staphylococcus aureus (Kabara et al., 1972; Batovska
et al., 2009)
Antiviral Herpex simplex virus (Hilmarsson et al., 2005
Monoalinolein Vesicular stomatitis virus Thormar et al., 1987)
Triglycerides ~ Triglycerides Various Enveloped viruses, bacteria, protozoa (Hamosh et al., 1999)
Cholesterol ~ Cholesterol Antibacterial Staphylococcus aureus, Pseudomonas aeruginosa, Serratia (Marquart et al., 2007; daSilva-
marcescens, Streptococcus penumonae Antunes, 2013)
25-hydroxy cholesterol Antiviral Zika virus (Tricarico et al., 2019)
27-hydroxy cholesterol Antiviral Rotavirus, rhinovirus (Civra et al., 2019)
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Fatty acids Oleic acid  Antibacterial MRSA USA 300, Bacillus megaterium, Staphylococcus aureus, Pseudomonas (Galbraith et al., 1971; Speert et al.,
aeruginosa, Serratia marcescens, Streptococcus pyogenes, GAS 1979; Zheng et al., 2005; Chen et al.,
2011; Mudgil et al., 2014)
Antiviral HSV, RSV, V8V, visna virus (Thormar et al., 1987; Hilmarsson
et al., 2005; Himarsson et al., 2007)
Palmitoleic  Antibacterial GAS, GBS, Staphylococcus aureus, Pneumococcus, Corynebacterium sp., (Kabara et al., 1972; Bergsson et al.,
acid Nocardia asteroids, Micrococcus, Streptococcus salivarius, Streptococcus 2001; Wille and Kydonieus, 2003;
pyogenes Zheng et al., 2005; Parsons et al.,
2012)
Antiviral HSV, RSV (Hilmarsson et al., 2005; Hilmarsson
et al., 2007)
Linoleic Antibacterial Streptococcus faecalis, Bacillus megaterium, Pneumococcus, GAS, (Galbraith et al., 1971; Kabara et al.,
acid Corynebacterium sp., Nocardia asteroids, Micrococcus 1972; Carson & Daneo-Moore, 1980
Antiviral VSV, HSV, visna virus Thormar et al., 1987)
Linolenic  Antibacterial Bacillus megaterium (Galbraith et al., 1971)
acid
Antiviral V8V, HSV, visna virus (Thormar et al., 1987)
Sapienic Antibacterial Staphylococcus aureus, Streptococcus sanguinis, Streptococcus mitis, (Fischer et al., 2012; Subramanian
acid Fusobacterium nucleatum etal., 2019)
Lauric acid  Antibacterial GAS, GBS, Staphylococcus aureus, Streptococcus mitis, Streptococcus (Kabara et al., 1972; Bergsson et al.,
sanguinis, Corynebacterium striatum, Corynebacterium jeikeium, Pneumococcus, 2001; Kitahara et al., 2004; Nakatsuji
Corynebacterium sp., Nocardia asteroids, MSSA & MRSAs, Propionibacterium et al., 2009; Fischer et al., 2012)
acnes
Antiviral HSV, RSV, parainfluenza virus, VSV, visna virus (Thormar et al., 1987; Hilmarsson
et al., 2005; Hilmarsson et al., 2007
Capric Antibacterial Staphylococcus aureus, Chlamydia trachomatis Bergsson et al., 1998; Bergsson
acid etal., 2001)
Antiviral VSV, HSV, visna virus (Thormar et al., 1987)
Hydrocarbons Squalene  Antibacterial Sarcina lutea, Escherichia coli (Biswas and Chakraborty, 2013)
Antifungal Aspergillus (Biswas and Chakraborty, 2013)

HSV, Herpes simplex virus; RSV, respiratory syncytial virus; VSV, Vesicular stomatitis virus; GAS, Group A Streptococcus, GBS, Group B Streptococcus; MSSA, Methicillin-susceptible
Staphylococcus aureus (MSSA); MRSA, Methicillin-resistant Staphylococcus aureus.
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Tears

Skin secretion

Vernix caseosa

Oral secretion

Nasal secretion

Sinus secretion

Breast milk

Wax esters, cholesterol esters, mono-,

di-, and triglycerides, diesters, free

sterols, free fatty acids, hydrocarbons,

phospholipids, hydroxyl fatty acids
Wax monoesters, sterol esters,

cholesterol, triglycerides, fatty acids,

ceramides, squalene, sphingosine

Cholesterol, free fatty acids, ceramides,
phospholipids, triglycerides, wax and

sterol esters, squalene

Cholesterol, fatty acids, triglycerides, wax
esters, cholesterol esters, squalene

Free fatty acids, phospholipids,

triglycerides, cholesterol, cholesterol

esters

Fatty acids, cholesterol, cholesterol

esters, triglycerides

Triglycerides, phospholipids, fatty acids

(Butovich et al., 2007; Chen
et al., 2010; Rantamaki et al.,
2011; Lamet al., 2014)

(Robosky et al., 2008; van
Smeden et al., 2014)

(Hoeger et al., 2002; Nishijima
etal, 2019)

(Brasser et al., 2011)

(Do et al., 2008)

(Lee et al., 2010)

(Hamosh et al., 1999; Isaacs,
2001)

Meibomain lipids, oleic acid,
cholesterol, cholesterol ester,
phospholipid

Fatty acids, sphingosines

Fatty acids

Sphingosine, sapienic acid, lauric
acid
Cholesterol esters

Cholesterol esters
Fatty acids, monoglycerides,

hydroxycholesterol,
sphingophospholipids

(daSilva-Antunes, 2013; Mudgil,
2014; Mudgil et al., 2014;
daSilva-Antunes et al., 2016)

(Bibel et al., 1992; Drake et al.,
2008; Fischer et al., 2012;
Fischer et al., 2014)

(Tollin et al., 2005)

(Fischer et al., 2013)

(Do et al., 2008)

(Lee et al., 2010)

(Isaacs et al., 1986; Thormar
et al., 1987; Hamosh et al.,
1999; Isaacs, 2001; Sprong
et al., 2001; Civra et al., 2019)






