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Abstract

Long-chain fatty aldehydes are present in low concentrations in mammalian cells and serve as 

intermediates in the interconversion between fatty acids and fatty alcohols. The long-chain fatty 

aldehydes are generated by enzymatic hydrolysis of 1-alkyl-, and 1-alkenyl-glycerophospholipids 

by alkylglycerol monooxygenase, plasmalogenase or lysoplasmalogenase while hydrolysis of 

sphingosine-1-phosphate (S1P) by S1P lyase generates trans Δ2-hexadecenal (Δ2-HDE). 

Additionally, 2-chloro-, and 2-bromo- fatty aldehydes are produced from plasmalogens or 

lysoplasmalogens by hypochlorous, and hypobromous acid generated by activated neutrophils and 

eosinophils, respectively while 2-iodofatty aldehydes are produced by excess iodine in thyroid 

glands. The 2-halofatty aldehydes and Δ2-HDE activated JNK signaling, BAX, cytoskeletal 

reorganization and apoptosis in mammalian cells. Further, 2-chloro- and 2-bromo-fatty aldehydes 

formed GSH and protein adducts while Δ2-HDE formed adducts with GSH, deoxyguanosine in 

DNA and proteins such as HDAC1 in vitro. Δ2-HDE also modulated HDAC activity and 

stimulated H3 and H4 histone acetylation in vitro with lung epithelial cell nuclear preparations. 

The α-halo fatty aldehydes elicited endothelial dysfunction, cellular toxicity and tissue damage. 

Taken together, these investigations suggest a new role for long-chain fatty aldehydes as signaling 

lipids, ability to form adducts with GSH, proteins such as HDACs and regulate cellular functions.
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1. INTRODUCTION

Lipids comprising of phospholipids, sphingolipids and cholesterol are essential constituents 

of all biological membranes of eukaryotic cells. In addition to their structural role in the 

lipid bilayer membrane as a barrier between adjacent cells, the membrane lipids serve as 

substrates for lipid lipases, lipid kinases and lipid phosphatases, which generate several 

bioactive lipid mediators involved in intracellular and extracellular signaling events [1] [2] 

[3] [4]. Non-membrane lipids that are present in plasma and cytosol of cells are also 

subjected to hydrolysis and modifications to serve as signaling lipid molecules and ligands 

for G-protein coupled receptors on the cell plasma membrane. Bioactive lipids generated 

within the cell are metabolized, serve as precursor for de novo biosynthesis or transported 

outside by transporters such as ABC transporters [5] [6] [7] and SPNS2 [8] [9] [10]. For 

example, in response to extracellular stimuli, membrane lipids are hydrolyzed by specific 

phospholipases such as phospholipase (PL) A1, A2, C, and D to release fatty acid, 

diacylglycerol (DAG) or phosphatidic acid (PA), respectively. Polyunsaturated fatty acids 

such as arachidonic acid (AA), docosahexaenoic acid (DHA) or eicosapentanoic acid (EPA) 

are predominantly localized on the sn-2 position of phospholipids, such as 

phosphatidylcholine (PC), phosphatidylethanolamine (PE) or phosphatidylserine (PS), and 

sprovide substrates for cyclooxygenase or lipoxygenase resulting in production of short lived 

prostanoids and hydroxy- and hydroperoxy-fatty acids that serve as signaling bioactive lipid 

second messengers in mammalian cells [2] [11] [12]. Lysophosphatidylcholine (LPC) 

generated by phospholipase A1 or A2 can be hydrolyzed by lysophospholipase D or 

autotaxin (ATX) to lysophosphatidic acid (LPA) [13] [14] that signals through LPA1–6 G-

protein coupled receptors [15] [16]. PLD catalyzes the hydrolysis of PC, PE or PS to 

produce PA and the free polar head group [17] [18]. Further, PA generated by PLD can be 

dephosphorylated by PA phosphatases forming DAG [19]. Additionally, DAG can also be 

formed by hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP2) by PI-PLC [20] or 

hydrolysis of PC by PC-PLC [21, 22]

Although hydrolysis of PC by PC-PLC has been reported extensively [20], this is a 

controversial reaction as this enzyme has not been purified and characterized from 

mammalian cells. An alternate explanation for DAG formation from PC would be the 

synthesis of sphingomyelin (SM) by SM synthase 1 &2 where phosphocholine from PC is 

transferred to ceramide [23] [24] [25]. DAG is an endogenous activator of several PKC 

isoforms [26] and PA is a second-messenger in cells and also serves as substrate for PA-

specific phosphatases to yield DAG [19]. PA is also hydrolyzed by PA-specific PLA1 or 

PLA2 to generate1-lyso-2-acyl- or 1-acyl-2-lyso-sn-glycero-3-phosphate (LPA) and free 

fatty acid [27] [28]. SM, the other major sphingophospholipid of biological membranes on 

hydrolysis by sphingomyelinases yields ceramide, an apoptotic sphingolipid [29] [30] [31], 

which subsequently produces sphingosine through ceramidases [32]. Sphingosine can be 

phosphorylated by sphingosine kinase (SPHK) 1 and 2 to sphingosine-1-phosphate (S1P) 

Ebenezer et al. Page 2

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[33], a naturally occurring bioactive lipid mediator that signals via S1P1–5 G-protein coupled 

receptors [34] [35]. Generation of lipid mediators from phospholipids and sphingolipids by 

phospholipases, lipid kinases and lipid phosphate phosphatases is outlined in Figure 1.

Enzymatic or non-enzymatic reactions on membrane lipids also generate highly reactive 

long-chain fatty aldehydes such as hexadecanal, octadecanal, and Δ2-hexadecenal, which 

have been shown to form adducts with proteins [36], and DNA [37]. Recent studies suggest 

that the long-chain fatty aldehydes can also signal and modulate cell functions [38] [39]. 

This article will primarily focus on various long-chain fatty aldehydes derived from 

phospholipids and sphingolipids in cellular signaling and function. Although 4-

hydroxynonenal (4-HNE) is derived from membrane lipids by lipid peroxidation, this is not 

covered here as several excellent reviews have been published on biological and pathological 

roles of 4-HNE in human diseases [40] [41] [42]. Additionally, in this review, the role and 

biological properties of oxidized phospholipids such as 1-palmitoyl-2-glutaroyl- and 1-

palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine that have truncated aldehyde in 

the 2-carbon atom of the glycerol backbone has not been covered [43].

2. SOURCES OF LONG-CHAIN FATTY ALDEHYDES IN CELLS

Long-chain fatty aldehydes (C16–C24), either saturated or monounsaturated, play an 

important role in the metabolic pathways of both prokaryotic and eukaryotic organisms. 

Unsaturated long-chain aldehydes and alcohols are primary components of insect sex 

pheromones [44], and long-chain aldehydes have been described in the waxes which 

impregnate the matrix covering all organs of plants [45]. Long-chain aliphatic aldehydes 

with chain-length from C22 to C30 are present in virgin olive oil with hexacosanal (C26) 

being the most abundant aldehyde [46]. There are two major pathways in mammalian cells 

that generate long-chain fatty aldehydes. The first pathway is the de novo biosynthesis from 

long-chain fatty acids catalyzed by fatty acyl CoA reductase and the second is through 

metabolism of lipids including plasmalogens and ether lipids (alk-1-enyl and alkyl 

phospholipids). The second pathway involves long-chain fatty alcohols and branched-chain 

alcohols (phytol, farnesol and geranylgeraniol), sphingolipids(sphingosine-1-

phosphate,dihydrosphingosine-1-phosphate and sphingosylphosphorylcholine), leukotriene 

B4 and wax esters. In addition to long-chain fatty aldehydes, some medium chain aldehydes 

such as hexanal, octanal and 4-HNE are generated via lipid peroxidation [47]. Further, 

partial lipid peroxidation of PC containing polyunsaturated fatty acids (C20:4, C22:5 and 

C22:6) also generate oxidized PC with short chain aldehyde attached to the sn-2 position of 

the glycerol backbone of the phospholipid [48].

2.1. Long-chain fatty aldehydes are intermediates in fatty acid and fatty alcohol 
metabolism:

The cellular concentrations of long-chain free fatty acids, fatty aldehydes and fatty alcohols 

are maintained at a low steady state level and interconversion of fatty acids and fatty 

alcohols proceeds through fatty aldehyde intermediate. Based on the requirement of long-

chain fatty alcohols for the biosynthesis of ether lipids, plasmalogens and wax esters, 

saturated and monounsaturated free fatty acids of chain lengths (C16:0, C18:0, and C18:1) 
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are activated to fatty acyl-CoA catalyzed by fatty acyl-CoA synthase and subsequently 

reduced to fatty alcohol via fatty aldehyde intermediate by fatty acyl-CoA reductase (FAR) 

[49] [50] [51]. Overall, this two-step process, consumes ATP in fatty acyl CoA generation, 

and peroxisomal FAR utilizes NADPH in reduction of the fatty acid to fatty alcohol. Fatty 

alcohols are substrates for the conversion of 1-acyl dihydroxyacetone phosphate (DHAP) to 

1-alkyl DHAP catalyzed by 1-alkyl DHAP synthase and subsequent synthesis of ether 

glycerolipids and plasmalogens [50] [52] [53]. Fatty alcohols that are not utilized for ether 

lipid and plasmalogen biosynthesis are converted back to fatty acid, a reaction catalyzed by 

fatty alcohol: NAD oxidoreductase (FAO) [54], a membrane-bound multi-enzyme complex 

consisting of fatty alcohol dehydrogenase and fatty aldehyde dehydrogenase (FALDH) that 

act sequentially converting fatty alcohol to fatty acid via fatty aldehyde intermediate [55]. 

Interestingly, FALDH is necessary for FAO activity, and is involved in oxidation of fatty 

alcohols in several lipid pathways. The Sjögren-Larsson Syndrome (SLS), is caused by 

mutation in ALDH3A2 gene that encodes FALDH and SLS patients have deficiency in 

oxidation of fatty alcohol and fatty aldehydes [56] [57]. Thus, fatty alcohols and fatty 

aldehydes are likely candidates for causing the symptoms and SLS derived fibroblasts and 

keratinocytes are more susceptible to hexadecanal toxicity as compared to hexadecanol [58] 

[59].

2.2. Enzymatic cleavage of 1-O-alkylglycerolipids by alkylglycerol monooxygenase:

Ether lipids in mammalian cells are characterized by the presence of a long-chain alkyl 

group (C16:0; C18:0; C18:1) attached to the sn-1 carbon atom of the glycerol backbone 

instead of an ester bond that is present in most of the glycerophospholipids. The alkyl chain 

of C16:0/C18:0/C18:1 is derived from the corresponding long-chain fatty alcohols in a 

unique reaction wherein acyl group at sn-1 carbon of 1-acyl DHAP) is replaced with the 

fatty alcohol catalyzed by alkyl DHAP synthase that is predominantly localized in 

peroxisomes [60]. The 1alkyl DHAP is subsequently converted to 1-alkyl-2-acyl 

glycerophosphate and plasmalogens of the type PC, PE or PS in which the sn-1 position has 

a 1-O-alkenyl chain (vinyl ether bond). While the plasmalogens are enriched in erythrocytes, 

heart, brain, testis and tumors, the neutral ether glycerolipids such as 1-O-alkyl-2,3-

diacylglycerol are more abundant in skin and are largely synthesized by sebaceous glands 

and secreted out as a component of sebum at the surface of the skin [61]. Cleavage of the 1-

O-alkyl bond of ether lipids by microsomal alkyl-glycerol monooxygenase [62] releases the 

alkyl chain as fatty aldehyde, which is mostly oxidized to fatty acid by FALDH [63] or to 

fatty alcohol by fatty aldehyde reductase [36] (Figure 2).

2.3. Long-chain fatty aldehydes are derived from plasmalogen and lysoplasmalogen 
catalyzed by plasmalogenase (oxidized cytochrome c) and lysoplasmalogenase:

Plasmalogens, the term coined by Feulgen and Voigt in 1924 [64] describes an unidentified 

compound in plasma that produced an aldehyde after acid treatment. The unknown 

compound was identified and characterized as a glycerophospholipid containing an acid 

labile vinyl ether (1-O-alkenyl-) bond at the sn-1 position of the glycerol backbone [65] and 

enriched in AA (C20:4 ω-6), and DHA (C22:6 ω-3) at the sn-2 position of the glycerol 

backbone. Plasmalogens constitute ~20% of total phospholipids in cell membranes, with ≥ 

50% of the glycerophosphoethanolamine fraction in brain, heart, neutrophils and eosinophils 
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[66–68]. In addition to plasmenylethanolamine (1-O-alkenyl-2-acyl-sn-

glycero-3phosphoethanolamine), cell membranes also contain plasmenylcholine (1-O-

alkenyl-2-acylsn-glycero-3-phosphocholine) and plasmenylserine (1-O-alkenyl-2-acyl-sn-

glycero-3-phosphoserine) but at a lower level compared to plasmenylethanolamine. 

Plasmalogens are also enriched in subcellular organelles of cells including nucleus, 

endoplasmic reticulum, Golgi and mitochondria. Ether phospholipids such as 1-O-alkyl-2-

acyl-sn-glycero-3-phosphoethanolamine, choline or serine serve as the precursor lipid that is 

dehydrogenated at carbon1 position of the alkyl group by a cytochrome b5-dependent 

microsomal electron transport system and plasmenylethanolamine desaturase to form the 1-

O-alkenyl- bond of plasmalogens.

The 1-O-alkenyl- bond of plasmalogens and lysoplasmalogens are susceptible to hydrolysis 

by enzymatic and non-enzymatic pathways that generate long-chain fatty aldehydes of 

C16:0, C18:0 and C18:1. Two enzymes, plasmalogenase and lysoplasmalogenase, have been 

described to hydrolyze the 1-O-alkenyl- or the vinyl ether bond of plasmalogens and 

lysoplasmalogens, respectively in mammalian cells. Plasmalogenase hydrolyzes 1-O-

alkenyl-2-acyl-sn-glycero-3-phosphoethanolamine, (choline or serine) to 1-hydroxy-2-acyl-

sn-glycero-3-phosphoethanolamine and 2-hydroxy-hexadecanal or pentadecanal (Figure 3). 

Interestingly, a recent study has reported that cytochrome c, which in the presence of 

cardiolipin (CL), O2 and H2O2 or oxidized CL and O2 , catalyzes the oxidation of vinyl 

ether bond of plasmalogen and promotes its hydrolysis to a lysophospholipid and highly 

reactive α-hydroxy fatty aldehydes [69]. Lysoplasmalogenase cDNA, which was cloned in 

2011[70] catalyzes the hydrolysis of 1-O-alkenyl-2-hydroxy-sn-glycero-3-

phosphoethanolamine or other lyso-plasmenyl phospholipids to 

glycerophosphoethanolamine and α-hydroxy fatty aldehydes (Figure 3). Oxidative stress 

seems to enhance plasmalogen degradation through increased ROS production, 

accumulation and disappearance of fatty aldehydes and alpha-hydroxy fatty aldehydes [71].

2.4. 2-Halofatty aldehydes derived from plasmalogens:

Activation of neutrophils by bacterial endotoxin or N-formyl-Met-Leu-Phe (fMLP) increases 

the production of H2O2 with concomitant release of granules containing myeloperoxidase 

(MPO) while activation of eosinophils by allergens leads to increased release of eosinophil 

peroxidase (EPO), and H2O2. MPO amplifies the oxidant response by converting H2O2 to 

hypochlorous acid (HOCl) in the presence of Cl− ions while EPO in eosinophilic granules 

utilizes Br – ion and H2O2 to produce HOBr. Both HOCl and HOBr can target the 1-O-

alkenyl- bond of plasmalogens to release lysophospholipid and 2-chlorofatty aldehyde (2-

ClFALD) [72] or 2-bromofatty aldehyde (2-BrFALD), [73] respectively (Figure 4). 

Additionally, 2-Iodohexadecanal (2-IHDA) was identified and characterized as a major 

iodolipid from horse and dog thyroid gland in vitro and rat thyroid in vivo (74). The 

biosynthesis of 2-IHDA is unclear but might involve either hypoiodous acid (HOI) or iodine 

addition to the vinyl ether function of plasmalogens. It is reasonable to speculate that HOCl, 

HOBr and HOI could act on lysoplasmalogens to generate the 2-halo FALDs; however, this 

is yet to be demonstrated in biological systems.
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2.5. Trans Δ2-Hexadecenal and hexadecanal derived by S1P lyase catalyzed hydrolysis of 
S1P and dihydro S1P:

S1P is a naturally occurring bioactive sphingolipid that is present in plasma (100 nM to 

1μM) [75] [76] and generated in all mammalian cells by phosphorylation of sphingosine that 

is catalyzed by SPHK 1 and 2 [31] [33]. In contrast to plasma S1P levels, intracellular S1P 

levels are low in most of the mammalian cells except erythrocytes [77] and platelets [78], 

which are deficient in S1P lyase. S1P in cells is catabolized to sphingosine by lipid 

phosphate phosphatases [79] and S1P phosphatases [80]. Additionally, S1P lyase, a 

pyridoxal phosphate dependent enzyme, irreversibly hydrolyzes S1P to trans-Δ2-

hexadecenal (Δ2-HDE) and ethanolamine phosphate [81] [82]. In addition to S1P, S1P lyase 

also hydrolyses dihydro S1P to hexadecanal and ethanolamine phosphate. S1P lyase is 

predominantly localized in the endoplasmic reticulum [83], but a recent study suggests that 

S1P lyase is also present in the nucleus of alveolar epithelial cells, lung endothelial cells and 

fibroblasts [84]. Pseudomonas aeruginosa infection of mouse and alveolar epithelial cells 

stimulated the phosphorylation of SPHK2 mediated by PKC δ, translocated the p-SPHK2 to 

the nucleus and generated nuclear S1P, which regulated pro-inflammatory cytokine(s) 

expression through HDAC1/2 activity and H3/H4 histone acetylation [85] [86]. In addition 

to increased nuclear S1P, Pseudomonas aeruginosa infection of lung alveolar epithelial cells 

also stimulated production of nuclear Δ2-HDE through S1P lyase localized in the nucleus of 

the cell [87] (Figure 5). In plasma, S1P, sphingosine and D-erythro-

sphingosylphosphorylcholine (SPC) are associated with high-density lipoproteins (HDL) 

and MPO mediated generation of HOCl has been shown to attack HDL-associated SPC and 

S1P to generate Δ2-HDE [88]. However, it is not known if chlorinated hexadecenal is also 

generated by neutrophil MPO in plasma preparations. The Δ2-HDE is then oxidized to 

trans-2-hexadecenoic acid followed by CoA addition to generate trans-Δ2-hexadecenoyl 

CoA that is reduced to palmitoyl CoA by trans-2-enoyl-CoA reductase (TER) in mammalian 

cells [89]. However, a metabolism study with HepG2 cell lysates revealed that ~80% 

conversion of Δ2-HDE to its main oxidative metabolite trans- Δ2-hexadecenoic acid as 

assessed by LC-MS/MS quantification, implicating further possible metabolic routes of Δ2-

HDE [90]. TER is a component of the fatty acid elongation system responsible for the 

production of very long-chain fatty acids (C24:0 and C24:1), which are predominantly used 

for sphingolipid synthesis and myelin lipids. Knockdown of TER in HeLa cells decreased 

SPHK activity, modulated sphingosine and dihydrosphingosine contribution to 

glycerophospholipid metabolism; however, molecular mechanisms underlying these changes 

are unclear [89]. Further studies are necessary to determine the regulatory mechanism 

linking fatty acid elongation by TER and S1P pathways involving Δ2-HDE formation by 

S1P lyase.

2.6. ω-Oxidation of leukotriene B4:

In addition to β-oxidation of fatty acids, ω-oxidation represents an alternative pathway of 

fatty acid oxidation. In this pathway, the ω-terminal of the aliphatic chain (terminal CH3 

group) is first hydroxylated by a cytochrome P450 ω-hydroxylase (CYP4) and subsequently 

oxidized to a carboxyl-group via an –CHO intermediate that is analogous to oxidation of 

long-chain fatty alcohols [46]. There is evidence for the participation of FALDH in ω-

oxidation of certain type of fatty acids including leukotriene (LT) B4. LTs are oxygenated 
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derivatives of polyunsaturated fatty acids that are generated by 5-lipooxygenase pathway. 

Among the various LTs, LTB4 is a potent mediator of allergic asthma and ω-hydroxylation 

of LTB4 and conversion to a carboxylic acid derivative renders it less potent. Thus ω-

hydroxylation and ω-oxidation regulates the biological activity of LTB4. This defective 

LTB4 inactivation might play an important pathophysiological role in Sjögren-Larsson 

Syndrome (SLS), an autosomal recessively inherited disorder of lipid metabolism 

characterized by congenital ichthyosis, spastic di- or quadriplegia and mental retardation 

[91] [92].

3.0. FATTY ALDEHYDES AS SIGNALING LIPIDS

Short chain aldehydes such as formalin and acetaldehyde, and α, β-unsaturated aldehydes 

such as acrolein, crotonaldehyde and 4-HNE that are products of endogenous lipid 

peroxidation are unstable and highly reactive with cellular macromolecules. These highly 

reactive aldehydes exhibit genotoxic effects mediated via adduction of DNA, proteins, 

histones and lipids. Additionally, many of these aldehydes affect DNA methylation at C5 of 

cytosine leading to epigenetic gene regulation [93]. While generation of short-chain 

aldehyde adducts, including 4-HNE adducts, play important roles in several diseases 

characterized by increased oxidative stress; in certain chronic inflammatory and neuro-

degenerative diseases, 4-HNE adducts can promote adaptive cell responses by stimulating 

intracellular GSH synthesis [94] [95] activating PLD, lipid signaling pathways [96] [97] 

[98 ] [99] [100], inducing HO-1 [101], and stimulating autophagy [102]. These studies 

suggest that many of the short-chain aldehydes can be toxic; however, they can also act as 

regulatory molecules involved in signaling pathways and cell metabolism. In contrast to 

short chain aldehydes, it is unclear if long-chain aldehydes can form adducts with DNA ; 

however, it has been shown that long-chain aldehydes can form adducts with albumin, and 

glutathione [36], phosphatidylethanolamine [71] and deoxyguanosine [37] in biological 

systems, suggesting their reactivity and ability to modify macromolecules. Recent studies 

show that exogenously added long-chain fatty aldehydes modulate signaling pathways 

related to cytoskeletal organization, adhesion, apoptosis, and epigenetic modification of 

histones, which will be summarized in detail.

3.1. Signaling and cellular functions of Trans Δ2-hexadecenal and hexadecanal:

Despite the importance of S1P lyase pathway in the degradation of S1P to Δ2-HDE or 

dihydro S1P to hexadecanal, only a few sparse sets of studies have addressed the signaling 

properties of these long-chain fatty aldehydes in mammalian cells [57] [103] [104] [105] . 

Further, as long-chain fatty aldehydes are not easily cell permeable, it is unclear if any of the 

described effects of Δ2-HDE or hexadecanal on cell signaling are related to perturbations 

and/or modifications of proteins and phospholipids on the cell plasma membrane.

3.1.1. Role of S1P lyase in LPS-induced lung inflammatory injury: While it is 

difficult to determine a direct role of Δ2-HDE released from S1P by S1P lyase in various 

animal models of lung disorders, studies blocking S1P lyase have shown modulatory effects 

on lung inflammatory injury [103]. Intratracheal administration of lipopolysaccharide (LPS) 

enhanced S1P lyase expression in mouse lung with increased secretion of pro-inflammatory 
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cytokines and blocking S1P lyase with 2-acetyl-4(5)-[1R,2(S),3R,4-tetrahydroxybutyl]-

imidazole (THI) attenuated LPS-induced lung inflammatory injury and secretion of IL-6 

[103]. In vitro, down-regulation of S1P lyase with siRNA in human lung microvascular 

endothelial cells attenuated LPS-mediated phosphorylation of p38 MAPK and I-kB, IL-6 

secretion and endothelial barrier disruption via Rac1 activation [103] suggesting an 

inflammatory role for S1P degradation products in lung injury. However, a direct role for 

Δ2-HDE released from S1P by S1P lyase could not be established due to complexity of the 

in vivo animal model.

3.1.2. Trans Δ2-hexadedenal induces cytoskeletal reorganization and 
apoptosis: In a pioneering study, Julie Saba and her group demonstrated, for the first time, 

that the S1P metabolite, Δ2-HDE, induced cellular effects in epithelial cells through reactive 

oxygen species (ROS)-dependent MAPK cell signaling. In this study (Figure 6A), 

exogenous addition of Δ2-HDE (25–50 μM) to HEK293T, NIH3T3 or HeLa cells resulted in 

cytoskeletal reorganization of stress fibers and apoptotic cell death after detachment, which 

was dependent on ROS mediated MLK3/JNK activation, whereas ERK, AKT and p-38 

MAPK were unaffected [104]. In contrast to Δ2-HDE, similar concentrations of 

hexadecanoic acid had no effect on cellular ROS, JNK activation and apoptosis. Further, Δ2-

HDE-induced apoptosis was followed by activation of downstream targets of JNK such as c-

Jun phosphorylation, cytochrome c release, Bax activation, Bid cleavage and increased 

translocation of Bim into mitochondria. Inhibition of JNK with JNK inhibitor V attenuated 

Δ2HDE mediated cytoskeletal changes and apoptosis. Further investigation is necessary to 

delineate the source of ROS (mitochondrial vs. NOX family proteins) and mechanism(s) of 

signal transduction by Δ2-HDE from the plasma membrane to intracellular targets.

In a recent study (Figure 6B), Δ2-HDE (10–100 μM) treatment of C6 glioma cells reduced 

proliferation and mitotic indices without loss of cell viability while a higher Δ2-HDE (350 

μM) concentration reduced survival of glioma cells by ~34% indicating necrosis of cells 

[105]. Addition of Δ2-HDE induced cytoskeletal rearrangement of F-actin redistribution and 

changes in cell morphology and apoptosis. Δ2-HDE also activated ERK1/2, p38 MAPK and 

JNK, but not PI3K pathways in C6 glioma cells. These data are in part consistent with the 

results shown by Kumar et al., in epithelial cells [104]. Both the studies utilized very high 

concentrations of Δ2-HDE to bring about cytoskeletal reorganization and apoptosis of cells. 

This suggests that activation of MAPKs and other pathways may not be mediated by specific 

long-chain fatty aldehyde receptors on the cell surface and to date no such receptors have 

been cloned and characterized. In contrast to short-chain aldehydes such as 4-HNE and 

acetaldehyde, Δ2-HDE and other long-chain fatty aldehydes are not readily cell permeable 

and it is not clear if they are transported inside the cell by active or passive transporters. It is 

conceivable that the long-chain fatty aldehydes, being highly reactive, can bind to and 

modify cell surface proteins by forming adducts that can lead to modification of membrane 

proteins and receptors involved in signal transduction. The ability of hexadecanal, 

octadecanal and other long-chain aldehydes to modulate cell signaling has not been 

thoroughly investigated and compared to Δ2-HDE. Exogenous addition of hexadecanal or 

ethanolamine phosphate (10 μM) to lung endothelial cells stimulated p38-MAPK and IKB 

phosphorylation; however, had no effect on LPS-mediated MAPK activation [103].
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3.1.3. Nuclear generation of Δ2-hexadecenal by S1P lyase and modulation of 
HDAC1/2 activity: S1P lyase is a pyridoxal-phosphate dependent enzyme [39] [78], which 

catalyzes the hydrolysis of S1P and dihydro S1P to Δ2-HDE and hexadecanal, respectively, 

in mammalian cells [81] [82] [83]. It is predominantly localized in the endoplasmic 

reticulum (ER) inner membrane; however, recent studies with lung endothelial and epithelial 

cells, as well as lung fibroblasts, have shown nuclear localization of S1P lyase after release 

of the ER membranes from the nuclear outer membrane by mild detergent [84]. Further, the 

nuclear fractions isolated from lung endothelial and epithelial cells showed no 

contamination of ER membranes as determined by ER and nuclear markers and electron 

microscopy [84]. Pseudomonas aeruginosa infection of mouse lung epithelial cells elevated 

nuclear S1P [85] and nuclear Δ2-HDE levels [84] as measured by LC-MS/MS [106]. 

Inhibition of S1P lyase by 4-deoxypyridoxine enhanced nuclear S1P levels under basal 

condition and attenuated Pseudomonas aeruginosa-induced Δ2-HDE production in mouse 

lung epithelial cells [84], confirming the role of nuclear S1P lyase in generating Δ2-HDE in 

the nucleus. In a recent study a critical role for nuclear SPHK2/S1P signaling in regulation 

of Pseudomonas aeruginosa-mediated acetylation of H3 and H4 histones has been shown 

[85] and inhibition of S1P lyase by 4-deoxypyridoxine reduced Pseudomonas aeruginosa-

induced H3 and H4 histone acetylation indicating a potential role for Δ2-HDE released from 

S1P to modulate HDAC1/2 activity [86] [87] [107] [108]. Additionally, pre-treatment of 

lung epithelial cells with phloretin, a nonspecific fatty acid uptake inhibitor [109], and a 

chelator of fatty aldehydes, attenuated Pseudomonas aeruginosa-induced H3 and H4 histone 

acetylation [87] confirming modulation of HDAC activity by Δ2-HDE released in the 

nucleus (Figure 7).

3.2. Signaling and biological effects of 2-halofatty aldehydes:

Myeloperoxidase-derived HOCl from neutrophils, HOBr from eosinophils or HOI from 

thyroid targets the sn-1 alkenyl (vinyl ether) bond of choline, ethanolamine or serine 

plasmalogens liberating a lysophospholipid and 2-chloro- [65], 2-bromo- [66] or 2-iodo fatty 

aldehyde [74]. These halofatty aldehydes have been quantified by negative ion chemical 

ionization detection and gas chromatography-mass spectrometry methods. In unstimulated 

human neutrophils and monocytes, the 2-ClFALD level was very low (<0.5 pmol/106 cells) 

and stimulation with phorbol ester enhanced the level ~5 to 10-fold [110] [111]. MPO-

derived 2-ClFALD has been implicated in a number of biological processes including 

endothelial barrier function, neutrophil chemotaxis and biology, monocyte apoptosis, 

vascular tone and inflammation [112]. 2-Chlorohexadecanal (2-ClHDA) is a potent chemo 

attractant for neutrophils [110], accumulates in post-ischemic tissues [113] [114], which 

might contribute to ischemia/perfusion injury, hemorrhagic shock and sepsis. The role of 2-

ClHDA in eliciting endothelial dysfunction have been investigated at the blood-brain barrier 

(BBB) level and endothelial cells in culture. In vivo, in a mouse model of LPS-induced 

systemic inflammation, MPO deficiency significantly reduced LPS-mediated BBB 

dysfunction as compared to wild-type littermates [115]. In vitro, exogenous addition of 2-

ClHDA to brain microvascular endothelial cells (BMVECs) induced loss of barrier function, 

apoptosis via activation of caspase 3, mitochondrial dysfunction and altered intracellular 

redox balance, which were completely abrogated by phloretin [116]. These results suggest 

that activation of neutrophils and subsequent release of 2-ClHDA could contribute to BBB 
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dysfunction under pathological conditions and new pharmacotherapeutical strategies such as 

phloretin treatment could ameliorate the fatty aldehyde mediated BBB dysfunction. The 2-

ClHDA-induced endothelial barrier dysfunction was shown to involve activation of MAPK 

pathway (Figure 8). 2-ClHDA, in a dose-dependent manner, enhanced phosphorylation of 

ERK1/2, p38 MAPK and JNK in BMVECs and inhibition of ERK1/2 and JNK, but not p38 

MAPK, with specific pharmacological inhibitors provided partial rescue against 2-ClHDA-

induced endothelial barrier dysfunction, including morphological changes of continuous 

distribution of junctional proteins to “frizzy-like” structures and the transformation from 

spindle to a more rounded cell shape [115]. The MPO derived 2-ClHDA is converted to 

either 2-chlorohexadecanoic acid (2-ClHA) or 2chlorohexadecanol (2-ClHDL), which can 

also affect neutrophil chemotaxis and inflammatory responses. In rat mesentery, 2-ClHDA 

induced a number of pro-inflammatory responses in vivo and in vitro. 2-ClHDA increased 

leukocyte-endothelial cell interactions, platelet-endothelial cell adhesion, and neutrophil 

infiltration into the tissues, mast cell activation, ROS production and disrupted endothelial 

barrier function [117]. Interestingly the non-chlorinated long fatty aldehydes, such as 

hexadecanal and hexadecanoic acid, did not produce these responses in vivo. Similar pro-

inflammatory responses were observed in response to 2ClHDA and 2-ClHA in cultured 

mesenteric micro-vascular endothelial cells in vitro [117].

Two groups of iodolipids have been identified to be generated in thyroid gland by 

peroxidases in the presence of excess iodide. One of them is the iodinated derivatives of 

arachidonic acid formed when the gland is exposed to exogenous arachidonic acid [118] 

[119] and the other is 2-iodoalkanals derived from iodination of plasmalogens [74]. The 

biological effects of 2-IHDA have been investigated using human thyroid membranes and 

dog thyroid cells in culture. 2-IHDA inhibited adenylate cyclase activity in thyroid 

membranes, increased inositol phosphates, stimulated carbachol-induced formation of H2O2 

generation in dog thyroid cells [120] and thyroid NADPH-oxidase in cell-free system [121]. 

As 2-IHDA also inhibited thyroid peroxidase [121], this iodinated lipid could regulate the 

metabolism of iodide in thyrocytes.

3.2.1. Biological role of 2-chlorofatty acids derived from 2-chlorofatty 
aldehydes: 2-ClHDA derived from sn-1 alkenyl- bond of plasmalogens by MPO/HOCl is 

readily oxidized by cellular FADH to 2-ClHA [122], which can be exported out of 

neutrophils, and monocytes; however, very little is known on its role in cell function. Recent 

studies suggest that 2-ClHA also elicits pro-inflammatory responses in mesenteric vascular 

endothelial cells in vitro. 2-ClHA, similar to 2-ClHDA, displayed increased platelet and 

neutrophil adherence that was associated with elevated expression of ECAMs and increased 

permeability [117]. In vivo, 2ClHA induced mast cell activation, enhanced ROS production 

and albumin leakage in post-capillary venules of rat mesentery, and enhanced MPO 

expression in jejunal submucosa [117].

The biological effects of 2-ClHDA and 2-ClHA have been evaluated by exogenous addition 

of these chlorinated lipids on cells while in reality these are generated inside the cell via 

neutrophil derived MPO and generation of HOCl that acts on plasmalogens enriched in ER, 

Golgi and other membranes. Hence, to study the intracellular role of 2-ClHA, a synthetic 

‘clickable’ analog of 2-ClHA, 2-chlorohexadec-15-ynoic acid (2-ClHyA) that phenocopied 
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the biological activity of the parent 2-ClHA was utilized. Exposure of human brain 

microvascular EC line (hCMEC/D3) to 2-ClHyA revealed its accumulation in the ER and 

mitochondria and 2ClHyA interfered with protein palmitoylation [123]. 2-ClHA, which was 

added exogenously, induced ER stress markers, reduced ER ATP levels and activated 

transcription and secretion of IL-6 and IL-8 [123]; however, the effect of 2-ClHyA on ER 

stress markers, mitochondrial membrane potential, apoptosis and IL-6/IL-8 secretion was 

not investigated. Inhibition of protein kinase R-like ER Kinase (PERK) with inhibitor 

GSK2606414 suppressed 2-ClHAmediated activating transcription factor 4 synthesis and 

IL-6/IL-8 secretion without affecting endothelial barrier dysfunction and cleavage of 

procaspase-3 [123]. Further, exposure of human coronary artery ECs to ‘clickable’ 2-ClHyA 

revealed localization to Weibel-Palade bodies and promoted release of P-Selectin, von 

Willebrand factor, and angiopoietin-2. Further, functionally, 2-ClHyA and 2-ClHA caused 

neutrophils to adhere to platelets and aggregate on the endothelium as well as increase 

endothelial permeability [124]. These findings suggest a broader implication of 2-ClHDA 

and 2-ClHA in promoting endothelial dysfunction that leads to inflammation, thrombosis 

and vessel wall stability.

3.3. Cellular targets of Trans Δ2-hexadecenal, hexadecanal, and 2-chloro- and 2-bromo- 
hexadecanal:

Protein modifications by reactive and chemically diverse electrophilic bioactive lipids such 

as α,β-unsaturated aldehydes, epoxides and eicosanoids have been recognized as an 

important post-translational modification to modulate cell signaling, redox homeostasis, 

adaptive responses to environmental toxins and inflammatory injury. The chemical reactivity 

of electrophilic lipid oxidation products with cellular protein nucleophiles such as cysteine, 

histidine and lysine lead to formation of 1,4-Michael or Schiff’s base adducts. It has been 

postulated that electrophiles prefer to coordinate with nucleophiles of close softness and 

hardness and the most stable adducts can be formed between soft nucleophiles and 

electrophiles and weaker adducts result from the interaction of hard nucleophiles and 

electrophiles [125] [126]. Among reactive aldehydes formed during lipid peroxidation, 4-

HNE reacts with both low-molecular weight compounds such as glutathione and 

macromolecules such as proteins and DNA and 4-HNE adducts have been well characterized 

in several human pathologies including cancer, neurodegenerative, inflammatory and 

autoimmune diseases [42]. Studies pertaining to formation of adducts between long-chain 

fatty aldehydes and proteins, glutathione or DNA adducts in vivo and in vitro are limited and 

advancement in LC-MS/MS with availability of stable isotopically labeled reference 

materials should advance the nature and type of adducts formed under normal and 

pathological conditions.

3.3.1. Trans Δ2-hexadecenal forms protein adducts with HDACs and 
glutathione conjugates in vitro: Δ2-HDE, due to its α,β-unsaturated carbonyl function, 

possesses two electrophilic centers at C-1 and C-3 carbon atoms within the molecule which 

are susceptible to nucleophilic substitutions. The β carbon atom (C-3 carbon) is a soft 

electrophile acceptor that produces soft Michael adducts with nucleophiles of comparable 

softness (thiols). The carbonyl carbon (C-1 carbon), which is a much stronger electrophile, 

can react with primary amino group of phosphatidylethanolamine and proteins to generate 
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Schiff bases. In a cell-free system, a total of two GSH conjugates and seven L-amino acid 

adducts were identified and characterized using LC-MS/MS and stable isotopically labeled 

internal standards [36].Similarly, incubation of HepG2 cell lysates with Δ2-HDE resulted in 

identification of two GSH conjugates. Δ2-HDE also formed Michael adducts mainly with L-

histidine of BSA and proteins extracted from HepG2 cell lysates. Michael adducts with 

tryptophan, cysteine and Schiff base adducts with lysine were also detected and inhibition of 

oxidative degradation of Δ2-HDE resulted in increased levels of GSH conjugates and protein 

adducts in HepG2 cell lysates (Figure 9) [36]. Δ2-HDE is generated in the nucleus by 

nuclear S1P lyase in response to Pseudomonas aeruginosa infection of lung epithelial cells 

and modulated HDAC 1/2 activity in vitro [84] [87]. There is a possibility of potential 

adduct formation between Δ2-HDE and HDAC1. Incubation of Δ2-HDE with recombinant 

HDAC1 in vitro generated five different hexadecenal adducts as determined by LC-MS/MS. 

The Schiff base (imine) of Lys and Δ2HDE was by far the most prominent Michael adduct 

while adducts of cysteine, histidine, arginine and tryptophan were also detected at much 

lower levels (Figure 9). This fits well to the high amount of Lys residues in the sequence of 

HDAC1 and their exposed localization on the protein’s surface [84] . Formation of adducts 

between Δ2-HDE and HDACs 1 & 2 in the nucleus of lung epithelial and endothelial cells 

with or without Pseudomonas aeruginosa infection needs to be established in vivo.

3.3.2. Clickable analogues of trans Δ2-hexadecenal as probes for cellular 
targets: Δ2HDE added exogenously cannot easily penetrate the cell making it very difficult 

to determine the potential intracellular adducts formed. To overcome this difficulty, use of 

clickable analogues of Δ2-HDE, hexadec-15-ynal (Probe 1, control) and (E)-hexadec-2-

en-15-ynal (Probe 2, experimental) were developed [127], and labeling experiments carried 

out with Probe 1 and Probe 2 showed that Probe 2 labeled more than 500 endogenous 

proteins in HEK293A cells compared to the saturated aldehyde (Probe 1). The identified 

protein targets included BAX, mTOR, CNOT1, BASP1, ABCB7, PPID and ATAD3A. 

Interestingly, Δ2-HDE covalently modified the conserved Cys62 of BAX and modification 

of Cys62 compromises BAX activation [127]. It is unclear if other cysteine residues in BAX 

are also modified by Δ2-HDE.

3.3.3. Trans Δ2-hexadecenal forms cyclic adducts with 2’-
deoxyguanosine: α,β-unsaturated aldehydes such as acetaldehyde, crotonaldehyde and 

4-HNE that are highly electrophilic have been shown to alkylate deoxyguanosine and 

deoxycytosine residues in DNA, forming 1 and 3, N4 DNA adducts respectively in vivo 
[128] and in vitro [129], which are cytotoxic, genotoxic, mutagenic and clastogenic and play 

an important role in carcinogenesis [130]. The 1, N2-deoxyguanosine adducts also undergo 

reversible cyclization yielding 1,N2-deoxyguanosine exocyclic products [131]. Similarly, 

Δ2-HDE reacted with deoxyguanosine and DNA in vitro to form diasterometric cyclic 1,N2-

deoxyguanosine adducts 3-(2-deoxy-βDerythro-pentafuranosyl)-5,6,7,8-tetrahydro-8R-

hydroxy-6R-tridecylpyrimido [1,2-α]purine-10 (3H)one and 3-(2-deoxy-β-D-erythro-

pentafuranosyl)-5,6,7,8-tetrahydro-8S-hydroxy-6S-tridecylpyrimido[1,2–]purine-10 (3H)one 

[37] (Figure 10). To determine the significance of in vitro adduct of Δ2-HDE with 

deoxyguanosine and DNA, in vivo formation of these adducts needs to be demonstrated 

under normal and pathological conditions, such as Sjögren-Larsson syndrome, wherein the 
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deficiency of ALDH3A2 affects the conversion of hexadecenal to hexadecanoic acid [57]. It 

is yet to be established if there is an increase in Δ2-HDE containing DNA adducts in any 

human pathology.

3.3.4. 2-Chloro- and 2-bromofatty aldehydes form adduct with glutathione 
and proteins: 2-ClFALDs are produced from plasmalogens by HOCl during phagocyte 

activation [110] [111] while 2-BrFALDs are generated by HOBr reacting with plasmalogens 

in activated eosinophils [132]. The 2-chlorinated or 2-brominated carbon atom of either 2-

ClFALD or 2-BrFALD is a stronger electrophile and would be attacked by nucleophiles to 

form adducts. Incubation of 2-ClHDA and 2-BrHDA with GSH resulted in formation of 

adduct as characterized by ESI/MS/MS that stained positive with ninhydrin (stains for amine 

of GSH but does not stain 2-ClHDA or 2-BrHDA) and the reaction product also stained by 

dinitrophenyl hydrazine (stains aldehydes but not GSH) supporting the structure of the 

adduct with the nucleophilic attack of cysteine residue of GSH at the α-carbon atom of α-

ClHDA or α-BrHDA (Figure 11) [133] [134]. RAW 264.7 cells treated with exogenous 2-

ClHDA or 2-BrHDA formed HAD-GSH adduct in a dose- and time-dependent fashion. 

Similarly, stimulation of human neutrophils or eosinophils with phorbol ester produced the 

FALD-GSH molecular species, HDA-GSH and octadecanal-GSH (ODA-GSH), and the 

adduct formation was inhibited by sodium azide in eosinophils [133] [134]. Interestingly, 

production of 2-ClFALD and 2-BrFALD and FALD-GSH were elevated in lungs of chlorine 

or bromine gas exposed mice compared to controls. Further, in a K/B×N mouse model of 

arthritis, mediated in part by activated neutrophils, elevation in plasma FALD-GSH and 2-

ClHA, and 2chlorooctadecanoic acid (2-ClODA) was observed [133]. Additionally, the role 

of thiol modification of 2-ClFALD and 2-BrFALD reactivity with proteins using clickable 

alkyne analogs, 2-ClHDya, 2-BrHDyA and HDyA demonstrated that both 2-ClHDyA and 2-

BrHDyA formed protein adducts while HDyA adducts were barely detectable [134]. The 

order of protein adduct formation was 2-BrHDyA > 2-ClHDyA > HDyA. These studies 

clearly show elevated production of the α-halofatty aldehydes in mouse lung and plasma and 

in phorbol ester stimulated neutrophils, providing a relevance to pathophysiological 

situations such as arthritis and exposure to toxic chlorine or bromine gas.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

There is compelling evidence demonstrating biological roles for long-chain fatty aldehydes 

(C16:0, C18:0 and C18:1), 2-halofatty aldehydes derived from plasmalogens and Δ2-HDE 

from S1P as signaling lipids in mammalian cells. Further, long-chain aldehydes and 2-

halofatty aldehydes forms Michael adduct and Schiff’s base in vivo and in vitro with GSH, 

intracellular proteins and other reactive nucleophiles. Similarly, Δ2-HDE also forms adducts 

with GSH, HDAC1, DNA and deoxyguanosine, modulates HDAC1/2 activity and H3/H4 

histone acetylation in vitro suggesting an epigenetic role for the S1P metabolite in 

mammalian cells. The use of clickable analogues of 2-halofatty aldehydes and Δ2-HDE has 

identified several intracellular protein targets, including BAX, further confirming the 

biological activity of long-chain aldehydes and Δ2-HDE with macromolecular cellular 

targets. Future studies need to address several relevant and interesting areas such as: (i) 

formation and characterization of new intracellular adducts of fatty aldehydes from 
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plasmalogens and Δ2-HDE from S1P in mammalian cells and tissues; (ii) physiological and 

pathophysiological role of fatty aldehyde adducts of GSH, proteins, HDACs and DNA in 

cell signaling and epigenetic regulation; (iii) effects of intracellularly released fatty 

aldehydes from plasmalogens and Δ2HDE from S1P in modulating apoptosis, mitochondrial 

function, ER stress/unfolded protein response, cytoskeletal reorganization, ROS production 

signaling pathways, and gene expression; (iv) circulating long-chain fatty aldehydes, 2-

halofatty aldehydes and Δ2-HDE as potential biomarkers in human pathologies including 

sepsis, Alzheimer’s disease and Sjögren-Larsson Syndrome and (v) potential function of 2-

halofatty aldehydes and Δ2-HDE as pro- or anti-inflammatory mediators. The Sjögren-

Larsson Syndrome resulting from a mutation in the ALDH3A2 gene [135] and the recently 

identified S1P lyase insufficiency syndrome (SPLIS), an inborn error of sphingolipid 

metabolism [136] are excellent model systems to explore the contributions of S1P 

metabolism and hexadecenal in the development of human pathologies. As extracellular 

long-chain fatty aldehydes and Δ2-HDE modulate intracellular pathways of MAPKs and 

BAX, it will be important to determine if these aldehydes signal through any low-affinity 

receptors similar to fatty acid signaling via fatty acid receptors [137], and if their binding/

interaction with plasma membrane proteins include cell surface receptors such as G-protein 

coupled receptors and tyrosine kinase receptors. The observation that TER is involved not 

only in very long-chain fatty acid synthesis but also regulates sphingosine degradation 

within the sphingolipids [89] warrants future studies linking the interdependency of S1P 

degradation by S1P lyase, TER mediated conversion of Δ2-HDE to palmitoyl CoA and the 

glycerophospholipid metabolism.
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Highlights

• Enzymatic or non-enzymatic reactions on membrane lipids generate highly 

reactive long-chain fatty aldehydes including 2-halofatty aldehydes from 

plasmalogens, and Δ2-hexadecenal from sphingosine-1-phosphate.

• Long-chain fatty aldehydes, Δ2-hexadecenal and 2-chlorofatty aldehydes 

form adducts with proteins, glutathione and DNA.

• Δ2-Hexadecenal stimulates mitochondrial reactive oxygen species via JNK, 

induces cytoskeletal reorganization and apoptosis, and endothelial barrier 

dysfunction.

• Nuclear generation of Δ2-hexadecenal by sphingosine-1-phosphate lyase 

modulates HDAC1/2 activity.

• Δ2-Hexadecenal forms protein adducts with HDACs in vitro.

• Lon-chain aldehydes, 2-halofatty aldehydes and Δ2-hexadecenal signal and 

modulate cell functions.
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Figure 1: Pathways involved in the degradation of phospholipids and sphingolipids.
(A) Phospholipases mediated hydrolysis of 1,2-diacyl-sn-glycero-3-phosphocholine (PC) by 

phospholipases and lysophospholipase D (lyso PLD) or autotaxin (ATX). Hydrolysis of 1,2-

diacyl-sn-glycero-3-phosphocholine (PC) by phospholipase (PL) A1, or A2, releases fatty 

acid from carbon 1 or carbon 2 of PC and generates 2-lyso-1-acyl- or 1-lyso-2-acyl-sn-

glycero-3phosphocholine (LPC). Hydrolysis of PC by PLC generates diacylglycerol (DAG) 

and phosphocholine. DAG kinase (DAGK) converts DAG to 1,2-diacyl-sn-glycero-3-

phosphate (PA), which is acted by PA specific PLA1 or PLA2 to give rise to 2-acyl- or 1-

acyl-sn-glycero-3-phosphate (LPA). PLD catalyzes the hydrolysis of PC to PA and choline. 

2-lyso-1-acyl- or 1-lyso-2-acyl-sn-glycero-3-phosphocholine (LPC) generated by PLA1 or 

PLA2 can be hydrolyzed by lyso PLD or ATX to 2-acyl- or 1-acyl-sn-glycero-3-phosphate 

(LPA). PLA2 mediated hydrolysis of PC releases polyunsaturated fatty acids C20:4, C22:5 

and C22:6 from carbon 2, which are subsequently converted to prostanoids, leukotrienes, 

hydroperoxyeicosatetraenoic acids (HETES) and hydroperoxyeicosatetraenoic acids 

(HPETES) mediated by cyclooxygenases, lipoxygenases, peroxidases and dehydrogenases. 

(B) Hydrolysis of sphingomyelin by sphingomyelinase, ceramidase and S1P lyase. 

Sphingomyelin (SM) is hydrolyzed by sphingomyelinase (SMase) to produce ceramide that 

is acted by ceramidase(s) to generate sphingosine. Sphingosine is converted to 

sphingosine-1-phosphate (S1P) by sphingosine kinases (SPHKs) 1 and 2. Sphingosine-1-

phosphate, thus generated is converted back to sphingosine by sphingosine-1-phosphate 

phosphatases (SPPs) and lipid phosphate phosphatases (LPPs) or to trans Δ2-hexadecenal 

and ethanolamine phosphate by S1P lyase, a pyridoxal phosphate-dependent enzyme.
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Figure 2: Pathway of long-chain fatty aldehyde production from 1-O- alkyl phospholipids by 
phospholipase A2 and alkylmono-oxygenase.
Phospholipase A2 dependent hydrolysis of 1-O-alkyl-2-acyl-sn-glycerophospholipid 

generates 1-O-alkyl-2-lyso-sn-glycerophospholipid (Alkyl- lysophospholipid). An 

alkylmono-oxygenase converts the alkyl-lysophospholipid to a long-chain fatty aldehyde, 

R1─CHO that gives rise to R1─COOH catalyzed by fatty aldehyde dehydrogenase. X 

denotes the polar head group, which could be choline, ethanolamine or serine.

Ebenezer et al. Page 24

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Pathways of plasmalogenase and lysoplasmalogenase in generating long-chain fatty 
aldehydes from 1-O-alkenyl phospholipids.
Plasmalogens are glycerophospholipids that have a 1-O-alkenyl- group linked to carbon 1 

atom of the phospholipid, and lysoplasmalogens are derived from plasmalogens by the 

action of phospholipase A2. Plasmalogenase is cytochrome c that is activated by a 

cardiolipin (CL) and hydrogen peroxide (H2O2) in the mitochondria and releases 2-hydroxyl 

aldehyde and 1-lyso-2-acyl-sn-glycerophospholipid. Lysoplasmalogenase hydrolyzes 1-O-

alkenyl-2-lyso-sn-glycerophospholipid generated from 1-O-alkenyl-2-acyl-sn-

glycerophospholipids by PLA2 to fatty aldehyde and water soluble glycerophospho-X where 

X is choline, ethanolamine or serine.
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Figure 4: Pathways of generation of 2-chloro- and 2-bromo-fatty aldehydes from plasmalogens 
by hypochlorous and hypobromous acids.
Activation of neutrophils and eosinophils generates hypochlorous acid (HOCl) and 

hypobromous acid (HOBr), respectively. HOCl and HOBr by a non-enzymatic mechanism 

attacks the –CH=CH_ bond of plasmalogens generating 2-chloro- or 2-bromo- fatty 

aldehydes and 1-hydroxy (lyso)-2-acyl- and 1-formyl-2-acyl-sn-glycerophospholipid where 

X is choline, ethanolamine or serine. Neutrophil activation releases H2O2, which in the 

presence of myeloperoxidase (MPO) and chloride ion produces HOCl. Activation of 
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eosinophils releases H2O2 plus eosinophil peroxidase that reacts with bromide ion to form 

HOBr.
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Figure 5: Degradation of sphingosine-1-phosphate (S1P).
Sphingosine-1-phosphate (S1P) generated from sphingosine by sphingosine kinases 1 and 2 

(SPHK1 & 2) is irreversibly metabolized by S1P lyase, a pyridoxal phosphate dependent 

enzyme, to trans-Δ2-hexadecenal (Δ2-HDE) and ethanolamine phosphate. Δ2-HDE is 

further oxidized by fatty aldehyde dehydrogenase (FALDH) followed by coupling to 

coenzyme A (CoA) by acyl-CoA synthase. The product hexadecenoyl-CoA can be saturated 

by means of trans-2-enoyl-CoA reductase to form palmitoyl-CoA that can serve as building 

block for glycerolipid (and sphingolipid) synthesis.
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Figure 6. Trans Δ2-hexadecenal stimulates signaling pathways in HEK293 and C6 glioma cells.
(A) Trans-Δ2-hexadecenal (Δ2-HDE) stimulates cytoskeletal reorganization and apoptosis in 

HEK293/NIH3T3/HeLa cells via activation of MKK4/MKK7►MLK3►JNK signaling. 

Trans Δ2-HDE-induced apoptosis involved Jun N-terminal kinase (JNK) phosphorylation 

that was reactive oxygen species (ROS) dependent accompanied by Bax activation, 

translocation of Bax and Bim to mitochondria, and cytochrome release (104). (B) 

Exogenous addition of trans Δ2-HDE to C6 glioma cells activated p38-mitogen activated 

protein kinase (p38-MAPK), extracellular signal-related kinase (ERK) 1/2) and 

phosphatidylinositol 3-kinase (PI3K) signaling pathways that regulated glioma cell 

proliferation (105).
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Figure 7: Nuclear S1P lyase generated trans Δ2-hexadecenal from nuclear S1P modulates HDAC 
activity and histone acetylation.
Pseudomonas aeruginosa infection of mouse lung and lung epithelial cells in vitro stimulates 

phosphorylation of sphingosine kinase 2 (SPHK2) in the cytoplasm mediated by protein 

kinase C (PKC)-δ. Activated SPHK2 is translocated to the nucleus of the epithelial cell 

where it converts sphingosine to sphingosine-1-phosphate (S1P). Although S1P lyase is 

predominantly localized in the endoplasmic reticulum (ER), presence of S1P lyase in the 

nuclear preparations was detected by Western blotting and purity of the nuclear preparations 

from ER was verified by electron microscopy and immunostaining of the preparations with 

Ebenezer et al. Page 30

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific markers for ER, Golgi, cytoplasm and nuclear membrane. S1P generated in the 

nucleus by nuclear SPHK2 is hydrolyzed by S1P lyase to generate trans Δ2-hexadecenal 

(Δ2-HDE) and ethanolamine phosphate. S1P or Δ2-HDE generated from S1P modulates 

HDAC1/2 activity and H3/H4 histone acetylation pattern in lung epithelial cells (85, 86).
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Figure 8: 2-Chlorohexadecanal signaling and endothelial barrier dysfunction.
Exogenous addition of 2-chlorohexadecanal (2-ClHDA) to brain microvascular endothelial 

cells stimulated extracellular signal-related kinase1/2 (ERK1/2), p38 mitogen-activated 

protein kinase (p38- MAPK) and Jun N-terminal kinase (JNK) signaling pathways and 

blocking ERK1/2 and JNK, but not p38 MAPK, attenuated 2-ClHDA-mediated endothelial 

dysfunction. 2-ClHDA also caused induced mitochondrial dysfunction including increased 

mitochondrial reactive oxygen species (mtROS), and apoptosis via activation of caspase 3.
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Figure 9: Trans-Δ2-hexadecenal forms adducts with glutathione, and HDAC1 in vitro.
(A) Incubation of Δ2-HDE with glutathione (GSH) in vitro resulted in formation of Michael 

adducts (1), and Schiff’s base adducts (2) as determined by LC-MS/MS. (B) Incubation of 

Δ2-HDE with recombinant hHDAC1 in vitro generated five different adducts (left panel) 

with the Schiff’s base (imine) of lysine and Δ2-HDE by far was the most predominant 

species generated as detected by LC-MS/MS. This observation is consistent with the high 

amount of Lys residues in the sequence of hHDAC1 (40x) and their exposed localization on 

the protein’s surface (shown in cyan, right panel).
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Figure 10: Adduct formation between trans-Δ2-hexadecenal and 2’-deoxyguanosine.
Scheme depicts the adduct formation between trans-Δ2-hexadecenal (Δ2-HDE) and DNA 

nucleoside 2’-deoxyguanosine (dG) in vitro as detected by LC-MS/MS.
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Figure 11: Glutathione adducts of 2-chlorofatty aldehydes and 2-bromofatty aldehydes.
2-Chlorofatty aldehydes (2-ClFALDs) and 2-bromofatty aldehydes (2-BrFALDs) generated 

by hypochlorous acid (HOCl) or hypobromous acid (HOBr) react with a nucleophile such as 

glutathione (GSH) and form FALD-GSH adducts in vitro and in animals exposed to either 

chlorine or bromine gas.

Ebenezer et al. Page 35

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	SOURCES OF LONG-CHAIN FATTY ALDEHYDES IN CELLS
	Long-chain fatty aldehydes are intermediates in fatty acid and fatty alcohol metabolism:
	Enzymatic cleavage of 1-O-alkylglycerolipids by alkylglycerol monooxygenase:
	Long-chain fatty aldehydes are derived from plasmalogen and lysoplasmalogen catalyzed by plasmalogenase (oxidized cytochrome c) and lysoplasmalogenase:
	2-Halofatty aldehydes derived from plasmalogens:
	Trans Δ2-Hexadecenal and hexadecanal derived by S1P lyase catalyzed hydrolysis of S1P and dihydro S1P:
	ω-Oxidation of leukotriene B4:

	FATTY ALDEHYDES AS SIGNALING LIPIDS
	Signaling and cellular functions of Trans Δ2-hexadecenal and hexadecanal:
	Role of S1P lyase in LPS-induced lung inflammatory injury:
	Trans Δ2-hexadedenal induces cytoskeletal reorganization and apoptosis:
	Nuclear generation of Δ2-hexadecenal by S1P lyase and modulation of HDAC1/2 activity:

	Signaling and biological effects of 2-halofatty aldehydes:
	Biological role of 2-chlorofatty acids derived from 2-chlorofatty aldehydes:

	Cellular targets of Trans Δ2-hexadecenal, hexadecanal, and 2-chloro- and 2-bromo- hexadecanal:
	Trans Δ2-hexadecenal forms protein adducts with HDACs and glutathione conjugates in vitro:
	Clickable analogues of trans Δ2-hexadecenal as probes for cellular targets:
	Trans Δ2-hexadecenal forms cyclic adducts with 2’-deoxyguanosine:
	2-Chloro- and 2-bromofatty aldehydes form adduct with glutathione and proteins:


	CONCLUSIONS AND FUTURE PERSPECTIVES
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6.
	Figure 7:
	Figure 8:
	Figure 9:
	Figure 10:
	Figure 11:

