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ABSTRACT 

In this dissertation, we explored the role of polyunsaturated fatty acid (PUFA) metabolites 

in neurodegeneration, Alzheimer's disease (AD), and aging, using Caenorhabditis elegans (C. 

elegans) as a model organism. Our investigation focused on the impact of cytochrome P450 (CYP) 

and epoxide hydrolase (EH) metabolic pathways on ferroptosis-mediated neurodegeneration, the 

relationship between oxylipins and AD pathology, and the influence of CYP-EH metabolites on 

lifespan, healthspan, and reproduction. 

We discovered that dihomo gamma linolenic acid (DGLA), a specific ω-6 PUFA, triggers 

ferroptosis-mediated neurodegeneration in dopaminergic neurons. This neurodegenerative effect 

occurs when DGLA is metabolized into dihydroxyeicosadienoic acid (DHED) via the action of 

CYP and EH enzymes. Our mechanistic study showed that it is the DHED metabolite that drives 

the neurodegenerative process, highlighting the critical role of CYP-EH-mediated PUFA 

metabolism in ferroptosis regulation. Consequently, this study identifies EH as a potential novel 

therapeutic target for addressing ferroptosis-related diseases and underscores the importance of 

understanding PUFA metabolism in the development of innovative treatment strategies. 

We further uncovered an intricate relationship between oxylipins, Aβ, and tau in 

neurodegeneration, demonstrating that Aβ and/or tau expression in C. elegans disrupts the oxylipin 

profile. EH inhibition alleviated the ensuing neurodegeneration, likely through elevating the 

epoxy-to-hydroxy ratio of various CYP-EH metabolites. This study established a link between Aβ 

and/or tau expression and CYP-EH metabolites, highlighting the potential therapeutic implications 

of epoxide hydrolase inhibition in AD. 

Lastly, we investigated the impact of pharmacological inhibition and genetic knock out of 

EH on the lifespan, healthspan, and reproductive capabilities of C. elegans and analyzed the 



 

 

 

 

corresponding alterations in oxylipin profiles. While the lifespan and reproduction remained 

unchanged in wild-type worms treated with the epoxide hydrolase inhibitor, AUDA, the genetic 

knockout of either ceeh-1 or ceeh-2 significantly shortened the lifespan and decreased egg 

production capacity.  Although we identified significant changes in CYP-EH metabolites across 

experimental groups, the specific metabolites responsible for these effects remain elusive, mainly 

due to experimental challenges in testing a large number of compounds with possible synergistic 

effects during aging. Conventional techniques, such as agar plates, are limited by the difficulties 

in manual phenotypic and lifespan analyses, as well as in maintaining age-synchronized worms 

due to time-consuming progeny elimination processes. We discussed potential solutions, including 

high-throughput assays and microfluidic devices, to study the effect of numerous compounds on 

aging. However, we recognized that current techniques, like the use of 5-fluoro-2-deoxyuridine 

(FUDR) and PDMS-based microfluidic systems, present limitations that could interfere with the 

study of CYP-EH metabolites. 

 Overall, this dissertation sheds light on the complex relationship between dietary PUFAs, 

their metabolites, and neurodegenerative diseases. It highlights the potential therapeutic value of 

targeting specific CYP-EH metabolites and sets the stage for future research in understanding their 

role in aging and neurodegeneration using the C. elegans model. 
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Chapter 1. CYTOCHROME P450 METABOLISM OF POLYUNSATURATED 
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ABSTRACT 

Due to the aging population in the world, neurodegenerative diseases have become a 

serious public health issue that greatly impacts patients’ quality of life and adds a huge economic 

burden. Even after decades of research, there is no effective curative treatment for 

neurodegenerative diseases. Polyunsaturated fatty acids (PUFAs) have become an emerging 

dietary medical intervention for health maintenance and treatment of diseases including 

neurodegenerative diseases. Recent research demonstrated that the oxidized metabolites, 

particularly the cytochrome P450 (CYP) metabolites, of PUFAs are beneficial to several 

neurodegenerative diseases including Alzheimer disease and Parkinson’s disease, however, the 

mechanism(s) remains unclear. The endogenous levels of CYP metabolites are greatly affected by 

our diet, endogenous synthesis, and the downstream metabolism. While the activity of omega-3 

(ω-3) CYP PUFA metabolites and omega-6 (ω-6) CYP PUFA metabolites largely overlapped, the 

ω-3 CYP PUFA metabolites are more active in general. In this review, we will briefly summarize 

recent findings regarding the biosynthesis and metabolism of CYP PUFA metabolites. We will 

also discuss the potential mechanism(s) of CYP PUFA metabolites on neurodegeneration, which 

will ultimately improve our understanding of how PUFAs affect neurodegeneration and may 

identify potential drug targets for neurodegenerative diseases. 
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1. Introduction 

Neurodegenerative diseases (NDs) are affected by both genetic and environmental factors 

suggesting that there are likely multiple etiologies for these diseases 1,2. In addition, the 

prevalence of NDs correlates well with age3. According to the United Nations, the population 

over the age of 65 is expected to increase from approximately 9% (2019) to roughly 20% by 

2050. With this demographic change, a coinciding increased incidence of age-related NDs is 

expected in the near future 4. Despite decades of effort, no curative treatment has been developed 

for these diseases, and almost all medication interventions are aimed at reducing the symptoms. 

Perhaps the primary reason for the lack of treatments for ND is that no consistent underlying 

mechanism(s) for ND pathologies has been identified. Human genetic studies revealed several 

genes responsible for NDs, such as Apolipoprotein E (APOE), which has been extensively 

reviewed and is not the focus of this review 4,5. On the other hand, numerous studies revealed that 

environmental factors or a complex interaction between environmental and genetic factors result 

in slow and sustained dysfunctions in the nervous system during aging and could be major causes 

for NDs. Among the environmental factors, exposure to pesticides and trace metals, head injuries, 

lifestyle and diet, are deemed to be most significant factors contributing to NDs 6. Interestingly, 

one pathway that appears to be influential in the aging process, but remains to be fully explored, 

is the metabolism of PUFAs. In this review paper, we focus primarily on dietary factors, 

specifically, the relationship between cytochrome P450 (CYP) metabolism of polyunsaturated 

fatty acids (PUFAs) and age-associated NDs 1,2. 

In mammals, ω-3 PUFAs cannot be synthesized endogenously; therefore, they must be 

obtained from dietary sources 7. PUFAs are suspected to play significant roles in neural function, 
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due to their abundance in neural tissues. Arachidonic acid (AA) and docosahexaenoic acid (DHA) 

are the two most abundant PUFAs within the nervous system, and together comprise roughly 

35% of the lipid content in brain tissue 8. It has been demonstrated that dietary PUFA intake can 

be beneficial for neurodevelopment and attenuating neurodegeneration 9. The cohort Rotterdam 

study, which assessed a cohort on 5,289 subjects aged 55 and older, showed an association 

between PUFA intake and reduced incidence of PD 10. In rodents fed a diet deficient in ω-3 

PUFAs, dramatic decreases in brain PUFA content was observed, which was also accompanied 

with a decrease in the number of dopaminergic neurons in the substantia nigra 11. Manipulating 

the PUFA composition of the cell membrane has been demonstrated to change the function and/or 

signaling of a variety of receptors including cholinergic, dopaminergic, and GABAergic receptors 

12, while the detailed mechanism remains largely unknown. The endogenous level of PUFAs 

greatly affected the composition of their downstream metabolites in vivo. Therefore, it has been 

suggested that the downstream metabolites may be responsible for the action of ω-3 and ω -6 

PUFAs in neurons. 

PUFAs are metabolized by three main oxidative pathways which include (i) lipoxygenase 

(LOX), (ii) cyclooxygenase (COX), and (iii) cytochrome P450 (CYP) pathways to produce 

different oxidized lipid mediators called oxylipins 13. Generally, ω-6 PUFA oxylipins tend to be 

proinflammatory while ω-3 PUFA oxylipins are considered anti-inflammatory and pro-resolving. 

Oxylipins are regulators in physiological processes in various tissues including neuron 13. AA 

oxylipins such as lipoxin A4, as well as prostaglandin D2 and E2, have shown neuroprotective 

properties 13. The pro-resolving mediators derived from DHA such as protectin D1, as well as 

resolvin D1 and D2 seem to inhibit age-related memory decline and protect the brain from cell 

injury and death 13,14. Furthermore, the oxylipins generated by COX and LOX, such as 
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prostaglandin and leukotrienes, respectively, tend to be pro-inflammatory and exert excitatory 

effects on neurons. On the other hand, Ep-PUFAs oxylipins generated by CYP enzymes seem to 

produce the opposite effects, and have neuroprotective, anti-hypertensive, and analgesic effects 

13,15,16. The activity of ω-3 Ep-PUFA and ω-6 Ep-PUFA are largely overlapped and the ω-3 Ep-

PUFA are generally more active than ω-6 Ep-PUFA. The beneficial properties of Ep-PUFAs 

appear to be when Ep-PUFAs are converted to their corresponding diols by soluble epoxy 

hydrolase (sEH)17, which will be discussed later in this review. As more research has accumulated, 

CYP metabolites of PUFAs have been suggested to be a key class of Ep-PUFAs that affect 

neurodegeneration. Inhibition of sEH, the enzyme largely responsible for the degradation of CYP 

PUFA metabolites, has been shown to be beneficial in Alzheimer disease and Parkinson’s disease 

18. 

Additionally, there is evidence that inhibition or genetic knock-out of sEH can protect the 

dopaminergic neurons in the mouse brain against neurotoxins 19. Even though there is controversy 

in randomized clinical trials regarding the effects of ω-3 PUFAs in AD, most of observational 

studies have shown the beneficial effects of ω-3 intake on reducing the incidence of AD 9,13,18. 

Additionally, the oxylipin profiles of blood serum in AD subjects shows around 20% higher levels 

of dihydroxyeicosatrienoic acid (which is the product of the sEH metabolism of the epoxy-

metabolite of AA) compared to the elderly individuals that were cognitively healthy 20. Therefore, 

sEH is an important enzyme in PUFA metabolism and a lucrative drug target 21. However, the 

mechanism of action of the CYP PUFA metabolites remains largely unknown. The endogenous 

level of CYP PUFA metabolites is not only affected by their metabolism but is also greatly affected 

by the endogenous level of their PUFA precursors as well as their uptake by diet 22,23. Therefore, 

in this review, we will 1) describe the biosynthesis and metabolism of PUFAs and downstream 
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CYP metabolites and the role of biosynthesis and metabolism of PUFAs in neurodegeneration; 2) 

highlight the key CYP and EH enzymes present in CNS; and 3) elaborate on potential 

mechanism(s) of action of CYP PUFA metabolites in neuroinflammation and corresponding 

neurodegeneration. 

2. Neurodegeneration: a brief overview 

Neurons have an incredibly high respiratory rate due to the presence of highly active processes 

such as vesicle trafficking, neurotransmitter synthesis, protein synthesis, molecular/ion transport, 

etc., and thus generate a great deal of oxidative stress1,24. This further necessitates a high demand 

of energy for the maintenance of redox homeostasis and organelle and protein quality control 1,24. 

Chronic and excessive perturbations in these metabolic pathways can cause neurodegeneration. 

Figure 1 displays common neuronal pathways that are disturbed in neurodegenerative diseases 1,25. 

These pathways are mostly interdependent. For instance, chronic neuroinflammation can lead to 

protein accumulation, ER stress, mitochondria dysfunction, uncontrolled oxidative stress, axonal 

transport impairment, and apoptosis, which are detrimental to neurons, leading to NDs 26,27. The 

major ND pathologies include, but are not limited to protein misfolding, synaptic dystrophy, 

changes in neurotransmitter production, an increased oxidative stress response, and neuron loss 

2,28–30. In addition, reduction in brain volume is often observed (in both grey and white matter), 

along with increased lesions in white matter and dysfunction of the blood–brain barrier (BBB) 28. 

While the mechanisms that are involved in the pathology of NDs are pertinent to this review, the 

details are not included here, as they has been extensively discussed in other reviews 1,24,25. Our 

focus here is to review and discuss how CYP metabolism of PUFAs is potentially involved in 

neurodegeneration. 
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3. Overview of PUFAs  

Polyunsaturated fatty acids (PUFAs) are long-chain fatty acids comprising of at least two 

carbon-carbon double bonds that play crucial roles in a variety of physiological processes. The 

endogenous level of w-3 and ω -6 PUFAs significantly modulates the in vivo level of their 

downstream metabolites, particularly the CYP PUFA metabolites 31,32. In mammals, small 

quantities of PUFAs can be synthesized endogenously, and the rest are obtained from diet. An 

overview of these two factors influencing the biological level of PUFAs, and thus their 

downstream metabolism is presented in this section. 

 

Figure 1. Common neuronal pathways that are changed in different neurodegenerative diseases (1) Dysfunction 

in the ubiquitin–proteasome pathway increases the intracellular misfolded, damaged, or unneeded protein. (2) 

Dysfunction in the autophagy–lysosomal pathway triggers the accumulation of pathogenic protein aggregates and 

damaged mitochondria. (3) Mitochondria dysfunction causes dysfunction and uncontrolled release of reactive 

oxygen species. (4) ER stress occurs when the homeostatic protein folding and trafficking in the cell is 

overwhelmed or unbalanced, leading to UPR. (5) Transcellular propagation and seeding of protein aggregates 

cause disease progression. (6) The aggregation of misfolded proteins contributes to toxicity. (7) A chronic 

neuroinflammatory state can lead to protein accumulation, ER stress, mitochondria dysfunction, uncontrolled 

oxidative stress, and axonal transport impairment. Abbreviations- ER: endoplasmic reticulum, UPR: unfolded 

protein response. 
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3.1. Biosynthesis of PUFAs and neurodegenerative diseases 

The major steps in PUFA biosynthesis in organisms are: (i) elongation, by elongase enzymes; 

and (ii) desaturation by desaturase enzymes 7,33. Some metazoans, such as Caenorhabditis elegans, 

are capable of endogenous production of ω-6 and ω-3 PUFAs through the conversion of ω-9 

monounsaturated oleic acid (OA) to ω-6 linoleic acid (LA) via a Δ12 desaturase, and then further 

conversion of ω-6 PUFAs to ω-3 PUFAs via Δ15 (ω-3) desaturase 34. These animals do not require 

dietary sources of PUFAs. Vertebrates however do not have genes encoding functional Δ12 and ω-

3 desaturase enzymes, and thus cannot endogenously synthesize PUFAs from OA 35. Despite this, 

vertebrates do have the ability to use LA and -linoleic acid (ALA), which must be obtained from 

the diet, as precursors for the biosynthesis of the other ω-6 and ω-3 PUFAs, respectively, through 

desaturation and elongation 7,33. The conventional enzymatic pathway that produces these PUFAs is 

depicted in (Figure 2A). 

Although humans only synthesize a small amount of PUFAs, recent studies revived that fatty 

acid desaturases (FADS) in humans play an important role in modulating endogenous levels of 

different PUFAs. A genome-wide genotyping study conducted by Ameur et al. revealed two 

common haplotypes of the fads gene: (i) haplotype D that can drive more active conversion in 

PUFAs, and (ii) the less active haplotype A 36. People homozygous for the D type have higher levels 

of ARA (43%) and DHA (24 %) as well as greater plasma lipid levels compared to those who are 

homozygous for haplotype A 36.  Several studies have shown the association between breastfeeding 

and child brain development, as a fads gene variant can control the PUFA composition of breast milk 

37–40. Furthermore, from rare human studies, a very low level of Δ6 desaturase was found in patients 

with Sjögren-Larsson syndrome, which is characterized by neurological, skin, and eye problems 41. 

A single-nucleotide polymorphism (SNP) in FADS2 was also discovered to be associated with the 
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occurrence of attention-deficit/hyperactivity disorder (ADHD), mostly hypothesized to result from 

abnormal regulation of dopamine at the neural synapse 42. Most of these rare studies can be 

considered as preliminary data, and replication in a larger population, and consideration of other 

PUFA metabolic genes such as ELO is required. In addition to human studies, mouse models with 

genetic defects in FADS1 and FADS2 have been conducted 43,44. The fads1 knockout mice failed to 

thrive and died before reaching 12 weeks of age. These mice also exhibited perturbed immune cell 

homeostasis and severe inflammatory problems. Dietary supplementation with AA prolonged the 

lifespan of these mice to levels comparable to wild-type mice 43. Surprisingly, deletion of the fads2 

gene in mice did not show significant impairment in their lifespan and viability, but rather only 

resulted in male and female sterility and increased bleeding time 44. Brown and colleagues selectively 

knocked down fads1 in adult hyperlipidemic mice to determine the key role of endogenous 

biosynthesis of AA and Eicosapentaenoic acid (EPA) in inflammatory disease progression and liver 

X receptor signaling 45. Thus, variability in gene expression may be one of the key factors impacting 

PUFA downstream metabolism by controlling the fads gene. Considering this idea, researchers 

studying the effects of PUFA supplementation should consider genetic effects in the specific 

population under study, which might be the reason for inconsistency in the clinical and epidemiology 

studies that have been done so far regarding PUFA effects on human health and disease. 

3.2. Dietary PUFA  

Although humans have both desaturase and elongase enzymes, the conversion/biosynthesis of 

PUFAs is quite limited in humans. Because of this, PUFA blood and tissue levels are modulated 

by dietary intakes 7,46. Hence, there is great interest surrounding the potential benefits of 

supplementation, and -3 PUFAs are one of the most consumed dietary supplements 7. The main 

sources of fatty acids are different among countries, and mainly controlled by food availability, 
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economy, and culture [7,39]. ω-3 PUFAs mostly originate from specific plant (or modified plant), 

 

algal, marine, and single-cell sources. While plants such as nuts some seeds, and vegetable oil are 

the primary source of ALA (Figure 2B), marines are the main source of EPA, DHA, and 

docosapentaenoic acid (ω-3) (DPA3) (Figure 2C) 47. Dietary supplementation studies show a 

controversy in randomized clinical trials regarding the effects of PUFAs on neurodegeneration 

which can be due to the genetic variability, different lifestyle and habits in population under study, 

as well as presence of additive prescribed by these PUFA supplementation 46. Also, these studies 

 

Figure 2. (A) PUFA biosysnthesis pathways. (B) Common vegtable oil or seeds. The total ω-PUFA content is 

almost exclusively ALA, with little to no EPA, DHA, and DPA3 [47]. (C) PUFA amounts in different fish and 

seefood (all are cooked or baked unless otherwise mentioned) [47]. LA:Linolec acid, GLA:Gamma-linolenic 

acid, DGLA:Dihomo gamma-linolenic acid, AA:Arachidonic acid, AD: drenic acid, TTA:Tetracosatetraenoic 

acid, TPA6:Tetracosapentenoic acid (ω-6), DPA6:Docosapentaenoic acid(ω-6), ALA:a-Linoic Acid, 

STA:Stearidonic acid, ETA:Eicosatrienoic acid, EPA:Eicosapentaenoic acid, DPA3:Docosapentaenoic acid (ω-

3), TPA3: Tetracosapentenoic acid (ω-3), THA:Tetracosahexaenoic acid, DHA Docosahexaenoic acid 

D:Desaturase, ELO: Elongase, FADS 1:Fatty Acid Desaturase 2, FADS2:Fatty Acid Desaturase 2. 
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in humans demonstrate a causal relationship between the dietary lipid ratio supplementation of ω-

3 and ω-6 PUFAs and NDs such as AD and PD which is beyond the scope of this review6,10,46,48,49. 

4. CYP: a key monooxygenase enzyme in PUFAs metabolism 

PUFAs are mainly metabolized through three oxidative pathways: (i) lipoxygenases (LOX), 

(ii) cyclooxygenases (COX), and (iii) cytochrome P450 (CYP) pathways (Figure 3A) to produce 

many lipids signaling molecules called oxylipins 50–52. Most of these mono-oxygenated lipid 

metabolites are key lipid mediators in physiological processes in mammals. Research on the 

lipoxygenase and cyclooxygenase pathways and neurodegeneration has been extensively reviewed 

52,53; thus, are not the focus of this review. In this section, we will summarize the recent findings 

on a CYP pathway of PUFAs and the effects of CYP selectivity on mammalian physiology.  

4.1 Characteristics of CYP 

CYP are heme-thiolate proteins primarily involved in syntheses and metabolisms of many 

xenobiotic and endogenous biological molecules such as steroid hormones, fatty acids, cholesterol, 

drugs, vitamin D, etc. via oxidation 54. CYPs in general contain a signature residue sequence of 

FXXGXbXXCXG, in which Xb is a basic residue and the cysteine is located at the axial position 

to the heme, and a Soret peak at 450 nm when a carbon monoxide binds to the Fe(II) of the heme 

group 55,56. Note that there are some other proteins with the same heme group, axial cysteine 

residue, similar Soret peak in presence of CO, as well as some related catalytic properties such as 

some peroxidases and nitric oxide synthases, but they are not considered CYP enzymes. The 3D 

structures of these proteins also differentiate them from CYP enzymes, which share the same 

folding 57,58.  



 

 

12 

 

The human genome project has identified 57 genes expressing different CYP enzymes, which 

are grouped into 18 families (43 sub-families) based on the amino acid sequence homology 59,60. 

Thus, each CYP enzyme is named by a number representing the family and a letter indicating the 

subfamily, followed by a second number specific for an individual CYP enzyme (e.g., CYP2J2). 

In contrast to prokaryotes that have soluble CYP enzymes, in mammals CYPs are primarily 

membrane-associated proteins located either on endoplasmic reticulum (ER) or mitochondria 

membranes 61,62. The catalytic domain of these enzymes is partially immersed in the membrane 

and can move along the membrane surface. The active site connection to both the cytosolic 

environment and the membrane through networks of access channels allows them to interact with 

substrates in either compartment 62. Of the 57 human CYP enzymes, 50 are located on the ER and 

are usually involved in xenobiotic metabolism (i.e., drugs and environmental pollutants), while the 

rest are located in the mitochondria membrane and are generally engaged in the 

metabolism/biosynthesis of endogenous molecules 63. Even though these enzymes are mostly 

expressed in the liver, they can be also expressed in many other tissues including, but not limited 

to, the kidney, brain, intestinal mucosa, skin, and lung 64. 

4.2 Catalytic function and mechanism of CYP 

Historically, the first CYP enzyme was described by Klingenberg and Garfinkel as an 

unknown pigment that binds carbon monoxide in its reduced form and produces a Soret absorption 

peak at 450 nm 65,66. This unknown pigment was then identified as a new cytochrome by Omura 

et al. 55. About ten years later, in 1979, Benhamou and colleagues further confirmed this 

observation by studying the inhibitory effect of AA administration on metabolizing the hepatic 

drug by CYP enzymes in mice 67. 
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CYPs catalyze a large variety of reactions including oxidation of heteroatoms, heteroatom 

dealkylation, C–C bond cleavage, desaturation, ring formation, aryl ring couplings, and 

rearrangements of oxygenated molecules 68–70. The monooxygenase activity of CYPs has been 

discussed thoroughly elsewhere 71–73, and therefore we will only provide a brief description here. 

Figure 3B shows the monooxygenase mechanism of CYPs, related to its epoxygenase activity, in 

7 steps: 1) Before binding of the substrate to the CYP protein, there is an equilibrium between the 

hexa- and pentacoordinate Fe(III); substrate binding to the CYP enzymes shifts the equilibrium in 

favor of pentacoordinate; 2) an electron will transfer to this complex either directly from NADPH 

or through a redox protein partner, to reduce Fe (III) to Fe (II). Note that this step is critical for 

substrate oxidation, as the diatom oxygen cannot bind to Fe (III); 3) oxygen binds to the Fe(II); 4) 

the next electron is either transferred directly from NAD(P)H or through a redox protein partner; 

5) two subsequent protonations occur; 6) the complex gets deprotonated by releasing a water 

molecule, which results in an iron-oxo complex; 7) finally, the oxygen atom is transferred to the 

substrate and results in an oxidized products 71–73. 

4.3 Major CYP responsible for PUFA metabolism 

CYPs can metabolize PUFAs to produce either Ep-PUFAs (epoxygenase activity) or hydroxy-

PUFAs (with hydroxylase activity). The final product depends on the specific CYP enzyme as well 

as the type of PUFA substrate. In general, the regio/stereo selectivity, catalytic properties, and 

structure of each CYP enzyme might be significantly determined by a B-C loop in their structure, 

controlling the type of reaction and prevalence of a specific regio/stereoisomer product 56,74,75.  

In this section we discuss the major CYPs and their products when ω-3 and ω-6 PUFAs are 

substrates. 
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4.3.1 Regio- and stereo- selective epoxidation by major CYPs  

In the case of AA, the main CYPs that generate Ep-PUFAs are CYP2B, 2C, and 2J sub-

families (known as AA epoxygenase), while 1A, 4A, and 4F subfamilies produce the majority of 

ω and ω-1 hydroxylated AA (known as AA hydroxylase) (Figure 3A) 76. Both CYPs families are 

regio- and stereo-selective 77,78. For instance, CYP2C and 2J subfamilies can convert AA into four 

regioisomers of epoxyeicosatrienoic acids (EETs) depending on which double bond is involved in 

oxygen insertion, which results in 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET. Each of the 

EET products can be either the R,S- or the S,R stereoisomer 77,78. This regio- and the 

stereoselectivity of EETs is CYP isoform-specific. For instance, while CYP2C8 in humans can 

metabolize AA with high regio/stereo selectivity to 14,15- and 11,12-EET (with ratio of 1.3:1 and 

more than 80% optical purity (OP) of R,S enantiomers), CYP2C9 shows very low regio- and 

stereoselectivity 79,80. CYP2J2 is not regioselective as it produces all four regioisomers of EETs in 

which 8,9- and 11,12-EET are largely a racemic mixture, and 14,15 -EET is mainly in the form of 

14(R),15(S)-EET (OP≈76%)81. CYP2C23, which is the main CYP involving in AA epoxidation 

in the rat kidney, generates 8,9-, 11,12- and 14,15-EET in a ratio of 1:2:0.7 with high 

stereoselectivity (OP ≈ 95, 85 and 75%, respectively) 82. Likewise, CYP2C44 in mice results in 

the same products 83. Figure 3C displays the regioselectivity of different CYPs and the relative 

amount of each regioisomer.  

Even though the CYPs subfamilies involving in LA metabolism have not yet been 

meticulously examined, the available studies propose that all CYP isoforms can metabolize LA, 

with high efficiency. For instance, CYP2C9 is known as the main LA epoxygenase in the human 

liver and generates both 9,10- and 12,13-epoxyoctadecamonoenic acids (EpOMEs) 84. Other AA 

metabolizing CYP isoforms that can also accept LA as a substrate are CYP2C8 and -19; CYP2J2, 
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-3, -5, and -9; CYP1A2; and CYP3A4 85–87. It is worth mentioning that the same CYP isoform can 

have different preferential to whether act as epoxygenase or hydroxylase when the substrate is 

changing from AA to LA. For example, while human CYP2E1 has primarily hydroxylase activity 

with AA, it is a major LA epoxygenase 87.  

  

Like LA, EPA and DHA have been shown to be effective alternative substrate for CYPs 

isoforms in human, rat and mouse 22. For example, the human isoforms CYP2C8, 9, 18, and 19, 

as well as CYP2J2 can epoxidize both EPA and DHA88,89. Moreover, the catalytic activity of 

CYP2C isoforms for EPA and DHA is almost the same as for AA, while CYP2J2 displays 9 and 

2 times higher rates in metabolizing EPA and DHA, respectively, compared to AA 88,90. Also, these 

 

Figure 3. A) CYP hydroxylase and epoxygenase activity on AA, as well as EHs epoxy hydrolase products of 

EETs. B) CYP mechanism of function for monoxygenase activity. C) Regioselectivity in epoxygenase activity of 

different CYP adapted from [88]. Note that all EETs and HETEs ( except 20-HETE) can be present either as the 

R- or S-enantiomers.AA:Arachidonic acid, CYP:Cytochrome P450 EET:Epoxyeicosatrienoic acid EEQ:Epoxy 

eicosatetraenoic acids, EDP:Epoxy docosapentaenoic acids HETE:Hydroxyeicosatetraenoic acid 

DHET:Dihydroxy eicosatrienoic acids, EHs:Epoxy hydrolase. 
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epoxygenase enzymes have different regioselectivity for EPA and DHA 88,90,91. For instance, while 

CYP2C23 metabolizes AA to 8,9-, 11,12-,and 14,15-EET in a ratio of about 1:2:0.6, the 

epoxidation of EPA by CYP2C23 results in 17,18-, 14,15-, 11,12- and 8,9- epoxy eicosatetraenoic 

acids (EEQs) in a ratio of about 6:1:1:190,91. Also, while human CYP2C8 produces mainly 11,12- 

and 14,15-EET with AA as a substrate, it produces exclusively a terminal w-3 PUFA epoxide with 

ω-3 PUFAs as a substrate, such as 17,18-EEQ with EPA, and 19,20- epoxy docosapentaenoic acid 

(19,20-EDPs) with DHA 88,90,91. However, very low regioselectivity has been reported for other 

CYP2C isoforms toward EPA and DHA 22,89. Also, as mentioned earlier, CYP2J2 has a very lower 

regioselectivity toward AA. However, it has  high regioselectivity is towards ω-3 PUFAs, while 

preferentially generating terminal ω-3 PUFA epoxides 88,90. Furthermore, it should be noted that 

CYP2J2 and all CYP2C isoforms, except CYP2C8, exhibits high stereoselectivity in favor of 

producing the R,S-enantiomers of 17,18-EEQ and 19,20-EDP 91,92. 

4.3.2 Regio- and stereo- selective hydroxylation of PUFAs by CYPs 

Like epoxygenase activity, CYPs also hydroxylates in a regio-selective manner. CYP4A and 

4F subfamilies hydroxylate AA at the terminal methyl group to produce 20-

hydroxyeicosatetraenoic acid (20-HETE) as the major product, and 19-HETE as the minor 

product. Specifically, 20-and 19-HETE can be generated by human CYP4A11, rat CYP4A1, and 

mouse CYP4A12A, in a ratio of 90:10, 93:7, and 87:13, respectively 93–95. CYP4F isoforms such 

as CYP4F2, CYP4F3A ,and CYP4F3B are more regioselective than CYP4A in ω hydroxylation 

96. On the other hand, the CYP1A1, CYP1A2, and CYP 2E1 show mainly ω-1 hydroxylase activity 

on AA, yielding 19-HETE as the predominant product, and 16-, 17-HETE (CYP1A1 and 

CYP1A2) and 18-HETE (CYP2E1) as minor products, and 20-HETE is not produced 22,76. 

Interestingly, CYP2J9 is in the rare CYP2J subfamily that almost exclusively generates the 19-
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HETE from of AA , while the other members in the subfamily such as human CYP2J2 and rat 

CYP2J3 have mainly epoxygenase activity on AA, and CYP2J9 displays very low (ω-1)-

hydroxylase activity on AA81,96,97. CYP4A1, which is the main PUFA hydroxylase in rats can 

metabolize LA at the same rate as AA, and generates 18- and 17-hydroxy octadecadienoic acids 

(HODE) in a ratio of 3:1 94. Likewise, human CYP4A11 has shown hydroxylase activity on LA 

87,98.  

EPA and DHA can also be effectively hydroxylated by CYP hydroxylases such as human 

CYP4A11, CYP4F2, CYP4F3A and -B, as well as mouse CYP4A12, and rat CYP4A195,96,99,100. 

Again, when the substrate of these CYPs changes from AA to EPA or DHA, the regioselectivity 

as well as reactivity is altered. For instance, while CYP4A1 hydroxylates AA (generating mainly 

20- and 19-HETE), it epoxidizes and hydroxylates EPA to produce predominantly 17,18-EEQ 

(68%) and 19-HEPE (31%) 94,100,101. Furthermore, when DHA is a substrate, the CYP4A1 

exclusively produces the epoxidized product: 19,20-EDP 88,92. Likewise, CYP4A12A can function 

exclusively as ω/(ω-1)-hydroxylase with AA producing 20- and 19-HETE in a ratio of 8:2 and can 

metabolize EPA exclusively to 17,18-EEQ with a minor amount of 20- and 19-HEPE 95. The same 

trend in shifting from a hydroxylase to an epoxygenase by changing the substrate from AA to EPA 

and DHA is observed in CYP2E188,90. Note that the change in catalytic preference from ω to (ω-

1)-hydroxylase activity of CYPs has also been observed. For instance, by changing the substrate 

from AA to EPA and DHA the ratio of ω to (ω-1)-hydroxylase of CYP4A1 shifts from 4:1 to 1:3 

and 1:2, respectively 96. Considering CYP4F subfamilies, CYP4F3A and CYP4F3B display higher 

catalytic activity for AA and DHA compared to EPA, while CYP4F2 has a higher preference for 

hydroxylating DHA compared to AA and EPA 96. CYP4F8 and CYP4F12 mainly function as (ω-

n)-hydroxylases, with AA producing 18- and 19-HETE, and producing 17,18-EEQ and 19,20-EDP 
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as the main products of EPA and DHA, respectively 102. CYP2U1 is another CYP isoforms that is 

expressed in the brain, which mainly acts as a ω-hydroxylase for ALA, AA, EPA, and DHA 103,104.  

The regio- and stereo- selectivity of CYP enzymes ultimately affects the physiology because 

numerous studies have suggested that the biological activity of Ep-PUFAs is controlled by the  

regio-/stereoselectivity of the target receptors, which will be discussed in the following paragraphs 

(Section 4.4). 

4.3.3. Physiological functions of regio/stereoisomers of CYP products: Ep-PUFAs and 

hydroxy-PUFAs 

The regio- and stereo- selectivity of CYP enzymes ultimately could alter their effects on 

mammalian physiology because numerous studies have suggested that the biological activity of 

Ep-PUFAs is regio/stereo selective and will be briefly summarized in this section. The specific 

effects of CYP PUFA metabolites on neurodegeneration will be discussed in Section 7.  

An earlier study regarding the regioselective effects of EET by Node et. al. demonstrated that 

11,12-EET exerts significant anti-inflammatory effects by inhibiting the TNF-α–induced vascular 

cell adhesion molecule–1 (VCAM-1) expression, while 14,15-EET is inactive in this process 105. 

In addition, peroxisome proliferator-activated receptor- α (PPARα), which plays an important role 

in inflammation, can only be activated by 8,9-EET, and 11,12-EET, but not 14,15-EET 106. 

Besides, ω-6 Ep-PUFAs, the ω-3 Ep-PUFAs also affect physiological process regioselectivity. 

For example, EDPs alleviate nociception response in rodent inflammatory pain model with a 

relative potency of 13,14- EDPs > 16,17- EDPs > 19,20- EDPs 107. The biological effects on 

mammals are also stereospecific. For instance, Ding et al. found that a Gs-coupled receptor on the 

membrane of endothelial cells responds to 11(R),12(S)-EET, but not 11(S),12(R)-EET, which 

mediates protein kinase A (PKA)-dependent translocation and activation of transient receptor 
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potential (TRP) C6 channels 108. Over last decades, several studies have shown that the Ep-PUFAs 

are likely acted stereospecifically 100,109–111. In addition to Ep-PUFAs, stereo- and regio- isomers 

of hydroxy-PUFAs have different biological functions 22,112–115.  

Overall, these studies show the significance of regio- and stereochemistry in the physiological 

effects of Ep- and hydroxy-PUFAs. One of the main challenges in investigating the regio-/stereo- 

isomers of PUFA metabolites is obtaining significant quantities of pure regioisomers and their 

antipodes. Chemical epoxidation is neither chemo-selective nor enantioselective, and purification 

process of positional isomers and enantiomers is a tedious process116. While enzymatic epoxidation 

seems to be an effective way to generate single enantiomers, using a chemical inversion process is 

inevitable to access the corresponding enantiomers. Besides, this method is non-diversifiable and 

cannot be utilized in synthesizing the corresponding analogues 116,117. Thus, progress in synthetic 

routes to achieve large quantities of specific regio-/stereoisomers with high purity is the key to 

improve our understanding of these isomers and the mechanism of their function.  

4.4. CYP enzymes in the central nervous system 

The first evaluation of CYP in the brain was done in 1977 by Sasame and coworkers 118. They 

found 30 pmol/mg of CYP enzymes in rat brain, which was approximately 3% of the 

corresponding level in liver, with 30 times lower activity 118. Since then, many efforts have been 

done to identify different CYP enzymes, their activity, as well as expression patterns within the 

brain. To date, 41 of 57 CYP enzymes are identified in various brain regions 119. Studies on CYP 

enzyme expression and function in the brain revealed some remarkable information. CYPs can be 

found in both glial cells and neurons either in the cell bodies or throughout the cell processes. For 

instance, isoforms such as CYP2E1, 1A1, 3A, and 2B, are mostly expressed in neurons, while 

others like CYP2D6 are predominately expressed in both glial and neuron cells 120,121. CYP 
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enzyme expression in the brain is heterogeneous among different parts of brain due to the presence 

of various cell types with different needs and functionality 119. Also, some CYP enzyme levels in 

specific neurons are even greater than their counterparts in hepatocytes. For example, CYP46A1, 

which regulates the cholesterol homeostasis in the brain, and CYP2D6, which is involved in 

biosynthesis of serotonin and dopamine, are mainly expressed in the brain 122,123. Even though 

CYP enzymes (especially 2C, 2J, and 4A) can potentially be highly influential in the brain function 

through their monooxygenase activity in PUFAs metabolism, which will be discussed later, they 

are also key factors in hormone, cholesterol, endocannabinoids, and neurotransmitter metabolism 

18,124. Therefore, these enzymes can affect neuronal activity and homeostasis through other 

mechanisms (Figure 4). For instance, CYP2D6 expressed in brain is involved in metabolism of 

endogenous neural compounds such as catecholamines, and can metabolize drugs and inactivate 

neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tet-rahydropyridine (MPTP) and 1-methyl-4-

phenylpyridinium (MPP+). Therefore, low activity of this enzyme can result in neuronal 

hypofunction, especially in dopaminergic neurons. Mann et al. demonstrated that CYP2D6 levels 

increase with age, however in PD patients, this enzyme is expressed 40% lower compared to a 

healthy brain 125. Lower levels of this enzyme in PD patients may reduce their ability to inactivate 

PD-causing neurotoxins. Also, CYP46 and CYP27 seems to be important in AD and Huntington 

disease, probably due to their role in the brain cholesterol homeostasis and metabolism 126–128. In 

addition, genetic variations in CYP19 and CYP2J2 have been associated with enhanced 

susceptibility AD 129,130. The rs890293 variant of CYP2J2, which results in a CYP2J2 enzyme with 

reduced function, has been shown to be associated with late-onset AD in the Chinese Han 

population 131. These data suggest a possible role of Ep-PUFAs, DH-PUFAs or H-PUFAs in 

neuroprotection and reduced risk of AD, as CYP2J2 is one of the key isoforms of CYP responsible 
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for Ep-PUFAs metabolism. There are extensive studies on the CYP enzymes effects in neuronal 

function and homeostasis, which is beyond the scope of this paper, and we are only focusing on 

the role they have in Ep-PUFAs or dihydroxy-PUFAs metabolism. 

 .  

5. EH: Epoxy hydrolase, a critical member in Ep-PUFA metabolism  

The epoxide is a three-membered heterocycle that has unfavorable bond angles and a polarized 

C-O bond leading to significant electrophilic activity 132. Thus, epoxides could covalently react 

with a nucleophile and cause a wide range of biological and pathological effects. For instance, 

styrene epoxide derivatives can be attacked by nucleophilic exocyclic amino groups of nucleotides 

or N7 moiety of purines causing DNA adducts and mutations 133,134. There is extensive evidence 

confirming the potential of some epoxides, particularly Ep-PUFAs, to act as secondary messengers 

involved in the initiation of different physiological pathways. Epoxide hydrolases (EHs) catalyze 

the hydrolysis of both endogenous and exogenous epoxides, resulting in corresponding 1,2-diol 

compounds 135. Therefore, EHs are involved in detoxification and regulating signaling molecule 

metabolism by hydrolyzing epoxides and modulating their endogenous levels. 

The EHs can be detected in both prokaryotes and eukaryotes. There are seven different EHs 

identified in mammals (i) Microsomal epoxide hydrolase (mEH, EPHX1), (ii) Soluble epoxide 

hydrolase (sEH, EPHX2), (iii) epoxide hydrolase 3 (EH3, EPHX3), (iv) epoxide hydrolase 4 (EH4, 

 

Figure 4. CYPs are protective in neurodegenerative diseases. MPTP:(1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) DA:dopamine, 5-HT: 5-hydroxytryptamine (or serotonin ), ROS: reactive oxygen species. 
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EPHX4), (v) hepoxilin hydrolase, (vi) leukotriene A4 (LTA4) hydrolase, and (vii) cholesterol 

epoxide hydrolase 136–141. The sEH, mEH, EH3, and EH4 enzymes can be considered as EPHX 

subfamilies, which are members of ⍺/β-fold hydrolases superfamily, comprising of eight anti-

parallel β-strands as the core domain connected together by ⍺-helices that are interrupted by an 

adjustable lid domain. The other three enzymes can be categorized in different families due to their 

different catalytic mechanisms and substrate preferences that are well reviewed elsewhere and will 

not be discussed further 136,137,139. Note that paternally expressed gene 1 (peg1)/mesoderm-specific 

transcript (MEST) gene (peg1/MEST) is another candidate that might be considered an EH due to 

its considerable sequence similarity to ⍺/β hydrolases. However, its enzymatic function is currently 

unknown 142. Thus, we are using EH to refer to sEH, mEH, EH3, and EH4 in this review, unless 

otherwise mentioned.  

5.1 Characteristics of the main EH enzymes 

Among the EHs, mEH is the first identified mammalian EH, which is encoded by the EPHX1 

gene and has a primary structure of 455 amino acids 143,144. This membrane-bound enzyme is 

attached to the surface of the ER or the plasma membrane by its N-terminal membrane anchor 

145,146. The mEH also has an N-terminal extension that wraps around the protein and holds the lid 

domain down to the α/β hydrolase fold 147,148. The localization of N-terminal in the membrane is a 

mechanism by which the C terminal region with epoxide hydrolase activity faces towards the 

cytosol on ER membranes, and on the plasma is exposed to the extracellular medium. The mEH 

and CYP enzymes are both type I membrane-bound proteins, and there is evidence of close 

proximity of CYP and mEH in the endoplasmic reticulum 149, suggesting possible physical 

interaction. Interestingly, when mEH dissociates from the membrane and is found in the blood, 

this is considered a preneoplastic antigen, a marker for tissue damage including cancer 150. 
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The sEH on the other hand, can selectively hydrolyze lipid epoxides with a high catalytic rate, 

while having an unknown role in xenobiotic metabolism in the liver 140. Human sEH, encoded by 

EPHX2, is a 62 kDa homodimeric enzyme, located in the intracellular environment (cytosol and 

peroxisomes) 140. Each monomer has two regions: a C-terminal region with epoxide hydroxylase 

activity, and a N-terminal region with phosphatase activity, which are linked together by a proline-

rich linker (Figure 5A) 151.Both mEH and sEH are widely found in different tissues with the highest 

levels found in the liver, and their expression as well as specific activity can be altered by tissue, 

sex, and age 140,152.       

Both EH3 and EH4 are predicted to be single-pass type II membrane proteins and possess N-

terminal membrane anchors based on their amino acid sequences, yet these properties need  

to be experimentally confirmed. EH3 and EH4 have 45% homology in their sequence and were 

originally named as α/β hydrolase domain containing protein 9 (ABHD9) and protein7 (ABHD7), 

but were renamed after studies done by Arand’s group showed that epoxide hydrolase activity 

toward epoxy octadecenoic acids (EpOMEs) and EETs 153,154. However, their specific in vivo 

function is still under investigation. EH3 is a 41 kDa (360 residue) protein encoded by EPHX3 

gene, and its microsomal properties have been identified by a related gene in insect cells 154. 

EH3 expression is generally low compared to mEH and sEH. Isolated mRNA from a 

representative set of mouse organs revealed the lowest expression in liver and kidney, while the 

highest expression was observed in skin, stomach, lung, and tongue 154. This expression pattern 

suggests a potential function of EH3 in barrier formation, which is supported by a recent study 

showing high turnover hydrolyzing activity toward a skin-related epoxide involved in a key step 

of water permeability barrier formation in the outer epidermis 155. EH3 is also involved in 

leukotoxin metabolism to mediate acute respiratory distress syndrome (ARDS) 156. 
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In addition, several studies identified the epigenetic silencing of EH3 in different types of cancers. 

For instance, hypermethylation of EH3 is associated with prostate cancer relapse 157, and has been 

observed in human colorectal carcinomas 158, gastric cancers 159, as well as malignant melanomas 

160. 

EH4 is a 42 kDa (362 residue) protein encoded by EPHX4 gene located on chromosome 

1p22.1. As already mentioned, like other mEH and sEH, both EH3 and 4 possess an aspartate 

nucleophile, distinguishing them from other ABHD proteins that have either a serine or cysteine 

as nucleophile residue in the catalytic triad, placing them in the EH family153,154. EH4 expression 

is much higher in the brain compared to other tissues 142. EH4 has been recognized as a target gene 

for the zinc finger protein 217, an important oncogene that is over amplified and overexpressed in 

 

Figure 5. A) Crystal structure of the sEH dimer (PDB accession code 1S8O [151] The sEH monomer is 

composed of two globular regions representing the a/b tertiary structure and a short proline-rich linker (pink) 

connects  the C-terminal of one monomer to the N-terminal region of another. The catalytic site with epoxide 

hydrolase activity is located within the C-terminal region, whereas N-terminal region possesses phosphatase 

activity. B) EH distribution in human brain based on mRNA expression. Expression values are shown as a median 

of TPM (Transcripts Per Million), calculated from a gene model with isoforms collapsed to a single gene with no 

other normalization (https://www.gtexportal.org/home/gene/EPHX). 
 

https://www.gtexportal.org/home/gene/EPHX
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a variety of human tumors 161. In addition, hypermethylated EH4 has been found in human 

colorectal cancer. Thus, EH4 is associated with the pathogenesis of some cancers 162. In general, 

very little is known about EH4 substrate spectrum and enzymatic function. However, the presence 

of a nucleophilic aspartate in the catalytic triad (that distinguishes EH3 and 4 from other ABHDs), 

and high homology with two EHs in C. elegans 17, suggest the potential for EH4 to be an active 

EH with important physiological activity in the brain 153. 

5.2. Catalytic function and mechanism of EHs  

The major function of EH is to hydroxylate xenobiotic epoxides and Ep-PUFAs (Figure 3A). 

The catalytic activity of EHs can be described in three steps, with the contribution of four amino 

acids, which are involved in transforming the epoxide to a diol 135. In the first step, the epoxide 

enters through the L-shaped hydrophobic tunnel with the nucleophilic aspartate in the center and 

it is stabilized there by van der Walls and hydrogen bonding with the hydrophobic pocket and two 

tyrosines, respectively. The second step is the formation of an ester intermediate, in which the 

nucleophilic aspartate and polarizing tyrosines are involved. In this step, the oxygen of the epoxide 

is polarized by hydrogen bonds between OH group of two tyrosine residues. At the same time, the 

carboxylate of Asp (a nucleophilic amino acid), which is opposite of the tyrosine residues, gets 

orientated and activated by other amino acids in the active site including His and an acidic residue 

(Asp in sEH and Glu in mEH) adjacent to the nucleophilic Asp. Then, the activated nucleophilic 

Asp attacks the electrophilic carbon of the epoxide resulting in a hydroxyl acylated-enzyme 

intermediate. The third step is diol formation. When the intermediate is formed in the second step, 

the His orients and then the charge relay system between the Glu/Asp and His, activates the His to 

facilitate hydrolysis of the acylated intermediate, forming the corresponding 1,2-diol product. 

Table 1 shows the different residues in the catalytic triad of mEH, sEH, EH3, and EH4. Besides 



 

 

26 

 

these highly conserved regions, the amino acid sequences and the N-terminal region are largely 

different among different EHs, probably due to their different origin in evolutionary pathways. 

Tables 1. Different residues in the catalytic triad of mEH, sEH, EH3, and EH4 and their function 

EH type Polarizing 

Residues 

nucleophilic residue Involve in orientation and activation of 

nucleophilic residues 

mEH Tyr299 

Tyr374 

Asp226 His 431 

Glu 404 

sEH Tyr383 

Tyr466 

Asp335 His 524 

Asp 496 

EH3 Tyr220  

Tyr281 

Asp173 His 337 

Asp307 

Eh4 Tyr216 

Tyr281 

Asp 169 His 336 

Asp307 

Tyr: Tyrosine, Asp: Aspartic acid, Glu: Glutamic acid His: Histidine 

5.3 Major EHs responsible for Ep-PUFA metabolism 

sEH is the main enzyme that degrades Ep-PUFAs, but other EHs also play a role in Ep-PUFA 

metabolism [85]. mEH can selectively hydrolase arene and cyclic epoxides, is involved in 

xenobiotic metabolism, and catalyzes the epoxidation of a wide and still growing range of 

substrates 152. It was reported that expression of mEH in specific neuronal populations suggests a 

previously unnoticed role in processing endogenous substrates. Zeldin et al. reported that mEH 

hydrolyzes EET with up to an 8-fold lower Km than sEH 163,164. However, the catalytic efficacy 

(kcat/Km) of mEH is still five- to 50-fold lower than that of sEH for all EET regioisomers. The 

regio-selectivity of the two enzymes, based on the catalytic efficacies, was 11,12-EET>8,9-

EET=14,15-EET>>5,6-EET for mEH and 14,15-EET=11,12-EET>8,9-EET>5,6-EET for sEH 165.   

Considering role of EH3 in the Ep-PUFA metabolism, an in vitro study using EETs as 

substrates demonstrated that EH3 has high catalytic efficacy in the range of sEH as well as the 

highest specific activity reported thus far among EHs. These data suggest that even low expression 

of EH3 would be enough for a high concentration of EETs produced in cell 154. On the other hand, 

the substrate spectrum of EH4 is unknown, mainly because it has not shown enzymatic activity on 
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any of the substrates tested so far. The lack of turnover could be due to the expression of a 

misfolded protein, because EH4 is potentially membrane bound, complicating recombinant 

expression. Therefore, epoxy hydrolase activity is still speculative in the case of EH4. 

5.4 EHs in the brain 

In this section the different EHs and their distribution along with potential application are 

discussed. 

5.4.1. mEH in the brain 

In the brain, mEH is highly expressed in epithelial cells, especially in cerebral blood vessels 

and the choroid plexus that form the blood brain barrier, where mEH might be mainly involved in 

detoxification and protecting CNS. This enzyme is also found in smooth muscle cells and specific 

neuronal cells including, but not limited to, cerebellar granule cells, central amygdala neurons, 

striatal neurons, hippocampal pyramidal neurons, and in some of astrocytes 152,166. Figure 5B 

shows the distribution of EHs in different region of human brain using mRNA expression 

techniques. The role of mEH in neurological disorders is a subject of intense interest in the field 

of pathophysiology-related EPHX1 due to its high expression in the brain 152. In support of this, 

Lui et al. identified high expression of mEH in the hippocampus and in the cortex of AD patients 

165. They also found that exposure to β‐amyloid aggregation could induce mEH overexpression in 

astrocytes in primary hippocampal glial culture. Over expression of mEH has also been observed 

in the rat hippocampus and entorhinal cortex when the animals were treated with trimethyl‐tin, an 

environmental neurotoxic agent, further supporting the role of mEH in the pathogenesis of 

neurodegeneration and neurotoxicity 165. Generic ablation of mEH in mice treated with 

methamphetamine (METH) caused a decreased in synaptosomal DA uptake in the striatum, while 
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enhancing the extracellular DA levels in the nucleus accumbens compared to the wild-type mice, 

suggesting that mEH is a potential therapeutic target for drug addiction treatment 167. In addition, 

increased levels of mEH have been found in human brain tumor cells, further supporting the pivotal 

role of mEH in brain-related pathogenesis 168.  

Although the role of mEH xenobiotic metabolism has been extensively studied, its distribution 

suggests a possible endogenous role 169,170. Even though mEH possesses low catalytic activity 

towards Ep-PUFAs, high levels of mEH expression in specific brain regions and neurons, as well 

as evidence for substrate channeling between mEH and CYP on ER, suggests that mEH contributes 

to Ep-PUFA hydrolysis in the brain 166,171,172. For instance, tracking of dihydroxyeicosatrienoic 

acids (DHET) regioisomers formation in freshly isolated mouse brain hippocampal cells of WT, 

mEH−/−, and sEH−/− mice revealed substantial mEH-dependent EET turnover when cells were 

treated with AA. Furthermore, hippocampal cells treated with ACU, a selective sEH inhibitor, 

could still hydrolyze EETs to their dihydroxy product, further supporting a possible role of mEH 

in the brain Ep-PUFAs metabolism 165. In short, while mEH activity in hydrolyzing Ep-PUFAs is 

well studied, its role in neuronal signaling and hemostasis is mostly unknown.  

5.4.2. sEH in the brain 

sEH is expressed in different brain regions (Figure 5B) and in multiple cell types such as 

astrocytes, endothelial cells, oligodendrocytes, and neural cell bodies 173,174. sEH expression in 

microglia cells has not yet been well characterized; however, Huang et al. found sEH expressed in 

the BV2 microglial murine cell line 175. They also found that genetic ablation or pharmaceutical 

inhibition of sEH can attenuate microglia activation, suggesting a significant role in 

neuroinflammation 175. Consistent with this study, researchers have revealed a role for sEH in 

different neuroinflammatory and neurodegenerative pathogenesis involving microglia, astrocytes, 



 

 

29 

 

and neurons by its contribution to Ep-PUFA metabolism 21,176,177, which will be discussed later. 

Furthermore, sEH is critical to pathways related to axonal growth in neurons as well as neuronal 

development, mainly through its Ep-PUFA hydrolyzing activity 178. Taken together, these data 

point to sEH as a potent therapeutic target known for investigating the effect of Ep-PUFAs 

downstream in neuronal activity and maintenance. 

5.4.3. EH3 and other EHs in the brain 

Expression of EH3 is very low in almost all tissues including the brain. However, the stomach, 

skin, and lung are organs with the highest EH3 levels, suggesting that EH3 might be mostly 

involved in barrier formation 154,155. Hoopes et al. used EH3 knockout mice to track the EH3 

function in vivo 179. Interestingly, they found no difference in endogenous epoxide:diol ratios (such 

as EETs:DHETs or EpOME:DiHOME ratios) in different tissues compared to wild-type tissues. 

In addition, EH3 ablation had no effect on the mRNA levels of CYP epoxygenase, and the EH3-/- 

mice exhibited a similar inflammatory response to LPS compared to WT mice. Also, no overt 

phenotype, i.e., no significant change in weight, and anatomical normality of organs, and 

reproductive capacity, was observed in the EH3-/- mice 179. Therefore, sEH and mEH are 

predominant enzymes involved in diol formation. In contrast to EH3, EH4 is expressed mainly in 

the brain, with the highest expression in the neocortex and hippocampus (Figure 5B). Like EH3, 

there is a very low expression of EH4 in the liver and intestine 180.  

5.5. Possible physiological roles of dihydroxy-PUFAs 

Dihydroxy-PUFAs generated by EHs possess higher polarity compared to their Ep-PUFA 

precursors. Thus, they mainly accumulate in the extracellular fluid and are generally considered to 

have little to no activity 23. However, several studies suggest a possible physiologically function 
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of the PUFA diols generated by EHs. For instance, an early study from Moghaddam et al. showed 

that dihydroxy octadecenoate, an EH product of leutotoxin (epoxy octadecenoate) is toxic cells156. 

In addition, Weintraub et al. demonstrated that preincubation of 14,15-DHET, and 11,12-DHET 

can augment both the magnitude and duration of inflammation-induced relaxation in pig porcine 

coronary arteries 181. Oltman et al. showed that the DHET regioisomers were as potent as (or, in 

the case of 11,12-DHET, more potent than) their parent EETs in vasodilation of dog canine 

coronary arterioles 182. Larsen et al. also found that DHETs can modulates vasomotor tone in the 

resistance vessels of the human heart and can induce vasodilation via a BKCa channel-mediated 

mechanism 183. In addition, Abukhashim et al. observed that while 11,12-EETs can modulate 

cAMP production, the corresponding 11,12-DHET metabolite can function as a negative controller 

to limit cAMP production in HEK293 cells 184. Another study found 14,15-DHET can act as an 

endogenous activator of PPARα 185,186 Sisemor et al. found that DiHOMEs can disrupt 

mitochondrial function, specifically through activation of the mitochondrial permeability 

transition 187. Consistent with this Moran et al. showed an inhibitory effect of DiHOMEs on the 

mitochondria respiratory chain in a regioselective way, as 12,13-DiHOME is approximately 4-fold 

more potent than 9,10-DiHOME 188. A study by Stanford et al. also demonstrated that 12,13-

DiHOME, a lipokine produced by brown adipose tissue, increases fatty acid uptake in muscle189. 

Interestingly, Kundu et al. also reported that DHETs are essential to monocyte chemoattractant 

protein-1 (MCP-1) dependent chemotaxis, suggesting a proinflammatory role190. Furthermore, 

different studies showed the presence of dihydroxy-PUFA in human urine or plasma, and these 

levels correspond to various diseases. For instance, glucuronic acid conjugates DiHOME was 

found in the urine of children with generalized peroxisomal disorders. Also, a blood serum analysis 

of AD patients showed about 20% higher levels of all four DHET species compared to healthy 



 

 

31 

 

individuals 20. Also, individuals with type 2 diabetes and AD showed higher levels of 14, 15-

dihydroxy eicosatetraenoic acid (14,15-DiHETE)(66%), and 17, 18-DiHETE (29%) compared to 

type 2 diabetes patients with healthy cognitive function, with no difference in DHET species 

between these two group 20. These studies suggest potential biological effects of dihydroxy-

PUFAs, which need to be elucidated. 

6. CYP PUFA metabolism and the nervous system. 

The brain has high capacity for de novo synthesis of the Ep-PUFAs from their parent PUFAs 

by CYP enzymes, which can act on neuronal cells, and the resulting Ep-PUFAs are rapidly 

degraded by EHs such as sEH191,192. While the CYP pathway seems to be the dominant route of 

production of Ep-PUFAs in brain, they can be also transported to the brain by cellular uptake 

193,194. The major elimination pathway of Ep-PUFAs is their hydrolysis by EHs to more polar 1,2-

diols, whereas spontaneous hydration, beta oxidation, chain elongation, and reincorporation into 

the phospholipids are also potential mechanisms to maintain the homeostasis of Ep-PUFA192. Note 

that each of the PUFA elimination pathways can have their own biological functions, which has 

yet to be fully understood 190. For example, incorporation of Ep-PUFA into lipid bilayers might 

not eliminate their biological activity as studies demonstrated the activity of membrane bound Ep-

PUFAs such as EETs194. Furthermore, the regioselectivity of both the CYP and sEH can potentially 

control the concentration of specific Ep-PUFAs in tissues and brain. For instance, the 

concentration of 7,8-EpDPE, which is not a preferred substrate of sEH, is almost 30 times higher 

than other regioisomers in the brain and the spinal cord of rats 107. The Ep-PUFAs can also be 

further oxidized P450 or bind to fatty acid binding protein (FABP) 192.  

Besides, several studies demonstrated that the brain oxylipins might be amenable to the dietary 

lipid content 14. For instance, ω‐3 PUFA (EPA and DHA) supplementation enhances the level of 
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EPA‐derived and DHA‐derived CYP metabolites and decreases AA CYP metabolites in the brain 

of mice 195,196. Ostermann et al. found that an ω‐3 PUFA enriched with EPA and DHA reduced 

Ep‐PUFAs and the ratio of epoxy‐ to dihydroxy‐PUFA, revealing higher sEH activity 197. Rey et 

al. also observed that dietary ω-3 PUFAs supplementation promotes synthesis of pro-resolving 

oxylipins in the mouse hippocampus 198. Moreover, feeding rat with ω-6 PUFA (LA) could 

increase the oxylipin metabolites of AA and LA and reduce EPA-derived oxylipins in the brain 

cerebral cortex of animal 199; while LA deficient diet decreases LPS‐induced proinflammatory 

PGE2 formation in rat brain 200. Note that, even though the dietary PUFAs effect on brain FAs 

composition has been well-studied, oxylipin profiles do not necessarily reflect tissue precursor 

PUFA composition 201–203. For example, the high DHA to AA ratio in CNS system does not 

necessarily lead to high levels of DHA-derived oxylipins in the CNS. 

7. Epoxy PUFAs and neuroinflammation 

Neuroinflammation is a complex process required for homeostasis maintenance in the CNS 

including clearance of cellular debris, β-amyloid plaques, and glial scars that if unmitigated can 

result in chronic inflammation, leading to neural pathogenesis 204,205. Neuroinflammation also 

contributes to neurodevelopment, immune conditioning against infections, as well as clearance of 

damaged tissues upon injury 204. Microglia and astrocytes are the main cells involved in the 

neuroinflammatory response 206.Activated microglia produce pro- and anti-inflammatory 

cytokines such as interleukins 1β and 6 (IL-1β and IL-6), tumor necrosis factor alpha (TNFα), 

interferons α and γ (IFN-α and IFN-γ), chemokines like IL-8, and Macrophage Inflammatory 

Proteins 1α and 1β (MIP-1α, MIP-1β), neurotrophins such as brain-derived neurotrophic factor 

(BDNF) and nerve growth factor (NGF), growth factors such as fibroblast growth factors (FGFs) 

and transforming growth factor β (TGF-β), ROS and RNS, inflammatory markers such as serum 
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amyloid P and C-reactive protein, along with proteases and complement system proteins204,206,207. 

Perivascular macrophages and endothelia cells also play a significant role in the interpretation and 

propagation of inflammatory signals within the CNS. Even though the neuroinflammatory 

response aspires to remove an injury or insult, when resolution fails it becomes a chronic condition, 

and chronic inflammation is related to numerous major disease states 26. Thus, neuroinflammation 

can cause or exacerbate the pathogenesis of NDs such as the PD, AD, depression, etc. 26,205,208. In 

this section we focused on recent discoveries about the role(s) of Ep-PUFAs, which regulate acute 

and chronic neuroinflammation. 

7.1. Acute neuroinflammation 

A promising therapeutic potential of Ep-PUFAs is mitigating neuroinflammation caused by 

acute nervous system damaged such as seizures, brain trauma, and ischemic and hemorrhagic 

strokes 206,209,210. The neural loss or damage resulting from these insults activates the resident 

immune cells including microglia and astrocytes to repair the injured tissues. However, 

uncontrolled activation can result in chronic damage as observed in other organ systems 26,205,208. 

The neuroinflammation can be controlled by either suppressing the expression and release of 

proinflammatory mediators such as iNOS, Iba1, TNF-a, or increase anti-inflammatory cytokines 

including IL-10 by polarized microglia, which is greatly affected by endogenous Ep-PUFAs, in 

particular EETs [136,138,139]. Several studies have shown that deletion or inhibition of sEH 

induces production of anti-inflammatory cytokines such as IL-10, while reducing pro-

inflammatory mediators including lipopolysaccharide (LPS) and IFN-γ and decreasing TNF-a 

localization and circulation 176,211,212. 

Several studies in mice with pharmacologically-induced seizures suggest a possible 

contribution of Ep-PUFAs in neuroinflammatory suppression. Inceoglu et al. has shown that 
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genetic knockout or pharmaceutical inhibition of sEH attenuated seizures generated by GABA 

receptor antagonists such as picrotoxin and pentylenetetrazole 16. However, slight or no effect of 

sEH inhibition was observed in cases of seizures induced by 4-aminopyridine as a potassium 

channel blocker. Vito et al. reported that coadministration of an sEH inhibitor and diazepam can 

protect against the progression of tonic seizures and lethality induced by 

tetramethylenedisulfotetramine in a mouse model 213. In addition, Huang et al. observed increased 

levels of both sEH and proinflammatory cytokines including IL-1β and IL-6 in the hippocampus 

of mice who underwent pilocarpine-induced seizures, further suggesting a potential relationship 

between sEH and seizures 214. Using double immunofluorescence labeling they indicated that 

astrocytes are the major source of sEH in the hippocampus (subfields of dentate gyrus, CA1, CA3, 

and dentate gyrus). This result suggested that alternation of sEH in the hippocampus may 

contribute to the observed significant astrogliosis in response to seizures. Finally, it has been 

shown that inhibition of sEH suppresses pilocarpine-induced seizures and increases the seizure-

induction threshold [141]. Similarly, suppression of neuro-inflammation caused by cortical impact 

injury as a model of traumatic brain injury (TBI) has been also observed by deletion or inhibition 

of sEH 175. 

The TBI leads to an induction of CYPs, and increased level of PUFAs (especially AA and 

DHA), leading to a dynamic change of Ep-PUFA, and an upregulation of sEH in the injured brain 

215. Hung et al. found that higher levels of EETs and an increased ratio of EET to DHET in the 

injured brain of sEH KO mice and ones treated with AUDA (an sEH inhibitor), suppressed 

inflammatory responses 175. sEH deletion was shown to reduce BBB permeability, brain edema, 

neural apoptosis, and death. These changes were associated with significantly reduced EETs 

degradation, inflammatory mediator expression, microglial/macrophage activation, and IFN-γ-
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induced NO production. Also, treatment of primary microglial cultures with a sEH inhibitor 

attenuated LPS- or IFN-γ-stimulated NO production, and decreased LPS- or IFN-γ-induced p38 

MAPK and NF-κB signaling, and the effects were abolished by co-administration with a 14,15-

EET antagonist (14,15-EEZE) 175. This result suggested that 14,15-EET could be a major mediator 

of sEH inhibition. Several studies have shown that 14,15-EET can induce secretion of vascular 

endothelial growth factor (VEGF) and BDNF to protect the existing neurons during inflammation 

176,216. Apart from the protective effects of EETs through their actions on auxiliary cells, EETs can 

directly impact neurons, for instance, by enhancing their neurite outgrowth 178,217[123,143]. In 

addition, both genetic ablation and pharmacological inhibition of sEH could attenuate the 

functional and historical deficits in cerebral Ischemia by vascular and neural protection 218,219. 

These effects suggest that sEH inhibition and increased Ep-PUFAs may reduce CNS injury both 

by reducing the inflammatory response in resident immune cells and by direct neuroprotective 

effects on the neurons through modulation of the endogenous level of beneficial Ep-PUFAs. 

7.2. Chronic neuroinflammation 

The acute neuroinflammatory response caused by glial cell activation leads to repair of 

damaged areas of the brain and spinal cord. However, if the neuroinflammatory response is 

persistent and is dysregulated, the acute neuroinflammation shifts to harmful chronic 

neuroinflammation  26,205,208.  Chronic activation of glial cells, which leads to the chronic 

neuroinflammatory state, leads to protein accumulation, ER stress, mitochondria dysfunction, 

uncontrolled oxidative stress, axonal transport impairment, and apoptosis. Thus, causes 

detrimental impacts on neuronal function and can lead to NDs such AD, PD, amyotrophic lateral 

sclerosis, and neuropsychiatric disorders including schizophrenia and depression26,27 . 
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7.2.1. Alzheimer disease 

AD is a gradual degenerative brain disease, mostly involving the hippocampus and neocortex, 

which are associated with progressive memory disorders and cognitive dysfunction, as well as 

psychiatric symptoms 3,220,221. Two main pathological characteristics of AD are aggregates of tau 

protein inside neurons, and extracellular senile plaques due to depositions of amyloid-β (Aβ) 

protein fibrils 222. Moreover, the Aβ in soluble form is extensively studied as one of major causes 

of the pathogenesis of AD, primarily by inducing mitochondrial dysfunction 223,224. It has been 

shown that the blocking endogenous EET production by a selective epoxygenase inhibitor, MS-

PPOH, aggravated the effect of Aβ in astrocyte mitochondrial dysfunction, whereas pretreatment 

of primary hippocampal astrocyte culture with exogenous 11,12-EET or 14,15-EET prevented Aβ-

induced mitochondrial depolarization and fragmentation 225. In another study done by same group, 

Sarkar et al. found that Aβ causes a significant decrease in the level of both DHETs and EETs in 

microsomes isolated from the rat cerebral cortex in a region- and cell-specific manner, which was 

suggested to be due to a decrease in CYP activity after Aβ exposure 226. However, another study 

demonstrated an increased level of AA-derived EETs in the hippocampus of human amyloid 

precursor protein (hAPP) expressing mice, suggesting increased activity of CYP or a decreased 

level of sEH 227. In addition, different studies showed an increase in the level of DHET in AD 

patients. For instance, a blood serum analysis of the AD subjects showed higher levels of all four 

DHET species: 5,6- DHET (15% higher), 8,9-DHET (23% higher), 11,12 DHET (18% higher), 

and 14,15-DHET (18% higher) compared to healthy individuals 20. Also, sEH is upregulated in 

multiple transgenic AD mouse models as well as in human AD brains in many studies 168,228. Thus, 

the contradictory results regarding the EET and DHET levels may be due to the difference in 

experimental design and the models used.  
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In a further effort to study the effects of EHs in AD, Lee et al. found an upregulation of sEH 

in the brain and predominantly in hippocampal astrocytes in a murine model of early-onset 

Alzheimer (APP/PS1 Tg) with severe AD-impaired pathology 229. Genetic deletion of sEH in 

APP/PS1 Tg mice, could result in decreased Aβ plaque formation, increasing astrogliosis in the 

brain, higher production of anti-inflammatory cytokines, and increased activity of two different 

transcription factors, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB, and 

nuclear factor of activated T cells (NFAT) . The APP/PS1 Tg/sEH−∕− mice also had improved 

memory formation, spatial learning, and nesting building ability 229. These data suggest a pivotal 

role of sEH in the regulation of neuroinflammation in AD pathology. A study by Gosh et al. also 

found a significant upregulation of sEH in a β-amyloid mouse model (5xFAD) and in postmortem 

human AD brain samples. The oxylipin analysis in transgenic 5xFAD mice showed a drastic 

reduction in Ep-PUFAs, in particular EDP and EETs. Orally administrated TPPU, a potent sEH 

inhibitor in the 5xFAD mice reinstated the Ep-PUFA levels and reversed astrocyte and microglia 

reactivity as well as immune pathway dysregulation 228. Consistent with this result, another study 

examined administration of three structurally different sEH inhibitors in two AD mouse models 

(5XFAD and SAMP8, paradigms of early-onset and late-onset AD) 230. They found a reduction in 

gene expression and brain protein levels of proinflammatory cytokines including tumor necrosis 

factor–α (TNF-α), IL-1β, C-C motif ligand 3(CCL3), in both mouse models. They also observed 

an overall decrease in ER stress and oxidative stress when AD mouse models were treated with 

inhibitors, though the magnitude of the effect was different among the inhibitors 230. These data 

reveal that the biological outcomes observed were not due to off-target effects related to a specific 

sEH inhibitor. These studies could well support the potential therapeutic effects of sEH inhibition 

in regulating neuroinflammation, and reducing tau hyperphosphorylation pathology, amyloid 
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plaques formation, ER stress, oxidative stress, and reducing cognitive impairment. However, the 

detailed mechanism underlying sEH-mediated regulation of AD pathologies such as Aβ formation 

and clearance demands more investigation. 

While the role of mEH in AD is still unknown, the level of mEH expression is likely regulated 

during brain insults, causing a significant upregulation of the enzyme. For instance, high levels of 

mEH expression is found in activated astrocytes in epileptic tissue and around β-amyloid plaques 

in brain tissue of patients with AD symptoms 168. 

7.2.2. Parkinson disease 

Parkinson’s disease (PD) is the second most frequent neurodegenerative disease after AD 231.  

Although the precise pathogenesis of PD remains unknown, loss or dysfunction of dopaminergic 

neurons in the substantia nigra (SN) pars compacta (SNpc) and deposition of accumulation of 

misfolded α-synuclein in intra-cytoplasmic inclusions called Lewy bodies (LBs) are considered as 

hallmarks of PD 231,232. In addition, enhanced levels of inflammatory mediators including IL-1β, 

IFN-γ, and TNF-α are evident in various studies with PD models 231,232. To date, there are no 

pharmaceutical curative treatments approved by the FDA 232. 

 MPTP is a precursor compound for the mitochondrial complex I inhibitor 1-methyl-4-

phenylpyridinium (MPP+) that induces neurotoxicity including dopaminergic loss or dysfunction 

(such as, loss of tyrosine hydrolase-positive (TH+) cells, loss of dopamine transporter (DAT), and 

increased oxidative stress and ER stress). Several studies also confirmed that overexpression of 

sEH in the striatum is accompanied by MPTP treatment, while sEH ablation protects neurons 

against MPTP-induced neurotoxicity in the mouse striatum. Qin et al. showed that administration 

of MPTP to mice causes a dramatic loss in the TH+ neurons, while sEH is upregulated in the 

substantia nigra. Interestingly, genetic knockout of sEH or treatment with a sEH inhibitor, and to 
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a lesser extent 14,15-EET, could attenuate the neurotoxicity induced by MPTP 233. Ren et al. also 

demonstrated that MPTP-induced neurotoxicity in the striatum and substantia nigra was attenuated 

after subsequent repeated oral administration of TPPU 19. Furthermore, by in vitro study they found 

that TPPU has a therapeutic effect directly on induced pluripotent stem cells (iPSC) with a parkin 

RBR E3 ubiquitin protein ligase (PARK2) mutation, by suppressing the increase in caspase-3 

cleavage, thereby reducing apoptosis in dopaminergic neurons 19. In addition to these studies, 

several other studies have shown that the sEH expression positively correlates with 

phosphorylation of α-synuclein in the striatum, which further supports a role for sEH and Ep-

PUFAs in the pathogenesis of neurological disorders such as PD and shows promising potential 

for sEH as a biomarker for PD diagnosis 234,235 

7.3. Potential molecular targets of Ep-PUFAs in the nervous system 

Ep-PUFAs such as EETs are involved in inflammation through multiple mechanisms as 

demonstrated in animal models and tissues. However, no specific receptors for Ep-PUFAs have 

been identified yet. Therefore, a mechanistic study of Ep-PUFAs is difficult. Over the years, it has 

been shown that EETs initiate their anti-inflammatory effects through NF-κB, which is a 

transcription factor with significant roles in cell survival, immune responses, and inflammation. 

Several studies showed that an increased activity of CYP2J2 and/or EETs can reduce inflammation 

by suppressing the degradation of IκBα, an endogenous NF-κB inhibitor, and thus reducing the 

activation of NF-κB and inflammation. For instance, NF-α induced nuclear translocation of NF-

κB in endothelial cells by preventing IκBα degradation through inhibition of IκB kinase (IKK) 

activity 105. However, the IKK and IκBα regulation is intricate, and more research is needed to 

elucidate how EETs and other EpFAs regulate the activity of NF-κB. Decades of studies indicate 

that the mechanism of action of EETs and other Ep-PUFAs is through a direct interaction with 
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peroxisome proliferator-activated receptor (PPAR), a putative membrane-bound G protein-

coupled receptor (GPCR), and ion channels such as transient receptor potential TRP channels 

(Figure 6A) 174,194. Below, we will discuss several potential targets for Ep-PUFAs in regulating the 

neuronal function and neuroinflammation. 

7.3.1. PPARs 

PPARs are involved in regulating FAs and glucose metabolism, cellular proliferation, and 

differentiation, as well as inflammation 236,237. In this regard, a variety of PUFAs and their oxidized 

metabolites (epoxy- or hydroxy-PUFA) are potential ligand that can bind to PPARs 238. Studies 

have demonstrated that PUFAs bind to PPAR isoforms in the μM range, while oxidized 

metabolites of PUFAs can activate PPARs at nM level239,240. These data suggest that the 

endogenous PPAR ligands may be the oxidized metabolites of PUFAs. 

An in vitro study showed that lipopolysaccharide (LPS)-induced inflammation in astrocytes 

downregulates CYP2J3 and CYP2C11, which are the major CYPs to produce Ep-PUFAs. 

Interestingly, inhibition of NF-κB restores expression of CYP2J3 and has a limited effect on 

CYP2C11, suggesting that additional regulatory mechanisms are involved in CYP2C11 regulation 

during LPS-induced inflammation 241. One of the alternative mechanisms might be PPAR α 

pathways. PPARα is one of the three ligand-activated transcription factors of PPARs, a subfamily 

of the nuclear receptor superfamily 242.    

Several studies demonstrated that PPAR-α agonists down-regulate CYP2C11 which is a major 

CYP involved in the production of Ep-PUFAs. This result suggested that PPAR-α agonist could 
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affects neuroinflammation through modulating the endogenous level of Ep-PUFAs 243–245. On the 

other hand, Wary et al. demonstrated that overexpression of human CYP2J2 in HEK293 cells  

has inductive effects on all three subfamilies of PPAR (i.e., PPARα, -β/δ, and -γ) reporter gene 

activity106. Furthermore, IL-1β-induced NF-κB reporter activity was significantly inhibited in cells 

expressing the specific combination of CYP2J2 and PPARα. They also found that the 8,9-EET, 

and 11,12-EET, but not 14,15-EET could activate PPARα 106. Consistent with the Node et al. 

found that 11,12-EET has anti-inflammatory effects, and suggested PPARα as an anti-

inflammatory target for 11,12-EET and CYP2J2 105. Liu et al. also found that treating endothelial 

cells either by EETs or AUDA increases the anti-inflammatory response, and further treatment by 

GW9662, a PPARγ inhibitor, significantly abolished the EET-mediated anti-inflammatory effect, 

potentially by preventing IκB degradation246. Other Ep-PUFAs have also been shown to activate 

PPAR. For instance, PPAR activation may also be possible, as 17,18-EEQ inhibits tumor necrosis 

factor α-induced inflammation in human bronchi, which is sensitive to PPARγ inhibition 247. These 

 
 

Figure 6. A) Mechanisms of action of EETs through three main EETs cellular targets. Verity of EET functions 

occur through PPAR-, TRP-, and GPCR-dependent mechanism, which activates intercellular pathways that 

modulate transcription factors in the target cell; B) The possible anti-inflammatory mechanism of EETs. EETs: 

epoxyeicosatrienoic acids, PPAR: peroxisome proliferator-activated receptor, TRP: transient receptor potential 

channel, GPCR: G protein-coupled receptor; ROS: reactive oxygen species; IRE1α:inositol-requiring enzyme, 

PERK: protein kinase R-like endoplasmic reticulum kinase, and ATF6: activating transcription factor 6. Figure is 

in some parts created with biorender.com. 
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studies suggest that PPARs could be potential receptor targets for Ep-PUFAs in regulating the 

inflammatory response. However, how PPAR activation could mediate the effects of EETs is still 

unclear, mainly because some of the early sEH inhibitors could also cause PPARα activation 

through off-target effects 248. 

7.3.2. TRP channels 

Transient receptor potential channels are non-selective cationic channels, which can control 

various cellular functions 249. These channels, upon activation, depolarize the cell, which leads to 

activation or inactivation of specific voltage-gated ion channels and Ca2+ homeostasis. TRP 

channels, especially TRP vanilloid (TRPV), TRP ankyrin (TRPA), and TRP canonical (TRPC) are 

highly expressed in the brain, and play significant roles in brain development, synaptic 

transmission, neurogenesis, and neuroinflammation by regulating neuronal and glial functions 250–

253. The molecular mechanism of TRP channel regulation is yet to be elucidated, however, several 

findings suggested that their activity are modulated by various PUFA metabolites, in particular 

Ep-PUFAs 249,254. 

Several studies indicated different Ep-PUFAs as potential ligands for TRP channels.  

Watanabe et al. found that 5,6-EET activates TRPV4 in murine endothelial cells to induce 

hyperpolarization 255. Vriens et al. also implicated 5,6-EET, 8,9-EET as direct TRPV4 agonists by 

studying mouse aortic endothelial cells. They also showed that pharmaceutical modulation of 

CYP2C9 induced robust Ca2+ responses by TRPV4 stimuli such as AA and cell swelling, while 

CYP2C9 inhibition abolished the response to stimuli. None of these effects were observed in 

TRPV4−/− mice 256. In addition, some studies have shown that 11,12-EET can stimulate TRPV4 in 

cerebral artery smooth muscle cells leading to hyperpolarization, an increase in the BKCa on the 

glial cell membrane, and a regulation of neurovascular coupling 257,258. Furthermore, using in vivo 
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screening in a transgenic C. elegans model expressing rat TRPV4, Caires et al. indicated that 

17,18-EEQ is necessary for the function of this channel259. Also, genetic ablation and diet 

supplementation revealed a decrease in TRPV4 activity when PUFAs and related eicosanoid levels 

were reduced 259. 

Interestingly, studies found that EETs can bind to multiple TRP channels independent of Ca2+ 

signaling 260,261. For instance, even though 5,6 EET can activate TRPV4 in colonic afferents and 

potentially cause visceral hyperalgesia, it acts as a TRPA1 activator and causes a TRPV4-

independent Ca2+ transients in the lumbar DRG neurons L4 and L5 262–264. Sisignano et al. also 

observed an increase in 5,6-EET levels of the dorsal spinal cord and dorsal root ganglia (DRG) 

during capsaicin-induced nociception264. They also found that 5,6-EET treatment can induce a 

calcium flux in cultured DRG neurons, while this treatment has no effect in TRPA1 negative cells 

264. Brenneis et al. found that 8,9-EET can significantly increase the amplitude of Allyl 

isothiocyanate- (AITC) induced calcium increases in cultured DRG neurons through activation 

and sensitization of TRPA1 channels 265. Liu et al. demonstrated that sEH inhibition of aortic 

vascular smooth muscle cells with 8-HUDE can increase vascular tone, calcium flux, and 

upregulation of TRPC1 and C6 266. Interestingly, another study by Fleming et al. showed that 

11,12-EET enhances intracellular translocation of activated TPRC6 channels to the plasma 

membrane, indicating a possible connection to hyperpolarization 267. 11,12 EET was also reported 

to activate a TRPV4-TRPC1-BKCa complex in smooth muscle cells 268, but it remains to be shown 

whether such channel complexes also exist in neurons. These studies reveal the complexity of how 

Ep-PUFAs affect TRP channels with multiple possible mechanisms, which depends on the 

compound, tissue tested, and receptor expression. 
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7.3.3 GPCRs 

G-protein coupled receptors (GPCRs) such as chemokine receptors, eicosanoid receptors, 

histamine receptors, and adenosine receptors are the largest family of membrane-bound proteins, 

and of more than 370 identified non-sensory GPCRs, about 90% are expressed in the brain 269,270. 

The role of GPCRs in the brain includes, but is not limited to, appetite, mood, inflammation, pain, 

synaptic transmission, as well as cognition 271. Also, these receptors are involved in the 

pathogenesis of several neurodegenerative diseases such as AD, PD, and HD 269,270,272. A more 

comprehensive discussion on the GPCRs involved in the pathogenesis neuroinflammation and 

neurodegeneration is covered in related reviews 272–274. 

Even after decades of research, the GPCRs for Ep-PUFAs have yet to be identified. In this 

regard, Wong et al. identified a specific high affinity binding site for 14,15-EET through a series 

of studies on guinea pig mononuclear (GPM) and human monocyte (U937) cells 275–277. These 

studies revealed that the potential binding site of 14,15-EET is saturable and regio- and stereo-

selective a highest affinity for 14(R), 15(S)-EET compared to other enantiomers. The binding is 

also sensitive to protease treatment, which indicates that the target is a protein, and is associated 

with a receptor that can be down regulated by an increase in intracellular cAMP and activation of 

a protein kinase A signal transduction mechanism, which is consistent with the mechanism of 

action of GPCRs for other prostanoids 275–277. Interestingly, elevated levels of cAMP, associated 

with the PKA activation, are able to inhibit NF-kB, exerting anti-inflammatory activity. Therefore, 

this pathway may explain the anti-inflammatory activity of EETs 278. In addition, Chen et al. also 

demonstrated that EETs, in particular 14,15-EETs, can stimulate membrane-associated activities 

through activation of Src and initiation of a tyrosine kinase phosphorylation cascade 279. Snyder et 

al. also demonstrated that a 14, 15 EET analog coupled with silica beads, which can only act on 
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the cell surface, completely retained its ability to inhibit cAMP-stimulated aromatase activity. 

These data further support possible GPCR targets for 14,15 EETs 280. Behm et al. suggest that 

EETs may function as an endogenous GPCR antagonist, which can cause anti-inflammatory 

actions by direct inhibition of thromboxane receptors 281. However, even after decades of research, 

researchers have yet to find a specific high affinity GPCR for 14, 15 EETs using an array of 

isolated tissue/cell biochemical assays and GPCRs screening281,282. 

Besides 14,15-EETs, the other regioisomers of EETs, 11,12-EET, has been also extensively 

studied with the hope of identifying a GPCR 108,283–285. It should be mentioned that in all these 

studies, non-neural cells were used as target cells, implying that this observation might not be 

applicable to neuronal cells, as the cell type used can be a key factor to determine the type of GPCR 

activation by EETs. Bearing these in mind, Mule et al. used CA1 pyramidal cells (PCs) in the 

mouse hippocampus and demonstrated that the 11,12 EET mediated opening of a G protein-

coupled inwardly-rectifying potassium (GIRK) channel through the activation of Gi/o proteins, 

introducing a new EETs-dependent cellular pathway, which remains to be elucidated286. The 

activation of Gi/o proteins corroborates other studies suggesting that EETs are potential target for 

the μ-opioid receptor, a GPCR system mainly linked to Gi/o proteins 287,288. 

7.3.4. Endoplasmic reticulum (ER) 

ER stress occurs when the homeostatic protein folding and trafficking in the cell is 

overwhelmed or unbalanced, leading to the unfolded protein response (UPR) and often to 

apoptosis 177. The failure of ER adaptive capacity, which is a hallmark of several 

neuroinflammatory disorders such as PD and AD, can be induced by different factors including, 

but not limited to, neurotoxins, unfolded and misfolded proteins, mitochondrial ROS, and high 

glucose as in diabetes 289–291. ER stress intersects with many different inflammatory and stress 
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signaling pathways, such as the NFκB pathway, and thus the therapeutic mechanism(s) of action 

of Ep-PUFAs may be related to their interactions with the molecular constituents therein 292. 

Several studies have shown the effects of Ep-PUFAs on the phosphorylation state of the key ER 

stress proteins including inositol-requiring enzyme (IRE1α), protein kinase R-like endoplasmic 

reticulum kinase (PERK) and activating transcription factor 6 (ATF6) (Figure 6B). For instance, 

Bettaiab et al. observed that a high fat diet (HFD)- and chemical-induced ER stress increased sEH 

expression. Meanwhile, sEH ablation or its pharmacological inhibition attenuated this stress by 

decreasing the phosphorylation of IRE1α, PERK, and ATF6 293. In addition, Ren et al. found that 

administration of TPPU or sEH deletion suppressed these markers in the striatum of MPTP-treated 

mice 19. 

Even though the actual mechanism behind the Ep-PUFAs effects on the ER stress pathway 

remains to be revealed, there are several points of evidence. EETs may act partly through the 

PI3K/Akt pathway. For instance Dhanasekaran et al. demonstrated that treatment of HL-1 cardiac 

muscle cells and HL-1 cardiac muscle cells with 14,15-EETs under hypoxia/reoxygenation 

conditions increased AKT phosphorylation PIP3 level, indicating that EETs can act at least partly 

through the PI3K/AKT pathway294. ER-stress suppression through AKT activation prevents 

apoptosis by upregulating apoptotic protein inhibitor family proteins such as XIAP, cIAP-2, and 

mitochondrial Bcl-2 295–297. Ep-PUFAs can also acts through JNK and p38 MAPK pathways. 

Inceoglu et al. observed that kinase mediators of neuropathic pain, p38, and JNK can be effectively 

blocked by inhibition of sEH 298. Despite this evidence, the direct interaction between Ep-PUFAs 

and the ER has not yet been reported. Thus, a better understanding of the nature of involvement of 

Ep-PUFAs on ER stress can lead to new therapeutic strategies to reduce the incidence of 

neuroinflammatory disorders. 
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7.3.5 Mitochondria 

In an effort to find the underlying mechanisms of age-associated neurodegeneration, the main 

hypothesis is impairment in protein quality control systems and protein accumulation 1,221. An 

alternative mechanism that recently emerged is the loss of mitochondrial function and uncontrolled 

production of ROS leading to neurodegeneration, particularly in PD and AD development. For 

instance, it has been shown that age-related mitochondrial dysfunction affects both expression and 

processing of amyloid-β protein precursor (AβPP), which initiates the Aβ accumulation, the 

primary hallmark of ADs 299. Also, there is evidence of disruption in mitophagy (a selective and 

programmed degradation of damaged mitochondria by autophagy) by aging, leading to an increase 

in the damaged mitochondrion, which can also contribute to age-related neurodegeneration299,300. 

Mitochondrial dysfunction has been well documented in AD and PD 1,2,299–301. 

Recent studies have revealed the promising potential of Ep-PUFAs in rescuing mitochondrial 

function in various models 302,303. For instance, Samokhvalov et al. indicates that 14,15-EET can 

protect mitochondrial functions in starvation-induced injury, probably through regulation of the 

autophagic response 304. Katragadda et al. also found that exogenous supplementation of 14,15-

EET protects mitochondrial function and reduced cellular stress in isolated rat cardiomyocytes and 

H9c2 cells, which is suggested to be through the mitoK+ channel-dependent pathway that preserves 

mitochondrial membrane potential under cellular stress 305. Wang et al. also demonstrated that 

14,15-EET can protect cortical neurons from apoptosis in oxygen–glucose deprivation (OGD) 

condition by elevating mitochondrial biogenesis, and acts through activation of PGC-1α and NRF-

1 mediated by cAMP response element-binding protein (CREB) 303. 

EETs have also been shown to preserve mitochondrial function through mitigating the 

uncontrolled release of ROS and decreasing ER response (Figure 6B). All of these attenuate 
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cellular damages accompanied by neuroinflammatory pathology 302,306,307. EETs have been shown 

to induce some cellular mechanisms to buffer free radicals, hence protecting sub-cellular 

organelles from oxidative damage 193,308. Liu et al. indicated that 11,12-EET-pretreatment of 

carcinoma cells can attenuate the ROS-mediated mitochondrial dysfunction through induction of 

antioxidant proteins superoxide dismutase and catalase, thereby mitigating different major 

apoptotic pathways such as activation of p38 MAP kinase, c-Jun NH2-terminal kinase, as well as 

caspase-3 and -9 309. Qu et al. also found an anti-apoptotic effect of 14, 15-EET in cerebral 

microvascular smooth muscle cells under OGD conditions by reducing the free radical level 

through the JNK/c-Jun and mTOR signaling pathways 310. Nevertheless, the specific signaling 

pathways the result in direct effect of EETs on mitochondrial function and ROS level in glia and 

neuronal cells is still unknown. 

8. C. elegans and neurodegeneration 

Caenorhabditis elegans (C. elegans) possess exceptional features such as well-annotated 

genome, genetically malleable, short lifespan, simple anatomy, transparency, as well as low cost 

and easy maintenance, making this nematode as a promising animal model to study different 

biological process. Table 2 compares the C. elegans nematode with fat-1 mice model with regards 

to neurodegeneration study. 

Table 2. comparison between C. elegans and mice for neurodegeneration study 

Animal 

Model 

 

Lifespan 

Price (per 

animal) 

Maintenance Neuron 

analysis 

Neurodegeneration 

study 

PUFA 

metabolism 

Interference 

 

  

  

1-3 years 

 

$225 

Needs 

animal care 

Needs 

surgery 

Mostly needs to be 

induced 

Needs 

supplementation 

Other PUFA oxygenase 

(LOX*, COX**) 

 

 

2-3 

weeks 

$10 Easy 

culturing 

Transpare

nt 

Both inducing and 

ageing  

Make all PUFA de 

novo /Genetically 

malleable 

NO homologue of LOX or 

COX has been found 

*LOX: Lipoxygenase enzyme ** Cyclooxygenase Enzyme 
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Besides the general advantages, there are several other features that make C. elegans an 

excellent animal model to study neurodegeneration, in particular those related to the CYP-EH 

metabolites and neurodegeneration. 1) About 60–80% of genes in C. elegans possess human 

orthologues, and around 42% of human disease genes have orthologues in this nematode 311. 

Furthermore, various biological signaling pathways in humans, including aging pathways, are 

evolutionarily conserved from C. elegans 312, making this nematode a promising biological model 

to study different age-related biological processes. 2) C. elegans can synthesize a wide spectrum 

of -3 and -6 PUFAs de novo, which have to intake from their diets34. The worms also can 

synthesize a vast majority of CYP450 metabolites (including Ep-PUFAs), and express various 

mammalian counterparts CYP450 34,313; while other pathways within the arachidonic cascade are 

not found in C. elegans (based on our BLAST search at WormBase.org) which facilitate the 

investigation of Ep-PUFA metabolism with minimum interference. 3) Hermaphrodite C. elegans 

has a nervous system containing 302 neurons, including GABAergic, glutamatergic, and aminergic 

such as dopaminergic (DAergic), serotonergic, and cholinergic neurons, with great similarity in 

neuron signaling to human 314; These nematodes are also a well-established model organism for 

AD and aging studies315. Multiple aging, neurodegeneration, and disease targets such as TDP-43 

have been identified or confirmed in C. elegans, and the results are translatable to mammalian 

models and likely humans315–319. Last but not least, the absence of inflammatory cells, microglia, 

and astrocytes in C. elegans will allow us to illustrate the relation between aging and PUFA 

metabolites independent of inflammation. Taking all these into account, C. elegans is an ideal 

model system for this proof-of-concept project and makes it possible to apply the finding of this 

project to more complex mammalian models and humans in the future. 
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9. Ferroptosis and neurodegeneration   

Ferroptosis is a recently discovered form of iron-dependent cell death, distinct from other 

types of cell death such as apoptosis and necrosis. This process primarily involves three key 

metabolic pathways related to thiol, lipid, and iron, which result in iron-dependent lipid 

peroxidation generation and ultimately lead to cell death 320,321. The initial theoretical idea of 

ferroptosis may have developed from nutrient (in particular cysteine) depletion-induced cancer 

cell death and “oxytosis”322–325. In 2003, Erastin was discovered to be lethal when combined with 

the expression of the engineered mutant RAS oncogene in human foreskin fibroblasts (BJeLR 

cells) 326. However, subsequent research has not found enough targets for cell death induced by 

Erastin 327. In 2008, RAS-selective lethal small molecules (RSL)-3 and RSL-5 were identified as 

synthetic compounds that selectively killed BJeLR cells through a non-apoptotic mechanism 328. 

It was only in 2012 that this form of cell death was termed ferroptosis, and it was revealed that 

Erastin inhibits cystine uptake by the cystine/glutamate antiporter (system 𝑋𝑐
−), leading to cell 

death 329. Figure 7 summarizes the timeline of ferroptosis research.  

 

  Figure 7. The timeline of ferroptosis research. Taken form Ref [320] 

 

While the entire mechanism of ferroptosis is yet to be understood, two main factors seem to 

be highly involved in ferroptosis: (i) Iron accumulation, and (ii) lipid peroxidation. Traditional 
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ferroptosis activators, such as Erastin and RSL3, have been found to increase intracellular iron 

accumulation by inhibiting the antioxidant system 329. This excess iron can directly produce a large 

amount of reactive oxygen species (ROS) through the Fenton reaction, subsequently leading to 

increased oxidative damage 329. Moreover, the interplay between systemic and local cellular iron 

regulation influences ferroptosis sensitivity 320. Several studies also found that targeting genes 

associated with iron overload or utilizing iron-chelating agents can effectively inhibit cell death 

induced by ferroptosis 320,321,330–334. The reason behind the exclusive ability of iron, as opposed to 

other metals like zinc, which also generate reactive oxygen species (ROS) via the Fenton reaction, 

to induce ferroptosis remains uncertain321,335. A potential explanation is that an overload of iron 

triggers particular downstream effectors that play a role in carrying out ferroptosis following the 

creation of lipid ROS. 

Lipid peroxidation of PUFA serves as the catalyst for initiating ferroptosis 336,337. Lipid 

peroxides, primarily lipid hydroperoxides (L-OOH), possess the capacity to inflict damage upon 

the lipid bilayer of the plasma membrane334. The physical properties of lipid bilayers are 

significantly altered by membrane lipid peroxidation, leading to ion gradient disruption, reduced 

membrane fluidity, decelerated lateral diffusion, heightened membrane permeability, and the loss 

of ionic homeostasis 334,338–340. Thus, Oxidized PUFA fragments are speculated to damage 

membranes and release toxic reactive fragments into cells, possibly disrupting other cellular 

processes 341,342.  It is worth mentioning that while the main hypothesis of lipid peroxidation in 

ferroptosis is related to the plasma membrane, peroxidation of PUFA can also happen in other 

subcellular locations like mitochondria, endoplasmic reticulum (that contains the largest pool of 

lipids in cells), and lysosomes341. Also, the vulnerability of each organelle to lipid peroxidation 
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may be different because of differences in lipid compositions, iron storage, GSH level, GPX 

localization.  

Overall, while iron regulation and lipid peroxidation have found to be two major contributors 

in ferroptosis, further investigation is required to get better insight into the upstream and 

downstream of ferroptosis induced cell death. In this regard, several different ferroptosis inducer 

and inhibitors have been found that could be used to further understand the ferroptosis through in 

vitro and in vivo analysis (Table 3) 

Table 3. Different classes of ferroptosis inducers and inhibitors. Adapted from Ref 341. 

 
 Class Characteristics Impact on Ferroptosis Compound Examples 

F
er

ro
p

to
si

s 
In

d
u

ce
r
s 

1 Inhibition Of system Xc
- Prevents cystine import, causes GSH depletion 

and loss Of GPX4 activity 

Erastin, PE, IKE, Other erastin 

analogs, sulfasalazine, 

sorafenib, glutamate 

2 Direct inhibition Of GPX4 Covalently interacts with GPX4 and inhibits its 

enzymatic activity 

RSL3, ML162, DPI compounds 

3 Depletion of GPX4 protein 

and CoQ10 

Depletes GPX4 protein and simultaneously 

causes depletion of CoQ10 via SQS-mevalonate 
athwa 

FIN56 and CIL56 

4 Induction of lipid peroxidation Oxidizes iron, drives lipid peroxidation and 

indirect inactivation Of GPX4 

FIN02 

Others BSO, DP12, cisplatin, cysteinase, statins, ferric ammonium citrate, trigonelline, CC14, silica-based nanoparticles, 
nonthermal plasma 

F
er

ro
p

to
si

s 

In
h

ib
it

o
rs

 

1 Iron chelators Deplete iron and prevent iron-dependent lipid 

peroxidation 

Deferoxamine, cyclipirox, 

deferiprone 

2 Lipophilic antioxidants Prevent lipid peroxidation Vitamin E, BHT, Fer-l, 

liproxstatin-l, XJB-5131, CoQ10 

3 D.PUFAs Prevents initiation and propagation of lipid 

eroxidation 

D4-Aarachidonic acid,  

D10-Docosahexaenoic acid 

4 LOX inhibitors Inactivate LOX and block LOX- induced lipid 

peroxidation 

CDC, baicalein, PD-146176, 

AA-861, zileuton 

Others  glutaminolysis inhibitors, cycloheximides beta-mercaptoethanol, dopamine, selenium, vildagliptin. 

Abbreviations: BSO, buthionine sulfoximine; CCl4, carbon tetrachloride; CIL56, caspase-independent lethal 56; 

CoQ10, coenzyme Q10; DPI, divehydroxytoluene;cal inhibitor; FIN56, ferroptosis inducer 56; FIN02, ferroptosis 

inducer endoperoxide; GPX4, glutathione peroxidase 4; GSH, glutathione; IKE, imidazole ketone erastin;ML162, 

Molecular Libraries 162; PE, piperazine Erastin; RSL3, RAS-selective lethal 3; SQS, squalene synthase, AA, 

arachidonic acid; BHT, butylated hydroxytoluene; D-PUFA, deuterated polyunsaturated fatty acid; per-I, ferrostatin-

l; LOX, lipoxygenase 

 

10. Future Directions 

PUFAs are an emerging class of dietary components that play a critical role in aging and 

neurodegeneration. However, the effect and the underlying mechanism of PUFAs on 

neurodegeneration remains largely unknown. In this review, we discussed that downstream CYP 
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PUFA metabolites, whose endogenous levels are greatly affected by diet, are largely beneficial for 

neurodegenerative diseases. Studies have shown that the anti-inflammatory effects of CYP PUFA 

metabolites, particularly Ep-PUFAs, could alleviate neuroinflammation, which is beneficial in 

neurodegenerative diseases. Ep-PUFAs enhance the production of anti-inflammatory cytokines 

and decrease the production of pro-inflammatory cytokines in murine models of Alzheimer disease 

and Parkinson’s diseases. While the beneficial effects of Ep-PUFAs in NDs have been well 

established with inhibition of sEH, which hydrolyzes endogenous Ep-PUFAs, the molecular 

mechanisms have not been solved. As discussed above, there are several proposed molecular 

mechanisms through which Ep-PUFAs modulate neurodegeneration. Understanding the molecular 

signaling mechanism of Ep-PUFAs in neurodegeneration could help us to design a better diet for 

the aging population and could identify potential new therapeutic targets for neurodegenerative 

diseases.  

Studying the molecular mechanisms of neurodegeneration is difficult, due to their complexity 

and lack of a translatable in vitro model. As discussed, it becomes even more challenging with Ep-

PUFAs because their protein target has yet to be identified. To date, a better way to study 

neurodegeneration remains animal models; however, these models are expensive and low 

throughput. Fortunately, due to the recent development of novel genetic models including C. 

elegans and Zebrafish, our understanding of the mechanism of neurodegeneration can be greatly 

accelerated. Both C. elegans and Zebrafish are highly homologous to humans, and most of the 

disease-causing genes in humans have the orthologues in both C. elegans and Zebrafish. These 

models will facilitate the investigation of the molecular mechanism(s) driving neurodegeneration. 

Our laboratory is currently studying the mechanism of CYP PUFA metabolism in 

neurodegeneration using C. elegans as a biological model.  
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As we discussed, there is an unmet need to develop novel therapies for neurodegenerative 

diseases. In this review, we have shown that sEH could be a novel target for Alzheimer disease 

and Parkinson’s disease. However, there are challenges in developing sEH inhibitors to treat NDs. 

Although the sEH inhibitors used in the murine model can cross the blood brain barrier (BBB), 

they require further optimization to better cross the BBB with improved physical properties for 

formulation. Ep-PUFAs are a class of CYP PUFA metabolites that contains both ω-3 and ω-6 Ep-

PUFAs. However, in the reported studies, the active Ep-PUFAs have yet to be identified. Since 

the endogenous levels of ω-3 and ω-6 Ep-PUFA are greatly impacted by the diet, the beneficial 

effects of an sEH inhibitor for NDs may be greatly impacted by patient diets. Therefore, an 

alternate approach for developing a new therapy for neurodegenerative diseases would be 

designing a mimic of the active Ep-PUFAs that would not be affected by diet or ω-3 

supplementation. All in all, CYP PUFA metabolism is an exciting pathway for research in 

neurodegeneration, and more research is needed to better understand the mechanism(s) behind the 

effects of CYP PUFA metabolites in neurodegeneration. 
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ABSTRACT 

Even after decades of research, the mechanism of neurodegeneration remains understudied, 

hindering the discovery of effective treatments for neurodegenerative diseases. Recent reports 

suggest that ferroptosis could be a novel therapeutic target for neurodegenerative diseases. While 

polyunsaturated fatty acid (PUFA) plays an important role in neurodegeneration and ferroptosis, 

how PUFAs may trigger these processes remains largely unknown. PUFA metabolites from 

cytochrome P450 and epoxide hydrolase metabolic pathways may modulate neurodegeneration. 

Here, we test the hypothesis that specific PUFAs regulate neurodegeneration through the action of 

their downstream metabolites by affecting ferroptosis. We find that the PUFA, dihomo gamma 

linolenic acid (DGLA), specifically induces ferroptosis-mediated neurodegeneration in 

dopaminergic neurons. Using synthetic chemical probes, targeted metabolomics, and genetic 

mutants, we show that DGLA triggers neurodegeneration upon conversion to 

dihydroxyeicosadienoic acid through the action of CYP-EH, representing a new class of lipid 

metabolite that induces neurodegeneration via ferroptosis.  
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1. Introduction 

By 2050, the projected population older than age 65 is expected to be more than double, 

reaching over 1.5 billion, and the projected population older than 80 is predicted to triple to 426 

million.1 As aging is a risk factor for neurodegeneration, it is expected that the population with 

dementia will significantly increase in the near future.2 However, the mechanisms of 

neurodegeneration remain unclear, and effective preventative measures and treatment are currently 

lacking.3 Therefore, identifying molecular mechanisms underlying neurodegeneration is an unmet 

medical need. While tauopathy, neuroinflammation, and excitotoxicity may play key roles in 

neurodegeneration, recent studies provide compelling evidence that ferroptosis could be a new 

mechanism underlying neurodegeneration.3–5 Ferroptosis is a non-apoptotic form of regulated cell 

death that is driven by an increase of iron-dependent lipid peroxidation in the cellular membrane.4,6 

Epidemiological studies showed that patients with Parkinson’s disease (PD) or Alzheimer’s 

disease (AD) have elevated iron and lipid peroxide levels in the brain as compared to healthy 

controls, which is consistent with ferroptosis.5,7–12 The regulatory mechanism of ferroptosis in 

brain cells are understudied, although polyunsaturated fatty acids (PUFAs) play a critical role in 

this process.13–17    

PUFAs are key structural components of plasma membranes and play a critical role in 

neuronal functions.18 Generally, ω-3 and ω-6 PUFAs are two of the major classes of PUFAs 

present in human diet.19 Human studies have demonstrated that an increase in plasma ω-3/ω-6 

PUFA ratio decreases the risk of neurodegenerative diseases, including AD and PD.20–23 

Nonetheless, even after decades of epidemiological studies in mammalian and cell-based models, 

how PUFAs affect neurodegeneration is poorly understood, with reported results that are 

contradictory.21,24,25 While most efforts in research have investigated the neuroprotective effects 
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of ω-3 PUFA supplementation, few studies have examined the role of ω-6 PUFAs in 

neurodegeneration.26–28 This is surprising since the modern western diet has dramatically increased 

our consumption of ω-6 PUFAs.29,30 While the exact role of ω-6 PUFAs in neurodegenerative 

diseases is not understood, it is known that supplementing mammalian cells with ω-6 PUFAs 

sensitizes cells to ferroptosis.13–15,31 In addition, ω-6 dihomo-gamma-linolenic acid (20:3n-6, 

DGLA) induces ferroptosis in the C. elegans germline, while earlier studies have suggested that 

an epoxide metabolite of DGLA may mediate germ cell death.17,32  

Although the mechanisms by which ω-6 PUFAs mediate biological effects remain 

undefined, recent studies have demonstrated that ω-6 PUFAs metabolites resulting from 

cytochrome P450 (CYP) enzymes and epoxide hydrolases (EHs) action are key signaling 

molecules for human physiology.18,33,34 As such, this study was initiated to test whether specific 

ω-6 PUFAs modulate neurodegeneration via their downstream CYP metabolites and to investigate 

if ferroptosis plays a role in the observed biology. Because the CYP enzymes and EHs are 

differentially expressed in tissues and cell types (Table S1),35–39 and the expression of both 

enzymes are significantly affected by cell passages,40–42 it is difficult to pinpoint a specific cell line 

suitable for our study. Therefore, a whole animal study is necessary to uncover this novel 

mechanism without worrying metabolites not being generated locally or overlooking critical cell-

cell communications facilitated by these lipid metabolites. 

To facilitate our study, we took an interdisciplinary approach by combining a simple 

genetic animal model, an inhibitor of a metabolic enzyme, synthesized lipid metabolites, and 

targeted metabolomics to systematically investigate the crosstalk between lipid metabolism, 

neurodegeneration, and ferroptosis. With this approach, we first demonstrate that among five 

tested PUFAs, only DGLA induces neurodegeneration in select neurons in C. elegans, with more 
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pronounced effects in dopaminergic neurons, and to a lesser extent in glutaminergic neurons, with 

no observable effects in cholinergic and GABAergic neurons. Furthermore, we demonstrate that 

the DGLA-induced neurodegeneration is mediated through its downstream CYP- EHs metabolite, 

dihydroxyeicosadienoic acid (DHED), and ferroptosis is likely the mechanism involved in DHED-

induced neurodegeneration.  

2. Results 

2.1. DGLA, but neither ω-3 nor other ω-6 PUFAs, induces degeneration specifically in 

dopaminergic neurons. 

Our prior lipidomic analysis shows that C. elegans absorbs exogenous PUFAs.43,44 To 

study the effect of dietary PUFAs on neuronal health span, we supplemented Pdat-1::gfp worms, 

in which the dopaminergic neurons are labeled by green fluorescent protein (GFP), with different 

ω-6 PUFAs and eicosapentaenoic acid (20:5n-3, EPA), the most abundant ω-3 PUFA in C. 

elegans,45 and tracked the dopaminergic neurons throughout the worm lifespan using fluorescent 

imaging (Figure 1A-C). Supplementation was done at the larvae stage 4 (L4)  when C. elegans 

has a fully developed neuronal system thus enabling the investigation of neurodegeneration 

independent of neurodevelopment.46 Among the tested PUFAs, only DGLA induced significant 

degeneration in the dopaminergic neurons (Figure 1B). Furthermore, DGLA triggered 

degeneration in dopaminergic neurons in a dose-dependent manner with an EC50= 51.4 µM and 

31.2 µM at day 1 and day 8 adulthood, respectively (Figure 1D, and S1). We also showed that 

the vehicle control, ethanol, did not change dopaminergic neurons' health span as compared to the 

control (Figure S2). In addition, we found that different types of dopaminergic neurons in the 

hermaphrodite had varying sensitivities to treatment with DGLA, with the ADE neurons 

(ADE>>>CEP>PDE) being the most impacted (Figure S3). Moreover, loss of the GFP signal did 
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not appear to result from transcriptional repression of the Pdat-1∷GFP transgene induced by 

treatment with DGLA, since a similar trend was observed with the Pcat-2∷GFP transgenic line 

upon treatment with DGLA (Figure 1E and F)). We then examined whether DGLA can induce 

degeneration in other major types of neurons that play key roles in neurodegenerative diseases 

including GABAergic, glutaminergic, and cholinergic neurons. Significant neurodegeneration was 

not observed in GABAergic (Punc-25::gfp) and cholinergic neurons (Punc-17::gfp) worms 

supplemented with DGLA (Figure 1G-J). 

These findings were further confirmed with a lack of significant changes in thrashing assays in C. 

elegans treated with DGLA (Figure 1K), which requires cholinergic and GABAergic neurons 

activity.47,48 In the case of glutamatergic neurons (Peat-4::gfp), treatment with DGLA caused cell 

loss in glutamatergic neurons only in later stage in the C. elegans lifespan compared to the 

dopaminergic neurons (Figure 1L and M). Altogether, our results suggest that the effect of 

PUFAs on neurodegeneration is structurally specific.  

In addition, while previous studies reported that increased lipid peroxidation could induce 

neurodegeneration49–53, our data show that the treatment with the more peroxidizable arachidonic 

acid and EPA do not trigger neurodegeneration. Furthermore, our results indicate that the effect of 

DGLA on neurodegeneration is neuron-type selective, warranting future studies that may shine 

light on the molecular mechanism(s). 
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Figure 1. DGLA, but not other w-3 and w-6 PUFAs, induces degeneration, specifically in dopaminergic 

neurons. (A) Structure of different w-6 and w-3 PUFAs examined in this study; (B) Percentage (%) of worms with 

healthy dopaminergic neurons for Pdat-1::gfp with and without supplementation with 100 mM of different ω-6 and 

ω-3 PUFAs. (C) Fluorescent images of Pdat-1::gfp worms with healthy and degenerated dopaminergic neurons 

(White arrows represent healthy neurons, and red arrows show degenerated/disappeared neurons); (D) Dose response 

curve: the effect of different DGLA concentrations on degeneration of ADE neurons on Day 1 adulthood; (E) 

Comparing the ADE neurons degeneration in Pdat-1::gfp and Pcat-2::gfp supplemented with 100 mM DGLA; (F) 

Fluorescent images of Pcat-2::gfp worms with healthy and degenerated dopaminergic neurons (White arrows 

represents healthy neurons, and red arrow shows degeneration/disappearance neurons); (G) Percentage (%) of worms 

with healthy GABAergic neurons for Punc-25::gfp with and without supplementation with 100 mM DGLA; (H) 

Fluorescence images of Punc-25::gfp worm with healthy and degenerated GABAergic neurons (Red arrows show 

different signs of neurodegeneration including ventral cord break, commissure break and branches); (I) Percentage 

(%) of worms with healthy cholinergic neurons for Punc-17::gfp with and without supplementation with 100 mM 

DGLA; (J) Fluorescence Images of Punc-17::gfp worms with healthy and degenerated cholinergic neurons (Red 

arrows show different signs of neurodegeneration including ventral cord break, commissure break and branches); 
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Figure 1 (cont’d)  

(K)Thrashing on Day 8 adulthood of wild-type raised on 100 mM of LA, DGLA, and EPA; (L) Percentage (%) of 

worms with healthy glutamatergic neurons with Peat-4::gfp with and without supplementation with 100 mM 

DGLA; (M) Fluorescent images of Peat-4::gfp worms with healthy and degenerated glutamatergic neurons (White 

arrows represent healthy neurons, and red arrows show degenerated/disappeared neurons). All supplementations 

were done at the L4 stage. For all experiments N=3, and about 20 worms were tested on each trial. Two-way 

analysis of variance (ANOVA), Tukey’s multiple comparison test for (B) and (D); and t test for K: *P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown. 

 

The remaining studies focused on the degeneration of dopaminergic neurons, as was found 

they are most sensitive to DGLA treatment. Because more robust data were obtained with 

transgenic C. elegans Pdat1::gfp, the rest of our studies were conducted using this strain. Most of 

the experiments were performed using day 1 and day 8 adults, enabling the determination of acute 

and chronic effects of DGLA treatment on neurodegeneration. Day 8 worms resemble a middle-

aged population of C. elegans, thus the effect of DGLA treatment on age-associated 

neurodegeneration can also be investigated without a significant loss (death) of the tested 

population, facilitating the throughput of our studies. 

2.2.DGLA induces neurodegeneration in dopaminergic neurons through ferroptosis  

Recent studies show that treatment with DGLA can induce ferroptosis in germ cells and 

cause sterility in C. elegans.17 To test whether treatment with DGLA induces degeneration in 

dopaminergic neurons through ferroptosis, Pdat-1::gfp expressing worms were co-treated with 

DGLA and liproxstatin-1 (Lip-1), a radical-trapping antioxidant and ferroptosis inhibitor.54 While 

C. elegans treated with Lip-1 alone showed no significant effect on age-associated degeneration 

of dopaminergic neurons as compared to the vehicle control, co-treatment of DGLA with Lip-1 

fully rescued the neurodegeneration triggered by DGLA in day 1 adults and largely rescued 

DGLA-induced neurodegeneration in day 8 adults (Figure 2A). Encouraged by these results, we 

examined neurodegeneration caused by ferroptosis in DGLA-treated worms using 

pharmacological and genetic approaches. An increase in the labile iron (II) pool and membrane 
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lipid peroxidation are molecular hallmarks of ferroptosis.6,55 Therefore, we tested whether 

treatment with Trolox, a water-soluble form of vitamin E and lipid peroxidation inhibitor, and 2,2’-

bipyridine, an iron (II) chelator, alleviates DGLA-induced neurodegeneration. Co-treatment with 

either Trolox or 2,2’-bipyridine rescued DGLA-induced neurodegeneration, suggesting that both 

the labile iron (II) pool and membrane lipid peroxidation are involved in DGLA-induced 

neurodegeneration (Figure 2B and C). To specifically investigate whether ferroptosis is involved 

in DGLA-induced neurodegeneration, was also pursued a genetic approach. 

Previous studies have shown that nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase (NOX) family of superoxide-producing enzymes (NOX/DUOX) plays a critical role in 

ferroptosis in mammals and can exacerbate dopaminergic neurotoxicity triggered by ferroptosis 

inducers.4,56 

 

Figure 2. DGLA Induces neurodegeneration in dopaminergic neurons via ferroptosis. (A) Percentage (%) 

of worms with healthy ADE neurons of worms exposed to 100 mM DGLA ± 250 mM Liproxstatin-1; (B) 

Percentage (%) of worms with healthy ADE neurons in wild-type C. elegans treated with 100 mM DGLA ± 500 

mM Trolox (vitamin E); (C) Percentage (%) of worms with healthy ADE neurons for Pdat-1::gfp worms treated 

with 100 mM DGLA± 100 mM 2,2’-bipyridine; (D) Percentage (%) of worms with healthy ADE neurons in Pdat-

1::gfp and Pdat-1::gfp;bli-3  worms treated with 100 mM DGLA; (E) Percentage (%) of worms with healthy ADE 

neurons for Pdat-1::gfp and Pdat-1::gfp; ftn-1 worms treated with 100 mM DGLA; (F)Percentage (%) of worms 

with healthy ADE neurons with Pdat-1::gfp and Pdat-1::gfp; ced-3 worms treated with 100 mM DGLA ± 250 

mM Liproxstatin-1. All supplementations were done at the L4 stage. A two-way analysis of variance (ANOVA), 

Tukey’s multiple comparison test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, NS, not significant. 

DGLA: Dihomo-γ-linolenic acid, LA: Linoleic acid, EPA: eicosapentaenoic acid, Lip-1: Liproxstatin-1.  
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In addition, ferritin (FTN) is also a key ferroptosis regulatory protein, and genetic knockout of 

FTN has been shown to sensitize C. elegans to ferroptosis.17,57 To further test whether ferroptosis 

is involved in DGLA-induced neurodegeneration, two new transgenic C. elegans strains were 

created by crossing the Pdat-1::gfp with transgenic strains that carry either a loss of function of 

bli-3 (C. elegans homolog of NOX) mutant or genetic knockout of ftn-1 (Figure 2D, 2E, and S4). 

Our results indicated that the loss of function bli-3 mutant reduced the degeneration of 

dopaminergic neurons triggered by DGLA (Figure 2D). Worms with loss of function mutations 

of BLI-3 attenuated ability to generate reactive oxygen species, thus minimizing lipid 

peroxidation, and as a result, reduced ferroptosis.17,58 This result further confirms the 

pharmacological observation after supplementing worms with the lipophilic antioxidant vitamin E 

(Trolox), which led to the suppression of neurodegeneration in DGLA-treated worms (Figure 2B). 

Furthermore, genetic knockout of ftn-1 enhanced DGLA-induced neurodegeneration, suggesting 

that DGLA requires the labile iron (II) pool to exert its effect on dopaminergic neurons (Figure 

2E). Our data strongly suggest that DGLA causes degeneration of dopaminergic neurons at least 

partly through ferroptosis. As illustrated in Figure 2A, while Lip-1 fully rescued DGLA-induced 

neurodegeneration for day 1 adults, such rescuing effect diminished as C. elegans aged. 

Furthermore, the EC50 of DGLA in triggering neurodegeneration for day 1 and day 8 adults is 

different. Therefore, we hypothesize that chronic treatment of DGLA induces other programmed 

cell-death pathways, like apoptosis, leading to neurodegeneration.  

To test whether DGLA also induces neurodegeneration through apoptosis,59  an additional 

transgenic strain was developed. The CED-3 protein, a key enzyme involved in apoptosis, was 

genetically knocked out in worms in which the dopaminergic neurons were labeled by GFP17,60 to 

create transgenic line, Pdat-1::gfp;ced-3(n717). Interestingly, while no significant difference was 
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observed between Pdat-1::gfp;ced-3(n717) and Pdat-1::gfp worms treated with DGLA at day 1 

adulthood, worms that had the ced-3 genetic knockout demonstrated partial rescue from 

dopaminergic neuron degeneration induced by DGLA (Figure 2F) at day 8 of adulthood. 

Furthermore, the ced-3 knockout worms at day 8 adulthood that were co-treated with Lip-1 were 

fully rescued from dopaminergic neurodegeneration induced by DGLA (Figure 2F). These results 

could explain the differences observed for day 1 and day 8 worms treated with Lip-1 and DGLA 

(Figure 2A), as well as the differences in the EC50 of DGLA-induced neurodegeneration between 

day 1 adults (EC50 = 51.4 µM) and day 8 adults (EC50 = 31.2 µM) (Figure 1D). The lower EC50 

for DGLA-induced neurodegeneration for day 8 adults suggests that other neurodegenerative 

mechanisms (i.e., apoptosis, autophagy) are involved and could either synergize or provide an 

additive effect with DGLA-induced neurodegeneration. Together, these results suggest that dietary 

DGLA induces neurodegeneration via ferroptosis in early adulthood and both ferroptosis and 

additional mechanism(s), such as apoptosis, are induced by DGLA in dopaminergic 

neurodegeneration in middle-aged C. elegans.  

2.3. Downstream metabolites of DGLA are key players in neurodegeneration induced by 

DGLA treatment. 

In mammals, DGLA and other PUFAs are mono-oxygenated by cytochrome P450 enzymes 

(CYPs) to hydroxy- and Ep-PUFAs. Ep-PUFAs are further hydrolyzed by epoxide hydrolases 

(EHs) to the dihydroxy-PUFAs (Figure 3A).18 Numerous animal and human studies have 

demonstrated that endogenous levels of CYP and EH metabolites produced from various PUFAs 

are highly correlated to dietary intake of the corresponding PUFAs,61–63 in stark contrast to 

metabolites generated by cyclooxygenases and lipoxygenases, which are less correlated.64–66 Both 

epoxy- and dihydroxy-PUFAs are key signaling molecules for mammalian physiology including, 
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but not limited to, neuroprotection.18,67,68 Therefore, we hypothesized that DGLA primarily 

induces ferroptosis-mediated neurodegeneration via its CYP and/or EH metabolites, a previously 

unexplored area. To test this hypothesis, we first investigated whether the CYP/EH metabolism is 

involved in DGLA-induced ferroptosis-mediated neurodegeneration by investigating how 

treatment with DGLA impacts CYP/EH metabolism. Our results indicated that treatment with 100 

µM DGLA increased the whole animal endogenous levels of the corresponding 

epoxyeicosadienoic acid (EED) and dihydroxyeicosadienoic acid (DHED) to ~200 pmol/g and 

~800 pmol/g, respectively (regioisomer-dependent Figure S5), using our oxylipin analysis 

(Pourmand et. al, unpublished, see experimental methods in SI). These results were similar to the 

endogenous levels of EPA CYP/EH metabolites, epoxyeicosatetraenoic acid (EpETEs) and 

dihydroxyeicosatetraenoic acids (DHETE) which are 50-919 pmol/g and 0-458 pmol/g, 

respectively (regioisomer-dependent) in intact C. elegans, suggesting that the increased level of 

EED and DHED is physiologically relevant (Figures 3B and S5). Therefore, we sought to 

determine whether these downstream metabolites (EED and DHED) are key mediators for 

neurodegeneration induced by treatment with DGLA. Transgenic C. elegans (Pdat-1::gfp) were 

co-treated with DGLA and 12-(1-adamantane-1-yl-ureido-) dodecanoic acid (AUDA, 100 M), 

an EH inhibitor with selective action to inhibit the function of CEEH1 and CEEH2 (C. elegans 

EH1 and EH2 isoforms).69 AUDA treatment increased the level of EED and decreased the DHED 

in vivo concentration, and fully rescued dopaminergic neurodegeneration induced by DGLA, 

suggesting that the CYP/EH-derived downstream metabolites of DGLA play a critical role in 

DGLA-induced neurodegeneration (Figures 3B, C).  

Nonetheless, these results do not discriminate between AUDA's ability to stabilize the level 

of EED in vivo for the observed rescue, or to block the production of DHED metabolites that result 
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from inhibiting C. elegans EHs (Figures 3B and S6). To distinguish between the latter two 

possibilities, we synthesized both EED and DHED and tested their effects in C. elegans following 

the procedures in previous reports.70–73 Treatment with 100 µM EED at the L4 stage induced a 

more severe neurodegenerative phenotype than treatment with DGLA at the same concentration 

in the dopaminergic neurons in all tested ages (Figure 3D), with a much lower EC50 (12.6 M vs 

51.4 M) as compared to DGLA on day 1 adult (Figures 3E and 1D). The same trend was 

observed in glutamatergic neurons when comparing treatments of EED and DGLA, and similar to 

DGLA treatment, no significant neurodegeneration was observed in GABAergic and cholinergic 

neurons after treatment with EED (Figure S7). 

To test whether the effect of EED is structurally specific, C18:1 epoxyoctadecenoic acid 

(EpOME), an epoxy-metabolite of LA, and a more peroxidizable C20:4 epoxyeicosatetraenoic 

acid (EEQ), an epoxy-metabolite of EPA, were examined (Figure 3F) and had no effects on 

neurodegeneration. These results indicate that the effect of Ep-PUFAs on neurodegeneration is 

specific to EED, but not other Ep-PUFAs. Similar to the neurodegeneration induced by DGLA, 

co-treatment with Lip-1 rescued neurodegeneration caused by EED, and Lip-1 was more effective 

in alleviating EED induced neurodegeneration compared to DGLA-induced neurodegeneration 

(Figures 3G, H). Furthermore, like DGLA, neuronal degeneration induced by EED was not 

rescued by a genetic knockout of ced-3. Genetic knockout of ftn-1 escalates the effect of EED in  

both day 1 and day 8 adult, again suggesting that ferroptosis plays a critical role in EED-induced 

neurodegeneration (Figures 3I and J). 
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Figure 3. EED, epoxy metabolites downstream of DGLA, induce neurodegeneration by ferroptosis (A) DGLA 

is metabolized to EED and DHED through the CYP and epoxide hydrolase enzymes, respectively; and AUDA inhibits 

epoxide hydrolase; (B) Oxylipin profile representing the pmol/g of EED and DHED regioisomers in worms treated 

with 100 mM of DGLA ± 100 mM AUDA compared to control (C) Percentage (%) of worms with healthy ADE 

neurons for Pdat-1::gfp treated with 100 mM of DGLA ± 100 mM AUDA; (D) Percentage (%) of worms with healthy 

ADE neurons for Pdat-1::gfp worms treated with 100 mM DGLA and 100 mM EED; (E) Dose response curve: the 

effect of different concentration of EED on degeneration of ADE neurons on Day 1 and Day 8 adulthood; (F) 

Percentage (%) of worms with healthy ADE neurons in Pdat-1::gfp  worms treated with 100 mM of different Ep-

PUFAs, EpOME, and EEQ; (G) Percentage (%) of worms with healthy ADE neurons of worms treated with 100 mM 

DGLA ± 100 mM Liproxstatin-1;(H) Comparison the effect of 250 mM Liproxstatin-1 on Pdat-1::gfp worms treated 

with 100 mM of DGLA compared to 100 mM EED;(I) Percentage (%) of worms with healthy ADE neurons with 

Pdat-1::gfp and Pdat-1::gfp;ced-3  worms treated with 100 mM; (J) Percentage (%) of worms with healthy ADE 

neurons for Pdat-1::gfp and Pdat-1::gfp; ftn-1 worms treated with 100 mM DGLA; All supplementations were done 

at the L4 stage. Two-way analysis of variance (ANOVA), Tukey’s multiple comparison test. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P < 0.0001, without * not significant. DGLA: Dihomo-γ-linolenic acid, EED: epoxyeicosadienoic 

acids, DHED: dihydroxyeicosadienoic acids, CYP: Cytochrome P450, EH: epoxide hydrolase, AUDA: 12-(1-

adamantane-1-yl-ureido-) dodecanoic acid, Lip-1: Liproxstatin-1, EpOME: epoxyoctadecenoic acids; EEQ: 

epoxyeicosatetraenoic acid. 
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Our results further suggested that DGLA metabolites are lipid mediators responsible for 

the effect of DGLA on neurodegeneration. Inhibition of EED hydrolysis using an EH inhibitor 

(AUDA) resulted in rescue of EED-induced neurodegeneration in C. elegans (Figure 4A). The 

oxylipin profile of worms co-treated with EED and AUDA at 100 µM shows that blocking the 

metabolism of Ep-PUFAs to dihydroxy-PUFAs, specifically EED to DHED with AUDA, 

stabilizes endogenous levels of Ep-PUFAs including EED, and decreases the in vivo levels of 

dihydroxy-PUFAs and DHED (Figures 4B and S8). Altogether, our data further suggests that 

specific DGLA downstream metabolites, either EED or DHED, are responsible for DGLA-

mediated neurodegeneration.  

We further tested our hypothesis by supplementing Pdat-1::gfp worms with 100 M of 

DHED, exhibiting significant neurodegeneration compared to the vehicle control (Figure 4C). 

Intriguingly, co-treatment with AUDA and DHED did not alleviate neurodegeneration induced by 

DHED, further confirming that DHED is likely the main driver of dopaminergic 

neurodegeneration in our model (Figure 4C). Co-treatment with AUDA alleviated DGLA-

induced neurodegeneration likely by blocking the formation of DHED. In addition, co-treatment 

with Lip-1 and 2,2-bipyridine rescued the neurodegeneration caused by DHED (Figures 4D, and 

E). Furthermore, the loss of function bli-3 mutant also reduced the degeneration of dopaminergic 

neurons triggered by DHED, and genetic knockout of ftn-1 augments DHED-induced 

neurodegeneration (Figures 4F, and G). Together, these results suggest that the labile iron (II) 

pool and subsequently ferroptosis are involved in the effect of DHED on dopaminergic neurons.  

It is noteworthy that we did not observe more severe neurodegeneration induced by DHED as 

compared to EED supplementation. This effect may be due to the difference in lipid transport 

mechanism between PUFAs, Epoxy-, and dihydroxy-PUFAs, as suggested by a previous study74.   
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Figure 4. DHEDs, dihydroxy fatty acids downstream of DGLA/EED, are key candidates for 

neurodegeneration induced by DGLA in dopaminergic neurons (A) Percentage (%) of worms with healthy ADE 

neurons in Pdat-1::gfp worms treated with 100 mM of EED ± 100 mM AUDA; (B) Oxylipin profile representing 

pmol/g of EED and DHED regioisomers in worms treated with 100 mM of EED ± 100 mM AUDA compared to 

control. (C) Percentage (%) of worms with healthy ADE neurons for Pdat-1::gfp treated with 100 mM of DHED ± 

100 mM AUDA; (D) Percentage (%) of worms with healthy ADE neurons of worms exposed to 100 mM DHED ± 

250 mM Liproxstatin-1; (E) Percentage (%) of worms with healthy ADE neurons for Pdat-1::gfp worms treated with 

100 mM DHEDs ± 100 mM 2,2’-bipyridine; (F) Percentage (%) of worms with healthy ADE neurons for Pdat-1::gfp 

and Pdat-1::gfp;ftn-1 worms treated with 100 mM DHED; (G) Percentage (%) of worms with healthy ADE neurons 

in Pdat-1::gfp and Pdat-1::gfp;bli-3 worms treated with 100 mM DEHDs; (H) Oxylipin profile representing the 

pmol/g of EED and DHED regioisomers in worms treated with 100 mM of DGLA, EED, and DHED compared to 

control. (I) two possible metabolisms of DGLA through the CYP/EH pathways; the alternative metabolism is that 

CYP can do two consecutive oxidations (or under oxidative stress) to yield diepoxies EED, which then EH will open 

one epoxide which under physiological conditions can cyclize to THF diols. (J) Percentage (%) of worms with healthy 

ADE neurons for Pdat-1::gfp treated with 100 mM of DiEED and 100 mM DGLA-THFdiol. All supplementations 

were done at the L4 stage. Two-way analysis of variance (ANOVA), Tukey’s multiple comparison test. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, without * not significant. DGLA: Dihomo-γ-linolenic acid, EED: 

epoxyeicosadienoic acid, DHED: dihydroxyeicosadienoic acid, CYP: Cytochrome P450, EH: epoxide hydrolase, 

AUDA: 12-(1-adamantane-1-yl-ureido-) dodecanoic acid, DiEED: diepoxyeicosadienoic acid. 
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DHED is not absorbed as well as EED, and thus are not as potent at the same concentration. This 

hypothesis was confirmed by oxylipin profiling, which showed significantly lower DHED levels 

(especially for 11,12 and 14,15 DHED) in worms treated with 100 µM DHED as compared to 

those treated with 100 µM EED or 100 µM DGLA (Figures 4D and S9). While DGLA and EED 

exhibit a continuous increase in dopaminergic neurodegeneration over their lifespan, DHED 

exhibited a plateau after day 8, which suggests the presence of a possible mechanism for removal 

of the offending agent, either by inducing downstream metabolism or activating lipid transport of 

DHED after chronic treatment. Our data strongly suggest that DGLA/EED induces 

neurodegeneration through their downstream metabolites. Beyond DHED, there have been a few 

reports of other downstream CYP-mediated metabolites, namely epoxy-hydroxy-PUFA and 

diepoxy-PUFAs, which ultimately undergo spontaneous intramolecular cyclization in 

physiological conditions to form an understudied class of metabolites, the tetrahydrofuran-diols 

(THF-diols).  These THF-diols could be a new class of lipid mediators- 

in mammals.75,76 To examine these potential mediators of biological activity, isomeric vicinal 

diepoxyeicosenoic acid (DiEEe) and its corresponding THF-diol (DGLA-THF-diol) were 

synthesized and incubated with the worms (see the experimental section in SI and Figure 4E). 

However, no significant loss was observed in dopaminergic neurons in worms treated with 100 

µM DiEEe and its corresponding THF-diol compared to the vehicle control (Figure 4F). These 

results strongly suggest that DHED constitutes a novel class of lipid mediators that induces 

neurodegeneration largely mediated by ferroptosis. In addition, EpETE and EpOME produced 

from EPA and LA, respectively, showed no effect on neurodegeneration, which further 

corroborates the effect of DHED on ferroptosis-mediated neurodegeneration is structurally 

selective. Furthermore, the results obtained from the treatment with more peroxidizable EPA and 
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EpETE indicate that the effect of DHED is not due to an increase in peroxidation of the cell 

membrane, a known mechanism that sensitizes ferroptosis.15,77–79 As a whole, the results 

summarized above are contrast with reports on the effect of PUFAs80–82 or their metabolites, such 

as lipoxygenase’s metabolites,54,77,81 ether lipids,83 etc. on ferroptosis.    

3. Discussion 

Our studies revealed that DHED, CYP-EH metabolite of DGLA, is a novel class of lipid 

molecules that triggers ferroptosis-mediated degeneration in select neuron types in C. elegans. Our 

study addresses critical gaps in knowledge in the field of lipid pharmacology, neurodegeneration, 

and ferroptosis, including how ω-6 PUFAs may trigger neurodegeneration and the identity of 

endogenous signaling molecules that induces ferroptosis-mediated neuronal cell death. Most 

research investigates the beneficial effects of ω-3 PUFA supplementation in neurodegenerative 

diseases, with contradictory findings.26,27,30 Few studies have tested the effect of ω-6 PUFAs on 

neurodegeneration.28 This is of high interest since ω-6 PUFA levels are typically high in western 

diets. Our findings in C. elegans demonstrate that, unlike other PUFAs, the ω-6 DGLA induces 

ferroptosis-mediated degeneration specifically in dopaminergic and to a lesser extent in 

glutaminergic neurons. Recent reports suggest PUFAs play a critical role in ferroptosis and treating 

cells with PUFAs, their ether-lipid metabolites, and lipoxygenase metabolites, 

hydroperoxyeicotetraenoic acids, sensitize cells to ferroptosis, but not induce ferroptosis 

themselves.54,83 Although synthetic compounds such as erastin, RSL-3, and natural products like 

α-eleostearic acid have been identified as agents that can induce ferroptosis, the specific 

endogenous mediators that regulate the upstream pathway of ferroptosis remain unknown,.13–15,31 

Our results indicate that DGLA induces ferroptosis-mediated neuronal death likely through its 

downstream endogenous CYP-EH metabolites, DHED, and EH plays a critical role in modulating 
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DGLA-mediated ferroptosis. Our study complements the elegant work showing that DGLA 

induces ferroptosis in germline and cancer cells.17 The identification of potential lipid signaling 

molecules represents a critical first step to investigating the molecular mechanism behind the 

effects of PUFAs on ferroptosis-mediated neurodegeneration.  

Recent reports demonstrated that the expression of soluble EH, an human ortholog of 

CEEH 1/2, is upregulated in patients with neurodegenerative diseases including Parkinson’s 

disease and Alzheimer’s disease and, inhibition of soluble EH is beneficial for neurodegeneration 

in multiple neurodegenerative diseases animal models.18,84–87 While the specific role of soluble EH 

in neurodegeneration is largely unknown, these studies suggested that the epoxy-fatty acids, the 

substrates of soluble EH, are neuroprotective, and the corresponding downstream EH metabolites 

dihydroxy-fatty acids have no effect, although a few studies in cell and animal models have showed 

that these dihydroxy-fatty acids can have detrimental or toxic effects on cells.88,89 Our results 

provide an alternate perspective of how neurodegeneration could be regulated endogenously by 

modulating EH activity to increase ferroptotic metabolites, namely DHED, which has seldom been 

studied.  

Our finding that DHEDs modulate ferroptosis-mediated neurodegeneration challenges the 

current paradigm in the field. Numerous studies demonstrated that membrane lipid composition 

and lipid peroxidation are essential for ferroptosis 4,77,90,91. Supplementation with PUFAs and their 

metabolites, particularly those metabolites with a higher degree of unsaturation, sensitizes cells to 

ferroptosis4. However, unlike synthetic compounds such as Erastin, RSL-3, etc., these lipid 

molecules do not trigger ferroptosis, but rather act downstream of ferroptosis pathways by 

increasing the rate of membrane lipid peroxidation4,92,93. This phenomenon is further supported by 

studies showing that supplementation with a monosaturated fatty acid, such as oleic acid, 
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desensitizes cells from ferroptosis78. In contrast, our results show that a specific ω-6 DGLA 

metabolite, DHED, induces ferroptosis, while other PUFAs (AA and EPA) and EPA metabolites 

(EEQ), with a higher degree of unsaturation, do not trigger ferroptosis. This observation aligns 

with a recent study showing that although EPA and AA supplementation are more deleterious in 

peroxide-induced whole-body oxidative stress, they cannot trigger ferroptotic germline cell death 

in C. elegans43.  

Our data using Lip-1 supplementation, along with the use of transgenic strains carrying a 

loss of function ftn-1 mutation, suggests that DHED could trigger lipid peroxidation in the 

ferroptosis pathway. However, it is unlikely that DHED induces ferroptosis-mediated 

neurodegeneration by undergoing peroxidation itself, as discussed above, because 

supplementation with AA, EPA, and EEQ, which are more prone to lipid peroxidation, have 

minimal or no effects in our neurodegenerative assays. In addition, it has been reported that 

dihydroxy-PUFAs are unable to incorporate into cell membranes94, which suggests that DHEDs 

have a distinct mechanism for modulating ferroptosis compared to other PUFAs. It is because 

PUFAs with high degrees of unsaturation can propagate membrane lipid peroxidation during 

ferroptosis upon incorporation into the cell membrane. Although the exact mechanism underlying 

DHED induction of ferroptosis-mediated neurodegeneration is largely unknown, and falls beyond 

the scope of this study, we propose that DHED may interact with potential receptor proteins to 

activate the upstream ferroptosis pathway, leading to iron-mediated lipid peroxidation. This 

corroborates our finding from the experiments with Lip-1 and transgenic loss of function ftn-1 

strains, which indicate a critical role for lipid peroxidation in DHED-induced neurodegeneration. 

While DHED has not been extensively studied, 9,10-dihydroxyoctadecenoic acid (DiHOME) and 

12,13-DiHOME, which are dihydroxy-metabolites of LA, activate peroxisome proliferator-
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activated receptor (PPAR) gamma, and transient receptor potential vanilloid 1 (TRPV1), 

respectively95,96. In addition, 14,15-dihydroxyeicosatrienoic acid, dihydroxy-metabolites of AA, 

also activate PPAR alpha97. All of these proteins have been associated with ferroptosis98–101. 

Therefore, DHEDs could modulate ferroptosis-mediated neurodegeneration by interacting with 

one of these proteins or similar proteins. Alternatively, although DHED is less likely to be 

incorporated into the cell membrane, it could still be localized into specific subcellular 

compartments such as mitochondria, the endoplasmic reticulum (that contains the largest pool of 

lipids in cells), and lysosomes, where DHED could be peroxidized and propagate lipid 

peroxidation, leading to ferroptosis 13,54,102–105. Currently, our laboratory is conducting a variety of 

genetic experiments to identify potential receptor proteins for DHEDs and synthesizing the 

deuterated DHEDs to investigate whether DHEDs peroxidation is necessary for their action in 

ferroptosis-mediated neurodegeneration. 

In this study, we employed an approach, which comprised of a simple animal model, an 

inhibitor of a metabolic enzyme, synthesized lipid metabolites, and targeted metabolomics to 

systematically investigate the crosstalk between lipid metabolism, neurodegeneration, and 

ferroptosis in a highly efficient way. We have not only identified the key mediator for ferroptosis-

mediated neurodegeneration but have also revealed that DGLA and its metabolites have more 

pronounced effects on dopaminergic neurons, mild effects on glutaminergic neurons, and no 

effects on cholinergic and GABAergic neurons in C. elegans. Our results complement previous 

studies by Zille. et al., which showed that different cell types could have distinct regulatory 

pathways for ferroptosis.106 While the specific mechanism behind why DGLA and its metabolites, 

DHED, are more detrimental to dopaminergic neurons remains unknown, Solano Fonseca et al. 

reported a similar vulnerability of different neuron-types in response to biomechanical injury and 
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suggested that such observation could be due to different physiological regulatory mechanisms 

between different neuron types.107 Such neuron type-specific effects triggered by DGLA and 

DHED warrant future investigation to uncover potential new neurodegeneration mechanisms.  

However, investigating ferroptosis to understand differential ferroptosis mechanisms 

between tissues requires studies being carried out at the system level that is challenging, owing to 

the lack of appropriate genetic and imaging tools. The genetic malleability of C. elegans provides 

a suitable platform for the study of ferroptosis in a tissue-specific manner. Furthermore, as 

illustrated in Table S1, most cell lines do not express soluble EH, a human ortholog of CEEHs and 

studies have demonstrated that different tissues express CYP enzymes and soluble epoxide 

hydrolase differently.35–38 Therefore, a whole animal approach is more appropriate for us to 

explore this novel mechanism and C. elegans provides a simple animal model.   In addition, the 

adaptability to high-throughput studies of C. elegans allows us quickly to dissect complicated 

pathways. As such, it is possible to explore how ferroptosis can be regulated differentially by 

endogenous signaling molecules, such as DHED, between cell-types in an intact organism. 

Furthermore, the chemical tools developed and utilized for this study lead to the exploration of 

novel hypotheses that aim to unravel PUFAs effects on organismal physiology, an area that is not 

only understudied, but also is challenging to execute in mammalian models and humans.  

4. Conclusion 

 Oxidized lipid metabolites are key mediators for organismal physiology. Ferroptosis, 

characterized by an increase of iron-dependent lipid peroxidation, could be a novel mechanism for 

neurodegeneration. In this study, we reported that exogenous DGLA triggers neurodegeneration 

predominantly in dopaminergic neurons via its downstream cytochrome P450-epoxide hydrolase 

(CYP-EH) metabolite, dihydroxyeicosadienoic acid (DHED). The observed neurodegeneration 
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induced by DGLA/DHED is likely mediated by ferroptosis at the early stages and a combination 

of ferroptosis and apoptosis after chronic treatment with DGLA/DHED.  This study revealed that 

CYP-EH polyunsaturated fatty acid (PUFA) metabolism is one of the key intrinsic regulatory 

mechanisms of ferroptosis-mediated neurodegeneration, and EH could be a novel target for 

ferroptosis-mediated diseases. 
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Chapter 3. EXPLORING THE ROLE OF CYP-EH METABOLITES IN Aβ AND 

TAU-INDUCED NEURODEGENERATION: INSIGHTS FROM 
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ABSTRACT 

This study aims to uncover potent cytochrome P450 (CYP) and epoxide hydrolase (EH) 

metabolites implicated in Aβ and/or tau-induced neurodegeneration, independent of 

neuroinflammation, by utilizing Caenorhabditis elegans (C. elegans) as a model organism. Our 

research reveals that Aβ and/or tau expression in C. elegans disrupts the oxylipin profile, and 

epoxide hydrolase inhibition alleviates the ensuing neurodegeneration, likely through elevating the 

epoxy-to-hydroxy ratio of various CYP-EH metabolites. These findings emphasize the intriguing 

relationship between dietary ω-3 and ω-6 PUFAs and their metabolites, and potentially 

establishing a link between nutrition, diet, and Alzheimer's disease (AD). (Detailed information 

on AD and PUFA are discussed in chapter 1) Furthermore, our investigation sheds light on the 

crucial and captivating role of CYP PUFA metabolites in C. elegans physiology, opening up 

possibilities for broader implications in mammalian and human contexts.  
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1. Introduction 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by the 

accumulation of amyloid-beta (Aβ) plaques and neurofibrillary tau tangles in the brain1,2. The 

presence of Aβ and tau remains the hallmarks of AD. While the amyloid cascade hypothesis has 

dominated the field, the limited efficacy of anti-Aβ therapy suggest a more complex pathogenesis2–

4. Although tau, or specifically hyperphosphorylated tau, was suggested as an important pathways 

downstream of Aβ-induced neurodegeneration, recent studies demonstrated that tau and Aβ can 

induce neurodegeneration through different mechanisms and act synergistically in several models 

2,5–12. These data emphasize the potential necessity for treatments addressing multiple facets of AD 

pathology and the importance of exploring diverse therapeutic targets to tackle the complexities 

of AD. 

The association between lipid mediators and AD presents an intriguing perspective to explore. 

Lipids and lipid mediators are thought to play a pivotal role in the development and progression 

of AD, particularly lipid interactions with amyloid-beta (Aβ) and tau proteins .13–17. Within the 

realm of lipid mediators, cytochrome P450 (CYP) and epoxide hydrolase (EH) metabolites, 

including epoxy-PUFAs (Ep-PUFA), hydroxy-PUFAs and dihydroxy-PUFAs, stand out as 

essential endogenous lipid signaling molecules with diverse physiological roles 18–21. The brain 

possesses a high capacity to make Ep-PUFAs and dihydroxy-PUFAs from their parent PUFAs 

using CYP and EH enzymes, respectively 18,22–24. Studies revealed increased levels of pro-

inflammatory lipid mediators, such as HETEs, and decreased pro-resolving oxylipins, like 

epoxyeicosatrienoic acids (EETs), in the brains of transgenic AD animals compared to their 

healthy counterparts25,26. Furthermore, genetic analyses in humans  demonstrated that variations 

in cytochrome P450 (CYP) isoforms contribute to the risk for AD pathology. Additionally, people 



 

 

123 

 

with AD exhibit significantly elevated levels of soluble EH (sEH) in the brain compared to healthy 

individuals 26–29. In addition, a growing body of evidence shows that inhibiting or genetically 

knocking out sEH reduces Aβ plaques and phosphorylated tau in the brain, mitigating AD 

progression in various murine models26,29,30, further indicating that CYP-EH metabolites play a 

critical role in AD pathogenesis.  

Although the relationship between oxylipins, Aβ, and tau in the context of AD has been the 

subject of several studies, much of their reciprocal influence remains poorly understood. This is 

partly due to the complexity of mammalian nervous systems and lipid metabolism, along with the 

associated challenges and costs of working with mammalian and human models in aged-associated 

neurodegeneration. In order to gain a deeper understanding of the interplay between oxylipins, Aβ, 

and tau, and their impact on age-associated neurodegeneration, a more tractable model organism 

that can be adapted to high-throughput studies is needed. The nematode Caenorhabditis elegans 

(C. elegans) offers several advantages in this regard. C. elegans can synthesize a wide range of ω-

3 and ω-6 PUFAs de novo, including the CYP-EH metabolites consisting of epoxy- and dihydroxy-

PUFAs.31 Furthermore, these pathways are highly conserved between humans and C. elegans. The 

nematode also possesses a simple nervous system with neuronal signaling similar to humans, 

making it an excellent model organism for AD and aging research32,33. Furthermore, C. elegans 

share substantial genetic similarity with humans, as approximately 60-80% of its genes have 

human orthologs, in addition to numerous conserved biological pathways, including those 

associated with aging34–38. Various studies demonstrated that molecular routes, protein targets, and 

potential drug candidates identified from C. elegans prove effective in mammalian models and are 

and likely translatable to humans33,36,39–41 The absence of inflammatory cells, microglia, and 

astrocytes in C. elegans also allows for the investigation of Aβ and tau effects on oxylipin profiles 
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independent of neuroinflammation,42,43 which allows us to solely study the effect of CYP-EH 

metabolites on neurons.  

In this study, we aimed to investigate the relationship between oxylipins, Aβ, and tau in the 

context of neurodegeneration using the C. elegans model animal. We examined the oxylipin 

profiles in the presence of Aβ and/or tau expression and their potential role in neurodegenerative 

processes. Furthermore, we explored the therapeutic potential of epoxide hydrolase inhibition as a 

means to modulate oxylipin levels, and we examined their impact on Aβ and tau-mediated 

neurodegeneration. Our findings may provide valuable insights into the complex interplay between 

oxylipins, Aβ, and tau in Alzheimer's disease and contribute to the development of novel 

therapeutic strategies targeting multiple facets of AD pathology. 

2. Results  

To dissect the contribution of tau and Aβ aggregation to AD pathology-related neurotoxicity 

and neurodegeneration, we used C. elegans strains with pan-neuronal expression of human tau and 

Aβ. Although previous studies have reported the phenotypic response changes in C. elegans 

expressing human tau and Aβ, we aimed to first validate that the strains we used effectively exhibit 

neurodegeneration and reduced healthspan in our specific experimental conditions. This validation 

is crucial for ensuring the reliability of our animal model before proceeding with further analyses. 

Once we confirmed the successful expression of tau and Aβ and their impact on neurodegeneration 

and healthspan, we then examined the oxylipin profiles of each strain to gain further insights. 
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2.1. Expression of either Aβ1-42 peptide and/or tau in neurons causes behavioral 

abnormalities.  

To delve into the impact of Aβ or tau expression on neuronal function in C. elegans, we 

utilized the CL2355 and CK1441 strains, respectively, as well as CK1609 for co-expression of Aβ 

and tau 34,44. Due to temperature dependence of human Aβ and tau gene expression in these strains, 

we temperature upshifted form 16C degree to 25C at L4 stage when the nervous system is fully 

developed. Therefore, we were able to avoid the possible effects of Aβ and tau expression on 

neurodevelopment. We first examined the neuronal function in these transgenic strains using 

thrashing behavior performed by placing age-synchronized worms in S-basal solution. We found 

that transgenic worms expressing tau (Tau-Transgenic or Tau-Tg) show significantly less 

thrashing compared to wildtype worms, while the worm expressing Aβ1-42 (Aβ1-42-Tg) experienced 

a mild decline at later ages. These data suggest that there are distinct effects of Aβ and tau in motor 

neurons responsible for thrashing (Figure 1A). Co-expression of Aβ and tau (Aβ1-42/Tau-Tg) 

resulted in a similar trend as the Tau-Tg strain.  These finding aligned with the observation in 

pervious reports34,44. Furthermore, the radian locomotion assay, which tracks the worm movement 

on a solid media rather than in a solution, shows a significant decrease in locomotion behavior in 

strains expressing Aβ and/or tau compared to wildtype (Figure 1B). 
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To further assess the effects of Aβ and/or tau expression on C. elegans neuronal functions, 

we performed a serotonin (5-HT) assay. Dysregulation of serotonin signaling has been implicated 

in various neurological disorders, including Alzheimer's disease and Parkinson's disease. In C. 

elegans serotonin modulates synaptic efficiency in the nervous system and is a major 

neurotransmitter that is involved in the regulation of behaviors in C. elegans including locomotion, 

egg laying, and olfactory learning45–48. Previous studies also demonstrated that 5-HT modulates 

an enhanced slowing response (Worms recently deprived of food move even more slowly in food) 

 

Figure 1: Phenotypic assays. (A) Thrashing of 20-25 worms was measured for 30 sec, (B) Radian locomotion 

(calculated by the distance each worm traveled from the center of seeded plate during 30 mins) was also measured 

(N=3, and 30-50 worms were used for each trial). (C) A 5-HT assay was conducted by transferring 20-25 age-

synchronized worms to a 96-well plate containing 1 mM serotonin/well and scoring the number of active worms 

(, defined as having at least 1 bends/sec) after 10 minutes; (D) A cold tolerance assay was done by transferring 

worms from 250C to 40C. After 24 hours of cold exposure, the plates were returned to 20-25°C and worms were 

allowed to recover for 2-4 hours before scoring survival. In all experiments, the worms were grown at 160C until 

the L4 stage, and then then transferred and kept at 250C to induce Aβ and/or tau expression. For the statistical 

analysis, a one-way analysis of variance (ANOVA) with a Tukey’s post-hoc test used; *P ≤ 0.05, **P ≤ 0.01, ***P 

≤ 0.001, ****P < 0.0001. 
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as an experience dependent behavior in C. elegans, linking between the behavioral and the 

neuronal plasticity45–47. Considering these data, we assessed 5-HT hypersensitivity by placing age-

synchronized worms in a 1 mM serotonin solution and scoring worms that remained mobile after 

10 minutes of exposure44.  All three transgenic mutants exhibited a significantly higher level of 

sensitivity (hypersensitivity) to 5-HT compared to wild-type, indicating the neurotoxicity caused 

by Aβ and/or tau expression in neuronal plasticity and function is at least partially mediated by 5-

HT (Figure 1C).  

The neurotoxicity of Aβ and tau was further examined by performing a cold-tolerance 

assay. In C. elegans, different tissues are involved in cold tolerance including the ASJ and ADL 

sensory neurons, interneurons, muscle cells, and intestinal cells 49–52. Even though the exact 

mechanism is unknown, data suggests that cold tolerance begins with activation of a Ca2+-

dependent endoribonuclease in ASJ and ADL neurons in response to a temperature shift 49,51. 

Subsequently, insulin is secreted from the ASJ and binds to insulin receptors in the intestine and 

neurons51,52. This binding initiates a series of signaling cascades. Ultimately, these cascades lead 

to alterations in Delta 9-desaturase expression51,53,54. These cold-induced lipid adjustments are 

considered to be the key step in cold tolerance51,53,54. Previous studies showed that in the absence 

of signaling from these neurons, worms are resistant to cold temperatures and mutants with broad 

deficiencies in neuronal signaling broadly, or deficiencies in ASJ signaling in particular, are 

resistant to colder temperatures 49,55. To determine whether these transgenic models of 

neurodegenerative disease display defects in sensory signaling, we assayed their level of cold 

tolerance. The effects of Aβ and tau in this assay were assessed by raising the temperature to 25 

°C and measuring their survival rate after a sudden shift to a cold temperature (4°C). As shown in 
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Figure 1D, worms expressing Aβ and/or tau display more cold tolerance compared to the wild 

type, suggesting a defect in neuronal signaling induced by Aβ and tau.  

2.2. Oxylipin analysis alternation upon expression of Aβ and/or tau 

Recent studies suggest that CYP-EH PUFA metabolites influence AD progression, including 

both Aβ and tau-induced neurodegeneration 18,26,29,30. Nonetheless, a substantial portion of their 

mutual influence is yet to be elucidated. This can be attributed to the intricacy of mammalian 

nervous systems and lipid metabolism, as well as the difficulties and expenses associated with 

utilizing mammalian and human models in age-related neurodegeneration. Given these factors, we 

aim to achieve a more comprehensive understanding of the interplay among oxylipins, Aβ, and 

tau, as well as their influence on the observed phenotypic defects upon Aβ and tau expression in 

C. elegans. To do so, we monitor the oxylipin profile of worms upon expression of Aβ and/or tau. 

The oxylipin profiles in transgenic C. elegans expressing Aβ and/or tau in neurons were 

determined by raising worms at 16°C and increasing the temperature to 25°C at the L4 stage. 

Worms were then maintained at 25°C and collected on day 3 of adulthood when tsevere neuronal 

dysfunction phenotypes were observed, and the oxylipin analysis was performed using LC/MS-

MS, according to previously reported procedure 56 (see the experimental section in SI). 

Interestingly, all three transgenic worm strains exhibited a change in the oxylipin profile compared 

to the wildtype (Figure 2A-C and S1 ). By comparing the oxylipin profiles of Tau-Tg strains with 

wildtype, we identified several lipid metabolites that are consistently upregulated or 

downregulated in worms expressing tau compared to WT animals (Figure 2A, and S2). A 

correlation coefficient analysis for the top 22 compounds with the largest changes in the levels 

between WT and Tau-Tg worms was performed (Figure 2D). Of these compounds, 14 had a 

negative correlation coefficient, indicating that their levels tended to decrease in tandem with other  
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Figure 2. Oxylipin analysis of C. elegans expressing Aβ and/or tau. (A-C) heatmaps representing the change in 

different oxylipins in Tau-Tg, Aβ1-42-Tg, Aβ1-42/Tau-Tg strains, respectively, compared to the wildtype. (D) Oxylipin 

correlation with tau expression. (E) volcano plot related to the change in oxylipin level upon in Tau-Tg compared to 

the wildtype strain. (F) Oxylipin correlation with Aβ expression. (G) volcano plot related to change in oxylipin level 

upon in Aβ1-42-Tg compared to the wildtype strain. (H) Oxylipin correlation with co-expression of Aβ and tau. (I) 

Volcano plot related to change in oxylipin level upon in Aβ1-42/Tau-Tg compared to the wildtype. (J-T) Comparison 

of selected oxylipin level among wildtype, Tau-Tg, Aβ1-42-Tg, and Aβ1-42/Tau-Tg. In all experiments, worms were 

grown at 16°C degrees until the L4 stage, then transferred and kept at 250C. Age-synchronized worms were collected 

on day 3 for oxylipin analysis. Statistical analysis: (E, G, and H) Multiple unpaired t-test corrected with Benjamini 

and Hochberg method with FDR=0.05; and (J-T) One-way analysis of variance (ANOVA) with Tukey’s post-hoc test 

was used, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001 
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compounds upon expression of tau. Conversely, 8 compounds had a positive correlation 

coefficient, indicating that their levels tended to increase together. We used a Student’s t-test and 

fold change analysis to determine which compounds had the largest and most significant changes 

in Tg-Tau compared to wildtype (Figure S1-S2). The Studen’ts t-test is useful for identifying small 

yet significant changes in metabolite levels, while the fold change analysis is useful for measuring 

the magnitude of changes in metabolite levels.  We used a volcano plot to visualize and combine 

these approaches and found a total of 10 oxylipin compounds with the largest changes in levels 

while still accounting for statistical variability (Figure 2E). Of these compounds 15-HETE, 9-

HODE, 9,10-DiHOME, and 5,6-DiHETE had the most significant upregulation, and 20-HETE, 

18-HEPE, 17,18 EEQ, 11,12-EEQ, 11,12-DiHETE, 11,12-DHED, and 15,16-DiHODE were the 

most significantly downregulated in Tau-Tg strain compared to the wildtype. 

The strain expressing Aβ also showed changes in several compounds, and the correlation 

coefficient analysis of the top 22 compounds with the largest changes suggests a coordinated 

pattern of oxylipin level changes. (Figure 2B, 2F, and S1). The volcano plot reveals that 15-HETE, 

5,6-DiHETE, 14,15-DiHET are oxylipins that are largely and significantly upregulated, while 20-

HETE, 18-HEPE, 17,18 EEQ, 11,12-EEQ, 8,9-EEQ, 5,6-EEQ, 11,12-DHED are the most 

significantly downregulated in worms expressing Aβ compared to the wildtype (Figure 2G, S1-

S2). Intriguingly, in both the Aβ1-42-Tg and Tau-Tg strains 15-HETE and 5,6-DiHETE are those 

with highest increase, and 20-HETE, 18-HEPE, 17,18 EEQ, 11,12-EEQ, and 11,12-DHED show 

the great decrease. These compounds may play a more important role in the observed phenotypic 

features of these two strains. 

We further analyzed the oxylipin profile of the strain that simultaneously expressed both 

Aβ1-42 and tau genes. Similarly, an overall change in the oxylipin profile was observed in the 
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transgenic worm expressing both Aβ and tau genes, suggesting that expression of these two genes 

could regulate pathways related to the oxidative PUFA metabolism (Figures 2C, and S1). The 

correlation coefficient analysis of the top 22 compounds with the largest changes also supports the 

idea of coordinated changes in oxylipin levels (Figures 2H, and S1). Furthermore, the volcano plot 

shows that hat 15-HETE, 12-HETE, 5-HETE, 9-HODE, 14,15-EEQ, 5,6-DiHETE, 14,15-DiHET, 

and 9,10-DiHOME are the oxylipins that are largely and significantly upregulated, while 20-

HETE, and 15,16-DiHODE are the most significantly downregulated in the Aβ1-42/Tau-Tg strain 

compared to the wildtype (Figures 2I, S1, and S2). Interestingly, all four oxylipins identified with 

more than a two-fold increase in the in Tau-tg are were highly increased in the Aβ1-42/Tau-Tg strain 

compared to the wildtype strain (Figures 2E, I, and J-M). Similarly, all three oxylipins with at least 

a 2-fold increase in Aβ1-42-Tg were also observed in the Aβ1-42/Tau-Tg strain (Figures 2G, I, and 

L-N). Furthermore, 15,16-DiHODE, had a two-fold decrease in the Tau-tg strain, and showed a 

similar decrease in Aβ1-42/Tau-Tg. Lastly, 20-HETE decreased by more two-fold in all the 

transgenic strains (Figures 2E, G, I, P, and Q).  

It is worth mentioning that several variations were observed in the oxylipin profiles among 

the Aβ1-42-Tg, Tau-Tg, and Aβ1-42/Tau-Tg strains, highlighting both similarities and differences in 

their regulatory patterns (Figures 2, and S2 and S3). In comparison between the Aβ1-42-Tg and 

Tau-Tg strains, several oxylipins exhibit congruent regulatory trends in both strains and some 

discrepancies were evident (Figures S2 and S3). For instance, 9,10-DiHOME and 9-HODE levels 

both rise in response to tau expression but remain unchanged by Aβ expression (Figures 2 J and 

K). Conversely, 14,15-DiHET levels were unchanged in the Tau-Tg strain but were upregulated 

in Aβ1-42-Tg stain (Figures 2N). These data suggest that Aβ and tau can exert distinct pathological 

effects on oxylipin metabolism, indicating unique molecular mechanisms underlying the 



 

 

132 

 

contribution of oxylipin metabolism to neurodegeneration. Moreover, the oxylipin profile of the 

Aβ1-42/Tau-Tg strain displays patterns akin to those observed in either Aβ1-42-Tg or Tau-Tg,  

(Figure 2 E, G, and I). However, specific oxylipins show distinct trends (Figures 2, S2, and S3). 

For example, 11,12-DiHET and 14,15-EEQ levels do not undergo significant alterations upon the 

expression of Aβ or tau individually, but both are considerably upregulated when both Aβ and tau 

are expressed concurrently (Figures 2R and S). Additionally, 17,18-EEQ levels exhibit a marked 

decline in response to Aβ or tau expression but experience a notable increase in the presence of 

both Aβ and tau (Figure 2T). These observations suggest a potential synergistic effect of Aβ and 

tau on CYP-EH metabolism, implying that their combined expression may lead to unique 

alterations in oxylipin profiles that differ from the effects of either Aβ or tau alone. This synergy 

could result from the interplay between Aβ and tau proteins, which might modulate CYP-EH 

metabolic pathways in a manner that cannot be predicted by examining the individual effects of 

each protein. Therefore, the combined presence of Aβ and tau may induce novel regulatory 

patterns and potentially unveil new insights into the role of oxylipins in the context of 

neurodegeneration. 

2.3. Inhibition of C. elegans EH rescues neurodegeneration induced by Aβ and/or 

tau: phenotypic study. 

Our previous research, along with that of others, demonstrated that AUDA (an inhibitor of 

EH) effectively inhibits epoxide hydrolase in the C. elegans animal model56,57. Thus, to assess the 

effects of AUDA in our model of AD, age-synchronized worms (wildtype, Tau-Tg and Aβ1-42-Tg, 

and Ab/Tau-Tg) were grown at 16°C and transferred to on OP50 food containing vehicle or AUDA 

(100 µM) at  the L4 stage, followed by a temperature upshift from 16 to 25°C to induce transgene 

expression (See experimental method in SI). We proceeded to evaluate the rescuing effect of EH 
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inhibition in these age-synchronized strains by conducting thrashing, radian locomotion, 5-HT, 

and cold-tolerance assays on days 3 and 5 of adulthood. Worms supplemented with AUDA were 

compared to the vehicle control to determine the impact of EH inhibition on the aforementioned 

parameters. We then assessed the rescuing effect of EH inhibition in these age-synchronized 

strains using thrashing, radian locomotion, 5-HT, and cold-tolerance assays on day 3 and day 5 

adulthood in worm supplemented with AUDA compared to the vehicle. 

As shown in Figure 3A, expression of Aβ and/or au in in Tau-Tg and Aβ1-42-Tg and Aβ1-

42/Tau-Tg strains lead to a neurodegenerative phenotype, observed in the thrashing assay. In 

addition, treatment with AUDA (inhibits C. elegans EH) rescues the neurodegenerative phenotype 

in the Tau-Tg and Aβ1-42-Tg and Aβ1-42/Tau-Tg strains as measured by the thrashing assay. 

However, no significant change was observed in the strain expressing only Aβ1-42. On the other 

hand, the results of the locomotion assay were different, as the AUDA treatment was able to 

significantly improve the radian locomotion score in the Aβ1-42-Tg strain, but not in the Tau-Tg 

strain (Figure 3B). These results suggest that inhibition of C. elegans EH can rescue 

neurodegenerative phenotypes observed in strains that express Aβ or tau through distinct 

pathways.  Furthermore, while the Aβ1-42/Tau-Tg worms treated with AUDA shows higher scores 

in our radian locomotion assay compared to the untreated worms, the rescuing effect is not 

significant in this strain. This result might be due to a more severe locomotion dysfunction in the 

presence of both Aβ and tau genes, which makes it harder for AUDA to completely rescue this 

neurodegenerative phenotype. 
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Interestingly, AUDA treatment also rescued the 5-HT hypersensitivity in all three mutant strains, 

indicating that a CYP-EH pathway is involved in the regulation of serotonin signaling in C. 

elegans, which is consistent with previous research suggesting a role for this pathway in the 

modulation of neurotransmitter function, treatment with AUDA reversed the increased cold 

tolerance in all three mutant strains, bringing their survival rates closer to the wildtype strain 

(Figure 3D). These findings imply that there may be an interaction between the Aβ and tau 

pathways and the epoxide hydrolase pathways, which could collectively contribute to the 

molecular mechanisms underlying the worms’ response to environmental stressors. 

 

 

Figure 3: An epoxide hydrolase inhibitor, AUDA, rescues some phenotypic effects in strains expressing 

Aβ and/or tau. (a) Thrashing was measured using  20-25 worms over30 sec, (b) Radian locomotion was calculated 

by the distance each worm traveled from the center of the seeded plate over 30 mins (N=3, and 30-50 worms were 

used for each trial). (c) 5-HT Assay was performed by transferring 20-25 age-synchronized worms to a 96-well 

plate containing 1 mM serotonin, and scoring the number of active worms (, defined as having at least 1 bends/sec) 

after 10 minutes; (d) Cold Tolerance was done by transferring worms from 25 0C to 4 0C; 48 hours after cold 

exposure, plates were returned to 20-25°C, allowing the worms to recover for 2-4 hours before scoring the 

surviving worms. In all experiments, the worms were grown at 16°C until the L4 stage, then transferred to plates 

with or without AUDA (100 M) and kept at 250C. On a specific day, phenotypic analyses were performed. For 

statistical analysis, a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used. *P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown. 
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2.4. AUDA affects oxylipin profiles in worms expressing Aβ and/or tau 

To further investigate the potential rescuing effects of epoxide hydrolase inhibition, we 

examined the oxylipin profiles of AD strains treated with AUDA. The oxylipin profile of the 

AUDA-treated strains revealed several oxylipins that exhibited consistent upregulation or 

downregulation compared to their non-treated counterparts (Figure 4A). In wildtype worms, 

AUDA treatment led to decreased levels of both epoxy- and dihydroxy-fatty acid metabolites, with 

the most pronounced changes observed for EPA and AA derivatives (Figure 4B and S4). This 

finding is interesting as it suggests that the relationship between epoxide hydrolase activity and 

oxylipin levels might be more intricate than initially anticipated. Specifically, the assumption is 

that inhibiting epoxide hydrolase activity would result in an increase in epoxides and a 

corresponding decrease in diols may not be entirely accurate. This is because there may be other 

pathways involved in the metabolizing the epoxy- and dihydroxy- fatty acid metabolites, and 

feedback regulation of other enzymes may also play a role. Additionally, it is important to note 

that the moderate alterations in the oxylipin profile of wildtype worms treated with AUDA do not 

impact the phenotypic assays, at least in the assays tested in this study, when compared to untreated 

wildtype worms (Figure 3). Intriguingly, we found a completely distinct pattern in the tau-Tg 

strain, where AUDA treatment leads to an upward trajectory of epoxy- and dihydroxy-PUFA 

metabolites, with the most notable changes associated with elevated levels of EPA-derived 

epoxides (Figure 4C and S5). All EEQ regioisomers were substantially increased compared to the 

untreated worms suggesting a crucial role for these oxylipins in the rescuing effect of AUDA in 

the strains expressing tau. Also, we did not observe a significant alternation in dihydroxy-PUFAs 

in the presence of AUDA, except for a rise in 15,16-DiHODE.  
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Figure 4: Oxylipin analysis of C. elegans expressing Aβ and/or tau after treatment with AUDA. (A) A heatmap 

representing the change in different oxylipins in the wildtype, Tau-Tg, Aβ1-42-Tg, and Aβ1-42/Tau-Tg strains, with and 

without AUDA treatment. (B) Epoxy- and dihydroxy-PUFAs with significant changes in the wildtype worm after 

AUDA treatment. (C) Epoxy- and dihydroxy-PUFAs with significant changes in the Tau-Tg strain after AUDA 

treatment. (D) Epoxy- and dihydroxy-PUFAs with significant changes in the Aβ1-42-Tg strain after AUDA treatment. 

(E) Epoxy- and dihydroxy-PUFAs with a significant change in the Aβ1-42/Tau-Tg strain after AUDA treatment. (F) 

Change in the epoxy to dihydroxy ratio in wildtype worm after AUDA treatment. (G) Change in the epoxy to 

dihydroxy ratio in the Tau-Tg strain after AUDA treatment. (H) Change in the epoxy to dihydroxy ratio in the Aβ1-42-

Tg strain after AUDA treatment. (I) Change in the epoxy to dihydroxy ratio in the Aβ1-42/Tau-Tg strain fter AUDA 

treatment. (J) Change in the hydroxy-PUFAs level in the wildtype worm after AUDA treatment. (K) Change in the 

hydroxy-PUFAs level in the Tau-Tg strain after AUDA treatment. (L) Change in the hydroxy-PUFA levels in the Aβ1-

42-Tg strain after AUDA treatment. (M) Change in the hydroxy-PUFA levels in Aβ1-42/Tau-Tg strain after AUDA 

treatment. In all experiments, the worms were grown at 16°C until the L4 stage, and then transferred and kept at 250C. 

Age-synchronized worms were collected at day 3 for the oxylipin analysis. Statistical analysis: Multiple unpaired t-

test corrected with Benjamini and Hochberg method with FDR=0.05; and *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 

< 0.0001.,  
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EH inhibition using AUDA alters the oxylipin profile of the Aβ1-42-Tg strain in a completely 

distinct manner, where the most notable alterations correspond to a reduced concentration of 

dihydroxy-PUFAs. No substantial increase in Ep-PUFAs was detected, except for 12,13-EpOME 

(Figure 4C and S6). The distinct changes in the oxylipin profiles fter AUDA treatment in the Tau-

Tg and Aβ1-42-Tg strains highlight the unique role of oxylipins in the context of tau and Aβ-induced 

neurodegeneration, suggesting that the underlying mechanisms of neurodegeneration may differ 

between the two strains.  

The greatest number of oxylipin changes was observed in the Aβ1-42/Tau-Tg strain. For 

instance, the levels of 5,6-EEQ, 8,9-EEQ, and 11,12-EEQ increased, whereas the level of 17,18-

EEQ decreased by about fifty percent. Their corresponding diols levels also shifted differently, as 

8,9-DiHETE decreased, 5,6- DiHETE and 11,12- DiHETE remained almost the unchanged, and-  

levels of 17,18-DiHETE increased in presence of AUDA (Figure 4E and S7). Combined with the 

altered oxylipin profile upon co-expression of Aβ and tau, where levels of both 8,9-EEQ and 

11,12-EEQ decreased while 17,18-EEQ increased (Figure 2H), this suggests that these metabolites 

may have a vital role in the neurodegenerative process and may contribute to the protective effects 

of AUDA. A similar trend was observed for LA-derived metabolites, where EH inhibition results 

in elevated levels of 9,10-EpOME and a decrease in its corresponding diol, 9,10-DiHOME, which 

was increased upon simultaneous expression of Aβ and tau.  The other regioisomer only showed 

a decrease in the dihydroxy metabolite, while the levels of corresponding epoxy metabolite 

remained unchanged (Figure 4E, 2H, and S7). These findings further substantiate the notion that 

the neuroprotective effects of AUDA primarily stem from modulation of oxylipin metabolite levels 

by inhibiting epoxide hydrolase activity, and compensatory mechanisms and other factors may 

play a role in regulating these oxylipin levels.  
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To further explore the effects of EH inhibition using AUDA, we analyzed the epoxy to 

dihydroxy ratio, which is generally considered a marker of sEH inhibition in vivo59,60. Wildtype 

worms treated with AUDA exhibit an overall increase in the epoxy to dihydroxy ratio, although 

none of the individual metabolites show significant changes (according to the unpaired test with 

FDR=0.05) (Figure 4F, and S8). In the Tau-Tg strain treated with AUDA, the epoxy to dihydroxy 

ratio of different metabolites tends to increase, the most significant being 8,9-EEQ/DiHETE, 

11,12- EEQ/DiHETE and 14,15- EEQ/DiHETE. These data suggest that these regioisomers may 

play a pivotal role in the rescuing effect of AUDA on tau-induced neurodegeneration (Figure 4G, 

and S9). The Aβ1-42-Tg strain treated with AUDA showed a general increase in the epoxy-to-

dihydroxy ratio, with the most notable changes related to 8,9-EEQ/DiHETE, 14,15-EET/DiHET, 

and 12,13-EpOME/DiHOME (Figure 4H, and S10). This finding suggests that the effect of AUDA 

on the oxylipin profile is somewhat specific to certain metabolites in this strain, and the rescuing 

effect is through regulation of different downstream pathways. On the other hand, the Aβ1-42/Tau-

Tg strain exhibits a marked enhancement in the level of several epoxy to dihydroxy ratios, 

including (i) EPA metabolites: 5,6-EEQ/DiHETE, 8,9-EEQ/DiHETE, 11,12-EEQ/DiHETE,  (ii) 

AA-metabolites: 11,12-EET/DiHET, 14,15-EET/DiHET, (iii) DGLA metabolites: 

14,15EED/DHED, and (iv) a LA metabolite: 9,10-EpoME/DiHOME (Figure 4I, S11). This result 

further supports the idea that the general trend in the effect of EH inhibition is increasing epoxy to 

dihydroxy, however, the genotype of the strain can influence how AUDA affects metabolic 

pathways. In other words, the response to AUDA treatment depends on the specific molecular 

pathways involved in the pathology of the strain. Furthermore, a greater number of metabolites 

showed significant changes in the Aβ1-42/Tau-Tg treated with AUDA compared to other strains, 

implying that EH inhibition by AUDA is more effective in modulating oxylipin metabolite levels 
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in strains with higher levels of neurodegeneration. This change might be due to the increased 

expression of EH in these strains, which amplifies the impact of AUDA treatment. similar trend 

could be found when comparing Aβ1-42-Tg and Tau-Tg with wildtype in response to the AUDA. 

This conclusion is supported by previous research that has reported a correlation between elevated 

EH expression and neurodegenerative conditions61–65.  

We also tracked the hydroxy-PUFA levels in all mutants after treatment with AUDA. In 

wildtype worms, AUDA treatment induced changes in the hydroxy fatty acid levels, with a 

statistically significant decrease in 15(S)-HETE (according to the unpaired multiple t-test with 

FDR=0.05) (Figure 4J and S12). The Tau-Tg strain also exhibited alternations in hydroxy-PUFA 

levels in response to AUDA treatment, with the most significant changes related to an increase in 

20-HETE (Figure 4K and S13).  While we observed only one hydroxy-PUFA with a significant 

change in the tau-tg strain in the presence of AUDA, both the Aβ1-42-Tg and the Aβ1-42/Tau-Tg 

strain displayed several hydroxy-PUFAs with altered levels after AUDA treatment (Figure 4L, M, 

S14, and S15). The levels of 20-HETE, 19-HETE, 15(S)-HETE, 9-HODE, and 15-HEPE 

consistently increased in both strains, suggesting a possible common mechanism that influences 

these metabolites. Furthermore, both Aβ1-42-Tg and Aβ1-42/Tau-Tg strains experienced a decrease 

in the 15-HETE level, highlighting another potential overlap in the treatment response among these 

strains. Additionally, 13-HODE, 12-HEPE, 5-HEPE showed a significant upward pattern 

exclusively in Aβ strain, which may indicate a unique aspect of the Aβ1-42-Tg strain response to 

AUDA treatment, which warrants further investigation.  These findings emphasize the complex 

effects of AUDA treatment on hydroxy-PUFA levels and point to possible indirect influences on 

other enzymatic pathways or feedback regulation mechanisms. Further research is necessary to 

determine the potential roles of these changes in the rescuing effects of AUDA and to elucidate 
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the precise mechanisms underlying the observed alterations in hydroxy-PUFA levels in the context 

of neurodegenerative diseases. 

3. Discussion 

In this study, we used transgenic C. elegans strains expressing human Aβ and/or tau to 

investigate their effects on neuronal function and their impact on oxylipin metabolism. We found 

that worms expressing Aβ and/or tau exhibited significant differences in neuronal function 

compared to wild-type animals. In particular, Aβ and/or tau expression resulted in a decrease in 

both thrashing and locomotion behavior, indicating a deficiency in locomotor neurons. In addition, 

transgenic strains were found to have higher levels of serotonin hypersensitivity and more 

tolerance to downshifts in temperature, suggesting defects in sensory signaling as a result of Aβ 

and/or tau expression.  

Our oxylipin profiling revealed that several compounds were consistently upregulated or 

downregulated in worms expressing Aβ or tau compared to wild-type animals. Notably, 15-HETE, 

and 5,6-DiHETE were significantly upregulated in both strains, while 9-HODE, and 9,10-

DiHOME were significantly elevated in the tau strain, and 14,15-DiHETE was significantly 

upregulated in the Aβ strain. We also found that 20-HETE, 18-HEPE, 17,18-EEQ, 11,12-EEQ, 

11,12-DiHED, were significantly downregulated in both Aβ and tau strains, whereas 5,6-EEQ and 

8,9-EEQ were only significantly increased in the Aβ1-42-Tg strain. Furthermore, 11,12-DiHETE 

and 9,10-DiHODE are only elevated in the Tau-Tg strain compared to the wildtype. Intriguingly, 

all oxylipins identified with high upregulation in either the Tau-Tg or Aβ1-42-Tg strains are also 

increased in the Aβ1-42/Tau-Tg strain in addition to 14,15-EEQ, 5-HETE, and 12-HETE. Together 

with different oxylipin downregulation trends in the Aβ1-42/Tau-Tg strain, this data suggesst a 

possible synergic effect of Aβ and tau on CYP-EH related pathways. Notably, some of these 

oxylipins have been previously implicated in functioning in cellular mechanism either directly or 
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by activating receptors such as transient receptors, peroxisome proliferator-activated receptors, 

and G-protein coupled receptors, indicating their pivotal function in inflammation, oxidative 

stress, apoptosis, autophagy and ferroptosis, which highlighting their potential role in 

neurodegeneration18,66–70. For instance, 9,10-DiHOMEs have been found to cause toxicity by 

disrupting mitochondrial functions, and 9-HODE contributes to sensitizing the TRPV1 channel in 

sensory neurons and causing mechanical and thermal hypersensitivity in vivo71–73 Both of these 

oxylipins levels were significantly elevated in the Tau-Tg and Aβ1-42/Tau-Tg strains. Furthermore, 

5,6-DiHETE was increased in all three mutant strains, and 14,15-DiHETE, which was increased 

in the Aβ1-42-Tg and Aβ1-42/Tau-Tg stains, were also found to be increased in patients with AD.  

An increase in sEH, an ortholog of C. elegans EH, expression has been observed in the 

brain of patients with various neurological disorders, including depression 74, schizophrenia 75, 

Parkinson’s disease 76, and recently AD 29,30. Studies demonstrated that genetic deletion or 

pharmacological inhibition of sEH can yield beneficial effects in mouse models of these 

diseases. Specifically, sEH inhibitors exhibited positive outcomes in two distinct AD mouse 

models, the senescence-accelerated prone mice (SAMP8) and five familial AD (5xFAD) mice, 

where the inhibitors alleviated cognitive impairment, reduced neuroinflammation, and mitigated 

key pathological features, such as tau hyperphosphorylation and amyloid burden 29. Ghosh et al. 

found elevated sEH levels in the brains of AD patients and in an amyloid mouse model of AD, 

suggesting that sEH blockade can replenish epoxy lipids and counteract neuroinflammation26. 

Treatment of AD mice with a small molecule sEH inhibitor led to restoration of epoxy lipids, a 

reduction in neuroinflammation and amyloid pathology, and an improvement in cognitive 

function. In our previous research, we discovered that inhibiting epoxide hydrolase (EH) in C. 

elegans could rescue neurodegeneration induced by ferroptosis 56.  
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With this in mind, we sought to explore whether pharmacological inhibition of epoxide 

hydrolase could offer a protective effect against neurodegeneration in a C. elegans model of AD. 

We found that administration of an EH inhibitor, AUDA, rescued neuronal function in all three 

mutant strains, with improvements observed in thrashing and locomotion behavior, as well as 

reduced serotonin hypersensitivity and increased sensitivity to temperature shifts. Additionally, 

oxylipin profiling revealed significant changes in the levels of several oxylipins in response to 

AUDA treatment. These changes were not solely in the direction of increasing Ep-PUFAs and 

decreasing dihydroxy-PUFA, as one might predict. Thus, we used the epoxy to dihydroxy ratio to 

further explore the effects of AUDA. Interestingly, while no significant change was found in the 

epoxy to dihydroxy ratio of wildtype treated with AUDA, the Aβ1-42-Tg strain exhibited a 

significant increase in 8,9-EEQ/DiHETE, 14,15-EET/DiHET, and 12,13-EpOME/DiHOME 

rations. The most significant changes in the Tau-Tg strain were related to an increase in different 

regioisomers of 5,6-, 8,9-, and 11,12-EEQ/DiHETE. The distinct changes in the oxylipin profiles 

upon AUDA treatment for the Tau-Tg and Aβ1-42-Tg strains suggest that the underlying 

mechanisms of neurodegeneration may differ between the two strains. Overall, AUDA treatment 

in the Tau-Tg treatment primarily led to increased levels of Ep-PUFAs, in particular EPA-derived 

epoxides. Meanwhile, treatment with AUDA in the Aβ1-42-Tg strain resulted in decreased levels 

of dihydroxy-PUFAs without a significant increase in most Ep-PUFAs. These observations 

highlight the unique roles of oxylipins in the context of tau and Aβ-induced neurodegeneration, 

indicating the complexity of their interactions. On the other hand, in the Aβ1-42/Tau-Tg strain 

AUDA treatment led to a significant increase in the epoxy to dihydroxy ratio for several PUFAs, 

which included the changes observed in the Aβ1-42-Tg, and Tau-Tg strains. This observation could 

suggest that the AUDA inhibition of EH is more effective at modulating oxylipin metabolite levels 
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in strains with higher levels of neurodegeneration. Furthermore, we found an elevated EET to 

DiHET ratio following AUDA treatment. This intriguing observation echoes findings in several 

mammalian neurodegeneration studies, where inhibiting soluble EH has successfully mitigated 

Aβ-induced neurodegeneration and brain tissue damage in mouse models, with elevations in the 

EET to DiHET ratio 77–79. This finding further highlights the immense potential of our 

methodology for delving deeper into the neuroprotective effects of EH inhibitors and the role of 

oxylipins in neurodegeneration. Also, it paves the way for translating our discoveries in C. elegans 

to mammalian models, opening new avenues for identifying and exploring the significance of key 

CYP-EH metabolites.  

Another interesting finding was related to the change in the hydroxy-PUFA levels after 

AUDA treatment. For instance, while the levels of 20-HETE significantly decreased after 

expression of Aβ and/or tau, the AUDA treatment causes a 2-to-4-fold decrease in 20-HETE levels 

in all transgenic strains. Also, while the 15-HETE levels are increased upon expression of Aβ 

and/or tau, and treatment with AUDA significantly decreases this hydroxy PUFA level in the Aβ1-

42-Tg and Aβ1-42/Tau-Tg, but not in the Tau-Tg strain. It is also worth mentioning that the hydroxy-

PUFAs identified in this study are predominantly produced through three primary pathways in 

mammals: (i) LOX enzymes, (ii) non-enzymatic oxidation, and (iii) CYP450 enzymes. As there 

are no LOX homologues in C. elegans, the production of these hydroxy-PUFAs is likely driven 

mainly by non-enzymatic oxidation or CYP450 pathways in this organism18,80,81. Previous studies 

have shown increased levels of oxidative stress upon expression of Aβ and tau82–84. Therefore, in 

a simplified model, a higher level of oxidative stress could result in an overall increase in hydroxy-

PUFAs. However, while levels of some compounds, such as 9-HODE, 15-HETE, and 12-HETE, 

trended upward after Aβ and tau expression, others, like 20-HETE and 18-HEPE, trended 
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downward. This observation suggests that the changes in hydroxy-PUFA levels may not be solely 

mediated by oxidative stress but could instead be (i) primarily regulated by enzymatic pathways 

related to CYP450 or (ii) an unidentified enzyme with lipoxygenase activity, or (iii) due to indirect 

influences on other enzymatic pathways or feedback regulation mechanisms. Although a decrease 

in oxidation 85 and, consequently, reduced hydroxy-PUFA levels might be anticipated, our results 

show otherwise, as most hydroxy-PUFAs with significant changes after AUDA treatment 

exhibited an increasing trend. These findings emphasize the complex effects of AUDA treatment 

on hydroxy-PUFA levels and point to possible indirect influences on other enzymatic pathways or 

feedback regulation mechanisms. Further research is necessary to determine the potential roles of 

these changes in the rescuing effect of AUDA and to elucidate the precise mechanisms underlying 

the observed alterations in hydroxy-PUFA levels in the context of neurodegenerative diseases. 

This study underscores the significance of using oxylipin analysis for enhancing our 

comprehension of the impact of Aβ and/or tau on neurodegeneration, as well as the therapeutic 

potential of epoxide hydrolase inhibition. A constraint of our research was that we could not use a 

higher concentration of AUDA, to see where we could reach to the maximum rescuing effect, 

primarily due to its limited solubility. Our team is currently focused on refining various epoxide 

hydrolase inhibitors to optimize their properties, including solubility. This approach will enable us 

to investigate their physiological effects and develop superior therapeutic compounds. 

Furthermore, several studies, encompassing those carried out by other research groups, have 

delved into the neurodegeneration induced by amyloid beta and/or tau in specific neurons by 

scrutinizing neuronal morphology. Although beyond the scope of the present paper, our 

preliminary data suggest that AUDA may alleviate tau-induced neurodegeneration in 

glutamatergic neurons (Figure S16). Further research is needed to corroborate these findings and 
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extend our understanding of the complex interplay between Aβ, tau, and CYP-EH metabolites in 

neurodegeneration. 

4. Conclusion 

 In conclusion, our study elucidated an intricate relationship between oxylipins, Aβ, and 

tau in the context of neurodegeneration using the C. elegans model. Our findings highlighted the 

significance of oxylipin analysis in enhancing our understanding of the impact of Aβ and tau on 

neurodegeneration, and the potential therapeutic implications of epoxide hydrolase inhibition. By 

uncovering the complex interplay between lipid mediators and key pathological hallmarks of 

Alzheimer's disease, this research contributes valuable insights to the field and paves the way for 

the development of novel therapeutic strategies targeting multiple aspects of AD pathology. Future 

studies should build upon these findings to investigate the precise molecular mechanisms 

underlying the effects of oxylipins on Aβ and tau-mediated neurodegeneration and to develop 

targeted interventions that can effectively modulate oxylipin levels to improve the outcomes for 

individuals affected by Alzheimer's disease. 
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Chapter 4. PHARMACOLOGICAL INHIBITION VS GENETIC KNOCKOUT 

OF EPOXIDE HYDROLASE: A FUTURE DIRECTION IN STUDYING AGING 

AND PUFA METABOLITES RELATION 
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ABSTRACT 

 This chapter delves into the effects of epoxide hydrolase (EH) inhibition on the lifespan, 

healthspan, and reproduction of Caenorhabditis elegans (C. elegans) and examines the 

corresponding alterations in oxylipin profiles. We investigated pharmacological inhibition using 

AUDA and genetic knockouts of ceeh-1 and ceeh-2, comparing their effects with vehicle-treated 

wild-type worms. The egg-laying capacity and oxylipin profiles of these experimental groups were 

also examined. In order to further explore the potential influence of CYP-EH metabolites on aging 

and reproduction decline, we employed LC-MS/MS analysis, discussing Ep-PUFA and dihydroxy-

PUFAs and their ratios in relation to EH enzyme function. Despite observing complex alterations 

in various PUFA metabolites and their potential signaling pathways, the specific CYP-EH 

metabolites responsible for the observed aging phenomena remain to be identified. To address the 

experimental challenges in manual phenotypic and lifespan analysis, we discuss the use of 

chemical reproduction inhibitors, such as 5-fluoro-2-deoxyuridine (FUDR), and microfluidic 

devices for progeny elimination and age-synchronization. This chapter sets the stage for future 

research in understanding the role of CYP-EH metabolites in aging using the C. elegans model 

and explores potential techniques to streamline the experimental process. 
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1. Introduction: 

1.1. Overview on different epoxide hydrolase enzymes 

Epoxide hydrolases (EHs) have been found in prokaryotes and eukaryotes ranging from 

plants to mammals. EHs are enzymes that catalyze the hydrolysis of epoxides, which are three-

membered ring organic compounds with oxygen. Epoxide hydrolases play an important role in 

organismal physiology including both detoxification and homeostasis in the body. They 

metabolize a variety of natural and synthetic compounds, including drugs, toxins, and hormones; 

as well as endogenous molecules such as epoxy polyunsaturated fatty acids (Ep-PUFAs) generated 

by cytochrome P450 enzymes (CYPs)1,2.  Deficiencies in epoxide hydrolases have been linked to 

various human diseases including cancer and neurological disorders, implying EHs as potential 

therapeutic targets1,3–5. 

Based on genetic analysis in mammal, four different EHs have been identified: microsomal 

epoxide hydrolase (mEH, EPHX1), soluble epoxide hydrolase (sEH, EPHX2), EH3 (EPHX3), and 

EH4 (EPHX4) 1,6.The mEH and sEH enzymes are members of the alpha/beta hydrolase 

superfamily and share a similar overall structure, with a core domain comprising of eight 

antiparallel beta-strands connected by alpha-helices and an adjustable lid domain1,6,7. Interestingly, 

mEH and sEH have different substrate specificities and functions1,7,8.  

Microsomal epoxide hydrolase (mEH) is a membrane-bound enzyme encoded by the 

EPHX1 gene9.  EPHX1 is primarily expressed in the liver, although it is also found at lower levels 

in other tissues such as the brain, skin, lung, and gastrointestinal tract10.  One of the primary 

functions of EPHX1 is to detoxify the body by converting epoxide containing xenobiotic substrates 

into corresponding more polar 1,2-diol metabolites, which can then be eliminated from the body11. 

This metabolism helps to protect cells against genotoxic and cytotoxic compounds. However, 
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EPHX1 can also activate certain carcinogens by converting them into reactive metabolites that can 

cause DNA damage and potentially lead to cancer12–14. In addition to its detoxification function, 

EPHX1 has been shown to play a role in several organ-specific physiological responses. For 

example, EPHX1 regulates the metabolism of steroid hormones such as glucocorticoids (involved 

in stress response), androgens (involved in male sexual development and function), and estrogens 

(involved in female sexual development and function)6,15,16. EPHX1 has also been shown to 

regulate the endocannabinoid signaling pathway by metabolizing the endocannabinoid 2-

arachidonoylglycerol (2-AG) into free arachidonic acid (AA) and glycerol17. AA can then be 

further metabolized into eicosanoids, which are involved in processes such as inflammation, 

vasodilation, and cell growth18. EPHX1 knock-out mice, are generally phenotypically normal and 

do not display any obvious physical or behavioral abnormalities19. However, these enzymes are 

unable to metabolize some carcinogens, such as 7,12-dimethylbenz[a]anthracene, and therefore 

are resistant to some carcinogen-induced skin cancer19. This evidence corroborates the study that 

shows EPHX1 expression was found to be high in 89% of tumor samples in primary operable 

breast cancer20. On the other hand, mice carrying a gain-of-function variant of EPHX1 did not 

show any obvious physical or behavioral abnormalities21. However, they did show an increased 

rate of detoxification, and they metabolize endogenous EETs faster in different tissues.  

Soluble epoxide hydrolase (sEH) is a 62 kDa homodimeric bifunctional enzyme encoded 

by the EPHX2 gene. It is in intracellular environments, including the cytosol and peroxisomes, 

and is highly expressed in the liver, kidney, and heart.  sEH has a high catalytic rate for the 

hydrolysis of aliphatic epoxides, with an unknown role in xenobiotic metabolism5,6,22,23. Extensive 

details of sEH expression, function, and structure  can be found in Chapter 1. 
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There are few studies on two others EH enzymes EH3 and EH4.  EH3 is a 41 kDa (360 

residues) protein encoded by the EPHX3 gene, and its microsomal properties have been identified 

by a related gene in insect cells5. The EPHX3 protein has a low level of similarity in its sequence 

compared to the EPHX1 and EPHX2 proteins, with protein sequence identities of 22% and 29% 

respectively6,24. However, it has a higher level of similarity in its sequence to the EPHX4 protein, 

with a protein sequence identity of 45%5. EPHX3 is localized to thean endoplasmic reticulum by 

an N-terminal transmembrane anchor.24,25.  EPHX3 ccan catalyzes the hydrolysis of several EETs, 

EpOMEs, and leukotoxin with different regioselectivity as compared to EPHX1 and EPHX224–26. 

While the in vivo test could not show the It has been shown that EPHX3 is capable of hydrolyzing 

both EETs and EpOMEs in in vitro tests. However, the authors did not observe the same results in 

vivo, suggesting that other metabolic pathways may be responsible for the metabolism of EpFAs 

in living organisms. In vitro tests have demonstrated that EPHX3 is capable of hydrolyzing both 

EETs and EpOMEs. However, in vivo tests confirm the enzyme's hydrolyzing capability only for 

EETs, not for EpOMEs24,25,27. This discrepancy between in vitro and in vivo finding could be be 

attributed to factors such as the enzyme location within cells or its binding to cellular membranes 

that may prevent it from effectively interacting with free epoxide substrates in the body, thereby 

hindering enzyme engagement with these substances in in vivo tests25,28. EPHX3 has also been 

shown to play a role in the formation of the water permeability barrier in the epidermis by 

catalyzing the hydrolysis of epoxide intermediates from the lipoxygenase pathway into linoleate 

triols, and its expression has been silenced in some types of cancer29–31. It can be inhibited by 

certain urea derivatives, which were originally developed as selective inhibitors of EPHX224. On 

the other hand, EH4 is a 42 kDa (362 residue) protein encoded by the EPHX4 gene located on 

chromosome 1p22.124. It is highly expressed in the brain, and its function is not well understood1,6. 
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However, it has been identified as a possible factor in various physiological activities. For 

example, EH4 is enriched in lipid droplets from sebaceous glands and the reduction of Ephx4 

results in increased sebaceous lipids32. Additionally, the Ephx4 gene is among several genes that 

are modified in a rare tumor called Pseudomyxoma peritonei, while the specific role of Ephx4 in 

carcinogen is not understood33. its high homology with two EHs in C. elegans suggests that it may 

have important physiological activity in the brain34.  Further information on epoxide hydrolase, 

their structure, mechanism, and expression levels can be found in chapter 1. 

1.2. Epoxide hydrolase as a therapeutic target for different diseases  

There are two different types of inhibitors that target distinct activities of a bifunctional 

enzyme: one targets the C-terminus epoxide hydrolase activity, while the other targets the N-

terminus phosphatase activity1,35. In this context, the primary focus is on inhibitors affecting the 

C-terminus, specifically those that interfere with epoxide hydrolase function. These inhibitors act 

on enzymes responsible for catalyzing the transformation of epoxides into diols, thus modulating 

their activity. These inhibitors have been studied for their potential therapeutic effects in a variety 

of diseases. In the first chapter the EH inhibition effects on different neurodegenerative diseases 

are explained in detail. The potential benefits of epoxide hydrolase inhibitors are summarized in 

Table 1. 

 

 

 

 

 

 



 

 

161 

 

Table 1. The potential benefits of epoxide hydrolase inhibitors in different disease 

Disease Type Treatment or 

Beneficial Effect 

Explanation Ref. 

 

 

Hypertension 

 

Lowering blood 

pressure 

This is based on the role of epoxides in the regulation of renal and vascular 

function, and on the fact that epoxide hydrolase inhibitors have been 

shown to lower blood pressure in animal models of hypertension. 

However, clinical trials have so far been inconclusive, and the 

effectiveness of epoxide hydrolase inhibitors in treating hypertension in 

humans remains uncertain. 

 

 
36–

40 

 

 

Atherosclerosis 

 

Improving blood 

flow and reducing 

inflammation 

sEH inhibitors are effective as an antiatherosclerosis therapy in murine 

models and for improving blood flow and reducing inflammation in 

models of stroke and myocardial infarction. This may be due to the ability 

of epoxides to dilate coronary arterioles and inhibit leukocyte adhesion to 

the vascular wall. 

 

 
41–

44 
Pulmonary 

Diseases 

Reducing lung 

inflammation 

EETs elevation by EH inhibition have been reported to reduce 

bronchoconstriction and inflammation in murine models of asthma. 
 

45–

49 
 

Diabetes 

Reducing 

inflammation and 

improving insulin 

sensitivity 

 

sEH inhibitors have shown promise in improving insulin sensitivity and 

reducing inflammation in murine models of diabetes. 

 
50–

54 

 

Pain 

Reducing 

inflammation and 

pain 

sEH inhibitors have shown efficacy in reducing pain in various animal 

models of pain. Also shown to synergize activity of COX and 5-

lipoxygenase (5-LOX) inhibitors. 

 
55–

58 
Inflammation Reducing 

inflammation and 

pain 

sEH inhibitors have shown efficacy in reducing inflammation in various 

animal models of inflammation. This might be due to inhibition the 

expression of cytokines and adhesion molecules in endothelial cells by 

some epoxides. 

 
5,59–

61 

 

Immunological 

Disorders 

Treating 

immunological 

disorders 

sEH inhibitors have shown promise in reducing inflammation in various 

animal models of immune disorders, such as allergies and asthma. This 

could be because of the ability of epoxides to modulate immune 

responses, including the production of cytokines and the activation of 

immune cells. 

 
62–

65 

Smooth Muscle 

Disorders 

Treating smooth 

muscle disorders 

sEH inhibitors may have a role in the treatment of smooth muscle 

disorders through the modulation of EET levels. 

41 

 

Renal disease 

Reduced 

inflammation and 

improved kidney 

function 

EETs inhibit inflammation and improve renal function by reducing 

leukocyte infiltration and decreasing the expression of adhesion 

molecules 

66,67 

 

Neurodegeneratio

n 

Reduced 

inflammation and 

decrease neuronal 

defect 

Soluble epoxide hydrolase deficiency or inhibition attenuates 

neurodegeneration induced by different toxicants such as MPTP in animal 

model; possibly through stabilizing Ep-PUFA level 

 
68–

71 

Other Indications  sEH inhibitors have shown potential in a variety of different disease 3,5,7

2–74 

 

Several clinical trials using inhibitors of the EPHX2 enzyme have been conducted over the last 

decade75, and results from these trials have shown that pharmacological inhibition of EPHX2 is 

generally safe, with minimal serious adverse effects reported (See Table 2). Among them One 
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trial (NCT03486223) is investigating (i) whether a genetic variant in EPHX2 (p.Arg287Gln) is 

associated with insulin sensitivity and evaluating the effects of EPHX2 inhibition, by  

Table 2. Some clinical trials studies related to epoxide hydrolase. 

Case Title Conditions Intervention

s 

Phases Collaborators Completion 

Date 

Ref. 

NCT05575713 The Effect of Soluble Epoxide 

Hydrolase (SEH) on 

Depression 

Major Depressive 

Disorder 

N/A N/A Nanfang Hospital of 

Southern Medical 

University 

 

Jun-2023 

 

76 
NCT00654966 

 

Evaluation of the Effects of 

Urotensin-II and Soluble 

Epoxide Hydrolase Inhibitors 

on Skin Microvessel Tone in 

Patients With Heart Failure, 

and in Healthy Volunteers 

Heart Failure Drug: 

Urotensine 

II|Drug: 

Soluble 

epoxide 

hydrolase 

 

 

2 

 

 

Monash University, 

Australia 

 

 

Dec-2010 

 

 

77 

NCT03486223 Soluble Epoxide Hydrolase 

Inhibition and Insulin 

Resistance 

Diabetes 

Mellitus|Endocrine 

System 

Diseases|Glucose 

Metabolism 

Disorders|PreDiabet

es|Obesity 

Drug: 

GSK2256294|

Drug: Placebo 

oral capsule 

 

 

2 

Vanderbilt 

University Medical 

Center, 

 NIA,  

NIDDK 

 

 

Nov-2021 

 

 

78 

NCT03318783 Subarachnoid Hemorrhage and 

Soluble Epoxide Hydrolase 

Inhibition Trial 

Subarachnoid 

Hemorrhage, 

Aneurysmal|Delaye

d Cerebral 

Ischemia|Vasospas

m, 

Cerebral|Endothelia

l Dysfunction 

Drug: 

GSK2256294|

Drug: Placebo 

 

 

 

1 and 2 

-Oregon Health and 

Science University 

 

-FAER 

 

-GlaxoSmithKline 

 

 

 

Jan-2020 

 

 

79 

NCT00847899 Evaluation of Soluble Epoxide 

Hydrolase (s-EH) Inhibitor in 

Patients With Mild to 

Moderate Hypertension and 

Impaired Glucose Tolerance 

Hypertension|Impai

red Glucose 

Tolerance 

Drug: 

AR9281|Drug: 

Placebo 

 

 

2 

 

 

Arete Therapeutics 

 

 

Nov-09 

 

80 

NCT01762774 A Study to Assess the Safety, 

Tolerability, Pharmacokinetics 

and Pharmacodynamics of 

Single Doses of GSK2256294 

in Healthy Volunteers, and 

Single and Repeat Doses of 

GSK2256294 in Adult Male 

Moderately Obese Smokers 

Pulmonary Disease, 

Chronic 

Obstructive 

Drug: 

GSK2256294|

Drug: Placebo 

 

 

 

 

1 

 

 

 

GlaxoSmithKline 

 

 

 

May-2014 

 

 

81 

NCT03100656 A Study to Investigate the 

Safety and Pharmacokinetics of 

a Single Dose of GSK2256294 

in Healthy Young Males and 

Elderly Subjects 

Pulmonary Disease, 

Chronic Obstructive 

Drug: 

GSK2256294 

 

     1 

UC, San Diego, UC 

Davis, University of 

Toronto 

 

 

May-2014 

 

82 

 

GSK2256294 inhibitor, on type 2 diabetes78. The second trial (NCT03318783) is evaluating 

the efficacy of EPHX2 inhibition in patients with aneurysmal subarachnoid hemorrhage74,79. 

Furthermore, despite many examples of the therapeutic effect of EH inhibition, there have been 

challenges in translating these findings to the clinic, including lack of efficacy in a human clinical 

trial with clinical candidate AR9281. Besides, the influence of various factors such as dietary status 

and genetic variation on the effects of sEH inhibitors remains understudied despite the fact that 
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the epoxy fatty acid and dihydroxy fatty acid, the potential endogenous substrate and product of 

sEH respectively, are greatly affected by the dietary lipid level 75,83–85. 

1.3. Epoxide hydrolase inhibitors: 

Soluble epoxide hydrolase inhibitors are a class of compounds that have been investigated 

for their potential use in treating a variety of diseases, including hypertension, cancer, 

dyslipidemia, pain, immunological disorders, neurological diseases, diabetes, and eye diseases 

(Table 1). The most potent sEH inhibitors are urea, carbamate, and amide derivatives, which work 

by forming hydrogen bonds with specific amino acid residues in the enzyme(Figure 1)22,86–89.  

 
Figure 1. soluble epoxide hydrolase inhibitor structures and binding to the enzymatic pocket. A | The structure of 

the sEH enzymatic pocket with bound sEHI, trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-

AUCB). The residue Tyr465 is omitted for clarity. The structure was prepared using Scigress Explorer Standard 

version 7.7.0.49, the atomic coordinates of the human sEH were retrieved from the Protein Data Bank (PDB number 

1VJ5) and the image was produced using freewares VMD 1.8.6 and POV-Ray 3.6. The key amino-acid residues that 

form the binding site for the sEHI are shown. Ba | The compound 12-(3-adamantan-1-yl-ureido) dodecanoic acid 

(AUDA) contains the central pharmacophore that forms multiple hydrogen bonds in the enzyme catalytic site. Urea, 

amide and carbamate substituents have been used for the central pharmacophore. The R1 or left side of the molecule 

rests in a hydrophobic pocket of the sEH catalytic tunnel. The hydrophobic right side of AUDA was designed to mimic 

14,15-epoxyeicosatrienoic acid (EET). AUDA is a highly potent sEHI but must be formulated carefully for use in 

vivo. Bb | 1-trifluoromethoxyphenyl-3- (1-acetylpiperidin-4-yl)urea (TPAU) is a potent sEHI, illustrating that a polar 

secondary pharmacophore 7–8 Å from the central pharmacophore increases solubility while maintaining potency. It 

has a piperidine linker group between the central pharmacophore and secondary pharmacophore. Bc | t-AUCB has an 

ether as the secondary pharmacophore, with an R2 on the right side reaching towards the enzyme surface and 

mimicking the carboxylate of EETs. The cis isomer (not shown) is also an active sEHI. Both TPAU and t-AUCB are 

highly potent and have good oral availability and pharmacokinetic characteristics. t-AUCB is more broadly active 

across multiple species. Entire Figure is Taken from reference 22. 
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A large number of urea derivatives have been shown to possess sEH inhibitory activity 89–

93 . For instance, N,N′-dicyclohexylurea (DCU) has shown significant inhibitory effect of sEH, 

however suffer from unfavorable pharmaceutical properties94. Likewise, 1-cyclohexyl-3-dodecyl-

urea (CDU) shows a sufficient sEH inhibitory, has poor solubility and a high melting point that 

limit its uses in animal and clinical studies95–97. To address this issue, Dr. Hammock’s group 

designed a sEH inhibitor that is an adamantine derivative that possesses increased water solubility 

compared with the cyclohexyl derivative in CDU98.  AUDA (1-(1-adamantyl)-3-ureidopropan-2-

ol) which could be considered as a fatty acid analog, displayed excellent potency to sEH. 

Treatment with AUDA in a rat model of hypertension resulted in a higher accumulation of fatty 

acid epoxides and a relatively lower amount of the corresponding diol in the urine, representing 

the effectiveness of the drug in in vivo EH inhibition98. Also, several studies show that AUDA can 

lead to an increased level of specific epoxy-fatty acids such as EETs in the plasma and tissues that 

result various beneficial effects, including dilating coronary arterioles and inhibiting the leukocyte 

adhesion99–102. However, AUDA has some limitations as a potential therapeutic agent due to its 

metabolic liability resulting from the fatty acid β-oxidation and cytochrome P450 oxidation of the 

adamantane group3,103. In this regard, different strategies have been employed to improve the 

physical properties, pharmacokinetic properties, and potency of urea-based epoxide hydrolase 

inhibitors. These include, but not limited to, (i) substitution of an alkyl group in AUDA with a 

polar chain with ether group that improved the drug physical properties (i.e., AEPU)98;  (ii) 

replacement of the ether group with conformationally restricted substituents which results in 

higher potency (i.e., TPPU, c-AUCB , t-AUCB, APAU, etc.)104–108; (iii) implementing fluorine 

and adamantane groups that increase the inhibitory effect 109; and (iv) using natural bicyclic 

lipophilic groups which could increase the water solubility of compound110. Research in this area 
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is still ongoing in order to develop inhibitors with increased solubility, permeability, and stability, 

and nanomolar sEH inhibitory potency. It should be noted that there are several other non-urea 

based central pharmacophores that have shown promising sEH inhibitory activity including 

aminobenzisoxazole, acyl hydrazones, 4-benzamidobenzoic acid hydrazide, adamantly thioureas 

and sulphoxide derivatives111–116, which are out of scope of this chapter. Also, the focus in this 

chapter is (i) to study how a pharmacological inhibition using a EH inhibitor could affect the 

lifespan, healthspan, and the oxylipin profile C. elegans animal model; and (ii) to investigate if 

there is a different between pharmacological inhibition and genetic knock out of EH form lifespan, 

healthspan, and oxylipin profile perspective. To this end, we use AUDA, that has already been 

tested in different animal models, and its effect on C. elegans has previously shown by our group 

(see chapter 2 and 3). 

1.4. Epoxide Hydrolase inhibitors in C. elegans  

While there are four isoforms of epoxide hydrolase in humans, based on DNA sequence 

homology, C. elegans only has two isoforms, CEEH-1 and CEEH-1, which are most similar to the 

human EH3 and EH4 isoforms34. These isoforms are responsible for predominantly metabolizing 

Ep-PUFAs. The CEEH-1 and CEEH-2 enzymes in C. elegans have been shown to have both 

endobiotic and xenobiotic metabolizing activities, with CEEH-1 having higher activity towards 

Ep-PUFA substrates than CEEH-234. 

Harris et al examined the effect of four different urea-based mammalian sEH inhibitors on 

CEEH-1 extracted enzyme and found the AUDA to be the most effective one34. Furthermore, the 

in vivo study has shown that AUDA could inhibit the enzymes in a population of worms in liquid 

culture. When the worms were treated with the inhibitor at 24 and 36 hours after the larval stage, 

the levels of 9,10-EpOME and 12,13-EpOME increased by about 200% relative to the control 
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population, while the levels of 12,13-DiHOME decreased. The epoxide-to-diol ratio for 9,10-

EpOME and 12,13-EpOME both increased significantly, with the 9,10-EpOME ratio increasing 

by 174% and the 12,13-EpOME ratio increasing tenfold, while changes in 9,10-DiHOME levels 

were not significantly different from the controls34. Our group also found that the AUDA could 

rescue neurodegeneration induced by dietary DGLA by inhibiting the epoxide hydrolase and 

decrease the level of DHEDs (See chapter 2). We also found that AUDA could modulate the 

neuronal deficient in C. elegans expressing human Aβ and tau (See chapter 3).   Based on these 

findings, we recognized that AUDA ability to inhibit epoxide hydrolase (EH) and modulate 

neuronal deficiency might be crucial factors affecting the overall health and lifespan of C. elegans. 

Given the role of EH in the metabolism of bioactive lipid mediators, it is plausible that EH 

inhibition by AUDA could have a broader impact on the organism physiology and longevity. 

Therefore, we hypothesized that the EH inhibition by AUDA might play a significant role in the 

lifespan of C. elegans by promoting a healthier neuronal environment and potentially influencing 

other age-related processes. Thus, we aim to further explore the EH inhibition effect, by examining 

the effect of AUDA in the lifespan of C. elegans, and then compared it with genetic knock out of 

either CEEH-1 or CEEH-2. 

2. Results and discussion 

In this section the effect of epoxide hydrolase inhibition on the overall lifespan and 

healthspan of C. elegans is discussed. We first studied the effect of pharmacological inhibition of 

CEEHs using AUDA and compared it with vehicle (N2 wild type). Then, the strains with genetic 

knock out of either ceeh-1 or ceeh-2 are compared to vehicle or those treated with AUDA 

supplementation. The egg laying feature of the wild-type worm when supplemented with AUDA 

or vehicle, were also compared to ceeh-1(ok3153) and ceeh-2 (tm3635) strains. After that the 
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oxylipin profile of these four groups (N2, N2 supplemented with AUDA, ceeh-1(ok3153), and 

ceeh-2 (tm3635) are discussed in detail. Finally, the future direction of this study has been 

discussed. 

2.1. Epoxide hydrolase deficient and worm lifespan and healthspan 

Lifespan is a measurable trait that refers to the length of time from birth until death. While 

aging and lifespan are related, they are not identical. It is because aging is a complex and 

multifaceted process that encompasses a wide range of changes that occur in the body over time. 

Studies in various species have shown that an increase in lifespan is often accompanied by slowing 

the onset of other aspects of aging. As a result, lifespan is often used as a measure for studying the 

aging process, but additional complementary measurements are needed. Lifespan can be measured 

in a variety of ways, including through lifespan assays in which the survival of a population is 

tracked from the onset of adulthood until the last member of the population dies 117,118. In C. 

elegans, there are several methods for measuring lifespan, and the most common method is to use 

solid media plates 117,118. In this method, worms are placed on plates containing food (such as the 

E. coli strain OP50) and their survival is monitored over time. The data collected from these 

experiments are used to plot a survival curve, which provides information about the lifespan of a 

population of tested C. elegans, including the mean, median, and maximal lifespan. It is important 

to note that the size of the population used in these experiments can impact the reliability of the 

lifespan data, with larger populations providing more reliable results119. That is why we avoid 

using less than 100 worms per trial in each experiment. We also did not use more than 100 worms 

to avoid starvation from overcrowding which effects on lifespan117,120. 
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2.1.1. Lifespan study  

To study the effect of AUDA on C. elegans lifespan, worms were transferred to an agar 

plate supplemented by AUDA at desired concentration (see the experimental section for further 

information) on L4 stage. Then the number of dead and alive worms were counted every other 

day. As the worms aged, their movement gets slower; thus, a gentle tap on the nose of worm was 

used to confirm their life status. Also, worms that lost or burrow into the medium, climb the plate 

walls and dry up, or injured during transfer are censored. Worms were transferred to the new plate 

every other day to provide fresh food/supplementation and remove the progeny contamination. 

Finally, survival data were plotted on a Kaplain-Meier curve using GraphPad Prism 9.5.  

While the lifespan of wild-type worms treated with AUDA does not show difference 

compared to a vehicle control, both ceeh-1(ok3153) and ceeh-2 (tm3635) strains in which ceeh-1 

and ceeh-2 are genetically knock out respectively, show shorter lifespan (Figure 2A-C) than the 

vehicle control. It is important to note that the ok3153 and tm3635 strains have partial deletions in 

their respective genes, which do not encompass the complete gene sequence. To further explore 

the impact of ceeh-1 and ceeh-2 genetic knockouts and investigate whether the complete deletion 

of the entire gene related to the enzyme might yield different results, we also examined another set 

of strains made by Dr. Pretrascheck's group at the Scripps Research Institute: ceeh-1(vv228) and 

ceeh-2(vv226). These strains have the entire ceeh-1 and ceeh-2 genes deleted, potentially providing 

a more comprehensive understanding of the effects of EH gene knockout on C. elegans lifespan.  



 

 

169 

 

 

Interestingly, Both vv228 and vv226 shows lifespan similar to other ceeh-1(ok3153) and ceeh-2 

(tm3635) strains, further confirm the effect of genetic knock out of ceeh-1 and ceeh-2 on worm 

lifespan is likely due to the absence of CEEH-1 and CEEH-2 activity in the worms (Figure 2D, 

and E). This is particularly interesting when studies on other mammalian models found that for 

instance, in mice either treatment with she inhibitor or genetic deletion of sEH gene (Ephx2 KO) 

significantly improved survival, preserved cardiac function, and maintained mitochondrial quality 

121,122. In addition, Ephx1 and Ephx2 knock-out mice are found to be viable, fertile, and normal in 

size with no obvious physical or behavioral abnormalities 19. Also, mice with disruption in Ephx3 

did not show any changes in an overt phenotype. However, none of these studies investigate the 

overall lifespan of these genetic knockout mice. Our studies and the published report suggest EHs 

may play a critical role in the homeostatic state of the animals.  

 
Figure 2. Lifespan analysis. (A) Lifespan of wildtype worm with and without supplementation with 100 M 

AUDA. (B) Lifespan of ceeh-1 (ok3153) compared to wildtype (C) Lifespan of ceeh-2 (tm3635) compared to 

wildtype (D) Lifespan of ceeh-1 (vv228) compared to ceeh-1 (ok3153) and wildtype. (E) Lifespan of ceeh-2 

(vv228) compared to ceeh-1 (ok3153) and wildtype (F) Lifespan of ceeh-1/ceeh-2 hybrid (vv231) compared to 

wildtype ±100 M AUDA. Three replicates for each experiment have been done, and each trial started with 100 

worms at L4 stage. For AUDA treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage 

transferred to the plates supplemented with 100 M AUDA. 
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Interestingly, the strain with both ceeh-1 and ceeh-2 knocked out, named as ceeh-1/ceeh-2 

(vv231), exhibits a similar lifespan to that observed with AUDA supplementation (Figure 2F). This 

observation suggests that the shortened lifespan observed in either ceeh-1 or ceeh-2 strains could 

potentially be attributed to different substrate selectivity between these two enzymes for various 

epoxy-fatty acids. When one enzyme is eliminated, the other one may become dominant, leading 

to an increased production of specific oxylipins that could have toxic effects and accelerate the 

aging process. This will be further discussed in section 2.2. 

2.1.2. Egg production capacity 

The reproductive organs of C. elegans are organized into two symmetrical gonad arms, 

each consisting of the somatic gonad and the germline (Figure 3). The germline is the tissue 

responsible for producing eggs and sperm and contains stem cells that give rise to all other germ 

cells. During the development stage, germline stem cells divide and migrate through the gonad 

arms, eventually undergoing meiosis and entering the spermatheca, where fertilization occurs. 

After fertilization, the resulting eggs are laid through the vulva and into the environment. C. 

elegans exhibit a characteristic pattern of egg production, with egg production peaking on the 2nd 

or 3rd day of adulthood. This peak is followed by a rapid decline in egg production until it ceases 

around the 6th day of adulthood. Researchers often use various statistical measures, such as timing 

of egg production and total number of eggs produced, to compare the egg production patterns of 

different C. elegans strains. 
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The egg-laying in C. elegans is regulated by a combination of cholinergic, serotonergic, 

GABAergic, and peptidergic signaling pathways 123. While the effects of age on reproductive 

function are yet to be well-known, previous research has shown that sacrificing fertility can extend 

lifespan in a range of species 124,125. In C. elegans, removing the germline not only increases the 

lifespan but also leads to an accumulation of fat, as demonstrated through the use of lipid-labeling 

dyes and gas chromatography 126,127. This link between reproductive deficiency and increased fat 

accumulation has been observed in a variety of other organisms, including invertebrates like 

Drosophila and vertebrates such as mice, rats, and monkeys 128–132. Furthermore, dietary restriction 

has been found to delay age-related degeneration of reproductive function and extends lifespan in 

C. elegans, while reducing the total number of progeny production per individual worm 133,134. 

Additionally, the fat-3 mutant strain of C. elegans, which does not produce C-20 ω-6 and ω-3 

PUFAs, exhibits abnormal movement and defective egg-laying behavior, which are controlled by 

 

Figure 3. A schematic of an adult C. elegans hermaphrodite to show the bilaterally symmetrical U-shaped 

gonad arms (red). The germline stem cells (green) progress from the distal end of the gonad to the proximal end 

and formed immature oocytes. These immature oocytes then progress through the meiotic prophase, during which 

the process of meiosis takes place, resulting in the production of mature oocytes. The mature oocytes are then 

stored in the spermatheca, where they can be fertilized by sperm. Once fertilized, the oocytes exit the spermatheca 

as zygotes, which then form an eggshell and complete meiosis. 
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motor neurons and specific serotonergic vulva neurons 135–137. Egg laying deficient also was 

observed in The fat-1 mutant and treatment with trilinolenin [D-TG(54:9)] could rescue the egg-

laying deficiency in this strain by preventing the propagation of damage caused by reactive oxygen 

species 138. However, these studies have only partially explored the role of individual intact lipid 

molecules in regulating reproduction, and to the best of author knowledge there is no report on 

possible role the oxylipins could play on regulation of egg-laying in C. elegans.  

Considering these and based on our above lifespan study, the egg-laying capacity of ceeh-

1 and ceeh-2 strains were examined and compared to Wild-type with and without AUDA 

supplementation. As shown in Figure 4A, both ceeh-1 and ceeh-2 strains experienced significant 

egg laying deficiency, while simultaneous inhibition of EH enzymes using AUDA does not affect 

the overall egg laying capacity. Furthermore, the egg laying trend per day shows some differences 

in the egg laying patterns in ceeh knock out strains, and the high similarity between AUDA 

supplementation and Wildtype (Figure 4B). 

The combination between shorter lifespan and lower number of progenies in ceeh knock 

out strain could suggest the possible aging and age-related decline of reproductive function. 

Reproductive aging is important for several reasons. It is likely to play a critical role in evolution, 

as the reproductive history of an individual involves the initiation of progeny production as a result 

of sexual maturity, some level of progeny production during the fertile period, and the cessation 

of progeny production as a result of reproductive aging or death 139. These three processes  
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determine the rate of progeny production and the total number of progenies generated by an 

individual. Furthermore, these data suggest the possible involvement of CYP-EH metabolites on 

aging or age-related decline in reproduction (or egg-laying) and further analysis could reveal the 

possible signaling molecules involved in this process. Also, understanding reproductive aging 

could likely provide critical insights into the evolution of aging.  

To further elucidate the observed phenotype and difference in lifespan of EH knock outs, 

the oxylipin profile of ceeh-1(ok3153) and ceeh-2 (tm3635) were analyzed and compared to wild-

type with and without AUDA supplementation, which discussed in the next section. 

2.2 Oxylipin profile of AUDA and EH KO 

In order to further explore the possible effect of CYP-EH metabolites in aging (shortening 

lifespan) and reproduction decline in C. elegans, we used the LC-MS/MS technique established in 

our lab. The detailed experimental procedure including sample preparation and analysis is 

explained in Supporting Information (Appendix 4). First, two general groups of oxylipins related 

Figure 4. Egg production capacity. (A) The total number of eggs in different ceeh-1 and ceeh-2 strains as well 

as wildtype with and without supplementation with 100 M AUDA. (B) The number of eggs laid per day of 

adulthood. The egg production capacity started at L4 stage, and Day 1 is the time after first egg is laid. Five trials 

have been done.  
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to CYP-EH metabolites (i.e., epoxy PUFA, dihydroxy-PUFA) are discussed. Then, the overall 

impact of CEEH inhibition or knock out on epoxy- to dihydroxy-PUFA ratio, which is one of the 

criteria determining the effect of EH enzyme function will be discussed.  

2.2.1. Epoxy PUFA level in CEEH genetic knock out and CEEH inhibition with AUDA 

In this section we track the Ep-PUFAs level related to CYP-EH metabolism in C. elegans 

Wild-type and compared it with three different groups (i) AUDA supplementation, (ii) ceeh-

1(ok3153) strain, and (iii) ceeh-2 (tm3635) strain. The overall oxylipin profile for all four groups 

is shown in Figure 5A and substantial changes in the oxylipin profile was observed among groups 

in which the CEEH enzymes are manipulated by either pharmacologically with the treatment of 

AUDA, or through genetic knock out of ceeh-1 or ceeh-2.  In regard to the endogenous level of 

Ep-PUFA metabolites that will be discussed here, we sub-categorized the oxylipin profiles based 

on their original fatty acid, including linoleic acid (LA), gama-dihomo linoleic acid (DGLA), 

arachidonic acid (AA), α-linoleic acid (α-LA), and eicosapentaenoic acid (EPA) and they will be 

discussed in the following paragraphs.  

Our study shows that in C. elegans, the Ep-PUFA metabolites of LA are in the range of 10-

1000 pmol/g of worms (Figure 5B). Interestingly, while ceeh-1(ok3153) shows a significant 

increase in both regioisomers of EpOME compared to vehicle, neither AUDA treatment nor ceeh-

2 (tm3635) shows any substantial changes compared to the vehicle (Figure 5B). Furthermore, the 

ceeh-1(ok3153) shows an increase level of all EEDs regioisomers, while no significant change was 

found for wild-type strain treated with AUDA. The ceeh-2 (tm3635) does not produce any EEDs 

regioisomers (Figure 5C). On the other hand, the epoxy metabolites of arachidonic acid (EETs) 

have shown a mixed trend. While AUDA does not affect the 14,15-EET, 11,12-EET, and 8,9-EET 

level, it could completely block the production of 5,6-EET. The genetic knock out of CEEH-2 
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Figure 5. The oxylipin analysis and Ep-PUFA level in wildtype with and without AUDA supplementation, 

ceeh-1(ok3153), and ceeh-2 (tm3635). (A) The heatmap of overall oxylipin related to CYP-EH metabolites. (B) The 

level of different EpOME regioisomers (Ep-PUFA metabolites of LA). (C) The level of different EED regioisomers 

(Ep-PUFA metabolites of DGLA). (D) The level of different EET regioisomers (Ep-PUFA metabolites of AA). (E) 

The level of different EpODE regioisomers (Ep-PUFA metabolites of α-LA). (F) The level of different EEQ 

regioisomers (Ep-PUFA metabolites of EPA). All experiments were done for three trials. All data are related to the 

worm at the first day adult. For AUDA treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage 

transferred to the plates supplemented with 100 M AUDA. Two-way analysis of variance (ANOVA), Tukey’s 

multiple comparison test. K: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown.  

 

enzyme could result in a complete depletion of 14,15- 8,9-, and 5,6-EET, whereas no significant 

change was observed in 11,12-EET level when compared to vehicle (Figure 5D). Interestingly, the 

oxylipin profile of ceeh-1(ok3153) strain shows a similar trend observed for epoxy metabolites of 
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LA and DGLA, as all four different regioisomers of EETs were higher in ceeh-1(ok3153) strain 

compared to vehicle. 

To further explore the effect of epoxide hydrolase manipulation on Ep-PUFA profiles, the 

epoxy metabolites of two ω-3 PUFA, which are α-LA and EPA, were studied. Interestingly, we 

could not detect any Ep-PUFA related to α-linoleic acid in wild-type and treatment with AUDA 

also did not affect it (Figure 5E). However, ceeh-1(ok3153) could result in significant increase in 

all three regioisomers of EpODE compared to vehicle with the highest impact on 12,13-EpODE 

regioisomers. On the other hand, the CEEH-2 knock out did not affect the 12,13-EpODE 

regioisomers, while shows similar trend observed in ceeh-1(ok3153) for 9,10-EpODE and 15,16-

EpODE (Figure 5E). 

The oxylipin analysis for EPA metabolites shows a higher overall level of different Ep-

PUFA of EPA (EEQs) compared to all other Ep-PUFA examined in this study (Figure 5F). This 

could be because of the higher level of EPA in C. elegans compared to other PUFAs as reported 

in pervious studies137. Furthermore, similar to other Ep-PUFA levels, AUDA treatment does not 

change the endogenous levels of EEQ regioisomers as compared to vehicle. On the other hand, 

CEEH-1 genetic knock out results a significant increase in 11,12-EEQ and a moderately 

enhancement in 8,9-EEQ, 14,15-EEQ, and 17,18-EEQ compared to vehicle. However, a complete 

depletion of 5,6-EEQ was observed in ceeh-1(ok3153) strain compared to wild-type. Intriguing, 

5,6-EEQ level was significantly higher in ceeh-2 (tm3635) strain and a complete depletion in 

11,12-EEQ and 8,9-EEQ, suggesting different substrate selectivity on CEEH-1 and CEEH-2 

enzymes. No significant change was found for 14,15-EEQ and 17,18-EEQ in strain that has CEEH-

2 knock out compared to wild-type (Figure 5F). 
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In general, our oxylipin analysis shows that (i) AUDA is not changing the individual Ep-

PUFA regioisomers compared to vehicle (Figure 5). However, when considering the Ep-PUFA of 

each PUFA, AUDA could increase the overall level of Ep-PUFA for only EPA (Figure 6A and B). 

Furthermore, AUDA could cause a significant increase in overall ω-3 Ep-PUFA level and a mild 

decrease in ω-6 Ep-PUFA compared to vehicle (Figure 6C). Also, if consider the entire Ep-PUFA 

level of worm, no significant changed was found in AUDA treated worm with vehicle (Figure 6D). 

(ii) ceeh-1 knock out causes an overall increase in regioisomers of Ep-PUFAs level when 

compared to the corresponding regioisomers in wild-type organisms (Figure 5). Also, genetic 

knock out of CEEH-1 has the most significant effect on Ep-PUFAs metabolites of EPA, LA, and 

AA, and less to no change observed for DGLA and α-LA (Figure 6A and B). Moreover, in contrast 

to AUDA treatment, genetic knock out of CEEH-1 could increase the level of both ω-6 and ω-3  
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Ep-PUFA (Figure 6C). The ceeh-1(ok3153) worm also experiences an overall higher level of Ep-

PUFA compared to wildtype (Figure 6D). (iii) ceeh-2 (tm3635) has shown moderate change 

compared to ceeh-1(ok3153). Surprisingly, comparing each regioisomers of Ep-PUFAs in ceeh-2 

(tm3635) and wild-type indicates an increase in none of the Ep-PUFAs level in ceeh-2 (tm3635) 

compared to the wildtype (Figure 5). Also, complete depletion in Ep-PUFAs such as EEDs, 11,12-

EEQ, and 8,9-EEQ compared to wild-type was observed (Figure 5). Furthermore, by comparing 

the endogenous level of total Ep-PUFAs of each specific PUFA, our results show that genetic 

knock out of ceeh-2 could significantly decrease the epoxy metabolites of EPA and AA (Figure 

6A and B). The level of total amount of ω-3 Ep-PUFA in ceeh-2 (tm3635) strain was found to be 

Figure 6. The Ep-PUFA level in wildtype with and without AUDA supplementation, ceeh-1(ok3153), and 

ceeh-2 (tm3635). (A) The overall level of Ep-PUFA related to LA, DGLA, and AA. (B) The overall level of Ep-

PUFA related to α-LA, EPA. (C) The overall level of ω-3 and ω-6 Ep-PUFA (D) The overall level of Ep-PUFA 

in worm under different condition. All experiment were done for three trials. All data are related to the worm at 

the first day adult. For AUDA treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage 

transferred to the plates supplemented with 100 M AUDA. Two-way analysis of variance (ANOVA), Tukey’s 

multiple comparison test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown. 
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significantly lower than that of wild-type, while no significant difference was found for total 

amount of ω-6 Ep-PUFA level (Figure 6C). ceeh-2 (tm3635) strain also shows remarkable lower 

overall Ep-PUFA compared to wild-type (Figure 6D) 

It is worth mentioning that interpreting the effect of EH inhibitor or genetic knock out of EH 

could not be done correctly by just tracking the Ep-PUFAs level as there is a physiological balance 

between different oxylipins. Thus, for instance, the inhibition of EH enzymes may cause 

stabilization in Ep-PUFAs while decreasing the dihydroxy-PUFA level. Therefore, to further 

explore the main effect of each CEEH knock out or inhibition, the dihydroxy-PUFA level was 

investigated as well, which is discussed in the next section. 

2.2.2. Dihydroxy PUFA 

As explained in detail in chapter 1, dihydroxy-PUFAs are the main product of EH enzymes 

and are more polar than their Ep-PUFA precursors, which means that they tend to reside in the 

extracellular fluid rather than inside cells. While it was originally thought that diols had little to no 

physiological activity, several studies have suggested that they may have certain functions in the 

body. For example, one study found that DiHOME has pro-inflammatory effects in a mouse model 

of asthma. Further studies suggested that diols can modulate blood vessel tone and cAMP 

production and may have a role in inflammation and vasodilation. Our pervious study has shown 

that the dihydroxy metabolites of DGLA (DHEDs) could induce neurodegeneration in 

dopaminergic neurons of C. elegans through ferroptosis mechanism. However, more research is 

needed to fully understand the physiological role of diols. Here we discuss the change in dihydroxy 

level PUFAs in C. elegans Wild-type and compared it with three different groups (i) AUDA 

supplementation, (ii) ceeh-1(ok3153) strain, and (iii) ceeh-2 (tm3635) strain. The overall oxylipin 

profile for all four groups is shown in Figure 5A, indicating the changes in the dihydroxy molecules 
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by manipulating the CEEH enzyme either pharmacologically by AUDA, or through the genetic 

knock out.  Similar to Ep-PUFA metabolites that discussed in pervious section, the oxylipin 

profiles of Linoleic acid (LA), gama-dihomo Linoleic acid (DGLA), Arachidonic acid (AA), α-

Linoleic acid (α-LA), and Eicosapentaenoic acid (EPA) will be discussed. 

The oxylipin profile of LA metabolites shows an average level of each regioisomers of 

DiHOME around 30 pmol/gworm in wild-type strain (Figure 7A). While 9,10-DiHOME 

concertation does not change by AUDA supplementation or genetic knock out of CEEH-2, it does 

significantly increase by in ceeh-1(ok3153) strain (Figure 7A). The ceeh-1(ok3153) strain also 

shows a higher level of 12,13-DiHOME compared to wild-type. However, genetic knock out of 

CEEH-2 does not affect this regioisomer.  Interestingly, AUDA treatment results in a significant 

decrease in 12,13-DiHOME level compared to vehicle (Figure 7A). AUDA treatment also causes 

a significant reduction in all regioisomers of DHEDs (Figure 7B). This was also found in the strain 

without CEEH-2 enzyme expression, where 14,15-DHED level was significantly reduced and 8,9-

DHED and 11,12-DHED were depleted enough that was lower than the detection limit of our 

technique. 

The ceeh-1(ok3153) strain shows a lower level of 11,12-DHED and 14,15-DHED compared to the 

wild-type, while no significant change was found for 8,9-DHED regioisomer. (Figure 7B). In case 

of AA-dihydroxy metabolites, worms treated with AUDA treatment have significantly lower 

levels of 11,12-DiHET and 14,15-DiHETs, while the 5,6-DiHET and 8,9-DiHET remain 

unchanged (Figure 7C). Similarly, the 8,9-DiHET regioisomer did not change in  the ceeh-2 

(tm3635) strain, whereas all other three DiHETs regioisomers were decreased by genetic knock 

out of CEEH-2 enzyme. On the other hand, in ceeh-1(ok3153) strains the 11,12-DiHET 
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regioisomer level was significantly increased, while the other regioisomers did not considerably 

change (Figure 7C). 

 

Figure 7. The Dihydroxy-PUFA level in wildtype with and without AUDA supplementation, ceeh-

1(ok3153), and ceeh-2 (tm3635). (B) The level of different DiHOME regioisomers (Dihydroxy-PUFA 

metabolites of LA). (C) The level of different DiHED regioisomers (Dihydroxy-PUFA metabolites of DGLA). (D) 

The level of different DiHET regioisomers (Dihydroxy-PUFA metabolites of AA). (E) The level of different DiHODE 

regioisomers (Dihydroxy-PUFA metabolites of α-LA). (F) The level of different DiHETE regioisomers (Dihydroxy-

PUFA metabolites of EPA). All experiments were done for three trials. All data are related to the worm at the first 

day adult. For AUDA treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage transferred to 

the plates supplemented with 100 M AUDA. Two-way analysis of variance (ANOVA), Tukey’s multiple comparison 

test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown.  
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To further explore the effect of epoxide hydrolase manipulation on Dihydroxy-PUFA, the 

epoxide metabolites of two ω-3 PUFA, which are α-LA and EPA, were studied. Interestingly, we 

could detect only one regioisomers of dihydroxy metabolites of α-LA, 15,16-DiHODE in all group 

tested in this study, and neither AUDA treatment nor genetic knock out of CEEH-1 or CEEH-2 

causes change in its level (Figure 7D). Finally, we analyzed the dihydroxy metabolites of EPA, 

and found four of five DiHETE regioisomers, 5,6-DiHETE, 8,9- DiHETE, 11,12- DiHETE, and 

14,15- DiHETE (Figure 7E). While AUDA treatment could decrease the level of all these four 

regioisomers, only the changes for 8,9- DiHETE, 11,12- DiHETE were significant.  Furthermore, 

ceeh-2 (tm3635) strain shows a mild, yet insignificant decrease in the level of all these four 

regioisomers when compared to wild-type. Genetic knock out of CEEH-2 have similar level of 

8,9- DiHETE, 11,12- DiHETE, and 14,15- DiHETE compared to wild-type, but 5,6-DiHETE 

increased level was observed in this strain (Figure 7E). Interestingly, while we could not detect 

any 17,18-DiHETE in Wilde-type strain with and without AUDA treatment, both ceeh-1(ok3153) 

and ceeh-2 (tm3635) showed a high level of this hydroxy metabolites of EPA with an average level 

of 1400 and 4200 pmol/gworm, respectively (Figure 7E). 

In general, our oxylipin analysis of dihydroxy-PUFAs shows that (i) AUDA causes a 

decrease in most of dihydroxy-PUFA metabolites with the most significant effect observed in LA, 

AA, and EPA dihydroxy metabolites (Figure 7, 8A, and 8B). Furthermore, AUDA could cause a 

significant decrease in overall ω-6 Dihydroxy-PUFA level and a mild decrease in ω-3 Dihydroxy-

PUFA compared to vehicle (Figure 8C and D). A mild, yet insignificant decrease in 

overalldihydroxy-PUFA was observed in worms treated with AUDA compared to vehicles (Figure 

8E). 
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(ii) A mixed trend was observed in strain with genetic knock out of CEEH-1 enzyme when 

comparing each individual dihydroxy-PUFAs, as LA dihydroxy metabolites level are enhanced, 

DGLA dihydroxy metabolites level decreased, and most of dihydroxy-PUFA of AA (except 11,12 

DiHET), α-LA, and EPA (except 5,6-DiHETE and 17,18-DiHETE) remains unchanged compared 

to wild-type (Figure 8A and B). Moreover, the general dihydroxy analysis shows that while overall 

ω-6 Dihydroxy-PUFA remained unchanged, the ω-3 Dihydroxy-PUFA level increased in ceeh-

1(ok3153) strain compared to vehicle (Figure 8C and D). Furthermore, ceeh-1(ok3153) worms 

experience a significant higher level of Dihydroxy-PUFA compared to the wildtype (Figure 8E). 

(iii) Genetic knock out of CEEH-2 enzyme causes the DGLA and LA level significantly reduced, 

while EPA is level significantly increased. (Figure 8A and B). Likewise, while the total ω-6 

Dihydroxy-PUFAs is decreased in ceeh-2 (tm3635) strain, an increase in ω-3 Dihydroxy-PUFAs 

 
Figure 8. The Dihydroxy-PUFA level in wildtype with and without AUDA supplementation ceeh-

1(ok3153), and ceeh-2 (tm3635). (A) The overall level of Dihydroxy-PUFA related to LA, DGLA, and AA. 

(B) The overall level of Dihydroxy-PUFA related to α-LA, EPA. (C) The overall level of ω-6 Dihydroxy-PUFA, 

(D) The overall level of ω-3 Dihydroxy-PUFA (E) The overall level of Dihydroxy-PUFA in worm under different 

condition. All experiment were done for three trials. All data are related to the worm at the first day adult. For 

AUDA treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage transferred to the plates 

supplemented with 100 M AUDA. Two-way analysis of variance (ANOVA), Tukey’s multiple comparison test 

for (B) and (D); and t test for K: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. 
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was observed (Figure 8C and D). Finally, ceeh-2 (tm3635) strain shows an overall increase of 

Dihydroxy-PUFAs compared to the wild-type (Figure 8E). 

It is worth mentioning that interpreting the effect of EH inhibitor or genetic knock out of 

EH could not be done accurately by just tracking the Ep-PUFAs or Dihydroxy-PUFA level alone, 

as there is a physiological balance between different these two groups of compounds. Thus, for 

instance, the inhibition of EH enzymes may cause stabilization in Ep-PUFAs while decreasing the 

dihydroxy-PUFA level or may cause to increase of both for a specific strain or treatment. 

Therefore, to further explore the main effect of each CEEH knock out or inhibition, the epoxy to 

dihydroxy ratio of different PUFAs oxylipins metabolites should be considered as well, which is 

discussed in the next section. 

2.2.4. Ep-PUFA to Dihydroxy-PUFA ratio as in indication of EH deficiency 

To further explore the effect of CEEH inhibition/knock out on oxylipin profile of worms, 

the epoxy to dihydroxy PUFA ratio will be discussed as the indication of CEEH inhibition. In the 

previous section we found that the CEEH inhibition or knock out may not always result in an 

increase in Ep-PUFA and a decrease in dihydroxy-PUFA. For instance, our study shows that both 

EpOME regioisomers, and their relative dihydroxy (DiHOME) have higher levels in ceeh-

1(ok3153) strain compared to wild-type. Similarly, Harris et al. also found that CEEH-1 inhibition 

using bacterially mediated RNAi can causes an increase in both 12,13-EpOME, 12,13-DiHOMEE 

34.  We also found that CEEH inhibition using AUDA, does not change the level of different EED 

regioisomers compared to vehicle, but its effect could be seen by decreasing the level of related 

dihydroxy metabolites (DHEDs). Considering this, different studies have suggested an alternative 

comparison, which is epoxy/dihydroxy ratio to further validate the inhibition or knock out of 

epoxide hydrolase enzyme140,141. Therefore, we analyzed the epoxy to dihydroxy ratio of each 
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individual regioisomers, and then tracked the overall change of epoxy/dihydroxy ratio in each 

PUFA, and finally in each group of worms. 

Worms treated with AUDA exhibit an overall increase in the epoxy/dihydroxy ratio compared to 

the vehicle control. Moreover, among various PUFAs, the metabolites of DGLA and EPA 

demonstrate a significant increase in this ratio. A detailed analysis of individual Ep-PUFA 

regioisomers reveals that inhibiting the CEEH enzyme with AUDA leads to a notable increase in 

the ratio of 8,9-EEDs, 11,12-EEQ, 15,16-EEQ, and 17,18-EEQ to their respective dihydroxy 

counterparts. This observation highlights the specific impact of AUDA on the metabolism of these 

Ep-PUFA regioisomers (Figure 9A-E). In addition, while in vivo study showed the increase in 

EpOME/DiHOME ratio by inhibiting CEEH-1 enzyme using AUDA34, we did not observe similar 

trend in our worm (Figure 9A). This could simply be because of the difference in physiological- 

condition and more complex behavior of enzyme in vivo is expected compared to extracted 

enzyme.  

We also analyzed the epoxy to dihydroxy ratio of metabolites related to each group of 

PUFAs. For instance, we calculated the total ratio by taking all the epoxides associated with 

arachidonic acid and dividing it by all the dihydroxy PUFAs related to arachidonic acid. Our 

analysis showed an increased epoxy to dihydroxy ratio for EPA metabolites and a decreased ratio 

for AA metabolites, while the ratios for the remaining PUFA groups remained unchanged (Figure 

9F). Intriguingly, AUDA treatment led to an overall increase in the epoxy to dihydroxy ratio in C. 

elegans (Figure 9G), calculated as the total epoxy content in the worm divided by the total 

dihydroxy content in the worm. Interestingly, AUDA treatment could increase the overall epoxy 

to dihydroxy ratio in C. elegans (Figure 9G). 
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Figure 9. The Ep-PUFA to Dihydroxy-PUFA ratio in wildtype with and without AUDA supplementation, 

ceeh-1(ok3153), and ceeh-2 (tm3635). (A) The ratio of EpOME/DiHOME regioisomers (metabolites of LA). (B) The 

ratio of EED/DiHED regioisomers (metabolites of DGLA). (C) The ratio of EET/DiHET regioisomers (metabolites 

of AA). (D) The ratio of EpODE/DiHODE regioisomers (metabolites of α-LA). (E) The ratio of EEQ/DiHETE 

regioisomers (metabolites of EPA). All data are related to the worm at the first day adult. For AUDA treatment, 100 

larvae were grown on normal plate with OP50, and at L4 storage transferred to the plates supplemented with 100 M 

AUDA. Two-way analysis of variance (ANOVA), Tukey’s multiple comparison test. K: *P ≤ 0.05, **P ≤ 0.01, ***P 

≤ 0.001, ****P < 0.0001, non-significant is not shown. 
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While we did not observe an overall change in the ratio of ep-PUFA to dihydroxy-PUFA 

in the ceeh-1(ok3153) strain compared to wild-type (Figure 9G), the metabolites related to each 

group of PUFA, except EPA, exhibited a significant increase in the epoxy to dihydroxy ratio 

(Figure 9F). This trend was also observed in the epoxy to dihydroxy ratio for all regioisomers of 

EpOME, EEDs, EETs, EpODE, and their corresponding diols (Figure 9A-E). For EPA 

metabolites, the ratio of 5,6-EEQ and 17,18-EEQ to their corresponding diol decreased, whereas 

an increase was observed in three other regioisomer groups in the ceeh-1(ok3153) strain (Figure 

7E).  

In ceeh-2 (tm3635) strain, tracking the individual regioisomers reveals a mild, yet 

insignificant increase in epoxy to dihydroxy ratio for 12,13-EpOME, 8,9-EEDs, 11,12-EEDs, and 

9,10-DiHODE (Figure 9A, B, and D). On the other hand, we observed a significant decrease in 

the epoxy to dihydroxy ratio for 8,9-EEQ, 11,12-EEQ, and 17,18-EEQ (Figure 7E). Analyzing 

metabolites based on their parent PUFA, the epoxy to dihydroxy ratio increased for LA and α-LA 

metabolites, decreased for EPA and AA metabolites, and remained unchanged for DGLA 

metabolites (Figure 9F). Surprisingly, the genetic knockout of the CEEH-2 enzyme resulted in a 

significant decrease in the overall epoxy to dihydroxy ratio in the ceeh-2 (tm3635) worm compared 

to wild-type (Figure 9G).  

Comparing the epoxy to dihydroxy ratio of the ceeh-1(ok3153) and ceeh-2 (tm3635) strains 

suggests that CEEH-1 contributes more significantly to the CYP-EH metabolic pathway in C. 

elegans, which is consistent with previous reports34. Our results also indicate that an increase in 

Ep-PUFA levels and a decrease in Dihydroxy-PUFA levels upon inhibition or knockout of the 

CEEH enzyme may not always occur. This could be due to the existence of alternative pathways 

for diol production, and potential feedback regulation of enzymes involved in the formation or 
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elimination of epoxides and diols. For instance, a decrease in epoxide hydrolase activity might 

trigger the upregulation of other epoxide hydrolase, an increase in enzymes involved in epoxide 

production, the release of epoxides from lipid stores, upstream PUFA biosynthesis, or 

complementary metabolism of Ep-PUFA and dihydroxy-PUFA. Additionally, Ep-PUFAs are 

relatively lipophilic and tend to accumulate in tissues, while Dihydroxy-PUFAs are more polar 

and are rapidly eliminated from the body via the media or through conjugation. These factors, 

combined with compensatory mechanisms that may activate in response to a decrease in epoxide 

hydrolase activity, could result in relatively unchanged diol levels despite changes in epoxide 

levels. Thus, the impact of a decrease in epoxide hydrolase activity on epoxides and diols may 

depend on the specific pathways and regulatory mechanisms involved in their metabolism. 

In summary, the significant increase in the epoxy to dihydroxy ratio observed for most 

individual PUFA metabolites in ceeh-1(ok3153) strains might contribute to the shortened lifespan 

of this strain. Conversely, a substantial decrease in the overall epoxy to hydroxy ratio in the ceeh-

2 strain could also result in a shorter lifespan compared to wild-type. Additionally, AUDA-treated 

strains exhibited an overall increase in the epoxy to hydroxy ratio, particularly for EPA 

metabolites, which may enhance survival chances considering the beneficial effects of Ep-PUFAs 

(see Chapter 1). However, drawing more accurate conclusions requires further study. For example, 

examining the ceeh-1/ceeh-2 double knockout strain for both lifespan and oxylipin analysis could 

help solve this puzzle and might lead to the discovery of another epoxide hydrolase in C. elegans 

or the identification of one or more specific epoxy or dihydroxy PUFAs responsible for the 

observed shortened lifespan. 
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2.3. FUDR effect in lifespan of strain with deficient epoxide hydrolase 

In previous sections, we discovered that the inhibition or genetic knockout of epoxide 

hydrolase can lead to complex alterations in various epoxy- and dihydroxy-PUFAs. Each of these 

PUFA metabolites may have distinct signaling pathways, further complicating our understanding 

of the biological effects of each metabolite. For example, we observed that genetic knockout of 

either CEEH-1 or CEEH-2 enzyme results in a significantly shorter lifespan and reduced progeny 

production capacity compared to wild-type worms. However, we have not been able to identify 

which specific CYP-EH metabolites, or a combination of them, play a major role in the observed 

aging phenomena. One of the main experimental challenges in this regard is that the manual 

phenotypic and lifespan analysis in labor-intensive and required transferring the entire population 

every other day to avoid progeny contamination and to provide fresh food or supplementation for 

worms. Besides, this could result in mechanical damage during manual podding which interfere 

with final output 142,143. To address these challenges, the scientific community are implementing 

at least two different approaches (i) reducing the progeny contamination by using chemical 

reproduction inhibitors, such 5-fluoro-2-deoxyuridine (FUDR) 144–146; and (ii) designing 

microfluidic device to automatically eliminate the produced progeny form the media147. In this 

section, we discuss both of these approaches and explore the potential of employing them to study 

CYP-EH metabolites in aging research using the C. elegans animal model. 

2.3.1. Using chemical reproduction inhibitor, 5-fluoro-2-deoxyuridine (FUDR) 

In order to prevent overgrowth of progeny during C. elegans lifespan and aging, scientists 

often use 5-fluoro-2′-deoxyuridine (FUDR) for sterilization to eliminate progeny 

contamination146,148. FUDR is a chemical that is able to inhibit DNA and RNA synthesis, which 

leads to the death of mitotic cells and prevents progeny development in nematodes145,146. Adult 
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nematode cells are mostly post-mitotic; therefore, it is assumed that the effects of FUDR treatment 

on adult development are minimal. This in fact makes FUDR sterilization a popular technique for 

lifespan experiments with nematodes such as C. elegans145,149,150. However, there are some 

important aspects that should be considered when using FUDR. One is that the effects of FUDR 

have mainly been studied in wild-type (N2) worms, and there are few studies that have confirmed 

that FUDR is not interfering with experimental conditions or specific mutant strains145,149–151. 

However, some studies have found that FUDR could affect the aging process in mutants. For 

instance, Aitalhaj et al found that supplementing genetic knock out of tub-1, a homolog of the 

mammalian tubby family which involved with the modulation of fat storage, with FUDR could 

increase the lifespan of this strain152. A similar trend was found gas-1 strain, which is deficient in 

mitochondria complex I of the respiratory chain, where twofold increase in the lifespan was found 

with FUDR supplementation153. Another concern is that, while it is often assumed that the 

inhibition of DNA synthesis via FUDR is one-dimensional, and downstream effects are considered 

to be negligible, this may not be the case. Signals from the reproductive system can alter the 

lifespan of nematodes124, which means that there may be other effects of FUDR sterilization that 

have not yet been fully understood. These downstream effects may depend on different genetic 

backgrounds, or the specific behavior or physiology being studied. This means that researchers 

should be careful when using FUDR sterilization and make sure to control for any potential effects 

it may have on their experiment. 

Considering these, we examined the effect of FUDR on C. elegans strain with 

pharmacological inhibition or genetic knock out of CEEH enzymes. In order to supplement worms 

with FUDR, we added FUDR to the agar solution to a final concentration of 50 M, and then make 

plate was made using the supplemented agar. Plates were subsequently seeded with a similar 
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quantity of bacteria as used for the standard plates. Worms were transferred to the supplemented 

plates at the L4 stage to prevent any potential interference from the supplementation during the 

developmental stage. The number of live and dead worms was recorded every other day. As the 

worms aged and their movement slowed, a gentle tap on the nose of the worm was used to verify 

their living status. Worms that were lost, burrowed into the medium, climbed the plate walls and 

dried up, or were injured during transfer were treated as censored. The worms were also moved to 

new plates to ensure fresh supplementation. Ultimately, survival data were plotted on a Kaplan-

Meier curve using GraphPad Prism 9.5. 

As shown in Figure 10A, FUDR supplementation does not affect the lifespan of wild-type 

animals, which corroborate with previous studies145,149,150. However, supplementing ceeh-

1(ok3153) worm with FUDR significantly increase the lifespan (Figure 10B). The ceeh-1(vv228) 

strain also shows similar trend in presence of FUDR (Figure 10C). Interestingly, similar extending 

lifespan was found for strains with genetic knock out of CEEH-2 enzyme supplemented with 

FUDR (Figure 10D and E). To further explore the effect of FUDR, the ceeh-1/ceeh-2 (vv231) 

lifespan was tested in presence of FUDR strain. However, supplementation of FUDR does not 

affect the life span ofceeh-1/ceeh-2 (vv231) strain (Figure 10F). These data suggest the possible 

intervention of FUDR with CYP-EH metabolic pathways. Pervious study also shows that the 

lifespan of strain with genetic knock out in tub-1, which exhibit fat accumulation,  
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could be affected with FUDR supplementation. Furthermore, considering the decline of egg 

laying capacity in ceeh-1 and ceeh-2, it could be suggested inhibition of reproduction by FUDR in 

these strains may increase some forms of stress resistance and synergize with genetic alterations 

to extend lifespan 124,125,154. However, how FUDR is affecting the lifespan of some mutants with 

deficient fat metabolism, and how it is related to the reproductive system needs further 

investigation. On way to further explore the effect of FUDR in lipid metabolism and its possible 

mechanism that involved in the lifespan, is to use oxylipin analysis of mutant with and without 

supplementation with FUDR and track the change in different CYP-EH metabolites, which is an 

ongoing project of Dr. Lee and Dr. Alan’s group in collaboration with Dr. Petrascheck. 

Finally, one important consideration here is that the C. elegans scientific community 

studying lipid metabolism or oxylipin signaling molecule should consider the conferring effect of 

 

Figure 10. Lifespan analysis. (A) Lifespan of wildtype worm with and without supplementation with 50 M 

FUDR. (B) Lifespan of ceeh-1 (ok3153) with and without supplementation with 50 M FUDR. (C) Lifespan of 

ceeh-1 (vv228) with and without supplementation with 50 M FUDR. (D) Lifespan of ceeh-2 (tm3635) with and 

without supplementation with 50 M FUDR. (E) Lifespan of ceeh-2 (vv228) with and without supplementation 

with 50 M FUDR. (F) Lifespan of ceeh-1/ceeh-2 hybrid (vv231) with and without supplementation with 50 M 

FUDR. Three replicates for each experiment have been done, and each trial started with 100 worms at L4 stage. 

For FUDR treatment, 100 larvae were grown on normal plate with OP50, and at L4 storage transferred to the plates 

supplemented with 50 M FUDR. 
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FUDR and avoid using it. Even though this could result in higher accuracy, increased workload 

would be expected, in particular for studying the effect of lipid downstream metabolites on aging. 

One solution for this is to design a microfluidic device that can eliminate the progeny 

contamination and increase the number of tests or replicate that could be done in a short amount 

of time. In this regards, next section will summarize the efforts that have been done in Drs. Lee, 

Alan, and Johnson’s group in designing a microfluidic system that could be used for aging study, 

in particular when the effect of lipid metabolites or hydrophobic compound is interested. 

2.3. Microfluidic device, a possible solution for high-throughput analysis of lipid 

mediator effects on aging  

In this section we discuss one possible solution in order to better understand the effect of fatty 

acids and their downstream metabolites in aging and age-related disease. 

2.3.1. Challenge in studying the effect of oxylipins in aging study using C. elegans. 

  The studies provided in this dissertation clearly show that oxylipins metabolites, in particular 

CYP-EH metabolites, are involved in healthspan and lifespan. In chapter 2, we demonstrated that 

the Dihydroxy metabolites of DGLA could induce neurodegeneration. Also, in chapter 3, we 

suggested the potential rescuing effect of epoxide hydrolase inhibitors in strains expressing Aβ 

and tau, However, we could not identify a specific epoxy or dihydroxy-PUFA as major mediators, 

since there was alternation in many of these metabolite’s levels in strains expressing either Aβ or 

tau. Furthermore, we found that deficiency in CEEH-1, CEEH-2, or both could result in different 

lifespan phenotype, and the oxylipin profiles are different between these different strains.  

Further investigation on deciphering the effect of each epoxy or dihydroxy-PUFA 

metabolites could be done by supplementing ag-synchronized worm with specific epoxy or 

dihydroxy regioisomer, or a combination of them, and then examining their phenotypic and 
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lifespan. However, conducting manual screening in C. elegans is a repetitive and labor-intensive 

process, in which food and oxylipin compound must be added daily and extra care is required to 

prevent bacterial or fungal contamination142,155. In addition, manual screening requires larger 

quantities of molecular components that may not be available 143. Progeny contamination is 

another challenge in the study of C. elegans and required moving animals on daily basis, which is 

time-consuming and limited the number of tests, and could result in mechanical damage during 

manual podding 142,143. In this chapter, we showed that treatment of FUDR as the alternative way 

to reduce progeny contamination can interfere with CYP-EH metabolite study, those related to 

aging. Therefore, because of the above-mentioned limitation regarding the phenotypic screening 

assays, we designed a microfluidic device for high-throughput screening tools in C. elegans in 

collaboration with Dr. Johnson at Michigan State University. 

The initial device design is inspired by published and commercially available microfluidic 

devices, such as WormFarm and NemaLife, which use size exclusion to separate progeny to 

produce a pool of age-synchronized worms 156,157. Even though these commercial microfluidic 

worm chips are promising for life-span tracking of C. elegans and screening of some hydrophilic 

drugs, they have limited application for lipophilic molecules including PUFAs and their 

metabolites. All of these commercial microfluidic worm chips are made of polydimethylsiloxane 

(PDMS), which sequesters lipophilic molecules resulting a lower to no exposure of tested lipids to 

the worm and leads to the undesirable transfer of lipophilic molecules between adjacent 

microfluidic lines 158. Thus, lipophilic lipid metabolites such as epoxy and dihydroxy-PUFAs 

cannot be accurately screened by these existing devices. Another major limitation of commercially 

available microfluidic worm chips is that they require specialized equipment and expertise that is 

not available to most C. elegans laboratories 156,157. To address these drawbacks, we are designing 
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a plasma-treated polystyrene-based microfluidic device that can be used for all groups of 

hydrophilic and lipophilic drug/cellular metabolites. This automated phenotype screening assay 

offers several distinct benefits over both manual assays and commercial microfluidic assays, such 

as a broader range of the metabolites that can be tested, simplicity of technical analysis, and 

affordability.  

2.3.2. WormPlate, an alternative solution for studying the oxylipins effect on aging using C. 

elegans. 

In this part of the project, we will design the microfluidic device and show its ability for 

age-synchronizing of C. elegans and lipophilic compounds testing. The initial device design is 

inspired by published and commercially available PDMS microfluidic devices that use size 

exclusion to separate the C. elegans progeny156,157. These devices are not suitable for our studies 

and many other studies because they are fabricated using PDMS, which sequesters lipophilic 

molecules, and our preliminary data confirms this statement (Figure 9)159.  

A novel micro-milling approach is used to create appropriate devices160. To ensure that the 

manufactured device is compatible across the variety of automated laboratory instruments used in 

high-throughput screening applications, we used a standard 48-well plate format approved by the 

Society for Laboratory Automation and Screening (SLAS) as well as the American National 

Standards Institute (ANSI)161. The devices are engineered and cut into 48-well (16 devices/plate) 

using computer-animated design (Solidworks, Dessault Systems, France). A computer numerical 

control (CNC) mill with appropriate endmills is used to mill the device directly into the bottom of 

a 48 well SLAS/ANSI compatible microplate and a 180 µm polystyrene sheet is secured via 

solvent bonding using acetonitrile. Figure 11A-C demonstrates the schematic and real image of 
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the designed device. The WormPlate devices are then treated with UV for 15 minutes to sterilize 

and be ready to use.  

The design milling parameter and size of each chamber and arena were optimized to hold 

about 50 worms. We also found that the optimized size for the sieves to get the highest performance 

for excluding the progeny is a dimension of 35-40 µm for sieves depth (Figure 11D). Our results 

demonstrated that the device could maintain 79 ± 7% of adults after washing without retaining 

larvae or eggs, yet it could get better with further improvement. The food uptake (which is E. coli, 

OP50) is also optimized in order to have the minimum food aggregation in the device and to ensure 

that at no point in time during the lifespan assay food concentrations become too low and induce 

a dietary restriction effect. Thus, the optimized bacteria concentration was 6-10 mg/ml of OP50.  

 

Figure 11. WormPlate microfluidic device.  (A) a schematic representation of a WormPlate with 16 microfluidic 

chambers. (B) schematic representation of a single chamber, and (C) the manufactured device. (D) The egg and larva 

filtration by WormPlates with different Sieve depth. (E) Comparison of our WormPlate to NemaLife for retention of 

14,15-epoxy-EET. 
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In order to evaluate the ability of the device to test lipophilic compound/drug, 14,15-

epoxyeicosatrienoic acid (14,15-EET), which is an epoxide metabolite of arachidonic acid, was 

tested. In this regard, a solution of 100 µM of EET was incubated in both our designed 

(WormPlate) and the PDMS device manufactured by Nemalife company. The assessment of 

incubated solution by LC-MS/MS showed that lipophilic EET was completely absorbed by 

NemaLife device, while is largely intact in WormPlate; These data confirm the ability of our 

system to screen the lipophilic CYP-EH metabolites. (Figure 11E). 

Besides these approaches, some other improvement is required to achieve the final design 

that could be used for high screen throughout of oxylipin metabolites. One main challenge that 

remained unsolved is leaking of solution from device from the bottom of polystyrene sheet. This 

sheet is secured via solvent bonding using acetonitrile to the bottom of WormPlate. This could be 

solved by using different bonding materials or increasing the bonding surface which is under 

investigation.  

 

3. Conclusion: 

In this chapter, we have thoroughly investigated the impact of epoxide hydrolase (EH) 

inhibition on the lifespan, healthspan, and reproductive capabilities of C. elegans. Our findings 

demonstrate that EH inhibition or genetic knockout leads to complex changes in the oxylipin 

profiles and the balance of Ep-PUFAs and dihydroxy-PUFAs. While the lifespan and reproduction 

remained unchanged in wild-type worms treated with the epoxide hydrolase inhibitor, AUDA, the 

genetic knockout of either ceeh-1 or ceeh-2 significantly shortened the lifespan and decreased egg 

production capacity. Interestingly, worms with double knockouts in both ceeh-1 and ceeh-2 

displayed a similar lifespan as those treated with AUDA. Moreover, although we observed 
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significant alterations in CYP-EH metabolites in the experimental groups, the specific CYP-EH 

metabolites responsible for these effects remain elusive. One of the main reasons we could not test 

each individual metabolite is the high number of compounds (more than 50) and the possibility of 

synergistic effects among them, which necessitates testing different combinations during aging. 

This is almost impossible using conventional techniques (such as agar plates) due to challenges in 

manual phenotypic and lifespan analyses. 

To overcome these challenges, we discussed the potential implementation of high-throughput 

assays to identify the specific CYP-EH metabolites involved in lifespan and aging of worms. We 

identified age-synchronization and progeny contamination as the main challenges in studying the 

effect of a large number of compounds, particularly CYP-EH metabolites, in aging. We also 

confirmed that the current approach techniques, which include (i) using FUDR and (ii) PDMS 

based microfluidic systems, are unsuitable for this type of study. For instance, while the 

administration of FUDR could solve the progeny contamination issue during aging studies, it may 

affect CYP-EH metabolites. When ceeh-1 knockout worms, which have a shorter lifespan 

compared to wild-type worms, were treated with FUDR, they displayed a similar lifespan as wild-

type worms. This suggests that FUDR potentially rescues the shorter lifespan phenotype by 

altering CYP-EH metabolites. Furthermore, while the PDMS-based microfluidic system could 

resolve progeny contamination without needing FUDR and facilitate worm handling during aging, 

its material disadvantages make it unsuitable for studying CYP-EH metabolites (i.e., the 

hydrophobicity of CYP-EH metabolites causes them to be absorbed by PDMS, rendering the 

compound inaccessible to worms during aging studies). Thus, we designed a new microfluidic 

device made of styrene-based materials that could overcome these challenges, although the device 

still requires further improvement for high-throughput screening. 
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As we move forward, it will be crucial to identify the specific CYP-EH metabolites and their 

corresponding signaling pathways that play a major role in the observed aging phenomena. 

Unraveling these molecular mechanisms will enhance our understanding of the complex 

relationship between dietary PUFAs, their metabolites, and the aging process. Ultimately, this 

knowledge may pave the way for the development of novel therapeutic strategies to mitigate age-

related disorders and improve overall healthspan in humans. 
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1. Supporting Figures and Tables (Figure S1-S8, and Table S1): 

 

 

 

Figure S1: Dose response curve: the effect of different DGLA concentrations on degeneration of ADE neurons 

at Day 1 and Day 8 of adulthood. The slope for dose response curve on day 8 adulthood is significantly different 

compared to day1 adulthood, suggesting there may be different mechanism for neurodegeneration at these 2 

timepoints. 
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Figure S2: Ethanol does not alter ADE neuron phenotypes.  Percentage (%) of worms with healthy ADE 

dopaminergic neurons in dat-1::gfp transgenic worms +/-  supplementation with 10 l absolute ethanol.  This 

test was done to determine whether ethanol in PUFA supplementation (which is 10 l) affects the overall 

healthspan of dopaminergic neurons. N=3, and about 20 worms were tested in each replicate. Two-way 

analysis of variance (ANOVA), Tukey’s multiple comparison test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 

< 0.0001, ns: not significant. 
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Figure S3: Different types of dopaminergic neurons in the hermaphrodite have varying sensitivity to 

the treatment with DGLA or EEDs. (A). Normal dopaminergic neurons in C. elegans labeled with dat-

1::gfp, (B) Healthy worms (top) and  degenerated dopaminergic neurons (bottom). (C) Percentage (%) of 

worms with healthy ADE dopaminergic neurons in dat-1::gfp transgenic +/- supplementation with 100 M of 

DGLA or EEDs. (D)  Percentage (%) of worms with healthy CEP dopaminergic neurons in dat-1::gfp 

transgenic worms +/1 supplementation with 100 M of DGLA or EEDs. (E) Percentage (%) of worms with 

healthy PDE dopaminergic neurons in dat-1::gfp transgenic +/- supplementation with 100 M of DGLA or 

EEDs. For all experiments N=3, and about 20 worms were tested for each replicate. A two-way analysis of 

variance (ANOVA), Tukey’s multiple comparison test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, 

ns: not significant. 
 



 

 

221 

 

  

 

 

 

 

 

 

 

 

Figure S4: The genetic knockout of gpx-1 does not result any observable changes of DGLA-induced 

neurodegeneration in dopaminergic neurons. Percentage (%) of worms with healthy ADE neurons for dat-1::gfp 

and gpx-1;dat-1::gfp worms treated with 100 M DGLA were show. This result suggests that DGLA could trigger 

ferroptosis-mediated neurodegeneration independent of the GPX pathway, which is not without precedent.   
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Figure S5:  DGLA Supplementation significantly changes the EEDs and DHEDs levels in worm. 

Oxylipin profile representing the pmol/g of Epoxy- and dihydroxy- PUFA levels in worms treated with 100 

M of DGLA compared to control. The worms were supplemented at the L4 stage and were tested at day 1 

of adulthood. Black boxes represent the values are those that were inconsistent in different trials or were out 

of standard curve range. 

 



 

 

223 

 

 

 

 

Figure S6: AUDA changes the EEDs and DHEDs levels in worm supplemented by DGLA, through 

inhibition of epoxide hydrolase enzyme.  Oxylipin profile representing the pmol/g of Epoxy- and dihydroxy- 

PUFA level in worms treated with 100 M of DGLA ±100 M AUDA compared to control. The worms were 

supplemented at the L4 stage and were tested at day 1 of adulthood. Black boxes represent the values are those 

that were inconsistent in different trials or were out of standard curve range. 
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Figure S7: EEDs does not affect the neuronal healthspan of GABAergic and Cholinergic neurons, 

and its effect of glutamatergic neurons starts after day 4. The effect of 100 M of EEDs on various neuron 

types compared to vehicle. Percentage (%) of worms healthy (A) cholinergic neurons, (B) GABAergic 

neurons, and C) glutamatergic neurons. Worms are supplemented with 100 M of EEDs at the L4 stage. For 

all experiments N=3, and 20-30 worms were tested in each replicate. A two-way analysis of variance 

(ANOVA), Tukey’s multiple comparison test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, not 

significant is not shown. 
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Figure S8:  EEDs Supplementation significantly changes the EEDs and DHEDs levels in worm. AUDA 

changes the EEDs and DHEDs levels in worm supplemented by DGLA, through inhibition of epoxide 

hydrolase enzyme. Oxylipin profile representing the pmol/g of Epoxy- and dihydroxy- PUFA levels in worms 

treated with 100 M of EEDs ±100 M AUDA compared to control. The worms were supplemented at the L4 

stage, and were tested at day 1 of adulthood. Black boxes represent the values are those that were inconsistent 

in different trials or were out of standard curve range. 
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Figure S9:  DGLA, EEDs, and DHEDs Supplementation alters the EEDs and DHEDs levels in worms. 

Oxylipin profile representing the pmol/g of Epoxy, hydroxy, and dihydroxy-PUFA regioisomers, CYP/EH 

metabolites in worms treated with 100 M of either DGLA or EEDs, or DHEDs compared to control. Worms 

were supplemented at the L4 stage and were tested at day 1 of adulthood. Black boxes represent the values those 

that were inconsistent in different trials or were out of standard curve range. 
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2. Experimental Sections: 

Reagent and resource  

Table S1: Reagent and resource used in this study. 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Trolox Cayman Chemicals Cat# 10011659; CAS: 53188-07-1 

liproxstatin-1 BioVision Cat#B2312-5,25; 

2,2’-Bipyridine Oakwood Chemical Lot# 003434M03F; CAS: 366-18-7 

Cholesterol Alfa Aesar Cat#A11470; CAS: 57-88-5 

Agar Fisher Bioreagents Cat#BP9744-500; CAS: 9002-18-0 

Bacto Agar Becton, Dickinson, and Company Cat# DIFCO 214010 

Tryptone Fisher Bioreagents Cat#BP1421-500; CAS: 91079-40-

2 

Bacto Tryptone Life Technologies Corporation Cat# DIFCO 211705 

Yeast Extract Becton, Dickinson, and Company Cat# DIFCO 212750 

Sodium Chloride VWR Cat#BDH9286 

Magnesium Sulfate 

heptahydrate 

Fisher Chemical Cat#M63-500; CAS: 10034-99-8 

Potassium Phosphate, 

monobasic, crystal 

Fisher Bioreagents Cat#BP362-500; CAS: 7778-77-0 

Potassium Phosphate, dibasic, 

powder 

Fisher Chemical Cat#P288-500; CAS: 7758-11-4 

Calcium Chloride 

(anhydrous) 

Sigma-Aldrich Cat#C1016-500; CAS: 10043-52-4 

Sodium Azide Fisher Scientific Cat#BP9221-500; CAS: 26628-22-

8 

Ethanol Fisher Chemical Cat#A409-4; CAS: 64-17-4 

Arachidonic acid NU-CHEK Lot# U-71A-M31-B 

DGLA TCI Chemicals Cat#E0640; CAS:1783-84-2 

GLA NU-CHEK Lot#U-69A-D16-E 

LA NU-CHEK Lot#U-62A-O21-E 

EPA NU-CHEK Lot#U-99A-MA10-B 

Hexane Fisher Chemical Lot#176581; CAS: 110-54-3 

Acetic Acid Fisher Scientific Lot#193296; CAS: 64-19-7 

Acetonitrile Fisher Chemical Lot#195771; CAS: 75-05-8 

Chloroform Acros Organic Lot# B0541409A; CAS: 67-66-3 

Methanol Fisher Chemical Lot#195771; CAS: 67-56-1 

Acetone Fisher Chemical  CAS: 67-64-1 
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Deuterated standards used for oxylipin analysis 

Table S2: Deuterated standards used in this study. 

Oxylipin standard name Oxylipin standard abbreviation 

6-keto prostaglandin F1α-d4 6-keto-PGF1α-d4 

5(S)-hydroxyeicosatetrenoic-d8 acid 5(S)-HETE-d8 

8,9-epoxyeicosatrienoic-d11 acid 8,9-EET-d11 

Arachidonic-d8 acid AA-d8 

15(S)-hydroxyeicosatetraenoic-d8 acid 15(S)-HETE-d8 

Prostaglandin B2-d4 PGB2-d4 

8,9-dihydroxyeicosatrienoic-d11 acid 8,9-DiHETrE-d11 

9(S)-hydroxyoctadecadienoic-d4 acid 9(S)-HODE-d4 

Leukotriene B4-d4 LTB4-d4 

Prostaglandin E2-d9 PGE2-d9 

 

Organisms/Strains 

Table S3: C. elegans strains used in this study. 

STRAIN SOURCE STRAIN 

NAME 

N2 Bristol Caenorhabditis Genetics Center N2 

CB767 bli-3(e767) I Caenorhabditis Genetics Center CB767 

GA912 ftn-1(ok3625) V David Gems (Jennifer watts) GA912 

MT1522 ced-3(n717) IV Caenorhabditis Genetics Center MT1522 

FX2100 gpx-1(tm2100) National Bioresource Project FX2100 

BZ555 [egIs1 [Pdat-1:gfp)] Caenorhabditis Genetics Center BZ555 

EM641 (Pcat-2::gfp) A gift from Scott W. Emmons EM641 

JKA76 [ced-3(n717); Pdat::gfp] Generated in the lab of Jamie Alan JKA76 

JKA77 [bli-3(e767);Pdat-1::gfp] Generated in the lab of Jamie Alan JKA77 

JKA78 [ftn-1(ok3625);Pdat-1::gfp] Generated in the lab of Jamie Alan JKA78 

JKA79 [gpx-1(tm2100); Pdat::gfp] Generated in the lab of Jamie Alan JKA79 
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 Software and Algorithms 

Table S4: Software and Algorithms used in this study. 

Microsoft Excel Microsoft Corporation N/A 

ImageJ Rasband, W.S. https://imagej.nih.gov/ij/ 

BioRender BioRender https://biorender.com/ 

GraphPad Prism 6 GraphPad Software, Inc. https://www.graphpad.com/ 

 

2.1.C. elegans Strains and Maintenance 

All nematode stocks were maintained on nematode growth media (NGM) plates seeded 

with bacteria (E. coli OP50)  and maintained at 20°C unless otherwise noted. N2 Bristol (wild-

type), MT1522 ced-3(n717), and CB767 bli-3(e767). The BY250 (Pdat-1::gfp) was a gift form 

Dr. Randy Blakely  (Florida Atlantic University). The EM641 (cat-2::gfp) strain was a gift from 

Dr. Scott W. Emmons (Albert Einstein College of Medicine, New York, United States). The 

GA912 ftn-1(ok3625) strain was a gift from Dr. David Gems (University College London, 

London, UK). Table S2 shows all the strains used in this study.  

The JKA 76 [ced-3(n717); Pdat::gfp], JKA 77 [bli-3(e767);Pdat-1::gfp], and  JKA 78 [ftn-

1(ok3625);Pdat-1::gfp], and JKA 79 [gpx-1(tm2100); Pdat::gfp] . strains were constructed using 

standard methods 1.  

2.2.Age synchronized worms: 

The age-synchronized population was prepared by transferring specific numbers 

(depending on the experiments and required number of progeny) of healthy and well-fed Day 1  

adult worms to a fresh nematode growth media (NGM) with OP50, as described in previously 

published protocol 2. The adult worms were allowed to lay eggs for 6-10 hours. The laid eggs were 

isolated and allowed to hatch. About 36-48 hours later, plates were washed off with s-basal 

https://imagej.nih.gov/ij/
https://www.graphpad.com/
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solution and transferred to a 40 m cell strainer placed on top of a 50 mL centrifuge tube. The 

large sized L4 larvae stick to the filter, whereas eggs, larva, bacteria carryover or possible 

contamination were passed through the filter. L4 larvae were then washed with 75-100 l of s-

basal, transferred to a 1.7 ml centrifuge tube using a glass pipet, and spun at 325 x g on a table-top 

centrifuge for 30 s. The s-basal solution was removed by aspiration leaving behind a pellet of L4. 

Finally, L4 worms were resuspend in s-basal solution and transferred to the supplemented or 

control plates seeded with OP50.  

During lifespan, every day the age synchronized population was filtered through a 40 μm 

cell strainer placed on top of a 50 mL centrifuge tube. The progeny was collected in the filtrate 

and removed. The age-synchronized adult worms were removed from the surface of the cell 

strainer and placed on a freshly seeded NGM/supplemented plate. The filtration process was 

repeated every day during early adulthood of the age synchronized population to avoid any 

contamination from the progeny, and to provide fresh supplementation for worm during their 

lifespan. 

2.3.Fatty acid supplementation: 

In order to supplement worms with fatty acids and/or their downstream metabolites, 10 ul 

of each compound at desired concentration was spread on the NGM plate, and then immediately 

seeded with 250-400 l E. coli OP50 (2.8 ×108 cell/ml). The seeded plates were sealed with 

parafilm? and kept for 2 days at room temperature (20-23°C) and then transferred to the 

refrigerator to be used later. In all experiments in this study, the NGM solution plates were made 

using standard methods3. 
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2.4.Epoxide Hydrolase inhibitor supplementation: 

For 12-(3-((3s,5s,7s)-adamantan-1-yl) ureido)dodecanoic acid (AUDA ) supplementation, 

a 20 mM AUDA stock solution was prepared in ethanol, and then was added to NGM agar solution 

at 55-65 °C to reach the final concentration of 100 µM before plating. Plates kept at room 

temperature for 1 day and then seeded by 250-400 ul E. coli OP50 (2.8 ×108 cell/ml). 

2.5.Supplementations for ferroptosis studies: 

To study the possible role of DGLA and EEDs supplementation in ferroptosis, 10 l of 100 

M of DGLA or EEDs was spread on NGM plates, followed by spreading 10 l of 100 M of 

liproxstatin-1 (Lip-1) solution in ethanol. Immediately after that, 250-400 l E. coli OP50 was 

plated and allowed to dry for two days. The plates were then either used immediately or kept in 

the fridge (4°C) for later use. The same procedure was used for the 2,2-bipyridine (BP) (100 M)  

and Trolox (500 M), For the control experiments, 10 l of ethanol solution was used. 

2.6.Fluorescence microscopy imaging for tracking dopaminergic neurons.  

In order to track neurodegeneration, age-synchronized worms with dat-1::gfp 

transcriptional fusions were used. The age-synchronized worms were analyzed based on a 

previously published protocol with some modifications4. First agarose gel pad were prepared as 

previously described. (For quantitative analyses of changes in DAergic neuron cell morphology, 

20-25 worms were mounted on the layer of the agar pad and paralyzed with 5 mM NaN3 for 5 

minutes (Fig.15). Finally, a coverslip was placed onto an agar pad containing worms. A fluorescent 

microscope (Eclipse Ti2-E–Nikon) was used to image the worms and NIS-Elements software was 

used to analyze the data. All 8 DAergic neurons were analyzed in each worm. The ADE neurons 

were the ones with significant neurodegeneration with the treatment of DGLA and its downstream 

metabolites. Therefore, in all microscopic tests in this study, neurodegeneration refers to the 
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absence of fluorescent signal in the ADE neurons. Worms with healthy ADE are those with both 

ADE cell bodies or processes that could be seen under fluorescent microscope. The same 

procedure was followed for dopaminergic neuron analyses using the cat-2::gfp  (EM641). 

2.7.Oxylipin Analysis:  

i. Step 1: Collecting and freezing worm samples for oxylipin analysis 

Oxylipins are a class of bioactive oxidized lipid metabolites derived from PUFAs via 

cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) enzymatic pathways. 

To investigate the oxylipin profile in C. elegans, we collected about 5 mg of worms per trial to 

ensure that the whole worm lysates contain a sufficient concentration of oxylipins for detection. A 

sufficiently sized population of worms was generated using a minimum of 7 P100 plates with a 

diameter of 100 mm?, per trial.  To generate 5 mg of whole worm lysates, we prepared 

approximately 2000-3000 worms (300-400 worms per plate). The age-synchronized population of 

worms was generated and maintained using the filtration method illustrated and described above. 

When a population of worms was ready for isolation and collection, the entire population of seven 

plates per trial was transferred and filtered using s-basal solution and a cell strainer with a pore 

size of 40 µm. The worms that collected on the surface of the cell strainer were transferred using 

a Pasteur pipet to an Eppendorf vial to avoid C. elegans from sticking on the wall of the pipet. The 

worms were rinsed with s-basal medium and centrifuged. The supernatant was collected and 

discarded. The worms were then washed four more times with s-basal medium to ensure that all 

bacteria and PUFA supplements were removed. After the bacteria and supplements were removed, 

the Eppendorf vials containing each worm sample were transferred to a benchtop centrifuge. The 

vials were centrifuged for 10 minutes at 10,000 rpm at 4°C. The supernatant was removed using 
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100 µL and 10 mL pipets. A 20 mL pipet with a long tip was pushed to the bottom of the vial to 

remove the liquid between the worms. Lastly, the standard filter paper was cut and inserted into 

the Eppendorf vials to remove any remaining liquid within the worm sample.  After all liquid was 

removed, the worm samples flash frozen using liquid nitrogen and stored in the -80°C freezer. 

Collection of worms for oxylipin and lipidomic analysis is illustrated in Figure S10.   

 

Figure S10. Worm sample preparation for oxylipin and analysis 

ii. Step 2: Worm homogenization for oxylipin analysis 

Eppendorf vials containing worms were removed from -80°C storage. The weight of one 2 mL 

cryogenic homogenizer vial per trial was recorded. The worm samples were flash frozen using 

liquid nitrogen, and the frozen worm samples were broken loose using a 0.7 mm needle. The worm 

samples were transferred to the homogenizer vial and the weight was recorded. The weight of each 
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vial with the worms was measured to determine the weight of worms used for each trial. Three 

homogenization beads were added to each homogenizer vial. Additionally, 100 L phosphate-

buffered saline (PBS), 10 L of internal standard, consisting of 10 L deuterated oxylipins, and 

10L of antioxidants, consisting of ethylenediamine tetraacetic acid (EDTA) (1 mg/ml in water), 

butylated hydroxytoluene (BHT) (0.2 mg/ml in methanol), and triphenylphosphine (TPP) (0.2 

mg/ml in Ethanol). The details of the deuterated oxylipin standards are shown in Table S5. Each 

homogenizer vial containing the worm samples was flash frozen using liquid nitrogen and then 

homogenized for five 30-second cycles at 5 M/s using an Omni bead ruptor 24 homogenizers. 

After homogenization, an additional 900 L of PBS was added to the homogenized sample. The 

sample was centrifuged using a benchtop centrifuge at 10,000 rpm for 5 minutes. The supernatant 

was collected and transferred to a new Eppendorf for solid phase extraction. The process of 

homogenization is illustrated in Figure S11.  

 

Figure S11. Worm homogenization for oxylipin analysis 
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Table S5: Deuterated standards used for oxylipin analysis. 

Oxylipin standard name Oxylipin standard abbreviation 

6-keto prostaglandin F1α-d4 6-keto-PGF1α-d4 

5(S)-hydroxyeicosatetrenoic-d8 acid 5(S)-HETE-d8 

8,9-epoxyeicosatrienoic-d11 acid 8,9-EET-d11 

Arachidonic-d8 acid AA-d8 

15(S)-hydroxyeicosatetraenoic-d8 acid 15(S)-HETE-d8 

Prostaglandin B2-d4 PGB2-d4 

8,9-dihydroxyeicosatrienoic-d11 acid 8,9-DiHETrE-d11 

9(S)-hydroxyoctadecadienoic-d4 acid 9(S)-HODE-d4 

Leukotriene B4-d4 LTB4-d4 

Prostaglandin E2-d9 PGE2-d9 

 

iii.  Step 3: Solid phase extraction to isolate the oxylipins from the whole worm lysate 

To isolate the oxylipins from the whole worm lysates solid phase extraction (SPE) (Waters 

Oasis-HLB cartridges, (Part No. WAT094226, Lot No. 176A30323A) was used. We used a polar 

stationary phase to trap the extremely polar biological material such as sugars. The oxylipins that 

we are isolating are significantly less polar in comparison. The SPE column was prepared by 

sequential washing with 2 mL ethyl acetate, 2 mL methanol twice, and 2 mL of 95:5 (v/v) mixture 

of water and methanol containing 0.1% acetic acid. The column was kept moist during preparation. 

The process of SPE column preparation is illustrated in Figure S12. 

 

 

Figure S12. Solid phase extraction column preparation 
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After the SPE column was prepared, the Eppendorf vials containing the homogenized samples 

were loaded onto the SPE column. After the column was loaded with the sample by gravity, 1.5 

mL of the washing solution, 95:5 (v/v) mixture of water and ethanol with 0.1% acetic acid, was 

added to the column. The column was dried by gravity. Next, the column was thoroughly dried 

with a vacuum pump for 20 minutes. After thorough drying, the column was ready for elution. The 

process of loading the sample to the SPE column is illustrated in the Figure S13. 

 

Figure S13. Loading the sample to the SPE column 

After the column was loaded with the sample and completely dried, 0.5 mL of methanol was added 

to begin the elution step. Eluted compounds were collected to an Eppendorf vial containing 6 L 

of 30% glycerol in methanol, which serves as a trap solution. The column was allowed to gravity 

elute until the column appeared dry. A 5 mL syringe was filled with air and placed on the top of 

the SPE column to gently push the remaining solvent out of the column with air. Once the column 

was completely dry, 1 mL of ethyl acetate was added to the column. The solvent was allowed to 

gravity elute until the column appeared dry to the eye. The remaining solvent was again removed 

using a 5 mL syringe and gently pushing air through the column. The process of eluting is 

illustrated in Figure S14.  



 

 

237 

 

Figure S14. Elution of oxylipins from SPE column. 

Upon completion of SPE, the final extracted sample was dried using a speed-vac until the trap 

solution was all that remained. The residues were reconstituted with 100 μL of 75% 

methanol/water containing 10 nM of internal standard, 12-

[(cyclohexylcarbamoyl)amino]dodecanoic acid (CUDA). The samples were then mixed on a 

vortex for five minutes and filtered with a 0.45 μm filter. Lastly, the samples were transferred to 

auto-sampler vials with salinized inserts, purged with argon gas, and stored at -80°C until injection. 

iv. Step 4: Oxylipin analysis using LC/MS-MS  

The LC conditions were optimized to separate all eicosanoids of interest with the desired 

peak shape and signal intensity using an XBridge BEH C18 2.1x150mm HPLC column. The 

mobile phase A comprised of 0.1% acetic acid in water. Mobile phase B consisted of acetonitrile: 

methanol (84:16) with 0.1% glacial acetic acid. Gradient elution was performed at a flow rate of 

250 μL /min. Chromatography was optimized to separate all analytes in 20 min. The autosampler, 

Waters ACQUITY FTN, was kept at 10°C. The column was connected to a TQXS tandem mass 

spectrometer (Waters) equipped with Waters Acquity SDS pump and Waters Acquity CM 

detector. Electrospray was operated as ionization source for negative multiple reaction monitoring 
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(MRM) mode. To generate the best selectivity and sensitivity, each analyte standards were infused 

into the mass spectrometer and multiple reaction monitoring was used to analyze the desired 

compound.  

2.8.Synthesis of Diepoxyeicosaenoic acid (DiEEMe) and DLGA THF-diols 

1. General synthesis Methods 

  Reactions using air-sensitive reagents were conducted under an inert atmosphere of argon. 

All purchased chemicals were used as received (without further purification). Dihomo-gamma 

linoleic acid (DGLA) was purchased from Nu-Chek-Prep. SiliCycle irregular silica gel p60 (60, 

230-400 mesh) was used for column chromatography and AnalTech 250 micron silica gel plates 

were used for analytical thin layer chromatography and visualized using either vanillin or KMnO4 

stain. 1H and 13C NMR spectra were collected at 25°C on Carian Inova 500 MHz instrument and 

reported in parts per million (ppm) relative to the solvent resonances (δ), with coupling constants 

(J) in Hertz (Hz). High-resolution mass spectroscopy (HRMS) data was collected on a Waters 

Xevo G2-XS UPLC/MS/MS Quadrupole/Time-of-Flight instrument. High-performance liquid 

chromatography (HPLC) was performed on a Rainin HPXL instrument with a Dynamax 

Absorbance Detector Model UV-D detection system with a Zorbax Sil 9.4 mm x 25 cm column (5 

micron particle size, 100 Angstrom pore size). Gas-chromotography/mass spectroscopy (GC/MS) 

was performed on an Agilent Technologies 7890A GC system with an Agilent Technologies 

5975C inert XL EI/CI MSD Triple-Axis Detector, and Agilent HP-5ms Fused Silica Capillary 

Column with 0.25 micron film thickness, 30 m long,  and 0.25 mm inner diameter. 
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2. Synthesis of Diepoxyeicosaenoic acid (DiEEMe) (1a – 1c):  

 

Scheme S1. Synthesis of Diepoxyeicosaenoic acid (DiEEMe) 

Methyl dihomo-gamma linoleate (1.569 mmol, 0.500 grams, 1 equiv.) was dissolved in 40 mL 

of dichloromethane (DCM). Meta-chloroperbenzoic acid (m-CPBA) (3.296 mmol, 0.813 grams, 

2.1 equiv.) was added followed by saturated aqueous NaHCO3 (40 mL) and the reaction was stirred 

vigorously under argon atmosphere at rt for 2 hours. Then, the organic layer was separated and 

collected. The aqueous phase was extracted with DCM (20 mL) for three times. The combined 

organic layers were washed with saturated aqueous NaHCO3 (3 x 15 mL), brine (1 x 15 mL), dried 

over Na2SO4, and concentrated under reduced pressure to afford a clear oil. The crude product was 

purified with column chromatography (5–10% EtOAc/Hexanes) to afford 1a – 1c as a clear oil 

(mixture of regioisomers) (0.318 grams, 58% yield). HRMS (ES+): calculated C21H36O4Na+ 

[M+Na]+ 375.2506 observed 375.2519. For 1H and 13C NMR of mixture and separated fractions, 

see spectra below.† See characterization in Appendix. 
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3. Synthesis of DLGA THF-diols (2 – 3):  

  

Scheme S2. Synthesis of DLGA THF-diols 

DGLA diepoxides (1a – 1c) (0.902 mmol, 0.318 grams, 1 equiv.) was dissolved in 7.5 mL of aq. 

5% HClO4, THF, and H2O (1:3:1) and stirred at rt under argon atmosphere overnight. Then, the 

reaction was cooled to 0°C and quenched with 15 mL of saturated aqueous NaHCO3. The reaction 

was diluted with 25 mL of EtOAc, the layers separated and the organic layer was collected. The 

aqueous phase was extracted with 3 x 10 mL of EtOAc. The combined organic layers were washed 

with saturated aqueous NaHCO3 (3 x 15 mL), brine (1 x 15 mL), dried over Na2SO4, and 

concentrated under reduced pressure to afford the crude product as a clear oil. Purification via 

column chromatography (50% EtOAc/Hexanes) gave 2 – 3 as a clear oil (mixture of structural and 

stereoisomers) (0.109 grams, 33% yield). HRMS (ES+): calculated C21H38O5Na+ [M+Na]+ 

393.2611 observed 393.2625. For 1H and 13C NMR of mixture, (See characterization section in 

APPENDIX1). 

4. Determination of Isomeric Ratios of DGLA THF-Diols:  

 

Scheme S3. Isomeric structures of DGLA THF-Diols 
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Isomers of a mixture of DGLA diepoxides (1a–1c) were separated via HPLC (1% 

isopropanol/hexanes, 2 mL/min), giving 5 fractions (retention times, in minutes, were 18.6, 22.1, 

23.8, 25.5, and 27.6 for fractions 1 – 5, respectively, see fFgure S35). Each fraction was subjected 

to 1H and gCOSY NMR analysis (The 1H NMR and gCOSY spectra of these fractions in Figures 

S36-S46.), leading to identification of isomer (4) and showing that the HPLC separation yielded 

two diastereomeric pairs of isomers 2 & 3. Following acid hydrolysis of each isolated fraction, 

isomer 4 was confirmed with low resolution mass spectroscopy (LRMS).  

To prepare samples for GC/MS analysis, each of the other 4 fractions were individually 

dissolved in 1 mL of THF and incubated with 15 equivalents of N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine at 60°C for 30 minutes. The samples 

were dried under a stream of nitrogen, resuspended in DCM, and analyzed via GC/MS. Unique 

fragmentation patterns then successfully identified isomers 2 and 3 (GC/MS data, pages 62 – 70). 

Once the peaks (F1 – F5, see HPLC trace) were identified, relative ratios were determined by 

taking the total area of each diastereomeric isomer pair divided by the total area of all peaks (F1 – 

F5) obtained on HPLC trace.  

5. Synthesis of DGLA monoepoxide esters (5a – 5c):  

 

Scheme S4. Synthesis of DGLA monoepoxide esters 
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Methyl dihomo-gamma linoleate (3.112 mmol, 1.000 grams, 1 equiv.) was dissolved in DCM (80 

mL). Meta-chloroperbenzoic acid (m-CPBA) (3.423 mmol, 0.767 grams, 1.1 equiv.) was added 

followed by saturated aqueous NaHCO3 (80 mL)  and the reaction stirred vigorously under argon 

atmosphere at room temperature for 1 hour. Then, the layers were separated, and the aqueous phase 

extracted with DCM (3 x 20 mL). The combined organic layers were washed with saturated 

aqueous NaHCO3 (3 x 15 mL), brine (1 x 15 mL), dried over Na2SO4, and concentrated under 

reduced pressure to afford a clear oil. The crude product was purified with column chromatography 

(5–10% EtOAc/Hexanes) to afford 5a – 5c as a clear oil (mixture of regioisomers,0.513 grams, 

49% yield).  Product 5a – 5 c was carried forward without further characterization.  

 

6. Synthesis of dihydroxyeicosadienoic acid (DHEDs) (6a – 6c):  

 

Scheme S5. Synthesis of dihydroxyeicosadienoic acid (DHEDs) 

A mixture of 5a–5c (0.200 g, 0.598 mmol) was diluted in anhydrous DMF (2 mL) and added to 

dry cesium propionate (0.621 g, 2.98 mmol) in DMF (5 mL) in a sealable tube. The tube was 

flushed with argon, sealed, and heated to 120 ˚C for 68 h. The mixture was cooled, poured into 

H2O (20 mL) and extracted with EtOAc (3 x 30 mL). The organic phase was washed with 5% 

NaCl (2 x 50 mL) and saturated aqueous NaCl (50 mL), dried over Na2SO4, and concentrated. The 

residue was purified by flash column chromatography (CombiFlash® Rf+ Lumen) (25 g SiO2 

cartridge, 0 – 50% EtOAc/Hexanes) to yield the EED propionate intermediate as a pale-yellow 
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syrup (0.220 g, 90%) after drying in vacuo (See Table S6 for solvent gradient used for EEDs 

Methyl ester).  

Table S6. Solvent gradient for EEDs methyl ester separation. 

Duration 

(minutes) 

%B Solvent A Solvent B 

0.0 0.0 Hexane Ethyl Acetate 

2.0 0.0 Hexane Ethyl Acetate 

7.0 5.0 Hexane Ethyl Acetate 

10.0 10.0 Hexane Ethyl Acetate 

5.0 12.0 Hexane Ethyl Acetate 

8.0 50.0 Hexane Ethyl Acetate 

3.0 0.0 Hexane Ethyl Acetate 

 

 

The mixture of EED propionates was then diluted in THF/H2O (5.5/1.4 mL) and cooled to 0˚C 

under argon. LiOH (1.21 mL of a 2 M solution in H2O, 2.42 mmol) was added, and the mixture 

was warmed to rt and stirred overnight. The mixture was then quenched by the dropwise addition 

of formic acid, until the pH of the mixture was approximately 4. H2O and EtOAc (10 mL each) 

were then added, and the layers were separated. The aqueous layer was extracted with EtOAc (4 x 

10 mL) and the organic phase was washed with saturated aqueous NaCl (40 mL), dried over 

Na2SO4, concentrated, and azeotroped with hexanes (3 x 20 mL) to remove residual formic acid. 

The residue was then purified by flash column chromatography (25 g SiO2 cartridge, 40 – 75% 

EtOAc/Hexanes) to yield the DGLA diol mixture 6a – 6c (0.119 grams, 65% yield). Regioisomers 

were separated via HPLC with [CONDITIONS]. 6a; 1H NMR (CDCl3, 500 MHz): δ 5.57 – 5.28 

(m, 4H), δ 3.50 – 3.44 (m, 2H), δ 2.80 (t, J = 7.3 Hz, 2H), δ 2.34 – 2.29 (m, 2H), δ 2.04 (q, J = 7.2 

Hz, 2H), δ 1.66 – 1.60 (m, 2H), δ 1.49 – 1.23 (m, 12H), δ 0.88 (t, J = 6.9 Hz, 3H). 13C (CDCl3, 

125 MHz): δ 179.4, 131.8, 130.9, 127.4, 125.1, 74.0, 74.0, 34.1, 33.6, 31.7, 31.6, 29.4, 29.3, 29.1, 

27.4, 25.9, 25.5, 24.7, 22.7, 14.2. 6b; 1H NMR (CDCl3, 500 MHz): δ 5.59 – 5.39 (m, 4H), δ 3.54 
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– 3.51 (m, 2H), δ 2.35 – 2.26 (m, 6H), δ 2.07 – 2.03 (m, 4H), δ 1.66 – 1.60 (m, 2H), δ 1.39 – 1.24 

(m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 13C (CDCl3, 125 MHz): δ 179.2, 133.8, 133.4, 125.0, 124.7, 

73.5, 73.4, 34.0, 31.9, 31.9, 31.7, 29.4, 29.3, 28.9, 28.8, 27.5, 27.3, 24.7, 22.7, 14.2.  6c: 1H NMR 

(CDCl3, 500 MHz): δ 5.57 – 5.31 (m, 4H), δ 3.52 – 3.47 (m, 2H), δ 2.82 (t, J = 6.8 Hz, 2H), δ 2.36 

– 2.31 (m, 4H), δ 2.07 – 2.03 (m, 2H), δ 1.65 – 1.60 (m, 2H), δ 1.53 – 1.46 (m, 2H), δ 1.40 – 1.25 

(m, 12H), δ 0.90 (t, J = 7.0 Hz, 3H). 

 

Scheme S6. Synthesis of epoxyeicosadienoic acid (EEDs) 

 

7. Synthesis of epoxyeicosadienoic acid (EEDs)(7a–7c):  

Each separated isomer 5a–5c was individually subjected to the following conditions: The 

methyl ester (0.0891 mmol, 0.0300 g, 1.00 equiv.) was added to a 5 mL round bottom flask with 

a stir bar and diluted with 0.750 mL of THF/H2O (5:1). To this solution was added LiOH • H2O 

(0.267 mmol, 0.00640 g, 3 equiv.) and allowed to stir under argon atmosphere overnight. Then, 

the pH was adjusted to 4 with formic acid, diluted with water and EtOAc, and added to a separatory 

funnel. The aqueous layer was extracted with 4 x 5 mL of EtOAc, the combined organic layer 

washed with brine, dried over Na2SO4, and concentrated. The residue was azeotroped with 4 x 10 

mL of hexanes to remove any remaining formic acid. The crude product was purified via column 

chromatography (1/1 hexanes/EtOAc, 1% formic acid) to give the products as clear oils. 7a; 1H 

NMR (CDCl3, 500 MHz): δ 5.53 – 5.29 (m, 4H), δ 2.97 – 2.91 (m, 2H), δ 2.80 (t, J = 6.6 Hz, 2H), 

δ 2.43 – 2.34 (m, 3H), δ 2.24 – 2.19 (m, 1H), 2.05 (q, J = 7.1 Hz, 2H), δ 1.68 – 1.62 (m, 2H), δ 
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1.57 – 1.24 (m, 14H), δ 0.89 (t, J = 6.9 Hz, 3H). 13C (CDCl3, 125 MHz): δ 179.4, 131.0, 130.9, 

127.3, 124.2, 57.3, 56.6, 34.0, 31.7, 29.4, 29.3, 29.1, 27.8, 27.4, 26.6, 26.4, 26.0, 24.7, 22.7, 14.2.  

7b; 1H NMR (CDCl3, 500 MHz): δ 5.56 – 5.39 (m, 4H), δ 2.97 – 2.93 (m, 2H), δ 2.44 – 2.38 (m, 

2H), δ 2.34 (t, J = 7.5 Hz, 2H), δ 2.24 – 2.18 (m, 2H), δ 2.07 – 2.03 (m, 4H), δ 1.66 – 1.60 (m, 

2H), 1.40 – 1.24 (m, 14H), 0.88 (t, J = 6.8 Hz, 3H). 13C (CDCl3, 125 MHz): δ 179.5, 133.0, 132.7, 

124.1, 123.8, 56.7, 56.7, 34.0, 31.6, 29.4, 29.4, 29.1, 29.0, 27.6, 27.5, 26.3, 24.7, 22.7, 14.2.  7c; 

1H NMR (CDCl3, 500 MHz): δ 5.53 – 5.31 (m, 4H), δ 2.98 – 2.93 (m, 2H), δ 2.8 (t, J = 6.9 Hz, 

2H), δ 2.44 – 2.39 (m, 1H), δ 2.35 (t, J = 7.6 Hz, 2H), δ 2.24 – 2.19 (m, 1H), δ 2.07 – 2.03 (m, 

2H), δ 1.66 – 1.61 (m, 2H), δ 1.57 – 1.25 (m, 14H), δ 0.89 (t, J = 7.0 Hz, 3H). 13C (CDCl3, 125 

MHz): δ 179.0, 130.9, 130.6, 127.5, 124.3, 57.5, 56.7, 34.0, 31.9, 29.5, 29.0, 29.0, 27.8, 27.3, 26.4, 

26.4, 26.0, 24.8, 22.7, 14.2. 

 † Compounds were used as mixtures for biological testing. The LC/UV-vis and LC/MS/MS 

oxylipin analysis was used to confirm the mixture of regioisomer and the purity of the compound 

Figure S16 shows the different regioisomers ratio in EEDs and DHEDs supplementation used in 

this study. Confirmation of desired structure was done by examining ratio of integrations of alkene 

protons (~5 – 6 ppm) to the methyl ester (~3.6 ppm) on 1H NMR. HRMS was also done to ensure 

desired mass. Separations and characterization were performed to determine relative percentages 

of each isomer in mixture used for biological testing.  
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8. Synthesis of 12-(3-((3s,5s,7s)-adamantan-1-yl)ureido)dodecanoic acid (AUDA):  

 

 

Scheme S7. Synthesis of AUDA 

The synthesis followed published procedure 5. To a suspension of 12-aminododecanoic acid (1g, 

FW = 215.33, 95% purity, 4.4 mmol) in 1,2-dichloroethane (100 mL), 1-adamantyl isocyanate 

(0.782 g, FW = 177.24, 97%, 4.28 mmol) was added.  The reaction mixture was heated at 80 ˚C. 

The reaction was monitored by TLC until all the isocyanate is consumed. The reaction mixture 

was then cooled down to room temperature and the solid product was filtered. The solid paste was 

further triturated and washed with hexane (100 mL). The isolated solid product was dried in 

vacuum overnight to afford final compound as a white solid in 69 % yield (1.2 g, FW = 392.58, 3.1 

mmol) 

 

Figure S16. The different regioisomers ratio in EEDs and DHEDs supplementation used in this study.  
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1H NMR (500 MHz, dmso-d6): δ 11.97 (br, 1H), 5.59 (t, J = 5 Hz, 1H), 5.43 (s, 1H), 2.89 (q, J = 

5 Hz, 2H), 2.18 (t, J = 5 Hz, 2H), 1.95-2.00 (m, 3H), 1.80-1.86 (m, 6H), 1.54-1.63 (m, 6H), 1.43-

1.52 (m, 2H), 1.25-1.35 (m, 2H), 1.17-1.27 (m, 14H) 

13C NMR (125 MHz, dmso-d6): δ 174.53, 157.06, 49.32, 42.07, 38.76, 36.17, 33.69, 30.06, 29.08, 

28.99, 28.97, 28.84, 28.81, 28.60, 26.46, 24.54  
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3. Characterization of Synthesized compounds  

 

Figure S17:1H NMR of 8,9-epoxyeicosadienoic acid (8,9-EED) 
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Figure S18:13C NMR of 8,9-epoxyeicosadienoic acid (8,9-EED) 
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Figure S19: 2D NMR of 8,9-epoxyeicosadienoic acid (8,9-EED) 
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Figure S20:1H NMR of 11,12-epoxyeicosadienoic acid (11,12-EED) 
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Figure S21:13C NMR of 11,12-epoxyeicosadienoic acid (11,12-EED) 
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Figure S22: 2D NMR of 11,12-epoxyeicosadienoic acid (11,12-EED) 
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Figure S23:1H NMR of 14,15-epoxyeicosadienoic acid (14,15-EED) 
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Figure S24:13C NMR of 14,15-epoxyeicosadienoic acid (14,15-EED) 
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Figure S25:2D NMR of 14,15-epoxyeicosadienoic acid (14,15-EED) 
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Figure S26:1H NMR of 8,9- dihydroxyeicosadienoic acid (8,9-DHED) 
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Figure S27:13C NMR of 8,9- dihydroxyeicosadienoic acid (8,9-DHED) 
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Figure S28:2D NMR of 8,9- dihydroxyeicosadienoic acid (8,9-DHED) 
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Figure S29:1H NMR of 11,12- dihydroxyeicosadienoic acid (11,12-DHED) 
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Figure S30:13C NMR of 11,12- dihydroxyeicosadienoic acid (11,12-DHED) 
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Figure S31:2D NMR of 11,12- dihydroxyeicosadienoic acid (11,12-DHED) 
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Figure S32:1H NMR of 14,15- dihydroxyeicosadienoic acid (14,15-DHED) 
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Figure S33:13C NMR of 14,15- dihydroxyeicosadienoic acid (14,15-DHED) 

 

 

Figure S34:2D NMR of 14,15-dihydroxyeicosadienoic acid (14,15-DHED) 
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Figure S35. Isomers of a mixture of DGLA diepoxides were separated via HPLC (1% 

isopropanol/hexanes, 2 mL/min), giving 5 fractions (retention times, in minutes, were 18.6, 22.1, 

23.8, 25.5, and 27.6 for fractions 1 – 5, respectively). The 1H NMR and gCOSY spectra of these 

fractions are shown in Figures S36-S46. 
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Figure S36:1H NMR of the first fraction (F1) of DGLA diepoxides separated by HPLC.  
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Figure S37: 2D NMR(gCOSY) of the first fraction (F1) of DGLA diepoxides separated by HPLC. 
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Figure S38: 1H NMR of the 2nd fraction (F2) of DGLA diepoxides separated by HPLC.  
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Figure S39. 2D NMR (gCOSY) of the first fraction (F1) of DGLA diepoxides seperated by HPLC. 
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Figure S40: 1H NMR of the 3rd fraction (F3) of DGLA diepoxides separated by HPLC.  
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Figure S41: 2D NMR (gCOSY) of the 3rd fraction (F3) of DGLA diepoxides separated by HPLC.  
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Figure S42: 1H NMR of the 4th fraction (F4) of DGLA diepoxides separated by HPLC. 
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Figure S43: 2D NMR (gCOSY) of the 4th fraction (F4) of DGLA diepoxides separated by HPLC.  

 



 

 

274 

 

 

Figure S44: 1H NMR of the 5th fraction (F5) of DGLA diepoxides separated by HPLC. 
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Figure S45: 2D NMR (gCOSY) of the 5th fraction (F5) of DGLA diepoxides separated by HPLC.  
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Figure S46: Comparing the 1H NMR of different fractions of DGLA diepoxides separated by 

HPLC. 
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Figure S47: 13C NMR of a mixture of different DGLA diepoxides regioisomers. 
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Figure S48: 1H NMR of a mixture of different DGLA THF-diol regioisomers. 
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Figure S49: 13C NMR of a mixture of different DGLA THF-diol regioisomers. 
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Scheme S8: Isomers of a mixture of DGLA diepoxides were separated via HPLC shown in Figure 

S35, representing relative ratio of each isomer. 
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Figure S50: GC/MS spectrum of the derivatized isomer isolated from fraction 5 (F5), showing the 

structure 2 and 3 in fraction 5. 
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Figure S51: GC/MS spectrum of the derivatized isomer isolated from fraction 5 (F5), showing the 

structure 2 and 3 in fraction 5. 
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Figure S52:  GC/MS spectrum of the derivatized isomer isolated from fraction 3 (F3), showing the 

presence of structure 2 and 3 in fraction 3. 

TMS+ 
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 Figure S53:  GC/MS spectrum of the derivatized isomer isolated from fraction 3 (F3), showing 

the presence of structure 2 and 3 in fraction 3. 
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1. Supporting Figures (Figure S1-S16): 

 

Figure S1. Oxylipin profile of C. elegans changes upon expression of Aβ and/or tau. (A) Unpaired T-test results 

for oxylipin change of C. elegans expressing tau compared to the wildtype. (B) Fold change analysis results for 

oxylipin change of C. elegans expressing tau compared to the wildtype. (C) Unpaired T-test results for oxylipin change 

of C. elegans expressing Aβ compared to the wildtype. (D) Fold change analysis results for oxylipin change of C. 

elegans expressing Aβ compared to the wildtype. (E) Unpaired T-test results for oxylipin change of C. elegans co-

expressing Aβ and tau compared to the wildtype. (F) Fold change analysis results for oxylipin change of C. elegans 

co-expressing Aβ and tau compared to the wildtype. Note that for A, C, and D, the raw p-value is shown here to the 

each oxylipin level in transgenic with its counterpart in wildtype. The results after applying multiple correction using 

the Benjamini-Hochberg procedure to control the false discovery rate (FDR 5%) are shown in chapter 3, Figure 1. 
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Figure S2. Ep-PUFA and dihydroxy-PUFA in C. elegans expressing Aβ and/or tau compared to wildtype. (A-

C) linoleic acid epoxy and dihydroxy metabolites. (D-I) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (J-

N) Arachidonic acid epoxy and dihydroxy metabolites, (P) α-linoleic acid dihydroxy metabolite. (Q-Y) 

eicosapentaenoic acid epoxy and dihydroxy metabolites. In all experiments worms were grown at 16 degrees until L4; 

then transferred and kept at 250C. age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical 

analysis: One-way analysis of variance (ANOVA) with Tukey’s multiple tests is used, where *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P < 0.0001, non-significant is not shown. 
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Figure S3. Hydroxy-PUFAs level comparison in C. elegans expressing Aβ and/or tau compared to 

wildtype. (A) linoleic acid hydroxy metabolites. (B-E) Arachidonic acid hydroxy metabolites. (F-K) 

eicosapentaenoic acid hydroxy metabolites. In all experiments worms were grown at 16 degrees till L4; then 

transferred and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical 

analysis: One-way analysis of variance (ANOVA) with Tukey’s multiple tests where *P ≤ 0.05, **P ≤ 0.01, ***P 

≤ 0.001, ****P < 0.0001, non-significant is not shown. 
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Figure S4. AUDA effect on Ep-PUFA and dihydroxy-PUFA in wildtype C. elegans (A1-A4) linoleic acid epoxy 

and dihydroxy metabolites. (B1-B6) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (C1-C6) Arachidonic 

acid epoxy and dihydroxy metabolites. (D1 and D2) α-linoleic acid dihydroxy metabolite. (E1-E10) eicosapentaenoic 

acid epoxy and dihydroxy metabolites. In all experiments worms were grown at 16 degrees until L4, then transferred 

to plates with or without AUDA (100 M) and kept at 250C. Age-synchronized worms were collected at day 3 for 

oxylipin analysis. Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 

0.0001, non-significant is not shown. The results after applying multiple correction using the Benjamini-Hochberg 

procedure to control the false discovery rate (FDR 5%) are shown in chapter 3, Figure 4B. 
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Figure S5. AUDA effect on Ep-PUFA and dihydroxy-PUFA in Tau-Tg strain (A1-A4) linoleic acid epoxy and 

dihydroxy metabolites. (B1-B6) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (C1-C6) Arachidonic acid 

epoxy and dihydroxy metabolites. (D1-D3) α-linoleic acid dihydroxy metabolite. (E1-E10) eicosapentaenoic acid 

epoxy and dihydroxy metabolites. In all experiments worms were grown at 16 degrees until L4 then transferred to 

plates with or without AUDA (100 M) and kept at 250C. age-synchronized worms were collected at day 3 for oxylipin 

analysis. Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, 

non-significant is not shown. The results after applying multiple correction using the Benjamini-Hochberg procedure 

to control the false discovery rate (FDR 5%) are shown in chapter 3, Figure 4C. 
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Figure S6. AUDA effect on Ep-PUFA and dihydroxy-PUFA in Aβ1-42-Tg strain (A1-A4) linoleic acid epoxy 

and dihydroxy metabolites. (B1-B5) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (C1-C5) Arachidonic 

acid epoxy and dihydroxy metabolites. (D1-D3) α-linoleic acid dihydroxy metabolite. (E1-E10) eicosapentaenoic acid 

epoxy and dihydroxy metabolites. In all experiments worms were grown at 16 degrees until L4 then transferred to 

plates with or without AUDA (100 M) and kept at 250C. Age-synchronized worms were collected at day 3 for 

oxylipin analysis. Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 

0.0001, non-significant is not shown. The results after applying multiple correction using the Benjamini-Hochberg 

procedure to control the false discovery rate (FDR 5%) are shown in chapter 3, Figure 4D. 
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Figure S7. AUDA effect on Ep-PUFA and dihydroxy-PUFA in Aβ1-42/Tau-Tg strain (A1-A4) linoleic acid 

epoxy and dihydroxy metabolites. (B1-B6) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (C1-C6) 

Arachidonic acid epoxy and dihydroxy metabolites. (D1-D3) α-linoleic acid dihydroxy metabolite. (E1-E10) 

eicosapentaenoic acid epoxy and dihydroxy metabolites. In all experiments worms were grown at 16 degrees until L4 

then transferred to plates with or without AUDA (100 M) and kept at 250C. age-synchronized worms were collected 

at day 3 for oxylipin analysis. Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001, ****P < 0.0001, non-significant is not shown. The results after applying multiple correction using the 

Benjamini-Hochberg procedure to control the false discovery rate (FDR 5%) are shown in chapter 3 Figure 4E. 
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Figure S8. AUDA effect on epoxy to dihydroxy ratio in wildtype worm. (A and B) linoleic acid epoxy and 

dihydroxy metabolites. (C-E) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (F and G) Arachidonic 

acid epoxy and dihydroxy metabolites. (H-L) eicosapentaenoic acid epoxy and dihydroxy metabolites. In all 

experiments worms were grown at 16 degrees until L4 then transferred to plates with or without AUDA (100 

M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis 

is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. The results after applying multiple correction using the Benjamini-Hochberg procedure to control the 

false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4F. 
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Figure S9. AUDA effect on epoxy to dihydroxy ratio in Tau-Tg strain. (A and B) linoleic acid epoxy and 

dihydroxy metabolites. (C-E) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (F and G) Arachidonic 

acid epoxy and dihydroxy metabolites. (H-L) eicosapentaenoic acid epoxy and dihydroxy metabolites. In all 

experiments worms were grown at 16 degrees until L4 then transferred to plates with or without AUDA (100 

M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis 

is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. The results after applying multiple correction using the Benjamini-Hochberg procedure to control the 

false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4G. 
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Figure S10. AUDA effect on epoxy to dihydroxy ratio in Aβ1-42-Tg strain. (A and B) linoleic acid epoxy 

and dihydroxy metabolites. (C and D) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (E and F) 

Arachidonic acid epoxy and dihydroxy metabolites. (G-K) eicosapentaenoic acid epoxy and dihydroxy 

metabolites. In all experiments worms were grown at 16 degrees until L4 then transferred to plates with or without 

AUDA (100 M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. 

Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-

significant is not shown. The results after applying multiple correction using the Benjamini-Hochberg procedure 

to control the false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4H. 
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Figure S11. AUDA effect on epoxy to dihydroxy ratio in Aβ1-42/Tau-Tg strain. (A and B) linoleic acid 

epoxy and dihydroxy metabolites. (C-E) dihomo-γ linoleic acid epoxy and dihydroxy metabolites. (F and G) 

Arachidonic acid epoxy and dihydroxy metabolites. (H-L) eicosapentaenoic acid epoxy and dihydroxy 

metabolites. In all experiments worms were grown at 16 degrees until L4 then transferred to plates with or without 

AUDA (100 M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. 

Statistical analysis is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-

significant is not shown. The results after applying multiple correction using the Benjamini-Hochberg procedure 

to control the false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4I. 
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Figure S12. AUDA effect on hydroxy-PUFA in wildtype C. elegans (A1 and B) linoleic acid hydroxy 

metabolites. (C-I) Arachidonic acid hydroxy metabolites. (J-P) eicosapentaenoic acid hydroxy metabolites. In all 

experiments worms were grown at 16 degrees until L4, then transferred to plates with or without AUDA (100 

M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis 

is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. The results after applying multiple correction using the Benjamini-Hochberg procedure to control the 

false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4J. 
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Figure S13. AUDA effect on hydroxy-PUFA in Tau-Tg strain (A1 and B) linoleic acid hydroxy metabolites. 

(C-I) Arachidonic acid hydroxy metabolites. (J-P) eicosapentaenoic acid hydroxy metabolites. In all experiments 

worms were grown at 16 degrees until L4, then transferred to plates with or without AUDA (100 M) and kept 

at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis is based on 

unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not shown. The 

results after applying multiple correction using the Benjamini-Hochberg procedure to control the false discovery 

rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4K. 
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Figure S14. AUDA effect on hydroxy-PUFA in Aβ1-42-Tg strain (A1 and B) linoleic acid hydroxy 

metabolites. (C-I) Arachidonic acid hydroxy metabolites. (J-P) eicosapentaenoic acid hydroxy metabolites. In all 

experiments worms were grown at 16 degrees until L4, then transferred to plates with or without AUDA (100 

M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis 

is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. The results after applying multiple correction using the Benjamini-Hochberg procedure to control the 

false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4L. 
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Figure S15. AUDA effect on hydroxy-PUFA in Aβ1-42/Tau-Tg strain (A1 and B) linoleic acid hydroxy 

metabolites. (C-I) Arachidonic acid hydroxy metabolites. (J-P) eicosapentaenoic acid hydroxy metabolites. In all 

experiments worms were grown at 16 degrees until L4, then transferred to plates with or without AUDA (100 

M) and kept at 250C. Age-synchronized worms were collected at day 3 for oxylipin analysis. Statistical analysis 

is based on unpaired t-test, where *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001, non-significant is not 

shown. The results after applying multiple correction using the Benjamini-Hochberg procedure to control the 

false discovery rate (FDR 5%) were used for volcano plot in chapter 3, Figure 4M. 
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Figure S16. AUDA rescues neurodegeneration induced by tau expression in glutamatergic neurons. (A) 

Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; aex-3:tau (Tau-Tg). (B) 

Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; aex-3:tau (Tau-Tg) in presence 

and absence of AUDA. (C) fluorescence image of eat-4::GFP, (D) fluorescence image of eat-4::GFP in worm 

expressing tau. (E) fluorescence image of eat-4::GFP in worm expressing tau in presence of AUDA. Three trials 

of 20 worms each were performed for each strain at each time point. The % healthy worms for each time point 

is the average of the triplicate. Error bars are standard error (SEM). Two-way analysis of variance (ANOVA) and 

Tukey’s multiple comparison test was used to analyze the statistical significance of this results. (*P< 0.05, **P< 

0.01, ***P< 0.001, ****P< 0.0001).  
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2. Materials and strains: 

2.1. Reagent and resource:  

Table S1. Reagents and resources used in this study. 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Cholesterol Alfa Aesar Cat#A11470; CAS: 57-88-5 

Agar Fisher Bioreagents Cat#BP9744-500; CAS: 9002-

18-0 

Bacto Agar Becton, Dickinson, and Company Cat# DIFCO 214010 

Tryptone Fisher Bioreagents Cat#BP1421-500; CAS: 91079-

40-2 

Bacto Tryptone Life Technologies Corporation Cat# DIFCO 211705 

Yeast Extract Becton, Dickinson, and Company Cat# DIFCO 212750 

Sodium Chloride VWR Cat#BDH9286 

Magnesium Sulfate 

heptahydrate 

Fisher Chemical Cat#M63-500; CAS: 10034-99-8 

Potassium Phosphate, 

monobasic, crystal 

Fisher Bioreagents Cat#BP362-500; CAS: 7778-77-

0 

Potassium Phosphate, dibasic, 

powder 

Fisher Chemical Cat#P288-500; CAS: 7758-11-4 

Calcium Chloride 

(anhydrous) 

Sigma-Aldrich Cat#C1016-500; CAS: 10043-

52-4 

Sodium Azide Fisher Scientific Cat#BP9221-500; CAS: 26628-

22-8 

Ethanol Fisher Chemical Cat#A409-4; CAS: 64-17-4 

Hexane Fisher Chemical Lot#176581; CAS: 110-54-3 

Acetic Acid Fisher Scientific Lot#193296; CAS: 64-19-7 

Acetonitrile Fisher Chemical Lot#195771; CAS: 75-05-8 

Chloroform Acros Organic Lot# B0541409A; CAS: 67-66-3 

Methanol Fisher Chemical Lot#195771; CAS: 67-56-1 

Acetone Fisher Chemical  CAS: 67-64-1 
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2.2.Deuterated standards used for oxylipin analysis. 

Table S2. Deuterated standards used in this study. 

Oxylipin standard name Oxylipin standard abbreviation 

6-keto prostaglandin F1α-d4 6-keto-PGF1α-d4 

5(S)-hydroxyeicosatetrenoic-d8 acid 5(S)-HETE-d8 

8,9-epoxyeicosatrienoic-d11 acid 8,9-EET-d11 

Arachidonic-d8 acid AA-d8 

15(S)-hydroxyeicosatetraenoic-d8 acid 15(S)-HETE-d8 

Prostaglandin B2-d4 PGB2-d4 

8,9-dihydroxyeicosatrienoic-d11 acid 8,9-DiHETrE-d11 

9(S)-hydroxyoctadecadienoic-d4 acid 9(S)-HODE-d4 

Leukotriene B4-d4 LTB4-d4 

Prostaglandin E2-d9 PGE2-d9 

 

2.3.Organisms/Strains 

Table S3. C. elegans strains used in this study. 

STRAIN SOURCE STRAIN 

NAME 

N2 Bristol Caenorhabditis Genetics 

Center 

N2 

CK1441 (Paex-3::Tau WT (4R1N) ; Pmyo-2::dsRED) Caenorhabditis Genetics 

Center 

CK1441 

CL2355 (smg-1ts (snb-1/Aβ1–42/long 3′-UTR; Pmlt-2::GFP) David Gems (Jennifer 

watts) 

CL2355 

CK1609 [(Paex-3::Tau WT (4R1N) ; Pmyo-2::dsRED); (smg-

1ts (snb-1/Aβ1–42/long 3′-UTR; Pmlt-2::GFP)]  

Caenorhabditis Genetics 

Center 

CK1609 

OH11152 (eat-4::GFP; ttx-3::DsRed) Caenorhabditis Genetics 

Center 

OH11152 

JKA71 [(eat-4::GFP; ttx-3::DsRed); (Paex-3::Tau WT 

(4R1N) ; Pmyo-2::dsRED)] 

Generated in the lab of 

Jamie Alan 

JKA71 
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2.4.Software and Algorithms 

Table S4. Software and Algorithms used in this study. 

Microsoft Excel Microsoft Corporation N/A 

ImageJ Rasband, W.S. https://imagej.nih.gov/ij/ 

BioRender BioRender https://biorender.com/ 

GraphPad Prism 9 GraphPad Software, Inc. https://www.graphpad.com/ 

MetaboAnalyst Open source https://www.metaboanalyst.ca/ 

NIS Element Nikon Nikon 

 

3. Experimental procedure 

3.1.Worm maintenance  

Worms were maintained at 16°C until they reached the L4 stage, at which they were transferred 

to 25°C to induce the appropriate expression of human amyloid-beta (Aβ) and/or tau. This 

approach enabled us to maintain worms under conditions with lower Aβ and/or tau expression 

during development, and to increase Aβ and/or tau accumulation upon reaching the L4 stage, 

where the nervous system is fully developed. We employed this method to more closely mimic the 

temporal changes associated with Alzheimer's disease (AD), which is believed to manifest in 

adulthood within a developed nervous system. A similar procedure was utilized for the control 

(wildtype) worms. 

3.2.Age-synchronized worm: 

The age-synchronized population was prepared by transferring specific numbers of healthy 

and well-fed Day 1 adult worms to a fresh nematode growth media (NGM) with OP50, E. coli 

OP50 (2.8 ×108 cell/ml), as described in previously published protocol1,2. The adult worms were 

allowed to lay eggs for 6-10 hours (at 16°C.) The laid eggs were isolated either by filtration or 

directly taking out adult worms depending on the number worms2.  Eggs are then allowed to hatch 

https://imagej.nih.gov/ij/
https://www.graphpad.com/
https://www.metaboanalyst.ca/
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at 16°C. About 36-48 hours later, plates were washed off with s-basal solution and transferred to 

a 40 m cell strainer placed on top of a 50 mL centrifuge tube. The large sized L4 larvae were 

retained on the filter, whereas eggs, larva, bacteria were passed through the filter. L4 larvae were 

then transferred to a 1.7 ml centrifuge tube using a glass pipet and spun at 325 x g on a table-top 

centrifuge for 30 s. The s-basal solution was removed by aspiration leaving behind a pellet of L4. 

Finally, L4 worms were resuspend in s-basal solution and transferred to the supplemented or 

control plates seeded with OP50, then kept at 25°C. During experiment, the age synchronized 

population was filtered on daily basis, through a 40 μm cell strainer placed on top of a 50 mL 

centrifuge tube in order to remove progeny. The age-synchronized adult worms were then 

collected and transferred to a freshly seeded NGM/supplemented plate. 

 

3.3.Epoxide Hydrolase inhibitor supplementation: 

To supplement with 12-(3-((3s,5s,7s)-adamantan-1-yl) ureido) dodecanoic acid (AUDA), a 20 

mM solution of AUDA in ethanol was made and added to 1 Liter NGM agar solution at 55-65 °C 

to reach a final concentration of 100 µM for preparing the treatment plates for the experiments. 

The plates were left at room temperature for one day, then seeded with 250-400 l of E. coli OP50 

(2.8 ×108 cell/ml). 

3.4.5-HT SENSITIVITY ASSAY. 

Synchronized transgenic and the control worms that were grown according to above protocol were 

collected at days 3 and day 5 adulthood. We then assessed serotonin hypersensitivity by placing 

20-30 age-synchronized worms in 1 mM serotonin solution dissolved in s-basal and scoring worms 

that remained mobile after 10 minutes exposure 3.   
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3.5.Thrashing Assay: 

Age-synchronized transgenic strain and the control worm that grown according to the protocol 

mentioned above. For thrashing assays, 20 age synchronized worms of a at day 3 and day 5 

adulthood were transferred by a worm pick to the s-basal solution on a NGM agar plate at room 

temperature. The worms were allotted 30 seconds to adapt to the new environment. Then, the 

worm’s movement “thrashing” was recorded using a camera for 30 seconds. Finally, the number 

of “thrashes” were counted (each thrash is when the worms head and body moved from their 

starting position to the other side of a vertical axis and back to the starting position)4. 

3.6.Radian locomotion: 

Synchronized transgenic strain and the control worm that grown according to the protocol 

mentioned above. To do radian locomotion assay, 30-50 age synchronized worms at day 3 and day 

5 adulthood were transferred to the center of a NGM plate that covered with a thin layer of OP50. 

Worm were allowed for 30 minutes to move, then the distance each worm traveled from the center 

of plate during 30 mins was measured using a microscope image of plate at the end of experiment 

and ImageJ software to measure the position of worm compare to the center of plat. Finally, the 

radian locomotion was calculated for each worm as R= 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑤𝑜𝑟𝑚 𝑓𝑟𝑜𝑚 𝑐𝑒𝑛𝑡𝑒𝑟(𝑢𝑚)

𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐.)
. 

3.7.Cold tolerance: 

Age-synchronized worms, at day 5 adulthood that grown at 25 degrees were transferred to a 

4°C fridge, to cause a cold shock. The worms were left at 4°C for 48 hours, and then removed 

from the refrigerator and allotted approximately 2-4 hour to equilibrate to room temperature. The 

worms were then assayed for viability by gently tapping each worm with a pick and observing 

movement or lack thereof5,6.  
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3.8. Oxylipin Analysis: 

To examine the oxylipin profile across various C. elegans strains, approximately 5-10 mg of 

synchronized day 3 adult worms which are equivalent to approximately 5000 to 10000 worms 

gathered per trial, ensuring that adequate oxylipin concentrations were present in the whole worm 

lysates2. To generate a sufficient population, a minimum of seven P100 plates, each 100 mm in 

diameter, were used per trial. Approximately 2000-3000 worms were prepared for each 5 mg 

whole worm lysate sample (300-400 worms per plate). The age-synchronized worm populations 

were established and maintained using the previously mentioned filtration method. 

Once the worm populations were ready for collection, they were transferred from the seven 

plates per trial and filtered using s-basal solution and a 40 µm pore size cell strainer. The worms 

that accumulated on the cell strainer's surface were moved to an Eppendorf vial using a Pasteur 

pipet to prevent the worms from sticking inside pipet wall. The worms were then rinsed with s-

basal medium, centrifuged, and the supernatant was discarded. The worms underwent four 

additional washes with s-basal medium to remove bacteria and PUFA supplements. 

After removal of bacteria and supplements, the worm samples in the Eppendorf vials were 

centrifuged at 10,000 rpm and 4°C for 10 minutes. Supernatant was removed using pipets of 100 

µL and 10 mL. A 20 mL pipet featuring a long tip was employed to extract liquid from between 

the worms. Finally, standard filter paper was cut and placed into the Eppendorf vials to eliminate 

any remaining liquid in the worm samples. The worm samples were then flash-frozen with liquid 

nitrogen and stored at -80°C. Upon removal from -80°C storage, the weight of a 2 mL cryogenic 

homogenizer vial per trial was recorded. Worm samples were flash-frozen with liquid nitrogen, 

loosened using a 0.7 mm needle, and transferred to the homogenizer vial, the weight of which was 

recorded. The weight of each vial containing worms determined the amount of worms used in each 
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trial. Three homogenization beads were added to every homogenizer vial, along with 100 µL 

phosphate-buffered saline (PBS), 10 µL internal standard (deuterated oxylipins), and 10 µL 

antioxidants, including ethylenediamine tetraacetic acid (EDTA), butylated hydroxytoluene 

(BHT), and triphenylphosphine (TPP). Table S4 provides further details on deuterated oxylipin 

standards. 

Each homogenizer vial containing worm samples was flash-frozen with liquid nitrogen and 

then homogenized for five 30-second cycles at 5 M/s using an Omni bead ruptor 24 homogenizer. 

An additional 900 µL of PBS was added to the homogenized samples, which were then centrifuged 

at 10,000 rpm for 5 minutes. Supernatant was collected and transferred to a new Eppendorf vial 

for solid-phase extraction (SPE). SPE, using Waters Oasis-HLB cartridges, isolated oxylipins from 

whole worm lysates. A polar stationary phase trapped highly polar biological materials like sugars, 

while the targeted oxylipins were considerably less polar. SPE column preparation involved 

sequential washing with 2 mL ethyl acetate, 2 mL methanol (twice), and 2 mL of a 95:5 (v/v) water 

and methanol mixture containing 0.1% acetic acid, ensuring the column remained moist. 

Once the SPE column was prepared, the Eppendorf vials containing the homogenized samples 

were loaded onto the SPE column. After the sample was loaded onto the column by gravity, 1.5 

mL of washing solution (95:5 v/v mixture of water and ethanol with 0.1% acetic acid) was added 

to the column. The column was then dried by gravity. Next, the column was thoroughly dried using 

a vacuum pump for 20 minutes. Upon completion of drying, the column was ready for elution. 

During the elution step, 0.5 mL of methanol was added to the column. The eluted 

compounds were collected in an Eppendorf vial containing 6 µL of 30% glycerol in methanol, 

acting as a trap solution. The column was allowed to gravity elute until it appeared dry. A 5 mL 

syringe filled with air was placed at the top of the SPE column to gently push out any remaining 
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solvent with air. Once the column was completely dry, 1 mL of ethyl acetate was added to the 

column. The solvent was allowed to gravity elute until the column appeared dry to the eye. The 

remaining solvent was again removed using a 5 mL syringe and gently pushing air through the 

column. 

After completing SPE, the final extracted sample was dried using a speed-vac until only the 

trap solution remained. The residues were reconstituted with 100 μL of 75% ethanol/water 

containing 10 nM of internal standard, 12-[(cyclohexylcarbamoyl)amino]dodecanoic acid 

(CUDA). The samples were then mixed on a vortex for five minutes and filtered with a 0.45 μm 

filter. Finally, the samples were transferred to auto-sampler vials with salinized inserts, purged 

with argon gas, and stored at -80°C until injection. 

The liquid chromatography (LC) conditions were optimized to separate all eicosanoids of 

interest with the desired peak shape and signal intensity using an XBridge BEH C18 2.1x150mm 

HPLC column. Mobile phase A consisted of 0.1% acetic acid in water, while mobile phase B 

comprised acetonitrile: methanol (84:16) with 0.1% glacial acetic acid. Gradient elution was 

performed at a flow rate of 250 μL/min, and chromatography was optimized to separate all analytes 

in 20 minutes. The autosampler, Waters ACQUITY FTN, was maintained at 10°C. The column 

was connected to a TQXS tandem mass spectrometer (Waters) equipped with Waters Acquity SDS 

pump and Waters Acquity CM detector. Electrospray was used as the ionization source for 

negative multiple reaction monitoring (MRM) mode. To achieve the best selectivity and 

sensitivity, each analyte standard was infused into the mass spectrometer, and multiple reaction 

monitoring was employed to analyze the desired compound. 
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3.9.Fluorescence microscopy imaging for tracking glutamatergic neurons: 

To investigate the effect of tau on glutamatergic neurons, a eat-4::GFP; ttx-3::DsRed 

(expresses GFP in five glutamatergic neurons) was crossed with tau transgenic worms, (CK1441). 

Worms were grown at 16 ˚C until L4, then placed on new OP50 plate with or without AUDA 

supplementation, and transferred to 25  ˚C. At day 1, day 3, and day 5 adulthood, the GFP-tagged 

glutamatergic neurons were tracked using Nikon Ti-2 inverted microscope.  To do so, Sufficient 

sodium azide was added to generate a 2 mM NaN3 solution mixed in the 1% agarose solution. 

Approximately 200 μL agarose/sodium azide solution was placed on a microcopy slide. Another 

slide was placed on top of agarose/sodium azide droplet to generate a smooth pad that the worms 

can be placed. Once the agar pad is sufficiently dry, the second slide was removed. Then, 10 μL 

of 5 mM sodium azide was placed on top of the pad, and approximately 20 worms were placed 

into the droplet of sodium azide, which functioned to paralyze the worms for imaging. The worms 

were observed until all were fully paralyzed. Lastly, a microscopy slide cover was placed on top 

of the paralyzed worms. The microcopy slide containing the paralyzed worms was then placed 

under a Nikon Ti-2 inverted microscope for analysis of neuronal GFP in the paralyzed worms. 

3.10. Statistical Analysis: 

Statistical analysis was performed using GraphPad Prism version 9.00 for Windows (GraphPad 

Software; www.graphpad.com). For phenotypic assays, One-way analysis of variance (ANOVA) 

with Tukey’s multiple tests is used. For oxylipin analysis, an initial evaluation was conducted 

using the student's unpaired t-test to identify changes in each oxylipin compared to their 

counterparts (these data are provided in the supporting information figures). Subsequently, a 

multiple unpaired t-test with corrections using the Benjamini and Hochberg method at a false 

discovery rate (FDR) of 0.05 was employed to determine the most significant changes while 

http://www.graphpad.com/
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accounting for multiple comparison errors. The results of this analysis are presented in the main 

manuscript and serve as the primary statistical method for comparing differences between groups. 

We also use MetaboAnalyst 5.0  (https://www.metaboanalyst.ca/) to normalize oxylipin data and 

obtain the heatmap and correlation coefficient.  
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APPENDIX 3: SUPPORTING INFORMATION FOR CHAPTER 4 
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1. Materials and strains: 

1.1. Reagent and resource:  

Table S1. Reagents and resources used in this study. 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Cholesterol Alfa Aesar Cat#A11470; CAS: 57-88-5 

Agar Fisher Bioreagents Cat#BP9744-500; CAS: 9002-

18-0 

Bacto Agar Becton, Dickinson, and Company Cat# DIFCO 214010 

Tryptone Fisher Bioreagents Cat#BP1421-500; CAS: 91079-

40-2 

Bacto Tryptone Life Technologies Corporation Cat# DIFCO 211705 

Yeast Extract Becton, Dickinson, and Company Cat# DIFCO 212750 

Sodium Chloride VWR Cat#BDH9286 

Magnesium Sulfate 

heptahydrate 

Fisher Chemical Cat#M63-500; CAS: 10034-99-8 

Potassium Phosphate, 

monobasic, crystal 

Fisher Bioreagents Cat#BP362-500; CAS: 7778-77-

0 

Potassium Phosphate, dibasic, 

powder 

Fisher Chemical Cat#P288-500; CAS: 7758-11-4 

Calcium Chloride 

(anhydrous) 

Sigma-Aldrich Cat#C1016-500; CAS: 10043-

52-4 

Sodium Azide Fisher Scientific Cat#BP9221-500; CAS: 26628-

22-8 

Ethanol Fisher Chemical Cat#A409-4; CAS: 64-17-4 

Hexane Fisher Chemical Lot#176581; CAS: 110-54-3 

Acetic Acid Fisher Scientific Lot#193296; CAS: 64-19-7 

Acetonitrile Fisher Chemical Lot#195771; CAS: 75-05-8 

Chloroform Acros Organic Lot# B0541409A; CAS: 67-66-3 

Methanol Fisher Chemical Lot#195771; CAS: 67-56-1 

Acetone Fisher Chemical  CAS: 67-64-1 
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1.2. Deuterated standards used for oxylipin analysis. 

Table S2. Deuterated standards used in this study. 

Oxylipin standard name Oxylipin standard abbreviation 

6-keto prostaglandin F1α-d4 6-keto-PGF1α-d4 

5(S)-hydroxyeicosatetrenoic-d8 acid 5(S)-HETE-d8 

8,9-epoxyeicosatrienoic-d11 acid 8,9-EET-d11 

Arachidonic-d8 acid AA-d8 

15(S)-hydroxyeicosatetraenoic-d8 acid 15(S)-HETE-d8 

Prostaglandin B2-d4 PGB2-d4 

8,9-dihydroxyeicosatrienoic-d11 acid 8,9-DiHETrE-d11 

9(S)-hydroxyoctadecadienoic-d4 acid 9(S)-HODE-d4 

Leukotriene B4-d4 LTB4-d4 

Prostaglandin E2-d9 PGE2-d9 

 

1.3. Organisms/Strains 

Table S3. C. elegans strains used in this study. 

STRAIN SOURCE STRAIN 

NAME 

N2 Bristol Caenorhabditis Genetics Center N2 

ceeh-1(ok3153) Caenorhabditis Genetics Center ok3153 

ceeh-2 (tm3635) National BioResource Project, Japan tm3635 

ceeh-1(vv228) Gifted from Dr. Pretrascheck’s group at the Scripps Research 

Institute 

vv228 

ceeh-2(vv226) Gifted from Dr. Pretrascheck’s group at the Scripps Research 

Institute 

vv226 

ceeh-2/ceeh-1(vv231) Gifted from Dr. Pretrascheck’s group at the Scripps Research 

Institute 

vv231 
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1.4.Software and Algorithms 

Table S4. Software and Algorithms used in this study. 

Microsoft Excel Microsoft Corporation N/A 

ImageJ Rasband, W.S. https://imagej.nih.gov/ij/ 

BioRender BioRender https://biorender.com/ 

GraphPad Prism 9 GraphPad Software, Inc. https://www.graphpad.com/ 

NIS Element Nikon Nikon 

2. Experimental procedure 

2.1. Worm maintenance  

All nematode stocks were maintained on nematode growth media (NGM) plates seeded with 

bacteria (E. coli OP50) with 2.8 ×108 cell/ml and maintained at 20°C unless otherwise noted. 

2.2. Age-synchronized worm 

To obtain an age-synchronized population, a specific number of healthy and well-fed Day 1 

adult worms (determined by the experiment and the desired progeny count) were transferred to 

fresh nematode growth media (NGM) with OP50, as outlined in the previously published protocol 

1. The adult worms were allowed to lay eggs for a period of 6-10 hours. The deposited eggs were 

then separated and allowed to hatch. Approximately 36-48 hours later, the plates were rinsed with 

s-basal solution, and the contents were transferred to a 40 µm cell strainer placed atop a 50 mL 

centrifuge tube. The larger L4 larvae remained on the filter, while eggs, other larval stages, 

bacteria, and potential contaminants passed through. The L4 larvae were washed with 75-100 µl 

of s-basal and moved to a 1.7 ml centrifuge tube using a glass pipette, followed by a 30-second 

spin at 325 x g in a tabletop centrifuge. The s-basal was carefully aspirated, leaving a pellet of L4 

larvae. Lastly, the L4 worms were resuspended in s-basal solution and transferred to either 

supplemented or control plates containing OP50. 

https://imagej.nih.gov/ij/
https://www.graphpad.com/
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2.3. C. elegans longevity assessment: 

The longevity assays are conducted by placing 100 L4 C. elegans (obtained during egg 

production following the previously mentioned procedure) on fresh NGM plates inoculated with 

OP50. These specimens are then relocated daily or every two days to a new NGM + OP50 plate, 

while keeping track of living (transferred), deceased, and censored (wounded or killed during 

transfer, misplaced/buried in agar, or desiccated on the plate wall) worms. This process is carried 

out until the entire sample population has perished. Older worms generally exhibit reduced 

mobility; therefore, a gentle prod on the worm's anterior end may be employed if necessary to 

verify their vitality. This assay is conducted in triplicate. 

2.4.Supplementing plates with drugs (AUDA and FUDR) 

For supplementation with 12-(3-((3s,5s,7s)-adamantan-1-yl) ureido) dodecanoic acid 

(AUDA), a 20 mM AUDA solution was prepared in ethanol and incorporated into 1 Liter of NGM 

agar solution, maintaining a temperature of 55-65 °C, until achieving a final concentration of 100 

µM before plating2. The plates were allowed to sit at room temperature for a day and then 

inoculated with 250-400 µl of E. coli OP50 (2.8 ×108 cells/ml). Similar procedure was followed 

for making 5-fluoro-2-deoxyuridine FUDR supplementation, where a final concentration of 50 

µM was made in 1 Liter of NGM agar solution and followed by making plate and seeding them 

with similar amount of OP50. 

2.5.Oxylipin Analysis: 

The detailed experimental method for oxylipin analysis, including specific techniques, 

equipment, and reagents used, can be found in Chapter 2, Appendix 1. Briefly, Oxylipins, were 

investigated in C. elegans using whole worm lysates. The D1 adulthood of different strains were 

generated and maintained as previously described. Worms were collected, filtered, rinsed, and 
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centrifuged to create worm samples, which were then flash frozen and stored at -80°C. To analyze 

the oxylipins, the samples were prepared, homogenized, and subjected to solid phase extraction 

(SPE) using a polar stationary phase. After the elution step, the extracted samples were dried, 

reconstituted, filtered, and transferred to auto-sampler vials for storage. The LC conditions were 

optimized for peak shape and signal intensity, and the samples were analyzed using a TQXS 

tandem mass spectrometer. 

2.6.Egg production assessment. 

The egg-laying capacity assay is conducted by placing a single L4 worm on a fresh NGM plate 

inoculated with OP50. After 24 hours, the worm is relocated to a new NGM + OP50 plate (with 

or without supplementation) and the eggs/larvae generated by the worm are enumerated. This 

process is carried out daily until the worm ceases to produce progeny, usually around adult day 5 

or 6. This experiment is performed with a minimum of three replicates. 
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