1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacol Ther. Author manuscript; available in PMC 2024 August 01.

-, HHS Public Access
«

Published in final edited form as:
Pharmacol Ther. 2023 August ; 248: 108454. doi:10.1016/j.pharmthera.2023.108454.

Regulatory lipid vicinal diols counteract the biological activity of
epoxy fatty acids and can act as biomarkers and mechanisms
for disease progression

Cindy McReynolds?!, Bruce Hammock?2, Christophe Morisseau3
1EicOsis, Davis, CA

2University of California, Davis, Davis, CA, EicOsis, Davis, CA

SUniversity of California, Davis, Davis, CA

Abstract

Polyunsaturated fatty acids (PUFAS) are essential fatty acids required for human health and are
obtained primarily from food or synthesized in the body by highly regulated processes. The
metabolites of these lipids, formed largely through the action of cyclooxygenase, lipoxygenase,

or cytochrome P450 (CYP450) enzymes, are responsible for multiple biological functions
including inflammation, tissue repair, cell proliferation, blood vessel permeability, and immune
cell behavior. The role of these regulatory lipids in disease has been well studied since their
discovery as druggable targets; however, the metabolites generated downstream of these pathways
have only recently gained attention for regulating biology. Specifically, the biological activity of
lipid vicinal diols formed from the metabolism of CYP450-generated epoxy fatty acids (EpFA) by
epoxide hydrolases were previously thought to have little biological activity but increasingly are
recognized as promoting inflammation and brown fat adipogenesis, and exciting neurons through
the regulation of ion channel activity at low concentrations. These metabolites also appear to
balance the action of the EpFA precursor. For example, EpFA demonstrate the ability to resolve
inflammation and reduce pain, while some lipid diols, through opposing mechanisms, promote
inflammation and pain. This review describes recent studies that highlight the role of regulatory
lipids, focusing on the balance between EpFA and their diol metabolites in promoting or resolving
disease.
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1. Introduction

“Regulatory lipids”, also described as oxylipins, comprise a class of omega-3 (n-3) and

-6 (n-6) polyunsaturated fatty acids (PUFA) metabolites that are responsible for important
biological functions, such as inflammation, tissue repair, cell proliferation, blood vessel
permeability and immune cell behavior, among others. PUFA are essential fatty acids
required for human health and are obtained primarily from food, but some are synthesized
in the body by highly regulated processes. They are named by the number of carbon
atoms and double bonds, with the most abundant lipids being linoleic acid (LA), an n-6
fatty acid with 18 carbons and two double bonds (LA, 18:2, n-6), alpha-linolenic acid
(ALA, 18:3, n-3), arachidonic acid (AA, 20:4, n-6), eicosapentaenoic acid (EPA, 20:5,
n-3), and docosahexaenoic acid (DHA, 22:6, n-3). PUFA are stored in cellular membranes
and released in response to cellular signals, such as hormone levels, injury, or stress,

and metabolized by the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome
P450 (CYP450) enzymes to form a cascade of regulatory lipids, also called oxylipins.
This cascade has been widely described and published for ARA. Here, the formation of
regulatory lipids from LA by these pathways is outlined in Figure 1. The metabolism of the
other PUFAs undergo similar mechanisms, and their nomenclature is outlined in Table 1.

The role of regulatory lipids in disease has been well studied since their discovery as
druggable targets. Metabolism by the COX enzyme forms prostanoids, precursors to
prostaglandins that are formed through prostaglandin synthase enzymes. In this pathway,
most drugs focus on inhibiting COX enzymes to prevent the formation of pro-inflammatory
prostaglandins. By mass these drugs remain the most widely used worldwide. The LOX
pathway also generates inflammatory compounds, such as leukotrienes (LTs). Historically,
this was the second regulatory lipid pathway to be therapeutically targeted. For example,
ALOX5-inhibitors and LT-receptor antagonists have been developed for the treatment of
asthma and seasonal allergies. Interestingly, they have recently become a target for liver
disease (Liangpunsakul & Chalasani, 2019). The third pathway, oxidation by CYP450,
forms both hydroxy and epoxy lipid metabolites, and this pathway is gaining attention

as a potential therapeutic target. The epoxy fatty acids (EpFA) are unique among the
regulatory lipids in that they are associated with beneficial properties, such as the ability

to resolve inflammation as well tireduce endothelial dysfunction and endoplasmic reticulum
(ER) stress. Unlike epoxides of some compounds, most epoxy fatty acids are chemically
quite stable. Their low chemical reactivity and lack of chemical affinity for nucleic acids
leads to low risk of forming mutagenic nucleic acid adducts or even protein adducts.

Also the fatty acid backbone has little affinity for nucleic acids. The beneficial activity of
EpFA is reduced by their rapid degradation by the soluble epoxide hydrolase (SEH) into
corresponding and far more polar vicinal diols. These are an interesting group of chemical
mediators where their concentration is modulated by release from membrane storage as well
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as reincorporation (Spector, 2009), changes in biosynthesis and also dramatic changes in
rates of hydrolysis (C. McReynolds, Morisseau, Wagner, & Hammaock, 2020).

EpFA can be formed from CYP450 oxidation at each double bond of PUFAs, and
subsequent hydrolysis forms the corresponding vicinal diols (Table 1). Although other
hydrolases can form diols from EpFA, sEH is the most efficient enzyme responsible
hydrolysis for all but 5(6) EpETrE which is a poor substrate for SEH and is more
efficiently metabolized by COX (Spector & Norris, 2007) (Morisseau, et al., 2021). In
most tissues the SEH has a higher concentration and higher specific activity than the
microsomal epoxide hydrolase (mEH), but there are situations where the mEH play an
important or even the major role in hydrolysis (Edin, et al., 2018; Morisseau, et al., 2021).
Considering the numerous EpFA and diol chain length, regioisomers, optical isomers and
metabolites formed from the various PUFA and their double bonds, published literature
needs to be carefully reviewed to determine if biological activity assigned to compounds
represent a class or are result of being the only oxylipin included in the analysis. To further
complicate data interpretation, often analytical methods do not monitor all the EpFA or diols
formed, nor do they quantify other oxylipins. Lack of quantification becomes increasingly
important if select compounds have concentration dependent different actions, such as
dihydroxyoctadecenoic acids (DiHOMES), the diols derived from linoleic acid. The field

is further complicated by an often high background of other lipids in matrices analyzed,
instability of the analytes, as well as a high cost and complexity of analytical tools used.

DiHOMEs have beneficial metabolic and cardioprotective effects at lower concentrations
by stimulating brown fat adipogenesis (Macédo, Mufioz, Cintra, & Pauli, 2022);

however, at higher concentrations, these compounds activate neutrophils and promote a
hyperinflammatory response (Bergmann, et al., 2022), as well as disrupt endocrine function
in rats (Markaverich, et al., 2007). Interestingly, the biological activity of other lipid diols
has not been well characterized although biological roles in pain and inflammation have
been described for the arachidonic acid formed DIHETYEs by impairing neutrophil response
(Bergmann, et al., 2021) and blocking potassium channel activation (Nandkishor Kisanrao
Mule, 2018). As bioactive lipid metabolism is being recognized as an important process in
health and disease, more studies are incorporating this analysis in their research platforms;
thus, standardization of methods and reporting standards are important in interpreting study
results. To help address these inconsistencies in future studies, there are current efforts

to unify both naming conventions and rigor in both analytical methods and reporting
(McDonald, et al., 2022). Despite this, there is an abundance of literature identifying

that an increase in lipid diols is correlated with disease. Until recently, the lipid diols

were considered biologically inactive and probably short lived (Spector & Norris, 2007).
Vicinal diols are surprisingly polar, are targets for conjugation reactions, and even without
conjugation tend to move out of cells while EpfA concentrate in cells. However, recent
studies provide evidence that lipid diols promote inflammation, pain and endothelial
dysfunction through opposing actions of the EpFA.

It is critical for survival that animals can turn on inflammation pathways quickly to counter
infections and other maladies. However, these same inflammatory pathways and associated
cell death pathways can lead to severe damage to the organism or death. Thus, it is
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not a surprise that we have systems to balance acute inflammation involving an active
resolution of inflammation. It appears that long chain EpFA are involved in the resolution
of inflammation acting on the ER stress response and in part through other downstream
inflammation resolving lipids (Abdalla 1369). For example, the monoepoxides from AA
(EET) and omega-3 lipids (EDP and EEQ)s ca help to resolve the inflammatory response.
However, the average western diet is now exceptionally high in linoleate. This omega —6
octadecanoid fatty acid is in a way a biproduct of the corn industry that has been driven

by economics into most cooking oils and a variety of processed food. This high body
burden of linoleate coupled with the decrease in long chain omega 3 fatty acids whose
epoxides are particularly potent at resolving inflammation can lead to production of high
levels of linoleate epoxides, which unlike the pro-resolving EETs, EDPs, and EEQs, can
be highly inflammatory and cytotoxic as their diols. Thus, western society’s dramatic shift
toward linoleate as a dietary component which normally is tolerated as an energy source,
becomes the most abundant substrate for epoxidation leading to enhancement of ER stress,
inflammation, cell death and other biological effects at a time when our bodies need to
actively resolve inflammation. This review describes recent studies that highlight the balance
between the epoxy fatty acids and their sEH formed diol metabolites in promoting disease.

2. Regulatory role in inflammation

The beneficial effects of EpFAs have been demonstrated in numerous studies, and their anti-
inflammatory action attributed primarily to inhibiting the nuclear translocation of NF-xB
(Node, et al., 1999) (Xu, et al., 2006). The epoxides of linoleic acid (EpOMES) appeared to
be an exception; they were originally described as ‘leukotoxins’ because of their cytotoxic
effects on leukocytes (Hu, et al., 1988). In several case studies, the risk of mortality in

burn patients was correlated with increased leukotoxin; however, the corresponding diols
were not measured in these studies because of an early bias that assumed the more water-
soluble diol metabolites lacked biological activity due to rapid (Spector & Kim, 2015)

and the common assumption that all epoxides are chemically reactive as electrophiles.
Moghaddam et al. were the first to demonstrate a biological role of LA-diols (DiHOMES)
by demonstrating that the cytotoxic effect of ‘leukotoxin’ was eliminated when the sEH was
genetically absent or inhibited (Moghaddam, et al., 1997). These findings established that
DiHOMEs, and not their parent epoxides, called ‘leukotoxin’, are the actual major cause for
the cytotoxic effect. Further studies determined that lipid diols were pro-inflammatory lipid
mediators responsible for monocyte chemotaxis (Kundu, et al., 2013). Thus, the metabolism
of regulatory lipids can either resolve inflammation through regulation of NF-xA by EpFA,
or promote chronic inflammation through the formation of lipid diols that are required for
chemotaxis of leukocytes (Bergmann, et al., 2021) (Kundu, et al., 2013) (Figure 2).

The immunological role of DIHOMES was not followed in great detail until the 2020
COVID-19 pandemic. To gain a better understanding of the pandemic, the research
community deployed multiple metabolomic analyses to understand the pathophysiology
of COVID-19, including plasma oxylipin analysis. In multiple studies, the bioactive LA
metabolites showed significant correlations with worsening COVID-19 outcomes. The
first of these studies was conducted in a small subset of hospitalized COVID-19 patients
in early 2020. This first study analyzed only 6-subjects; however, the increase in LA-
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derived diols was significantly higher in severe COVID-19 patients compared to healthy
controls (C. McReynolds, et al., 2021). Further studies with larger cohorts of patients
confirmed the correlation of DIHOMEs with severe COVID-19 (Ripon, Bhowmik, Amin,

& Hossain, 2021). In a follow-up study designed to investigate oxylipin profiles in
ICU-admitted COVID-19 patients (n=7) compared to hospitalized COVID-19 patients not
admitted to the ICU (n=37) in early 2020, investigators confirmed that several inflammatory
oxylipins, including DiIHOMES, were upregulated in COVID-19 patients admitted to the
ICU compared to COVID-19 patients hospitalized but not in the ICU. The increase in
DiHOMEs also correlated with increased neutrophils and inflammatory cytokines (Karu, et
al., 2022).

Inhibition of the SEH has been explored as a therapeutic strategy based on the hypothesis
that resulting increased in the concentrations of biological active EpFA will be beneficial

in dysregulated inflammatory conditions. However, analysis of COVID-19 data suggests
that the potentially deleterious effects of DIHOMES may have a more important role

in the pathophysiology of pathological inflammatory states. Thus, reducing these diols
through sEH inhibition may be more important in that case than the resulting increases

in their corresponding epoxides. To better understand the pathophysiologic role of diols, a
mouse burn model was utilized to correlate oxylipin profiles with immunological function.
Two separate studies confirmed that lipid diols have biological activity promoting chronic
inflammation. The first study (Bergmann, et al., 2021) identified that the AA-derived
DIiHETYE increased in tissue surrounding the wound, and the second study recognized that
plasma levels of LA-derived DIHOMES were increased 6-hours post burn injury (Bergmann,
et al., 2022). Mouse splenocytes and bone-marrow incubated with plasma samples from
burn injured mice, which have increased DiIHOME concentrations, resulted in impaired
neutrophil function, reduced capacity for phagocytosis, and failed macrophage activation.
These changes are hypothesized to result in a fatigued immune system that is unable to
respond to additional challenges and could explain increased mortality in burn patients with
secondary sepsis, or the incidence of secondary infections in COVID-19 patients.

The hypothesis that DIHOMEs drive a prolonged neutrophil response that fatigues the
immune system and results in failed resolution was indirectly tested in a clinical trial of

n-3 lipid supplementation in hospitalized COVID-19 patients (Arnardottir, et al., 2022).
Hospitalized COVID-19 patients were supplemented intravenously with either a high n-3
PUFA emulsion containing fish oil or saline for 5-days. Patients supplemented with fish

oil had significantly less DIHOMESs compared to the saline treated group. In addition, the
decreased DIHOMEs correlated with increased phagocytosis and decreased neutrophil to
lymphocyte ratio, essentially resolving the immune dysfunctions observed with DiIHOMEs,
such as decreased phagocytosis and increased neutrophil to lymphocyte ratio (Bergmann, et
al., 2022).

While the role of lipid diols in driving dysregulation of the immune system is being
investigated more intensely, there are still many knowledge gaps in this area of research as

it pertains to conditions with acutely dysregulated inflammatory responses, such as sepsis. In
fact, only one study had included DiIHOMEs analysis in patients with sepsis (Hamaguchi, et
al., 2019) prior to the COVID pandemic. In this small study, 5 septic patients were enrolled
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for oxylipin analysis. There was a single fatality due to septic shock. This patient had
100-200-fold increases in 12,13- and 9,10-DiHOMEs, respectively, on the first day admitted
to ICU compared to the patients that survived. Although this sample size is very small

and the only known study analyzing lipid vicinal diols in sepsis, these data support future
efforts in exploring if the previous hypothesis resulting from the rodent study that suggests
DiHOMEs impair neutrophil activation and prevent monocyte phagocytosis, resulting in
fatigue of the immune system, or immunoparesis, and eventually, increased risk of death

in sepsis can translate to human patients. In fact, immunoparesis could be considered a
failure to actively resolve inflammation (Serhan & Savill, 2005), further supporting a role
for bioactive EpFA and diols in septic shock.

More recent studies are being conducted to analyze DIHOME fatty acids as they relate to
the pathophysiology of severe sepsis. In pet dogs with sepsis, plasma lipidomic analyses
identified 12,13-DiHOME as one of the top 3 metabolites that predicted severity of disease
at an early stage, based on its increase compared to healthy dogs (Montague, et al., 2022).
In contrast, a human study with analysis of global lipidomics in early sepsis determined that
plasma oxylipins (including DIHOMES) failed to discriminate which septic patients would
develop acute respiratory distress syndrome (ARDS). Notably, the authors determined that
severity of disease and increased risk of mortality at an early stage, independent of ARDS,
correlate with plasma oxylipins (Rogers, et al., 2021).

3. Regulatory role of vicinal diols in pain.

Following multiple rodent studies (Inceoglu, et al., 2006) (Rose, et al., 2010) (K. Wagner,
Inceoglu, Gill, & Hammaock, 2011), interest in SEH inhibitors as drug development
candidates for their potential as a novel therapeutic class of safe, effective, and non-addictive
analgesics after Guedes et al. (2017) showed that SEH activity levels positively correlated
with the severity of painful laminitis in horses. Treatment of these refractory cases with a
SEH inhibitor, £TUCB (A. Guedes, et al., 2017; A. G. Guedes, et al., 2013), significantly
reduced pain and even cured this inflammatory condition in some cases. Since this initial
success, multiple additional studies have reported pain relief in rodents (Y. Wang, Wagner,
Morisseau, & Hammock, 2021), dogs (C. B. McReynolds, et al., 2019), cats (C. B.
McReynolds, et al., 2021) and additional painful conditions in horses (A. Guedes, et al.,
2017) (Tucker, et al., 2021) (A. G. P. Guedes, et al., 2018). Importantly, an sEH inhibitor
is currently being developed for treatment of neuropathic and inflammatory pain, and is
already undergoing human clinical trials (Hammock, et al., 2021).

In humans, perturbations in the sEH pathway are observed in osteoarthritis (OA) (Phillips,
2022). Valdes et al. identified increased AA-derived diols, 14,15-DIHETrE, 11,12-DiHETrE
and 8,9-DIiHETTE, in the synovial fluid of unilateral OA knee compared to the normal

knee in the same individual after adjusting for age, sex, BMI and use of NSAIDs. These
oxylipins were also associated with increased risk of tibiofemoral OA progression. In
plasma, 8,9-DIHETrE was the only oxylipin significantly associated with OA (Gowler, et al.,
2021; Valdes, et al., 2018). Multiple publications have reported protection of chondrocytes
with sEH inhibition or directly by adding EpETrEs in cell models after an inflammatory
challenge that mimics OA. (C. B. McReynolds, et al., 2019; Walters, Trumble, Wendt-
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Hornickle, Kennedy, & Guedes, 2022). Because chondrocyte loss is a hallmark of OA
progression (Hwang & Kim, 2015), one proposed mechanism for the negative association of
SEH activity in OA could be related to a failure to protect chondrocytes from inflammation-
induced cytotoxicity. In the first study, McReynolds et al. prevented cytotoxicity by treating
in vitro a canine chondrocyte cell line with a mixture of EpETrEs before or after IL1p
challenge. Meloxicam (a COX-2 inhibitor with anti-inflammatory and analgesic properties)
was added as a positive control and only prevented cytotoxicity if added prior to IL1p
exposure (C. B. McReynolds, et al., 2019). In the second study, Walters et al. investigated
the cytotoxic protection of an sEH inhibitor, £TUCB, on primary horse chondrocytes
challenged with an ER-stress inducing compound, tunicamycin. In this study, a COX
inhibitor, phenylbutazone, and a selective COX-2 inhibitor, firocoxib, both significantly
increased apoptosis associated with tunicamycin exposure, as would be expected because
COX-inhibition increases ER-stress and apoptosis (Tsutsumi, et al., 2004). Interestingly,
coadministration of these drugs with t-TUCB prevented apoptosis presumably by decreasing
ER-stress (Walters, et al., 2022).

The mechanisms underlying the analgesic effects of SEH inhibition involve both its
anti-inflammatory activity as well as the ability to reduce ER-stress. Epoxy fatty acids

have anti-inflammatory properties that promote the resolution of inflammation and reduce
inflammatory pain. However, inhibiting SEH also decreases PGE2 concentrations by
reducing prostaglandin synthase, COX-2 and even prostaglandin receptor levels, which
provides further anti-inflammatory benefits and also reduces ER-stress. Chopra et al. (2019)
determined that ER-stress is responsible for upregulating COX-2 and mPGES-1 to promote
the synthesis of PGE2, which drives the inflammatory and painful response (Chopra, et al.,
2019). EpFA have been shown to reduce ER-stress (Inceoglu, et al., 2015), downregulate
COX-2 either through unknown direct mechanisms (Schmelzer, et al., 2005) or indirectly
by decreasing ER-stress, and act up-stream of PGE2 (Inceoglu, et al., 2011); all three

being mechanisms that partially can explain the analgesic properties of SEH inhibitors.
Interestingly, recent data have shown increases in lipid diols in correlation with painful
conditions. In patients with early onset gout, a subset of oxylipins, both EpFA and
corresponding diols, were observed at higher concentrations compared to healthy controls
(C. Wang, et al., 2022). A separate study in a small cohort (n=22) of patients with Achilles
tendinopathy, 12,13-DiHOME was significantly increased compared to healthy controls
(Gouveia-Figueira, et al., 2015). Higher 12,13-DiHOME concentrations are also associated
with chronic post-traumatic headache and lower life satisfaction in humans post traumatic
brain injury (Domenichiello, et al., 2020). In rodents, 12,13-DiHOME is associated with
heightened painful response through TRPV1 and TRPAL signaling (Green, et al., 2016;
Zimmer, et al., 2018), suggesting a possible independent role of diols in the pathogenesis
of pain. Zimmer et al. demonstrated that 12,13-DiHOME, but not 9,10-DiHOME, injected
into the hind paw of mice resulted in thermal hypersensitivity up to 1-hr post injection. The
authors also demonstrated that 12,13-DiHOME, but not other sEH derived diols from LA
or AA, were able to activate the transient receptor potential vanilloid 1 (TRPV1) dependent
calcium influx in sensory neurons (Zimmer, et al., 2018).

Transient receptor potential vanilloid 1 (TRPV1) is a calcium permeable, temperature
sensitive ion channel involved in pain modulation and responsible for the burning sensation
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associated with heat or the well-known agonist with analgesic properties, capsaicin,
originally found in hot peppers. These channels are regulated through coupling with
large-conductance calcium- and voltage-activated potassium (BK) channels. BK channels
will hyperpolarize and consequently decrease membrane potentials to counteract the
depolarization effects from TRPV1 opening (Wu, et al., 2013). EPA (EpETES) and AA-
derived EpFAs (EpETYES) activate BK channels (Lauterbach, et al., 2002) (Yamaura, et
al., 2006). Thus, under normal conditions, the EpFA and diols would provide a balance
between the activation of TRPV1 by DiHOMES and subsequent hyperpolarization by BK
channel activation from EpETES or EpETrEs to suppress this signal. However, the current
food supply chain and dietary choices have resulted in an overabundance of LA that could
shift the balance towards TRPV1 activation and hypersensitivity if DIHOMEs are in higher
concentrations than EpFAs. Other circumstances where sEH activity is increased would
further imbalance this pathway towards lower concentrations of EpFA available to activate
BK channels, resulting in neuronal hyperexcitability and increased synaptic transmission.
These pathways are outlined in Figure 3.

Potassium channels play a broader role in regulating pain (Tsantoulas & McMahon, 2014)
that are regulated by EpFA and diols. In addition to activity of EpFA on BK channels
(Lauterbach, et al., 2002) (Yamaura, et al., 2006), other SEH products influence potassium
channel signaling in mechanisms that may contribute to the biological effects observed

with these lipid mediators. For example, 11,12-DiHETrE, enhance excitatory synaptic
transmission in mouse hippocampal neurons by blocking voltage gated potassium channel
Kv1.2 and Kv4.2 (Nandkishor Kisanrao Mule, 2018). EpETYEs also activate G protein-gated
inwardly rectifying potassium (GIRK) channels in mouse hippocampal cells to regulate
neurotransmission (N. K. Mule, Orjuela Leon, Falck, Arand, & Marowsky, 2017). GIRK
channels are necessary for opioid-induced analgesia (Nockemann, et al., 2013), and recent
studies implicate EpFA as a possible downstream signaling molecule necessary for opioid
analgesia. In fact, eliminating EpFA formation by knocking out the CYP-reductase to
prevent CYP activity attenuates morphine-mediated analgesia in mice (Conroy, et al.,

2010; Hough, et al., 2011) independent of opioid receptor activation (Terashvili, et al.,
2008). In addition, wild-type mice treated with a CYP450 inhibitor, CC12 also attenuated
morphine-mediated anti-nociception (Conroy, et al., 2010). EpFA are formed primarily from
CYP-2C but not -2D or 3A. Genetic ablation of the CYP-2C cluster but not CYP2D or

3A significantly reduced morphine-mediated anti-nociception (Hough, Nalwalk, Ding, &
Scheer, 2015), suggesting that EpFA are required for opioid-mediated analgesia.

4. Dysregulated regulatory lipids in disease.

The beneficial effects of EpFA revolve around their anti-inflammatory properties, ability to
reduce ER-stress and endothelial dysfunction. The regulatory role of EpFA on endothelial
cells is associated with BK channel signaling, and EpFA were originally described as
endothelial derived hyperpolarizing factors for their ability to signal Kagp channels,
hyperpolarize membrane potentials resulting in vasodilation of blood vessels (Campbell,
Gebremedhin, Pratt, & Harder, 1996). Although a direct role of lipid-diols on the
endothelium has not been reported, there are many cardiovascular diseases associated with
dysregulated lipids.
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Heart Disease:

Cardiovascular disease is a general term that describes a number of vascular pathologies,
many of which identify with dysregulated oxylipins in human patients. In peripheral heart
disease, patients display an increase in 8,9 DIHETrE (Caligiuri, et al., 2017), and in coronary
artery disease, a decrease in EpETrEs (Theken, et al., 2012), and genetic polymorphisms
resulting in increased sEH activity correlates with increased risk of atherosclerosis. A
detailed review of the role of regulatory lipids in cardiovascular disease has been reviewed
extensively (Imig, Cervenka, & Neckar, 2022). In more recent studies, DIHOMESs have been
implicated in a rare inflammatory heart disease, arrhythmogenic cardiomyopathy (ACM), a
genetic heart condition resulting in myocardial inflammation and often presenting as sudden
cardiac arrest in young athletes. In a small cohort of patients, 9,10 and 12-13 DiHOME
were significantly increased compared to healthy controls (Jeffrey E. Saffitz, 2021). In this
disease, NF-xB is associated with disease progression (Chelko, et al., 2019), and therapies
targeting its reduction are being considered for this patient population (Saffitz, 2019).

Cerebrovascular disease:

Small vessel disease results in reduced blood flow to the brain and has been associated with
numerous pathologies, including stroke, dementia, and Alzheimer’s disease (AD) (Morris,
etal., 2019). An increased diol/epoxide ratio was observed in patients with small vessel
disease compared to healthy subjects (Yu, et al., 2019), and although this does not identify
a causative effect, numerous studies report increased diols associated with poor outcomes
in diseases associated with cerebrovascular disease. In a study analyzing effects after mild
to moderate stroke, increased ratio of 12,13 DiIHOME to 12,13 EpOME in small vessel,

but not large vessel, stroke was associated with higher white matter free water diffusion in
the temporal lobe, and 9,10- DiIHOME/9(10)- EpOME ratios were associated with temporal
lobe atrophy (Yu, et al., 2023). White matter free water diffusion has recently become an
interesting diagnostic tool for monitoring cerebral vascular disease in stroke and dementia
(Alber, et al., 2019), suggesting that altered lipid ratios correlates with worsening outcomes
after stroke. Genetic polymorphisms also link increased SEH activity to worsening stroke
outcomes and increased neuronal cell death, while reduced sEH activity was associated
with improved outcomes and reduced cell death after ischemic injury (Koerner, et al.,
2007). Clinically, inhibition of the sEH improves outcomes after sub arachnoid hemorrhage.
Patients receiving a SEH inhibitor demonstrated positive effects in reducing the length of
ICU and hospital stay, reduced inflammatory cytokines in the synovial fluid, as well as
improved outcomes over time compared to patients not given the inhibitor (Martini, et al.,
2021).

Cerebrovascular disease contributes to the structural neuropathologies, such as brain atrophy,
white matter free water diffusion, and accumulation of g-amyloid that overlap or exacerbate
AD. In patients with vascular cognitive impairment, SEH activity was associated with
reduced psychomotor processing speed, attention and executive function (Yu, et al., 2023).
In further support of a mechanistic role of sEH in AD pathology, SEH protein is upregulated
in AD patient brain tissue compared to age-matched controls without dementia (Ghosh,

et al., 2020), possibly due to polymorphisms in the non-coding region. For example, SEH

is regulated by an enhancer element, rs2279590, (Padhy, Kapuganti, Hayat, Mohanty, &
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Alone, 2023) which has been identified as a high-risk variant associated with AD (Padhy,
Hayat, Nanda, Mohanty, & Alone, 2017).

5. Conclusion

The beneficial effects of EpFA and at least some understanding of their mechanisms of
action are well described in multiple reviews (Atone, Wagner, Hashimoto, & Hammaock,
2020; Spector & Norris, 2007; K. M. Wagner, McReynolds, Schmidt, & Hammock, 2017);
however, a bioactive role for regulatory lipid diols has only been recently appreciated
(Table 2). Under healthy conditions, where inflammation and ER-stress are not upregulated,
EpFA and diols provide a balance to help maintain health; however, epigenetic factors

can increase the sEH resulting in an imbalance of increased diols and decreased epoxides.
This imbalance would drive inflammation when diols promote neutrophils to stimulate
NF-xB activation without the concentrations of EpFA needed to resolve this inflammation
through inhibiting nuclear translocation of NF-xB. Similarly, in pain signaling, an increased
concentration of diols would depolarize membrane potentials through TRPV1 resulting

in neuronal hyper-excitability without EpFA to counterbalance this through potassium
channel activation to decrease neuronal transmission. Potassium signaling is also important
in regulating cardiovascular tissue and considered responsible for maintaining endothelial
hyperpolarization.EpFA are described as endothelium derived hyperpolarizing factors due to
their ability to activate Karp channels, release potassium and vasodilate small blood vessels
(Campbell, et al., 1996). Although increases in diol concentrations have been associated
with numerous cardiovascular diseases, a direct action of lipid diols in cardiovascular tissue
has not been determined, and some suggest a protective effect from DiHOMEsS resulting
from brown fat adipogenesis at low concentrations. It is unknown if these effects are
maintained at higher concentrations, or if the inflammatory actions of DiIHOMEs would
counteract any benefits from brown-fat adipogenesis. Therapeutic strategies to prevent diol
formation with an sEH inhibitor or treat disease by supplementing with a metabolically
stable regioisomer of EpFA are being explored both pre-clinically and clinically (C.
McReynolds, et al., 2020). A more comprehensive assessment on the biological effects

of the different lipid regioisomers is needed to determine if EpFA mimics would be a
successful target drug. Furthermore, additional research is needed to understand the role

of lipid diols and if the observations in the studies described above can translate to a
pharmaceutical target to treat disease.
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ACM arrhythmogenic cardiomyopathy

KATP ATP-sensitive potassium channel

BK big conductance potassium channels

COX cyclooxygenase

CYP450 cytochrome P450

DiHDPE dihydroxy-docosapentaenoic acid

DIHETE dihydroxy-eicosatetraenoic acid

DIHETrE Dihydroxy-eicosatrienoic acid

DiHODE dihydroxy-octadecadienoic acid

DIHOME dihydroxy-octadecenoic Acid

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

EpDPE/EDP epoxy-docosapentaenoic acid

EpETE/EEQ epoxy-eicosatetraenoic acid

EpETrE/EET Epoxy-eicosatrienoic acid

ER endoplasmic reticulum

EpFA epoxy fatty acids

EpODE epoxy-octadecadienoic acid

EpOME epoxy-octadecenoic acid

GIRK G protein-gated inwardly rectifying potassium

LTs leukotrienes

LA linoleic acid

ALA linolenic acid

LOX lipoxygenase

mEH microsomal epoxide hydrolase

NF-xB nuclear factor kappa-light-chain-enhancer of activated B
cells

n-3 omega-3

n-6 omega-6
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OA osteoarthritis

PUFA polyunsaturated fatty acid

sEH soluble epoxide hydrolase

TRPV1 Transient receptor potential vanilloid 1
Kv voltage gated potassium channel
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Figure 1. Regulatory lipid cascade, metabolism of linoleic acid.
Like other PUFA, LA is metabolized to form a multitude of regulatory lipids; however, it

is not oxidized by COX. From non-enzymatic oxidation, the pro-inflammatory EKODE can
be formed. From the action of LOXs, a series of hydroxylated compounds are synthesized
(left side of the figure), which have diverse biological activities(Szczuko, et al., 2020). The
action of P450s results notably in the formation of monoepoxides (EpOMEs) that are further
metabolized by sEH to vicinal diols (DiHOMEs), whose biological actions are detailed
herein, or a diepoxide (DIiEpODA), which leads to the formation of THF diols (right side

of the figure). These latter compounds were shown to affect behavior and brain function in
mice. (Villalon Landeros, et al., 2012)
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Figure 2. Mechanism for regulatory lipids controlling the immune response.
Background: NFxf is a transcription factor that is regulated by binding to the cellular

protein I-kappa-beta-alpha (Ixpa). Binding to Ixpa prevents translocation of NFxp into the
nucleus. Inflammatory cytokines activate 1xB kinase (IKK) to degrade IxPa and release
NFx, allowing for nuclear translocation and further initiation of inflammatory cytokines
(Castro-Alcaraz, Miskolci, Kalasapudi, Davidson, & Vancurova, 2002). Neutrophils are one
of the first leukocytes to migrate to the inflammatory site and activate IKK to initiate an
inflammatory cascade. These actions result in an inflammatory phenotype (M1 polarization
of macrophages). In contract, suppression of NFxp leads to an anti-inflammatory phenotype
(M2 polarization of macrophages). Effects of regulatory lipids on inflammation: 1.

EpFA (e.g. EpETrE formed from AA) blocks inflammatory signaling by inhibiting IKK

to prevent subsequent nuclear translocation of NFxp. EpFA preserve M2 polarization and
resolution of inflammation, phagocytosis and anti-inflammatory cytokines. (Dai, et al.,
2015) {Abdalla, 2023 #3055}. In contrast, DIHOMEs activate neutrophils, signal IKK to
degrade Ixpa and allow for NFxp to initiate an inflammatory cascade. Continued activation
by neutrophils induce M1 polarization of macrophages, reduce phagocytosis and promote
chronic, dysregulated inflammation. (Lin, et al., 2022). Furthermore, continued signaling
from neutrophils will continue the inflammation resulting in inflamed endothelial cells,

and disruption of vascular integrity (Martin-Fernandez, et al., 2021). Image adapted from
BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates
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Figure 3. Mechanisms for regulatory lipids in pain signaling in neurons.
The following four pathways are proposed mechanisms for how EpFA and vicinal diols

activate and regulate pain: 1) 12,13-DiHOMEs directly activate TRPV1 receptors, increasing
neurotransmission. EpFA activate BK channels (Yamaura, et al., 2006) and complex with
TRP channels to hyperpolarize the neuron and downregulate neurotransmission; 2) In
postsynaptic neurons, agonists of mu opioid receptors activate GIRK channels resulting

in K+ release and hyperpolarization of the neuron. EpFA also activate GIRK channels in
postsynaptic neurons and could help in understanding why preventing EpFA formation,
either genetically or pharmaceutically, reduces morphine analgesia; 3) 11,12-DiHETrE
blocks Kv1.2, downstream of opioid signaling, although the effects of increased diols on
morphine efficacy have not been studied; and 4) 11,12-DiHETTE significantly blocks Kv4.2,
an important potassium channel in pain relief.
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Table 1.

Naming convention for EpFA, vicinal diols and their originating PUFA(Fahy, et al., 2009).

PUFA EpFA Vicinal Diol
LA (18:2,n-6)  9(10)- and 12(13)-EpOME, or leukotoxin and isoleukotoxin 9,10- and 12,13- DIHOME, or leukotoxin diol and iso-

ALA (18:3, n-3)
AA (20:4, n-6)
EPA (20:5, n-3)

DHA (22:6, n-3)

leukotoxin diol, or batokine

9(10)-, 12(13)- and 15(16)-EpODE 9,10-, 12,13- and 15,16-DiHODE
5(6)-, 8(9)-, 11(12)- and 14(15)-EpETE or x(y)-EET 5,6-, 8,9-, 11,12- and 14,15-DiHETIE
8(9)-, 11(12)-, 14(15)- and 17(18)-EpETE or x(y)-EEQ 8,0-, 11,12-, 14,15, 17,18-DIHETE
4,5-7(8)-, 10(11)-, 13(14)-, 16(17)- and 19(20)-EpDPE 4,5-7,8-,10,11-, 13,14-, 16,17- and 19,20-DiHDPE

Or x(y)-EDP
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Opposing effects of EpFA and vicinal diols on different diseases

Page 22

Effect

Mechanism

EpFA

Vicinal Diol

Inflammation

Pain

Cardiovascular
Disease

Autoimmune
Disease

Regulation of NF-
xB through IKK

lon Channels

Endothelial
dysfunction

Macrophage
polarization

Prevent nuclear translocation of NF-xB by blocking
degradation of IxBa
(Node, et al., 1999) (Xu, et al., 2006)

Activate BK channels to counteract TRPV1 signaling,
Activate GIRK channels downstream of mu opioid
receptor

(Lauterbach, et al., 2002)

(Yamaura, et al., 2006)

(N. K. Mule, et al., 2017)

EETSs act as endothelial derived hyperpolarizing
factors to increase vasodilation
(Campbell, et al., 1996)

Reduce inflammatory cytokines, maintain M2
macrophage polarization, reduce neutrophil activation
(Dai, et al., 2015)

(Abdalla, et al., 2023)

Activated neutrophils signal IKK

to degrade IxBa, initiating nuclear
translocation and activation of NF-xB
signaling

(Bergmann, et al., 2021)

Activate TRPV1

Block Kv1.2 downstream of opioid
signaling and Kv4.2, an important
potassium channel in pain relief.
(Zimmer, et al., 2018)
(Nandkishor Kisanrao Mule, 2018)

No known effects

Activate neutrophils and maintain M1
macrophage inflammatory phenotype
(Lin, et al., 2022)
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