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Abstract

Neuroinflammation is a physiologic response aimed at protecting the central nervous system 

during injury. However, unresolved and chronic neuroinflammation can lead to long term damage 

and eventually neurologic disease including Parkinson’s disease, Alzheimer’s disease and 

dementia. Recently, enhancing the concentration of epoxyeicosatrienoic acids (EETs) through 

blocking their hydrolytic degradation by soluble epoxide hydrolase (sEH) has been applied 

towards reducing the long-term damage associated with central neurologic insults. Evidence 

suggests this protective effect is mediated, at least in part, through polarization of microglia to an 

anti-inflammatory phenotype that blocks the inflammatory actions of prostaglandins and promotes 

wound repair. This mini-review overviews the epidemiologic basis for using sEH inhibition 

towards neuroinflammatory disease and pharmacologic studies testing sEH inhibition in several 

neurologic diseases. Additionally, the combination of sEH inhibition with other eicosanoid 

signaling pathways is considered as an enhanced approach for developing potent neuroprotectants.
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1. Neuroinflammation in the Context of Disease

Neuroinflammation is a subset of inflammatory responses aimed at protecting the central 

nervous system (CNS) from injury. It can be triggered by a variety of insults ranging from 

mechanical stress, xenobiotic exposure or bacterial/viral infection. Compared to a standard 

inflammatory response that is primarily mediated by circulating cell types in the blood 

(including monocytes and lymphocytes), neuroinflammatory responses are primarily 

mediated by resident cell types found in the CNS including microglia and astrocytes. Like 

inflammation, excess of neuroinflammation in intensity and/or duration can lead to 
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irreversible damage and long-term effects. Thus, in the context of disease, controlling 

neuroinflammation can be essential for reducing long term damage from acute catastrophic 

insults (including stroke, hemorrhage or seizures) and for reducing disease associated from 

sustained chronic insults (including Parkinson’s disease, dementia and Alzheimer’s disease). 

In this mini-review, the recent literature related to the role of epoxy-fatty acids (EpFA) in 

mediating and controlling neuroinflammatory responses is summarized. A recent review 

described the possible cellular mechanisms that EpFAs modulate to mediate these effects 

[1]; thus, we focus primarily on the practical therapeutic applications including how genetic 

changes in EpFA signaling affect neuroinflammatory disease and how to modulate EpFA 

signaling pharmacologically.

EpFAs are one component of a broad network of signaling lipids that generally regulate 

inflammatory disease. They are generated through epoxidation of their parent fatty acid by 

cytochrome P450 (CYP450) and are primarily degraded by epoxide hydrolases including 

microsomal epoxide hydrolase (mEH) and soluble epoxide hydrolase (sEH). Due to its high 

catalytic efficiency, inhibition of sEH is a generally effective approach for increasing 

endogenous EpFA concentrations in vivo. However, mEH expression is higher in neurons, 

suggesting a possible role for both enzymes in the metabolism of EpFAs in the brain that is 

cell-type and function dependent [2]. Genetic knockout studies have shown sEH knockout is 

sufficient for enhancing blood levels of EpFA, including 14,15-epoxyeicosatrienoic acid 

(14,15-EET) and 12,13-epoxyoctadecaenoic acid (12,13-EpOME) [3]. Other EpFA, 

including 11,12-EET and 19,20-epoxydocosapentaenoic acid (19,20-EDP), require double 

sEH/mEH knockout to maximize blood levels [3]. The 14,15-epoxyeicosatrienoic acid 

(14,15-EET) is one of the most commonly studied EpFA. However, EpFAs broadly exist as a 

mixture of regioisomers and stereoisomers and can exist on the backbone of a variety of 

parent polyunsaturated fatty acids (PUFAs) (Figure 1). Although many of these metabolites 

have overlapping functions, individual lipids can have discreet and at times opposite 

function. For example, EETs are angiogenic and promote tumor growth [4] while 19,20-

EDP is anti-angiogenic and blocks tumor growth [5]. Thus, the biological consequence of 

increasing EpFA levels, through either increasing CYP450 synthesis or blocking EH 

degradation, is the combination of many metabolites.

2. Epidemiologic evidence for the role of EpFA in neurologic disease

Evidence supporting a role for EpFA in regulating neuroinflammation comes from 

epidemiologic studies investigating the effects of variants of CYP450 and EH genes on the 

prevalence of disease. The rs890293 variant of CYP2J2, associated with reduced enzymatic 

function, has been associated with late onset Alzheimer’s disease in the Chinese Han 

Population [6, 7]. CYP2J2 is one of the major isoforms of CYP450 responsible for the 

production of EpFA; thus, these single nucleotide polymorphisms (SNPs) indicate EpFA 

may provide a neuroprotective role that reduces the risk of Alzheimer’s.

There are several known SNPs of sEH that include the K55R, R103C, C254Y and R287Q. 

Of these, the R287Q variant has substantially reduced catalytic efficiency (14-fold reduced 

kcat/KM compared to WT) on 14,15-EET [8]. Somewhat unexpectedly, the R287Q variant 

has been associated with increased white matter hyper-intensity in human subjects, an 
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indicator of white matter lesions brought by vascular cognitive impairment [9]. The 

association between the R287Q variant and prevalence of Parkinson’s disease has been 

investigated; however, there was no statistically significant association between the two [10].

Several studies have tested the relationship between sEH polymorphisms and the prevalence 

of cerebrovascular events with varying results [11]. A study in Swedes found that the K55R 

variant resulted in increased blood pressure in males but not females and an increase in the 

incidence of strokes [12]. While some studies investigating the effects of the R287Q variant 

have shown both a protective effect in ischemic stroke [13, 14], others have shown no clear 

association [15, 16]. It should be noted that the reduced incidence of stroke reflects a 

reduction in hypertension and cardiovascular disease. After the ischemic event occurs, there 

is also evidence that differences in sEH activity due to SNPs may affect the subsequent 

inflammatory response. Koerner et al. (2007) demonstrated the SNP with reduced activity, 

R287Q, had reduced neuronal cytotoxicity in cell culture models [17]. Additionally, 

polymorphisms associated with increased EETs hydrolysis has been associated with worse 

outcomes after ischemia [18, 19].

Several associations between mEH and neuroinflammatory diseases have also been reported. 

The reduced function Y113H polymorphism is associated with an increased prevalence of 

Parkinson’s disease [20], although this association was not reproducible in other populations 

[10]. Furthermore, mEH expression is increased in Alzheimer’s patients and in experimental 

Alzheimer’s models [21]. It should be noted that mEH is also involved in xenobiotic 

metabolism and these associations may be due to altered xenobiotic rather than EETs 

transformation. Since the currently reported mEH inhibitors are unsuitable for experimental 

in vivo studies [22], there have been limited tools to study these associations experimentally.

3. Possible therapeutic application of sEH inhibitors and other EpFA 

inhibitors in reducing neuroinflammation

The anti-inflammatory properties of EETs have been thoroughly tested in numerous disease 

contexts using sEH inhibitors, including inflammatory pain and cardiovascular disease [23]. 

These effects have been ascribed to their ability inactivate NF-κB signaling and their ability 

to directly counter-act the pro-inflammatory effects of PGE2 (Figure 2) [24, 25].

3.1 Neuro-inflammation Induced by Acute Injury

One promising therapeutic application of EpFAs is for mitigating long term damage caused 

by neuroinflammation from acute episodes including ischemic strokes, hemorrhagic strokes, 

traumatic brain injury and seizures. These insults can result in neuronal loss that leads to 

activation of resident immune cells including microglia and astrocytes. The recruited 

immune cells are necessary to promote repair of the injured tissue; however, uncontrolled 

activation without resolution leads to long term damage as seen in other organ systems [26]. 

A key characteristic of this resolution is the shift towards alternatively activated 

macrophages (M2) that is promoted by sEH inhibition [27, 28]. In the context of the CNS, 

this is observed as a shift from pro-inflammatory polarized microglia that express iNOS and 

Iba1 and release pro-inflammatory cytokines to microglia that primarily release anti-
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inflammatory cytokines [29–31]. Subsequently, sEH inhibitor treatment is associated with 

reduced activation of NF-κB, a reduction of localized and circulating pro-inflammatory 

cytokines such as TNF-α, and an increase in anti-inflammatory cytokines including IL-10 

[29, 30].

In addition to the role of microglia in the activity of sEH inhibitors, in vitro culture 

experiments have shown that 14,15-EET cause astrocytes to secrete neuronal growth factors 

including vascular endothelial growth factor (VEGF) and brain derived neurotrophic factor 

(BDNF) [32, 33]. BDNF acts through its receptor tropomysin receptor kinase B (TrkB) to 

promote growth and differentiation of nerve cells and to elicit neuroprotection of existing 

neurons. Consequently, blockade of BDNF-TrkB signaling ablates the protective effect of 

sEH genetic deletion in middle cerebral arterial occlusion (MCAO) models of stroke [31, 

32]. In addition to the protective effects of EETs through their actions on auxiliary cells, 

EETs are directly able to elicit effects in neurons including growth of neurites [34, 35]. 

These effects suggest sEH inhibition may reduce CNS injury both by reducing the 

inflammatory response in resident immune cells and by direct neuro-protective effects on the 

neurons.

Ischemic stroke, constituting loss of blood flow due to a variety of etiologies, has been 

thoroughly explored in the context of sEH inhibition. Occlusions, blockage of blood vessels, 

are the primary causes of stroke and constitute 87% of an estimated 795,000 stroke cases 

[36]. Despite extensive efforts to produce better therapies for stroke, stroke remains 

particularly difficult to treat because of the relatively short time window to administer 

treatment before neuronal loss starts. The primary current treatment for ischemic stroke is 

thrombolysis with tissue plasminogen activator (tPA), which needs be given within the first 

several hours of the patient exhibiting symptoms. While tPA can be effective for those 

patients with ischemic stroke, it can exacerbate hemorrhagic strokes which have many 

clinical symptoms that are similar to ischemia [37]. sEH inhibition has been proposed as a 

potential intervention for stroke patients based on the vasodilatory, anti-inflammatory and 

angiogenic properties of EETs. Numerous studies have investigated the effects of either 

genetic sEH deletion or chemical sEH inhibition [38]. Broadly, sEH inhibition appears to be 

effective at reducing infarct volume, functional deficits associated with occlusion and a 

reduction in the associated neuroinflammation. Aside from cerebral ischemia caused by 

occlusion, similar neuroinflammation and functional deficits may be caused by the cerebral 

ischemia following cardiac arrest. In these models, sEH inhibitors (including 4-

phenylchalcone oxide and AS2586114; Figure 3) have similarly reduced neuronal loss and 

enhances anti-inflammatory microglial activation in cardiac arrest/cardiopulmonary 

resuscitation models [29, 30].

The differences in sEH expression between sexes is well reported in the literature, with 

reduced expression in female than male mice [39–41]. This disparity in sEH expression 

results in functional differences on infarct size after middle cerebral arterial occlusion that 

disappears in sEH KO mice [40]. The clinical relevance of these sex differences remains to 

be explored – however, they highlight the caution required for possibly translating sEH 

inhibitors to the clinic for stroke. It should be noted that incidence of stroke rises with 

menopause; thus, the risk for stroke may be directly correlated with estrogen levels and sEH 
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inhibition may be useful in post-menopausal patients. To test this hypothesis, Zuloaga et al. 
(2015) used reproductively senescent female mice to show that older sEH KO mice have 

reduced infarct volume relative to wild-type mice while the corresponding young mice had 

no difference in infarct size [42]. Interestingly, the reproductively senescent mice did not 

have significantly reduced levels of estradiol or sEH, indicating these effects may be through 

a different mechanism than the loss of estrogen.

As mentioned previously, one of the challenges in treating stroke is determining between 

ischemic and hemorrhagic strokes. Treating with anti-thrombolytic agents such as tPA can 

mitigate the damage caused by ischemic strokes but will enhance the damage caused by 

hemorrhagic strokes. Thus, new agents that treat both types of strokes are attractive as novel 

therapeutic approaches. In a collagenase model of intracerebral brain hemorrhage, genetic 

deletion or pharmacologic inhibition was successful at reducing the post-insult inflammation 

and the subsequent functional losses associated with injury [43]. In a model of subarachnoid 

hemorrhage, sEH KO reduced edema, the VCAM-1 marker for inflammation and behavioral 

deficits without affecting the intracranial pressure [44]. Thus, sEH inhibitors are beneficial 

across multiple experimental stroke models of different etiology, likely owing to their ability 

to target and resolve inflammation rather than modify the initial insult.

Compared to stroke, which is primarily triggered by a vascular event leading to aberrant 

blood flow, the same acute neuronal toxicity events can be observed in seizures and 

traumatic brain injury. EpFA regulated by sEH have been implicated in both the convulsing 

and subsequent inflammation aspects of seizures. The anticonvulsant effects of EpFA were 

initially tested based on the hypothesis that EpFA have GABA-ergic activity that mediate 

non-inflammatory analgesia [45]. In support of this hypothesis, genetic knockout and/or 

pharmacologic inhibition of sEH was able to delay the onset of seizures from GABA 

receptor antagonists (tetramethylene-disulfotetramine, pentylenetetrazole and picrotoxin) but 

not from a potassium channel blocker (4-aminopyridine) [45, 46]. It is unlikely sEH 

inhibitors can be used as direct anti-convulsant agents since they need to be administered 

prior to the seizure initiation [46]. However, sEH inhibitors are also able to reduce the 

neuroinflammation associated with seizures with a diverse set of stimuli and may be 

effective adjuvants with other anti-convulsant agents [46, 47]. Similar reductions in 

neuroinflammation has been observed when sEH inhibitors have been tested in a controlled 

cortical impact injury model of traumatic brain injury [48].

3.2 Diseases of Chronic Neuro-inflammation

In addition to neuroinflammation associated with acute events, sEH inhibition is a proposed 

therapeutic approach for reducing the severity of several diseases associated with chronic 

neuroinflammation.

Parkinson’s Disease (PD) is a neurodegenerative disease that is characterized by neuronal 

death in the substantia nigra that results in the characteristic loss of controlled motor 

function. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is typically used as a 

chemical inducer of PD in experimental models due to its’ selective toxicity towards 

dopaminergic neurons leading to PD-like symptoms. In MPTP models of PD, the 

progression of the disease is associated with increasing sEH expression, which suggests sEH 
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is involved in the pathology of the disease [49, 50]. In support of this observation, 

expression of tyrosine hydroxylase, a biomarker of dopaminergic neurons, is negatively 

correlated with sEH expression in dementia patients [49]. When blocking sEH through 

chemical inhibition or genetic knockout, these dopaminergic neurons are protected from 

neurotoxicity after dosing with MPTP [49, 50]. Interestingly, genetic loss of mEH also 

reduces the loss of dopaminergic neurons in the MPTP model of PD [51]. This effect was 

presumed to be related to the role of mEH as a Phase I detoxifying enzyme; however, these 

results may also be mediated through changes in EpFA metabolism. These observations 

further highlight that both EHs may be important for regulating brain levels of EpFAs.

The effects of sEH inhibitors have not yet been robustly studied in Alzheimer’s Disease; 

however, sEH inhibitors have been tested in a mouse model of scrapie [52]. This infectious 

disease is caused by pathogenic forms of prion protein that catalyze misfolding of native 

prion proteins leading to neuronal loss and eventual death. This disease shares several 

characteristics with Alzheimer’s as similar protein misfolding leads to microglial activation 

and neuroinflammation. In a model where scrapie was initiated by i.p. injection, treating 

with sEH inhibitors significantly increased survival times in mice [52]. It should be noted 

this increase was relatively modest and the lack of a robust effect may reflect the general 

aggressiveness of scrapie.

4. Polypharmacology as a possible approach in sEH and 

neuroinflammation

The action of EpFAs, especially EETs, through sEH inhibition is a promising approach 

towards clinically limiting neuroinflammation in several CNS diseases. In addition to the 

design of small molecule inhibitors that are intended to selectively target sEH, our 

laboratory has moved towards the development of novel small molecules that concurrently 

target sEH and other anti-inflammatory targets. One such inhibitor is PTUPB (Figure 3), a 

dual sEH/cyclooxygenase-2 (COX-2) inhibitor that has enhanced efficacy towards reducing 

inflammatory pain relative to either an sEH or COX-2 inhibitor alone [53]. As shown on 

Figure 2, both COX and sEH are implied in the pathology of inflammation and tissues 

damage. While sEH negative regulates beneficial EpFAs through their hydrolysis, COX-2 

positively regulates the pro-inflammatory PGE2 to promote inflammation. Inhibition of both 

enzymes has synergetic effects in reducing inflammation in various models. PTUTB is 

effective at improving fasting blood glucose in a Zucker diabetic rat [54] and has been 

highly efficacious in numerous cancer models [55–57]. Based on their potent anti-

inflammatory properties, these may be powerful therapies to be explored in future studies of 

neurodegenerative disease. It should be noted that the anti-tumorigenic effects of dual sEH/

COX-2 inhibition were associated with a reduction in tumor angiogenesis [55, 56]. These 

anti-angiogenic effects should be considered with caution as angiogenesis is one component 

of EET activity that may promote recovery from ischemic events.

Separately, combining sEH and fatty acid amide hydrolase (FAAH) inhibition has been 

similarly effective at synergistically reducing models of neuropathic and inflammatory pain 

[58]. FAAH hydrolyzes, and thus negatively regulates, N-acylethanolamides including the 
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PPAR-α agonists palmitoylethanolamide and oleoylethanolamide and the endocannabinoid 

arachidonoylethanolamide. Similar to sEH, FAAH is neuroprotective in a number of models 

of brain injury partially through modulation of the microglia polarization [59, 60]. These 

effects could be attributed primarily to activation of the immunomodulatory cannabinoid 

receptor 2 (CB2R) rather than the CB1R. Epoxide metabolites of AEA, called epoxy-fatty-

ethanolamides (EpFEAs), are common metabolites that correspond to both sEH and FAAH 

signaling that have higher potency on the CB2R relative to the CB1R [61, 62]. The 

combination of sEH and FAAH inhibition has yet to be tested in any neuroinflammatory 

models; however, this approach is likely to be effective for neuroprotection. In support of the 

neuroprotective role of EpFEA, these metabolites are reported to shift the polarization in 

BV-2 microglial cells to an anti-inflammatory phenotype through their action on the CB2R 

[61]. To harness the dual sEH/FAAH synergy and to further explore the biological activity of 

EpFEAs, several dual sEH/FAAH inhibitors were recently described [63, 64]. Additionally, 

dual COX/FAAH inhibition is similarly synergistic in pain models and the combination of 

sEH inhibitors with dual COX/FAAH inhibitors could further be effective at reducing 

neuroinflammation [65, 66].

5. Conclusions and future directions

Our current knowledge suggests a strong role of lipid mediators, especially EpFAs, in the 

regulation of neuroinflammation and the resulting brain damage that can lead to neurologic 

diseases. Thus, pharmacologic inhibition of sEH is a novel approach to maintain high EpFA 

concentrations to reduce neuroinflammation and the subsequent damage [67].

However, several fundamental questions need to be answered before pursuing this route 

toward a possible treatment. To our knowledge, it is not clear what are the relative roles of 

mEH and sEH in the metabolism of EpFA in the brain. As noted, mEH is highly expressed 

in neurons which suggests a specific function related to signaling between cell types. Also, it 

is not clear whether the neuro-protective effects of sEH is through a centrally or peripherally 

mediated mechanism. Pharmacologically, there is no indication that a sEH inhibitor needs to 

pass the blood brain barrier to be efficacious in neuronal diseases. Although some of the 

biological effects associated with EpFAs are likely mediated locally, the systemic effects of 

EpFAs have not been robustly investigated. Addressing these questions should assist with 

future application of sEH inhibition in neuroinflammatory disease.
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Abbreviations and definitions:

CB2 cannabinoid receptor 2

CNS central nervous system

COX-2 cyclooxygenase-2
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CYP450 cytochrome P450

EDPs epoxydocosapentaenoic acids

EETs epoxyeicosatrienoic acids

EpFA epoxy-fatty acid

EpFEA epoxy-fatty-ethanolamides

EpOMEs epoxyoctadecaenoic acids

FAAH fatty acid amide hydrolase

mEH microsomal epoxide hydrolase

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

PD Parkinson’s Disease

sEH soluble epoxide hydrolase

SNPs single nucleotide polymorphisms

tPA tissue plasminogen activator
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Highlights

• Epoxy-fatty acids reduce neuroinflammation and neurodegeneration

• Soluble epoxide hydrolase (sEH) inhibition increase epoxy-fatty acid levels 

and could reduce the onset of Parkinson’s disease, Alzheimer’s disease and 

dementia

• Co-inhibition of sEH and either COX or FAAH could enhance efficacy in 

neuroinflammatory disease
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Figure 1. 
A. Arachidonic acid is oxidized by cytochrome P450s (CYP450s) to epoxyeicosatrienoic 

acids (EETs) which are further hydrolyzed by soluble epoxide hydrolase (sEH) to 

dihydroxyeicosatrienoic acids (DiHETs). B. CYP450s can generate epoxides on any of the 

available unsaturated bonds of arachidonic acid and the resulting epoxides can exist in either 

the (R,S) or (S,R) enantiomeric forms (example given for the 8,9-double bond only). 

Activity of EETs are typically reported as one of the four regioisomers; however, 8 separate 

molecules exist and each may have independent activities. C. CYP450s can generate epoxy-

fatty acids from a variety of polyunsaturated fatty acids (PUFAs) including linoleic acid to 

EpOME, eicosapentaenoic acid (EPA) to EEQ and docosahexaenoic acid (DHA) to EDPs.

Kodani and Morisseau Page 14

Biochimie. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cellular action of epoxy-fatty acids (EpFAs). Acute CNS injury can stimulate the release of 

polyunsaturated fatty acids (PUFAs) from the membrane that are converted by 

cyclooxygenase (COX) to prostaglandins (PGs). PGs promote production of inflammatory 

proteins leading to mitochondrial dysfunction, endoplasmic reticulum (ER) dysfunction and 

eventually apoptosis. EpFAs, produced from PUFAs by cytochrome P450 (P450) and 

degraded by epoxide hydrolases (EHs), reduce inflammation by blocking NF-κB signaling, 

by reducing COX activity and through other poorly understood mechanisms. In addition, 

EpFA can promote neuroprotection by promoting BDNF signaling in astrocytes and 

stimulate neurite growth in neurons.
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Figure 3. 
Multiple soluble epoxide hydrolase (sEH) inhibitors have been developed with varying 

potencies, water solubility and pharmacokinetic properties. AUDA, TPPU and t-TUCB have 

been used extensively for studying sEH inhibition in disease [23]. 4-Phenylchalcone Oxide 

and AS2586114 were used to study cerebral ischemia after cardiac arrest [29, 30]. PTUPB 

and B-11 were developed as dual inhibitors for COX-2 and FAAH, respectively [53, 64].
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