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1. Introduction 

 

1.1 Cytochrome P450 and sEH 

Fatty acids are carboxylic acids with an aliphatic chain that can be either saturated or 

unsaturated [1]. Saturated fatty acids have no double bonds between carbon atoms while 

polyunsaturated fatty acids (PUFAs) do contain one or more double bonds [1]. PUFAs 

can be further characterized as ω-3 or ω-6 fatty acids. The ω-3 PUFAs have a double 

bond at carbon 3 while ω-6 have one at position 6.  A typical ω-3 fatty acid is α-linolenic 

acid (18:3) from which docosahexaenoic acid (DHA, 22:6) and eicosatetraenoic acid 

(EPA, 20:5) are generated [1,2]. The ω-6 fatty acid includes arachidonic acid (AA, 20:4) 

and linoleic acid (LA, 18:2). PUFAs, exemplified by AA, LA, DHA and EPA have been 

implicated in pathophysiological conditions, such as cancer and cardiovascular diseases, 

particularly those that involve inflammatory processes [3–8]. The biological activities of 

these PUFAs are largely attributed to their biologically activate metabolites produced by 

three distinct enzyme systems:  cyclooxygenases (COX), lipoxygenases (LOX) and 

cytochrome P450 (CYP) enzymes (ω-hydroxylases and epoxygenases), which generate 

an array of bioactive fatty acid mediators that exerts a broad range of physiological and 

pathological effects [9].  

AA is a well-studied PUFA (for review see [10]). COX, which generate prostaglandins 

(PGs) and thromboxane (TX), were the first enzymes reported to metabolize AA [11]. 

Numerous studies have found that the COX and LOX derived AA metabolites are active 

players in inflammation and immune responses [9]. However, the enzymes of the CYP 

system, which are often referred as a third pathway in AA metabolism, is less well 

understood [9,12]. The ω-hydroxylase activity of CYP enzymes converts AA to 

hydroxyeicosatetraenoic acids (HETEs) (Figure 1) [13]. 11,12- epoxyeicosatrienoic acids 

(EET) is one of best-studied metabolites in this context and has been shown to possess 

pro-inflammatory effects in addition to the regulation of vascular tone [13].  

In comparison, LA can be oxidized by CYP enzymes to its respective 9,10- or 12,13- 

epoxyoctadecenoic acid (EpOME), DHA to 19,-20-dihydroxydocosapentaeonic acid 



Introduction 

2 
 

(EDP), and eicosapentaenoic acid (EPA) to epoxyeicosatetraenoic acid (EEQ) [10] 

(Figure 2).  

 

 

Figure 1. Metabolism of arachidonic acid (AA) via COX, LOX and CYP450 (modified from [14]). The 

metabolism of arachidonic acid (AA) involves various enzymatic pathways. Phospholipase A (PLA), 

phospholipase C (PLC), and phospholipase D (PLD) release AA from membrane-bound phospholipids by 

breaking specific covalent bonds [15]. COX enzymes (PGHSs) convert AA to protanoids, prostacyclin, and 

thromboxane, while LOX enzymes metabolize AA to leukotrienes and Hydroxyeicosatetraenoic acids 

(HETEs) [15]. Additionally, cytochrome P450 (CYP450) epoxygenases metabolize AA to midchain (HETE) 

and four different regioisomers of EETs [10]. Finally, soluble epoxide hydrolase (sEH) further metabolizes 

all EETs to less active dihydroxyeicosatrienoic acids (DHETs). The figure was taken from  [15]. 

The epoxygenase activity of CYP enzymes, such as the CYP2J and 2C families, 

generates AA epoxides eg. EETs including 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-

EET [16–18]. EETs have various effects in different cell types and tissues. In vascular 

system EETs have anti-inflammatory, pro-angiogenic, and Ca2+ signaling properties in 

endothelial cells, and they are also able to trigger vasodilation and inhibit vascular smooth 

muscle cell migration [18–22].  In addition, EETs also have mitogenic effects in renal 

tubules and mesangial cells, result in bronchodilation, and have anti-adhesive effects on 

platelets [23–28]. The receptors for EETs have not yet been identified, making it 
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challenging to distinguish between primary and secondly events in the cellular actions 

initiated by EETs (for review see [15]) (Figure 2).  

 

Figure 2. Cytochrome P450 (CYP) and soluble epoxide hydrolase (sEH)-mediated metabolism of 

polyunsaturated fatty acids. AA, LA and EPA are metabolized by three different enzyme systems namely 

COX, LOX and CYP. CYP metabolizes the lipids to their corresponding epoxide fatty acids. sEH further 

metabolizes the epoxide fatty acids to their corresponding diols.11,12-EET has been shown be associated 

with neurovascular coupling [29], angiogenesis [30], VEGF signaling [31],  calcium signaling [32,33], gap 

junction communication [34]  and hyperpolarization [35–37]. The figure is taken from [38] 

The soluble epoxide hydrolase (sEH) is a bifunctional enzyme that is encoded by the 

Ephx2 gene and belongs to the epoxide hydrolase (EH) family, which also includes Ephx1, 

Ephx3, and Ephx4 [39,40]. This enzyme plays a crucial role in metabolizing primary 

substrates such as endogenous EETs, as well as other epoxides like EDPs, EpOMEs 

and EDQs (Figure 2). By adding a water chemical group, sEH converts these epoxides 

into their corresponding diols [39,40].  The sEH enzyme functions as a homodimer, with 

two distinct activities present in separate structural domains of each monomer [39,40]. 

The C-terminus contains epoxide hydrolase activity, while the N-terminus exhibits lipid-

phosphate phosphatase activity [38,39]. Through its enzymatic conversion, sEH reduces 

the biological activity of EETs and other substrates, leading to alterations in their 

physiological effects.  

Although sEH is primarily expressed in the liver, it is also found in various other tissues 

throughout the body [38, 41] . These include the vascular endothelium, leukocytes, red 

blood cells, smooth muscle cells, adipocytes, and the kidney proximal tubule (for review 
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see [38]). Notably, in the human brain, sEH exhibits a widespread distribution [41]. It is 

prominently expressed in neuronal cell bodies and is also present in astrocytes and 

oligodendrocytes, indicating its involvement in multiple cell types within the central 

nervous system [41]. 

1.2  Inflammation and resolution of inflammation 

Inhibition or genetically deletion of sEH has been correlated with anti-inflammatory effects 

in many studies including liver injury, cancer, Alzheimer’s diseases and renal fibrosis 

[52,53].  Increased levels of epoxides for example 11,12-EET by depletion or inhibition of 

sEH, which is able to activate peroxisome proliferator-activated receptors (PPAR)-γ or 

inactivate nuclear factor-κB (NF-κB) signaling has been proposed as one of the underline 

mechanisms [54,55]. Lipid mediators play critical roles in mediating chronic inflammation 

and resolution of inflammation mediated by monocytes and monocyte-derived 

macrophages [56]. The role of LOX and COX enzymes in mediating the inflammation and 

inflammatory resolution has been extensively investigated [57]. However, the role of CYP 

and sEH axis mediating epoxides and diols generation and their respective role in 

inflammatory resolution remains largely unclear.  

Inflammation is a response to danger and usually initiates after an  injury or infection 

[42,43]. The functions of inflammatory responses are to eliminate the infection or injury, 

thereby promoting tissue repair and healing, and subsequently establish immune memory 

and assist the host system to respond more rapidly and effectively to local and systemic 

stimulus for the future events [43]. The acute inflammatory response is a complex event 

coordinated with cellular, molecular and physiological processes [42,44]. It begins with 

the secretion of soluble mediators, such as complement, chemokines, cytokines and 

eicosanoids by resident macrophages, neutrophils, endothelial cells, fibroblasts and mast 

cells [43].  The resolution of inflammation is no longer considered to be a passive process, 

but rather linked to the clearance of inflammatory cells from the inflamed areas [43,45]. 

Initially, the focus is on eliminating the harmful factors that triggered the inflammatory 

response  [45]. This involves halting the production of pro-inflammatory mediators and 

breaking down any remaining mediators to prevent further recruitment of immune cells 

and the formation of swelling [46]. Subsequently, immune cells, whether they are 
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polymorphonuclear cells, eosinophils, or lymphocytes responding to a recalled antigen, 

are removed from the tissues [47]. While some inflammatory cells can re-enter the 

bloodstream, many of the infiltrating polymorphonuclear cells, eosinophils, and 

lymphocytes undergo apoptosis or necrosis and are subsequently cleared by recruited 

macrophages derived from monocytes [46]. Multiple complexes signaling mechanisms 

and factors, including intercellular receptor interactions and bioactive lipids, regulate 

these processes and the delicate balance between them. Once the clearance of 

inflammatory cells is complete, macrophages can exit the inflammation site through 

lymphatic drainage [46]. However, there is also evidence suggesting that a small fraction 

of macrophages may undergo apoptosis [47]. 

Dysregulated inflammation occurs in many disease states [43]. Historically, therapies 

aimed to modulate the production of pro- or anti-inflammatory mediators have yielded 

mixed results [43]. However, the  resolution of inflammation is a  tightly regulated process 

that is essential for maintaining tissue homeostasis [46]. Failure to resolve inflammation 

triggers chronic inflammatory diseases, i.e. arthritis, colitis or asthma, resulting in 

irreversible tissue damage and an increased risk of cardiovascular disease and cancer 

[48]. Thus, insights into the signaling pathways associated with the inflammatory 

resolution have highlighted new opportunities for pharmacological interventions, which 

may represent a complementary (and perhaps even superior) therapeutic approach.  In 

humans and animals, billions of cells die every day due to apoptosis or infection. In normal 

conditions, the clearance of apoptotic cells or pathogenic microorganisms by 

phagocytosis is generally enough to reduce tissue necrosis and eliminate the consequent 

release of cell contents that could induce inflammation, autoimmunity and disrupt tissue 

hemostasis[47]. This helps preserve tissue integrity. 
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Figure 3. Overview of the events from onset of inflammation to resolution of inflammation, post-resolution 

and recovery with respect to time, figure was adapted from [43].  Inflammation is initiated by an irritant or 

vaccine, triggering resident cells to produce inflammatory mediators that initiate the inflammatory response. 

The resolution of inflammation involves the clearance of inflammatory stimuli, the apoptosis of 

polymorphonuclear cells (PMNs), and efferocytosis [47]. Post-resolution of inflammation is characterized 

by the influx of adaptive immune cells and the reconstitution of tissue-resident macrophages and dendritic 

cells. The role of resolution serves as a bridge between innate and adaptive immunity, encompassing a 

distinct phase known as post-resolution. The resolution of inflammation does not mark the end of the 

immune response but rather represents a crucial step that influences the development of adaptive immunity. 

Furthermore, chronic inflammation can contribute to the pathogenesis of certain diseases. Diseases 

characterized by "inflammation gone wrong" may result from incomplete resolution of the initial acute 

response, which fails to activate an appropriate adaptive immune response for complete resolution. The 

persistence of early-phase T helper 1-type cytokines, such as interferon (IFN), interleukin-6 (IL-6), 

polymorphonuclear cells (PMNs), and tumor necrosis factor (TNF), can impede antigen clearance and lead 

to the development of maladaptive immunity [for review see [43]. The figure is modified from [43] 

1.3 Macrophage heterogeneity 

Macrophages are the key mediators for the inflammation and resolution of inflammation 

[50]. Macrophages have diverse functions that are critical for immune defense and tissue 

maintenance that play roles in inflammation, host defense, tissue homeostasis, and tissue 

regeneration (for review see [49,50]). Phagocytic macrophages are capable of initiating 

inflammatory resolution by releasing anti-inflammatory cytokines such as transforming 
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growth factor (TGF)-β and interleukin (IL)-10 which facilitate the clearance of apoptotic 

cells [49]. Studies of the role of TGF-β has revealed multiple mechanisms underlying the 

anti-inflammatory processes triggered by apoptosis [49]. The mechanisms include the 

release of anti-inflammatory molecules from apoptotic cells, activation of immediate anti-

inflammatory signaling pathways through phagocyte receptors interacting with apoptotic 

cell surface molecules, activation of phagocyte nuclear receptors upon uptake, and 

stimulation of phagocytes to produce anti-inflammatory soluble mediators [60]. These 

soluble mediators may act through paracrine or autocrine mechanisms to amplify and 

sustain the anti-inflammatory state [50]. 

Macrophages are highly plastic and exhibit significant heterogeneity in their phenotypes 

and functions, reflecting their ability to adapt to different stimuli and microenvironments 

[49,50]. Macrophages can be classified into several subpopulations, including tissue-

resident macrophages, monocyte-derived macrophages, and inflammatory macrophages 

with distinct gene expression profiles, indicating the diversity in function [51]. Tissue-

resident macrophages, such as Kupffer cells in the liver, microglia in the brain, and 

alveolar macrophages in the lung, are derived from embryonic precursors and maintained 

independently of circulating monocytes [52,53]. In contrast, monocyte-derived 

macrophages are recruited to inflamed tissues, from the circulation s and are 

characterized by high plasticity and functional diversity [49,50]. Inflammatory 

macrophages, which are induced by microbial products, cytokines or danger signals, 

exhibit potent pro-inflammatory responses and are involved in host defense and tissue 

damage [49,50] . 

Macrophages are classified into two broad activation states: classically activated (M1) 

macrophages and alternatively activated (M2) [54]. M1 macrophages are generally 

activated by pro-inflammatory stimuli such as interferon-gamma (IFN-γ) and 

lipopolysaccharide (LPS) induced by T-helper 1 (Th-1) cytokines [55,56]. They exhibit 

enhanced microbicidal activity, produce pro-inflammatory cytokines (e.g., interleukin-1 

beta, tumor necrosis factor-alpha), and play a role in defense against pathogens [56]. M2 

macrophages, on the other hand, are alternatively activated by anti-inflammatory 

cytokines, such as interleukin-4 (IL-4) and interleukin(IL)-13 [56]. They can be further 
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subdivided into more refined phenotypes: M2a, M2b, M2c, and M2d depending on the 

use of different stimuli such as interleukin IL-4 (M2a) [56], immune complexes and IL-R 

(M2b) [57], transforming growth factor (TGF)-β/IL-10 (M2c) [58] and toll-like  receptor 

(TLR) agonist (M2d) [55]. However, the phenotypic characterization of macrophages is 

highly complicated and there are many more distinct genetic fingerprints and metabolic 

states than are reflected in a basic M0/M1/M2 classification [55].  

1.4  TGF-β signaling 

TGF-β has been recognized as the key mediator for the resolution of inflammation [58]. 

TGF-β stimulates macrophages to differentiate into an M2c phenotype and is considered 

as a macrophage “deactivation factor” as it reduces nitric oxide production and inducible 

oxide synthase expression [58]. Therefore, the generation of TGF-β by macrophages acts 

as a critical feedback loop that promotes inflammatory resolution [58]. Although the 

cellular and molecular mechanisms of M2c macrophages polarization is not totally 

understood, M2c polarization contributes significantly to the clearance of cellular debris 

and resolution of inflammation [59]. 

TGF-β signaling pathway is involved in a wide range of cellular processes in maintaining 

organism function and embryo development, as well as cellular homeostasis processes 

including cell differentiation, cell proliferation, cell migration, apoptosis and other cellular 

functions [58]. The canonical pathway of TGF-β is activated by homodimer TGF-β ligands 

binding to serine-threonine kinase receptors such as activin receptor-like kinase 1 or 5 

(ALK1 or ALK5), which in turn activate the downstream signaling cascade mediated by 

small mothers against decapentaplegic protein (SMADs) family.  
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Figure 4. TGF-β in multiple cell function adapt from [59]. The involvement of TGF-β/Smad signaling 

in various cell functions. TGF-β/Smads play roles in tubular epithelial cells, including ECM production, 

EMT, hypertrophy, and apoptosis. Additionally, TGF-β/Smads regulate macrophage functions such as 

recruitment, activation, and transition. In T cells, TGF-β/Smads are involved in activation and 

differentiation. Mast cells are affected by TGF-β/Smads, leading to recruitment and production of mast 

cell protease. Podocytes exhibit TGF-β/Smad-mediated apoptosis, detachment, ECM production, and 

EMT. TGF-β/Smads influence mesangial cell proliferation, hypertrophy, and ECM production. 

Endothelial cells undergo cell apoptosis, pro-angiogenesis, ECM remodeling, and EndoMT under the 

control of TGF-β/Smads. Fibroblasts are influenced by TGF-β/Smads, resulting in proliferation, 

activation, and ECM production. Lastly, myofibroblasts demonstrate TGF-β/Smad-regulated migration, 

ECM production, and hypertrophy (for review see [59]). (ECM: extracellular matrix, EMT: endothelial 

mesenchymal transition). The picture is taken from [59] 

1.4.1 Ligands, receptors and SMADs 

The TGF-β superfamily, including TGF-βs, activin, nodal, and BMPs, activates a complex 

of type 1 and type 2 TGF-β receptors [11,60–62]. There are three isoforms of TGF-β 

(TGF-β1, TGF-β2, and TGF-β3) produced by different cell types. Type II receptors bind 

to TGF-β ligands and phosphorylate type I receptors [61,62]. Mammals have five type I 

receptors (ALK1, ALK2, ALK3, ALK4, and ALK5) and two type II receptors (TGFBR2 and 
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BMPR2) that bind to multiple type I receptors [11,60–62]. Ligand binding initiates signaling, 

with specific ligands binding to specific type II receptors. There are seven type I receptors 

and five type II receptors. Activin binds to ACVR2B or ACVR1B/ACVR1C, while BMPs 

bind to BMPR2. TGF-β receptor III (TβRIII) and endoglin act as co-receptors, enhancing 

ligand-receptor interactions [61,62]. SMAD proteins (R-SMADs, Co-SMAD, and I-SMADs) 

transduce signals, regulating gene expression and cellular processes [61,62]. 

Dysregulation of SMAD signaling is associated with diseases like cancer, fibrosis, and 

cardiovascular diseases for review see [59]. 

 

Figure 5. TGF-β signal superfamily ligands (TGF-βs, Activin/inhibin/Nodal and BMPs), receptors 

(Type I, Type II and Type III), SMADs (R-SMADs, Co-SMAD, I-SMADs)  [11,60–62]. The major 

pathways of the TGF-β superfamily signaling include the TGF-β pathway, activin/inhibin/nodal 

pathway, and BMP pathway. The respective ligands for these pathways include TGF-β1 to TGF-β, 

activin A and B, inhibin A and B, and BMP2 to BMP10 from the BMP pathway family. The type I 

receptors involved are ALK1, ALK2, ALK3, ALK4, ALK5, ALK6, and ALK7. The type II receptors 

include TβRII, ACTRIIA, ACTRIIB, BMPR2, ACTRIIA, and ACTRIIB [63]. The type III receptors are 

beta-glycan, endoglin, and CRIPTO3[64] . The regulatory SMADs (R-SMADs) consist of SMAD1, 

SMAD2, SMAD3, SMAD5, and SMAD8. The co-SMAD is SMAD4. The inhibitory SMADs (I-SMADs) 

are SMAD6 and SMAD7 [61,62]. The figure is taken from  [61,62] 
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1.4.2 Transcriptional regulation of TGF-β 

SMAD2 and SMAD3 are transcription factors that play critical roles in the TGF-β signaling 

pathway [61,62]. Upon activation of the TGF-β receptor complex, SMAD2 and SMAD3 

are phosphorylated and form complexes with SMAD4, which then translocate to the 

nucleus to regulate gene expression [60,62].  SMAD2/3 regulate gene expression by 

binding to specific DNA sequences known as SMAD binding elements (SBEs) located in 

the promoter regions of target genes [65,66]. These SBEs typically contain a conserved 

sequence motif that allows SMAD2/3 to bind with high affinity [65,66]. SMAD2/3 binding 

to SBEs can lead to both activation and repression of target genes, depending on the 

presence of co-factors and co-regulators[67–69]. SMAD2/3 complexes can interact with 

co-activators, such as p300/CBP and MED1, to activate gene transcription [67–69]. 

Conversely, SMAD2/3 can also interact with co-repressors, such as TGIF and SKI, to 

repress gene transcription [69,70]. Another pathway is via ALK/pSMAD1/5, which in turn 

to activate the target gene for SMAD1/5 such as ID3. 

In addition to their direct regulation of gene expression, SMAD2/3 also interact with other 

transcription factors and co-regulators to modulate gene expression [71,72]. For example, 

SMAD2/3 can interact with the ETS-family transcription factor PU.1 to regulate the 

expression of genes involved in immune functions [71,72]. SMAD2/3 can also interact 

with the transcriptional co-activator YAP1 to regulate the expression of genes involved in 

cell proliferation and differentiation [71,72]. 
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Figure 6. Transcriptional regulation of TGF-related target gene expression. The TGF-β 

ligand, such as TGF-β1, binds to the TGF-β receptor 2 and induces the phosphorylation of TGF-β 

receptor 1 (ALK5 or ALK1). This phosphorylation, in turn, triggers the phosphorylation of Smad2/3 or 

Smad1/5. Consequently, the target gene of SMAD2/3, Snail, or the SMAD1/5 target gene, ID3, is 

activated. The figure was generated via from Biorender (https://www.biorender.com/). 

1.5 Alzheimer’s diseases and astrocyte polarization 

1.5.1 Astrocyte polarization 

Astrocytes are the most abundant cells in the brain and play essential roles in maintaining 

the brain's overall health and function [73]. In the context of Alzheimer's disease, 

astrocytes have been implicated in both protective and detrimental processes [74]. One 

aspect of the relationship between Alzheimer's disease and astrocytes involves their role 

in regulating the clearance of beta-amyloid (Aβ) plaques [74], helping to remove these 

toxic protein aggregates from the brain [75]. However, in Alzheimer's disease, this 

clearance mechanism can become overwhelmed or impaired, leading to the accumulation 

of Aβ plaques [76]. Additionally, astrocytes are involved in modulating the inflammatory 

response in the brain [77]. In Alzheimer's disease, the chronic activation of inflammatory 

processes contributes to neuroinflammation, which can further exacerbate neuronal 
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damage [78]. Astrocytes can release inflammatory mediators and cytokines in response 

to the presence of Aβ and neuroinflammatory signals, potentially contributing to the 

progression of the disease [78]. Furthermore, astrocytes provide support to neurons by 

maintaining the brain's energy metabolism, regulating neurotransmitter balance, and 

promoting synapse formation and function [78,79]. In Alzheimer's disease, astrocyte 

dysfunction can disrupt these supportive functions, compromising neuronal health and 

contributing to cognitive impairment [78]. 

Similar to macrophages, astrocytes also undergo polarization/differentiation in response 

to physiological and pathological stimuli [73]. Under certain conditions, such as 

lipopolysaccharide (LPS) or disease states, microglia become activated and secrete pro-

inflammatory cytokines, including interleukin 1α (IL-1α), tumor necrosis factor (TNFα), 

and complement component (C1q), which can reprogram a non-reactive A0 astrocyte into 

a toxic A1 astrocyte, contributing to neurodegeneration, neurotoxicity, and synaptic 

impairments [80]. The reverse transition from A1 astrocytes to A0 astrocytes is regulated 

by signaling pathways involving TGF-β and Fibroblast Growth Factor (FGF) [80]. 

Additionally, the transition from A0 astrocytes to A2 astrocytes occurs under the 

conditions of ischemia or hypoxia and is associated with neuroprotection and neural 

repair [80,81]. Liddelow et al. demonstrated that A1 astrocytes can exacerbate disease 

pathogenesis by killing both neurons and oligodendrocytes and losing the ability to 

promote neural outgrowth, synaptogenesis, and phagocytosis [80,82,83]. Conversely, A2 

astrocytes appear to upregulate neurotrophic genes that promote neuronal survival [80]. 

Moreover, A1 astrocytes are enriched in multiple neurodegenerative diseases, such as 

Alzheimer's, Parkinson's, and Huntington's diseases [80]. 

sEH has been shown to be highly expressed in astrocytes and is involved in the process 

of Alzheimer's disease (AD) [84]. The survival of astrocytes in retinopathy is promoted by 

sEH [85]. However, the role of sEH in astrocyte polarization is still unknown. Inhibition of 

sEH can promote the expression of anti-inflammatory and neurotrophic factors, such as 

IL-10 and brain-derived neurotrophic factor (BDNF), in astrocytes [86]. It can also 

suppress the expression of pro-inflammatory cytokines, including tumor necrosis factor-

alpha (TNF-α) and IL-1β [86]. Furthermore, sEH inhibition can also protect astrocytes 
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from apoptosis induced by oxidative stress, such as hyperoxia [85]. In a mouse model of 

retinopathy of prematurity, a condition characterized by abnormal blood vessel growth 

and neuronal damage in the retina, sEH deletion or inhibition can prevent the loss of 

astrocytes [85]. By preventing the dissociation of presenilin-1 and presenilin-1–

associated protein, which are involved in mitochondrial calcium homeostasis, sEH 

inhibition can preserve the mitochondrial function and integrity of astrocytes [85]. 

Therefore, sEH plays a crucial role in regulating astrocyte polarization and survival, and 

sEH inhibition may serve as a potential therapeutic strategy for neurodegenerative 

diseases. 
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Figure 7. Astrocytes heterogeneity adapted from [87]. Astrocytes can be classified into three states, 

including non-reactive A0, reactive A1, and protective A2 astrocytes [80]. Non-activated microglia were 

activated under neuroinflammatory stimulus (e.g., LPS). The activated microglia secreted interleukin 1α (Il-

1α), tumor necrosis factor (TNF) and complement component (C1q) to induce the transformation of non-

reactive astrocyte (A0) to toxic A1 astrocyte (A1) and exert neurodegeneration, neurotoxicity and synaptic 

impairments [80]. A2 astrocyte was activated under ischemia condition to exert the neural repair function 

[81]. The picture is taken from [87]. 

1.5.2 Alzheimer’s diseases 

Mounting evidence suggests a role of sEH in neurodegenerative diseases[84,88]. It has 

been implicated that sEH is a novel target for treatment of AD,  genetic deletion of sEH 

delays the onset of Alzheimer’s diseases-like memory impairments in mice [88].  The 

inhibitor of sEH has been shown to reduce the neuroinflammation in a mouse model of 
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AD [84]. The epoxy lipids produced from AA have anti-inflammatory properties and exert 

the anti-inflammatory effects in the mouse model of AD [84].  

AD is a progressive and irreversible neurodegenerative disease that affects the function 

of the brain, memory, and behaviors [89,90]. It is the most common cause of dementia, 

accounting for up to 70%, and mainly affects older adults [90]. AD is characterized by the 

accumulation of abnormal protein deposits in the brain, including amyloid plaques and 

neurofibrillary tangles, which cause brain cells to break down and stop communicating 

with each other [89,90].  APP/PS1 are double transgenic mice expressing a chimeric 

mouse/human amyloid precursor protein (Mo/HuAPP695swe) and a mutant human 

presenilin 1 (PS1-dE9), both directed to CNS neurons [91,92]. Both mutations are 

associated with early-onset AD [91,92]. These mice are useful in studying neurological 

disorders of the brain, specifically AD, amyloid plaque formation and aging [91,92]. The 

APP/PS1 mouse model is a transgenic mouse model that overproduces amyloid-beta (Aβ) 

and is often used to study the mechanisms of neuropathology of AD and the therapeutic 

effects of drugs on AD [93]. The model is characterized by developing neuropathological 

as well as AD-like behavioral alterations [93]. Aβ is a peptide that is produced when the 

amyloid precursor protein (APP) is cleaved by enzymes called β-secretase and γ-

secretase [91,92]. Aβ peptides are classified based on their length, with Aβ42 and Aβ40 

being the most common subtypes [94].  Aβ42 is more prone to aggregation than Aβ40 

and is considered more toxic [94]. It is also the primary component of amyloid plaques in 

Alzheimer’s disease [90].  

 

  

https://pubmed.ncbi.nlm.nih.gov/26018760/
https://pubmed.ncbi.nlm.nih.gov/26018760/
https://pubmed.ncbi.nlm.nih.gov/26018760/
https://pubmed.ncbi.nlm.nih.gov/26018760/
https://www.nature.com/articles/s41380-021-01249-0
https://www.nature.com/articles/s41380-021-01249-0
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2. Aim of the study 

Therefore, the aims of this study are: 

➢ To investigate the role of sEH in macrophage polarization. 

➢ To investigate the role of sEH in the resolution of inflammation. 

➢ To identify the sEH-related bioactive lipid mediators in the resolution of 

inflammation. 

➢ To investigate the role of sEH and TGF-β signaling in astrocyte heterogeneity.
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3. Material and Methods 

3.1 Materials.  

Roswell Park Memorial Institute (RPMI) 1640 cell culture medium (Cat. # 2242222), 

Minimum Essential Medium (MEM,Cat. # 2209288), MEM Non-Essential Amino Acids 

Solution (Cat. # 11140050), MEM Vitamin Solution (Cat. # 11120052), Fetal bovine serum 

(FBS,Cat. #10270-106) were purchased from Gibco (Invitrogen; Darmstadt, Germany). 

11, 12-EET (Cat. #50511),11, 12-DHET (Cat. # 51511), 9, 10-EpOME (Cat. # 52400), 

9,10-DiHOME (Cat. #53400) and all other epoxide and diol standards for liquid 

chromatography–tandem mass spectrometry were obtained from Cayman Chemical 

(Tallinn, Estonia).  Macrophage colony-stimulating factor (M-CSF, Cat. # 315-02), 

granulocyte macrophage colony-stimulating factor (GM-CSF, Cat.# 315-03), hIFN-γ (Cat. 

#300-02), murine IFN (Cat. #315-05), murine IL-4 (Cat. #214-14), human IL-4 (Cat. 

#200-04), human TGF-β1 (Cat. #100-21) were from peprotech (Hamburg, Germany).  

pHrodo™ Red Zymosan Bioparticles (Cat. #P35364) was from Invitrogen (Darmstadt, 

Germany), DiI-oxLDL (Cat. #L34358) was from Invitrogen (Darmstadt, Germany). The 

sEH inhibitor trans-4-[4-(3-adamantan-1-ylureido) cyclohexyloxy]-benzoic acid (t-AUCB) 

was kindly provided by Bruce D. Hammock (UC Davis, Davis, California, USA). All other 

chemicals (unless otherwise specified) were from Merck (Darmstadt, Germany).  

Animals. C57BL/6 mice (6-8 weeks old) were purchased from Charles River (Sulzfeld, 

Germany). Floxed sEH mice (Ephx2tm1.1Arte) were generated in the C57BL/6N background 

by TaconicArtemis GmbH (Cologne, Germany) as described (15), and crossed with 

Gt(ROSA)26Sortm16(Cre)Arte mice (TaconicArtemis) expressing Cre under the control 

of the endogenous Gt(ROSA)26Sor promoter to generate mice globally lacking sEH (sEH-

/-). All animals were housed in conditions that conform to the Guide for the Care and Use 

of Laboratory Animals published by the U.S. National Institutes of Health (NIH publication 

no. 85-23). Age- and strain-matched animals (littermates) of both genders were used 

throughout. Experiments involving mice were approved by and followed the guidelines of 

the Hessian animal care and use committee (FU2009, 2021). 
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3.2 Zymosan-induced peritonitis and fluorescence-activated cell sorting 
(FACS).  

To induce a self-resolving inflammation, zymosan-A (10 mg/kg in 200 µL PBS, 

Intraperitoneal injection) was injected in female and male wild-type and sEH-/- mice (8 to 

12 weeks old). One, 3, and 6 days after zymosan injection, chemokines and cells in the 

peritoneum were isolated via lavage using 3 mL ice-cold PBS, as described. For 

determination of the composition of immune cells in the lavage, cells were stained with 

different antibodies and analyzed using flow cytometry (BD, LSRFortessa). Data were 

analyzed using FlowJo Software (version 10.6.2). Gating strategies was shown in Figure 

8. 
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Figure 8. Gating strategy of intraperitoneal cell population’s identification (Example from day 1). 

Peritoneal lavage obtained from the wild-type and sEH-/- was evaluated by flow cytometry. The analysis to 

evaluate immune populations was performed using the indicated gating strategy. Leucocyte categories 

were defined as the following subtypes: Neutrophils (CD11b+ Ly6G+), monocytes (CD11b+ F4/80low 

Ly6G- Ly6C+/-), macrophages (CD11b+ F4/80+Ly6G-), NK Cells (CD11c+ CD3ε+), NK T cells (CD11c+ 

CD3ε), dendritic cells (CD11c+ CD11b+), C dendritic cells (CD11c+ CD11b+ Ly6C-), T cells (CD11b-, 

CD3ε+), B cells (Ly6G+CD11b- CD3ε-). 

3.3 Monocyte isolation and culture 

Human monocytes were isolated from peripheral blood from healthy donors (DRK-

Blutspendedienst Baden-Württemberg-Hessen, Frankfurt) as described before [95]  and 

further differentiated to naïve (M0) macrophages in RPMI supplement with 3% human 

plasma for 7 days. Macrophages were polarized to M1 macrophages (100 ng/ml LPS and 

20 ng/ml hIFNγ,12 hours), M2a macrophages (20 ng/ml IL-4, 24 hours) and M2c 
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macrophages from M1 macrophages by TGF-β1 (10 ng/ml) for 48 hours. Cultures were 

kept in a humidified incubator at 37°C containing 5% CO2. 

Murine monocytes were isolated from bone marrow of 8–10-week-old mice. Monocytes 

were differentiated to naïve (M0) macrophages in RPMI 1640 medium containing 8% heat 

inactivated FCS supplemented with M-CSF (15 ng/ml) and GM-CSF (15 ng/ml) for 7 days. 

Thereafter M0 macrophages were polarized to M1 macrophages (10 ng/ml LPS and 1 

ng/ml IFNγ, 12 hours), M2a macrophages (20 ng/ml IL-4, 24 hours) and M2c 

macrophages from M1 macrophages by TGF-β1 (10 ng/ml) for 48 hours. Cultures were 

kept in a humidified incubator at 37°C containing 5% CO2. 

Cell culture. HEK-293 cells were obtained from the American Type Culture Collection 

(LGC Standards, Wesel, Germany) and cultured in MEM containing 8% heat inactivated 

FCS, gentamycin (Cat. 15710064, 25 µg/mL), non-essential amino acids (Cat. 11140068, 

MEM NEAA) and sodium pyruvate (Cat. #11360070) were obtained from Thermo Fisher 

Scientific (Schwerte, Germany). Cultures were kept in a humidified incubator at 37°C 

containing 5% CO2. Experiments were performed in a total of 4-6 independent cell 

passages. 

3.4 Immunoblotting.  

Cells or tissue were lysed in RIPA lysis buffer (50 mM Tris/HCL pH 7.5, 150 mM NaCl, 

10 mM NaPPi, 20 mM NaF, 1% sodium deoxycholate,1% Triton and 0.1% SDS) enriched 

with protease and phosphatase inhibitors and detergent-soluble proteins were 

resuspended in SDS-PAGE sample buffer. Samples were separated by SDS-PAGE and 

subjected to Western blotting as described [96]. Membranes were blocked in 3% BSA in 

TBST or ROTI-Block (Cat. # No. A151.1, ROTH), incubated with primary antibodies in the 

blocking solution and horseradish peroxidase-conjugated secondary antibodies in TBST, 

and detection was performed with a Lumi-Light plus western blotting substrate (Roche, 

Mannheim, Germany). Antibodies against sEH (1:2000, s4737-2, specifically designed by 

ProteinTech, Planegg-Martinsried, Germany), p-SMAD2 (Ser465/467, 1:1000, CST, CST, 

Massachusetts, USA), SMAD2 (1:1000, 5339 P, CST, Massachusetts, USA), p-SMAD1/5 

(1:1000, 9516, CST, Massachusetts, USA), SMAD1 (1:1000, 6944, CST CST, 
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Massachusetts, USA), ALK5 (1:500, ab31013, abcam), ALK1 (1:500, AP01172-PU-N, 

Acris), TGFRII (1:1000, ab 186838, abcam), TLR2 (1:1000, ab16894, abcam), MRC1 

(1:1000, NBP1-90020, Novus), NLRP3 (1:1000, NBP2-12446SS, Novus), PPAR-γ 

(1:1000, sc-7196, Santa Cruz), β-actin (1:3000, MAK6019, Linaris) were used in this 

study. The secondary antibodies were used: a goat anti-mouse IgG, H and L chain 

specific peroxidase conjugate, goat anti-rabbit IgG H and L chain specific peroxidase 

conjugate (both 1:20,000; Cat. # 401393, Cat. # 401253, Merck). 

3.5 RNA isolation and real time quantitative PCR (RT-qPCR)  

Total RNA was extracted from cells and tissues using QIAgen RNeasy kits (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer's protocol and RNA (1 μg) was used 

for reverse transcription (RTase SuperScript IV, Invitrogen). Primers (BioSpring GmbH, 

Germany) were designed using an online tool, primer3 (https://primer3.ut.ee), and the 

cDNA was amplified using SensiFAST SYBR No-ROX kit (GENTAUR GmbH, Aachen, 

Germany) and a real-time thermal cycler (BMS, Queensland, Australia). All RNAs were 

normalized to 18s rRNA. 

 

 

 

 

 

 

 

 

 

 

 

https://primer3.ut.ee/
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Table 1. PCR primers used in the thesis 

Gene Forward Reverse 

18S ctttggtcgctcgctcctc ctgaccgggttggttttgat 

Nos2 gtggtgacaagcacatttgg gttcgtccccttctcctgtt 

Tnfa ggccttcctaccttcagacc ccggccttccaaataaatac 

Il1b caggcaggcagtatcactca agctcatatgggtccgacag 

Arg1 gtgaagaacccacggtctgt ctggttgtcaggggagtgtt 

Ym-1 ctggaattggtgcccctacaa tcataaccaacccactcattacc 

Fizz cccttctcatctgcatctcc cagtagcagtcatcccagca 

Mrc1 tggatggatgggagcaaagt gctgctgttatgtctctggc 

Vctn1 aaagacgacctctcacagca catactgaaggctccggtct 

Snai1 tggctgatggagtgcctttgta agccagtgggttggctttagtt 

Id3 cctgcagcgtgtcatagactacat agatcacaagttccggagtgag 

Tlr2 ccctgtgccaccatttcc ccacgcccacatcattctc 

Mertk tcggaatgagattggctggt tcccacacgtgagatatccg 

Cd36 gttgatactatgcccgcctct gtttcccacactcctttctcc 

Dectin tctcagccttgccttcctaa catggcccttcactctgatt 

Tlr4 cagcaaagtccctgatgaca agaggtggtgtaagccatgc 

Ephx2 acgaccgtgctgagagagat ttcagattagccccgatgtc 

Pparg acaagagctgacccaatggt tgaggcctgttgtagagctg 

Nlrp3 aaggcttgtgtgggaccaaa aggaggggcaggagtaagag 

Alk5 accttctgatccatcggttg ttcctgttggctgagttgtg 

Cxcr4 atggaaccgatcagtgtgagt tagatggtgggcaggaagatc 

Ptgs2 gctgtacaagcagtggcaaa ccccaaagatagcatctgga 

Ptx3 cctgctttgtgctctctggt tctccagcatgatgaacagc 
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3.6 RNA sequencing 

Total RNA was isolated from macrophages using the RNeasy Micro kit (Qiagen, Hilden, 

Germany) according to the manufacturer's instructions. The concentration of RNA was 

determined using the NanoDrop ND-1000 (TFS, USA; 600 nm). Total RNA (1 μg) was 

used as input for the SMARTer Stranded Total RNA Sample Prep Kit - HI Mammalian 

(Takara Bio, Kyoto, Japan). Trimmomatic version 0.39 was used to trim the reads after 

mass reduction. In a window of 20 nucleotides, Trimmomatic version 0.39 was used to 

trim reads when the mass dropped below the mean of Q20 and only filtered reads longer 

than 15 nucleotides were retained. 

The filtered reads were longer than 15 nucleotides. Reads were compared to Ensembl 

mouse genome version mm10 (Ensembl version 101) using STAR 2.7.10a. The 

compared reads were filtered with Picard 2.25.5 (Picard A) to remove duplicates. A set of 

tools for processing next-generation sequencing data in BAM format (Java)), multi-graph, 

ribosomal or mitochondrial reads. Gene counts were built using feature Counts 2.0.2 to 

exclude those multiple genes that overlap by aggregating reads for overlapping exons on 

the correct strand. The raw count matrix was normalized using DESeq2 version 1.30.1. 

Based on the raw count matrix, comparisons were established using DESeq2. Genes 

were classified as significantly differentially expressed at mean counts >5, multiple test 

adjusted P values <0.05, and log2FC >0.585 or <-0.585. Ensemble annotations were 

enriched with UniProt data.  

Heatmap, volcano plot, pathway and KEGG analysis were generated with an online tools 

SRPLOT (http://www.bioinformatics.com.cn/en). String analysis was generated with an 

online tool (https://cn.string-db.org/).   

3.7 Phagocytosis assay 

Zymosan. Murine macrophages were incubated with 10 μg/ml pHrodo Red Zymosan 

Bioparticles Conjugate (Thermo Fisher Scientific, Schwerte, Germany) in RPMI basal 

medium supplemented with 0.1% BSA at 37°C and 5% CO2 for 20 minutes. After 30 

minutes, the cells were washed to remove non-phagocytosed material. Automated 

http://www.bioinformatics.com.cn/en
https://cn.string-db.org/
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microscopy (Incucyte, Sartorius, Göttingen, Germany) was used to track and monitor 

phagocytosis.  

Oxidized LDL. Murine macrophages were incubated with 2.5 μg/ml oxo-LDL in RPMI 

medium supplement with 0.1% BSA for 20 minutes (37°C, 5% CO2). Cells were washed 

3 times with cold PBS and fixed in 4% PFA for 15 min and oxo-LDL uptake was visualized 

in microscope.  

3.8 Luciferase activity assay.  

HEK cells were seeded at a density of 5x104 cells/well in 24-well plates (Falcon). After 

24 hours, the cells were transfected with 200 ng of each human sEH promoter plasmid (-

374/+28, -974/+28, -1474/+28, -2974/+28, -4174/+28, -4774/+28, -5974/+28 bp) using 

Lipofectamine 2000, according to the manufacturer's instructions. A control plasmid, pRL-

CMV, expressing renilla luciferase (4 ng) was included as an internal control for each 

transfection. After 24 hours, the cells were treated with either solvent or 10 ng/ml TGF-β1 

for an additional 24 hours. The cells were then lysed using 100 μl of Triton Lysis Buffer 

(TLB: 100 mM potassium phosphate, pH 7.8; containing 0.2% Triton X-100), and 

luciferase activities were measured using the Dual-Glo Luciferase Reporter assay 

(Promega) and a microplate reader. Firefly luciferase activity was normalized to renilla 

luciferase activity, and the results were presented as relative luciferase activity (relative 

luciferase activity = firefly luciferase activity/renilla luciferase activity). 

3.9 sEH activity assay 

sEH activity was determined using cytosolic cell lysates as described (109). Briefly, 

reactions were performed with 5 μg protein at 37 °C for 10 minutes in 100 μL of potassium 

phosphate buffer (100 mmol/L, pH 7.2) containing 0.1% BSA and fresh 0.25 mmol/L 

phenylmethylsulfonylfluorid, were added in a 96 well plate and then mixed with 50 μL of 

40 μM (3-phenyl-oxiranyl)-acetic acid cyano-(6-methoxy-naphthalen-2-yl)-methyl ester 

(PHOME) at 37 °C. The mixture was recorded at excitation and emission of 330 nm and 

465 nm for 1 hour. The fluorescent intensity was measured in Perkin Elmer 2104 EnVision 

Multilabel Plate Readers (Waltham, MA, USA). 
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3.10 PPAR-γ activity assay 

PPAR- activity was assessed using PPRE-X3-Luc Luciferase construct (Addgene No. 

1015) that harbors 3 response elements (AGGACAAAGGTCA) upstream of a luciferase 

reporter gene [97]. For transfection, M0 macrophages were first incubated in RPMI 

medium supplemented with 0.1% BSA for 2 hours before transfection with plasmid (100 

ng/mL per well of a 96 well plate) and Lipofectamine 3000 Transfection Reagent 

(ThermoFischer Scientific, Karlsruhe, Germany) following the manufacturer’s instructions. 

After 24 hours, the cells were polarized into M1 and M2c macrophages and stimulated as 

details in the results section. Luciferase activity was measured 48 hours after cell 

polarization or stimulation with 11,12-EET (1 µmol/L, Cayman Europe, Tallinn, Estonia), 

using a commercially available kit (ONE-Glo Luciferase Assay System, Promega, 

Walldorf, Germany). For transfection, HEK-293 cells at 80% confluence were transfected 

with lipofectamine 2000 Transfection Reagent (ThermoFischer Scientific, Karlsruhe, 

Germany) following the manufacturer’s instructions.  

3.11 Chromatin immunoprecipitation (CHIP-qPCR)  

CHIP-PCR was performed using a Magna chip protein A/G beads kit from Millipore 

(Merck, Darmstadt, Germany). Firstly, cells were fixed with 0.1% paraformaldehyde to 

crosslink DNA-protein interactions in the nucleus. Secondly, the isolated nucleus was 

sheared into small fragments, allowing for subsequent immunoprecipitation of specific 

protein-DNA complex. Thirdly, the sheared chromatin was immunoprecipitated with a 

Smad2 antibody (5339P, CST, Massachusetts, USA) using the protein A/G beads. This 

allowed for the isolation of DNA fragments bound specifically to SMAD2 protein. Then, 

the DNA-protein complexes were eluted from the beads and the DNA was purified with 

DNA was purified with the commercial kit (Cat. #56304, QIAGEN). The binding of SMAD2 

to the sEH promoter was monitored via quantitative PCR (qPCR) using primers listed in 

Table 1. Finally, the enrichment of SMAD2 binding to the sEH promoter was normalized 

with the anti-IgG group to account for any non-specific binding that may have occurred 

during the immunoprecipitation step.  
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3.12 Epoxide/diol profiling.  

Samples of human and murine macrophages were mixed with 100 µL potassium 

phosphate buffer (100 mM, pH 7.2) and subjected to 3 cycles of freezing and thawing. 

Samples were spiked with a deuterated internal standard mix (8,9-DHET-d11, 11,12-

DHET-d11, 14,15-DHET-d11, 9,10-DiHOME-d4, 12,13-DiHOME-d4, 5,6-EET-d11, 8,9-

EET-d8, 11,12-EET-d8, 14,15-EET-d8, 9.10-EpOME-d4, 12,13-EpOME-d4, 5S-HETE-d8, 

12S-HETE-d8, 15S-HETE-d8, 20-HETE-d6, 9S-HODE-d4, 13S-HODE-d4) and 500 µL 

ethyl acetate was added. The samples were vortexed, placed on ice for 10 minutes, 

vortexed again and then centrifuged at 10,000 g for 5 min at 4°C. The upper phase 

samples were combined and evaporated to dryness in a vacuum manifold under a 

continuous nitrogen stream. The residues were reconstituted with 50 μL of methanol: 

water (50:50, v/v, containing 100 ng/mL flufenamic acid as internal control) and analyzed 

with a Sciex QTrap5500 mass spectrometer in negative ionization mode operating in 

multiple reaction monitoring (MRM) mode. ESI parameters were set to CUR: 24 psi, IS: -

4500 V, TEM: 600°C, GS1: 45 psi, GS2: 60 psi. The chromatographic separation was 

carried out on an Agilent 1290 Infinity LC system (Agilent, Waldbronn, Germany) using a 

Gemini C18 column (150 x 2 mm I.D., 5 μm particle size; Phenomenex, Aschaffenburg, 

Germany). The mobile phase consisted of (A) water + 0.0125% ammonia and (B) 

acetonitrile + 0.0125% ammonia. Elution of analytes was carried out under gradient 

conditions at a flow rate of 0.5 mL/min going from 15% B to 40% B in 10 min, increasing 

to 90% B in 2 min, hold 90% B for 1 min, and equilibrated in 15% B for 5.5 min. 10 μL of 

each sample was injected onto the column. The column temperature was kept at 40 °C. 

Samples were kept in the autosampler at 6 °C until analysis. Calibration curves were 

performed with authentic standards. All samples and dilutions of the standards were 

spiked with internal deuterated standards: Metabolite concentrations were determined by 

reference to the standards. Analyst 1.6.2 and MultiQuant 3.0 (both Sciex, Darmstadt, 

Germany), were used for data acquisition and analysis, respectively. 
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3.13 sEH overexpression  

Adenoviral mediated expression of the sEH was performed as described [98]. Briefly, 

wild-type or a catalytically inactive sEH mutants were overexpressed in either 

macrophages from wild-type or sEH-/- mice. To generate the sEH mutate in epoxide 

hydrolase activity (sEH∆EH), tyrosine residues Tyr383 and Tyr466 were mutated to 

phenylalanine in the pAd-shuttle sEH vector using the following primers (Biospring GmbH: 

Y381F: 5’-GCCAACCCAGTATTTGATTTCCAGCTCTACTTCCAAGAACCAGG-3’, 

Y465F:5’-GTCCTCTAAACTGGTTCCGAAACATGGAAAGGAACTGGAAGTGG-3’). 

After DpnI restriction enzyme digestion, the DNA was transformed in Escherichia coli and 

the mutations were confirmed by sequencing (Eurofins MWG Operon). After overnight 

transduction cells were washed with medium and treated as described in the results 

section.  

3.14 siRNA induced gene silencing  

siRNA induced gene silencing was performed according to the protocol described based 

on manual provides. Briefly, M0 macrophages were starved in RPMI medium containing 

0.1%BSA for 2 hours. siRNA was transfected into cells using Lipofectamine™ RNAiMAX 

Transfection Reagent (Cat. #13778075, Thermo Fisher). The cell culture medium was 

changed overnight, and the macrophages were then polarized into different stages of 

macrophages.  

3.15 Immunostaining  

Polarized M2c macrophages were incubated with dil-oxLDL 1:200 (Cat. # L34358, 

Thermo Fischer Scientific) for 15 minutes. The cells were washed three times with ice-

cold PBS, fixed with 4% Rotifix, and blocked with 10% horse serum for 1 hour. Following 

this, primary antibodies were added and incubated overnight at 4°C on a shaker, and then 

washed 3 times with 1X PBS.  The macrophages were then incubated with secondary 

antibodies for two hours on a shaker, washed three times with phosphate-buffered saline, 

and incubated with DAPI (1:1000). Images were captured using a confocal microscope 

(LSM-780; Zeiss, Jena, Germany) with ZEN software (Zeiss). 
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3.16 Astrocyte isolation  

Astrocyte isolation was performed according to a previously described protocol [99]. 

Briefly, cortex from P1 to P4 mouse pups was used for isolation, with 4 mouse pup 

cortices required to achieve proper astrocyte density per T75 tissue culture flask. 

Therefore, the volumes in the following protocol are calculated for a cell preparation using 

4 murine pups. The cerebral cortex was then placed in 50 mL of Hanks’ Balanced Salt 

solution (HBSS) Falcao and spun at 900 rpm for 5 minutes, meanwhile the flask was 

coated with poly-l-lysin for 30 minutes. The buffer was removed, and the cortex was 

washed with 15 mL of HBSS. Next, trypsin was added (in 50 ml of falcon) to cover the 

brain (2 mL/5 mice) along with 100 μl of DNase I. The tissue was incubated at room 

temperature for 5 min until the tissue was flaky or at 37°C for 2-5 min (water bath). The 

digestion was stopped by adding 10 ml of medium, and the supernatant was removed. 

Fresh medium (8 ml) and 100 μL DNase I was added, and the tissue was separated with 

a 5 ml pipette until no large pieces of tissue remained. The cells were then spun at 900 

rpm for 12 minutes, and the flask coated with poly-l-lysin was washed with PBS to 

resuspend the cells in 10 ml of medium. If single cells were not readily available, 50 μL of 

DNase I was added, and the cells were resuspended and centrifuged again. The cells 

were seeded (2 mice/1 T25 flask or 4 mice/1 T75 flask) and washed once the next day 

with 10x PBS to remove non-adherent material. Medium was changed after 2 days. After 

culturing the cells for 7 days, they were purified with a Percoll gradient as described 

previously (104). Confluent astrocytes were harvested with 0.05% Trypsin-EDTA for 10 

minutes, and the cells were resuspended with 6 mL of 70% Percoll, 3 ml of 50% Percoll, 

3 ml of 35% Percoll, and 2 ml of PBS from bottom to top. The falcons were centrifuged at 

a speed of 2000 g for 20 minutes with acceleration and break. The myelin present in the 

top layer was removed from the top layer, and astrocytes in the middle layer were 

collected layer and centrifuged for another 10 minutes. The cells obtained were then used 

for culture in DMEM/F12 medium supplemented with 10% FCS.   
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3.17 Statistical analyses.  

The data are presented as mean ± SEM. Statistical analysis was performed using Prism 

9.0.2 (GraphPad Software Inc.). Unpaired data were analyzed using Student's t-test, one-

way ANOVA followed by Bonferroni’s or Tukey's multiple comparisons test, or two-way 

ANOVA with a Tukey's or Sidak's post-test, where appropriate. Normalized data were 

compared using the Kruskal-Wallis’s rank sum test or Kruskal-Wallis test, followed by 

Dunn’s multiple comparison test (using Prism 9.0.2, GraphPad Software Inc.), as 

indicated in the figure legends. The statistical tests used for each experiment are 

described in the figure legend. A P value of less than 0.05 was considered statistically 

significant
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4. Results 

4.1 Expression of the sEH in different cell lines and cell types 

The sEH is expressed in numerous organs i.e., liver, heart, kidney and brain (for review 

see [100]). However, the expression of sEH in different cell lines or cell types in vitro 

remains poorly characterized. To address this gap in knowledge, we investigated the 

expression of sEH in various cell lines and primary isolated cell types. Our findings 

revealed that sEH expression was either undetectable or low in cell lines such as HepG2 

and HEK293 cells (Figure 9a). However, sEH was highly expressed in isolated primary 

murine hepatocytes, although its expression decreased during culture (Figure 9b). 

Additionally, sEH was highly expressed in murine astrocytes and murine M0 or M1 

macrophages either in culture or after passage (Figure 9c and d).  

 

Figure 9. Expression of sEH in different cell lines and cell types. (a) sEH expression in HEK293 and HepG2 

cells, OE represents sEH overexpressing cell samples; (b) sEH expression in isolated murine hepatocytes 

at different days of culture after isolation; (c) sEH expression in isolated murine astrocytes at different 

passages; d. sEH expression in murine macrophages (M0, M1). 
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4.2 Expression of soluble epoxide hydrolase in macrophages 

To investigate the expression of sEH in macrophage polarization, we first isolated 

monocytes from murine bone marrow and differentiated to naïve (M0) macrophages by 

adding murine M-CSF (15 ng/ml) and murine GM-CSF (15 ng/ml) for 7 days. Following 

this, M0 macrophages were either polarized into classically activated (M1) macrophages 

by adding LPS, 10 ng/ml and murine IFN- (1 ng/mL) for 12 hours or into pro-resolving 

M2c by treating M1 macrophages with TGF-β1 (10 ng/ml) for another 48 hours. 

Additionally, M2a macrophages were generated by adding 20 ng/ml murine IL-4 for 24 

hours, as illustrated in (Figure. 10a). We examined the expression pattern of sEH in these 

different macrophages types and found similar levels of sEH expression in M0, M1 and 

M2a macrophages (Figure. 10 b-c). However, significantly increased mRNA, protein, and 

sEH activity were observed in M2c macrophages (Figure. 10 b-c), indicating that TGF-β1 

can induce sEH expression during M2c macrophage polarization.  

The standard M1 macrophages polarization protocol requires only 12 hours of stimulation, 

whereas M2c macrophages require 48 hours. To investigate whether the difference in 

sEH expression between M1 and M2c macrophages was attributable to the time 

difference, we treated M1 macrophages with LPS and IFN-  for either 12 or 48 hours. 

Our results indicated that sEH expression levels were similar in M1 macrophages treated 

with LPS and IFN-  for either 12 or 48 hours (Figure. 11), suggesting that the differences 

in sEH expression between M1 and M2c macrophages were not due to the duration of 

the stimulation protocol.  
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Figure 10.  Expression of sEH in murine macrophages. (a) scheme indicating the isolation and polarization 

of macrophages.  (b&c) Expression of sEH mRNA (b) and protein (c) in murine bone marrow-derived 

macrophages under basal conditions M0 (Sol, PBS) and after polarization to the M1, M2a or M2c; n=6 

batches from different mice (Kruskal-Wallis test followed by Dunn’s multiple comparison test). M2c 

macrophages from sEH-/- mice were included as a negative control; (d) sEH activity in polarized 

macrophages assessed using Phome and the florescent product 6-methoxy-2-naphthaldehyde was 

measured (relative fluorescence units ex 350 nm and em 485 nm); n=5 independent experiments (one way 

ANOVA followed by Turkey’s multiple comparisons). M2c polarized macrophages from sEH-/- mice were 

included as a negative control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

Figure. 11. Expression of sEH during M1 polarization at different time point in comparison with M2c (48 

hours). Impact of M1 polarized at different time (0, 12 hours and 48 hours), n=3 independent experiments 

(Kruskal-Wallis test followed by Dunn’s multiple comparisons test).  ***P<0.001 

Differential regulation of sEH expression between males and females has been previously 

reported [101]. Males exhibits higher levels of sEH than females in different tissues such 

as brain endothelial cells [102], and the heart [103]. To assess gender-specific differences 
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in sEH expression, we compared macrophages from male and female mice. Indeed, our 

results showed that macrophages from female mice expressed less than male mice 

(Figure. 13). Furthermore, we found that TGF-β1 induced a greater increase in sEH 

expression in macrophages from female mice (approximately 2.2 folds over basal) 

compared to those from male mice (approximately 1.3 folds to basal), suggesting that 

macrophages from females are much more responsive to TGF-β1 stimulation (Figure. 

13).  

 

Figure 12.  Expression of sEH in murine macrophages between different genders. Effect of solvent 

(Sol) and TGF-β1 (10 ng/mL, 48 hours) on sEH expression in M1 polarized macrophages from female 

and male mice; n=5 mice per group (two-way ANOVA followed by Sidak’s multiple comparisons test). 

**P<0.01, ***P<0.001, ****P<0.0001. 

Next, we also generated macrophages from human monocytes as indicated in Figure 

10.a, to compare the similarity between human and mouse samples. Similar to the 

findings from murine macrophages, sEH expression was significantly increased in human 

M2c macrophages compared to M0, M1, and M2a macrophages (Figure 13a). 

Interestingly, the sEH expression was lower in human macrophages from female donors 

(M0, M1 and M2a) and significantly increased in M2c macrophages (Figure 13b).  
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Figure 13.  Expression of sEH in human macrophages between different genders. (a) Expression of sEH 

in M0, M1, M2a and M2c macrophages from human female donors. (b) Expression of sEH in M0, M1, M2a 

and M2c macrophages from human male and female donors. a: one way ANOVA and Sidak’s multiple 

comparison test, b: two-way ANOVA and Sidak’s multiple comparison test.  ***P<0.001, ****P<0.0001. 

4.3 TGF- increased the sEH expression 

To study the relationship between TGF- and sEH expression, a dose-response 

experiment was carried out. Increasing concentrations of TGF- led to a corresponding 

increase in sEH mRNA and protein expression which indicates that TGF- regulates the 

sEH expression in transcriptional level (Figure 14a and b). Based on these results, a 

concentration of TGF- at 10 ng/ml was selected for subsequent experiments.  
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Figure 14. TGF-β1 increased the sEH expression in a dose-dependent manner.  M1 macrophages were 

stimulated with different dose of TGF-β1 for 48 hours.  mRNA (n=3) and protein (n=5) levels were assessed 

with q-PCR and Western Blotting, respectively. (Kruskal-Wallis test followed by Dunn’s multiple 

comparisons test). ***P<0.001, ****P<0.0001. 

4.4 TGF- increased the sEH expression is mediated via Alk5/Smad2 
activation 

In response to TGF- stimulation, two distinct pathways can be activated. The activation 

of ALK5 pathway leads to SMAD2/3 phosphorylation while via ALK1 pathway it activates 

SMAD1/5 phosphorylation via ALK1 pathway. To test which pathway was activated in M1 

macrophages, we examined SMAD2 and SMAD1/5 phosphorylation and observed that 

TGF- stimulation resulted in SMAD2 phosphorylation but did not affect SMAD1/5 

phosphorylation (Figure 15a). This was also evidenced by the increase of ALK5 target 

gene Snai1 in M1 macrophages treating with TGF- (Figure 15b). And again, the 

expression of ALK1 target gene Id3 was not affected (Figure 15b).   

We used ALK5 and ALK1-specific inhibitors to examine their impact on TGF- induced 

sEH expression. To confirm the selectivity of ALK5 inhibitor SD208 and ALK1 inhibitor 

LDN193189, we examined the ALK5-target gene Snai1 and ALK1-target gene Id3.  We 

found that inhibition of ALK5 by the ALK5 inhibitor attenuated TGF-β induced Snail1 

expression but not Id3 expression (Figure 16a). Similarity, inhibition of ALK1 by the ALK1 

inhibitor attenuated TGF-β induced Id3 expression but not Snai1 expression (Figure 16b). 

More importantly, the inhibition of ALK5 attenuated the effect of TGF-β on sEH expression 

in polarized M1 macrophages, not that of ALK1 inhibitor (Figure 16c).  
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Figure 15.  Role of ALK5-Smad2 pathway in the regulation of sEH expression by TGF-β1. (a) Effect of 

TGF-β1 (10 ng/mL) on the phosphorylation of SMAD2 (p-SMAD2) and SMAD1/5 (p-SMAD1/5) in M1 

polarized murine macrophages; n=5-6 mice per group (n=5 independent experiments, Kruskal-Wallis test 

followed by Dunn’s multiple comparison test). (b) Expression of Snail and Id3 in M2c polarized 

macrophages; n=5-6 mice per group (n=5 independent experiments, Kruskal-Wallis test followed by Dunn’s 

multiple comparison test).  
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Figure 16. Effects of Alk5 and Alk1 inhibitors on TGF-induced gene expression, Snai1 and Id3 in 

macrophages. Macrophages were treated with ALK1 inhibition (ALK1i) using LDN193189 (100 nmol/L) 

and ALK5 inhibition (ALK5i) using SD208 (500 nmol/L) two hours before adding TGF-β1. After 48 

hours, the cells were harvested and the expression of Snai1 and Id3 was quantified using RT-PCR 

(n=3 mice per group). two-way ANOVA and Sidak’s multiple comparison test.  ***P<0.001, ****P<0.0001. 

(c) (c) Consequence of ALK1 inhibition (ALK1i) with LDN193189 (100 nmol/L) and ALK5 inhibition (ALK5i) 

with SD208 (500 nmol/L) on the TGF-β1-induced increase in sEH expression in murine macrophages; n=5-

6 mice per group (two-way ANOVA followed by Turkey’s multiple comparison). *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. 

 

It has been previously reported that SMOC1 functions as an antagonist of ALK5 signaling 

[104]. In line with this, heterozygous SMOC1 mice display increased levels of both mRNA 

and protein expression of sEH (Figure 17 a and b). These findings suggest that the 

activation of the ALK5 pathway may play a crucial role in the upregulation of sEH 

expression in macrophages. 
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Figure 17.  Consequences of SMOC1-deficiency on sEH expression. Expression of sEH mRNA (a) and 

protein (b) in M2c polarized macrophages from wild-type (WT) and SMOC1
+/-

 (+/-) littermates; n=6 

(Student’s t test). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

Similarity, siRNA-mediated silencing of Endoglin, which has been implicated in the 

activation of ALK5  [104], also resulted in the increased expression of sEH in human 

macrophages (Figure 18). Altogether, these data demonstrate that TGF- was able to 

induce sEH expression in an ALK5 dependent manner.  

 

Figure 18. Consequences of Endoglin defiency on sEH in human macrophages. M0 macrophages were 

transfected with siRNA to induce the silencing of Endoglin. 48 hours after transfection, M0 macrophages 

were further polarized to M1 by adding LPS/IFN for additional 24 hours. n=3 (Student’s t test). *P<0.05. 

4.5 TGF- increased the sEH promoter activity  

To verify the transcriptional regulation of sEH following TGF-β stimulation, the activity of 

sEH promoter constructs of different lengths were tested. The promoter activity of all 

plasmid constructs was increased under TGF-β stimulation. The shortest lengths (-370 to 

+28 bp) showed the maximum fold change of promoter activity by TGF-β stimulation 

(Figure 19a). Additionally, promoter analysis revealed the presence of multiple SMAD2 

binding elements in the shortest promoter region of sEH (Figure 20).  
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To further confirm the binding of potential SMADs to the Ephx2 promoter region, Chip-

PCR combined with primers for specific regions was applied. This indicated increased 

binding of SMAD2 on the promoter region (-370 to +28 bp) of sEH (Figure 19b). SP1 was 

previously identified as an important transcription factor for the regulation of Ephx2 

expression [105]. Oligonucleotides targeting SMAD2 and SP1 were applied to validate 

the potential role of SMAD2 and SP1 binding in the TGF--induced regulation of EPHX2 

expression (Figure 19c). Only SMAD2-binding antagonists but not SP1-binding 

antagonists attenuated the effect of TGF-β-induced sEH gene expression (Figure 19c).  

 

Figure 19. TGF-β increased sEH promoter activity. HEK cells at 70% confluence were transfected with 

human sEH promoter constructs and after 24 hours, transfected cells were administrated with 10 ng/ml of 

TGF-β1 for 24 hours and the luciferase activity was measured and normalized against rellina activity (a). 

(b) Evaluation of SMAD2 binding to sEH promoter region using CHIP-PCR by specific primer targeting the 

promoter region using SMAD2 antibody, IgG was used as negative control (n=5 independent experiments, 

two-way ANOVA followed by Turkey’s multiple comparisons). (c) Effects of SP1 and SMAD2 

oligonucleotides against SP1 and SMAD2 binding on the effects of TGF on sEH expression in M1 

macrophages.  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 20.  The potential binding element of SMAD2 in the human sEH promoter (approximately 7 kb). 

SMAD binding elements (AGAC/GTCT) are highlighted in blue, SP1 binding element in green, 

transcriptional start site (defined as +1) in red. 
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4.6 sEH deletion caused a deficiency in M2c macrophages polarization 

The increased expression of sEH in M2c macrophages suggests that sEH may play a 

role in M2c macrophage polarization. To examine the potential role of sEH in the 

macrophage polarization, monocytes from wild-type (WT) and sEH-/- (-/-) mice were 

polarized into M1, M2a and M2c macrophages, and the expression of phagocytic markers. 

As previously reported [106], sEH deficiency resulted in a slight reduction in M1 

polarization, as evidenced by lower expression of  Tnfa, Il1b, and Nos2 (Figure 21). 

However, no significant difference was observed in alternate M2a macrophages 

polarization (Figure 21). The most notable difference was observed in M2c macrophages, 

which displayed incomplete M2c polarization, as reflected by lower expression of M2 

markers such as Mrc1, Tlr2, and Actn1, as well as higher expression of M1 markers such 

as Tnfa, Il1b, Nlrp3, and Nos2 in sEH-/- macrophages (Figure 21). These findings indicate 

that sEH is required for M2c macrophage polarization.  
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Figure 21. Effect of sEH deletion on macrophage polarization. Expression of a panel of marker genes 

in bone marrow-derived macrophages from wild-type (WT) and sEH-/- (-/-) mice under basal conditions 

(M0) and following M1, M2a and M2c polarization; n=5-6 mice per group (two-way ANOVA followed by 

Sidak’s multiple comparisons test). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

4.7 sEH deficiency impaired M2c macrophage function 

In the resolution of inflammation, M2c macrophages play a critical role by regulating the 

phagocytosis and efferocytosis processes [107]. In order to investigate the potential 

impact of sEH deficiency on the function of M2c macrophages, we monitored its ability to 

takeup fluorescent-labeled zymosan particles and dil-ox-LDL. Our results showed that 

disruption of sEH functions, either by inhibiting sEH or deleting it, impaired the uptake of 

zymosan particles and dil-ox-LDL by M2c macrophages (Figure 22 a, b and c).  
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Figure 22.  Uptake of zymosan and ox-LDL by M2c macrophages. (a) pHrodo Red Zymosan uptake by 

M2c polarized macrophages from (a) wild-type (WT) and sEH-/- (-/-) mice, or (b) from WT M2c macrophages 

treated with solvent or a sEH inhibitor (sEH-I, t-AUCB, 5 μmol/L, Kruskal-Wallis rank sum test), bar= 200 

µm; n=12 mice per group (Kruskal-Wallis rank sum test). (c) Oxidized LDL (ox-LDL) uptake by M2c 

polarized macrophages from WT and sEH-/- mice, bar= 50 µm; n=10 mice per group (Kruskal-Wallis rank 

sum test).  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  

4.8 sEH deletion attenuated the resolution of inflammation in in vivo 

As M2c macrophages are crucial for the clearance of apoptotic cells and the promotion 

of inflammation resolution and healing, we next examined the impact of sEH deficiency 

on the resolution of inflammation in vivo. Zymosan-induced peritonitis, which is a self-

resolution model, was used. To evaluate the effect of sEH deficiency on the resolution of 

inflammation in vivo, 8–12-week-old mice were challenged with zymosan. Peritoneal 

lavage fluid was collected at different days (1, 3 and 6 days) after zymosan injection to 

investigate the immune cell profile during the acute inflammatory and inflammatory 

resolution phases. 
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In wild-type mice, a rapid increase in neutrophil infiltration was detected on day 1 after 

zymosan injection, defining as the acute inflammatory phase, which is the onset of 

inflammation (Figure 23a). The number of neutrophils decreased rapidly on day 1 and 

decreased to almost basal levels on day 6, which is defined as the resolution of 

inflammation phase (Figure 23a). The proportion of neutrophils in the sEH-/- group was 

lower than that detected in wild-type mice, indicating an anti-inflammatory effect of sEH 

depletion (Figure 23a) as previously reported [108]. The number of resident macrophages 

(Res. MΦ) (Figure 23b), conventional dendritic cells (cDCs) (Figure 23d), T cells (Figure 

24f) and B cells decreased on day 1 and increased on day 3 and day 6, which are both 

defined as the resolution of inflammation phase. Among these, recruited macrophages 

(Rec. MΦ) (Figure 23c) and natural killer T cells (NKT cells) (Figure 23j) increased from 

day 1 to day 6 compared to day 0. The absence of sEH affected the increase in Resident. 

MΦ, Rec. MΦ, DCs and cDCs, Res. MΦ, Rec. MΦ, dendritic cells (DCs) and cDCs are 

associated with efflux cells and phagocytosis in several studies [109–112]. These data 

indicate an impaired resolution of inflammation in sEH-/- mice. 
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Figure 23.  Immune cell profiling of peritoneal lavage from wild-type and sEH-/- mice up to 6 days after a 

single intraperitoneal injection of zymosan A (10 mg/kg). Neutrophils (a), Res. MØ: resident macrophages 

(b), Rec. MØ: recruited macrophages (c), cDCs: conventional dendritic cells (d), DCs: dentritic cells (e), T 

cells (f). CD4+ T cells (g), CD8+ T cells (h), Tregs: regulatory T cells (i), NKT cells: natural killer T cells (j).  

NK cells: natural killer cells (k) and B cells (i).   n=5-6 animals per group (two-way ANOVA and Sidak’s 

multiple comparisons test). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
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4.9 RNA-seq analysis  

Next, we conducted bulk RNA sequencing of M0, M1 and M2c macrophages from wild-

type (WT) and sEH-/- mice. As indicated in the principal component analysis (PCA) plot, 

there was a clear difference between M0, M1 and M2c, indicating the successful 

polarization from M0 to M1 and M1 to M2c polarization (Figure 24).  

 

 

 Figure 24. PCA analysis of RNA sequencing data from M0, M1 and M2c macrophages from WT 

and sEH-/- mice (n=3/each group). PCA plot was generated via an online tool SRPLOT 

(https://bioinformatics.com.cn). 

In sEH-/- M2c macrophages, the most enriched genes were inflammation-related genes 

such as Cxcl3, Cxcl3, Cx3cr1, Ackr3 Il1b, Nlrp3, and Il16 (Figure 25). String analysis with 

the most enriched genes in sEH-/- M2c macrophages showed that Il1b was in the 
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interacting center associated with all the related inflammatory gene expression (Figure 

26). GO analysis of most enriched gene showed interleukin-1 production, positive 

regulation of immune effector process, positive regulation of defense response, cell 

chemotaxis was most changed pathway (Figure 27). This data further suggested that the 

deletion of sEH caused the incomplete M2c macrophage polarization.  Some of the most 

significant changed gene for example Tlr2, Mrc1 and Nlrp3 were experimentally verified, 

via  RT-PCR, Western blotting (Figure 28).  

 

Figure 25.  Heatmap showing top 50 most differentially expressed genes in M2c macrophages from wild-

type and sEH-/- mice; n=3 mice per group. Heatmap was generated via an online tool SRPLOT 

(https://bioinformatics.com.cn). 
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Figure 26.  Sting analysis of the gene set (top 30 genes) enriched in M2c macrophages (sEH-/-) compared 

to wild-type.  Figure was generated in the string website (STRING: functional protein association networks, 

string-db.org), Version 11.5) based on the instruction from website. 

https://string-db.org/
https://string-db.org/
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Figure 27.  GO pathway gene set enrichment analysis of the most enriched genes from sEH-/- M2c 

macrophages. GO analysis was generated via an online tool SRPLOT(https://bioinformatics.com.cn).  

The count of genes was represented by the size of the dots, while the p-value was represented by the color. 

https://bioinformatics.com.cn).the/
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Figure 28. Validation of most significant changed gene from RNA sequencing. (a & b) Expression of Tlr2, 

Mrc1 and Tlr4 in M2c polarized macrophages from wild-type (WT) and sEH-/- (-/-) mice; n=5-6 mice per 

group (Student’s t-test). (c & d) Expression of Nlrp3 (mRNA & protein) in M0, M1 and M2c macrophages 

from wild-type (WT) and sEH-/- (-/-) mice (two-way ANOVA followed by Turkey’s multiple comparison test). 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.   

 

Overall, our findings suggest that the sEH is essential for maintaining proper M2c 

macrophage polarization, which is characterized by elevated expression of phagocytosis-

associated receptors Tlr2 and Mrc1, and decreased expression of inflammation-

associated Nlrp3 and Il-1β. Our analysis of differential gene expression in peritoneal fluid 

following zymosan administration further supported this notion, as sEH-/- mice exhibited 

impaired resolution of inflammation, with decreased expression of resolution-associated 

makers including Tlr2, Mertk, Cd206, Cd163 and Snai1, and increased expression of 

inflammation-associated markers such as Il1b, Nos2, Tlr4 and Nlrp3, as shown (Figure 

29). 
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Figure 29. Heatmap showing most differentially regulated transcripts related to the inflammation and 

resolution of inflammation in cells from peritoneal fluid isolated from 6 days after zymosan administration: 

n=4-5 mice per group. 

4.10 sEH promotes M2c macrophages polarization 

To further demonstrate the role of sEH in the polarization of M2c macrophages, we 

performed loss and gain of function experiments to evaluate the role of sEH in M2c 

macrophages polarization. We used Tlr2 and Mrc1 expression as readouts for M2c 

polarization, as other markers associated with phagocytosis and efferocytosis such as 

Mertk, Cd36 and Dectin were comparable in macrophages from wild-type and sEH-/- mice 

(Figure 30). Inhibition of sEH with sEH inhibitor resulted in lower expression of Tlr2 and 

Mrc1 in wild-type macrophages (Figure 31a). Overexpression of sEH rescued Tlr2 and 

Mrc1 expression in sEH-/- macrophages, while overexpression of the mutant epoxide 

hydrolase structural domain did not have this effect (Figure 31b), indicating that the sEH-

hydrolase domain is responsible for this phenotype and that sEH-derived lipid mediators 

are involved in M2c macrophage polarization.  
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Figure 30.  Expression of genes related to phagocytosis and efferocytosis by M0, M1, M2a and M2c 

macrophages from wild-type (WT) and sEH-/-(-/-) mice. n=5-6 mice per group (one way ANOVA followed 

by Turkey’s multiple comparison).  

  



Results 

54 
 

 

Figure 31.  Gain and/or loss of function to validate the effect of sEH on Tlr2 and Mrc1 expression. (a) 

Expression of Tlr2 and Mrc1 in M2c polarized macrophages from wild-type mice in the presence of solvent 

(Sol) or the sEH inhibitor (sEH-I); n=5-6 mice per group (Student’s t test). (b) Tlr2 and Mrc1 expression in 

M2c polarized macrophages from sEH-/- mice overexpressing either GFP, the wild-type sEH (WT) or a 

catalytically inactive sEH mutant (ΔEH); n=5-6 mice per group (one way ANOVA followed by Turkey’s 

multiple comparison). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 

4.11 Impact of TGF--induced macrophage repolarization on PPAR- 
related gene expression 

To investigate the potential link between PUFAs and M2c macrophages polarization, we 

re-analyzed the RNA sequencing data of M0, M1 and M2c only in wild-type mice.  The 

PCA successfully grouped macrophages into three distinct clusters (Figure 32a). Further 

analysis of differentially expressed genes in M2c versus M1 polarized macrophages 

revealed significant differences, including the upregulation of 2952 genes and 

downregulation of 2051 genes induced by TGF- (Figure 32b). Notably, Pparg was found 

to be among the genes which are significantly increased in M2c macrophages, and gene 

set enrichment analysis identified changes in the expression of several targets of the 

PPAR family of transcription factors (Figure 32 b and c). PPAR- is a well-studied receptor 

associated with lipid action [113], and its upregulation in M2c macrophages suggests a 
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potential role in macrophages polarization.  Additionally, the analysis identified a 

significant pathway associated with the metabolism of arachidonic acid, further 

suggesting a potential link between arachidonic acid metabolism and PPAR- in the 

polarization of M2c macrophages (Figure 32b and c).  

 

Figure 32.  Impact of TGF-β-induced macrophage repolarization on gene expression. (a) Principal 

component analysis showing the clustering of RNA-seq samples from differentially polarized (M0, M1 and 

M2c) murine macrophages; n=4/group. (b) Volcano plot showing differentially expressed genes in M1 and 

M2c polarized. Blue = genes significantly downregulated and red = genes significantly upregulated in M2c 

versus M1 macrophages. (c) Gene set enrichment analysis of gene expression in M1 and M2c 

macrophages.  
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4.12 TGF--induced M2c macrophage polarization relies on PPAR- and 
ALK5 activation 

To determine the role of PPAR- in regulating specific macrophage genes, we examined 

the impact of the GW9662 (10 µmol/L), a PPAR- antagonist, on the expression of Cxcr4 

(predominantly expressed in M2c) and Ptgs2 and Ptx3 (both highly expressed in M1). 

Our results revealed that PPAR- antagonism had no significant effect on Cxcr4 

expression. However, cells treated with GW9662 led to significantly elevated levels of 

Ptgs2 and Ptx3 compared to the solvent-treated cells (Figure 33a). This upregulation of 

pro-inflammatory genes suggests that PPAR-γ activation is involved in the repression of 

Ptgs2 and Ptx3, which are typically associated with M1 polarization. Notably, the latter 

cells have the ability to effectively phagocytose cell debris, but particle uptake was clearly 

reduced in cells treated with the PPAR- antagonist (Figure 33b).  

 

Figure 33.  M2c macrophage polarization relies on PPAR- activation. (a) Expression of Cxcr4, Ptgs2 and 

Ptx3 in M2c polarized macrophages treated with solvent or the PPAR- antagonist; GW9662 (10 µmol/L) 2 

hours prior to the addition of TGF-β (n=3 independent experiments, Student’s t test). (b) Zymosan 

phagocytosis by M2c macrophages treated as in a. Images were taken 30 minutes after zymosan addition 

and the white boxes indicate the area magnified in the lower panels; bar = 200 µm (n=5/group, Kruskal-

Wallis rank sum test). ***P<0.001, ****P<0.0001. 

We also observed a significant increase in PPAR- expression in M2c compared to M1 

or M0 macrophages (Figure 34a). As M2c polarization was induced by adding TGF- to 

M1 polarized macrophages, we investigated which TGF- type I receptor ALK1 or ALK5, 

mediated the TGF--induced increase in PPAR- levels. We found that neither solvent 
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nor the ALK1 inhibitor LDN193189 (100 nmol/L), prevented TGF-β-induced increase in 

PPAR- levels (Figure 34b). However, in macrophages pretreated with the ALK5 inhibitor, 

SD208 (500 nmol/L), the response was abolished (Figure 34b). 

 

Figure 34.  TGF-β-regulated PPAR- expression depends on the activation of ALK5. (a) Expression of 

PPAR- in M0, M1 and M2c polarized murine macrophages; n=5/group (Kruskal-Wallis test followed and 

Dunn’s multiple comparison test). (b) Expression of PPAR- in M1 polarized murine macrophages treated 

with solvent, the ALK1 inhibitor; LDN193189 (100 nmol/L), or the ALK5 inhibitor; SD208 (500 nmol/L) for 2 

hours prior to the addition of TGF-β for M2c polarization; n=4/group (two-way ANOVA and Sidak’s multiple 

comparisons test). *P<0.05, **P<0.01, ***P<0.001. 

The evidence above indicated the potential role of PPAR- in M2c macrophages 

polarization. To further investigate this, we applied the PPAR- inhibitor to check if it 

affects the polarization of M2c macrophages. Indeed, inhibition of PPAR- attenuated the 

effects of TGF- on polarization of M2c macrophages, which replicated the effects of sEH 

inhibition, as demonstrated by changes in marker expression of Tlr2, Mrc1, and Nlrp3 

(Figure 35).  
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Figure 35. Effects of PPAR- antagonist and sEH inhibitor on M2c macrophages polarization. Impact 

of of solvent (Sol, 0.1% DMSO) and PPAR antagonist (10 μmol/L, 30 min prior to 10 ng/ml TGF-β) 

and sEH inhibitor (sEH-I, 10 μmol/L, 30 min prior to 10 ng/ml TGF-β) on the expression of Tlr2, Mrc1 

and Nlrp3 (n=5 independent experiments, Krusakal-Wallis test followed by Dunn’s multiple comparison 

test). ****P<0.001 

4.13 Fatty acid profile 

To determine which lipids were altered during polarization of M2c macrophages, we 

generated lipid profiles from human M1 and M2c macrophages group treated with either 

solvent and sEH inhibitor (t-AUCB). There is a clear cluster difference in M1 and M2c 

macrophages profile as shown in (Figure 36a). The polarization of M1 to M2c 

macrophages resulted in a shift from sEH substrates such as 11, 12-EET, 14,15-EET, 9, 

10-EpoME, 16,17-EpDPE to sEH products, including 11, 12-DHET, 14, 15-DHET, 9, 10-

DiHOME, which suggests an increase in sEH expression during M1 to M2c polarization 

(Figure 36b). Figure 36b shows that there is a clear cluster difference in the M2c 

macrophages profiles between the solvent and sEH inhibitor-treated groups.  Inhibition of 
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sEH revealed that sEH products (9,10-DiHOME, 11,12-DHET, 14,15-DHET) were 

enriched in the solvent group, whereas sEH substrates (14,15-EET, 11,12-EET, 9,10-

EpoME) were enriched in the sEH inhibitor-treated group of M2c macrophages (Figure 

36d). 

 

Figure 36.  lipid profile analysis of human M1 and M2c macrophages, as well as M2c macrophages treated 

with sEH inhibitor or solvent. (a) PCA of lipid profile data from human M1 and M2c macrophages. (b) S-plot 

comparison showing the most significant changed fatty acids in M1 and M2c macrophages from human. (c) 

PCA of lipid profile data from M2c macrophages treated with solvent (0.1%DMSO) and t-AUCB (10 mol/L).  

(d) S-plot comparing the most significant changed fatty acids in M2c macrophages from solvent (Sol) and 

sEH inhibitor (sEH-I) treated group.   
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4.14 Effects of lipids on M2c macrophage polarization 

Next, we investigated the influence of the AA epoxide 11,12-EET and the linoleic acid 

(LA) epoxide 9,10-EpOME as well as their corresponding diols on M2c macrophage 

polarization. Among those significantly changed lipids, 11,12-EET was found to notably 

inhibited the polarization of M2c macrophages, as evidenced by reduced levels of Tlr2 

and increased levels of Nlrp3 (Figure 37a). Importantly, we also observed that the impact 

of 11,12-EET on the expression of Tlr2 and Nlrp3 was further attenuated by the EET 

antagonist14,15-epoxyeicosa-5(Z)-enoic acid (EEZE) (Figure 37b). These data imply that 

the action of 11,12-EET relied on a yet to be defined 11,12-EET-related receptors.  

 

Figure 37.  Effects of altered PUFA epoxides and diols on Tlr2 and Nlrp3 expression in human 

macrophages. (a) The expression of Tlr2 and Nlrp3 was assessed in polarized M1 macrophages treated 

with 11,12-EET (1 μmol/L), 11,12-DHET (1 μmol/L), 9,10-EpOME (1 μmol/L), and 9,10-DiHOME (1 μmol/L) 

for 48 hours (n=4 independent experiments).  (b) The expression of Tlr2 and Nlrp3 was examined in 

polarized M1 macrophages treated with 11,12-EET (1 μmol/L), 11,12-DHET (1 μM), in the presence of 

solvent (Sol) or the EET antagonist, EEZE (3 μmol/L, administered 30 minutes before adding EET/DHET), 

for 48 hours (n=4 independent experiments). Statistical analysis was conducted using two-way ANOVA 

followed by Sidak’s multiple comparison test. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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4.15 PPAR- activity in differentially polarized macrophages from wild-type 
and sEH-/- mice  

We aimed to investigate whether mediators known to regulate PPAR- were implicated 

in the TGF--regulation of PPAR- levels and gene expression. We focused on the role 

of sEH, metabolizes the PPAR- activator; 11,12-EET, into its less active diol; 11,12-

DHET, given that arachidonic acid metabolism was one of the pathways altered by TGF-

β (see Figure 38c), and sEH inhibition prevents the development of atherosclerosis in 

animal models [114,115]. To this end, a luciferase construct containing three PPAR- 

responsive elements was expressed in macrophages from wild-type mice that were then 

polarized to the M0, M1 and M2c phenotypes. Consistent with the increase in PPAR- 

protein levels, luciferase activity was significantly increased in the M2c macrophages from 

wild-type mice (Figure 38a). Deletion of the sEH significantly blunted the latter response 

and was reflected in the differential expression of PPAR--regulated genes in M2c 

macrophages from the two genotypes (Figure 38c). Indeed, the well characterized PPAR-

-regulated genes Gipr, Vldlr and Rbp1 were all expressed at significantly lower levels in 

M2c macrophages from sEH-/- versus wild-type mice. The levels of a series of fatty acid 

epoxides are metabolized by the sEH but it was possible to demonstrate higher 11,12-

EET and lower 11,12-DHET levels in M2c polarized macrophages from sEH-/- versus 

wild-type mice (Figure 38c). Furthermore, treatment of M1 polarized macrophages from 

wild-type mice with 11,12-EET (1 µmol/L) prior to the repolarization with TGF-, also 

decreased PPAR- activity (Figure 38d). 
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Figure 38. PPAR- activity in differentially polarized macrophages from wild-type and sEH-/- mice. (a) 

Activity of a PPAR-γ-luciferase construct in M0, M1 and M2c macrophages from wild-type (WT) and 

sEH-/- mice; n=5/group (two-way ANOVA and Tukey’s multiple comparisons test). (b) Volcano plot 

showing the expression of known PPAR--regulated genes in M2c macrophages from wild-type (WT) 

and sEH-/- mice. Dataset as in Figure. 1; n=4/group. Blue = genes significantly downregulated and 

red = genes significantly upregulated in sEH-/- mice versus wild-type. Grey indicates no significant 

alteration. (c) 11,12-EET and 11,12-DHET levels in M2c macrophages from wild type and sEH-/- (-/-) 

mice (n=5/group; Student’s t test). (d) PPAR- activity in M2c polarized macrophages from wild-type 

mice with solvent or 11,12-EET (1 µmol/L, 30 min prior to TGF-). Solvent-treated cells from sEH-/- 

mice were included as control; n=5/group (Kruskal-Wallis test followed and Dunn’s multiple 

comparison test). *P<0.05, **P<0.01, ****P<0.0001. 
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4.16 Regulation of PPAR- levels by 11,12-EET  

The sEH substrate, 11,12-EET, effectively prevented the TGF--induced elevation in 

PPAR- protein levels in murine macrophages (Figure 39a), whereas the sEH product, 

11,12-DHET, demonstrated no impact. Interestingly, 11,12-EET induced alteration of 

PPAR- protein levels without affecting Pparg gene expression (Figure 39b), indicating a 

potential effect on the stability of the PPAR- protein. Previous studies in adipocytes have 

revealed that ligand-dependent PPAR- activation is associated with its subsequent 

proteasomal degradation [116]. Th, we performed experiments in the absence and 

present of the proteasome inhibitor MG132 (2 µmol/L) to determine whether 11,12-EET 

decreased PPAR- levels by stimulating its proteasomal degradation. 11,12-EET, but not 

11,12-DHET, decreased PPAR- protein levels in M2c polarized macrophages, and 

proteasome inhibition prevented the effect (Figure 39c). 
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Figure 39. Regulation of PPAR- levels by 11,12-EET and 11,12-DHET in M2c polarized 

macrophages. (a) Impact of solvent (Sol, 0.1% DMSO), 11,12-EET or 11,12-DHET (both 1 µmol/L; 30 

minutes prior to TGF-β) on the expression of PPAR- in M2c polarized macrophages (n=5 independent 

experiments, Kruskal-Wallis test followed and Dunn’s multiple comparison test). (b) PPAR- mRNA 

levels in cells treated with solvent, 11,12-EET and 11,12-DHET as in panel a (n=4/group, one way 

ANOVA and Tukey’s multiple comparisons test). (c) Consequence of inhibiting protein degradation 

using MG132 (2 μmol/L) on PPAR- protein stability in M2c polarized macrophages treated with 

solvent (Sol, 0.1% DMSO), 11,12-EET or 11,12-DHET (both 1 µmol/L) prior to the addition of TGF-β 

(n=3/group, two way ANOVA and Sidak‘s multiple comparisons test). *P<0.05, **P<0.01. 

Our findings differ from those of previous studies regarding the activation of  PPAR- by 

11,12-EET [117–120].  To gain a better understanding, additional investigation is 

necessary to determine whether the effects of 11,12-EET on PPAR- stability or activity 

are time-dependent. To examine this, HEK293 cells expressing PPAR- reporter 

constructs were treated with 11,12-EET (1 μmol/L) or a solvent control to evaluate PPAR-

 activity on such conditions. The control group exhibited no significant changes over time, 

while the pioglitazone-treated group showed increased PPAR- activity after 12 hours, 

that was sustained for an additional 24 hours (Figure 40). 11,12-EET, on the other hand, 

initially increased PPAR- activity after 12 hours, but the levels subsequently decreased 

over the next 36 hours (Figure 40). These findings suggests that 11,12-EET may initially 
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bind to and activate PPAR- and subsequently reduce its expression through 

proteasomal degradation. 

4 8 12 24 48

0

1

2

3

P
P

A
R

g
L
u
c
 l
e
v
e
ls

 /
 C

T
L pcDNA

Pioglitazone

EET

CTL

Hours after treatment
 

Figure 40.  Impact of 11,12-EET on PPAR- activity in HEK cells. HEK cells were transfected with a 

PPAR- luciferase constructs. After 24 hours, HEK cells were treated with solvent (0.1% DMSO), 

11,12-EET (1 μmol/L), or the PPAR- agonist (pioglitazone, 10 μmol/L) for indicated time (n=3 

independent experiments). The luciferase activity was the measured based on the manual provide as 

described as Figure 20 

 

Taken together, our study investigated the role of sEH in regulating the resolution of 

inflammation through macrophage polarization. We found that TGF-β1 plays a critical role 

in resolving inflammation by increasing sEH expression in macrophages. Depleting sEH 

led to reduced phagocytic capacity, delayed resolution of inflammation by decreasing the 

expression of phagocytic receptors Mrc1 and Tlr2, and increased expression of 

inflammatory markers Il1b and Nlrp3. Repolarization from M1 to M2c macrophages 

depended on elevated expression and activation of PPAR-γ. In vivo studies using a 

zymosan-induced sterile resolving peritonitis model showed that the absence of sEH 

significantly hindered phagocytic capacity, preventing the upregulation of scavenger 

receptor expression necessary for phagocytosis and efferocytosis, ultimately leading to 

delayed resolution of inflammation. Interestingly, we observed that 11,12-EET specifically 

attenuated M2c macrophages by suppressing Tlr2 expression while increasing Nlrp3 

expression. The potential mechanism involves short-term activation of PPAR-γ by the 
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sEH substrate 11,12-EET, followed by reduced long-term activation, possibly due to 

proteasomal degradation. 
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4.17 Astrocyte isolation and verification 

Given that macrophage and astrocyte share similar functions, we decided to determine 

whether TGF-β Like macrophages, astrocytes can be categorized into distinct 

phenotypes, including A0, A1, and A2, which exhibit non-reactive, reactive, and protective 

effects, respectively.  

Astrocytes were isolated from postnatal pups younger than 7 days, and further purification 

was performed using a Percoll gradient. The resulting cell gradient was obtained, with 

microglia at the bottom, astrocytes in the middle, and myelin layers at the top Figure 41. 

To verify the purity of the astrocytes obtained, the cells were stained with astrocytes-

specific markers GFAP and ALDH1L1, as well as microglia marker F4/80 (Figure 42). The 

majority of the cells isolated were GFAP and ALDH1L1 positive, while F4/80 staining was 

mostly negative indicating sufficient astrocytes purity for subsequent experiments. 

 

Figure 41.  Isolation and primary cultured astrocytes. (a) Cultured astrocytes seen through light micro. (b) 

Isolation of astrocytes using the Percoll gradient centrifugation. from top to bottom is myelin, astrocytes and 

microglia. The gradient is composed of, from bottom to top, 6 ml 70% Percoll, 3 ml 50% Percoll, 3 ml 35% 

Percoll and 2 ml 1XPBS in 15 ml Falcon tube. 
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Figure 42. Immunostaining of astrocytes after Percoll purification, cells were stained with DAPI, F4/80, 

GFAP and ALDH1L1.  Astrocytes (P1) were seeded in ibidi cell culture slides. After 36 hours, the cells were 

blocked with 3% BSA in PBS for 2 hours and stained with F4/80, GFAP, and ALDH1L1 antibodies overnight 

at 4 degrees on a shaker. The cells were then washed with PBS and incubated with corresponding 

secondary antibodies and DAPI (1:200) for 2 hours at room temperature before visualizing the cells under 

a microscope. Comparable results were obtained in the additional cell batches 

4.18 TGF-β increases sEH expression in astrocytes 

sEH is reported to be highly expressed in astrocytes [84–86], however as the expression 

stability in culture was not clear. Therefore, we assessed the sEH levels in astrocytes 

under basal cultural conditions and following treatment with TGF-β1. We found that sEH 

was highly expressed in cultured astrocytes and that TGF-β1 treatment led to a significant 

increase in sEH expression in a dose-dependent manner (Figure 43a and b). Similar to 

macrophages, TGF-β stimulation of astrocytes resulted in the upregulation of the 

ALK5/pSMAD2 target gene Snail, while the level of ALK1/pSMAD1/5 target gene Id3 

remained unchanged (Figure 43 c and d). Furthermore, we found that the upregulation of 
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sEH was Alk5-dependent, as inhibition of Alk5 completely attenuated the effects of TGF-

β on sEH expression (Figure 43e). The inhibition of ALK1 had no effect (Figure 43e).  

 

Figure 43. Consequences of TGF-β1 on sEH expression in cultured astrocytes. (a&b) Effect of TGF-β1 on 

sEH expression in astrocytes, astrocytes were exposed to solvent or different concentration of TGF-β1 (0-

30 ng/ml) in mRNA (a, n=4 independent experiments) and protein level (b, n=4 independent experiments) 

in 24 hours. (c&d) Effects of TGF-β1 on Snail and Id3 expression in astrocytes treated with 10 ng/ml TGF-

β1 for 24 hours (n=5, independent experiments). (e)  Effects of Alk5 and Alk1 inhibition on TGF-β1-induced 

sEH expression (n=4, independent experiments, one-way ANOVA followed by Turkey’s multiple 

comparison).  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

4.18 sEH deletion attenuated the activation of A1 astrocytes in vitro and in 
vivo 

TGF-β is involved in the transition from a neurotoxic A1 astrocyte to an inactivate A0 

astrocytes (101). In astrocytes from wild-type mice, TGF-β attenuated the expression of 

the pan-reactive astrocyte marker Gfap, as well as A1-specific markers such as Ligp1, 

Serping1, Amigo2, H2d1, H2t23, and C3d (Figure 44a). However, it had no effect on the 

A2 astrocyte markers such as Emp2, S100a10, and Ptx3 (Figure 44a). Importantly, 

inhibition or deletion of sEH reduced the expression of GFAP and A1-specific markers in 

vitro (Figure 44a). Interestingly, the combination of sEH inhibitor and TGF-β further 

increased the expression of A2 astrocyte markers, including Emp2, S100a10, and Ptx3 
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(Figure 44a). This suggests that sEH deficiency attenuates A1 astrocyte activation and 

enhances A2 astrocyte activation (Figure 44b). The TGF-β induced expression of the sEH 

blocked the transition from A0 astrocytes to A2 astrocytes (Figure 44b). The protein level 

of C3d, a marker of A1 astrocytes, was significantly lower in astrocytes from sEH-/- mice 

(Figure 44c). We observed a similar phenotype in the brain cortex of wild-type and sEH-/- 

mice, with lower expression of A1 markers and higher expression of A2 markers at the 

mRNA level (Figure 45a). Protein level analysis was performed for pan-reactive marker 

GFAP, ALDH1L1, and A1 marker C3d (Figure 45b), revealing significantly lower 

expression of these markers in the cortex of sEH-/- mice. 

To further investigate this phenomenon, we examined the phagocytic activity of 

astrocytes. Previous studies have demonstrated that A1 astrocytes exhibit reduced 

phagocytic activity, and we observed a similar trend in sEH-deleted astrocytes, which 

displayed enhanced uptake of Aβ42, Aβ40, ox-LDL, zymosan, E. coli (bacterial), and 

zymosan particles (Figure 46).  
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Figure 44.  Effect of sEH and TGF-β1 on astrocyte polarization in vitro. (a) effects of TGF-β1 (10 ng/ml, 24 

hours), sEH knockout and sEH inhibitor (t-AUCB, 10 μM, 24 hours) on the expression of pan-reactive 

astrocytes marker (Gfap), A1 specific markers (Ligp1, Serping1, Amigo2, H2d1, H2t23), and A2 specific 

markers (Emp2, S100a, Ptx3) expression. (b) Proposed mechanism of the role of sEH in astrocytes 

heterogeneity. (c) effects of sEH deletion on the expression of A1 specific marker C3d expression (n=3-4 

independent experiments, Student’s test). *P<0.05 
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Figure 45.  Effects of sEH on astrocyte marker expression in the brain tissue. (a) Expression of pan-reactive, 

A1-specific and A2-specific markers in the cortex from wild-type and sEHKO mice (8-10 week-old) which 

was generated by qRT-PCR (n=6 independent experiments). (b) Western blot analysis of astrocytes-

specific markers in the cortex from wild-type and sEH-/- mice at 10 week-old (n=3 independent experiments, 

Student’s test). *P<0.05.   
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Figure 46.  Effects of sEH knockout on the phagocytosis functions. Uptake of A42, A40, ox-LDL, 

Zymosan, Bacterila (E. coli, 10 g/mL) and Dextran in the isolated astrocytes from wild-type (WT) and 

sEH-/- (-/-) mice.  The isolated cells were applied for florescent labelled A42 (10 M), A40 (10 M), 

ox-LDL (2 g/ml), bacterial (E.coli, 10 g/mL) and zymosan (10 g/mL), dextan (2 mol/L) for 30 min 

and measured in florescent plate reader.  (n=3 independent experiments, Student’s test). *P<0.05, 

**P<0.01, ****P<0.001 

4.20 sEH expression is increased in APP/PS1 mice around the plaque 

Given our findings on the altered uptake of Aβ42 and Aβ40 by astrocytes, we set out to 

explore the potential involvement of sEH in Alzheimer's diseases. At 6 months of age, 

APP/PS1 mice display amyloid plaque formation, a marker of Alzheimer's disease 

development (Figure 47a). Significantly, we observed increased expression of sEH in the 

vicinity of the amyloid plaque area, accompanied by highly reactive astrocytes, as 

indicated by elevated levels of GFAP (Figure 47a). Western blotting assays further 

confirmed the elevated expression of sEH (Figure 47b). Interestingly, we also identified 

the phosphorylation of SMAD2 and a decrease in PPAR-γ expression in the cortex of 6-

month-old APP/PS1 mice (Figure 48). 
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Figure 47. Expression of sEH in APP/PS1 mice. a) Immunol staining of the brain paraffin slides from 6-

months-old, GFAP indicates the reactive astrocytes, Plaque was visualized with Congo red and Sudan 

Black staining. b) Western blotting analysis of the expression of sEH in the cortex (Cor, upper panel) and 

hippocampus (Hip, lower panel) from 6-month-old female mice. 

 

Figure 48. Expression of pSMAD2 and PPAR- in the cortex from APP/PS1 mice at 6-month-old from 

female mice. n=4 for each group and Student’s test was used to compare the difference between each 

group. *P<0.05, ***P<0.001 
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Taken together, our findings revealed the crucial involvement of TGF-β1 in astrocyte 

activation, as it upregulates sEH expression by activating the Alk5 receptor and 

Smad2/3/4 to the sEH promoter. Inhibiting or deleting sEH promotes the transition of A1 

astrocytes to A0 and subsequently to A2 astrocytes, indicating the protective functions 

associated with sEH inhibition or deletion. Lower sEH levels enhance astrocytes 

phagocytosis, leading to increased uptake of various substances. Additionally, we 

observed elevated sEH expression in a murine model of Alzheimer’s diseases, along with 

increased pSMAD2 expression and reduced PPAR-γ levels, aligning with our findings in 

macrophages. 
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5. Discussion 

5.1 sEH in macrophages 

The results of this investigation revealed that TGF-β1 is critical for resolution of 

inflammation by upregulating sEH expression in macrophages. This upregulation of sEH 

expression occurs through activation of the Alk5 receptor and binding of Smad2/3/4 to 

the sEH promoter. Depletion of sEH resulted in reduced phagocytic capacity, delayed 

resolution of inflammation, decreased expression of phagocytic receptors Mrc1 and Tlr2, 

and increased expression of inflammatory markers Il1b and Nlrp3. In addition, we found 

that the repolarization of M1 to M2c macrophages relies on increased expression and 

activation of PPAR-γ. Inhibition of PPAR-γ had similar effects to sEH inhibition in 

attenuating M2c macrophage polarization. Furthermore, PPAR-γ expression is 

dependent on the activation of TGF-β signaling. In vivo studies using a sterile resolving 

peritonitis model (zymosan-induced) showed that the absence of sEH significantly 

reduced phagocytic capacity by preventing the upregulation of scavenger receptor 

expression necessary for phagocytosis and efferocytosis, ultimately leading to delayed 

resolution of inflammation. Lipid profile analysis showed that M1 to M2c macrophage 

polarization is associated with decreased levels of sEH substrates (e.g., 11,12-

EET,14,15-EET, 9,10-EpOME) and increased levels of sEH products (e.g., 11,12-DHET, 

14.15-DHET, 9,10-DiHOME). Interestingly, we only observed that 11,12-EET attenuated 

M2c macrophages by suppressing the expression of the M2c macrophage marker Tlr2 

while increasing the expression of Nlrp3. We discovered that the mechanism involves 

short-term activation of PPAR-γ by the sEH substrate 11,12-EET, followed by reduced 

long-term activation, possibly due to proteasomal degradation. 

Numerous studies have investigated the anti-inflammatory effects of EETs and sEH 

inhibition in various inflamed tissues [52,53,54,55]. In the zymosan-induced peritonitis 

model, neutrophilia serves as a crucial marker for initiating acute inflammatory responses, 

followed by a gradual decrease in neutrophil numbers during inflammation resolution 

[121]. In our research, we found that the mice lacking show a slight reduction in neutrophil 

infiltration on day 1, indicating that inhibiting or deleting sEH attenuates the inflammatory 
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response. This finding is consistent with observations in a mouse model of hypertoxic 

acute lung injury and other models [138,124]. Furthermore, our in vitro study 

demonstrated that sEH deficiency diminishes M1 macrophage polarization, leading to 

decreased expression of pro-inflammatory markers like Tnfa, Il1b, and Nos2. This anti-

inflammatory effect is likely mediated by increased activation of PPAR-γ or inhibition of 

NF-κB signaling due to elevated epoxide levels, which suppress the expression of pro-

inflammatory genes such as VCAM, iNOS, and COX2 [122]. One recent study also 

indicated that EETs inhibit activation of Nlrp3 inflammation in murine macrophages and 

attenuated the production of IL-1β [123]. Additionally, the deficiency of sEH may also 

reduce reactive oxygen species (ROS) generation, a pivotal factor in the development of 

inflammatory disorders, which therefore attenuates mice hyperoxic acute lung injury [108]. 

ROS generated by polymorphonuclear neutrophils at inflammatory sites cause tissue 

injury and endothelial dysfunction [124]. 

Inhibition of CYP enzymes, that are upstream of sEH, can hinder the resolution of 

inflammation by disrupting Ly6c+ monocyte infiltration, thus affecting the pro-resolving 

phenotype of monocyte lineage cells and reducing macrophage efferocytosis [125]. 

Conversely, the absent of sEH exhibited the opposite effect, highlighting the anti-

inflammatory properties associated with sEH deficiency [127]. Importantly, a more 

pronounced effect was observed in later stages, as sEH-deficient mice exhibited 

incomplete or delayed resolution of inflammation in vivo in our study. This was evidenced 

by a reduction in resident macrophages, recruited macrophages, dendritic cells levels as 

well as reduced expression of phagocytic and efferocytosis markers such as Mrc1, Tlr2 

and Mertk which serve as key mediators in the resolution of inflammation phases. 

Alternatively activated M2 macrophages play a crucial role in attenuating inflammation 

responses, clearing apoptotic cells and promoting tissue repair [126,127]. Although the 

classification and definition of macrophage subtypes is continuously evolving, M2c 

macrophages induced by TGF-β, characterized by specific gene expression profiles, are 

particularly important for  resolution of inflammation due to their phagocytic and 

efferocytosis [58]. In our study, we employed RNA-seq to investigate the gene expression 

profile of M2c macrophages and examine the influence of sEH activity. The absence of 

sEH resulted in elevated levels of Nlrp3, iNos, Tnfα, and IL-1β, which are components 
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associated with inflammasome activation and pro-inflammatory responses. Conversely, 

the expression of several scavenger receptors essential for phagocytosis and 

efferocytosis (Tlr2, Cd206/Mrc1, Cd163, Mertk) was reduced. Comparable effects on Tlr2 

and Mrc1 protein expression were observed in macrophages from wild-type mice treated 

with an sEH inhibitor. Furthermore, M2c macrophages derived from sEH-deficient mice 

exhibited increased levels of Tlr2 and Mrc1 upon overexpression of wild-type sEH but not 

an enzymatically inactive mutant. Consistent with the delayed resolution phenotype 

observed in vivo, sEH-deficient macrophages displayed decreased efficiency in 

phagocytosing zymosan and ox-LDL compared to wild-type cells. 

A more recent study has demonstrated that the sEH promoted macrophages 

phagocytosis and clearance of Streptococcus pneumoniae through the regulation of Tlr2 

and peptidoglycan recognition protein 1 (PGLYRP1) expression [128]. Similar to our 

observation, we also found that sEH is required for M2c macrophages polarization and 

resolution of inflammation by regulating the expression of Tlr2 and Mrc1. The difference 

regarding the receptors involved in clearance of Streptococcus pneumoniae and our 

zymosan-induced peritonitis model is probably due to the different expression level of 

corresponding receptors in these tissues. 

sEH expression has been reported to be regulated at physiological and pathological 

conditions such as increased blood pressure and diabetic retinopathy [98], Alzheimer’s 

disease etc. [77,84], however, the underlying mechanisms are poorly understood. 

Previous studies have suggested the involvement of SP1 in enhancing Ephx2 reporter 

activity and the regulation of sEH levels through AP-1 activation in angiotensin II (Ang II)-

treated endothelial cells and rat hearts following ischemia-reperfusion [129]. Gender 

differences in sEH also has been addressed in our study, male mice expressing higher 

sEH levels and experiencing blood pressure reduction upon sEH inhibition [130]. Female-

specific down-regulation of sEH expression is linked to estrogen-dependent methylation 

of the Ephx2 gene, leading to reduced binding of Sp1, AP-1, and NF-κB to the promoter 

[101]. We also observed that the macrophages from female mice are more sensitive to 

TGF-β stimulation at least as for expression of sEH.  
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In our study, we demonstrated that TGF-β1 signaling and pSmad2, rather than Sp1, 

significantly regulate sEH expression in macrophages. In addition, sEH expression is also 

regulated by Ang II in human umbilical vein endothelial cells (HUVECs) and bovine aortic 

endothelial cells (BAECs) via an AP-1-dependent mechanism [131]. Activation of the 

ALK5/pSMAD2 pathway by Ang II and homocysteine also has been observed in some 

studies [132] . Leading to the hypothesis that Ang II and homocysteine upregulates the 

expression of sEH is partially attributed to the activation of pSMAD2 and therefore 

enhance the transcription of sEH.  

To gain a better understanding of the functional implications of sEH deletion in 

macrophages, we conducted an investigation to detect the levels of specific epoxides and 

diols in human macrophages that were polarized into M1 and M2c phenotypes. Notably, 

we observed changes in the levels of 11,12-EET/DHET, 14,15-EET/DHET, and 9,10-

EpOME/DiHOME. Interestingly, among these compounds, only 11,12-EET exhibited the 

ability to downregulate Tlr2 expression and upregulate Nlrp3 expression, exhibiting 

similarities to the effects observed in M1 polarized macrophages lacking sEH. However, 

the precise receptor responsible for mediating this process remains unclear.  

PPAR-γ,  a member of the nuclear receptor superfamily, plays an important role in cell 

differentiation, maintenance, and function [133]. Serval studies have identified PUFAs as 

ligands for PPAR-γ [134,135]. Inhibition or deletion of the sEH enzyme results in elevated 

levels of EETs. In our study, we also observed increased expression of PPAR-γ in M2c 

macrophages, which was attenuated by ALK5 inhibitor.  Moreover, TGF-β-stimulated 

macrophages from sEH−/− mice exhibited reduced PPAR-γ activity. Our findings, along 

with the decreased levels of PPAR-γ protein in sEH-deficient macrophages, suggest that 

11,12-EET induces a transient increase in PPAR-γ activity, followed by a pathway 

triggered by EETs that leads to PPAR-γ degradation. This mechanism was confirmed in 

cells treated with MG132, where PPAR-γ levels remained unaffected by 11,12-EET. This 

suggests that 11,12-EET may induce proteasomal degradation of PPAR-γ. In adipocytes, 

PPAR-γ is rapidly degraded through the ubiquitin proteasome pathway, both under basal 

and ligand-activated conditions [136]. Inhibition of the proteasome enhances PPAR-γ 

activity, indicating that the ubiquitin proteasome system regulates PPAR-γ activity through 

its degradation [137]. Although the specific ubiquitin ligase activated by 11,12-EET was 
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not investigated, there is indirect evidence linking 11,12-EET to increased ubiquitination. 

For example, overexpression of CYP2J2, an enzyme generating 11,12-EET, in 

cardiomyocytes has been shown to promote the ubiquitination of the pattern recognition 

receptor NLRX1  [138]. 

Taken together, our findings demonstrate that sEH expression and activity are required 

to promote the resolution of inflammation by regulating the expression of stability of PPAR 

-γ and thus the gene reprogramming of macrophages induced by TGF-β1. Additionally, 

our results indicate that the levels of the sEH substrate 11,12-EET in macrophages can 

influence macrophage polarization by TGF-β, partially through promoting the 

ubiquitination and degradation of PPAR-γ. Further investigation is still needed to 

determine the extent to which changes in PPAR-γ expression contribute to the observed 

phenotype, considering the role of sEH inhibition in preventing atherosclerosis 

development in mice and the importance of converting inflammatory macrophages to the 

M2 phenotype in driving atherosclerosis regression. 
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Figure 49.  Proposed mechanisms for current studies. TGF-β increases sEH expression 

via activating Alk5/pSmad2 pathway, therefore increases the transcription of Ephx2 and 

PPAR-γ.  The increased expression of sEH metabolized epoxide like 11,12-EET to 11,12-

DHET. 11,12-EET first binds to PPAR-γ but then increased the degradation of PPAR-γ 

protein by regulating phagocytic receptors Mrc1 and Tlr2, and inflammatory markers Il1b 

and Nlrp3 expression. The figure was generated via Biorender 

(https://www.biorender.com/). 
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5.2 sEH in astrocyte 

In our study, we explored the role of sEH in astrocyte activation and polarization. Our 

findings highlight the critical involvement of TGF-β1 in astrocyte activation, demonstrated 

by its ability to upregulate sEH expression in astrocytes through the activation of the ALK5 

receptor and the binding of SMAD2/3/4 to the sEH promoter. Notably, inhibiting or 

deleting sEH promotes the transition of A1 astrocytes to A0 and further to A2 astrocytes, 

indicating the protective functions associated with sEH inhibition or deletion. These 

findings are consistent with the functional properties of astrocyte, as lower levels of sEH 

enhance their phagocytic functions, as evidenced by increased uptake of Aβ42, Aβ40, 

ox-LDL, Zymosan, Bacterial, and Dextran. This suggests that decreased sEH levels align 

astrocyte functions more closely with the A0 or A2 phenotype. Furthermore, our 

investigation of Alzheimer's disease (AD) mice and previous studies collectively 

demonstrate elevated sEH expression in AD mice compared to wild-type mice. 

Interestingly, these AD mice also exhibit increased pSMAD2 expression and reduced 

PPAR-γ levels, which are consistent with our findings in macrophages. The activation of 

the ALK5/pSMAD2 pathway induces sEH expression in astrocytes, both under normal 

physiological conditions and in pathological contexts. 

sEH is an enzyme involved in fatty acid metabolism. Its upregulation in the brain of AD 

patients suggests its potential involvement in the disease [77,84,88]. Studies have shown 

that sEH is upregulated in the brains of AD patients and that endocannabinoid metabolism 

serves as an adaptive response to neuroinflammation [84]. These findings suggest a 

possible link between sEH and AD pathology. Furthermore, research has indicated that 

inhibiting sEH could be a novel therapeutic approach for AD [77,84,88]. Genetic deletion 

of sEH has been demonstrated to delay the progression of the disease, highlighting its 

potential as a therapeutic target. Additionally, pharmacological inhibition of sEH has 

shown promise as a therapy for AD [84]. In mouse models of AD, sEH inhibition reduces 

neuroinflammation, a prominent feature of AD pathology [84]. 

The upregulation of sEH in the brain of Alzheimer's disease (AD) patients suggests a 

potential connection between sEH and the disease [77,84,88]. Studies have consistently 

shown that sEH is elevated in the brains of AD patients, and this upregulation is believed 
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to be an adaptive response to neuroinflammation through endocannabinoid metabolism 

[97]. These findings highlight the possibility of sEH's involvement in the pathology of AD. 

Furthermore, research indicates that targeting sEH could be a promising therapeutic 

approach for AD [84]. Several studies have investigated the role of sEH in AD and have 

demonstrated that genetic deletion of sEH can delay the progression of the disease, 

indicating its potential as a therapeutic target [97]. Additionally, pharmacological inhibition 

of sEH has shown promise in reducing neuroinflammation, a prominent feature of AD 

pathology, in mouse models [97]. The upregulation of sEH in the brains of AD patients, 

its involvement in endocannabinoid metabolism, and the potential benefits of inhibiting 

sEH through genetic or pharmacological means provide compelling evidence for 

exploring sEH as a therapeutic target for AD. Further research in this area holds promise 

for developing novel treatments that can effectively address the neuroinflammatory 

processes associated with AD. 

TGF-β1 has been shown to promote microglia-mediated neuroprotective action of 

targeting and clearing Aβ plaques through phagocytosis, while its role in blocking 

clustering of microglia and perpetuation of subsequent inflammation towards Aβ deposits 

has also been reported [139]. TGF-β1/SMAD signaling is reduced in aging and chronic 

inflammation, facilitating cytotoxic activation of microglia and microglia-mediated 

neurodegeneration [139,140]. However, it has also been observed that TGF-β1 induces 

the expression of sEH in astrocytes. In addition, increased pSmad2 levels have been 

observed in the AD mice model (APP/PS1), which is different and contradictory to the 

findings mentioned above. The underlying mechanisms are not clear, but it is possible 

that this is due to the different time point that we check the activation of pSMAD2 and 

sEH in the APP/PS1 mouse model [140]. 

In conclusion, our study elucidates the regulatory role of sEH in astrocyte activation and 

polarization. The upregulation of sEH by TGF-β1 through ALK5/pSMAD2 activation 

highlights the complex interplay between signaling pathways and astrocyte function. The 

observed transitions of astrocytes and the enhanced phagocytic abilities associated with 

sEH inhibition or deletion provide insights into potential therapeutic strategies for 

modulating astrocyte phenotypes. Moreover, our findings in AD mice support the 

relevance of sEH in neurodegenerative diseases. Further investigations are warranted to 
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fully unravel the underlying mechanisms and to explore the therapeutic potential of 

targeting the sEH pathway in astrocyte-mediated neuroinflammatory conditions, including 

Alzheimer's disease. 
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6. Summary 

sEH inhibition has emerged as a promising therapeutic approach with demonstrated 

benefits in inflammation, pain, chronic obstructive pulmonary disease (COPD), and neural 

degenerative disease [84,141]. Small molecule inhibitors specifically designed to target 

sEH have been effective in stabilizing endogenous epoxide levels, modulating their 

biological activity, and providing relief in preclinical pain models  [141,142]. This highlights 

the potential roles of sEH inhibition in managing pain-related disorders and suggests its 

utility in mitigating neuroinflammation associated with neurological diseases [141,142]. 

Efforts to optimize sEH inhibitors have facilitated their use as valuable experimental tools, 

aiding in the understanding of sEH's role in pathological processes and enabling the 

development of more precise therapeutic strategies. 

Even the role of sEH in the inflammation-associated diseases is relatively clear, its 

expression regulation remains largely unclear. Immunoblotting and RNA sequencing 

analysis confirmed the higher level of sEH mRNA and protein in macrophages and 

astrocytes. TGF-β1 upregulates sEH expression in both cell types which all relied on the 

activation of the ALK5 receptor and SMAD2/3/4 binding to the sEH promoter increased 

sEH expression. Depletion of sEH in macrophages resulted in reduced phagocytic 

capacity, delayed resolution of inflammation, altered expression of phagocytic receptors, 

and increased inflammatory markers. Elevated sEH expression was also observed in the 

AD mouse model, aligning with findings in macrophages and suggesting its involvement 

in neurodegenerative diseases. This indicates the different roles of sEH in different 

phases of inflammation. In acute inflammation phases, sEH inhibition has contributed to 

anti-inflammation effects while in the resolution of inflammation inhibition of sEH delayed 

the resolution of inflammation. This unexpected effect is attributed to elevated levels of 

11,12-EET, an sEH substrate, which inhibits the pro-resolving polarization of M2c 

macrophages by promoting the degradation of the lipid mediator receptor PPAR-γ. The 

precise mechanism is not fully understood, but it is likely that 11,12-EET initially activates 

PPAR-γ before inducing its degradation. These findings raise concerns regarding the 

therapeutic potential of sustained sEH inhibition in conditions where the resolution phase 

of inflammation is critical, such as Alzheimer's disease, Parkinson's disease, and neural 
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pain. Prolonged or excessive sEH inhibition may hinder inflammation resolution due to 

the inhibitory effects of 11,12-EET on pro-resolving M2c macrophage polarization. It 

challenges the notion that sEH inhibition would be uniformly beneficial throughout all 

stages of inflammation. 

Further research is needed to comprehensively understand the intricate mechanisms 

underlying the interplay between sEH, 11,12-EET, and inflammation resolution. 

Specifically, elucidating how 11,12-EET influences PPAR-γ degradation will be crucial for 

developing targeted therapeutic strategies that balance the anti-inflammatory benefits of 

sEH inhibition with the resolution-promoting requirements of specific inflammatory 

conditions. These concerns underscore the importance of carefully evaluating the 

potential risks and benefits of sEH inhibition as a therapeutic approach in different disease 

contexts. 
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7. Zusammenfassung 

Die Hemmung von sEH hat sich als vielversprechender therapeutischer Ansatz erwiesen, 

der nachweislich bei Entzündungen, Schmerzen, chronisch obstruktiven 

Lungenerkrankungen (COPD) und degenerativen Nervenerkrankungen hilft [84,141]. 

Kleinmolekulare Inhibitoren, die speziell auf sEH abzielen, haben sich als wirksam 

erwiesen, indem sie den Gehalt an endogenen Epoxiden stabilisieren, ihre biologische 

Aktivität modulieren und in präklinischen Schmerzmodellen Linderung verschaffen 

[141,142]. Dies unterstreicht die potenzielle Rolle der sEH-Hemmung bei der Behandlung 

schmerzbedingter Erkrankungen und deutet auf ihren Nutzen bei der Abschwächung von 

Neuroinflammation im Zusammenhang mit neurologischen Erkrankungen hin [141,142]. 

Die Bemühungen um die Optimierung von sEH-Inhibitoren haben ihre Verwendung als 

wertvolle experimentelle Werkzeuge erleichtert, was zum Verständnis der Rolle von sEH 

bei pathologischen Prozessen beiträgt und die Entwicklung präziserer therapeutischer 

Strategien ermöglicht. 

Auch wenn die Rolle von sEH bei entzündungsbedingten Krankheiten relativ klar ist, 

bleibt die Regulation seiner Expression weitgehend unklar. Immunoblotting- und RNA-

Sequenzierungsanalysen bestätigten das höhere Niveau von sEH mRNA und Protein in 

Makrophagen und Astrozyten. TGF-β1 erhöht die sEH-Expression in beiden Zelltypen, 

die alle auf die Aktivierung des ALK5-Rezeptors angewiesen sind, und die Bindung von 

SMAD2/3/4 an den sEH-Promotor erhöht die sEH-Expression. Die Abreicherung von sEH 

in Makrophagen führte zu einer verringerten phagozytischen Kapazität, einer verzögerten 

Auflösung der Entzündung, einer veränderten Expression von phagozytischen 

Rezeptoren und erhöhten Entzündungsmarkern. Eine erhöhte sEH-Expression wurde 

auch im AD-Mausmodell beobachtet, was mit den Ergebnissen in Makrophagen 

übereinstimmt und auf eine Beteiligung von sEH an neurodegenerativen Erkrankungen 

hindeutet. Dies weist auf die unterschiedliche Rolle von sEH in verschiedenen 

Entzündungsphasen hin. In akuten Entzündungsphasen hat die Hemmung von sEH zu 

entzündungshemmenden Effekten beigetragen, während die Hemmung von sEH bei der 

Auflösung der Entzündung die Auflösung der Entzündung verzögerte. Dieser unerwartete 

Effekt wird auf erhöhte Spiegel von 11,12-EET, einem sEH-Substrat, zurückgeführt, das 
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die auflösungsfördernde Polarisierung von M2c-Makrophagen hemmt, indem es den 

Abbau des Lipidmediatorrezeptors PPAR-γ fördert. Der genaue Mechanismus ist noch 

nicht vollständig geklärt, aber es ist wahrscheinlich, dass 11,12-EET zunächst PPAR-γ 

aktiviert, bevor es seinen Abbau einleitet. Diese Ergebnisse geben Anlass zu Bedenken 

hinsichtlich des therapeutischen Potenzials einer anhaltenden sEH-Hemmung bei 

Erkrankungen, bei denen die Auflösungsphase der Entzündung entscheidend ist, wie z. 

B. bei der Alzheimer-Krankheit, der Parkinson-Krankheit und Nervenschmerzen. Eine 

verlängerte oder übermäßige Hemmung von sEH könnte die Auflösung der Entzündung 

aufgrund der hemmenden Wirkung von 11,12-EET auf die auflösungsfördernde M2c-

Makrophagenpolarisation behindern. Dies stellt die Vorstellung in Frage, dass eine sEH-

Hemmung in allen Phasen der Entzündung gleichmäßig vorteilhaft wäre. 

Weitere Forschungsarbeiten sind erforderlich, um die komplexen Mechanismen zu 

verstehen, die dem Zusammenspiel zwischen sEH, 11,12-EET und der 

Entzündungshemmung zugrunde liegen. Insbesondere die Klärung der Frage, wie 11,12-

EET den PPAR-γ-Abbau beeinflusst, wird für die Entwicklung gezielter therapeutischer 

Strategien entscheidend sein, die den entzündungshemmenden Nutzen der sEH-

Hemmung mit den auflösungsfördernden Anforderungen spezifischer 

Entzündungszustände in Einklang bringen. Diese Bedenken unterstreichen, wie wichtig 

es ist, die potenziellen Risiken und Vorteile der sEH-Hemmung als therapeutischen 

Ansatz in verschiedenen Krankheitskontexten sorgfältig abzuwägen.
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Code and Data reproducibility 

--- 

title: 'RNA analysis for PPARG' 

author:  Xiaoming Li 

date: Fri Jan 20 06:06:39 2023   

output: html_document 

--- 

 

```{r setup, include=FALSE} 

knitr::opts_chunk$set(echo = TRUE) 

knitr::opts_chunk$set(fig.width=6, fig.height=5, fig.align = 'center')  

```  

 

# Load the libraries 

 

 

```{r} 

library(edgeR) 

library(limma) 

library(Glimma) 

library(org.Mm.eg.db) 

library(gplots) 

library(RColorBrewer) 

library(NMF) 

library(tidyverse) 

``` 

 

 

# Load the data 
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```{r, message=FALSE  }   

 inputFile <- '~/Downloaded_Converted_Data.csv'  # Expression matrix 

 sampleInfoFile <- NULL  

 geneInfoFile <- 'Mouse__mmusculus_gene_ensembl_GeneInfo.csv' #Gene symbols, 

location etc.  

 geneSetFile <- 'Mouse__mmusculus_gene_ensembl.db'  # pathway database in SQL; 

can be GMT format  

 STRING10_speciesFile <- 'https://raw.githubusercontent.com/iDEP-

SDSU/idep/master/shinyapps/idep/STRING10_species.csv'  

```  

 

# Parameters for reading data   

```{r, message=FALSE  }  

 input_missingValue <- 'geneMedian' #Missing values imputation method 

 input_dataFileFormat <- 1 #1- read counts, 2 FKPM/RPKM or DNA microarray 

 input_minCounts <- 0.5 #Min counts 

 input_NminSamples <- 1 #Minimum number of samples  

 input_countsLogStart <- 4 #Pseudo count for log CPM 

 input_CountsTransform <- 1 #Methods for data transformation of counts. 1-

EdgeR's logCPM 2-VST, 3-rlog  

``` 

 

 

```{r, message=FALSE  }   

 readData.out <- readData(inputFile)  

 library(knitr)   #  install if needed. for showing tables with kable  

 kable( head(readData.out$data) )    # show the first few rows of data  

``` 

 

 

```{r, message=FALSE  }   
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 readSampleInfo.out <- NULL  

``` 

 

``{r, message=FALSE  }   

 input_selectOrg ="NEW"  

 input_selectGO <- 'GOBP' #Gene set category  

 input_noIDConversion = TRUE   

 allGeneInfo.out <- geneInfo(geneInfoFile)  

 converted.out = NULL  

 convertedData.out <- convertedData()   

 nGenesFilter()   

 convertedCounts.out <- convertedCounts()  # converted counts, just for compatibility  

``` 

 

##  Pre-process  

```{r, message=FALSE  }   

# Read counts per library  

 parDefault = par()  

 par(mar=c(12,4,2,2))  

 # barplot of total read counts 

 x <- readData.out$rawCounts 

 groups = as.factor( detectGroups(colnames(x ) ) ) 

 if(nlevels(groups)<=1 | nlevels(groups) >20 )   

  col1 = 'green'  else 

  col1 = rainbow(nlevels(groups))[ groups ]     

    

 barplot( colSums(x)/1e6,  

  col=col1,las=3, main="Total read counts (millions)")   

 readCountsBias()  # detecting bias in sequencing depth  

``` 

```{r, message=FALSE  }   
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 # Box plot  

 x = readData.out$data  

 boxplot(x, las = 2, col=col1, 

    ylab='Transformed expression levels', 

    main='Distribution of transformed data')  

``` 

```{r, message=FALSE  }   

 

 #Density plot  

 par(parDefault)  

 densityPlot()        

``` 

```{r, message=FALSE  }   

 

 # Scatter plot of the first two samples  

 plot(x[,1:2],xlab=colnames(x)[1],ylab=colnames(x)[2],  

    main='Scatter plot of first two samples')  

``` 

 

```{r, message=FALSE  }   

 

 ####plot gene or gene family 

 input_selectOrg ="BestMatch"  

 input_geneSearch <- 'SNCA;Robo3;GAPDH' #Gene ID for searching  

 genePlot()   

``` 

```{r, message=FALSE  }  

 input_useSD <- 'FALSE' #Use standard deviation instead of standard error in error 

bar?  

 geneBarPlotError()        
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``` 

 

 

## PCA and beyond    

```{r, message=FALSE  }   

 input_selectFactors <- 'Sample_Name'   

 input_selectFactors2 <- 'Sample_Name'  

 input_tsneSeed2 <- 0 #Random seed for t-SNE  

 #PCA, MDS and t-SNE plots 

 PCAplot()   

```      

```{r, message=FALSE  }   

 MDSplot()  

```      

```{r, message=FALSE  }   

 tSNEplot()   

```      

```{r, message=FALSE  }   

 

 #Read gene sets for pathway analysis using PGSEA on principal components  

 input_selectGO6 <- 'GOBP'  

 GeneSets.out <-readGeneSets( geneSetFile, 

    convertedData.out, input_selectGO6,input_selectOrg, 

    c(input_minSetSize, input_maxSetSize)  )   

 PCApathway() # Run PGSEA analysis  

```      

```{r, message=FALSE  }   

 cat( PCA2factor() )   #The correlation between PCs with factors  

``` 

 

##  DEG1    
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```{r, message=FALSE  }  

 input_CountsDEGMethod <- 3 #DESeq2= 3,limma-voom=2,limma-trend=1  

 input_limmaPval <- 0.1 #FDR cutoff 

 input_limmaFC <- 2 #Fold-change cutoff 

 input_selectModelComprions <- NULL  #Selected comparisons 

 input_selectFactorsModel <- NULL  #Selected comparisons 

 input_selectInteractions <- NULL  #Selected comparisons 

 input_selectBlockFactorsModel <- NULL  #Selected comparisons  

 factorReferenceLevels.out <- NULL  

 

 limma.out <- limma() 

 DEG.data.out <- DEG.data() 

 limma.out$comparisons  

```      

```{r, message=FALSE  }   

 input_selectComparisonsVenn = limma.out$comparisons[1:3] # use first three 

comparisons 

 input_UpDownRegulated <- FALSE #Split up and down regulated genes  

 vennPlot() # Venn diagram  

```      

```{r, message=FALSE  }   

  sigGeneStats() # number of DEGs as figure  

```      

```{r, message=FALSE  }   

  sigGeneStatsTable() # number of DEGs as table  

``` 
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