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ABSTRACT     

The enzyme soluble epoxide hydrolase (sEH) plays a major role in the pathogenesis and 

pathophysiology of neurodegenerative diseases like depression by catalyzing the hydrolysis of 

epoxyeicosatrienoic acids (EETs) into dihydroxyicosatrienoicacids (DHETs), its less biologically 

active form, influencing the anti-inflammatory system and promoting inflammation. Therefore, 

inhibiting sEH leads to increased levels of EETs, reducing inflammation, especially in the brain 

and can help mitigate neurodegenerative diseases. This study investigated sEH inhibition by a 

phenolic carotenoid compound, astaxanthin and its inhibitory mechanism of action. Enzyme 

inhibitory activity and kinetics demonstrated that astaxanthin had a half-maximal inhibitory 

concentration (IC50) of 26 ± 0.92 μM and is a mixed-non-competitive inhibitor of sEH. In silico 

ADME/tox analysis showed that astaxanthin is bioavailable, biostable, and non-toxic when taken 

orally. Molecular docking study demonstrated that astaxanthin binds to an allosteric site of sEH 

and formed a contact and clashing-only interaction with the ASP333 residue of the hydrolase 

pocket of sEH. In this study, we highlight the potential therapeutic application of astaxanthin as a 

natural sEH inhibitor in the treatment of inflammation-related diseases, particularly 

neurodegenerative diseases.      
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Figure 1: Graphical illustration of abstract created with Bio render.      
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CHAPTER ONE    

GENERAL INTRODUCTION     

Major depressive disorder (MDD) is one of the most widespread and incapacitating forms of 

psychopathology; people in all communities worldwide are impacted by depression, which 

contributes significantly to the global burden of disease. Depression is a common psychological 

condition that manifests as low mood, lack of interest or pleasure, diminished energy, guilt or 

feelings of low self-worth, interrupted sleep or food, and difficulty concentrating (Marcus et al., 

2012). Due to its high incidence, high recurrence rates, chronic nature, and comorbidity with 

physical illness, effective and early treatment is essential. (Kessler et al., 2005; WHO 2012; WHO 

2017). According to epidemiological surveys, the lifetime prevalence of MDD is 16.6%, with 

estimates for women exceeding 21.3% (Kessler et al., 2005; Kessler & Bromet, 2013).   These 

numbers underscore the urgent need to understand the pathophysiology of this disease and discover 

new therapies that can attenuate the global burden of this disease.      

An appreciable amount of evidence suggests that inflammation has a role in the pathophysiology 

of depression, with much evidence mainly from the assessment of cytokine messengers in 

peripheral blood, particularly interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α) and others, of 

untreated depressed patients when compared to controls (Miller & Raison, 2016; Strawbridge et 

al., 2015; Kohler et al., 2017). Certainly, elevated amounts of cytokines circulating in the periphery 

can pass through the cortex, striatum, and hippocampus which are the permeable regions of the 

blood-brain barrier (BBB) and affect brain activity associated with depressive symptoms (Borsini 

et al., 2015; Miller & Raison, 2016).     

Additionally, findings from post-mortem research have demonstrated that people with a history of 

depression had higher levels of proinflammatory cytokine TNF-α gene expression in their 

prefrontal cortex (PFC) and hippocampi (Dean et al., 2010). Ultimately, these studies suggest that 
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inflammation is an underlying factor contributing to the onset of depression and that 

antiinflammatory medication treatment can significantly lessen its symptoms (Borsini, 2021).  

Considering the crucial part inflammation plays in depression, increasing evidence indicates that 

inflammation, which is linked to the development of major psychiatric diseases, is influenced by 

alterations in the enzyme soluble epoxide hydrolase (sEH) in the metabolism of polyunsaturated 

fatty acids (PUFAs) (Hashimoto, 2019). Ren et al. discovered that the expression of the sEH protein 

increased more in the parietal cortex, striatum, and hippocampus of mice that exhibited 

depressionlike behaviours and in the brains of people with major depressive illness (Ren et al.,  

2016). The  sEH  enzyme  transforms  the  anti-inflammatory  ω-3  PUFAs  CYP-derived  epoxy  

epoxyeicosatetraenoic acid (EpETEs) and epoxydocosapentaenoic acids (EpDPAs) into their less 

active diols, dihydroxyeicosatetraenoic acid (DiHETEs) and dihydoxydocosapentaenoic acid    

(DiHDPA).  DiHETEs and DiHDPAs have been shown to have less anti-inflammatory effects than 

their progenitors, EpETEs and EpDPAs (Ishihara et al., 2019). This indicates that decreasing the 

bioavailability of EpETEs and EpDPAs by activating the sEH enzyme can impair their biological 

activity, eventually resulting in depressive symptoms. These findings imply that sEH plays a 

significant role in the pathophysiology of depression and that sEH inhibitors may be an alternative 

treatment option for people who experience this illness (Ren et al., 2016; Swardfager et al., 2018).  

To date, most sEH inhibitors are synthetic compounds (Sun et al., 2021). In a recent study, it was 

observed that 1-[1-propionylpiperidin 4-yl]-3-[4-(trifluoromethoxy) phenyl] (TTPU), an sEH 

inhibitor significantly reduced both spontaneous seizures and depression-like behaviours (Shen et 

al., 2019). However, the metabolism, appropriate dosing and overall safety and effectiveness of     

TPPU remain unknown (Debin et al., 2019).      
Current sEH inhibitors have high lipophilicity, which indicates poor absorption, high metabolic 

rate, and poor solubility, making these compounds potentially harmful as they can be stored in the 

body for a long period and become toxic (Liu et al., 2011). Many known sEH inhibitors function 
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by binding to the active site, but due to their poor water solubility, they are not effective in treating 

sEH-related disorders and inflammatory diseases (Sun et al., 2021).     

Antidepressants and antipsychotics are employed as a treatment for depression and have been 

effective to a large degree. However, about one-third of individuals suffering from depression do 

not respond fully to medication (Ren, 2019). This was thought to be partly due to the large size of 

these compounds, making them susceptible to biotransformation in the gastrointestinal tract 

reducing their bioavailability and biostability (Sun et al., 2021).  Therefore, the need for new 

therapies, including functional foods and nutraceuticals that are bioavailable and biostable, cannot 

be overstated.      

Astaxanthin is a deep, red-coloured phenolic compound, a prominent member of xanthophylls that 

can be synthesized by Haematococcus pluvialis microalgae (Reigner et al., 2015). Astaxanthin has 

previously been reported to possess antioxidative, anti-inflammatory, anti-apoptotic and several 

other health-promoting properties (Reigner et al., 2015). There are no known adverse effects from 

consuming astaxanthin (6 mg/day) with meals (Rao et al., 2010; Stewart et al., 2008). Using acute, 

mutagenicity, teratogenicity, embryotoxicity, and reproductive toxicity testing, the biotechnological 

company Hoffman-La Roche validated the safety of astaxanthin (Kidd, 2011). Astaxanthin 

possesses both lipophilic and hydrophilic properties; it can be transported by fat molecules directly 

to tissues and organs that require it the most, such as the brain, retina, and skeletal muscle, owing 

to its fat-solubility (Higuera-Caiapara et al., 2006). Astaxanthin can easily cross the BBB, 

protecting the brain against acute injury and long-term neurodegeneration (Shen et al., 2009; Ying 

et al., 2015). Anti-oxidative, anti-inflammatory, and anti-apoptosis activities are some of the 

neuroprotective properties of astaxanthin (Zhang et al., 2014a; Zhang et al., 2014b). To the best of 

our knowledge, there are no studies focusing on the effects of astaxanthin on the inhibition of 

soluble epoxide hydrolase.       
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This study aimed to evaluate the effects of astaxanthin on the enzymatic activity of soluble epoxide 

hydrolase. Using enzyme kinetics, the mechanism of inhibition was determined, and the 

biomolecular interactions between astaxanthin and sEH were further characterized towards 

providing a potential food-based treatment for depression.       
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CHAPTER TWO     

LITERATURE REVIEW     

2.1 Depression     
Major depressive disorder (MDD) is one of the most prevalent and debilitating psychiatric diseases; 

its widespread occurrence, high recurrence rates, chronic nature, and comorbidity with physical 

illness make it a significant disease burden worldwide (Troubat et al., 2021; WHO, 2017).  Roughly 

280 million individuals worldwide suffer from depression, including 5.0% of adults and 5.7% of 

adults above 60 years; suicide can result from depression at its worst. Every year, approximately 

700,000 people die by suicide (GHDx, 2021). For people aged 15 to 29, suicide is the fourth most 

common cause of death (GHDx, 2021). It is not unexpected that much research is being carried out 

to improve the understanding of the genesis, maintenance, and treatment of depression, given the 

high prevalence and significant burden on the healthcare system. Numerous studies have 

demonstrated that inflammation is linked to the pathogenesis of major psychiatric diseases like 

depression and is primarily influenced by alterations in the soluble epoxide hydrolase   (sEH) in 

the metabolism of polyunsaturated fatty acids (PUFAs) (Hashimoto et al., 2019a;     

Hashimoto et al., 2019b; Swardfarger et al., 2018).      

2.2 Physiological roles of sEH     
The sEH (EC 3.3.2.10) is a 62-kDa enzyme constituting the N-terminal domain (involved in lipid 

phosphate hydrolysis) and C-terminal domain (involved in the hydrolysis of epoxides to diols 

(Anita et al., 2021; Hammock et al., 2021). The EPHX2 gene codes for the human sEH enzyme 

that is expressed in a myriad of tissues throughout the body, some of which include the smooth 

muscle, brain, heart, kidney, liver, lungs, and vascular endothelium (Borsini, 2021).     

The cyclooxygenase (COX) and lipoxygenase (LOX) pathways convert polyunsaturated fatty acids 

into eicosanoids, active lipid signalling molecules that possess diverse physiological roles (Wagner 

et al., 2017). Unlike the roles stated above two ways, which have been extensively studied (Wagner 

et al., 2017), the physiological roles of cytochrome P450 enzymes in the metabolism of epoxy fatty 
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acids (EpFAs) are beginning to gain significant attention. Epoxy and hydroxy fatty acids are 

antiinflammatory compounds produced by the CYP system (Gabbs et al., 2015). Epoxy fatty acids 

include epoxydocosapentaenoic (EpDPAs) and epoxyeicosatrienoic (EpETEs) from EPA and DHA, 

respectively. The eicosapentaenoic acids (18, 19, and 20-HEPEs) from EPA and the hydroxy 

docosahexaenoic acids (20, 21, and 22-HDHAs) from DHA are examples of hydroxy fatty acids. 

The sEH enzyme converts epoxy fatty acids (EpETEs and EpDPAs) into their corresponding diols, 

dihydroxy eicosatetraenoic acids (DiHETEs) and dihydroxy docosapentaenoic acids (DiHDPAs). 

The sEH enzyme catalyzes the conversion of bioactive epoxides to diols by the addition of a water 

molecule (Anita et al., 2021). The physiological functions of diols generated by sEH are not clearly 

defined; however, they are considered less beneficial than epoxides (Hildreth et al., 2020). These 

EpDPAs and EpETEs possess antiinflammatory, antihypertensive, neuroprotective, and analgesic 

activities and are known as proresolving lipid mediators (Chang et al., 2018; Anita et al., 2021). 

Conversely, their corresponding diols have been known to elicit cytotoxic (Anita et al., 2021), 

leukotoxic (Hu et al., 2017), and neurotoxic effects (Hu et al., 2017).      

Overall, these previous studies indicate that inflammation is an underlying mechanism and a factor 

in the onset of depression. This evidence also suggests that sEH overexpression plays a significant 

role in the pathophysiology of depression and that inhibitors of this enzyme may serve as an 

alternative therapeutic approach for people with depression.      

sEH is expressed in every brain region (Domingues et al., 2020); however, it is abundant in the 

neurons, astrocytes, and microglia (Borsini, 2021). The role sEH plays in neurotransmission and 

general brain signal transduction has been described. Big potassium (BK) channels are voltagegated 

potassium channels that conduct large amounts of potassium ions (K+) across the cell membrane 

(BKCa). The release of neuropeptides from the amygdala has been thought to recruit BKCa 

channels for calcium signalling; furthermore, dihydroxyeicosatrienoic acids (DHETs) and 

epoxyeicosatrienoic acids (EETs) could function in the release of neuropeptide because of their 
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actions on BKCa channels (Domingues et al., 2020). Inhibition of sEH activity has been shown to 

improve neuronal synaptic neurotransmission via elevated levels of postsynaptic glutamatergic 

receptors and persistent strengthening of the synapses (Domingues et al., 2020). Intriguingly, sEH, 

however, plays a significant role in the modulation of nitric oxide (NO)-mediated endothelial cell 

function and endothelial nitric oxide synthase (eNOS) activity (Hou et al., 2015). NO is known to 

be involved in long-term potentiation (LTP), contributing to learning and memory processes 

(Domingues et al., 2020). NO has also been reported to mediate the signalling of glutamateNMDA 

receptor (NMDAr) in neurons (Wu & Tymianski, 2018). Therefore, the sEH significantly   

influences brain signaling, including synaptic plasticity.     

The role of the phosphatase activity of sEH in the central nervous system is yet to be thoroughly 

explored. However, overexpression of sEH phosphatase activity has been shown to increase 

cholesterol levels, leading to increased production of amyloid precursor proteins (APP), which 

contributes to the development of Alzheimer’s disease (AD) and other neurodegenerative diseases 

(Domingues et al., 2020). A thorough exploration of the sEH phosphatase activities in future studies 

is recommended as it could provide critical information on the pathophysiology of 

neurodegenerative diseases. Furthermore, overexpression of sEH in the anterior cingulate cortex, 

and parietal cortex have been associated with bipolar disorder and schizophrenia, as observed in a 

post-mortem study of patients with major depressive disorder (Zhang et al., 2020), indicating the 

potential involvement of sEH in emotional disorders.      

There is substantial evidence that sEH contributes to the etiology of hypertension due to the 

hydrolytic activity of its C-terminal domain on EpFA (Ma et al., 2020). EETs, the substrates of sEH 

in the C-terminal domain, play crucial roles in regulating blood pressure by activating the smooth 

muscle large-conductance Ca2+-activated K+-channels in diverse vascular beds     

(Papiashvili et al., 2021). EETs have been reported to elicit several cardioprotective mechanisms.  
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Some short-term effects include promoting pro-survival signalling, attenuating apoptosis, and 

preserving mitochondrial structure and function (Jamieson, 2020). In the long term, adverse 

remodelling can be prevented by EETs and maintain systolic function (Jamieson, 2020). Inhibition 

of sEH activity has been suggested to alleviate renal tubular mitochondria dysfunction in diabetic 

animal models (Jiang et al., 2020). EETs are also produced in the pancreas and may be involved in 

modulating β-cell function (Shah et al., 2020). In addition, inhibition of sEH was demonstrated to 

rescue insulin resistance by preventing glucose reabsorption via down-regulation of SGLT2 gene 

expression in the kidney (Luo et al., 2021). Due to the analgesic effects of EpFAs, inhibition of 

sEH may be a target for managing pains associated with diabetic neuropathies (Hammock et al., 

2021). Therefore, sEH plays a crucial role in various physiological processes. Its overexpression 

has been linked to the pathogenesis of many diseases, making the enzyme a critical therapeutic 

target in many conditions.     

     

2.3 Roles of sEH in Depression     
Several lines of evidence have recently suggested that sEH distribution is critical in developing 

inflammatory and brain disorders. Although there are no known specific biomarkers of depression, 

inflammation has been implicated in its physiopathology (Hennebelle et al., 2017). The levels of 

various biomarkers of inflammation, such as tumour necrosis factor-α (TNF-α), interleukin-1 (IL1), 

interleukin-6 (IL-6), and acute-phase protein C-reactive protein (CRP) have been established to be 

increased in the blood of patients with major depressive disorders (Lotrich et al., 2011). A school 

of thought believes that inflammatory biomarkers associated with depressive symptoms may be 

brought about by pre-existing medical conditions such as cancer, cardiovascular diseases, and 

neurodegenerative diseases (Swardfager et al., 2018).     

Winter depression was associated with changes in plasma levels of CYP- and sEH-derived epoxy 

acids, according to an observational study examining individuals with seasonal depression. In 
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particular, when compared to summer, CYP-derived 14,15-EpETE decreased, while sEH-derived 

16,17-DiHDPA and 19,20-DiHDPA increased. (Hennebelle et al., 2017). Due to the lower 

bioavailability of the anti-inflammatory ω-3 PUFAs-derived epoxy fatty acids in patients with 

seasonal depression, these studies suggest that an increase in sEH-dependent metabolism underlies 

a more inflammatory state in these individuals. The serum levels of 10,11-EpDPE and 

17,18DiHETE were also found to have a negative and positive link with depressive symptoms in 

different investigations of people with type 2 diabetes and severe depression, respectively (Anita 

et al., 2021), demonstrating once more how important these epoxy acids are in the treatment of 

depression.     
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2.4 Pharmacological inhibitors of sEH     
Inflammatory pathways were linked to the etiology of depression and the anti-depressant activity 

of certain substances in several studies (Hashimoto, 2016; Miller & Raison, 2016; Zhang et al., 

2016a). Figure 2.1 below shows the mechanism of action of sEH inhibitors in depression.     

     

    

  

   
     

Figure 2.1: Possible mechanism of inhibiting depression by sEH inhibitors    

The initial inhibitors of soluble epoxide hydrolase discovered were compounds that contain 

epoxide. Enhancing absorption, distribution, metabolism, and excretion could lead to the 

development of efficient in vivo inhibitors.     

Initial compounds, for instance, (AUDA)12-(3-adamantan1-yl-ureido)-dodecanoic acid, are 

generally utilized to examine enzyme biological functions, although their increased melting point, 

low solubility and poor metabolic stability in water or several organic solvents hinder their 

pharmacological use (Morisseau et al., 2002; Kim et al. 2004; Kim et al. 2007). Several compounds 
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have been discovered after AUDA, which integrated functional groups expected to bind to the sites 

by hydrogen bonding within the site of catalysis. Some of the new compounds, such as 

(TPAU)1trifluoromethoxyphenyl-3-(1-acetylpiperidin-4-yl) urea and (t-AUCB) trans-

4(4(3adamantan1-yl-ureido)-cyclohexyl)-benzoic acid, have better metabolic stability than earlier 

sEH inhibitors, possibly due to their higher resistance to metabolism and water solubility. (Hwang 

et al. 2007). sEH inhibition results in high EETs levels and potentially has favourable therapeutic 

effects on inflammation, lipid, carbohydrate metabolism and blood pressure (Yu et al. 2019).      

     

2.5 Astaxanthin     
Astaxanthin is a red xanthophyll carotenoid primarily found in marine organisms and animals 

(Galasso et al., 2017; Ambati et al., 2014). Astaxanthin differs from other carotenoids and 

xanthophylls because it contains two hydroxyl groups (Ambati et al., 2014).      

Astaxanthin (3,3′-dihydroxy-β, β-carotene-4,4′-dione; Molecular weight 596.8g/mol molecular 

formula C40H52O4) consists of a polyene chain connecting two terminal β-ionone-type rings. It 

contains a hydroxyl group (-OH) on each end and two asymmetric carbons at the 3,3′ position of 

the β-ionone ring. The ring system contains oxygen in the form of hydroxyl and keto (C=O) groups 

(Figure 2.2) (Tatas et al., 2020).  Astaxanthin is found naturally in a wide range of organisms, such 

as complex plants, microalgae, and shellfish (Hussien et al., 2005). The yeast Phaffia rhodozyma 

and the algae Haematococcus pluvialis are the primary sources of astaxanthin used in commercial 

products. Astaxanthin is closely related to other carotenoids like β-carotene, lutein, and zeaxanthin 

because it is a member of the xanthophyll group (Stahl & Sies, 2005). The different biological 

activities of astaxanthin and its natural sources are highlighted below (Tables 2.2 and     

2.3).     
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Figure 2.2: Chemical structure of Astaxanthin      

     

     

Table 2. 1: Biological activities of astaxanthin      

Study     

Model     

Effect     Dosage     Target     Disease      Reference     

Wistar     

Rat     

Anti-aging     10 mg/kg/d    IL-1β, IL-10     Brain aging     Balietti  et     al., 

2016     

ETS     

Mouse     

Antiinflammation   40 and 80 
mg/kg     

IL-6,  TNF-⍺,  

MDA, SOD,     

CAT     

 Cognitive   
Impairment     

Yang et al., 2019   

Wistar     

Rat     

Neuroprotective     10 mg/kg     GPx, MDA     Alzheimer’s 
disease     

Taksima et al.,     

2019     

HT 22     

Cells     

Neuroprotective     1.25-5 uM     HO-1, Cyto-C    Alzheimer’s 
disease     

Wen et al., 2015    
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Abbreviations: CAT- Catalase, GPx- Glutathione peroxidase, MDA- Malondialdehyde, SOD-    

Superoxide dismutase, HO-1- Heme oxygenase -1, TNF⍺- Tumor necrosis factor, IL-6-  

Interleukin-6, IL-10- Interleukin-10, IL-1β- Interleukin 1 beta, Cyto-C- Cytochrome C, pAKT- 

Protein Kinase B.     

     
Table 2. 2: Natural sources of astaxanthin     

Source      Species      Astaxanthin     

Concentration     

(mg/kg)     

Reference     

Crustaceans     

     

Shrimp     

     

Crabs     

     

     

Crawfish     

     

Fish     

     

Litopenaeus Vanamei    

Marsupenaeus     

Japonicus      

Chionoecetes Opilio     

     

Procambarus Clarkii    

Atlantic     Salmon 

(salmo salar)     

Sockeye     Salmon 

(Oncorhynchus nerka)  

31.8 w.w     

     

418 d.w     

     

119.6 d.w     

      

      

197.9 d.w      

      

 6.8 w.w     

     

26-38 w.w     

Parisenti et al., 2011     

Chien & Shiau, 2011 

Higueria-Ciapara et  

al., 2011     

     

Charset et al., 2001     

Ambati et al., 2014     

     

Lim et al., 2018     
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Bacteria      Agrobacterium 

aurantiacum 

Sphingomonas  

astaxanthinifaciens     

 Brevundimonas     sp. 

M7     

140 d.w      

     

     

690 d.w     

       

1300 d.w     

 Yokoyama  et     al.,   

2014     

     

Barredo, 2012     

     

Barredo, 2012     

     

Yeast     Candida utilis      

     

 Phaffia   rhodozyma    

PR 190     

400 d.w     

     

 970 d.w     

Miura et al., 1998     

     

Kusdiyantini et al.,     

1998     

Zooplankton     Amphiascoides  

atopus     

Acartia bifilosa     

     

Pseudocalanus 
acuspes     

619 d.w      

     

487 d.w     

     

305 d.w      

Caramujo et al., 2012   

Lotocka et al., 2004     

Lotocka et al., 2004     
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Phytoplankton     Chlorella zofingiensis   

SAG-211/14     

Euglena sanguinea     

     

     

Chlorococcum sp.     

 6800 dw     

     

     

         -     

     

     

Orosa et al., 2001     

     

     

Chen & Lim, 2020     

     

Zhang & Lee, 1997     

        4230 d.w         

Archea     Halobacterium 
salinarium NRC-1     

265 d.w      Calo et al, 1995     

Microorganism     Haematococcus 

pluvialis NIES-144 

Haematococcus 

pluvialis CCAP-34/7 

Haematococcus     

lacustris     

98,000 d.w     

     

     

22,700 d.w     

     

     

43,100 d.w     

Domínguez-    

Bocanegra et al., 2004   

Orosa et al., 2001     

     

     

Lee & Soh, 1991     

D.W – dry weight and W.W -wet weight.      

     

2.6 Astaxanthin as a potential inhibitor of sEH     
The positive effects of astaxanthin have been the subject of numerous investigations. In 

experimental models of neurological diseases, astaxanthin mediates neuroprotection through 

antioxidant, anti-inflammatory, and anti-apoptotic pathways (Shen et al., 2009; Yamagishi & 

Aihara, 2014). Administration with astaxanthin attenuated lipid peroxidation and oxidative DNA 
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damage in an in vivo mouse model and inhibited N-methyl-D-aspartate (NMDA)-triggered retinal 

damage (Nakajima et al., 2008). Another study showed that astaxanthin exhibited neuroprotective 

effects against oxidative stress induced by oxygen-glucose deprivation in SH-SY5Y cells (a 

thricesubcloned cell line derived from the SK-N-SH neuroblastoma cell line) and 10-min global 

cerebral ischemia in rats (Lee et al., 2010). Uncontrolled or severe inflammation is destructive to 

the body and can harm the body’s cells and tissues (Brown & Neher, 2010); inflammation plays a 

critical role in acute and chronic neurodegenerative diseases (Lucas et al., 2006).      

Remarkably, astaxanthin directly inhibited the activity of inducible nitric oxide synthase (NOS) to 

elicit anti-inflammatory effects in lipopolysaccharide-induced uveitis animal models (Ohgami et 

al., 2003). Figure 2.3 shows the anti-inflammatory properties of astaxanthin in neurological 

diseases. Furthermore, astaxanthin reduced the gene expression of inflammatory mediators (such 

as TNF-α and IL-1β), and by blocking the NF-β-dependent signalling pathway, it decreased the 

severity of endotoxin-induced uveitis animal model (Suzuki et al., 2006). Astaxanthin has also 

proved to be a potent inflammation inhibitor by restoring the normal levels of protein tyrosine 

phosphatase-1, inhibiting ROS-induced nuclear expression of    

NF-κB (p65) and decreasing the downstream production of pro-inflammatory cytokines (such as 

IL-1, IL-6, and TNF-⍺) in U937 mononuclear cells (SHP-1) (Speranza et al., 2012). Similarly, 

astaxanthin inhibited cyclooxygenase and down-regulated prostaglandin E2 (PGE2) and TNF-α in 

mice by inhibiting nitric oxide production and inducible nitric oxide synthase (iNOS) activity in 

macrophages (Ohgami et al., 2003). Astaxanthin provided neuroprotection against EBI in a 

prechiasmatic cistern subarachnoid hemorrhage (SAH) model by modulating cerebral  

inflammation (Zhang et al., 2014). Zhang et al. reported that after SAH, astaxanthin post-treatment 

significantly reduced neutrophil infiltration inhibited NF-κB activity, decreased the protein and 

mRNA levels of inflammatory mediators IL-1β, TNF-α, and intracellular adhesion molecule-1 

(ICAM-1), and reversed brain inflammation (Zhang et al., 2014). Following astaxanthin 
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administration, secondary brain damage cascades, neuronal degeneration, BBB disruption, cerebral 

edema, and neurological dysfunction were all mitigated (Zhang et al., 2014). In young, healthy 

adult human participants, dietary astaxanthin supplementation promoted T-cell and B-cell 

mitogeninduced lymphocyte proliferation, improved the cytotoxic activity of natural killer cells, 

and augmented interferons IFN- and IL-6 production in the blood (Park et al., 2010). Astaxanthin 

has been regarded as a safe (8mg/day) and effective natural substance against neurological 

disorders because of its positive effects in the treatment of neurological conditions (Wu et al., 2014). 

Given all these studies, astaxanthin is a promising candidate for treating neurological disorders and 

can play a critical role in inhibiting the soluble epoxide hydrolase, therefore lowering sEH-induced 

inflammation, and alleviating neurological disorders and mental health diseases like depression. 

Astaxanthin has anti-inflammatory, antioxidant, anti-diabetic, anti-apoptotic, antiproliferative, 

neuroprotective, and hepato-protective properties (Zeynab et al., 2022).  All of these convey the 

multifunctional and potential therapeutic applications of astaxanthin.    
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Figure 2.3: The anti-inflammatory properties of astaxanthin in neurological diseases.   

The inflammatory molecules IL-6, ICAM-1, and MCP1 are not expressed, while astaxanthin is present because 

of the inhibition of IκB-α breakdown and NF-κB nuclear translocation. By restoring physiological levels of 

SHP-1, astaxanthin also inhibits NF-B nuclear expression and lowers downstream production of 

proinflammatory cytokines (Wu et al., 2015).   

2.7 Hypothesis, objective, and study impact     
     
It is hypothesized that astaxanthin will inhibit sEH activity, which is relevant in reducing 

inflammation in the brain. The aim of this study was to determine the effect of the natural compound 

astaxanthin on sEH enzymatic activity, the mode of its inhibition, and its kinetics mechanism.      

This study investigated the direct neurophysiological benefits of naturally occurring carotenoids and, 

thus, will provide information on the possibilities of replacing conventional synthetic sEH inhibitor 

candidates with safer natural compounds like astaxanthin.       
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CHAPTER THREE     

MATERIALS AND METHODS     

3.1 MATERIALS      
Dimethyl sulfoxide (DMSO), 3-phenyl-cyano(6-methoxy-2-naphthalenyl) methyl ester-2-oxirane 

acetic acid (PHOME), 6-methoxy-2-napthaldehyde (6M2N), recombinant human soluble epoxide 

hydrolase and AUDA were purchased from Cayman Chemicals (Ann, Arbor MI, USA).     

Astaxanthin, bovine serum albumin (BSA, 96% purity) and Bis-Tris HCl were purchased from 

Millipore Sigma, Ottawa, Canada. Milli-Q water (18.2 cm resistivity at 25, total organic carbon 

level 5 ppb) was purified using a commercial water-purification system (Advantage A10 Q-POD     

Milli-Q Water System).      
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3.2 METHODS      
3.2.1a Sample Preparation     
Astaxanthin (inhibitor) solution was prepared by dissolving it in DMSO, creating a stock at a final 

concentration of 1 mM. Before performing the inhibition and kinetics studies, the stock solution 

was added to 25 mM Bis-Tris HCl, pH 7.0 buffer containing 0.1 mg/mL of BSA. DMSO <6% for   

all concentrations.      

3.2.1b AUDA     
In a small microtube, 1 mM stock of 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA;     

Cayman Chemicals) was prepared DMSO and diluted in phosphate buffer and stored at −20◦ C.      

3.2.1c Buffer      
5.23 g of Bis-Tris was dissolved in 400 mL of water. The pH was adjusted to 7.0 at room 

temperature with 1 M HCl and adjusted with Milli-Q water to a final volume of 1 litre and stored 

at room temperature. Before performing enzyme assays, a 5 mg fraction of bovine serum albumin 

was dissolved in 50 mL of the buffer. This buffer is 25 mM Bis-Tris HCl, pH 7.0, containing 0.1 

mg/mL of BSA. BSA was included to stabilize pure sEH and help retain its lipophilic compounds   

in the solution.       

     
3.3 In Silico Study; ADME/Tox Analysis     
Astaxanthin and AUDA absorption, distribution, metabolism, and excretion (ADME) properties 

were analyzed in silico and compared. SMILES strings of AUDA were obtained from the NCBI     

PubChem Compound database (http://www.pubchem.ncbi.nlm.nih.gov/compound), and the     

SMILES strings of astaxanthin were obtained from the National Library of Medicine (PubChem). 

SwissADME was used to obtain the physiochemical properties, pharmacokinetics and   

druglikeness (Daina et al., 2017). The potential toxicity of astaxanthin was assessed via AdmetSAR   

2 prediction tool (Yang et al., 2019).     
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3.4 sEH Inhibition assay     

sEH inhibition was measured using 3-phenyl-cyano(6-methoxy-2-naphthalenyl) methyl 

ester2oxirane-acetic acid (PHOME) as the fluorescent substrate as previously described 

(Bumistrov,     

2021), with some modifications. Astaxanthin was assayed for inhibitory activity against sEH. In a 

96-well plate, 50 µL of 16 ng/mL recombinant human sEH was incubated with varying 

concentrations (2.5 µM -100 µM) of astaxanthin (inhibitor) dissolved in DMSO for 5 minutes in 

25 mM Bis-Tris HCl buffer, pH 7.0 containing 0.1% of bovine serum albumin BSA at a temperature 

of 30 °C before the addition of substrate 5 µM. The activity was determined by monitoring the 

appearance of fluorometric product 6M2N over six hours with an excitation wavelength of 330 nm 

and emission wavelength of 465 nm at 30ºC temperature by relative fluorescence unit (RFU) using 

a Microplate reader (Tecan, USA). AUDA was used as a positive control.  The reaction rate 

(RFU/min) was calculated as:     

  Rate =   !"#$"     
%&    

Tf and Cf are the fluorescence intensities of the assay mixture in the presence and absence of 

inhibitor, respectively, over 1 h of the enzyme assay. The inhibitory activity of sEH was calculated 

using:  Percentage % inhibitory activity = 1- %’()*+,-	  ×100     

%/012&314    

∆𝐹𝑠𝑎𝑚𝑝𝑙𝑒	 and	 ∆𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙 are changes in the fluorescence intensity in the presence and 

absence of inhibitor, respectively, over 1 h of enzyme assay.      

The half-maximal inhibitory concentration (IC50) is a measure of the potency of a substance in 

inhibiting a specific biological or biochemical function. The reported IC50 value is the average of 

three replicates obtained from the experiment, determined using linear regression obtained from 
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the curve of the percent inhibition vs inhibitor concentrations. Values were reported as average ± 

standard deviation.     

     

3.5 sEH inhibition kinetics analysis       
Kinetics analysis of the sEH enzyme was conducted to determine astaxanthin’s mode of inhibition. 

This analysis was conducted at different PHOME concentrations (1.25-20 µM) (Jo et al., 2016) in 

the presence and absence of varying astaxanthin concentrations (5-35 µM). The data was analyzed 

using Michaelis-Menten plots. Lineweaver-Burk analyses were performed to determine their mode 

of inhibition (competitive, non-competitive, uncompetitive). Maximum rate (Vmax), Michaelis 

constant (Km) were also calculated. The enzyme kinetics parameters (Vmax and Km ) were 

determined using GraphPad Prism version 9.1.2 for Windows (GraphPad Software, La Jolla, CA,  

USA). Kinetics assay was carried out for 6 h to determine the kinetic inactivation parameters ([P]∞, 

apparent inactivation rate constant A) and to test for the effect of astaxanthin on sEH inactivation 

in the presence and absence of PHOME.      

     
3.6 Molecular Docking      
The molecular docking study was carried out as previously described (Fatoki et al., 2022). Briefly, 

human soluble epoxide hydrolase (PDB ID: 3OTQ) was obtained from NCBI Pubchem. The 

structures of the ligands (astaxanthin and AUDA) were obtained NCBI PubChem Compound 

database (http://www.pubchem.ncbi.nlm.nih.gov/compound) in SMILES (Simplified Molecular     

Input Line Entry Specification) format, and their 3D structure was optimized using 

ACDLab/Chemsketch software, and saved in .mol format. PyMol software was used for ligand file 

conversion from .mol to .pdb and for the preparation of protein by removal of water and existing 

ligands. Ligand and protein were prepared for docking using AutoDock Tools (ADT) v1.5.6 (Morris 

et al., 2009) at default settings, and the output file was saved in pdbqt format. Active site amino 

acid residues of the enzyme were noted from the literature (Schiøtt and Bruice, 2002) and used to 



23    
    

define the docking parameters: center grid box (78.369 × -7.222 × 65.775 points), size (70  × 70 × 

70 points), and spacing (0.375 Å). The molecular docking program AutoDock Vina v1.2.3 (Trott 

and Olson, 2010; Eberhardt et al., 2021) was employed for the docking experiment. The blind 

docking parameters used were center grid box (54.319 × 3.400 × 75.079 points), size (116 × 100 × 

100 points), and spacing (0.675 Å). After docking, close binding interactions of the target with the 

ligands were analyzed and visualized using PyMol and ezLigPlot (Tao et al., 2019).     

     

3.8 Statistical Analysis      
GraphPad Prism version 9.1.2 (GraphPad Software, La Jolla, CA, USA)was used using Tukey’s  or 

Dunnett’s multiple comparisons tests with a significance level set at p < 0.05. All analyses were 

conducted in experimental triplicates. Data were expressed as mean ± standard deviation.      
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  Figure 3.1: Graphical illustration of the methods section. Created with Bio render.      
   



25    
    

CHAPTER FOUR     

RESULTS & DISCUSSION     

4.1 In silico ADME analysis of AUDA and astaxanthin     
Non-invasive computational technologies can predict the behaviour of molecules in biological 

systems (Diana et al., 2017). The adsorption, distribution, metabolism, and excretion (ADME) of 

astaxanthin, lipophilicity, solubility parameters, physiochemical properties, pharmacokinetics, and 

drug-likeness were predicted using SwissADME software (Diana et al., 2017). In (Table 4.1), 

astaxanthin’s ADME parameters were compared with those of a notable sEH inhibitor, AUDA. The 

interaction of molecules in lipid and aqueous environments can be assessed using solubility and 

lipophilicity in pharmacokinetics. The oral bioavailability of a compound can be predicted by its   

ROTB (number of rotatable bonds), and TPSA (topological polar surface area) properties (Ji et al., 

2020). Compounds with rotatable bonds >10 have a higher molecular weight and characteristics of 

poor oral bioavailability, whereas compounds with low TPSA values (between 20 and 130) may 

have high oral bioavailability (Mbarik et al., 2019). As shown in (Table 4.1) the TPSA and ROTB 

values of astaxanthin indicate that it has good oral bioavailability. Nonetheless, the bioavailability 

score of astaxanthin was low and much lower than that of AUDA, according to predicted oral 

bioavailability (Table 4.1).      

 The CLogP value of astaxanthin is considerably higher than that of AUDA; this indicates a more 

hydrophobic compound with lesser affinity for the aqueous phase. Although most sEH inhibitors 

bind to the sEH active site, they remain insoluble in water, hindering their effective clinical use for 

the treatment of sEH-related diseases (Sun et al., 2021). Another shortcoming of these sEH 

inhibitors may be their large molecular size, making it impossible to escape biotransformation in 

the gastrointestinal tract, thus reducing their bioavailability (Sun et al., 2021). Previous studies on 

astaxanthin have shown its ability to resist biotransformation in the gastrointestinal tract (Tatas et 

al. 2020). Astaxanthin is predicted to be a P-glycoprotein substrate and not an inhibitor of 
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cytochrome P450 3A4 (Table 4.1); therefore, it can be removed quickly from cells and undergo 

speedy metabolism while still exerting its beneficial actions, making it desirable for human use.   

Bioavailability radar images of astaxanthin and soluble epoxide inhibitors AUDA and TPPU are 

shown below in Figure 4.1. Bioavailability radar illustrates the drug-likeness of a compound 

through its physiochemical properties: size, polarity, lipophilicity, solubility, saturation, and 

flexibility (Diana et al., 2017). The proximity of each parameter to the centre of the radar gives a 

smaller value, and the pink area represents the optimal range for each property. Astaxanthin, AUDA 

and TPPU each generated a distinct bioavailability radar image, but AUDA and TPPU had 

similarities in size, polarity, and solubility. Astaxanthin and TPPU showed similarities in size, 

polarity, and solubility. The similarities in solubility demonstrate that astaxanthin is a soluble 

molecule which will greatly facilitate many drug development activities, especially the formulation 

and handling process. Astaxanthin had good polarity (TPSA) properties (not too polar); this predicts 

that astaxanthin may be orally bioavailable. From the bioavailability radar, astaxanthin was 

predicted to be too flexible, having more than 9 rotatable bonds, violating the criteria for   

flexibility.      

Astaxanthin was analyzed using AdmetSAR 2 for specific toxicity criteria: mutagenicity, acute oral 

toxicity, carcinogenicity, hepatotoxicity and reprotoxicity (Table 4.2). Astaxanthin belongs to the 

third-class toxicity group corresponding to LD50 between 500 and 5000 mg.kg-1, which is 

considered safe based on the Hodge and Sterner toxicity scale. Astaxanthin was considered safe in 

every toxicity criterion, except that it was predicted to be a potential reprotoxic compound. It will 

therefore be necessary to pay attention to this parameter during further development of astaxanthin 

for therapeutic applications.      

   

     
   
Table 4.1: In Silico ADME Parameters of Astaxanthin and AUDA using SwissADME     
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          AUDA     ASTAXANTHIN     

LIPHOPHILICITY     TPSA (Å²)     78.43 Å²     74.60 Å²     

     CLogP (o/w)     4.69     8.24     

Pharmacokinetics 
and Drug likeness      

Bioavailability Score     0.56     0.17     

     GIA     High     Low     

     BBB Permeation     Low     High     

     Lipinski Filter     High     High     

     CYP 3A4 Inhibitor     High     Low     
    

     P-glycoprotein     

Substrate     

Low     High/Yes     

Physiochemical     

Properties      

Molecular     weight  

(g/mol)     

392.58     596.84     

     ESOL (Log S)    -4.98     -9.35     

     ROTB (n)     15     10     

     HBA (n)     3     4     

     HBD (n)     3     2     

     Formula     C23H40N2O3     C40H52O4     

    
Abbreviations: Gastrointestinal Absorption (GIA), Number of Rotatable Bonds (ROTB),     

Hydrogen Bond Acceptors (HBA), Hydrogen Bond Donors (HBD), Estimated Solubility (ESOL),     

Topological Polar Surface Area (TPSA), Logarithm of Compound Partition Coefficient Between    
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N-Octanol and Water (ClogP), Lipinski Filter (Lipinski’s Rule-Of-5), Cytochrome P450 3A4   
(CYP3A4), and Blood Brain Barrier (BBB).     
     

Table  4.2:  Toxicity  parameters  of  astaxanthin  obtained  with  AdmetSAR  2   ASTAXANTHIN     
Toxicity Risks          

Acute Oral Toxicity     Class III     

Mutagenicity     LOW     

Carcinogenicity     LOW     

Hepatotoxicity     LOW     

Reprotoxicity     HIGH     

     

 

     

Figure 4.1: Bioavailability radar images of (A) TPPU, (B) Astaxanthin and (C) AUDA 
generated using SwissADME. Bioavailability radar displayed six physiochemical properties: 
Lipophilicity, flexibility, size, polarity, solubility, and saturation.     

     
   
   
   
   
   
   
   
   

            

A       B       C       
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4.2 sEH inhibition: Product formation dependence on substrate concentration      
Time curves (plots of [P]t vs. time) for 0, 5, 10, 20 and 35 µM astaxanthin showed that the 

concentration of product formed [P] (PNP) formed at any time interval, t, was directly related to 

the substrate concentration (Figure 4.2). With an increase in the time of reaction, [P]t the point at 

which the concentration of product remains constant [P]∞ changed, depending on the substrate 

concentration. With a lower substrate concentration, [P]∞ was reached at a lower concentration.  

From time 100-120 min, there was optimum product formation, after which product formation 

decreased. This may be due to the inhibitory actions of astaxanthin, stopping the catalysis of the 

reaction. It was observed that the [P]∞ for each substrate concentration [S] decreased with a 

corresponding increase in astaxanthin (inhibitor) concentration. The higher the inhibitor 

concentration, the lower the product concentration at which [P]∞ was reached. Also, with increasing 

inhibitor concentrations, the activity of sEH can be observed to decrease consistently. This implies 

that astaxanthin inhibits soluble epoxide hydrolase activity.  Once [P]∞  was attained, a decrease 

over time was observed, i.e., with increasing astaxanthin concentration, a gradual decline in [P]∞ 

was observed. This suggests that sEH inhibition occurred by partly decreasing its affinity for the 

substrate PHOME (Chilaka & Nwamba, 2008).      

     

     
Inhibitor 0    

    A    B    Inhibitor 5    

    
    Inhibitor 10    Inhibitor 20    
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D    

    
     

    E    Inhibitor 35    

    
     

Figure 4.2: Plot of time curves of the product (6M2N) concentrations formed during the 
inhibition of sEH by Astaxanthin under varying substrate (PHOME) concentrations (1.2520 
uM) and Inhibitor concentrations (5-35uM). The inhibitor concentration consisted of (A) 
Absence of Astaxanthin, (B) 5 uM Astaxanthin, (C) 10 uM Astaxanthin, (D) 20 uM 
Astaxanthin, and 35 uM Astaxanthin.      

     
4.3 Inhibitory mode of astaxanthin on sEH     
The inhibitory effect of astaxanthin on soluble epoxide hydrolase was analyzed by dose-effects 

graphs. Astaxanthin showed an inhibitory effect on soluble epoxide hydrolase, which increased 

with increasing concentrations of astaxanthin (5 - 100 µM). Astaxanthin inhibited sEH in a 

dosedependent manner, with an IC50 value of 26 ± 0.45 µM  (Figure 4.3). Figure 4.3B shows the 

IC50 value of astaxanthin plotted with a linear regression graph, the IC50 value is derived where the 

line meets the negative x-axis. AUDA was used as a positive control (IC50 value of 2.0 ± 0.2 nM).  

The half maximal inhibitory concentration (IC50) value for astaxanthin, is estimated to be 26 ± 0.45 

µM, although, an IC50  value not >10 µM is considered therapeutically more significant, astaxanthin 
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had an IC50  value comparably lower than other food or bioactive peptide inhibitors, for example,  

the compound extracts of Lycopus lucidius (compounds 1 and 3 (triterpenes), 6 (phenylpropanoids), 

and 10 (9 methyl lithospermate) with IC50 values 67.8 ± 3.2 µM, 42.1 ± 4.0 µM, 52.0 ± 1.9 µM and 

35.7 ± 2.1 µM respectively) (Han et al., 2021). Compound extracts costunolide and alantolactone 

from Inula helenium had IC50 values of 31.56 ± 0.76 µM and 32.46    

± 1.42 µM (He et al., 2020); this demonstrates that astaxanthin 
showed promising inhibitory activity against sEH. (Figure 4.3). This   

indicates the potential of carotenoid  compounds like 

astaxanthin as natural inhibitors of sEH.     

     

     

     

  
    5 8 10 20 50 100    -50    0    50    100    150    

    Astaxanthin µM    Astaxanthin (µM)    
     

Figure 4.3: Inhibitory activities of astaxanthin against soluble epoxide hydrolase (sEH) at a range of 
concentrations        
4.4 Kinetics Study of Soluble Epoxide Hydrolase (sEH) by Astaxanthin     
The Michaelis-Menten and Lineweaver-Burk plots (double reciprocal graphs) were used to 

determine the inhibition kinetics parameters (Michaelis constant (Km) and the maximum rate  

(Vmax)) and mode of astaxanthin inhibition of soluble epoxide hydrolase. With increasing 

A     B     
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concentrations of astaxanthin, both Km and Vmax decreased, which indicates that astaxanthin 

reduced the activity of sEH and affected the binding affinity of the substrate PHOME to the enzyme 

sEH via a mixed-type (non-competitive & uncompetitive) mechanism of inhibition. The  

Km value of sEH in the absence of astaxanthin was 71.09 ± 0.10 (Table 4.2). The double reciprocal 

Lineweaver-Burk plots passed through the x-axis and intercepted at the centre above the 1/s axis 

and both the x and y-axis (Figure 4.4a), indicating that astaxanthin behaved as a mixed inhibitor of 

sEH (non-competitive and uncompetitive). In this type of inhibition, the inhibitor binds to both the 

free enzyme and the enzyme-substrate complex (Zheng et al., 2020). With an increase in the 

concentration of astaxanthin, the Vmax decreased significantly, and Km decreased steadily (Table 

4.3), indicating that astaxanthin was predominantly a non-competitive inhibitor of sEH. This 

mixed inhibition mode is closely similar to that reported of dimethyl lithospermate isolated from 

the roots of  Lycopus lucidius (Han et al., 2021).  However, the significant noticeable change in the 

Km values of the enzyme (Table 4.2) implies that it is a mixed inhibitor.      

     

     

    
Figure 4.4a: Michaelis-Menten and Lineweaver-Burk double reciprocal Plot of sEH at different astaxanthin concentration    

     
Figure 4.4a: (A) Michaelis-Menten and (B) Lineweaver-Burk double reciprocal Plot of sEH at different 
astaxanthin concentration     
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Table 4.3: Enzyme kinetics parameter of sEH in the absence and presence of astaxanthin     
Astaxanthin (μM )      Vmax (μM/min)      Km (μM)     

0      17.91 ± 0.28     71.09 ± 0.10     

5     16.23 ± 0.49**     67.05 ± 0.18**     

10     14.8 ± 0.33**     61.42 ± 0.12**     

20     9.663 ± 0.33***     57.2 ± 0.12**     

35     4.22 ± 1.05***     44.59 ± 0.39***     

Km, Michaelis constant in the absence and presence of the inhibitor, Vmax, maximum reaction 

velocity in the absence and presence of the inhibitor, **, significant at 0.01 > p > 0.001, ***, 

significant at 0.001 > p > 0.0001 ****, significant at p < 0.0001 compared to control sEH (at 0 μM 

astaxanthin).      

The plots of [P]∞ vs. astaxanthin showed an increase in [P]∞ as astaxanthin concentration increased,  

after which a decrease in [P]∞ was observed as more astaxanthin at higher concentrations of 

PHOME (15 & 20 µM) was added to the assay. This was significantly opposite at lower substrate 

concentrations (PHOME 2.5 – 10 µM), where no significant change was observed. This observation 

might be because most of the substrates formed have been converted to products resulting in similar 

[P]∞ across inhibitor concentrations. The lowest substrate concentration, 2.5 µM, had the highest 

slope in the presence and absence of an inhibitor, suggesting that the two ligands have different 

binding sites on soluble epoxide hydrolase, where substrates binding affects astaxanthin binding 

and vice versa, leading to a decrease in [P]∞ With an increase in astaxanthin concentration, a higher 

inhibition and progressive decrease in [P]∞ was observed. This confirms that astaxanthin may have 

inhibited soluble epoxide hydrolase affinity for the substrate, hence  inhibiting its activity.      
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Figure 4.4b: Plots of [P]∞  at varying concentrations of astaxanthin with changing substrate concentration 
(PHOME 2.5 – 20µM).     
     

4.5 Apparent Inactivation Rate Constant A and the Protective Effect of Substrate on     
Inactivation Constant     
Plots of  ln([𝑃]5	 −	 [𝑃𝑡]) vs. time gave first-order kinetics with slopes that were 

dependent on inhibitor concentration and corresponding to A (Figure 4.5), the apparent inactivation 

rate constant. At the lowest concentration of astaxanthin (5µM), first-order kinetics with a negative 

slope was observed at a lower substrate concentration (< 10µM), while zero-order kinetics was 

observed at high (> 10µM) substrate concentration.      

The protective effects a substrate may have on the enzyme are described by A (Chilaka & Nwamba, 

2008). The plot derived from 1/A vs. [S] showed no protective effect by the substrate in the presence 

of astaxanthin, which is characterized by the non-linear pattern of the 1/A vs [S] graph (Figure  

4.6). It also showed no change in A at substrate concentration below 10 µM followed by a gradual  
increase in A as substrate increased in the presence of astaxanthin at a concentration of 10 µM on 

the other hand, at a high concentration of astaxanthin (35 µM), an increase in A was observed below 

substrate 10 µM followed by a decrease in A (Figure 4.6). The absence of effect on A at low 
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substrate can be attributed to the lack of protective effect by the substrate making A independent of 

[S] at a low concentration of astaxanthin and not as much at 35 µM of astaxanthin.  No protective 

effects of the substrate were also observed at the highest concentration of astaxanthin 35 µM. All 

of these findings indicate the absence of concentration-dependent effects of the inhibitor on the 

protective effects of the substrate.       

    
  0    10    20    30    40    0    10    20    30    40     Time (Min)    Time   

(Min)    

     

Figure 4.5: Plots of ln([𝑷]5	 −	 [𝑷𝒕]) vs. time to determine the apparent inactivation rate 
constant of soluble epoxide hydrolase in the presence of inhibitor (A) 5 µM Astaxanthin, (B) 
35 µM Astaxanthin.      
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Figure 4.6: Plot of the reciprocal of apparent inactivation rate constant A vs. substrate 
concentration in the absence and presence of varying concentrations of astaxanthin (10 and 
35 µM).     
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4.6 Analysis of Molecular Docking Studies      
To further determine the inhibition mechanism of astaxanthin on soluble epoxide hydrolase, 

molecular docking studies were conducted. Active site and blind docking analysis were used to 

determine this inhibition parameter. The C-terminal hydrolase pocket in the sEH active site contains 

two tyrosine residues, Tyr381 and Tyr465, and a catalytic triad, Asp333-Asp495-His523, which is 

located directly opposite the hydrolase pocket. Epoxide hydrolysis requires the formation of an 

ester bond with the carboxylic acid of Asp333, which is a critical step. Since Asp333 is nucleophilic, 

it can accept a hydrogen atom from the inhibitor peptide's amino group (-NH) to form a hydrogen 

bond with its oxygen atom. Astaxanthin docking at the active site showed a clash and contact-only 

hydrophobic interaction with sEH at TRP525A, PHE497A, TYR466A and     

SER415A (Figure 4.8b). Other interactions between astaxanthin and side chains (HIS524A,     

MET503A, LEU499A, TYR383A, VAL498A, and MET419A), backbone amino acids     

(SER412A, LEU417A and LEU408A) and backbone side chain residues (ASP335A and TRP336A) 

were also observed with no presence of hydrogen bond. From the results, it was observed that 

astaxanthin in the presence of substrate PHOME could bind to an allosteric site of soluble epoxide 

hydrolase with binding affinity energy of -8.270 kcal/mol and the binding of astaxanthin to the 

enzyme had no effect on the substrate binding to the enzyme. (Table 4.3 and     

Figure 4.8a & b). Another observation from this analysis is that astaxanthin in the presence (ES, 

ESI complex) and absence (EI complex) of the substrate (PHOME) binds to an allosteric site of 

soluble epoxide hydrolase, thereby eliminating the possibility of a competitive inhibition model. 

The higher binding affinity of PHOME to sEH (-9.722 kcal/mol) indicates that PHOME 

competitively outweighs both astaxanthin and AUDA binding to sEH active site. Hence, the 

allosteric site binding of astaxanthin to sEH strengthens the predicted astaxanthin model of 

mixedtype (non-competitive and uncompetitive) inhibition. The blind docking of astaxanthin to 

sEH showed side-chain interactions at PRO83A, LEU30A, ALA29A, ARG25A, GLU90A and   
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VAL22A, and backbone sidechain residues (ASN85A, THR26A, ILE91A, LYS94A and  ALA95A) 

with a binding affinity of  -7.898 kcal/mol. Due to the presence of another binding site on sEH, it 

can be deduced that the substrate PHOME was bound more easily to the active site of soluble 

epoxide hydrolase, and astaxanthin was bound to another site of soluble epoxide hydrolase 

(allosteric site), corroborating the earlier observation of a mixed-type (non-competitive and 

uncompetitive) inhibition. Figure 4.7 illustrates the chemical structure of AUDA.      

     

     

Table 4.4:  Molecular docking properties and binding energy score     

SN   Ligands     
(Compounds)   

sEH Active site 
docking  
binding 
affinity 
(kcal.mol-1) 
and amino acid 
residues     

sEH-PHOME   
complex Active 
site    docking 
binding affinity 
(kcal.mol-1) 
and amino acid 
residues     

sEH     Blind 
docking  
binding affinity 
(kcal.mol-1) and 
amino acid 
residues     

 sEH-PHOME   
complex Blind 
docking  
binding affinity 
(kcal.mol-1) 
and amino acid 
residues     

1     

Astaxanthin    
(Pubchem  
CID:     
5281224)     

-9.035     
H-Bond: None     
MET330,     
ASP335,    
TRP336,     
MET339,     
LEU408,     
SER415,     
MET419,     
TYR466,     
VAL498,     
PHE497,     
MET503,     
TRP525     

-8.270     
H-BOND:     
HIS146 (1.874     
Å)     
HIS146,     
ARG103,     
PRO279,    
LEU110,     
LYS114,     
GLN107,     
ALA280     

-7.898     
H-Bond: None     
ALA29,     
THR26, VAL22,   
ILE91, LYS94     
     

-6.515     
H-BOND: None  
ARG133,     
LEU136,     
GLN155,     
GLU152,     
ILE151,     
PHE168,     
THR172, 
PHE149,    
PHE147.     

2     

AUDA    
(Pubchem  
CID:     
10069117)     

-7.591    H-
Bond:     
TYR343   (2.24  
Å)     
TRP336,     
TYR343,     

-6.595     
H-BOND:     

 TYR230 (1.975     
Å)     
ARG103,     
GLN107,     

-6.355    H-
Bond:     

HIS146     (2.07 
Å)     
ARG103,     
LEU106,     

-6.027    H-
Bond:     

 ASN535 (1.927   
Å)     
LEU106,     
ARG103,     
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        ILE363,     
PRO364,     
PRO371,     
SER374,     
TYR466,     
MET469,     
ASN472     

LEU106,     
LEU110,     
THR230,     
PRO229,    
PRO227,     

HIS146,     
THR230,     
PRO227,     
ASN535     

LEU110,     
GLN107,     
THR230,     
PRO229,     
PRO227,     
ALA280,     
ASN535     

3     

PHOME  
(Pubchem  
CID:     
53394628)     

-9.722    H-
Bond:     
ASP335 (2.989    

Å)     MET339 
(3.123 Å)     
TRP336,     
MET339,     
VAL380,     
PHE381,     
GLN384,     
TYR466,     
LEU499,     
HIS524     

ND     

  
   

-8.657     
H-Bond: None     
ILE363,     
ASN366,     
PHE381,     
PRO371,     
GLN384,     
ILE375     

ND     

     

     

     

     

     

     
Figure 4.7: Chemical structure of 12-(3-(Adamantan-1-yl)ureido)dodecanoic acid (AUDA).     
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Figure 4.8a: Blind and Active docking results of AUDA to soluble epoxide hydrolase (sEH)     



41    
    

   
Figure 4.8b: Blind and active docking results of astaxanthin soluble epoxide hydrolase (sEH)     
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Figure 4.8c: Blind active docking of PHOME and astaxanthin to soluble epoxide hydrolase (sEH)     
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CHAPTER FIVE     

CONCLUSION     

CHAPTER FIVE     

CONCLUSION & FUTURE DIRECTION     

The sEH enzyme transforms the anti-inflammatory ω-3 PUFAs CYP-derived epoxy EpETEs and 

EpDPAs into their less active diols, DiHETEs and DiHDPAs. This indicates that decreasing the 

bioavailability of EpETEs and EpDPAs by activating the sEH enzyme can impair their biological 

activity, eventually resulting in depressive symptoms. These findings imply that sEH plays a 

significant role in the pathophysiology of depression and that naturally occurring compound 

inhibitors of sEH may be an alternative treatment option for people who experience this illness. In 

conclusion, this study investigated the potential of astaxanthin, a naturally occurring carotenoid, in 

inhibiting soluble epoxide hydrolase (sEH). Astaxanthin was identified as a mixed-type    

(noncompetitive and uncompetitive) inhibitor of sEH with an IC50 value of 26 ± 0.45 µM. 

Astaxanthin demonstrated no potential adverse side effects or acute toxicity when investigated 

computationally for its adsorption, distribution, metabolism, excretion, and toxicity profile. The 

findings revealed that astaxanthin bonded to the allosteric site of soluble epoxide hydrolase both in 

the presence and absence of the substrate PHOME, where the substrate binding does not affect the 

binding of the inhibitor, and vice versa and inhibited the activity of the enzyme as well as the 

affinity of the enzyme for the substrate PHOME. Enzyme kinetics study showed noticeable 

decreases in Vmax  and Km, which indicate that astaxanthin affected the binding of the enzyme sEH 

to the substrate PHOME via a mixed-type (non-competitive & uncompetitive) mechanism of 

inhibition, a high Km value suggested that the enzyme sEH needs a high concentration of PHOME 

to be saturated. The findings from the protective effect of substrate on the enzyme (A) indicate that  

A was independent of the substrate [S] and the absence of concentration-dependent effects of the 

inhibitor on the protective effects of the substrate. An increase in astaxanthin concentration led to 
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a higher inhibition and a progressive decrease in [P]∞, confirming that astaxanthin may have 

inhibited soluble epoxide hydrolase activity as well as the enzyme's affinity for the substrate. The 

increase in the apparent rate of inactivation constant also suggests that astaxanthin inhibited the 

enzyme non-competitively and stopped the reaction from being catalyzed/moving forward.    The 

predictions from ADME indicate that some pharmacokinetics and drug-likeness properties of 

astaxanthin are considerably better than those of AUDA. Although astaxanthin is a large molecule, 

which prevented its interaction with the ASP333A or other relevant residues in the hydrolytic 

pocket of sEH. Previous research has shown that astaxanthin is easily absorbable by the GIT and 

can cross the blood-brain barrier (BBB), a major requirement/consideration for my study.      

Thus, the data from this study provide important information on the inhibition activity and 

mechanism of astaxanthin, a naturally occurring compound on sEH activity towards future 

application as a nutraceutical for managing and treating inflammatory diseases, particularly major 

depressive disorder.       

     

FUTURE DIRECTION     

Further research is required to determine the effect of astaxanthin on the secondary structure of sEH 

to better understand the structural mechanism of inhibition. One of this initial study objectives was 

to investigate astaxanthin's neurophysiological effects in suppressing depressive-like inflammatory 

responses in cultured brain cells. This future study will provide evidence of the ability of 

astaxanthin to repress depressive-like inflammatory responses in brain cells prior to in vivo studies. 

It is expected that the physiological effects of astaxanthin or other sEH-inhibiting bioavailable and 

biostable nutraceuticals will facilitate their use as a therapy for depression, thereby reducing the 

complications associated with the treatment/management of depression by synthetic   

inhibitors.       
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