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PREFACE 

 

“Satisfaction of one's curiosity is one of the greatest sources of happiness in life.” 

Linus Pauling (1901-1994) 

 

According to this statement of the great American chemist, physicist and Nobel Prize winner Linus 

Pauling, the ideal profession has to be – probably besides working as a journalist – in science. I have 

always felt that way, even though I had my fair share of frustrations and failures doing research. But to 

my experience, all annoyance and disappointment about weeks of wasted lab work (and in my case 

there has been plenty of that) simply vanish with a single successful experiment or interesting 

experimental results. 

Overall, the past three years have been full of happiness for me – partially because my 

curiosity was well satisfied (never enough though!), but also because the time was filled with exciting 

events and experiences in two distinct parts of the world: California and Bavaria. In both places I 

enjoyed scientific, philosophical as well as interpersonal discussions, wonderful hikes in stunning 

nature, multicultural exchanges and culinary events, enlightening and valuable collaborations, water-

balloon fights, plenty of board games and great people to share these things with. I had the wonderful 

opportunity to get to know the sunshine state California a little and am sure to be longing not only for 

the climate there for at least a couple more years. Naturally and as already mentioned, I also went 

through setbacks. But despite (or because of?) those I think I was able to learn a lot – scientifically as 

well as generally about human nature and my own person. 

Concluding, I would like to quote a sentence from one of my favorite books, which became a 

valuable maxim for me during the last few years and which probably most graduate students get to learn 

during their studies: 

 

“… anything's possible if you've got enough nerve.” 

J.K. Rowling, Harry Potter and the Order of the Phoenix 
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ABSTRACT 

 

Soluble epoxide hydrolase (sEH) represents a promising new drug target in the treatment of 

hypertension and vascular inflammation. Its chemical inhibition was previously shown in vivo to lower 

blood pressure, protect the kidney from hypertension-caused damage as well as trigger anti-

inflammatory effects. This dissertation is based on two projects connected to the elimination of sEH 

activity: the development of novel fluorescent assay systems testing potential sEH inhibitors and the 

post-transcriptional down-regulation of this enzyme on the cellular level by RNA interference (RNAi). 

In the first part, a series of novel α-cyanoester and α-cyanocarbonate epoxides were evaluated 

as potential sEH substrates for the development of two test systems: a rapid kinetic assay with improved 

sensitivity compared to the existing spectrophotometric test system as well as an endpoint assay with 

long incubation times that could be used for high-throughput screening of large compound libraries. 

Cyano(6-methoxy-naphthalen-2-yl)methyl trans-((3-phenyloxiran-2-yl)methyl) carbonate displayed a 

comparatively high specific activity with human sEH and was therefore selected for the rapid test 

system, while (3-phenyl-oxiranyl)-acetic acid cyano-(6-methoxy-naphthalen-2-yl)-methyl ester was 

chosen for the endpoint assay due to its high aqueous solubility and stability. Enzyme and substrate 

concentrations were optimized for both systems to achieve the desired assay sensitivity, reliability and 

reproducibility. The subsequent assay validation, which employed these optimized concentrations to test 

previously characterized inhibitors, confirmed the usefulness and applicability of both systems 

regarding sensitivity, accuracy and precision. The two novel fluorescence-based assay systems will be 

valuable tools in the development of improved sEH inhibitors and will thus help to enhance the 

treatment of vascular inflammation and hypertension. 

The second part deals with the endogenous silencing mechanism RNAi to post-transcriptionally 

down-regulate sEH and thus to provide an alternative to its chemical inhibition, which is still lacking a 

compound of therapeutic value. This objective first required the search for an appropriate human cell 

model system expressing sEH in easily detectable amounts. Out of the examined cell lines, the prostate 

carcinoma cell line 22RV1 was selected due to its comparatively high specific sEH activity. Subsequent 

experiments introducing synthetic siRNAs (short interfering RNAs) into the cells by electroporation 
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were able to repeatedly show a 50% down-regulation of the target gene expression up to at least 96 h. 

This result is based on analyses of enzyme activity levels as well as mRNA levels of siRNA-treated 

cells. Although a higher impact on sEH mRNA and enzyme activity level was expected by RNAi, this 

study might represent a first step toward an alternative therapeutic approach for the cure of glaucoma, 

COPD (chronic obstructive pulmonary disease) and maybe even hypertension. 
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ZUSAMMENFASSUNG 

 

Die chemische Hemmung des Enzyms Lösliche Epoxidhydrolase (sEH) bietet einen neuen Ansatz zur 

Therapie von Bluthochdruck und vaskulären Entzündungskrankheiten. In in vivo Experimenten konnte 

bereits belegt werden, dass durch diese Behandlung sowohl die Senkung von Bluthochdruck, der Schutz 

von Nieren vor bluthochdruckbedingter Schädigung als auch ein weiterer antiinflammatorischer Effekt 

möglich ist. Die hier vorliegende Dissertation basiert auf zwei unterschiedlichen Projekten, die beide 

mit der Ausschaltung der sEH-Aktivität in Zusammenhang stehen: der Entwicklung neuer, 

fluoreszenzbasierter Testsysteme, die chemische Verbindungen auf ihr sEH-Inhibitionspotential 

überprüfen, und der posttranskriptionellen Ausschaltung dieses Enzyms auf zellulärer Ebene durch 

RNA Interferenz (RNAi). 

Im ersten Teil wurde eine Reihe neuartiger α-Cyanoester- und α-Cyanokarbonatepoxide als 

sEH-Substrate im Zusammenhang mit der Entwicklung sowohl eines schnell durchführbaren 

kinetischen Tests als auch eines Endpunktassays charakterisiert und erprobt. Die hohe spezifische 

Aktivität von Cyano(6-methoxy-naphthalen-2-yl)methyl-trans-((3-phenyloxiran-2-yl)methyl)-carbonat 

in Kombination mit humaner löslicher Epoxidhydrolase gab den Ausschlag für die Wahl dieses 

Substrates für den kinetischen Test. Dieser sollte im Vergleich zum bestehenden 

spektrophotometrischen System eine deutlich erhöhte Sensitivität aufweisen, um so bisher in ihrer 

Inhibitionskraft schwer unterscheidbare sEH-Inhibitoren differenzieren zu können. (3-Phenyl-oxiranyl)-

essigsäure-cyano-(6-methoxy-naphthalen-2-yl)-methylester wurde dagegen aufgrund seiner hohen 

Löslichkeit und Stabilität in wässriger Umgebung als Substrat für einen Endpunkttest mit langer 

Reaktionszeit gewählt. Die Entwicklung eines solchen Assays sollte es ermöglichen, große Bibliotheken 

chemischer Verbindungen in einem Verfahren mit hohen Durchsatzraten auf sEH-inhibierende Stoffe 

zu sichten. Enzym- und Substratkonzentrationen wurden für beide Systeme optimiert, um die 

angestrebten Testempfindlichkeiten und -reproduzierbarkeiten zu gewährleisten. Die darauf folgende 

Validierung der entwickelten Assays mit bereits charakterisierten sEH-Inhibitoren bestätigte und 

bekräftigte deren Nutzen und praktische Durchführbarkeit. Die beiden beschriebenen Testsysteme 

werden sich bei der Weiterentwicklung bestehender und Entdeckung neuer sEH-Inhibitoren mit 
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Sicherheit als äußerst wertvoll erweisen und damit höchstwahrscheinlich die Behandlung von 

Bluthochdruck und vaskulären Entzündungen verbessern. 

Im zweiten Teil wurde die Möglichkeit untersucht, sEH durch den endogenen Mechanismus 

RNAi, der posttranskriptionell und spezifisch der Expression von Zielgenen entgegenwirkt, 

herunterzuregulieren und somit eine Alternative zur chemischen Hemmung des Enzyms zu schaffen. 

Voraussetzung für dieses Projekt war allerdings, ein zelluläres Modellsystem zu finden, das sEH in 

detektierbaren Mengen exprimiert. Nach der Untersuchung mehrerer humaner Zelllinien wurde die 

Prostatakrebszelllinie 22RV1 aufgrund ihrer vergleichsweise hohen spezifischen sEH-Aktivität 

ausgewählt, als Modell für die weiteren Experimente dieser Studie zu fungieren. Hierbei konnte – 

ausgelöst durch Elektroporation mit synthetischen siRNAs (short interfering RNAs) – reproduzierbar 

eine 50%ige sEH-Reduktion ausgelöst werden, die sowohl auf Enzymaktivitätsebene als auch auf 

mRNA-Ebene feststellbar war und bis mindestens 96 h nach der Elektroporation anhielt. Obgleich die 

Wirkung der siRNA-Behandlung auf die zelluläre sEH-Expression geringer war als erwartet, kann diese 

Studie doch einen ersten Schritt in Richtung eines alternativen therapeutischen Ansatzes zur 

Behandlung von grünem Star, chronischem unspezifischem respiratorischem Syndrom (COPD) und 

vielleicht sogar Bluthochdruck darstellen. 
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INTRODUCTION 

 

For the present dissertation two distinct major projects were carried out, which are both connected to the 

enzyme soluble epoxide hydrolase (sEH) and the elimination of its activity. In recent years, this protein 

has been drawing more and more attention due to its potential as novel drug target: In various 

experiments, chemical sEH inhibition triggered successful treatment of hypertension (Yu et al., 2000; 

Imig et al., 2002), protection against renal damage caused by hypertension (Zhao et al., 2004) and 

inflammatory diseases (Schmelzer et al., 2005; Smith et al., 2005) in rodent models. 

The first part of this dissertation illustrates the development of two novel enzymatic in vitro 

inhibitor assays, which are based on the release of a fluorescent reporter molecule after substrate 

turnover by sEH. These became mandatory due to the extensive quest for highly potent chemical sEH 

inhibitors as well as their progressing refinement. 

The cellular knockdown of sEH by RNAi (RNA interference), representing the second part, 

was intended to ultimately offer an alternative to chemical inhibition of the enzyme. This approach 

employed the relatively recently discovered endogenous mechanism RNAi, which post-transcriptionally 

and specifically silences target proteins by means of short double-stranded RNA (dsRNA). 

For the better understanding of these two distinct projects, a literature overview on sEH as 

well as RNAi is given, which precedes the experimental part of the present work. 
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THEORETICAL BACKGROUND 

The following section introduces properties and biological role of the soluble epoxide hydrolase as well 

as gives an overview of the RNAi mechanism, its original role and applicability. 

 

1 Soluble epoxide hydrolase 

The properties of the enzyme soluble epoxide hydrolase (sEH), the protein of interest in this 

dissertation, will be described first. Emphasis will be laid upon mammalian sEHs and hereby in 

particular upon murine and human sEH since these two proteins have been characterized best so far. 

1.1 General properties of epoxide hydrolases 

Soluble epoxide hydrolase (sEH) belongs to the 

general group of epoxide hydrolases (EH; EC 

3.3.2.3), which is defined via its ability to catalyze 

the conversion of epoxides to their corresponding 

diols. This involves, as indicated in Figure 1, the 

addition of a water molecule (Oesch, 1973; Arand et 

al., 1994). 

Epoxides or oxiranes are three-membered organic ring systems containing one oxygen each. 

They originate from endogenous as well as xenobiotic compounds via chemical and enzymatic 

oxidation processes including the cytochrome P450 monooxygenase system. Some members of this 

compound group are typically unstable in an aqueous environment and chemically reactive, while at the 

other extreme, some epoxides are environmentally persistent. For xenobiotics and certain endogenous 

substances, epoxide intermediates have been shown to be highly potent mutagens, carcinogens and 

toxins (Guengerich, 1982; Sayer et al., 1985; Adams et al., 1995). The hydration of epoxides, possibly 

catalyzed by EH, generally leads to more stable and less reactive intermediates. However, exceptions do 

exist (Fretland and Omiecinski, 2000). 

 
 
 
 

 
 
 

Fig. 1  Conversion of epoxides by sEH. (R = rest) 
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Overall, the main functions of EHs are regarded as detoxification, catabolism and regulation of 

signaling molecules. In microorganisms, they seem to play a significant role in the catabolism of 

specific carbon sources from natural supplies (Allen and Jacoby, 1969; van der Werf et al., 1999) as 

well as environmental contaminants (Jacobs et al., 1991). However, microbial EHs are mainly studied 

due to their chiral selectivity and thus potential uses in chemistry (Archelas and Furstoss, 2001; de Vries 

and Janssen, 2003). Several plant EHs have been described, which possibly have similar roles attributed 

to mammalian EHs in addition to being involved in the production of cutin and phytoalexins (Blee and 

Schuber, 1992; Kiyosue et al., 1994; Stapleton et al., 1994). In insects an EH with activity against 

octane oxide has been purified (Mullin and Wilkinson, 1980) and seems to be distinct from other insect 

EHs involved in the degradation of certain cyclodiene insecticides and insect juvenile hormone. The 

insect EHs that degrade the juvenile hormone may be important regulators of insect development and 

reproduction (Hammock et al., 1985; Halarnkar and Schooley, 1990). 

Five different forms of mammalian EHs are reported in the literature: cholesterol epoxide 

hydrolase (or cholesterol 5, 6-oxide hydrolase), hepoxilin A3 hydrolase, leukotriene A4 hydrolase, 

microsomal epoxide hydrolase and soluble epoxide hydrolase. Cholesterol epoxide hydrolase hydrates 

compounds related to the 5,6-epoxide of cholesterol (Nashed et al., 1985; Finley and Hammock, 1988) 

and is widely distributed in all tissues with its greatest enzymatic activity in liver microsomes (Astrom 

et al., 1986). Just as it is the case for hepoxilin A3 hydrolase, its gene or cDNA has not been cloned and 

characterized yet. Hepoxilin A3 hydrolase is described as a cytosolic enzyme that metabolizes 

hepoxilin A3, a hydroxyl-epoxide derivative of arachidonic acid (Pace-Asciak and Lee, 1989). 

Leukotriene A4 hydrolase is a cytosolic, bi-functional Zn2+ containing enzyme that exhibits both 

hydrolase activity as well as aminopeptidase activity (Haeggstrom et al., 1994). The human gene for this 

ubiquitously expressed enzyme (McGee and Fitzpatrick, 1985; Fu et al., 1989; Rybina et al., 1997) that 

produces hormone derivatives of arachidonic acid (Samuelsson, 1983) has been cloned and 

characterized (Mancini and Evans, 1995). Based on sequence alignment studies, leukotriene A4 

hydrolase is unlikely to be related to other EHs, in particular microsomal and soluble epoxide hydrolase 

and does not share their enzymatic mechanism (Beetham et al., 1995). Microsomal epoxide hydrolase 

(mEH) as well as sEH belong to the α/β-hydrolasefold family of proteins, which also includes esterases, 
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some proteases, dehalogenases and lipases (Beetham et al., 1995; Hammock et al., 1997). Microsomal 

epoxide hydrolase is mainly located in the smooth endoplasmic reticulum (Lu and Miwa, 1980) with 

highest tissue activity in liver followed by testis, lung and heart (Morisseau and Hammock, 2002). 

However, it dissociates from the microsomes and may be found in serum under some pathological 

conditions. In this case it is referred to as the preneoplastic antigen (Hammock et al., 1997). The 

principal function of mEH is the detoxification of xenobiotics (Oesch, 1973) and it is especially active 

towards epoxides on cyclic and polycyclic systems and hydrates both monosubstituted and cis-

disubstituted epoxides (Wixtrom and Hammock, 1985). Its subcellular localization, substrate 

preferences and pH optima (Hammock et al., 1997) distinguish mEH from soluble epoxide hydrolase 

(sEH). 

1.2 Subcellular and tissue distribution of sEH 

Recent studies point toward the cell-specific subcellular localization of sEH. In hepatocytes and renal 

tubules, sEH was found in the cytosol as well as in peroxisomes (Mullen et al., 1999; Enayetallah et al., 

2006). However, in a variety of other sEH expressing tissues, such as intestinal epithelium, adrenal 

gland or blood vessels, sEH was detected exclusively in the cytosol of the cells. On the other hand, no 

cell types could be found, in which sEH localized solely to the peroxisomal organelles (Enayetallah et 

al., 2006). 

Regarding tissue distribution, sEH displays ubiquitous expression in mammals with highest 

levels in liver, kidney, breast tissue and heart. In intestine and vascular tissue high sEH levels were 

observed as well, whereas lung, testis, brain and spleen comparably express sEH in trace amounts. 

Additionally, sEH is expressed in various components of the human blood, predominantly though in 

lymphocytes and macrophages. It should be noted, that it is possible for the sEH protein level to be very 

high in certain cell types within a tissue whereas total tissue levels seem low (Wixtrom and Hammock, 

1985; Pacifici et al., 1988; VanRollins et al., 1993; Fang et al., 1995; Johansson et al., 1995; Yu et al., 

2000; Morisseau and Hammock, 2002). Moreover, levels of mammalian sEH, its activity respectively, 

were observed to be highly dependent on sex, age and species: they were found to be higher in male 
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than in female mice, higher in adult than fetal human tissue as well as 100-fold higher in mouse liver 

than in rat liver (Hammock et al., 1997; Morisseau and Hammock, 2002). 

Interestingly, constitutive expression in many cancer cell lines has not been observed 

(Morisseau and Hammock, 2002). After a few days in vitro, primary cells drop dramatically in sEH 

expression, which complicates its in vitro investigation. 

1.3 Induction of sEH 

Induction of sEH in rodent models has been observed during treatment with compounds causing 

peroxisome proliferation such as the anticholesteremic drug clofibrate – a phenomenon, which is 

thought to be connected to the PPARα pathway (Moody et al., 1992; Grant et al., 1994; Fretland and 

Omiecinski, 2000). Besides this effect, administration of these particular chemicals results in the 

formation of hepatocellular carcinomas in rodents (Rao and Reddy, 1991).  

Moreover, steroids display effects on changing the activities of the enzyme in mice (Hammock 

et al., 1997). For example, when supplemental testosterone was administered to castrated male mice, it 

was able to induce renal sEH expression and activity levels (Pinot et al., 1995b). 

1.4 Molecular biology and protein structure 

Mammalian sEH genes have been cloned from several species: rat, pig, mouse and human (Beetham et 

al., 1993; Grant et al., 1993; Knehr et al., 1993; Newman et al., 2004). The latter two proteins are 

characterized best, and thus they will be emphasized regarding their molecular biology and protein 

structure. 

 The murine soluble epoxide hydrolase gene is located on chromosome 14 at 14,0 ± 3,7 cM 

distal to Np-1 and 19,2 ± 4,3 cM proximal to D14Mit7 (Grant et al., 1994) with a 1659 bp long open 

reading frame coding for a 553-residue protein of 62,5 kDa (Grant et al., 1993). The human sEH gene is 

found in chromosomal region 8p21-p12 (Larsson et al., 1995), stretches over approximately 45 kbp and 

consists of 19 exons of 27 to 265 bp (Sandberg and Meijer, 1996). The gene codes for 555, 554 

respectively, amino acid residues (Beetham et al., 1993; Sandberg and Meijer, 1996) resulting in a 

monomeric protein of around the same molecular weight as its murine counterpart. The human and the 
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murine sEH gene are supposed to have developed from common ancestors due to a sequence identity of 

73% and similar biochemical characteristica on protein level (Beetham et al., 1995). Genetic 

polymorphisms of the human gene were reported and investigated (Sandberg et al., 2000; Przybyla-

Zawislak et al., 2003; Fornage et al., 2004; Sato et al., 2004; Srivastava et al., 2004; Fornage et al., 

2005; Enayetallah and Grant, 2006; Lee et al., 2006a) suggesting possible biological roles in human 

metabolism and diseases. 

Earlier sequence homology comparisons indicated a mammalian sEH protein organization of 

mainly two parts: a C-terminal domain homologous to bacterial haloalkane dehalogenase, mEH and 

plant sEH, and an N-terminal domain homologous to haloacid dehalogenase of Pseudomonas spec. 

(Beetham et al., 1995). Crystallographic analyses of murine and human sEH confirm this hypothesis 

and show the sEH protein to be a domain-swapped homodimer (Argiriadi et al., 1999; Gomez et al., 

2004), that consists of two globular domains per subunit joined by a proline-rich linker (Thr-219 – Asp-

234 for murine and Ile-219 – Asp-234 for human sEH; Gomez et al., 2004; Figure 2). However, it was 

also shown, that in solution both 

the monomeric as well as the 

dimeric protein are active (Gill, 

1983; Dietze et al., 1990). The 

overall tertiary and quaternary 

structures of the murine and the 

human enzyme are highly similar, 

although some differences in the 

loop segments of the proteins as 

well as a shift of the two subunits 

away from each other by ~4 Å 

were found (Gomez et al., 2004). 

Interestingly, plant sEHs lack the 

N-terminal domain of the protein 

(Beetham et al., 1995). 

 
 
 

Fig. 2  Protein structure of human soluble epoxide hydrolase. 
Picture was generated by means of the software Cn3D 4.1. 
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The C-terminal domain of sEH belongs to the α/β-hydrolase fold family and displays epoxide 

hydrolase activity. Its catalytic site is located in a 25 Å long, “L”-shaped hydrophobic tunnel, with 

catalytic residues located at the bend. This holds true for both, the murine and the human enzyme 

(Argiriadi et al., 1999; Gomez et al., 2004). 

The N-terminal domain of sEH has recently been demonstrated to possess Mg2+-dependent 

phosphatase activity (Cronin et al., 2003; Newman et al., 2003). It adopts an α/β-fold homologous to 

that of bacterial haloacid dehalogenase, the likely ancestor. The active site cleft in this domain displays 

the form of a hand with the Mg2+ binding site at the bottom of a 15 Å deep, negatively charged pocket. 

Additionally, a conserved hydrophobic tunnel of ~14 Å length was found, that would be sufficiently 

long enough to bind an aliphatic substrate (Gomez et al., 2004). Asp-9 is proposed to act as catalytic 

nucleophile (Cronin et al., 2003) in this case.  

It should be noted, that both domains act independently. Cronin et al. (2003) demonstrated that 

the N-terminal domain of human sEH by itself exhibits Mg2+-dependent phosphatase activity similar to 

the one measured for the complete enzyme. The biological function of the N-terminal domain is still 

unclear. However, at the very least it plays and important role in the stabilization of the domain-

swapped quaternary structure of the homodimeric protein (Argiriadi et al., 1999). 

1.5 Catalytic mechanism of sEH 

The current understanding of the epoxide hydrolase catalytic mechanism (Figure 3) is mainly supported 

by being part of the α/β-hydrolase fold family of proteins with a nucleophile-histidine-acid catalytic 

triad as well as its relation to bacterial enzymes (Ollis et al., 1992; Verschueren et al., 1993; Arand et 

al., 1994; Holmquist, 2000) and several site-directed mutations of the active site of sEH (Pinot et al., 

1995a; Yamada et al., 2000). Furthermore the isolation of a hydroxyacyl enzyme intermediate 

(Hammock et al., 1994) and crystal structure analyses of human and mouse sEH contributed to its 

comprehension (Argiriadi et al., 1999; Argiriadi et al., 2000; Gomez et al., 2004; Gomez et al., 2006). 

 The actual catalysis starts with a quick binding of the epoxide to the active site of the enzyme in 

its L-shaped hydrophobic tunnel. The active site consists in the human (murine) protein of Asp334 

(Asp333) as nucleophilic acid, His523 (His523) as basic histidine, Asp495 (Asp495) as orienting acid and 
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Fig. 3  Catalytic mechanism of sEH illustrated by presenting the involved amino acid 

residues of human sEH. After Morisseau and Hammock (2005). 

Tyr382 as well as Tyr465 (Tyr381 and Tyr465) as polarizing tyrosines (Morisseau and Hammock, 2005; 

Gomez et al., 2006). The epoxide group is polarized by the mentioned tyrosine residues which form 

hydrogen bonds with the epoxide oxygen and thus act as general acid catalysts. Simultaneously, Asp334 

attacks the epoxide backside at the most reactive and usually least sterically hindered carbon, leading  

to the ring opening of the epoxide and an ester bond between the enzyme carboxylic acid and one 

alcohol functionality of the diol. This transiently existing compound is called the hydroxyl alkyl-

enzyme intermediate. His523, Asp495 and possibly other amino acids in the catalytic site of human sEH 

activate and orient the nucleophilic acid Asp334.  

Once the intermediate between enzyme and substrate is formed, the histidine moves away from 

the ester making it possible for a water molecule to be activated by the ester-histidine pair. The 

activation of the water can only happen, if the histidine is not protonated (Schiøtt and Bruice, 2002). 



THEORETICAL BACKGROUND 

 9

The very basic water is now able to attack the carbonyl of the ester releasing the diol product and the 

original enzyme. 

1.6 Substrates and inhibitors 

The knowledge of specific substrates and inhibitors is crucial when characterizing an enzyme and 

exploring its biological role. Thus, an overview of these compounds will be given in the following 

passage. 

In general, the C-terminal domain of sEH catalyzes the conversion of a broad spectrum of 

lipophilic substrates, but seems to prefer mono- (except styrene oxide), cis-di- and trans-di-substituted 

epoxides (Wixtrom and Hammock, 1985; Hammock et al., 1997). On the other hand, it shows very low 

activity on 1,1-disubstitued epoxides and epoxides on cyclic systems (Magdalou and Hammock, 1988). 

Endogenous substrates are epoxides formed during P450-mediated oxidation of polyunsaturated fatty 

acids (Chacos et al., 1983; Halarnkar et al., 

1989; Zeldin et al., 1993; Zeldin et al., 1995) 

creating or degrading oxylipins with a 

potential biological role. trans-Stilbene oxide 

(TSO; Figure 4 A) and trans-1,3-diphenyl-

propene oxide (tDPPO; Figure 4 B) represent 

first-rate surrogate substrates that are 

employed in radiometric in vitro partitioning 

assays. These are based on the separation of 

the epoxide into an organic and the formed 

diol into an aqueous phase (Wixtrom and 

Hammock, 1985; Borhan et al., 1995). 4-

Nitrophenyl (2S,3S)-2,3-epoxy-3-phenyl-

propylcarbonat (NEPC; Figure 4 C) serves as 

photometric substrate for recombinant sEH 

(Dietze et al., 1994). Dihydroxy lipid 

 
 

 
 
Fig. 4  Substrates of soluble epoxide hydrolase for assay 

purposes.  A  trans-stilbene oxide (TSO)   
B  tDPPO (trans-1,3-diphenylpropene oxide)   
C  4-nitrophenyl (2S,3S)-2,3-epoxy-3-phenyl-
propylcarbonat (NEPC)  D  9,10-phoshonooxy-
hydroxy-octadecanoic acid (serves as substrate 
for the N-terminal domain of sEH). 
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phosphates such as 9,10-phosphonooxy-hydroxy-octadecanoic acid (9,10-PHO; Figure 4 D) were 

suggested as possible endogenous substrates of the N-termial domain of sEH (Newman et al., 2003). 

 The first identified inhibitors for sEH were epoxide containing compounds that acted as 

substrates with a relatively low turnover rate. This results in a transient in vitro inhibition with no 

relevance for cell culture and in vivo experiments (Magdalou and Hammock, 1988; Hammock et al., 

1997; Morisseau et al., 1998). 1,3-disubstituted ureas, carbamates and amides were reported to represent 

more potent and stable inhibitors of sEH, that act stochiometrically with purified recombinant sEH 

(Morisseau et al., 1999; Morisseau et al., 2002). These competitive tight-binding inhibitors with KI 

values in the nanomolar range (Morisseau et al., 1999) were further improved using classical 

quantitative structure activity relationship (QSAR), 3D-QSAR and medicinal chemistry approaches 

(Nakagawa et al., 2000; Morisseau et al., 2002; McElroy et al., 2003; Kim et al., 2004c; Kim et al., 

2005b). Crystallographic analyses show that the urea inhibitors form hydrogen bonds and salt bridges 

between the urea group of the inhibitor and the catalytic site of sEH, mimicking the intermediate during 

the catalyzed epoxide ring opening (Argiriadi et al., 1999; Argiriadi et al., 2000; Gomez et al., 2004). 

Surprisingly, there are major differences in the inhibitor binding between the human and the mouse 

enzyme: For example, N-cyclohexyl-N’—(4-iodophenyl)urea (CIU) displays opposite orientations in 

murine and human sEH when bound to the active site (Argiriadi et al., 2000; Gomez et al., 2004). This 

is due to the presence of a methionine residue (Met337) in the human enzyme – in contrast to Val337 of 

the munie sEH – pointing into the catalytic cavity and thus constricting one side of the active site tunnel 

(Gomez et al., 2004; Gomez et al., 2006). 

 Additionally, sEH can be inhibited by Hg2+, Cu2+, Cd2+ and Zn2+ (Draper and Hammock, 1999). 

The latter cation acts noncompetitively on human sEH with a KI around 20 µM. It has also been found 

to inhibit the phosphatase activity of sEH (Newman et al., 2003) implying that the binding of Zn2+ at the 

Mg2+ site of the N-terminal domain results in some yet unknown allosteric effect leading to a loss of 

both catalytic activities of sEH (Morisseau and Hammock, 2005). 
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Fig. 5  Endogenous metabolic pathways with sEH participation.  A  Conversion of the arachidonic acid-

derived epoxide 11,12-EET to 11,12-DHET  B  Illustration of leukotoxin diol production from 
linoleic acid. 

1.7 Biological role 

For a long time, sEH – like mEH – was assumed to participate in xenobiotic metabolism, but there is no 

evidence supporting this hypothesis in mammals in vivo (Hammock et al., 1997; Arand et al., 2003). 

Nevertheless and as indicated before, sEH clearly participates in the conversion of endogenous 

mammalian arachidonic epoxides (epoxyeicosatrienoic acids or EETs; compare to Figure 5 A) and 

linoleic acid epoxides (also called leukotoxins; Figure 5 B) to their corresponding diols (Chacos et al., 

1983; Halarnkar et al., 1989; Moghaddam et al., 1997; Yu et al., 2000) with biological functions of both 

the educts as well as the products. Therefore, possible roles of sEH in inflammation, blood pressure 

regulation and leukotoxin toxicity are indicated. 

 EETs affect blood pressure regulation as endogenous chemical mediators  at the vascular, renal 

and cardiac level (Capdevila et al., 2000; Carroll and McGiff, 2000; Fleming, 2001). They induce 

vasodilation by activating Ca2+-activated potassium channels, which results in hyperpolarization of the 

vascular smooth muscle. This way they produce vasorelaxation lowering blood pressure and alter 

myocardial perfusion (Harder et al., 1995; Campbell et al., 1996; Fisslthaler et al., 1999; Kroetz and 

Zeldin, 2002; Roman, 2002; Larsen et al., 2006). Furthermore, EETs were found to cause anti-

inflammatory effects in endothelial cells (Node et al., 1999; Campbell, 2000; Liu et al., 2005b), effects 
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on smooth muscle migration (Sun et al., 2002), prostaglandin (PG) E2 production (Fang et al., 1998), 

aromatase acivity (Snyder et al., 2002) and Ca2+ influx (Fang et al., 1999). Increased Ca2+ entry (Graier 

et al., 1995; Mombouli et al., 1999) was observed in association with EETs as well as enhanced 

fibinolysis (Node et al., 2001) and a stimulation in tube formation (Munzenmaier and Harder, 2000). 

But functional effects can also be found in other tissues (Fitzpatrick et al., 1986; Seki et al., 1992; Wong 

et al., 1993; Peri et al., 1998; Chen et al., 1999; Lee et al., 1999; Lu et al., 2001a; Widstrom et al., 

2001). 

Dihydroxyeicosatrienoic acids (DHETs) represent the diols of EETs and are generally regarded 

as their inactivation products (Zeldin, 2001; Roman, 2002). Consequently, they display reduced activity 

in many systems compared to the respective corresponding epoxides, for example in the relaxation of 

the preglomerular vasculature (Imig et al., 1996) or the Ca2+ uptake by porcine aortic smooth muscle 

cells and human coronary arterioles (Fang et al., 1999; Larsen et al., 2006). However, DHETs are also 

responsible for functional effects in other cases, such as the inhibition of the hydroosmotic action of 

arginine vasopressin in the kidney (Hirt et al., 1989) or the activation of the large conductance Ca2+-

activated potassium channel of coronary artery myocytes in rat (Lu et al., 2001b). Besides, urinary 

DHETs are reported to act as modulators of renal water retention and are elevated in association with 

pregnancy-induced hypertension (Catella et al., 1990). Thus, DHETs serve as biomediators in some 

systems and are not only EET inactivation products (Spector et al., 2004).  

The hydrolysis of epoxy-linoleate (leukotoxin) by sEH leads to a diol that disturbs membrane 

permeability and calcium homeostasis (Moghaddam et al., 1997). The result is inflammation regulated 

by nitic oxide synthase and endothelin-1 (Ishizaki et al., 1995a; Ishizaki et al., 1995b). Leukotoxin in 

micromolar concentrations has been associated with inflammation and hypoxia (Ozawa et al., 1986; 

Ozawa et al., 1991). In in vitro experiments it depresses mitochondrial respiration (Dudda et al., 1996) 

and evokes mammalian cardiopulmonary toxicity in vivo (Ozawa et al., 1986; Fukushima et al., 1988; 

Ishizaki et al., 1995a). The symptoms of leukotoxin toxicity resemble multiple organ failure and acute 

respiratory distress syndrome (ARDS) (Dudda et al., 1996). In both, in vitro and in vivo models, 

leukotoxin-mediated toxicity is dependent on epoxide hydrolysis (Moghaddam et al., 1997; Morisseau 

et al., 1999), implying sEH to be involved in the regulation of inflammation.  
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1.8 Soluble epoxide hydrolase as potential therapeutic target 

The biological role of sEH, including its substrates’ and catalytic products’ properties, as well as several 

recent observations suggest sEH as a potential therapeutic target.  

To begin with, Sinal et al. (2000) reported that male sEH knockout mice show significantly 

lower blood pressure than wild type mice. Additionally, chemical inhibition of sEH resulted in blood 

pressure reduction in the spontaneously hypertensive rat (SHR) as well as in angiotensin II induced 

hypertension rat models (Yu et al., 2000; Imig et al., 2002; Imig et al., 2005). Therefore, treatment of 

hypertension by sEH inhibitors seems a promising therapeutic attempt. It has to be cautioned though, 

that the intracerebroventricular administration of the potent sEH inhibitor 12-(3-adamantane-1-yl-

ureido)-dodecanoic acid (AUDA) increased blood pressure as well as heart rate in SHRs (Sellers et al., 

2005) suggesting that peripheral and central control of blood pressure are influenced differently by 

EETs and sEH inhibitors. This observation demonstrates the need to understand which sEH inhibitors 

penetrate the blood / brain barrier. 

sEH inhibitor treatment also increases EET levels in cell cultures and reduces indicator 

compounds for vascular inflammation (Slim et al., 2001; Davis et al., 2002; Liu et al., 2005b). This 

suggests that the treatment of several vascular inflammatory diseases including atherosclerosis and 

kidney failure is possible by sEH inhibition (Davis et al., 2002; Zhao et al., 2004). Furthermore, the 

chemical inhibition of sEH was shown to successfully treat acute systemic inflammation (Schmelzer et 

al., 2005). An endogenous mechanism, that is proposed to function in a similar way, is the increase of 

divalent cation metal concentrations, especially zinc, in the liver (Gaetke et al., 1997). Knowing that this 

cation inhibits sEH noncompetitively (compare to 2.1.6), the change in its concentration possibly 

represents a simple way to reduce sEH activity and thus to induce an anti-inflammatory process 

(Morisseau and Hammock, 2005). 

Additionally and as mentioned before, leukotoxin diol is associated with inflammatory and 

toxic effects such as acute respiratory distress syndrome (ARDS) and multiple organ failure. By 

inhibiting sEH, this compound will not be generated anymore or only be produced to a lesser extent 

(Morisseau et al., 1999) stating that sEH represents a possible treatment for these diseases as well. 
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2 RNA interference 

In 2002, an endogenous mechanism called RNA interference (RNAi) was entitled ‘breakthrough of the 

year’ by Science (Couzin, 2002). By then, the full importance and extent of this post-transcriptional 

gene silencing process, first observed in transgenic petunia plants but not yet understood at the time 

(Napoli et al., 1990; van der Krol et al., 1990), came into sight. Fire and coworkers (1998) were the first 

ones, who showed that double-stranded RNA (dsRNA) triggered the gene knockdown phenomenon in 

the nematode Caenorhabditis elegans. With this finding they  initiated the discovery of the highly 

conserved endogenous RNAi pathway. Meanwhile, in the mid of 2006, many more details and 

properties of this mechanism are known and enable researchers in various fields to experimental 

approaches, which were impossible or at least hard to achieve and time-consuming only one decade ago. 

The following paragraphs are intended to give a better understanding of the RNAi mechanism 

and its closely related processes with a focus on mammalian systems. Furthermore, they are meant to 

provide an overview of possibilities in research and therapeutic applications arising due to RNAi. 

2.1 Molecular mechanism of RNAi 

The RNAi pathway (Figure 6), which results in the post-transcriptional silencing of a specific gene, 

takes place in the cytosol (Zeng and Cullen, 2002). Even though some details of this endogenous 

mechanism are still unclear or can only be assumed at the moment, the overall procedure is understood. 

RNAi is initiated by the enzymatic cleavage of precursor dsRNA molecules, homologous to the 

respective target gene. Dicer, a protein with RNase III-like enzyme activity (Bernstein et al., 2001), 

processes the dsRNA to short interfering RNA (siRNA) molecules. These are characterized by a 19-20 

base pair (bp) stretch of the duplex region, a 2 nucleotide (nt) 3’ overhang as well as a 5’ phosphate and 

3’ hydroxy group on each strand (Hamilton and Baulcombe, 1999; Elbashir et al., 2001b). During the 

ATP-dependent (Nykänen et al., 2001) assembly of RISC (RNA-induced silencing complex), which 

presents a crucial multimeric protein complex in the RNAi pathway (Tuschl et al., 1999; Hammond et 

al., 2000), one double-stranded siRNA molecule is directionally incorporated while its passenger strand 
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(compare to Figure 6) is cleaved by a part of RISC (Matranga et al., 2005; Rand et al., 2005; Leuschner 

et al., 2006). This procedure is normally referred to as ‘RISC activation’. 

The remaining guide strand of the 

siRNA, which is part of RISC, now serves 

as trigger molecule that sequence-

specifically guides the binding of mRNA 

complementary to itself (Martinez et al., 

2002a; Martinez and Tuschl, 2004). Once 

the Watson-Crick interactions between the 

two RNA strands are formed, endonucleo-

lytic cleavage of the mRNA – in the 

middle of the guide strand (Elbashir et al., 

2001b) – is induced (initial hypothesis and 

experiments by Montgomery et al., 1998; 

Tuschl et al., 1998; Hammond et al., 

2000). The subsequent degradation of the 

remaining target mRNA pieces, which is 

only starting to be understood, guarantees 

the ultimate post-transcriptional gene 

silencing effect of this mechanism.  

2.1.1 Dicer 

The dsRNA-processing enzyme Dicer normally contains an N-terminal RNA helicase domain, a PAZ 

(Piwi/Argonaute/Zwille) domain, two RNase III domains, and a dsRNA binding domain (dsRBD) 

(Carmell and Hannon, 2004). Additionally, there are domains of unknown function, such as DUF283 in 

the human Dicer protein (see Hammond et al., 2005 and references therein). 

Due to homology studies of related prokaryotic RNase III-type enzymes (Blaszczyk et al., 2001; 

Blaszczyk et al., 2004), Dicer was initially supposed to act as dimer (Zamore, 2001). However, more 

 

 
 

Fig. 6  Schematic illustration of the RNAi mechanism. 
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recent results (Sun et al., 2004; Zhang et al., 2004a) suggest a different model of this enzyme’s mode of 

action. Zhang and coworkers (2004a) proposed that the two RNase III domains of Dicer, with one 

cleavage site each, create a single active site by intramolecular dimerization (compare to Figure 7). 

Each domain then cuts a single strand of 

the precursor dsRNA. By offsetting the 

two cutting sites by 2 nt, a terminus with 

a 2-nt 3’ overhang is generated, which is 

characteristic for RNase III enzymes. 

The PAZ domain was found to be able 

to bind single-stranded nucleic acids with 3’ OH-groups or 2-nt nucleic acid 3’ overhangs, both with a 

preference for RNA (Lingel et al., 2003; Song et al., 2003b; Yan et al., 2003; Lingel et al., 2004; Ma et 

al., 2004). Therefore, a combination of RNase III and PAZ in Dicer was suggested to act as molecular 

ruler granting a constant spacing between the cleavage sites in a Dicer-processed dsRNA (Zhang et al., 

2004a). Macrae and coworkers (Macrae et al., 2006) proved this particular hypothesis. 

The overall mode-of-action-theory for Dicer is supported by the observation that Dicer cleaves 

from the ends of dsRNA, producing constant sized siRNAs – in contrast to cutting dsRNA internally 

and producing multiple larger fragments (Zhang et al., 2002; Zhang et al., 2004a; Vermeulen et al., 

2005). The dsRBD of Dicer would fit nicely into this suggested mechanism. It could bind blunt-ended 

dsRNA and thus assist the generation of the first 2-nt 3’ overhang, which is then possible to be bound 

by PAZ (see Collins and Cheng, 2005 and references therein). Finally, the helicase domain of Dicer was 

proposed to unwind complex secondary structures of dsRNA prior to its processing by the 

corresponding RNase III activity (Zhang et al., 2002; Collins and Cheng, 2005). Nevertheless, the actual 

role of the helicase domain of Dicer, its dsRBD along with the function of other domains, like DUF283 

in human Dicer, remains to be explored. 

 
 
 

Fig. 7  Model for Dicer activity essentially following Zhang 
and coworkers (2004a). 
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2.1.2 RISC 

A minimal RISC only consists of the guide sequence of an siRNA and an Argonaute protein (Ago). 

Experiments revealed these two components as sufficient for minimal target mRNA cleavage activity 

(Rand et al., 2004; Rivas et al., 2005), which is often referred to as ‘Slicer activity’. Argonaute, member 

of a protein family that is conserved in most eukaryotic and several prokaryotic genomes, generally 

consists of an N-terminal domain, a PAZ domain, the ‘middle’ lac-Z-like domain and a C-terminal 

PIWI domain (Cerutti et al., 2000; Carmell et al., 2002). While N-terminal, Middle and PIWI domain 

form a bowl-like form with PIWI in the center of it, the PAZ domain is located above this structure 

(Collins and Cheng, 2005). Crystal structure studies of Argonaute family members from the archae 

bacteria Pyrococcus furiosus and Archaeoglobus fulgidus, their PIWI domain respectively, revealed an 

RNase H fold in this particular part of the protein (Parker et al., 2004; Song et al., 2004). RNase H 

endonuclease activity now is characterized by the cleavage of RNA of DNA/RNA duplexes, generating 

5’ phosphate 3’ OH products employing a divalent metal as cofactor (Keck et al., 1998). However, in 

duplexes of short DNA and long RNA 

strands, RNase H is also able to cleave the 

RNA in the center of the DNA 

oligonucleotide – an activity that 

resembles the one of ‘Slicer’ greatly. This 

fact together with other observations and 

crystal structure investigations of 

(ds)RNA-complexed PIWI domains 

(Schwarz et al., 2004; Hammond, 2005; 

Ma et al., 2005a; Parker et al., 2005; Rivas 

et al., 2005) suggested the following 

scenario for the Slicer activity (see Figure 

8): The 5’ phosphate of the siRNA guide 

strand is bound and coordinated in a 

pocket created by PIWI residues twisting 

 
 

 
Fig. 8  Model for Slicer activity of Argonaute in RISC. 

While the 5’ phosphate of the siRNA guide strand 
is bound by the PIWI domain, the 3’ end is 
attached to the PAZ domain. The mRNA is 
cleaved by the RNase H fold of the PIWI domain 
in the middle of the siRNA guide strand. 
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it away from the target mRNA strand. At the same time, the siRNA guide’s 3’ OH is bound by the 

Argonaute’s PAZ domain (Martinez and Tuschl, 2004; Schwarz et al., 2004). The rest of the guide 

siRNA adopts a helical arrangement in a basic channel between the Mid and the PIWI domain and 

follows, after emerging from the cleft of Ago’s bowl-like structure, along the PAZ domain. This allows 

target mRNA recognition and binding over the RNase H site of the protein resulting in the cleavage of 

the mRNA in the middle of the siRNA guide strand as well as a 5’ phosphate and a 3’ OH on the 

remaining RNA pieces (Carmell et al., 2002).  

Interestingly, the number of distinct Argonaute proteins varies in different organisms. This 

phenomenon ranges from only one Ago in Schizosaccharomyces pombe to more than 20 in 

Caenorhabditis elegans. In Arabidobsis thaliana, 10 members were found to exist (Hunter et al., 2003), 

whereas 5 could be identified in Drosophila melanogaster (Williams and Rubin, 2002) and 8 in humans 

(Sasaki et al., 2003). However, most of these proteins are still to be functionally characterized by 

experiments. This is also the case for other identified members of the RISC complex. In Drosophila 

melanogaster for example, such RISC components are the RNA binding protein, the Drosophila 

homolog of the fragile X protein (dFXR), helicase proteins as well as Tudor–SN (Caudy et al., 2002; 

Ishizuka et al., 2002; Caudy et al., 2003). In human biochemical systems, interactions of AGO2/eIF2C2 

(Argonaute2 – the only Argonaute of the closely related human Ago1-Ago4 possessing ‘Slicer’ activity 

(Hammond et al., 2001; Liu et al., 2004; Meister et al., 2004; Okamura et al., 2004; Rand et al., 2004); 

eukaryotic translation initiation factor 2C2) with FMRP (fragile X mental retardation protein – the 

human homologue of dFXR) have been observed (Jin et al., 2004). In this context, Meister and 

coworkers (Meister et al., 2005) also discovered the putative RNA helicase MOV10, and the RNA 

recognition motif-containing protein TNRC6B/KIAA1093. 
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2.1.3 RISC assembly 

The question of how the double-stranded siRNA gets transferred from Dicer to RISC, and directionally 

integrated into the latter complex has been occupying scientists in this field for quite a while. If this 

problem was solved, the rational design of siRNAs would be an easy and save task, preventing time- 

and cost- intensive studies to discover highly functional siRNAs. Several recent experimental findings 

suggest that a complex of Dicer and at least one double-stranded RNA binding protein (TRBP and 

PACT in humans; Chendrimada et al., 2005; Lee et al., 2006b) binds the siRNA directionally 

(Khvorova et al., 2003; Schwarz et al., 2003; Tomari et al., 2004) and assembles with Ago2 (Doi et al., 

2003; Kolb et al., 2005) and possibly other factors. During this process, the passenger strand of the 

siRNA gets cleaved (Matranga et al., 2005; Rand et al., 2005; Leuschner et al., 2006) in an Ago2-

dependent manner (Miyoshi et al., 2005) and most likely discarded. Nevertheless, the detailed 

mechanism of this whole assembly process remains to be determined. 

2.1.4 mRNA degradation 

The mechanism of mRNA degradation after gene silencing by RNAi has only started to be understood. 

However, a recent study by Orban and Izaurralde (2005) in cells of Drosophila melanogaster provided 

key insights into this process. Essentially, they demonstrated that (a) RISC-degraded mRNA is 

processed without further deadenylation and decapping – in contrast to the major mRNA degradation 

pathways (reviewed in Parker and Song, 2004). This would point to a specific mRNA decomposition 

pathway of RNAi. 

Furthermore, they showed that (b) the remaining capped 5’ RNA fragment is degraded by the 

exosome (Orban and Izaurralde, 2005), which is a multimeric protein assembly containing 3’-to-5’ 

exonucleases and known for its role in mRNA decay (reviewed in Parker and Song, 2004). In this 

context, (c) the Ski-complex with its components Ski2p, Ski3p and Ski8p proved essential for this 

particular degradation (Orban and Izaurralde, 2005). Moreover, there were indications, that (d) nonstop 

decay (NSD; a pathway, in which mRNAs without stop codon are degraded) occurs in case of the 

capped 5’ RNA remnant of the RNAi process (Orban and Izaurralde, 2005). Ski7p now, a yeast protein 

that is required for 3’-to-5’ mRNA decay (van Hoof et al., 2000; Araki et al., 2001) and interacting with 
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the exosome and the Ski complex, has been associated with mRNA NSD (van Hoof et al., 2002). 

Taking into account all these facts, Orban and Izaurralde (2005) proposed a model, in which an ortholog 

of this protein links a ribosome (at the 3’ end of nonstop mRNA) with the Ski complex and exosome 

triggering the NSD of the 5’ mRNA piece generated by RISC. 

Finally, Orban and Izaurralde provided evidence that (e) the 3’ fragment of the RISC-degraded 

mRNA is decomposed by means of XRN1 (Orban and Izaurralde, 2005), a 5’-to-3’ exonuclease. XRN1 

localizes in so-called mRNA decay foci or cytoplasmic bodies (Ingelfinger et al., 2002) that are also 

known as P-bodies or GW-bodies – an established place of mRNA degradation (Sheth and Parker, 

2003; Cougot et al., 2004). In addition, there are findings, that Ago2 – one major component of RISC – 

localizes in the cytoplasmic bodies (Liu et al., 2005a; Sen and Blau, 2005). Considering all these results, 

it is likely that Argonaute and possibly other RISC components escorts the 3’ mRNA fragment to the 

cytoplasmic bodies, where their degradation takes place. 

2.2 RNAi in mammalian cells 

Even though RNAi is an overall well conserved mechanism in higher eukaryotes, there are small 

differences in this pathway among organisms of distinct evolutionary levels. Consequently, before 

employing RNAi as research tool and considering it as potential therapeutic treatment for human kind, it 

is important to know more about its properties in mammals, mammalian cells respectively. 

A key feature of RNAi in mammals is, that only dsRNA < 30 bp, such as synthetic siRNA 

duplexes (Caplen et al., 2001; Elbashir et al., 2001a), can initiate the silencing process. In case longer 

exogenous dsRNA gets introduced into the cytosol of mammalian cells, it turns on a number of 

mechanisms (compare to Figure 9) directed against viral infection – the major natural source of long 

cytosolic dsRNA. Activation of 2’-5’-oligoadenylate synthase as well as PKR (protein kinase R) are 

two well established viral defense mechanisms that are initiated in such a case leading to RNA 

degradation, inhibition of mRNA translation and finally apoptosis (reviewed in Wang and Carmichael, 

2004). Additionally, it is also possible for viral dsRNA to bind to a toll-like receptor (TLR; a family of 

proteins, that recognize macromolecules common to pathogens) and thus initiate the interferon-I (IFN-I) 

system (Takeda and Akira, 2005). Experimental results point to TLR-3 (Sarkar et al., 2004; Takeda and 
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Akira, 2005) as binding partner causing this particular immune response. Moreover, there are 

indications for additional signaling pathways, e.g. involving RIG-1 (retinoic acid-inducible gene; 

Yoneyama et al., 2004), but detailed understanding of their regulation is lacking. Notably, the described 

innate viral defense mechanisms do not exist in evolutionary lower organisms such as Caenorhabditis 

elegans or Drosophila melanogaster. They deal with viruses by means of their RNAi pathway. 

In this context it is worth mentioning that synthetic siRNAs and thus short dsRNAs are also 

able to induce a potent interferon response by means of binding to TLR-7, although in a sequence-

dependent manner (Hornung et al., 2005). 

 
 
 
 

Fig. 9  Schematic overview of mammalian responses to dsRNA in the cytosol besides RNAi. This 
illustration summarizes information and results from various sources (Sarkar et al., 2004; Wang 
and Carmichael, 2004; Hornung et al., 2005; Robbins and Rossi, 2005; Takeda and Akira, 2005). 
dsRNA longer than 70 bp can bind to 2’-5’ oligo adenylate synthase. This again activates RNase 
L leading to RNA degradation in the cytosol. Binding of 30-80 bp long dsRNA to protein kinase 
R (PKR) initiates phosphorilation of several cytosolic factors such as eIF2α (eukaryotic 
transcription initiation factor 2α) and IκB. This process triggers the inhibition of further mRNA 
translation and thus protein production as well as transcription initiation of inflammatory 
cytokines and interferon-I (IFN-I) proteins via translocation of the transcription factor NF-κB to 
the nucleus. Furthermore, long viral dsRNA is recognized by toll-like receptor 3 (TLR-3) 
causing the nuclear translocation of IRF followed by the induction of the IFN-I system. Finally, 
binding of certain siRNA sequences to TLR-7 leads to a potent IFN-I response. Moreover, the 
activation of this receptor is also known to induce the production of inflammatory cytokines. All 
of the here described signaling pathways consist of a multitude of intermediate steps and 
mediating compounds (mostly not displayed in this scheme), which are still not completely 
revealed and understood. (ER = endoplasmatic reticulum; IFN-I = interferon-I; IL = interleukin; 
IRF = interferon regulatory factor(s); seq.-dep. = sequence-dependent; TNF = tumor necrosis 
factor). 
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One could assume that, while exclusively employing synthetic siRNAs to achieve the silencing 

of a specific target gene, Dicer is not necessary to achieve this target. Nevertheless, there are 

observations, that RNAi is less effective in mammalian cells depleted for Dicer (Doi et al., 2003). 

Additionally, there is evidence, that dsRNA, which can be processed by Dicer – short hairpin RNA or 

siRNAs of about 27 nt – represents a clearly more effective RNAi trigger than regular siRNA duplexes 

of 21 nt length (Kim et al., 2005a; Siolas et al., 2005). Therefore, Dicer is bound to play an additional 

role in the RNAi game, which is in agreement with the hypothesis of Dicer being involved in RISC 

assembly (see above). 

In humans and Caenorhabditis elegans only one Dicer enzyme has been identified for dsRNA 

processing (reviewed in Meister and Tuschl, 2004). In contrast, there are several organisms, which 

express more than one Dicer gene (Lee et al., 2004b; Xie et al., 2004). Drosophila melanogaster for 

example, holds two Dicer paralogues: Dicer-1 and Dicer-2 (Lee et al., 2004b). Furthermore, only Ago2 

out of the closely related Ago1-4 displays ‘Slicer’ activity in humans. Ago1, Ago3 and Ago4 also 

associate with dsRNAs, but cannot cleave them (Liu et al., 2004; Meister et al., 2004). Taking into 

account these facts and the sophisticated antiviral response mechanisms in mammals, it is likely that 

their RNAi mechanism remained in a basic state or was optimized for a different assignment (e.g. gene 

regulation by microRNAs; see below). 

Finally, it has to be noted that there is no amplification or spreading of siRNA molecules in 

mammalian cells. Therefore, RNAi effects in mammalian cell systems are only transient and depend on 

the proliferative state of the respective cells as well as the number of siRNA molecules introduced into 

their cytosol (Bartlett and Davis, 2006). Just as Drosophila melanogaster, mammalian species are 

deficient for RNA-dependent RNA polymerases (RDRPs or RDRs) or equivalent enzymes (Schwarz et 

al., 2002; Roignant et al., 2003; Stein et al., 2003). These particular proteins enable e.g. Caenorhabditis 

elegans to amplify and spread the RNAi signal within the organism facilitating a long lasting RNAi 

effect that can be passed on to the offspring (Grishok and Mello, 2002).  
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2.3 Original role of RNAi and closely related mechanisms 

Over the last years, it became evident that various identified gene silencing phenomena in the nematode 

Caenorhabditis elegans, the fruit fly Drosophila melanogaster, as well as plants and fungi share a 

common basic mechanism (Hamilton and Baulcombe, 1999; Schmidt et al., 1999; Catalanotto et al., 

2000; Fagard et al., 2000; Ketting and Plasterk, 2000; Aravin et al., 2001), which was possibly already 

present in the last common ancestor of eukaryotes (Cerutti and Casas-Mollano, 2006). Thus, post-

transcriptional gene silencing (PTGS; de Carvalho et al., 1992), co-suppression (Napoli et al., 1990; van 

der Krol et al., 1990), quelling (Romano and Macino, 1992) and RNAi are all supposed to be variations 

of the same theme: the protection of the own genome against transposable elements and invasive 

nucleic acid parasites such as viruses (Jensen et al., 1999; Ketting et al., 1999; Tabara et al., 1999; 

Voinnet et al., 1999; Mourrain et al., 2000; Wu-Scharf et al., 2000). 

The same purpose underlies some nuclear gene silencing pathways, which are related to RNAi 

by employing essential components of its machinery. RNA-directed DNA methylation (RdDM) for 

example provokes epigenic alterations by means of RNAi machinery located in the nucleus (Zilberman 

et al., 2003; Xie et al., 2004). First observed in plants (Wassenegger et al., 1994), it was found that 

dsRNA homologous to promoter regions can provoke the methylation of cytosines of these sequences 

(Cao et al., 2003; Aufsatz et al., 2004) resulting in relatively specific transcriptional gene silencing 

(Pelissier et al., 1999; Mette et al., 2000; Melquist and Bender, 2003). In human cells however, reports 

on the existence of this type of gene silencing are contradictory (Kawasaki and Taira, 2004; Morris et 

al., 2004; Svoboda et al., 2004) and need to be further explored and clarified. 

The assembly of heterochromatin represents another regulatory pathway in the nucleus, which 

has recently been connected to RNAi. Heterochromatin – in contrast to euchromatin - is a gene-poor, 

cytologically visible but genetically rather inactive component of the nucleus. In many species, it 

surrounds the centromeric region of chromosomes and is also found near telomeres. At the DNA level, 

heterochromatin consists of degenerated retrotransposon sequences, long arrays of simple tandem 

repeats or a combination of the two (Hennig, 1999). Association with a methylated form of histone H3 

and the heterochromatin protein 1 (HP1) are also characteristics for heterochromatic DNA (Bannister et 

al., 2001; Lachner et al., 2001; Muchardt et al., 2002). A whole range of reports indicate small dsRNAs 



THEORETICAL BACKGROUND 

 24

generated by Dicer as trigger molecules that guide methyltransferases to homologous sites in chromatin 

(Volpe et al., 2002; Saffery et al., 2003; Schramke and Allshire, 2003; Zilberman et al., 2003; 

Fukagawa et al., 2004; Lippman et al., 2004; Pal-Bhadra et al., 2004b; Kanellopoulou et al., 2005) – 

regardless if these sites are located in heterochromatic or euchromatic sites of the chromosome. 

Subsequent binding of repressive proteins such as HP1 or the polycomb complex (Pal-Bhadra et al., 

1997; Pal-Bhadra et al., 2002) then leads to limited transcription of the respective DNA. On the other 

hand, a recent study (Wang et al., 2006) suggests that the RNAi machinery is not required for this 

mechanism in mammalian cells. 

Moreover, the elimination of excess DNA has been found to utilize RNAi components. The 

phenomenon, which can be examined in ciliated protozoans during the sexual process of conjugation, is 

proposed to be triggered by micronulcear dsRNA. After Dicer-processing and export to the 

macronucleus, it supposedly directs methyltransferases to complementary DNA sequences. The RNA 

sequences, which cannot find a binding partner there are then assumed to migrate into the developing 

macronucleus and mark complementary sequences for subsequent excision (reviewed by Mochizuki and 

Gorovsky, 2004).  

Finally, a connection between RNAi and meiotic silencing, a process where unpaired DNA is 

silenced during meiosis (Aramayo and Metzenberg, 1996; Shiu et al., 2001), was discovered in 

Neurospora crassa (Shiu et al., 2001; Shiu and Metzenberg, 2002; Lee et al., 2003a). The opposite 

effect, which is called pairing-sensitive silencing, was found in somatic cells of Drosophila 

melanogaster (Kassis, 1994) and as well connected to components of the RNAi machinery (Pal-Bhadra 

et al., 2004a). In this case, homozygous pairing of specific transgenes resulted in decreased expression 

levels in comparison to two scattered, non-allelic positions of the respective gene in the genome. 

Interestingly though, mutations in the relevant RNAi machinery genes ‘piwi’ and ‘homeless’ resulted in 

an increase of the silencing effect rather than a loss of it (Pal-Bhadra et al., 2004a). 

In addition and in contrast to the above described nuclear regulatory processes, the RNAi 

machinery was found to be involved in the endogenous gene regulation pathway mediated by 

microRNAs (miRNAs). miRNAs are ~21 nt long RNA strands that were shown to influence critical 

developmental processes such as embryogenesis, organogenesis or growth (reviewed in Alvarez-Garcia 
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and Miska, 2005; Kidner and Martienssen, 2005). Moreover, misregulation of miRNAs is suspected to 

cause cancerous phenotypes since a large number of cancers display altered miRNA profiles (Lu et al., 

2005) and miRNA overexpression lead to tumor development (He et al., 2005). miRNAs are common in 

worms and fruit flies as well as plants and vertebrates. 

Biogenesis of miRNAs (see Figure 10) is initiated in the nucleus by transcribing non-coding or 

intronic sequences (Rodriguez et al., 2004) by RNA polymerase II (Cai et al., 2004; Lee et al., 2004a; 

Parizotto et al., 2004) resulting in the so-called pri-miRNA. Drosha, another RNase III-like enzyme that 

acts with the dsRBD Pasha, subsequently cuts out an ~70 nt precursor stem-loop structure termed pre-

miRNA (Lee et al., 2002; Lee et al., 2003b; Denli et al., 2004; Gregory et al., 2004; Han et al., 2004; 

Landthaler et al., 2004; Zeng and Cullen, 2005; Zeng et al., 2005). After that, the hairpin-like RNA is 

specifically recognized and exported to the cytosol by means of Exportin-5 (Yi et al., 2003; Bohnsack et 

al., 2004; Lund et al., 2004; Zeng and Cullen, 2004), which was recently also shown to be essential for 

the RNAi mechanism (Ohrt et al., 2006). In the cytosol, Dicer processes the pre-miRNA (Grishok et al., 

2001; Hutvagner et al., 2001; Lee et al., 2004b; Xie et al., 2004), just like other dsRNAs, to intermediate 

 
 

Fig. 10  Scheme of miRNA biogenesis and function. See text for detailed explanation. 
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duplex molecules of ~21 nt, which usually contain some mismatches. Subsequently, the mature single 

stranded miRNAs can be detected in multi-protein complexes called miRNPs (miRNA-containing 

ribonucleoprotein complex; Mourelatos et al., 2002). These greatly resemble RISCs in composition as 

well as function. miRNPs are then guided by their internal miRNAs to partially or fully complementary 

mRNA sequences. Once Watson-Crick base pairings are formed, the miRNAs trigger either the 

degradation of the respective mRNA or the inhibition of its translation. The latter process is connected 

to cytosolic P-bodies (Liu et al., 2005a; Pillai et al., 2005; Sen and Blau, 2005). However, it is not clear 

yet whether Ago proteins and miRNAs found in these RNA-rich structures are cause or consequence of 

the translational repression mediated by miRNAs (reviewed in Pillai, 2005). 

In plants, miRNAs normally bind to a single, perfectly complementary site of target mRNA in 

either the coding or the 3’ untranslated region (3’ UTR) (Rhoades et al., 2002). In contrast, animal 

miRNAs were found to mostly bind to multiple sites in the 3’ UTRs of mRNAs, which are only 

partially complementary. Hereby, nucleotides 2-8 in the 5’ region of the mature miRNAs – the so-called 

‘seed region’ – normally represent the core recognition sequence (Lewis et al., 2003; Brennecke et al., 

2005; Lai et al., 2005; Lewis et al., 2005; Xie et al., 2005). Until recently it was assumed that the fate of 

an mRNA after binding to an miRNP was programmed by how many of its bases pair with the miRNA. 

If only the seed region was bound, translation would be repressed but the message would not be 

eliminated (Reinhart et al., 2000; Brennecke et al., 2003; Zeng et al., 2003). On the other hand, if 

miRNA and mRNA were perfectly complementary, the mRNA would be degraded (Yekta et al., 2004). 

Recent results however show that the picture is not that clear (reviewed in Du and Zamore, 2005; Pillai, 

2005). Thus, many questions about the exact regulation, course and components of the miRNA pathway 

remain unanswered for now. Nevertheless, it became evident that this endogenous regulatory 

mechanism is an extremely important process, which may control as many as one third (Lewis et al., 

2005; Xie et al., 2005) of protein-coding genes in man. 

Taken together, major components of the RNAi machinery were found to be involved in a 

variety of different transcriptional and post-transcriptional silencing processes. It can even be assumed 

that mammalian organisms only maintained and refined the RNAi machinery to fine-tune gene 

expression in the cell, since they possess alternative viral defense mechanisms (see above). But are 
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these processes somehow connected? How does the RNAi machinery differentiate e.g. between the 

signals for RdDM and the assembly of heterochromatin? And when do miRNAs trigger mRNA 

degradation and when only translational repression? These and many more questions remain to be 

answered. Finally, it is important to remember that there are mechanisms for gene silencing via 

heterochromatin formation and DNA methylation in RNAi-enabled organisms, which are not connected 

with it (Tamaru and Selker, 2003; Chicas et al., 2004; Freitag et al., 2004; Jia et al., 2004; Goll and 

Bestor, 2005). 

2.4 Current role of RNAi in research 

Employment of RNAi in research offers the possibility of performing reverse genetic studies: By 

disrupting expression of a specific gene, conclusions on its function can be drawn. Therefore, right after 

its discovery, RNAi was used to specifically silence certain genes in Drosophila melanogaster 

(Kennerdell and Carthew, 1998; Misquitta and Paterson, 1999) and Caenorhabditis elegans (Powers et 

al., 1998) to determine and confirm their function in a fast and straight-forward manner. Particularly the 

latter organism is extremely advantageous for RNAi approaches, since the delivery of dsRNA can be as 

simple as soaking the worms in dsRNA solution (Tabara et al., 1998) or feeding them with bacteria 

expressing dsRNA (Timmons and Fire, 1998). In addition, the RNAi effect spreads systemically in it 

and is transmittable to the offspring (see above; Grishok et al., 2000). Consequently, the physiological 

impact of a target gene can be observed throughout the whole development of this model organism. 

In mammalian cell systems, RNAi experiments are normally carried out by transfection / 

electroporation of synthetically (Caplen et al., 2001; Elbashir et al., 2001a) or enzymatically (Myers et 

al., 2003; Hagerkvist et al., 2005) generated siRNAs as well as by the introduction of vector-based 

systems into the cells (Brummelkamp et al., 2002a; Brummelkamp et al., 2002b; Paddison et al., 2002; 

Paul et al., 2002; Scherr et al., 2003). After entering and often under the regulation of the polymerase III 

promoters U6 or H1, such vectors (plasmids or viruses) express RNA strands that hybridize with 

themselves to form a hairpin-like structure. The resulting short hairpin RNAs (shRNAs; Paddison et al., 

2002) are then processed by Dicer and provoke an RNAi effect just like siRNAs. Vector-based RNAi 

approaches provide the advantage of initiating a prolonged silencing effect in mammalian cells in 
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comparison to siRNAs, since in this case shRNAs are produced continuously. Alternatively, more 

recently developed viral vector systems hold the option of inducible shRNA expression, that can be 

‘switched on‘ e.g. by administration of chemical inducer such as doxycycline (Amar et al., 2006; 

Westerhout et al., 2006; Yu and McMahon, 2006). In addition, viral vectors are able to infect even 

primary cells (Stewart et al., 2003; Kao et al., 2004; Krick et al., 2005) and embryonic stem cells 

(Hoelters et al., 2005; Ikeda et al., 2005), facilitating reverse genetic analysis in challenging systems. 

Testing of single gene functions by RNAi-mediated silencing was soon extended to high-

throughput genome-wide approaches in whole organisms as well as cells (reviewed in Carpenter and 

Sabatini, 2004). Such large-scale RNAi screens employing siRNA and vector libraries have already lead 

to important findings including the identification of so-far unknown genes involved in NF-κB signaling 

(Lassus et al., 2002; Zheng et al., 2004), the p53 pathway (Martinez et al., 2002b; Berns et al., 2004; 

Lettre et al., 2004) and apoptosis (Aza-Blanc et al., 2003; Miyagishi et al., 2004). Furthermore, they are 

used for target identification and validation in drug discovery processes (reviewed in Chatterjee-Kishore 

and Miller, 2005). However, the experiments still suffer from insufficient knowledge about the design 

of effective and specific siRNA and shRNA sequences. False negative (e.g. inefficient sequence) as 

well as false positive (e.g. off-target effect) results can be provoked by inappropriate RNA trigger-

molecules. Some rules for the rational design of siRNAs were revealed (Khvorova et al., 2003; Schwarz 

et al., 2003; Hsieh et al., 2004; Reynolds et al., 2004), but it is still necessary to evaluate 2 to 5 

molecules for their effectiveness in mammalian systems. To circumvent this obstacle, siRNA libraries 

for large-scale screening contain at least two different siRNA sequences for targeting the same gene 

(Hsieh et al., 2004). 

A promising method in the high-throughput analysis of gene function is the RNAi cell 

microarray principle (reviewed by Vanhecke and Janitz, 2005; Wheeler et al., 2005). Hereby, various 

siRNAs / shRNA vectors in combination with transfection reagents are spotted on glass slides and 

covered with a dense cell layer. Cells in contact with siRNAs get transfected (reverse transfection) and 

mostly display the desired RNAi effect. The slides can then be analyzed further, e.g. by 

immunochemical or staining procedures. 
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Finally, RNAi is used for in vivo reverse genetic studies in mammals. To start with, infection of 

embryonic stem cells or eight-cell embryos with an shRNA-expressing virus (e.g. lenti- or adenovirus) 

can create animals, in which the targeted gene is permanently silenced (Lois et al., 2002; Rubinson et 

al., 2003; Tiscornia et al., 2003). This represents an alternative to the extremely time-consuming and 

labor-intense breeding of knockout animals. In addition, delivery of siRNAs eg. to the lung via 

intranasal administration (Zhang et al., 2004b) or to the liver, among others, via high-pressure, high-

volume intravenous injection (‘hydrodynamic delivery’; Lewis et al., 2002; McCaffrey et al., 2002; 

Song et al., 2003a) can provoke target gene knockdowns (for a review of in vivo RNAi experiments see 

Aigner, 2006). 

It has to be noted, that RNAi is generally only able to knock down a specific target rather than 

to completely knock it out. The degree of down-regulation depends on the employed siRNA / shRNA 

sequence. This can be of advantage, if the analysis of a whole range of phenotypes due to different 

expression levels is desired (Hemann et al., 2003). However, if a complete removal of the gene function 

is intended, knockout of the target still remains the gold standard. 

2.5 Potential of RNAi for therapeutic approaches 

Once RNAi could be initiated in mammalian cells, the possibility of employing this mechanism for 

human therapy emerged. The advantages of this approach are apparent: The specific and thus 

controllable knockdown of a gene by siRNAs is more potent and versatile than antisense or ribozyme 

(see Akashi et al., 2005 and references therein) approaches. With careful siRNA / shRNA design, single 

genes or even single alleles (single allele silencing has already been displayed, e.g. by Ding et al., 2003; 

Gonzalez-Alegre et al., 2003; Miller et al., 2003) can be silenced as well as whole gene families. 

Simultaneous silencing of several non-related targets within one treatment is also feasible. Moreover, 

RNAi-connected gene therapy approaches utilizing shRNA-producing viral vectors are as conceivable 

as the use of siRNAs as small molecule drugs.  

However, there are several obstacles to overcome before routinely taking advantage of this 

endogenous mechanism in human therapy. The first and probably predominant problem is the delivery 

of siRNAs into the cytosol of target cells. In contrast to worm and fly cells (Tabara et al., 1998; Boutros 



THEORETICAL BACKGROUND 

 30

et al., 2004), almost all mammalian cells do not efficiently take up siRNAs – even those performing 

endocytosis like macrophages and dendritic cells. Nevertheless, there is evidence that cells of mucosal 

tissues such as lung and vagina represent exceptions to this rule (Zhang et al., 2004b; Bitko et al., 2005; 

Palliser et al., 2006). A multitude of strategies has been developed to improve the siRNA uptake of 

mammalian cells. This included complexing the duplexes with cationic lipids or polyethylenimines 

(PEIs; both used for in vitro transfection) as well as atelocollagen or linking them e.g. to cholesterol 

(Lorenz et al., 2004; Minakuchi et al., 2004; Zhang et al., 2004b; Urban-Klein et al., 2005; Santel et al., 

2006; Zimmermann et al., 2006). Moreover, cationic peptides might be mixed with siRNAs to function 

correspondingly (Simeoni et al., 2003). Interestingly, a recent study also found the osmotic delivery of 

siRNAs to immune cells to be a valueable tool for the initiation of the RNAi effect (Aoki et al., 2006). 

Electrical stimulation / electroporation (Kishida et al., 2004; Matsuda and Cepko, 2004; Golzio 

et al., 2005; Takabatake et al., 2005) as well as localized hydrodynamic delivery (Hagstrom et al., 2004; 

Hamar et al., 2004) have been employed successfully in vivo and should thus be considered to assist 

efficient local siRNA delivery. Yet, regular local administration such as injection also seems to work in 

several cases such as subcutaneous tumors (Takei et al., 2004; Yano et al., 2004) and eye therapy (Reich 

et al., 2003; Kim et al., 2004a; Tolentino et al., 2004). In contrast, the systemic delivery of RNAi 

effector molecules in vivo by means of the blood stream is disproportionately harder to achieve if viral 

vectors, which in general still need to be refined for human therapy, are not considered. In this case, the 

biggest issue is the problem of an extremely short half-life of siRNAs in vivo predominantly caused by 

kidney filtration or endogenous serum RNAses. Besides complexing the siRNAs or incorporating them 

into different particle types, which circumvents renal filtration, several modifications on the sugar 

backbone of the siRNAs themselves were found to prolong their half-life (Choung et al., 2006; Dande et 

al., 2006; Dowler et al., 2006; Kraynack and Baker, 2006; Prakash et al., 2006) or to even create fully 

functional single-stranded siRNAs (Hall et al., 2006). On top of that, antibody-mediated systemic 

delivery of siRNAs was proven to be feasible and target-specific (Song et al., 2005; Pirollo et al., 2006). 

A very different approach to induce the RNAi effect was taken by Xiang and coworkers (2006): 

they developed a specific shRNA-expressing, non-pathogenic Escherichia coli bacterium and treated 

mice by oral or intravenous administration of these procaryotes. The study found specific gene silencing 
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in the murine intestinal epithelium and in human colon cancer xenografts and thus provided a novel 

method of non-viral vector-mediated gene silencing in mammals. 

The excitement about the fast and relatively straight-forward development towards RNAi 

therapy is enormous. One reason for this is that particularly ‘non-drugable’ diseases like cancer, viral 

infections (e.g. HIV and hepatitis viruses) or neurological diseases such as amyotrophic lateral sclerosis 

(ALS) are possibly treatable by RNAi (reviewed in Uprichard, 2005; Dykxhoorn et al., 2006). 

Nevertheless, it has to be cautioned that there are still some safety issues to be considered and 

overcome. Most importantly, there are reports on off-target (down-regulation of non-target genes; 

Jackson et al., 2003; Saxena et al., 2003) as well as non-specific (interferon response – compare to 

Figure 9; Bridge et al., 2003; Sledz et al., 2003; Kariko et al., 2004; Hornung et al., 2005; Judge et al., 

2005) effects due to siRNA introduction into cells, which are concerning. Cationic lipids and phage 

polymerase generated siRNAs were found to cause some of the non-specific effects (Kim et al., 2004b; 

Ma et al., 2005b), while others were shown to be sequence dependent (Hornung et al., 2005; Judge et 

al., 2005; Sioud, 2005). In addition, off-target effects were found to be caused by certain sequences 

(Birmingham et al., 2006; Fedorov et al., 2006), but could be avoided or at least be reduced by chemical 

modification of the siRNA in use (Fedorov et al., 2006; Jackson et al., 2006). Therefore, careful siRNA 

design along with extensive empirical tests of every single sequence and all delivery methods are still 

mandatory to circumvent avoidable risks. In addition, the natural properties of gene silencing by RNAi 

with incomplete target inhibition and an only transient effect emphasize the need for intense 

investigations.  

Another safety concern is that when large amounts of siRNAs are introduced into cells, they 

might occupy all of the available RNAi machinery (Bitko et al., 2005). This could be the case if several 

genes were targeted simultaneously. Thus, Dicer and RISC might not be able to fulfill their natural 

assignment of gene regulation by miRNAs anymore, resulting in yet unpredictable consequences such 

as cancerous phenotypes (see above). Therefore, careful dosage studies have to be carried out to use as 

little siRNAs as possible, though this is likely to depend on the individual. 

RNAi gene therapy mediated by viral vectors is still discussed controversely, because each kind 

of viral vector holds a whole set of different risks (Tomanin and Scarpa, 2004). However, if the gain in 
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health due to such treatment weighs out potential disadvantages, it should still be considered for 

systemic shRNA delivery. 

In conclusion, RNAi represents a promising new therapeutic strategy; although right at the 

moment its applicability and potential success greatly depend on the targeted disease itself, the 

existence of an effective siRNA and the target tissue or organ. In this context, ocular diseases such as 

age-related macular degeneration (AMD) or diabetic retinopathy of the eye represent uncomplicated 

target diseases, since subretinal injection of siRNAs is easy to carry out and finding an effective siRNA 

is only a question of time. Thus, the RNAi therapy approach evolved quickly in this particular case and 

AMD patients have already been treated with siRNAs in a phase I clinical trial. The respective results 

are promising (Whelan, 2005). Findings and conclusions from this and coming studies (e.g. treatment of 

respiratory syncitial virus infection will supposedly be started in the first half of 2006 by Alnylam, 

Cambridge, MA, USA) as well as from experiments with non-human primates (Zimmermann et al., 

2006) are invaluable for similar future investigations and will determine the applicability of RNAi as 

novel therapeutic strategy. 
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EXPERIMENTAL PART 

The experimental part of the present thesis consists, as indicated before, of two parts. First, the 

characterization of novel fluorescent substrates for sEH and the connected development of two potent 

inhibitor assay systems are presented. After that, experiments intended to post-transcriptionally silence 

sEH by RNAi as well as their respective outcome are reported. 

1 Development of two novel fluorescence-based assay systems for sEH inhibitors 

1.1 Introduction and objective 

Over the past few years the interest in chemical inhibitors of sEH increased due to their possible 

role in the treatment of inflammation, hypertension and renal damage caused by hypertension (Yu et al., 

2000; Imig et al., 2002; Zhao et al., 2004; Imig et al., 2005; Schmelzer et al., 2005; Smith et al., 2005). 

Highly potent and selective inhibitors for sEH have been developed (Morisseau et al., 1999; Nakagawa 

et al., 2000; Morisseau et al., 2002; McElroy et al., 2003; Kim et al., 2004c; Kim et al., 2005b) and used 

to describe the biology associated with sEH (Morisseau and Hammock, 2005). While medicinal 

chemistry approaches were employed to increase their inhibitory activity and solubility (McElroy et al., 

2003; Kim et al., 2004c; Kim et al., 2005b), the latest reported compounds still do not possess physical 

properties to produce a successful pharmaceutical (Lipinski et al., 2001). For example, the sEH inhibitor 

AUDA (12-(3-adamantane-1-yl-ureido)-dodecanoic acid) is only 30% orally available and thus can only 

work with careful formulation. This is, in part, due to suboptimal pharmacokinetic properties (Watanabe 

et al., 2006). Therefore, while urea-based compounds are good sEH inhibitors in vitro and valuable 

experimental tools, they should be improved toward higher biological availability and stability for 

future in vivo drugs that can be administered orally with simple formulations. Consequently, there is 

need for novel sEH inhibitor structures and optimized urea, amide and carbamate inhibitors. This fact 

will require screening of large compound libraries on one hand, as well as rational improvements of 

known structures – perhaps in combination with combinatorial chemistry and thus large numbers of 

molecules to test – on the other. 
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To select structures leading to potent sEH inhibitors, it is necessary to have robust and sensitive 

enzymatic screening tools in hand. A rapid kinetic spectrophotometric assay employing recombinant 

sEH and carried out in 96-well microtiter plates was used to develop the first generation of sEH 

inhibitors (Dietze et al., 1994; Morisseau et al., 1999). However, this assay was not sensitive enough to 

distinguish among the best compounds based on their IC50 values (Kim et al., 2004c; Kim et al., 2005b) 

and therefore will be of little use in the quest for enhanced inhibitory molecules. Moreover, the aqueous 

instability of this photometric substrate (4-nitrophenyl-trans-2,3-epoxy-3-phenylpropyl carbonate or 

NEPC; Dietze et al., 1994) requires short incubation time and it can thus not be employed in long-term 

assay systems as often in use for screening large compound libraries (Davydov et al., 2004; Soriano et 

al., 2006). Besides the photometric inhibitor test system, several sensitive radiochemical and 

chromatographic assays have been developed (Borhan et al., 1995). Unfortunately though, they are too 

slow, costly and labour intensive to screen larger amounts of compounds. 

In summary, to discover new and optimize known inhibitory structures of sEH, novel enzymatic 

screening tools for sEH inhibitors were required. Ideally, there should be two new assay systems: (a) 

one, which would be fast and effortless in execution as well as more sensitive than NEPC to separate 

the most potent sEH inhibitors by their IC50s and (b) one, which could be used for screening large 

compound libraries to find new inhibitory structures in a high-throughput manner. In order to develop 

these systems, a series of novel fluorescent substrates for sEH (see Figure 11) were designed, 

synthesized and kindly provided by Dr. Paul D. Jones. In this study, these compounds were examined 

for their aqueous solubility and stability as well as for kinetic properties in combination with several 

recombinant sEHs. By means of this acquired knowledge, suitable substrates for the intended assays 

were selected and the corresponding assay conditions were optimized. Finally, the newly developed 

tests to determine potent sEH inhibitors were validated and a possible stop solution for the high-

throughput screen assay was investigated. 
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1.2 Reaction mechanism and synthetic properties of fluorescent sEH substrates 

α-Cyanoesters and -ethers are basically non-fluorescent. Yet the cleavage of these molecules by 

esterases and P450s, respectively, can result in the formation of highly fluorescent aldehydes (Shan and 

Hammock, 2001; Wheelock et al., 2003; Zhang et al., 2003; Huang et al., 2005a; Huang et al., 2005b; 

Kang et al., 2005; Huang et al., 2006). The novel substrates for sEH shown in Figure 11 consist of α-

cyanoester and α-cyanocarbonate epoxides. They were designed to follow the same mechanistic 

degradation pathway as reported by Dietze et al. (1994) for NEPC. However, in this case 6-methoxy-2-

naphthaldehyde, which is characterized by a large Stokes’ shift (Shan and Hammock, 2001), was 

selected as reporter molecule (Jones et al., 2005) in analogy to the above mentioned substrates for 

esterases and P450s. 

In brief, NEPC as well as the new fluorescent substrates are hydrolyzed by sEH resulting in 

their corresponding diols. The reaction is followed by a consecutive intramolecular cyclization of the 

compounds. In case of NEPC, this leads to the release of 4-nitrophenol, which is utilized as a 

spectrophotometric reporter molecule. On the other hand, cleavage of the novel fluorescent substrates 

 
 

Fig. 11  Novel fluorescent substrates for sEH. All compounds have the chemical motive 1 
in common while various ester or carbonate groups holding an epoxide each 
complete the structures (2 through 9). These variable molecule parts are positioned 
at the ‘R’ moiety of the basic structure. (R = rest) 
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causes the liberation of a cyanohydrin, which – under basic conditions – very rapidly decays to the 

highly fluorescent 6-methoxy-2-naphthaldehyde (see Figure 12). 

 
 

The fluorescent substrates of the present study were produced in a racemic synthesis (Jones et 

al., 2005), since it has been reported previously that only little difference can be observed between (+)-

NEPC and (-)-NEPC (Dietze et al., 1994). Furthermore, due to the lack of enantiomeric preference of 

mammalian sEH, only trans-epoxides were included in this study (Jones et al., 2005)  

1.3 Materials and methods 

1.3.1 Chemicals and reagents 

Chemicals and reagents were purchased from Sigma Chemical (St. Louis, MO, USA) unless otherwise 

indicated. The solvents 1-propanol, 2-propanol, acetonitrile, dioxane, dimethyl formamide (DMF), 

DMSO, tetrahydrofuran (THF), ethanol (95%) and methanol as well as hydrogen peroxide, hydrochloric 

acid and 2-[bis(2-hydroxyethyl)amino]-2(hydroxy-methyl)-1,3-propanediol (BisTris) were obtained 

from Fisher Scientific Co. (Pittsburgh, PA, USA). One hundred percent ethanol was acquired from Gold 

Shield Chemical Co. (Hayward, CA, USA). All of the substances were of at least enzymatic grade. 6-

Methoxy-2-naphthaldehyde was purchased from Avocado Research Chemicals (Heysham, UK). 

 
 

 

 
 
 

Fig. 12  Reaction mechanism of novel fluorescent substrates for sEH - ester 3 serves as example. 
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Fluorescent substrates for sEH were synthesized as described in Jones et al. (2005) and, while not in use, 

stored as 100x dimethyl sulfoxide (DMSO) stocks at -20°C.  

1.3.2 Enzymes 

Recombinant sEH from human (Beetham et al., 1993), mouse (Grant et al., 1993), rat (Knehr et al., 

1993), potato (Stapleton et al., 1994) and mouse-eared cress (Kiyosue et al., 1994) were kindly provided 

by Dr. Christophe Morisseau. They were produced in a baculovirus expression system and purified by 

affinity chromatography as previously described (Wixtrom et al., 1988; Morisseau et al., 2000). Enzyme 

preparations were at least 97% pure as confirmed by SDS-PAGE and scanning densitometry. Esterase 

or glutathione S-transferase activities, which may interfere with sEH assays of the present study, could 

not be detected. Protein concentrations of the recombinant sEH preparations were determined by BCA 

assay using albumin standard for calibration (both products from Pierce, Rockford, IL, USA). Porcine 

liver esterase was purchased from Sigma Chemical (St. Louis, MO; USA). 

1.3.3 Buffer 

The buffer utilized in this enzymological study was BisTris with an ionic strength of 25 mM, 

supplemented with 0.1 mg bovine serum albumin (BSA) fraction V per ml of buffer and prepared with 

water filtered through a MilliQ reagent water system (Millipore Corp., Bedford, MA, USA). Since the 

buffer was employed at different pHs, pH-adjustment with HCl was required.  

1.3.4 Standardization curves 

Fluorescence and absorbance are determined in relative fluorescence units (RFU) and optical density 

(OD), respectively. Thus for quantification purposes, standardization curves – acquired under the 

respective assay conditions – were necessary to convert the obtained values into moles of fluorophore 

and moles of chromophore, respectively. 

For this purpose, stock solutions of the fluorescent reporter molecule 6-methoxy-2-

naphthaldehyde in dimethyl sulfoxide (DMSO) were prepared at known concentrations (0.01 – 10 mM) 

and diluted (ratio 1:25 v/v) with buffer (pH 6.5, 7.0, 7.5 and 8.0). Subsequently, 50 µl of these mixtures 
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were added to 150 µl of the same buffer in a black 96-well polystyrene microtiter plate (Greiner Bio-

One, Longwood, FL, USA). Thus, final assay volume was 200 µl, DMSO concentration was 1% (v/v) 

and final concentrations of the reporter molecule ranged between 0.1 and 100 µM. 

Fluorescence measurements were carried out with two different fluorescence plate readers, 

because the two assay systems were developed employing two separate machines. The settings of the 

SpectraFluor Plus plate reader (Tecan, Research Triangle Park, NC, USA) were the following: 

excitation wavelength 330 nm (band width = 20 nm), emission wavelength 465 nm (band width = 20 

nm), manual gain 60, integration time 40 µs, number of flashes 3, and temperature 30°C. The 

SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA) had the following setup: 

excitation wavelength 316 nm, emission wavelength 460 nm (cutoff 455 nm), 3 reads per well. In this 

case, fluorescence readings were acquired at room temperature which was 23 ± 2°C. 

A similar experiment was carried out for the colorimetric reporter molecule of NEPC, 4-

nitrophenol. Stock solutions of this chemical at known concentrations were prepared in 100% ethanol, 

diluted (1:12.5 and 1:25 v/v) with buffer at pH 7.0 and added to the same buffer in a clear polystyrene 

96-well plate (ThermoLabsystems, Franklin, MA, USA) as already described. This resulted in final 

ethanol concentrations of 2% and 1% as well as to 4-nitrophenol concentrations of 0.2-200 µM and 0.1-

100 µM. Absorbance measurements were taken with the SpectraMax 340PC348 microplate 

spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 405 nm and 30°C.  

Correlations between moles of 6-methoxy-2-naphthaldehyde and RFU as well as 4-nitrophenol 

quantity and OD were calculated by linear regression using Origin 6.1 (Microsoft, Redmond, WA, 

USA). Measurements were carried out in at least three replicates and linear regression was performed 

with at least five datum points resulting in correlation coefficients of at least 0.97.  

1.3.5 Determination of aqueous solubility 

Fluorescent substrates were observed to display low solubility in aqueous solutions. Therefore, their 

apparent limit of solubility (LS) was determined experimentally. DMSO stock solutions of compounds 

2 through 9 were prepared at the following concentrations: 10, 7.5, 5, 2.5, 1.5, 1.0, 0.75, 0.5, 0.25, 0.1 

and 0.05 mM. First, these solutions were diluted 1:25 (v/v) in buffer (pH 7.0). Then 50 µl of the 
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resulting mixtures were added in triplicate to 150 µl of the buffer in a clear 96-well styrene flat-bottom 

microtiter plate (ThermoLabsystems, Franklin, MA, USA; final DMSO stock concentration in assay 

volume was 1%). Insolubility of the substrates was indicated by the increase in turbidity in aqueous 

solution and determined by measuring absorbance at 800 nm using a SpectraMax 340PC384 microplate 

spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 30°C. 

1.3.6 Determination of aqueous stability 

One mM stock solutions of all fluorescent substrates were prepared in DMSO and diluted 1:25 (v/v) in 

buffer (pH 6.5, 7.0, 7.5 and 8.0). Fifty µl of these mixtures were then added to 150 µl of the same buffer 

in a black 96-well microtiter plate (Greiner Bio-One, Longwood, FL, USA). The hydrolysis of the 

substrates was recorded using a SpectraFluor Plus fluorescence plate reader (Tecan, Research Triangle 

Park, NC, USA) by measuring the fluorescence signal of 6-methoxy-2-naphthaldehyde for 10 min every 

30 s at 30°C employing the above mentioned settings. To test aqueous stability for pH dependency at 

pH 6.5, 7.0, 7.5 and 8.0, measurements were taken in triplicate. Assays to assess the hydrolysis rates of 

the different substrates at pH 7.0 were conducted in at least thirty replicates. In both cases, rates of 

hydrolysis were determined by linear regression analysis of the linear part of each hydrolysis graph. 

Additionally, an experiment to directly compare aqueous stability of NEPC and one of the less 

stable fluorescent substrates was performed. For this purpose, 2.5 and 2.0 mM solutions of NEPC in 

100% ethanol as well as 2.0 and 0.5 mM stocks of compound 7 in DMSO were produced and diluted as 

described above. Exception here was the 2.5 mM stock solution of NEPC, which was diluted first 1:12.5 

(v/v) to achieve inhibitor assay conditions. In this case, the final solvent content was 2%. Experiments 

to determine the aqueous stability of NEPC were performed in clear polystyrene 96-well microtiter 

plates (ThermoLabsystems, Franklin, MA, USA). Absorbance readings were carried out at 405 nm in a 

SpectraMax 340PC384 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) for 10 

min every 30 s at 30°C. 6-methoxy-2-naphthaldehyde appearance was monitored for 10 min every 30 s 

with a SpectraFluor Plus plate reader (Tecan, Research Triangle Park, NC, USA) as already explained. 

Hydrolysis rates were again determined by linear regression. 
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1.3.7 Determination of specific activity 

One millimolar fluorescent substrate stock solutions in DMSO were pre-diluted as described above and 

50 µl of the resulting mixture was added to 150 µl of previously incubated (5 min at 30°C) enzyme 

solution in a black 96-well microtiter plate (Greiner Bio-One, Longwood, FL, USA; [S]final = 10 µM). 

Enzyme solutions consisted of purified recombinant sEH from cress, potato, rat, mouse or human sEH 

as well as porcine liver esterase in buffer (pH 7.0) at various quantities (human sEH: 0-1.2 µg/well, 

mouse sEH: 0-3.6 µg/well, rat sEH: 0-1.7 µg/well, cress sEH: 0-3.5 µg/well, potato sEH: 0-0.8 µg/well, 

porcine liver esterase: 0-0.3 µg/well). Subsequently, appearance of the fluorescent reporter molecule 

was monitored using a SpectraFluor Plus fluorescence plate reader (Tecan, Research Triangle Park, NC, 

USA) and the corresponding settings. Measurements were performed for at least 10 min every 30 s at 

30°C. These tests were carried out in triplicate at least. 

Initial velocities of substrate turnover were determined by linear regression and only further 

considered if r2 was > 0.9. Mean velocities, corrected for the respective mean background hydrolysis 

rates (reaction without enzyme, carried out in at least fifteen replicates), were then plotted versus the 

corresponding protein concentrations. Specific enzyme activities were determined by linear regression 

of the linear portion of these curves containing at least four datum points. Exceptions were specific 

activities of potato sEH and porcine liver esterase for compound 6. For the plant enzyme, substrate 

turnover above background was only significant for the three highest protein concentrations (in this case, 

r2 values were not considered). Thus, specific activity determination could only be conducted with three 

datum points. In case of porcine liver esterase, only initial velocities of the three lowest enzyme 

concentrations were taken into account for linear regression analysis, due to the obviously non-linear 

tendency of the remaining datum points. 

1.3.8 Determination of Km, Vmax and kcat 

The assays to determine the Michaelis-Menten parameters Vmax and Km were carried out similar to the 

determination of specific enzyme activity. However, instead of varying the enzyme concentration per 

well, these were kept constant (cf. Table 1 for final enzyme concentrations) and substrate concentrations 

were varied. Therefore, substrate stock solutions were prepared in DMSO and pre-diluted as described 
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above. Fifty µl of these solutions were then added to 150 µl of pre-incubated (5 min at 30°C) enzyme-

buffer (pH 7.0) mixtures in black 96-well polystyrene plates (Greiner Bio-One, Longwood, FL, USA) in 

at least triplicate. Final substrate concentrations were 25, 15, 10, 7.5, 5, 2.5, 1, and 0.5 µM. 

Fluorescence measurements were taken every 30 s for 10 min with a SpectraFluor Plus plate reader 

(Tecan, Research Triangle Park, NC, USA) and the described settings. 

 

Table 1  Final enzyme concentrations employed in the determination of the Michaelis-
Menten parameters. [E]final in nM. 

 

 

 Human sEH Mouse sEH Rat sEH Cress sEH Potato sEH 

2 9.4  11.5 27.3 48.9 37.9  

3 2.8  6.9 5.5 6.5 9.1  

4 9.4  16.4 27.3 16.3 37.9  

5 2.8  6.9 9.1 10.9 37.9  

6 141.7  345.3 273.4 326.0 227.3  

7 2.8  6.9 20.5 24.4 37.9  

8 5.7  13.8 8.2 48.9 11.4  

9 5.7  13.8 8.2 4.9 4.5  

 

Initial velocities (υ) of the 6-methoxy-2-naphthaldehyde appearance were determined by linear 

regression analysis and only considered if r2 > 0.9. Exception here were reactions of potato sEH with 

compound 3, in which case velocities with r2 values of greater than 0.85 were taken into account as well. 

Resulting velocities of corresponding reactions were then, corrected for self-hydrolysis rates, averaged 

and plotted as 1/υ versus 1/[S]final. Subsequently, linear regression analysis was performed with at least 

four datum points, resulting in Km/Vmax values that represent the slopes of the obtained lines. 

Additionally, the specificity constants for all substrate-enzyme combinations were obtained by applying 

the following formula: 

 

 

 

 reaction ofamount protein 

1-
maxm

mcat
60)  /V(K   /Kk ×

=  
 kcat/Km in s-1 µM-1 
 Km/Vmax in nmol/min 
 protein amount in nmol 
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1.3.9 Optimization of detection of 6-methoxy-2-naphthaldehyde 

The subsequently described long-term assay system, intended for high-throughput screens of large 

compound libraries, was intended to be conducted at room temperature and measurements were 

intended to be taken with a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA, USA). 

This prerequisite and the option of this particular machine to scan fluorescent spectra suggested the new 

determination of excitation and emission maxima of 6-methoxy-2-naphthaldehyde under assay 

conditions. Therefore, 200 µl of a 10 µM 6-methoxy-2-naphthaldehyde solution in buffer (pH 7.0, 

including 1% (v/v) DMSO) were added to a black polystyrene 96-well microtiter plate (Greiner Bio-

One, Longwood, FL, USA) in five replicates. The excitation and emission spectra scans were conducted 

in an iterative procedure at room temperature with scanning steps as small as 1 nm in a range of at least 

20 nm. 

1.3.10 Assay optimization 

After selecting a substrate for each type of assay (compound 7 for a fast and sensitive continuous test 

and 3 for an endpoint assay suitable for compound screening in a high-throughput format), the 

conditions for both systems were optimized using checkerboard assays. These tests should facilitate to 

find combinations of substrate and enzyme concentrations, which would result in high sensitivity in 

case of the kinetic system as well as steady-state-like conditions during the endpoint assay. 

Consequently, combinations of various enzyme and substrate concentrations were tested in 

black polystyrene 96-well plates (Greiner Bio-One, Longwood, FL, USA) employing BisTris buffer at 

pH 7.0. After a 5-min incubation of the respective enzyme solution, reactions were started by addition 

of pre-diluted substrate as described before. The kinetic assay was optimized with human sEH amounts 

of 0-354 ng/well, and mouse sEH quantities of 0-1079 ng/well, respectively. The corresponding 

substrate concentrations of compound 7 ranged between 0 and 10 µM. Reporter molecule appearance at 

30°C was monitored for 10 min every 30 s with a SpectraFluor Plus plate reader (Tecan, Triangle 

Research Park, NC; settings as described before). Endpoint assay optimization was performed at room 

temperature with human sEH amounts of 0-219 ng/well and concentrations of substrate 3 between 0 and 

50 µM. In this case fluorescence was detected for 2 h every 3 min utilizing a SpectraMax M2 microplate 
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reader (Molecular Devices, Sunnyvale, CA, USA) and the earlier mentioned instrument setup. These 

investigations were performed under room temperature conditions. Subsequently, selected 

concentrations of enzyme and substrate were evaluated in quadruplicate. 

1.3.11 Assay validation 

Inhibitor assays were carried out in order to test and validate the optimized novel fluorescent assay 

systems and to compare them with other methods.  

In case of the continuous kinetic assay employing substrate 7, IC50s of sEH inhibitors were 

determined as it follows: enzymes (0.88 nM for murine and 0.96 nM for human sEH) were incubated 

with inhibitors ([I] = 0.5-10,000 nM) for 5 min in buffer (pH 7.0) at 30oC prior to substrate introduction 

([S]final = 5 µM; 1% (v/v) final DMSO concentration per well). Soluble epoxide hydrolase activity was 

measured with a SpectraFluor Plus plate reader (Tecan, Longwood, FL, USA) as described earlier 

monitoring the appearance of the reporter molecule for 10 min every 30 s. IC50s are inhibitor 

concentrations that reduce enzyme activity by 50%. These values were determined by regression of at 

least five datum points with a minimum of two points in the linear region of the curve on either side of 

the IC50s. The curve was generated from at least three separate runs, each in triplicate. Results are given 

as means ± standard deviation. 

In case of the endpoint assay, inhibitor potencies were tested in three complementary ways  

(a-c). First, IC50s of sEH inhibitors were determined employing the endpoint assay system (3 nM final 

enzyme concentration; 50 µM final substrate concentration; 200 µl total assay volume in black 96-well 

polystyrene microtiter plates from Greiner Bio-One, Longwood, FL, USA). For one set of experiments 

(a), serial dilutions of inhibitor in triplicate as well as their vehicle DMSO (in seven replicates for 

maximum activity) were incubated with enzyme solution for 10 min at room temperature. At the same 

time, buffer (pH 7.0) was incubated with DMSO as well as inhibitor (eight replicates each) in order to 

determine the substrate’s self-hydrolysis. After addition of compound 3, reporter group appearance was 

monitored continuously at room temperature for 60 min every 3 min with a SpectraMax M2 

fluorescence plate reader (Molecular Devices, Sunnyvale, CA, USA) and detection settings as indicated 

above. Substrate turnover rates were determined by SoftMax Pro 4.7 (software of the SpectraMax M2 
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plate reader) and further used for IC50 calculations. These again included linear regression analyses 

employing at least three datum points (corresponding to the substrate turnover rates) in the linear range 

of the resulting inhibition curve (between 20 and 80% enzyme activity reduction). After that, the 

concentration at which sEH activity only displayed 50% of its maximum was determined by means of 

the obtained regression curve. 

In a separate but similar approach (b), experiments to reveal the IC50s of the same inhibitors 

were conducted exactly as described for the endpoint assay system in at least five replicates. The only 

difference was the detection method, which consisted only of a single fluorescence measurement after 

60 min with a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA, USA). IC50 

calculations were carried out as per above, setting the mean level of fluorescence from reactions without 

enzyme as 100% inhibition and the one of reactions without inhibitor as 0%. 

These two types of experiments (a and b) were conducted to compare actual IC50 values of the 

endpoint system to the kinetic fluorescent system as well as to tests performed with NEPC and tDPPO. 

In addition, they were supposed to test both detection variants to be applicable. However, a further set 

of experiments (c) was carried out to evaluate the endpoint assay system for robustness. Therefore, 

enzyme solutions (final enzyme concentration was again 3 nM) were incubated with five already 

characterized inhibitors (Morisseau et al., 1999; Morisseau et al., 2002; McElroy et al., 2003) at one 

concentration each (final concentrations of inhibitors: 10 µM CEU, 0.1 µM CHU, 10 µM DCU, 0.1 µM 

CDU and 0.1 µM AUDA) or DMSO for 10 min in quadruplicate. Additionally, buffer at instead of 

enzyme solution was incubated with DMSO to determine substrate self-hydrolysis. After addition of 

substrate 3 (final concentration 50 µM; total assay volume 200 µl), the black 96-well polystyrene plates 

(Greiner Bio-One, Longwood, FL, USA) were sealed and kept in darkness at room temperature. After  

1 h, fluorescent signal was acquired once with a SpectraMax M2 plate reader (Molecular Devices, 

Sunnyvale, CA, USA) employing the earlier mentioned settings. After a further 30-min incubation, 

measurements were repeated. This assay evaluation was performed with 4 plates per day on  

3 consecutive days to be able to reveal variations within a plate as well as from plate to plate and from 

day to day. 
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1.3.12 Evaluation of candidate stop solutions 

Performance flexibility of a high-throughput assay is supposed to increase with the employment of a 

stop solution. In order to test several chemicals as stop solutions for the above described endpoint assay 

system ultimately intended to be performed in a high-throughput manner, reactions were set up 

employing optimized conditions (see above). After 1 h of reaction time in darkness and at room 

temperature, 50 µl the potential stop solutions were added to the reactions as well as – for comparison 

reasons – 50 µl of buffer (pH 7.0). Candidate solutions were 1-propanol, 2-propanol, acetonitrile, 

saturated ammonium sulphate solution, 10% (v/v) bleach in water, 5% (w/w) borax in water, 25% 

dioxane in water, DMF, DMSO, ethanol (95%), 30% H2O2, saturated solution of iodine in H2O, 

methanol, 5% (v/v) morpholine in water, 50% polyethylene glycol in water, 10% (w/w) SDS in water, 

0.5% sodium azide in water, 10% (v/v) THF in water, and 1 M solutions of zinc nitrate and zinc 

sulphate in water. Subsequently, the fluorescent signals of all reactions were monitored every min for at 

least 10 min using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA) and 

detection settings as described before. For the initial screen of compounds, reactions were carried out 

without replicates, whereas the later experiments with zinc sulphate and zinc nitrate solutions of various 

concentrations were conducted in triplicate. The resulting data were further analyzed relatively to the 

respective reference – the variant where buffer was added to the reaction instead of a candidate stop 

solution. Hydrolysis rates were determined by linear regression analyses employing the plate reader’s 

software SoftMax Pro 4.7 (Molecular Devices, Sunnyvale, CA, USA). Fluorescence levels were 

compared by taking in account the first acquired fluorescent signals after stop solution addition. 

In a further step, the impact of Zn(NO3)2 and ZnSO4 on the fluorescent signal of 6-methoxy-2-

naphthaldehyde was evaluated. Therefore, calibration curves of this substance were obtained as 

described above. Subsequently, 50 µl of buffer (pH 7.0), or 1 M solutions of Zn(NO3)2, ZnSO4 

respectively (both dissolved in water), were added to a set of standard solutions (250 µl final assay 

volume), resulting in data for three distinct standardization curves containing seven datum points each. 

Single fluorescence readings were taken again with a SpectraMax M2 microplate reader (Molecular 

Devices, Sunnyvale, CA, USA) and the corresponding detection setup. Subsequently, data were 

analyzed by linear regression analyses. 
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1.4 Results 

Physical, chemical and enzyme-kinetic properties of the fluorescent substrates were examined first to 

find the most suitable substrate(s) for subsequent assay development. 

1.4.1 Aqueous solubility 

To determine aqueous solu-

bility of compounds 2 through 

9, various concentrations of 

DMSO stock solutions per 

substrate were diluted in assay 

buffer (pH 7.0) with a final 

DMSO concentration of 1%. 

The absorbance of these 

solutions at 800 nm was 

examined in a clear 96-well 

microtiter plate.  

In this experiment, detected absorbance represents turbidity of the solution and thus substrate 

precipitation, which only occurs above the apparent limit of solubility (LS) of a chemical (see Figure 13 

as data example from the present study). A range for this value was determined for each fluorescent 

substrate (see Table 2). At the upper concentration limit of this range, absorbance was first observed to 

rise above background, whereas the lower concentration limit did not display significant turbidity. 

Table 2 identifies compound 3 as most soluble substrate under the employed experimental 

conditions. It is still in solution at a concentration of 50 µM. Least soluble were compounds 7 and 9, 

which were both found to precipitate in aqueous solution above a concentration of 15 µM.  

 
Fig. 13  Determination of aqueous solubility for compound 2. The 

presented absorbance data correspond to mean values ± 
standard deviation (n=3). 
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Table 2  Determined concentration range for the apparent LS of fluorescent 
substrates 2 through 9. 

 
 
 

Compound Lower LS
[µM]      Upper LS

[µM] 

2 25 ≤ LS ≤ 50 

3 50 ≤ LS ≤ 75 

4 25 ≤ LS ≤ 50 

5 25 ≤ LS ≤ 50 

6 25 ≤ LS ≤ 50 

7 15 ≤ LS ≤ 25 

8 25 ≤ LS ≤ 50 

9 15 ≤ LS ≤ 25 
 

1.4.2 Aqueous stability 

Aqueous stability of all fluores-

cent compounds was first investi-

gated for pH dependency. This 

examination, the following auto-

hydrolysis tests as well as was the 

specific activity determinations 

were carried out with a final 

substrate concentration of 10 µM 

to ensure complete solubility of 

all substrates. In general, it could 

be observed that, with increasing pH in the range between 6.5 and 8.0, hydrolysis rates increased 

correspondingly. Figure 14 demonstrates this finding for compound 5. High standard deviations 

originate mostly from measurements taken close to the detection limit.  

Additionally, self-hydrolysis was determined at pH 7.0 in at least 30 replicates. This high 

number was employed to achieve lower standard deviations and thus more reliable values for the 

comparison of all substrates. Figure 15 displays the hydrolysis rates for compounds 2 through 9.  

 
 
 
 
 

Fig. 14  Aqueous stabilities of compound 5 at different pH values. 
Data are shown as mean values ± standard deviation 
(n=3). 
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This chart reveals com-

pounds 8, 2 and 7 as least stable 

under the test conditions, whereas 

compounds 3 through 6 as well as 

compound 9 show compara- 

tively low self-hydrolysis rates. 

Interestingly, the aqueous stability 

of all compounds is rather different: 

substrate 8, as least stable, decays 

about four times faster than the most 

stable one (compound 3). 

Furthermore, an investigation was carried out to compare aqueous stabilities of NEPC and 

compound 7 at different pHs. Substrate 7 was chosen for the development of a kinetic assay in order to 

subsequently test sEH inhibitor potencies in a fast and highly sensitive way. Thus, the stability 

comparison was conducted at final substrate concentrations as employed in the optimized inhibitor 

assays (50 µM for NEPC and 5 µM 

for substrate 7) as well as at the same 

substrate concentrations (20 µM) to 

directly compare hydrolysis rates. The 

results of this study are shown in 

Figure 16. Based on the comparison of 

both substances at the same final 

concentration, NEPC is clearly less 

hydrolytically stable. This statement 

holds true for assay conditions with an 

increased NEPC concentration and a 

decreased concentration of compound 

7. 

 
Fig. 15  Self-hydrolysis rates of fluorescent substrates. Data 

correspond to means ± standard deviation (n≥30). 

 
 

Fig. 16  Aqueous stability of NEPC and substrate 7 at two 
concentrations each. Values represent means ± 
standard deviation (n≥3).  
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1.4.3 Specific activities 

Specific activities of substrates 2 through 9 (see Table 3) were determined for several recombinant 

soluble epoxide hydrolases as well as for porcine liver esterase to obtain a first evaluation of the 

enzymes’ substrate selectivity. In addition, these tests enabled to select a suitable enzyme concentration 

for subsequent experiments determining the Michaelis-Menten parameters Km, Vmax and kcat. 

 

Table 3  Specific activities of recombinant soluble epoxide hydrolases and porcine liver esterase for 
compounds 2 through 9 in nmol min-1 mg-1. Specific activities are given as slopes ± standard 
error determined by linear regression analysis. 

 

 

Compound Human sEH Mouse sEH Rat sEH Cress sEH Potato sEH Porcine liver 
esterase 

2 522 ± 5 275 ± 4 305 ± 8 423 ± 7 597 ± 25 6347 ± 486 

3 729 ± 96 214 ± 63 461 ± 9 743 ± 121 279 ± 19 1956 ± 92 

4 358 ± 16 125 ± 32 178 ± 16 430 ± 41 169.5 ± 0.1 3568 ± 126 

5 785 ± 104 254 ± 45 635 ± 33 935 ± 74 279 ± 8 2138 ± 90 

6 12.0 ± 0.4 8.31 ± 0.05 19.5 ± 1.1 48.8 ± 1.4 27.2 ± 0.4 1713 ± 167 

7 2647 ± 167 586 ± 66 599 ± 58 1768 ± 51 401 ± 5 1939 ± 32 

8 614 ± 19 760 ± 40 382 ± 2 441 ± 70 248 ± 15 833 ± 25 

9 699 ± 10 924 ± 16 458 ± 13 964 ± 134 660 ± 19 1036 ± 10 

 

Porcine liver esterase displays relatively high specific activities with all the tested substrates. 

Particularly ester 2 was found to be turned over with very high preference, whereas compound 8 and 9 

were favoured least.  

All examined recombinant soluble expoxide hydrolases show their lowest specific activities 

with compound 6. The observed values are roughly at least one order of magnitude lower than all other 

specific activities determined. 

Both plant enzymes display a preference for substrate 9. But whereas potato sEH shows an 

increased specific activity value only with ester 2 and carbonate 7, cress sEH is not very selective and 

exhibits elevated specific activities for all compounds except substrate 6. Particularly high values for 

cress sEH were found with substance 7 (about two to four fold higher than with the other substrates). 
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Mouse sEH clearly prefers the aryl carbonates 7, 8 and 9 with its highest specific activity for 

compound 9. However, preferences of rat sEH could be observed for compound 5 and 7. Human sEH 

displayed extremely high specific activity in combination with chemical 7, although high numbers could 

also be determined for substrates 3, 5, and 9. It should be noted that human sEH generally showed 

relatively high specific activities in comparison to the other tested sEH. 

All tested soluble epoxide hydrolases – in contrast to porcine liver esterase – favour (mostly 

around twice as much) compound 5 compared to structure 4. This fact suggests a general selectivity of 

sEHs for longer chained substances. Additionally, it is interesting to see that only the potato enzyme 

clearly prefers the alkyl ester 2 over the alkyl carbonates 4 and 5. The other enzymes either favoured the 

alkyl carbonate 5 or displayed no obvious preference. 

Finally, it is remarkable that out of the five soluble epoxide hydrolases, three exhibit the same 

order in substrate selectivity for the aryl carbonates 7, 8 and 9. The human as well as the rat and the 

cress enzyme prefer compound 7 over 9 and favour substrate 8 least. However, highest specific 

activities for mouse and potato sEH in combination with these three substances were examined for aryl 

carbonate 9. The same groupings of the recombinant enzymes were found when considering only esters 

2 and 3. The mouse as well as the potato enzyme displayed a preference for the alkyl ester 2, while the 

other recombinant sEHs showed higher specific activities for the ester with the terminal phenol group. 

1.4.4 Michaelis-Menten parameters 

The Michaelis-Menten parameters Km, Vmax and kcat characterize enzyme-substrate interactions 

regarding substrate turnover and enable a direct comparison between them. In the present study, these 

values should assist and facilitate the selection of suitable substrates for the new inhibitor assay systems 

as well as allow conclusions about steady-state conditions of the respective enzyme-substrate reactions. 
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In order to determine 

the Michaelis-Menten para-

meters for substrates 2 through 9, 

enzyme activities were moni-

tored in dependence of vary- 

ing substrate concentrations 

following the appearance of 6-

methoxy-2-naphthaldehyde. It 

should be noted that measure-

ments were only conducted up 

to final substrate concentrations 

of 25 µM to ensure complete 

solubility of most substrates. 

When plotting the resulting initial velocities of these enzymatic reactions versus the 

corresponding substrate concentrations (see Figure 17 for compound 7), the values for certain substrates 

are found to reach saturation with increasing concentrations. Moreover, they do not follow a hyperbolic 

curve shape as expected 

according to the theory of 

enzyme kinetics. In case of 

substrate 7 for example, this 

phenomenon starts around a 

substrate concentration of 10 

µM suggesting a de facto lower 

LS than experimentally 

determined before: the apparent 

LS for substrate 7 was found to 

be between 15 and 25 µM (see 

above).  

 
Fig. 17  Enzyme kinetics of compound 7 in combination with 

various recombinant sEHs. Data are shown as average 
velocities ± standard deviation (n=4 for human and 
mouse sEH; n=3 for cress, rat and potato sEH). 

Fig. 18  Enzyme kinetics of compound 4 in combination with various 
recombinant sEHs. Data represent average velocities ± 
standard deviation (n=4 for human and mouse sEH; n=3 for 
cress, rat and potato sEH). 
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Additionally, other substrate-enzyme combinations do not reach saturation conditions with the 

maximal employed substrate concentration (25 µM; see Figure 18 for compound 4) indicating a Vmax 

value significantly above the highest determined initial velocity. In these cases, examinations employing 

higher substrate concentrations will possibly lead to results similar to the ones for substrate 7 (see 

Figure 17) pointing again to solubility limitations of the compounds in aqueous solutions. Therefore, 

one would not gain further information from such additional experiments. 

Overall, the described results made it impossible to directly and accurately determine the 

Michaelis-Menten parameters Km, Vmax and kcat. However, application of the Lineweaver-Burk 

transformation to the data revealed good correlation of at least four datum points when performing 

linear regression analysis. The slopes of the corresponding regression lines represent the respective 

values for Km/Vmax and are listed in Table 4. 

 

 

Table 4  Km/Vmax values of combinations between several sEHs and fluorescent substrates 2 through 9. Results 
were obtained by linear regression analyses of Lineweaver-Burk plots. Numbers are given as means ± 
standard deviation (n=4 for human and mouse sEH; n=3 for cress, rat and potato sEH) in min µM  
nmol-1. 

 
 

Substrate Human sEH Mouse sEH Rat sEH Cress sEH Potato sEH 

2 95.4 ± 7.0 94.9 ± 3.9 140.0 ± 4.3 152.8 ± 3.7 181.8 ± 0.3 

3 256.9 ± 8.4 256.7 ± 7.0 200.8 ± 26.7 172.7 ± 9.0 365.9 ± 25.8 

4 324.2 ± 11.8 229.6 ± 13.2 159.9 ± 23.3 182.4 ± 6.0 206.3 ± 17.5 

5 152.1 ± 7.1 131.6 ± 3.6 100.1 ± 4.7 77.6 ± 6.7 157.3 ± 8.4 

6 493.8 ± 8.5 239.7 ± 7.2 251.5 ± 2.1 104.5 ± 8.8 882.2 ± 53.4 

7 53.5 ± 6.9 55.4 ± 7.0 24.1 ± 0.5 20.2 ± 2.0 52.6 ± 8.2 

8 26.6 ± 0.9 18.2 ± 0.5 19.4 ± 2.0 30.3 ± 1.7 60.7 ± 4.1 

9 39.5 ± 8.9 21.7 ± 1.6 45.2 ± 5.4 35.0 ± 2.9 131.8 ± 5.1 

 

When analyzing the data from Table 4, it becomes obvious that compounds 7, 8 and 9 generally 

display low Km/Vmax values pointing to either a comparably low Km or a high Vmax, which are both 

advantageous for rapid kinetic assays. On the other hand, comparably high quotients were determined 
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for compound 6 reacting with potato, human and rat sEH. This phenomenon is also seen for substrate 3 

particularly in combination with the potato enzyme. 

Km/Vmax values from Table 4 were converted to the respective specificity constants kcat/Km, 

which describe the rate of product formation by the enzyme. The results of these calculations are 

presented in Table 5.  

 

 

Table 5  kcat/Km values of substrates 2 through 9 in combination with various soluble epoxide hydrolases. 
Numbers are given as means ± standard deviation (n=4 for human and mouse sEH; n=3 for cress, rat 
and potato sEH) in s-1 µM-1. 

 

Substrate Human sEH Mouse sEH Rat sEH Cress sEH Potato sEH 

2 0.093 ± 0.007 0.076 ± 0.003 0.022 ± 0.001 0.011 ± 0.000 0.012 ± 0.000 

3 0.115 ± 0.004 0.047 ± 0.001 0.077 ± 0.010 0.074 ± 0.004 0.025 ± 0.002 

4 0.027 ± 0.001 0.022 ± 0.001 0.019 ± 0.003 0.028 ± 0.001 0.011 ± 0.001 

5 0.194 ± 0.009 0.092 ± 0.002 0.091 ± 0.004 0.099 ± 0.009 0.014 ± 0.001 

6 0.00119 ± 0.00002 0.00101 ± 0.00003 0.00121 ± 0.00001 0.0025 ± 0.0002 0.00042 ± 0.00002

7 0.556 ± 0.073 0.220 ± 0.029 0.168 ± 0.004 0.170 ± 0.017 0.042 ± 0.006 

8 0.554 ± 0.018 0.332 ± 0.010 0.527 ± 0.052 0.056 ± 0.003 0.121 ± 0.008 

9 0.387 ± 0.084 0.279 ± 0.020 0.227 ± 0.025 0.489 ± 0.039 0.139 ± 0.005 
 

 

As expected from enzymological theory, their order corresponds roughly to the one of the 

specific activities from Table 3. For example, the highest kcat/Km value for human sEH was obtained for 

substrate 7, which was found earlier to display the highest specific activity at 10 µM substrate 

concentration. The lowest numbers for human sEH were acquired by employing compounds 6, 4 and 2 

(in this order) which is true for both, the quotient kcat/Km as well as the observed specific activities.  

In case of mouse sEH, compounds 7, 8 and 9 are characterized by the highest kcat/Km values as 

well as the highest specific activities. Nevertheless, it should be noted that the order among these values 

differed for both parameters. 
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1.4.5 Excitation and emission maximum of 6-methoxy-2-naphthaldehyde 

Scanning 6-methoxy-2-naphthaldehyde under assay conditions for its excitation and emission maximum 

with a SpectraMax M2 microplate reader revealed 316 nm as excitation and 460 nm as emission 

maximum. Subsequently, these wavelengths were employed when monitoring the turnover of the 

fluorescent substrates with this particular instrument. 

1.4.6 Assay optimization 

In this study, the development of two novel test systems for sEH inhibition was intended: one rapid, 

highly sensitive, continuous assay and one endpoint assay, suitable to screen large compound libraries. 

After the selection of appropriate fluorescent substrates for both systems, substrate and enzyme 

concentrations were optimized employing checkerboard assays. Hereby, a series of different enzyme 

concentrations was tested in a matrix with various final substrate concentrations, enabling to optimize 

these two assay parameters at once. 

In case of the rapid continuous assay, which was intended to be performed with mouse as well 

as human sEH, the following requirements to the system were defined in advance: (a) enzyme 

concentrations should be as small as 

possible in order to obtain maximal 

assay sensitivity, (b) the enzymatic 

substrate turnover rate was supposed to 

be c. 10 times above the self-hydrolysis 

rate to obtain a broad separation band 

between these two values also contri-

buting to high assay sensitivity, and 

finally (c) the substrate turnover rate was 

required to be constant over the duration 

of the assay, which was set at 10 min. 

Useful concentrations for substrate 7 – 

the selected compound for the 

 

 
Fig. 19  Appearance of 6-methoxy-2-naphthaldehyde over time 

in reactions with various concentrations of human 
sEH and substrate 7 at 10 µM. This chart illustrates 
the observed lag times of reactions employing low 
enzyme concentrations. 
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continuous assay – and sEH were found to be 5 µM and 1 nM, which holds true for both, the murine as 

well as the human enzyme. Interestingly, this optimization experiment also revealed increasing lag 

times of the here monitored reactions with decreasing concentrations of sEH (see Figure 19). For the 

optimized kinetic assay concentrations, a lag time of approximately 2 min was observed. 

In case of the endpoint assay, it was intended (a) to obtain a very stable and reproducible assay, 

which is usually achieved with high substrate concentrations, and (b) to assure a constant substrate 

turnover rate over a time period of at least 1 h. Both conditions imply (c) to use a comparably low 

enzyme concentration (in this case human sEH only) to ensure substrate excess and thus steady-state-

like reaction conditions throughout the assay. On the other hand, it was planned (d) to achieve a final 

signal to background ratio of 4 to 5 employing lowest possible protein concentrations that would 

enhance assay sensitivity.  

 

Table 6  Results of the checkerboard assay for the optimization of human sEH and compound 3 concentrations. 
The three numbers given for each combination of concentrations represent – from top to bottom – (a) 
the squared linear correlation coefficient r2 analyzing reporter molecule appearance for 60 min reaction 
time, (b) the ratio of fluorescent signal to background after 60 min and (c) the percentage of compound 
3 turned over after 60 min. 

 
[human sEH] (nM) [3]  

(µM) 26.1 13.1 6.5 3.3 2.6 1.6 1.3 0.8 0.7 0.4 0.3 0 

50 
0.838 
12.4 
86 

0.991 
10.8 
74 

0.997 
7.3 
48 

0.998 
4.3 
26 

0.998 
3.8 
22 

0.998 
2.6 
14 

0.999 
2.3 
11 

0.998 
1.8 
8 

0.998 
1.6 
7 

0.998 
1.4 
5 

0.996 
1.3 
4 

0.976 
1.0 
2 

45 
0.818 
22.3 
95 

0.990 
20.2 
86 

0.997 
12.9 
54 

0.997 
7.2 
28 

0.997 
5.7 
21 

0.997 
4.0 
14 

0.997 
3.1 
10 

0.997 
2.4 
7 

0.997 
2.0 
5 

0.995 
1.7 
4 

0.995 
1.4 
3 

0.928 
1.0 
0.5 

40 
0.791 
23.6 
100 

0.988 
22.1 
94 

0.997 
15.3 
64 

0.998 
8.4 
33 

0.998 
6.8 
26 

0.997 
4.6 
17 

0.998 
3.4 
11 

0.998 
2.8 
8 

0.997 
2.3 
6 

0.997 
1.8 
4 

0.996 
1.7 
3 

0.947 
1.0 
1 

35 
0.730 
23.0 
100 

0.952 
21.7 
97 

0.997 
16.5 
73 

0.998 
9.3 
40 

0.997 
7.5 
31 

0.997 
5.0 
19 

0.997 
3.8 
14 

0.996 
2.9 
10 

0.997 
2.5 
8 

0.996 
2.0 
6 

0.997 
1.6 
4 

0.953 
1.0 
1 

30 
0.671 
24.0 
100 

0.932 
23.4 
62 

0.997 
19.9 
53 

0.998 
11.2 
29 

0.998 
8.8 
22 

0.997 
5.8 
4 

0.997 
4.6 
10 

0.998 
3.4 
7 

0.998 
2.8 
5 

0.996 
2.2 
4 

0.997 
1.9 
3 

0.887 
1.0 
1 

25 
0.579 
20.9 
100 

0.841 
20.3 
100 

0.985 
19.0 
97 

0.998 
11.7 
58 

0.998 
9.7 
47 

0.998 
6.0 
28 

0.998 
4.8 
21 

0.998 
3.5 
14 

0.997 
2.9 
11 

0.997 
2.2 
7 

0.996 
1.8 
6 

0.889 
1.0 
1 

20 
0.521 
20.4 
100 

0.761 
18.3 
100 

0.937 
18.3 
100 

0.815 
7.3 
41 

0.998 
11.0 
60 

0.998 
7.4 
39 

0.998 
5.4 
28 

0.998 
4.2 
20 

0.998 
3.2 
14 

0.997 
2.5 
10 

0.997 
2.1 
8 

0.963 
1.0 
1 

15 
0.474 
19.1 
100 

0.701 
18.6 
100 

0.874 
17.3 
100 

0.998 
14.8 
100 

0.998 
11.9 
80 

0.998 
7.6 
50 

0.998 
5.7 
36 

0.998 
4.2 
25 

0.998 
3.4 
19 

0.998 
2.5 
13 

0.998 
2.3 
11 

0.958 
1.0 
2 
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The results of the checkerboard assay, summarized in Table 6, suggest a combination of 3 nM 

final human sEH concentration and 50 µM final concentration of compound 3, which was selected as 

substrate for this system. These concentrations meet all mentioned requirements and were even found to 

maintain a constant substrate turnover rate for 90 min (compare to Figure 20): linear regression analysis 

of the reporter molecule appearance 

over this time period displayed a 

squared correlation coefficient of 

0.994 and after 90 min only about 

30% of the total substrate amount 

was consumed. Therefore, endpoint 

readings of the developed inhibitor 

test can be taken any time between 

60 and 90 min after the reaction is 

started by substrate addition, still 

ensuring steady-state-like conditions 

and a constant substrate turnover 

rate. 

Finally, the results of this 

checkerboard assay allow an ana-

lysis of the correlation between 

enzyme amount and initial velocity 

of the corresponding enzymatic 

substrate turnover. In theory, these 

two parameters should be linearly 

correlated at a certain substrate 

concentration. In case of human 

sEH in combination with a substrate 

3 concentration of 50 µM, the linear 

 
Fig. 20  Time course of normalized 6-methoxy-2-naphthaldehyde 

appearance for optimized endpoint assay conditions 
([E]final = 3 nM; [S]final = 50 µM; 200 µl assay volume) in 
comparison to self-hydrolysis of compound 3. The 
dashed line exemplifies the linear regression analysis 
result after 90 min of enzymatic reaction (r2=0.994). 

 
Fig. 21  Increase of initial velocity υ caused by increasing human 

sEH amounts per well at a compound 3 concentration of 
50 µM.



EXPERIMENTAL PART 

 57

regression analysis (illustrated in Figure 21) confirmed this theory (r2=0.998). 

1.4.7 Inhibitor assays and assay validation 

Experiments to determine the IC50s of characterized sEH inhibitors were carried out employing 

fluorescent substrates 3 and 7 in kinetic as well as endpoint assays. These experiments were conducted 

to compare the potencies of both assay systems with already existing tests and thus to validate them. 

Table 7 summarizes main assay conditions as well as the results of the investigations. 

In these tests, the sEH inhibitor CEU clearly displays the highest IC50 values within all 

fluorescent assay systems. Thus, among the tested inhibitors this chemical showed least impact on sEH 

activity. On the other hand, assays employing human sEH revealed AUDA as most potent substance. 

Nevertheless, mouse sEH was inhibited best by CDU. Assays carried out with substrate 3 did not 

display significant differences between the IC50s of CHU and DCU. However, assays utilizing substrate 

7 clearly identified CHU as the more potent inhibitor. Most importantly, all employed test systems 

ranked the examined structures due to their IC50 values correspondingly and were able to differentiate 

between the best inhibitors. 

 
 
 

Table 7  Assay conditions and IC50 values of sEH inhibitors determined with the new assay systems that 
employ substrates 7 and 3. Numbers are given as average of at least three replicates in nM ± standard 
deviation. 

 

 

Substrate 7 7 3 3 
Enzyme Mouse sEH Human sEH Human sEH Human sEH 

[S]final (µM) 5 5 50 50 
[E] final (nM) 1 1 3 3 

Detection mode Continuous Continuous Continuous Endpoint 

N
H

N
H

O

 CEU > 100000 7500 ± 130 9800 ± 2700 39600 ± 4300 

N
H

N
H

O

 
CHU 75 ± 8 25.0 ± 0.1 29 ± 13 33 ± 3 

N
H

N
H

O

 DCU 240 ± 20 52 ± 1 33 ± 7 35 ± 4 

N
H

N
H

O

 
CDU 17 ± 3 7.0 ± 0.2 19 ± 2 8.1 ± 0.5 

N
H

N
H

O
OH

O  AUDA 27 ± 1 3.2 ± 0.1 4.6 ± 0.6 5.5 ± 0.5 
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In case of the endpoint assay system, it was particularly important to test and evaluate its 

stability, reproducibility and suitability for high-throughput performance. Therefore, an experiment was 

carried out that investigated the five inhibitors – in quadruplicate and at one concentration each 

covering a wide range of inhibitory potencies – for their sEH inhibition strength. The experiment was 

repeated four times per day on three consecutive days. This way, intra-and inter-plate variations as well 

as day-to-day discrepancies should be revealed and the assay’s accuracy and precision could be 

investigated. Additionally, the experiment tested for differences between reaction times of 60 and 90 

min. However, the results after 60 and 90 min of incubation time were similar and therefore Table 8 

only displays those of the longer incubation time. 

Variations within a plate can be studied best by analyzing standard deviations of replicates, 

relative standard deviations (standard deviation divided by the corresponding absolute value) 

respectively. The described assay validation showed relative standard deviations within the plates to 

range between 0.3 and 6.2%. The averaged relative standard deviation of all acquired values was 2.4% 

and thus comparatively low. Daily inter-plate variations, judged by their coefficient of variation (CV; 

another expression for relative standard deviation), were found to be below 6.2% testifying high assay 

precision (cf. Table 8).  

As shown in Table 8, the assay gives good accuracy on the first day (above 95%), but the values 

slowly decrease over the next two days to reach only 60% for CEU on day 3. In general, absolute 

inhibition values were also found to decrease over the three days of investigation. Finally, the Z’ factor 

was calculated to quantify assay performance. This statistical parameter indicates the robustness of 

assays and thus their suitability for high-throughput screening (Zhang et al., 1999). In case of the 

endpoint assay, values between 0.7 and 0.8 were found. Except for DCU, whose inhibitory impact on 

the activity of human sEH was extremely high and the corresponding fluorescent signal therefore too 

close to the blank, Z values (Zhang et al., 1999) between 0.6 and 0.8 were calculated. This implies that 

the endpoint assay has a separation band comprised between 0 and 90% of inhibition in which it can 

differentiate inhibitors from each other. 
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Table 8  Precision and accuracy data as well as Z’ values acquired from the fluorescent endpoint system 
validation. Mean accuracy was determined by calculating the ratio of the determined inhibition 
percentage, divided by the nominal value, and multiplying it with 100%. Precision or CV 
(coefficient of variation) values represent standard deviations of fluorescent signal, divided by 
the mean fluorescent signal of maximum enzyme activity, and multiplied by 100%. Z’ was 
calculated as previously described (Zhang et al., 1999). 

 
 
 

Day 1 Day 2 Day 3 

 
 

Nominal 
inhibition 

(%) 
Mean 

accuracya 
(%) 

Precisiona

(CV, %) 

Mean 
accuracya

(%) 

Precisiona 
(CV, %) 

Mean 
accuracya 

(%) 

Precisiona 
(CV, %) 

Interday 
precisionb 
(CV, %) 

Blank -  3.4  2.2  3.4 4.6 

Control -  4.6  7.3  6.7 6.2 

Inhibitor         

CEU 5 95.2 5.2 71.3 3.9 59.0 3.5 5.0 

CHU 35 97.9 3.7 92.4 2.0 70.0 6.2 5.7 

CDU 55 99.9 2.5 95.0 3.9 88.6 2.6 5.7 

AUDA 65 98.9 3.5 98.9 2.2 87.1 2.5 6.0 

DCU 95 98.6 2.8 99.8 3.0 98.3 2.9 4.9 

Z’  0.8c 0.8c 0.7c 0.7d 

a Intraday (n = 16).   b Intraday (n = 48).   c Intraday average (n = 4).   d Interday average (n = 12). 

 

1.4.8 Evaluation of stop solutions 

The search for an appropriate stop solution was carried out in order to increase flexibility of the 

fluorescent endpoint assay employing compound 3. If it was possible to stop an ongoing substrate 

hydrolysis reaction and conserve the current signal by means of an appropriate solution, the endpoint 

assay could potentially be interrupted any time between 60 to 90 min after substrate addition. And most 

importantly, the quantification of the fluorescent signal could be achieved independently from the assay 

starting time, which would significantly improve the adaptability of the system. 

In order to identify a suitable substance for this purpose, various chemicals and solutions were 

tested for their potential (a) to block the interaction between human sEH and substrate 3 as well as (b) to 

inhibit further self-hydrolysis and (c) to conserve or enhance existing fluorescence. In an initial screen, 
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substrate hydrolysis rates as well as fluorescence levels after addition of candidate solutions were 

compared to the respective values after buffer addition. Results of this investigation were classified with 

the terms constant (difference to the reference value ± 10%), slightly elevated / reduced (10 to 20% 

variation relative to the reference), elevated / reduced (20-50% above / below the reference value), or 

significantly elevated / reduced (> 50% difference to the reference value) and are summarized in Table 

9. 
 

 

 

 

Table 9  Qualitative influence of stop solutions on enzymatic hydrolysis rate and fluorescence level under 
endpoint assay conditions. After 60 min of incubation at room temperature in the dark, 50 µl of 
stop solution were added to the enzymatic reaction (200 µl) and the fluorescent signal was 
monitored for 10 min. Variations were classified with the terms constant (difference to the 
reference value ± 10%), slightly elevated / reduced (10 to 20% variation relative to the reference), 
elevated / reduced (20-50% above / below the reference value), or significantly elevated / 
reduced (> 50% difference to the reference value). 

 
 

Stop solution Hydrolysis rate Fluorescence level 

1-propanol constant slightly elevated 

2-propanol constant slightly elevated 

actonitrile reduced elevated 

ammonium sulphate 
(saturated solution) reduced constant 

bleach (10% in H2O) significantly reduced constant 

borax (5% in H2O) elevated elevated 

dioxane (25% in H2O) reduced elevated 

DMF elevated slightly elevated 

DMSO significantly elevated slightly elevated 

ethanol (95%) elevated elevated 

H2O2 (30%) elevated reduced 

saturated iodine solution in H2O significantly reduced constant 

methanol significantly elevated slightly elevated 

morpholine (5% in H2O) constant slightly reduced 

PEG (50% in H2O) elevated elevated 

SDS (10% in H2O) significantly reduced a reduced 

sodium azide (0.5% in H2O) reduced slightly reduced 

THF (10% in H2O) reduced slightly elevated 

zinc nitrate (1 M in H2O) significantly reduced reduced 

zinc sulphate (1 M in H2O) significantly reduced elevated 
a Basically no slope was detectable at the same fluorescence level; however, the fluorescence level dropped during 

detection. 
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Solutions that significantly reduced substrate turnover in this context were 10% (v/v) bleach in 

water, a saturated iodine solution in water, 10% SDS in water as well as aqueous zinc nitrate and zinc 

sulphate solutions. However, only the latter two salts were able to decrease substrate decomposition 

rates as much as ~ 90% in comparison to the reference value. Therefore, further investigations were 

conducted employing these two substances in aqueous solution. 

In order to confirm the results of the initial screen and to find a suitable concentration of a 

possible stop solution, the same experiment was carried out with several concentrations of zinc sulphate 

and zinc nitrate in triplicate. Table 10 lists the results of this investigation.  

 

 

Table 10  Influence of different concentrations of ZnSO4 and Zn(NO3)2 on hydrolysis rate and 
fluorescence level of ongoing reactions between human sEH and compound 3. Zinc salts 
were employed as aqueous stop solutions after 1 h of enzymatic reaction and results 
were set relative to the reference obtained by buffer addition. Values are displayed as 
means ± standard deviation (n=3). 

 
 

 Relative hydrolysis rate 
(% of reference value) 

Relative fluorescence level 
(% of reference value) 

Final concentration of 
stop solution (µM) ZnSO4  Zn(NO3)2 ZnSO4  Zn(NO3)2 

200 11 ± 4 3 ± 2 126 ± 1 63 ± 2 

100 10 ± 4 12 ± 2 118 ± 5 86 ± 5 

50 22 ± 7 19 ± 4 129 ± 5 102 ± 4 

25 33 ± 7 28 ± 2 115 ± 5 107 ± 5 

10 35 ± 5 34 ± 8 117 ± 5 110 ± 2 

5 26 ± 5 26 ± 4 110 ± 6 107 ± 3 

1 51 ± 3 51 ± 4 106 ± 1 108 ± 1 

0.5 64 ± 1 63 ± 2 106 ± 3 103 ± 0 
 

 

The two zinc salt solutions decreased the hydrolysis rate of compound 3 by human sEH relative 

to buffer with increasing concentrations. Satisfying hydrolysis reductions were obtained with 

concentrations of 100 and 200 µM in case of both chemicals. However, they displayed contrary impacts 

on the fluorescent signal of the reporter molecule. Zinc sulphate was found to relatively enhance the 

fluorescent signal, whereas zinc nitrate reduced it – both again in dependence of their final 

concentration. 



EXPERIMENTAL PART 

 62

Finally, the direct influence of 

zinc sulphate and zinc nitrate on the 

fluorescent signal of 6-methoxy-2-

naphthaldehyde was determined. 

Therefore, 1.0 M solutions of these 

chemicals as well as buffer were 

added to several standard solutions 

(final concentration of the zinc salts 

was 200 µM) of the fluorescent 

molecule and the resulting standardi-

zation curves were compared (see 

Figure 22). All curves were obtained 

by linear regression and displayed r2 values of at least 0.994. The conversion factors from RFU into 

nmol of fluorescent 6-methoxy-2-naphthaldehyde, represented by the slopes of the obtained lines, 

differed notably: buffer addition led to a value of 1901 RFU/nmol ± a standard error of 63 RFU/nmol, 

whereas slopes of 2611 ± 86 RFU/min and 1446 ± 42 RFU/min were found for zinc sulphate and zinc 

nitrate. 

1.5 Discussion 

1.5.1 Aqueous solubility and stability 

Solubility of the fluorescent substrates in aqueous solution was generally found to be poor. With the 

exception of ester 3, all examined compounds displayed apparent limits of solubility below 50 µM. On 

the other hand, bi-linear regression analysis revealed an apparent LS of compound 3 of 58 ± 7 µM 

(mean ± standard deviation; n=3) implying its complete aqueous solubility at a concentration of 50 µM. 

Overall, this result is surprising, because carbonate compounds, like the majority of the tested substrates, 

are generally known to display better aqueous solubility than esters. In addition, NEPC as well as 

tDPPO, both sEH substrates used at an assay concentration of 50 µM (Dietze et al., 1994; Borhan et al., 

1995; Morisseau et al., 1998), are clearly more soluble than the majority of the fluorescent compounds. 

 
Fig. 22  Influence of ZnSO4 and Zn(NO3)2 at 0.2 M on the 

fluorescent signal of 6-methoxy-2-naphthaldehyde. 
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Furthermore, aqueous stability of all substrates was investigated. Hereby, it was examined in 

dependence of pH first. The compounds were generally shown to hydrolyze faster with increasing pH 

within a pH range of 6.5 to 8.0. This result was not surprising, due to the higher amounts of OH--ions in 

solutions of more basic pH. These anions are expected to attack the carbonate / ester moiety of the 

compounds inducing intramolecular cyclization of the fluorescent substrates without enzyme (compare 

to Figure 12). Therefore, the more OH--ions there are in the solution and thus the higher the pH, the 

faster an auto-hydrolysis of the investigated substrates occurs. This experimental outcome strongly 

suggested the choice of a comparably low pH for further investigations and applications in order to stop 

self-hydrolysis as much as possible. Moreover, it was found earlier that sEH achieves maximum activity 

between pH 7.0 and 7.5 (Wixtrom and Hammock, 1985). Taking into account these two facts, pH 7.0 

was selected for further experiments. 

When comparing the aqueous stability of all fluorescent substrates at pH 7.0, the aryl 

carbonates 7, 8 and 9 as well as ester 2 displayed higher hydrolysis rates than compounds 3 through 6. 

However, a low self-hydrolysis rate is favourable with respect to further applications. The lower it is, 

the more sensitive will a future assay potentially be. Statistically, substrates 3, 4, 5 and 6 do not differ in 

their aqueous stability. However, on average compound 3 was found to be most stable in aqueous 

solution. 

The comparison between the aqueous stabilities of the fluorescent substrates with the one of 

NEPC clearly shows that the latter structure hydrolyses faster. Compound 7 represents one of the less 

stable substrates in the investigated series of compounds. Nevertheless, it decays approximately three to 

four times slower in aqueous solution at pH 7.0 than NEPC at the same concentration. This fact 

implicates future assays utilizing the fluorescent substrates to potentially be more sensitive than an 

assay with NEPC. They will enable to employ smaller amounts of enzyme while maintaining a useful 

signal-to-background ratio. 
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1.5.2 Specific activities and Michaelis-Menten parameters 

Specific activity of an enzyme-substrate combination is an expression for the selectivity of this enzyme 

for the analyzed substrate. A high specific activity allows to employ little enzyme and therefore results 

in high sensitivity of an assay. 

Compound 6, the only tri-substituted epoxide in this series of fluorescent substrates, exhibits the 

lowest specific activities for all tested recombinant soluble epoxide hydrolases. This result can be 

explained by the steric congestion around the epoxide of this particular structure. It most likely 

represents a hindrance for reaching the enzyme’s catalytic site in its L-shaped hydrophobic tunnel 

(Argiriadi et al., 1999; Argiriadi et al., 2000). Furthermore, this finding is consistent with the earlier 

observation that sEH generally prefers di-substituted epoxides over tri-substituted ones (Wixtrom and 

Hammock, 1985; Morisseau et al., 2000). 

Dietze and coworkers (1994) reported that, with the murine system, carbonate structures were 

more active as substrates than the corresponding esters. This observation holds only partially true for the 

fluorescent compounds characterized in this work. In the comparison between ester 3 and the 

corresponding carbonate 7, the carbonate exhibits more than twice the specific activity of the ester. 

However, the specific activity of ester 2 in the murine system can statistically not be distinguished from 

the one of its corresponding carbonate 5. It has to be noted that the epoxide functionalities of the 

carbonate structures were further away from their keto-groups in comparison to the respective esters. 

However, this was also the case in the study of Dietze et al. (1994). 

The latter study also demonstrated that the specific activity of murine sEH for the aryl-epoxy 

ester 4-nitrophenyl trans-3,4-epoxy-4-phenylbutanoate (NEB) was roughly four times higher than for 

the alkyl-epoxy ester 4-nitrophenyl trans-3,4-epoxyhexanoate (NEH). This finding could not be 

confirmed in the present study. Substrate 3, an aryl-epoxy ester, was statistically indistinguishable from 

substrate 2, an alkyl-epoxy ester, with regard to its specific activity. However, compound 2 had a longer 

alkyl chain on its right-hand side than the corresponding NEH. This fact is likely to increase the specific 

activity value relative to the respective aryl-epoxy ester, because it was found in the present study that 

soluble epoxide hydrolase in general is more selective for longer chained substrates (see above). 
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Porcine liver esterase represents a mixture of numerous hybrids of at least three protein subunits 

(Heymann and Junge, 1979) and is known to hydrolyze a wide range of substrates. When Dietze and 

coworkers (1994) tested its specific activity with NEPC, they found a value of 4.61 µmol min-1 mg-1. 

Not surprisingly and consistent with these earlier findings, this commercial enzyme preparation also 

displayed high specific activities with basically all fluorescent compounds. The conditions in the study 

of Dietze and coworkers (25°C assay temperature; phosphate buffer pH 6.4; final substrate 

concentration 50 µM) were quite different from the ones in the present examination (30°C assay 

temperature; BisTris buffer pH 7.0; final substrate concentration 10 µM). Additionally, differences in 

the enzyme preparations are likely. Nevertheless, it can still be argued that compound 2 showed a 

specific activity (6.3 µmol min-1 mg-1) comparable to NEPC. Overall, the high specific activities of the 

fluorescent substrates in analogy to the findings of Dietze et al. (1994) strongly suggest that they are not 

useful for testing sEH activities in crude extract preparations of cells or tissues – at least due to their 

high reactivity with esterases. Employment of these compounds to determine sEH activity requires at 

least partially purified enzyme, and / or judicious use of enzyme inhibitors for proper performance. 

Catalytic reactions between enzymes and substrates generally follow Michaelis-Menten kinetics 

and can thus be characterized by the parameters Km, Vmax and kcat independently from their respective 

concentrations. However, in the present study it was not possible to determine these values directly and 

accurately – mainly due to the low aqueous solubility of the substrates. Nevertheless, kcat/Km quotients, 

which are obviously also independent from enzyme and substrate concentrations, could be obtained. 

Therefore, it is possible to directly compare the tested enzyme-substrate combinations with previously 

examined ones. A kcat/Km value, the so-called catalytic efficiency, represents the apparent second-order 

rate constant and describes the conversion of free enzyme and substrate into enzyme and product. 

Therefore, the higher this number, the faster a reaction is supposed to take place and the higher the 

preference of an enzyme for the respective substrate. Values of this quotient for the sEH substrates 

tDPPO and NEPC, which were extracted from literature (Morisseau et al., 1998; Morisseau et al., 2000), 

are listed in Table 11. 
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Table 11  kcat/Km values for various recombinant sEH enzymes with tDPPO and NEPC obtained 
from earlier studies. Quotients are given in s-1 µM-1. 

 
 

  Human sEH Mouse sEH Rat sEH Cress sEH Potato sEH 

tDPPOa  0.694 4.186 1.739 0.209 0.573 

NEPCb  2.556 3.310 nd nd nd 
 

a Calculated from kcat and Km values determined by Morisseau et al. (2000). 
b Calculated from kcat and Km values determined by Morisseau et al. (1998). 
nd, not determined. 

 

From the values in Tables 11 and 5 it is apparent that the surrogate substrate tDPPO, which was 

developed for murine soluble epoxide hydrolase (Borhan et al., 1995), is turned over roughly 10 to 15 

times faster by mouse sEH than its favoured fluorescent substrates 8 and 9. Human, rat and potato sEH 

still prefer tDPPO in comparison to the substrates of the present study – although to a lesser extent. 

Only considering this fact, assays utilizing the fluorescent substrates in combination with recombinant 

sEHs are unlikely to achieve higher sensitivity than the tDPPO assay. This is particularly the case, since 

tDPPO is very stable in aqueous solution and its turnover is quantified radiometrically, and thus with a 

more sensitive detection system than the fluorescent substrates. 

Nevertheless, kcat/Km quotients of cress sEH display a preference of this plant enzyme for 

compound 9 when compared to tDPPO. It would be very interesting to test the fluorescent substrates 

with other recombinant plant sEHs, e.g. from oilseed rape (Brassica napus; Bellevik et al., 2002), 

soybean (Glycine max; Blee and Schuber, 1992) or common tobacco (Nicotiana tabacum; Guo et al., 

1998), to find out if these enzymes shared the preference of the investigated ones for this fluorescent 

substrate. 

Finally, Morisseau and coworkers (1998) found kcat/Km values of the human and the murine 

recombinant enzyme with NEPC of 2.6 and 3.3 s-1 µM-1, respectively (compare to Table 11). Thus, 

fluorescent substrates 3 and 7 which were selected for the development of inhibitor assays (see below) 

were hydrolyzed five (fifteen) or even twenty (sixty) times slower than NEPC by human (mouse) sEH 

(refer to Table 5). However, this can and will be compensated by the clearly lower auto-hydrolysis rates 

of the new substrates and the much higher sensitivity of the employed fluorescence detection system 

versus the spectrophotometric one of NEPC. 
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1.5.3 Assay development 

The purpose of the previous substrate characterization was the selection of suitable substrates for the 

development of a fast continuous kinetic assay as well as a long-term high-throughput-suitable endpoint 

assay. Both of those tests were supposed to determine sEH inhibitor potencies for human sEH and in 

case of the continuous assay also for the murine enzyme. However, each one was developed with a 

different application in mind. 

1.5.3.1 Substrate selection 

The main aim of developing a new and rapid continuous kinetic assay for sEH with one of the 

fluorescent substrates was to achieve more sensitivity in comparison to the spectrophotometric NEPC 

assay, maintaining the latter test’s fast execution and data acquirement. An improved system was highly 

desirable, because – as already mentioned – the latter method was no longer able to distinguish between 

the most potent sEH inhibitors (Kim et al., 2004c; Kim et al., 2005b) and could therefore not contribute 

to their refinement. Additionally, the IC50 tests utilizing the tDPPO system are too coast and time 

consuming to be conducted for larger numbers of inhibitors. 

The theory teaches that sensitivity within an enzyme assay is achieved – among others – by 

employing a substrate, which the enzyme of interest highly favours. This preference is indicated by a 

high specific activity or a high kcat/Km value. The higher either of these numbers, the less amount of 

enzyme needs to be employed and thus the more sensitive will a later inhibitor assay potentially be. 

Moreover, enzyme-substrate interactions that are characterized by high specific activity occur faster 

than the ones with low specific activity when carried out with the same enzyme amount. Therefore, if 

these values are found to be high, a potential later assay would also be comparably fast in execution. 

When selecting a suitable compound for this particular application, specific activities of human 

sEH – as ultimate target for the inhibitors to test – were considered first. In case of compound 7 this 

parameter was found to be well (at least three times) above the ones of the other substrates. In addition, 

mouse sEH also displayed an acceptable specific activity with this chemical. Consequently, substrate 7 

was selected for the development of a fast continuous kinetic assay despite its comparatively low 

solubility and high self-hydrolysis rate. Particularly the latter parameter is of significance as well when 
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high assay sensitivity is desired, but it has been shown that compound 7 decays much slower than 

NEPC. Therefore, it could still be considered to improve the spectrophotometric assay. 

In a separate approach, a long-term endpoint assay was supposed to be developed that should 

enable the screening of large compound libraries for unknown pharmacophores of human sEH 

inhibitors. In this case, stability and reproducibility of a future assay were emphasized, whereas the 

sensitivity requirement was still important but not predominant. High stability in a rate-dependent 

enzyme assay is achieved first of all by the employment of a high substrate concentration, which is 

ideally chosen to be three times above the Km constant of the enzyme-substrate interaction. The 

explanation for this requirement is found in the enzyme kinetics theory of Michaelis and Menten (see 

Figure 23 for illustration). At high substrate concentrations (when the respective compound is in high 

abundance compared to product or enzyme), substrate turnover rates – or velocities – approach Vmax and 

are very stable. Under such conditions, small 

variations in enzyme amount or other assay 

conditions such as temperature and pH 

should not influence the velocity signify-

cantly, resulting in a stable and reproducible 

assay. However, the present study found all 

tested fluorescent compounds to be 

comparably insoluble in aqueous solution 

with compound 3 as most soluble of them. 

Thus, this structure could be employed with 

the highest concentration in a future assay. 

Additionally, in particular for a desired long-term endpoint assay, as usually employed in high-

throughput test systems (Davydov et al., 2004; Soriano et al., 2006), it would be advantageous if the 

utilized substrate was characterized by high aqueous stability. On one hand, this condition contributes to 

maintain the substrate abundance during an enzymatic reaction and thus steady-state-like conditions. On 

the other hand, a low self- or background hydrolysis rate allows the employment of only little enzyme to 

 

Fig. 23  Schematic plot of initial velocity υ versus substrate 
concentration [S] following the theory of 
Michaelis-Menten. (Vmax = maximal velocity; 
Km = Michaelis-Menten constant) 
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detect signal over background. This once more increases the sensitivity of a future assay. Compound 3 

showed highest aqueous stability among the tested fluorescent compounds of the present study. 

Put together, these findings favoured compound 3 as substrate in combination with human sEH 

for an endpoint assay employing long incubation times and thus for a high-throughput screen assay. Its 

comparatively high solubility and low auto-hydrolysis rate will allow a near steady-state reaction for 

long reaction times using comparatively low enzyme concentrations. This again will decrease total cost 

and increase sensitivity for the screening of chemical libraries. Additionally, the mid-range kcat/Km value 

of the combination human sEH / compound 3 ensures the respective enzymatic reactions to occur 

neither too slow nor too fast. The first option would cause a too narrow separation band between 

maximum and minimum enzyme activity, whereas the second could interfere with the relatively long 

reaction time and the steady-state-like condition of the reaction. However, both prospects should and 

could be avoided with the selection of compound 3. 

1.5.3.2 Assay optimization 

During the optimization process, assay conditions were investigated and / or maintained that would 

result in the desired properties of the respective future inhibitor test system.  

As mentioned before, pH was kept constant at 7.0 for both assay developments to avoid self-

hydrolysis (and therefore background signal) as much as possible. Total assay duration and enzyme-

inhibitor incubation times were fixed as well. The continuous assay was decided to monitor substrate 

turnover every 30 s for no longer than 10 min in order to sustain its intended rapid execution. On the 

other hand, the endpoint assay was set up for a reaction time of 1 h as a compromise between enzyme 

activity decay (human sEH half life is > 8h at 25°C under the employed assay conditions; Morisseau et 

al., 2000) and sensitivity increase over time as well as to simplify its execution. Moreover, incubation of 

enzyme with inhibitor was decided to happen for 5 min at 30°C within the rapid system employing 

compound 7, which is in accordance with the NEPC assay. For endpoint assays employing compound 3, 

10-min incubations were thought to be appropriate when considering this assay’s ultimate application of 

compound library screening. This way, slower binding inhibitors were supposed to be detected as well, 

and later automatization enabling high-throughput screening was thought to be simplified. 
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When designing the latter test system, high emphasis was put on it being uncomplicated and 

undemanding in execution. This again recommended room temperature conditions for this application. 

On the other hand, the kinetic assay and its optimization experiments were carried out at 30°C in 

accordance with the NEPC assay (Morisseau et al., 1998) and in order to provide stable reaction 

conditions for this more sensible test. Both assay types were optimized utilizing human sEH since this is 

the protein which inhibitors should eventually be effective with. Moreover, Gomez and coworkers 

(2006) only recently emphasized the importance of employing human sEH and not the murine enzyme 

when screening inhibitory structures for therapeutic treatments in humans, due to alternative inhibitor 

binding orientations in both proteins. Nevertheless, in case of the rapid kinetic assay a useful mouse 

sEH concentration was determined to be able to further compare inhibitor potencies in both mammalian 

systems. 

As soon as compound 7 was selected for a fast continuous kinetic assay, it became clear that, 

due to its low aqueous solubility, such an assay could never be carried out at substrate concentrations 

well above its Km with human and murine sEH. Therefore, substrate abundance conditions that would 

grant stable and reproductive results were not possible with this substrate. However, if a combination of 

enzyme and compound 7 fulfilled all required conditions mentioned earlier – in brief, a minimal enzyme 

concentration causing a constant turnover rate well above background over a period of 10 min– it was 

assumed that this assay would still be very useful for ranking extremely potent inhibitors, which were 

indistinguishable with the previous NEPC assay. Applicable concentrations of substrate 7 and enzyme 

were found to be 5 µM and 1 nM for both, the mouse as well as the human sEH. With a two orders of 

magnitude lower final enzyme concentration, the fluorescent continuous kinetic assay promised a 

clearly higher sensitivity in comparison to the NEPC system (Morisseau et al., 1998; Morisseau et al., 

1999; Morisseau et al., 2002; McElroy et al., 2003). However, it should be noted that this assay design 

will be able to rank compounds according to their inhibitory potency but potentially not reveal 

reproducible IC50 numbers. Additionally, the observed lag time of about two min under optimized 

kinetic assay conditions – a phenomenon that was already noted by Dietze and coworkers (1994) 

reporting the development of the photometric substrate NEPC – allowed initial velocities of substrate 

hydrolysis only to be taken into account after this time had passed. 
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With the decision for substrate 3 to be used in a later endpoint assay, it was possible to employ 

a final substrate concentration as high as 50 µM. This corresponds to the one of NEPC in the 

absorbance-based inhibitor assay as well as to the employed tDPPO concentration (Borhan et al., 1995; 

Morisseau et al., 1998; Morisseau et al., 1999; Morisseau et al., 2002; McElroy et al., 2003). Human 

sEH at 3 nM in combination with this substrate concentration met all the earlier stated requirements for 

the endpoint assay – briefly, the maintenance of a constant substrate turnover over a period of 1 h with 

minimal enzyme amount, resulting in a final fluorescent signal around 4 times above background. It 

even sustained a constant substrate turnover rate over a period of 90 min enabling to take measurements 

between 60 and 90 min. This circumstance clearly improves the assay’s flexibility and contributes to its 

simplicity in execution. Moreover, the optimized enzyme concentration is once more well below the one 

of the NEPC assay while both test systems employ the same substrate concentrations. Therefore, the 

optimized endpoint assay conditions imply improved sensitivity in comparison to the 

spectrophotometric assay as well as the system’s reproducibility. 

1.5.3.3 Confirmation of epoxide hydrolysis as rate-limiting step 

To be able to employ the fluorescent substrates 3 and 7 in any kind of rate-depending assay, it is crucial 

to prove the formation of 6-methoxy-2-naphthaldehyde to fully depend on the epoxide hydrolysis 

(compare to Figure 12). In case this was not the rate-limiting factor of the substrates’ reaction 

mechanism, extreme care would be needed for interpreting results of such an assay. 

The mechanism of the fluorescent substrate decomposition basically occurs in three steps: 

epoxide hydrolysis, intramolecular cyclization and conversion of the cyanohydrin into 6-methoxy-2-

naphthaledehyde (compare to Figure 12). The conversion of cyanohydrin to the fluorescent reporter 

molecule has already been displayed to basically occur instantly (Shan and Hammock, 2001). However, 

the cyclization of the hydrolyzed epoxide (the diol) resulting in cyanohydrin needed to be excluded as 

rate-limiting step of the reaction mechanism as well. In case of the rapid continuous assay, this was 

attempted by comparing the disappearance of compound 7 in an optimized enzymatic reaction to the 

rate of 6-methoxy-2-naphthaldehyde appearance. If those two rates were found to be equal, epoxide 

hydrolysis could be assumed to be rate-limiting under the employed conditions. However, if epoxide 
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hydrolysis and thus disappearance of compound 7 was found to occur at a higher rate than reporter 

molecule appearance, cyanohydrin formation would be restricting product formation. Unfortunately, all 

attempts to detect these rates employing HPLC methods failed, due to the decomposition of the 

chemical during the HPLC runs. However, taking a closer look again at the data obtained from the 

determination of specific activities, it can be observed that enzyme activities approached saturation with 

increasing concentrations of human and mouse sEH (data not shown). However, epoxide hydrolysis 

should in theory increase proportionally with enzyme concentration. Therefore, the observed saturation 

in substrate turnover can be ascribed to the fact that this reaction step, at high concentrations of enzyme, 

occurs faster than the later diol cyclization. The observed maximal hydrolysis rates can thus be 

interpreted as approximations of the respective cyclization and cyanohydrin formation rate. Non-linear 

regression analysis revealed these values to be around 410 pmol min-1 for compound 7. However, 

optimized conditions for the kinetic assay employing compound 7 correspond to hydrolysis rates of 33 

pmol min-1 in case of human sEH and 7 pmol min-1 for mouse sEH based on the specific activities 

reported in Table 3. When comparing these numbers, it becomes apparent that epoxide hydrolysis by 

sEH occurs significantly slower than the cyanohydrin formation under optimized assay conditions, 

establishing the latter reaction step as rate-limiting. 

In case of the endpoint system, optimized substrate and enzyme concentrations force the 

epoxide hydrolysis by human sEH to be the rate-limiting step of the reaction mechanism as well. During 

the checkerboard assay, linear increase of the initial substrate turnover rate was demonstrated with 

increasing human sEH amounts up to 0.33 µg/well at 50 µM substrate concentration (compare to Figure 

21). This represents roughly ten times more protein than utilized in the optimized test system. If either 

the intramolecular cyclization or the cyanohydrin conversion step was the rate-limiting reaction, the 

increase in initial velocity would approach saturation at a certain protein concentration (see above) and 

thus not be constant anymore. 

Put together, optimized assay conditions of the rapid kinetic system as well as of the endpoint 

assay guarantee the epoxide hydrolysis to be rate-limiting and thus the assays to result in valid 

information. 
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1.5.3.4 Inhibitor potency tests and assay validation 

In order to test and confirm the applicability of the newly developed assays, inhibitory potencies of 

already characterized structures were re-evaluated with the novel systems. These structures were 

selected to cover a wide range of IC50s. For comparison reasons, Table 12 lists previously determined 

IC50s of the inhibitors, which were obtained by the spectrophotometric NEPC as well as the radiometric 

tDPPO assay (Morisseau et al., 1999; Morisseau et al., 2002; McElroy et al., 2003). Furthermore, the 

Table sums up the corresponding assay conditions. 

The fluorescent continuous assay employing mouse sEH (compare to Table 7) ranks the 

investigated inhibitors in analogy to the tDPPO system, whereas this order diverges slightly when the 

same structures are tested with the NEPC system. On the other hand, the relative ranking of CHU and 

DCU differs when comparing the radioactive and the optically based assays carried out with the human 

enzyme. These observations prove a general difficulty in relating IC50 values to inhibitory potency of 

chemicals, since these constants are evidently dependent on their determination method. This fact is 

supported by the ten to twenty times higher absolute IC50s of CDU and AUDA obtained by means of the 

radioactive-based determination in comparison to the fluorescence-based one. 

 

 

Table 12  Previously (see text) determined IC50 values for selected sEH inhibitors and employed assay 
conditions. Data are shown as means ± standard deviation in nM. 

 
 
 

Enzyme Mouse sEH Mouse sEH Human sEH Human sEH 

Substrate NEPC tDPPO NEPC tDPPO 

[S]final (µM) 50 50 50 50 

[E] final (nM) 100 8 200 16 

Inhibitor       

N
H

N
H

O

 CEU 51700 ± 700 nd 42200 ± 2000 nd 

N
H

N
H

O

 CHU 110 ± 30 55 ± 3 70 ± 20 221 ± 2 

N
H

N
H

O

 DCU 90 ± 10 81.8 ± 0.7 160 ± 10 63 ± 0.3 

N
H

N
H

O

 CDU 50 ± 10 9.8 ± 0.4 100 ± 10 85.2 ± 0.5 

N
H

N
H

O
OH

O  AUDA 50 ± 10 18 ± 1 100 ± 10 69 ± 2 
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Nevertheless, all fluorescent assays were, in contrast to the NEPC assay, able to differentiate 

between the most effective inhibitors CDU and AUDA in accordance with the relative ranking of the 

tDPPO system fulfilling the previously stated sensitivity requirements. Additionally, the respective 

numbers obtained from all fluorescent assay variants resembled each other greatly, suggesting the 

continuous assay with compound 7 not only to be able to rank inhibitors but also to result in more or 

less valid absolute IC50s. 

As already mentioned before, the fluorescent assay carried out with compound 3 could 

statistically not differentiate IC50 values of CHU and DCU. This might, on one hand, be assigned to 

high standard deviations resulting from the low replicate number of 3 in case of the continuous 

detection mode. On the other hand and more importantly, it should be noted that incubation times of 

enzyme and inhibitor were higher when utilizing substrate 3 (10 min versus five in all other mentioned 

systems). This has already been shown to influence absolute IC50 values (Morisseau et al., 1998). 

Therefore, if DCU binds to human sEH more slowly than CHU but with the same affinity, the observed 

IC50s are easy to explain. This is of course not significant for a screening assay system and can be 

addressed, if necessary, by direct comparison of the compounds utilizing e.g. the tDPPO assay. 

The endpoint assay validation, which was conducted by means of four experiments each on 

three consecutive days, sufficiently established the reliability and reproducibility of this test system. 

Daily as well as overall accuracy and precision values were satisfying. However, a loss of accuracy over 

the test period due to decreased absolute inhibition values was observed, suggesting this phenomenon to 

be caused by continuous inhibitor decay. Suboptimal storage conditions for the corresponding solutions 

– at room temperature and unprotected from light – possibly caused their decomposition and thus the 

accuracy deficit on day 3 of the investigation. The Z’ value, which characterizes the quality of an assay 

and evaluates its suitability for high-throughput screening (Zhang et al., 1999), was found to range 

between 0.7 and 0.8 for this test system. With and ideal Z’ of 1 and excellent values ranging between 

0.5 and 1, these numbers imply a large separation band between maximal signal and background as well 

as excellent reproducibility of the endpoint assay. Therefore, its suitability for future high-throughput 

screens of large compound libraries was confirmed. 
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1.5.3.5 Stop solution 

The search for an appropriate stop solution, which could be utilized in the described fluorescent 

endpoint assay, was carried out in order to increase this system’s flexibility in performance and 

adaptability to automated high-throughput screening. In brief, solutions suitable for this task are 

required to interrupt the ongoing substrate decomposition conserving or enhancing the present 

fluorescent signal. 

Candidate stop solutions were selected due to the following facts: soluble epoxide hydrolase 

activity is known to be sensitive to organic solvents as well as oxidants (Wixtrom and Hammock, 1985; 

Draper and Hammock, 1999). Furthermore, zinc was identified not only to be able to inhibit the epoxide 

hydrolase but also the phosphatase activity of sEH (Draper and Hammock, 1999; Newman et al., 2003). 

Finally, substances commonly known to denature (SDS) or precipitate (ammonium sulphate) proteins in 

general were tested. 

Concentrations of 100 and 200 µM zinc sulphate were found to drastically decrease substrate 

turnover down to 10% in comparison to buffer addition. Furthermore, they not only conserved but 

enhanced the fluorescent signal of 6-methoxy-2-naphthaldehyde – in contrast to zinc nitrate. This rather 

surprising finding, which is expressed by increased conversion factors of fluorescent signal into mols of 

compound, will most likely enhance assay sensitivity by boosting the fluorescent signal and can thus 

improve assay performance even more. Therefore, if the necessity for a stop solution should occur, zinc 

sulphate at a final concentration of 100 to 200 µM is highly recommended – possibly combined with a 

reduction in temperature. However, the time span in which fluorescent signal can / has to be determined 

after stop solution addition is still to be determined. Furthermore, it should be considered that the 

addition of stop solution represents one extra step for the assay, increasing its labour and cost 

requirements. 

Data presented in this dissertation were generated without stop solutions to simplify the assay 

and because the plate design provided internal controls. 
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1.5.4 Further applications for the novel fluorescent sEH substrates 

In the present study, the development of novel fluorescence-based assay systems to investigate 

sEH inhibitors is described. While this use is important, the employed technology could be extended to 

other applications. It could be used in combination with other epoxide hydrolases or other enzymes that 

hydrolyze epoxides to diols (Arand et al., 2005).  Additionally, the substrates should be excellent for the 

analysis of some GSTs. Furthermore, because the substrates contain an ester or carbonate function, 

esterases or lipases could also hydrolyze these compounds and yield a fluorescent response (Shan and 

Hammock, 2001; Wheelock et al., 2003). Results of the present study testing porcine liver esterase as 

well as sEH from rat, cress and potato in combination with the fluorescent sEH substrates underline the 

latter option. 

Epoxide hydrolases, especially from microorganisms, are used for the production of chiral 

epoxides (de Vries and Janssen, 2003). If used as a competitive substrate, the fluorescent endpoint assay 

developed in this paper could be easily employed to screen libraries of pure oxirane enantiomers and to 

determine the enantio-selectivity of a particular enzyme. 

The cyanohydrin re-arrangement concept used for the sEH substrates of this study leading to the 

formation of a fluorescent aldehyde has also been employed for esterases and P450 assay development 

(Zhang et al., 2003; Huang et al., 2005a; Kang et al., 2005; Huang et al., 2006). This concept can be 

extended by means of other fluorescent aldehydes acting as reporter molecules to shift excitation and 

emission maxima. Alternatively, the assay can be set up to yield an absorbance or luminescent signal. 

1.6 Conclusion 

In summary, the present study characterizes a series of novel fluorescent substrates for the enzyme 

soluble epoxide hydrolase. Their reaction mechanism is based on the addition of water by the enzyme, 

the subsequent cyclization of the resulting diol to form a cyanohydrin, and finally the liberation of the 

fluorescent reporter molecule 6-methoxy-2-naphthaldehyde.  

Two assay systems for different applications were developed and evaluated with these 

compounds. A rapid continuous kinetic assay employing substrate 7 was designed in order to be able to 

rapidly and rather inexpensively differentiate between inhibitors that were kinetically indistinguishable 
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with a previously reported sprectrophotometric assay (Dietze et al., 1994; Kim et al., 2004c; Kim et al., 

2005b). In addition, an undemanding and highly reproducible endpoint assay utilizing compound 3 was 

created intended for future screens of compound libraries. Both systems were evaluated in comparison 

to existing methods and found to reflect the results determined by means of the so far most sensitive 

sEH substrate tDPPO – a determination method that is costly and time intensive. Moreover, accuracy 

and precision of the endpoint assay performance as well as its suitability for high-throughput screening 

were shown to be respectable. The new assays employ 30 to 100 times less enzyme than the existing 

economical, absorbance-based rapid assay with NEPC and were therefore able to differentiate inhibitors 

that could not be ranked in an inexpensive way before. Finally, zinc sulphate at final concentrations 

above 0.1 M was provided as potential stop solution for the endpoint assay system. 

The novel fluorescent assay systems will be invaluable tools for the improvement of known as 

well as for the discovery of new sEH inhibitors advancing and facilitating the development novel drugs 

for the treatment of vascular and inflammatory diseases. 
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2 Cellular inhibition of sEH by RNA interference and potential role in therapy 

2.1 Introduction and objective 

Soluble epoxide hydrolase (sEH; EC 3.3.3.2) is a new drug target. Its natural role is to catalyze the 

addition of a water molecule to an epoxide, which leads to the formation of the compound’s 

corresponding diol (Oesch, 1973). If sEH is inhibited, epoxyeicosatrienoic acids (EETs), its 

predominant endogenous substrates, will accumulate. These compounds are known to provoke 

vasodilatory as well as anti-inflammatory effects in mammals (Harder et al., 1995; Campbell et al., 

1996; Node et al., 1999; Campbell, 2000; Liu et al., 2005b; Larsen et al., 2006). Therefore, it is not 

surprising that chemical inhibition of sEH in rodent models was found to trigger successful treatment of 

hypertension (Yu et al., 2000; Imig et al., 2002; Imig et al., 2005) and inflammatory diseases 

(Schmelzer et al., 2005; Smith et al., 2005) as well as protection against renal damage caused by 

hypertension (Zhao et al., 2004; Imig et al., 2005). Furthermore, sEH inhibitors were suggested as 

potential therapeutic agents for ischemic stroke (Dorrance et al., 2005). 

Highly potent inhibitors for sEH have been developed (Morisseau et al., 2002; McElroy et al., 

2003; Kim et al., 2004c; Kim et al., 2005b). However, while these substances proved extremely useful 

for research purposes, their physical properties suggest that they cannot be turned into a practicable 

pharmaceutical (Watanabe et al., 2006) due to suboptimal pharmacokinetic properties (Lipinski et al., 

2001). Therefore, alternative and / or complementary therapy options should be considered. 

RNA interference (RNAi) is a recently discovered endogenous mechanism leading to the 

specific post-transcriptional down-regulation of target genes. First reported in Caenorhabditis elegans 

(Fire et al., 1998), it soon could also be initiated in mammalian cells by 19-25 bp (base pair) short, 

double-stranded RNAs (dsRNAs) that possess 2-base overhangs at the 3’-end of each strand (Caplen et 

al., 2001; Elbashir et al., 2001a). These particular duplex molecules called short interfering RNAs 

(siRNAs) are able to circumvent the initiation of several mammalian antiviral mechanisms, which are 

normally set off by dsRNA > 30 bp (reviewed in Wang and Carmichael, 2004). After the introduction of 

an siRNA into a cell, it gets directionally incorporated into a protein complex called RISC (RNA 
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induced silencing complex), while its so-called passenger strand is cleaved (Matranga et al., 2005; 

Leuschner et al., 2006). After that, the remaining siRNA guide strand mediates mRNA recognition by 

means of Watson-Crick base-pairing and RISC proceeds with the cleavage of the complementary 

mRNA, which causes the specific post-transcriptional down-regulation of the respective gene (for a 

review of the RNAi machinery and mechanism see Collins and Cheng, 2005). Rapidly it became 

obvious that this phenomenon would prove very helpful not only as reverse genetic tool for basic 

research, but also for drug target identification and validation (reviewed in Ito et al., 2005; Chatterjee-

Kishore and Miller, 2005). On top of that, it holds potential for the actual treatment of diseases 

(reviewed in Dykxhoorn et al., 2006; Uprichard, 2005). The potential advantages of this approach are 

obvious: the (a) selective, (b) highly potent and (c) versatile abolishment of a target gene, a group of 

related genes respectively, by means of (4) an endogenous mechanism. The first phase I clinical trial of 

an siRNA-therapeutic directed against age-related macular degeneration (AMD) was carried out with 

promising initial results (Whelan, 2005) confirming the significance of RNAi for novel therapy 

approaches on the post-transcriptional level. 

The above facts suggest that RNAi could represent an alternative and / or complementary 

approach to chemical inhibition of sEH with potential for therapy and the herein presented study might 

be a first step toward this big target. This report documents the search for an appropriate human cell 

culture model expressing sEH. Furthermore, the in vitro knockdown of human sEH by siRNAs as well 

as the time- and dose-response of this effect are demonstrated. Finally, the current potential for RNAi as 

therapy approach for the inhibition of sEH will be discussed. 
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2.2 Materials and methods 

2.2.1 Chemicals and reagents 

Chemicals and reagents were purchased from Sigma Chemical (St. Louis, MO, USA) unless otherwise 

indicated. The 3H-labeled sEH substrate trans-1,3-diphenylpropene oxide (tDPPO) was synthesized and 

purified as described before (Borhan et al., 1995). 

2.2.2 Cell lines 

Cell lines were received from various sources. 22RV1, LNCaP, TCC-SUP, T24, 5637 and SCaBER 

were generously provided by Ruth L. Vinall (Department of Urology, UC Davis, CA, USA). Raji, 

Ramos, SU-DHL-4, SU-DHL-6, B35M, Jurkat and DU-145 cells were kind gifts from Alan Epstein, 

MD, PhD (USC, Keck School of Medicine, Los Angeles, CA, USA) and Gerald DeNardo, MD (UC 

Health Center, Sacramento, CA, USA). T47-D and 293 cells were gratefully obtained from the UC 

Davis Cancer Center (Sacramento, CA, USA) thanks to the help of Ralph De Vere White. SIK cells 

were a kind gift from Robert Rice (Department of Nutrition, UC Davis, CA). HepG2 cells were 

purchased from ATCC (Manassas, VA, USA). 

2.2.3 Determination of specific sEH activity of different cell lines 

Several human cell lines were tested for their specific sEH activity with the surrogate substrate tDPPO. 

Therefore, frozen pellets of ~ 106-107 cells were lysed in 1-2 ml of lysis buffer (20 mM sodium 

phosphate buffer pH 7.4, supplemented with 5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 

phenylmethylsulphonylfluoride (PMSF), 1 mM dithiothreitol (DTT) and 0.01% (v/v) Tween 20). 

Subsequently, the suspensions were diluted at least 10-fold with 100 mM sodium phosphate buffer (pH 

7.4) including 0.1 mg/ml bovine serum albumin (BSA) fraction V. Addition of 1 µl of 5 mM tDPPO in 

100% ethanol to 100 µl of the diluted cell lysates, or – as positive and negative control – to the same 

amount of 100 mM sodium phosphate buffer including BSA, started the conversion of the substrate to 

the corresponding diol (Borhan et al., 1995). The reaction, which was carried out at 30°C for 30 or 60 

min in triplicate, was stopped by adding 60 µl of methanol. Furthermore, 250 µl of isooctane were 



EXPERIMENTAL PART 

 81

added to separate the highly water-soluble reaction product and the original tDPPO substrate. Thus, the 

latter compound was extracted into the organic phase, following Borhan et al. (1995). Alternatively, 

hexanol extraction was carried out to examine the cells’ glutathione S-transferase activity due to the 

following circumstance: while isooctane partitions the epoxide into the hyperphase leaving the sEH-

derived diol in the aqueous one, hexanol extracts both, the epoxide and the diol leaving the glutathione 

conjugate. In case of the positive control, buffer samples were not extracted at all. Forty µl of the 

remaining aqueous reaction phase in 1 ml of scintillation solution (Fisher Scientific Co., Pittsburg, PA, 

USA) were then analyzed by liquid scintillation counting (LSC) using a Wallac 1409 Liquid 

Scintillation Counter (Wallac Inc., now Perkin Elmer Life Sciences, Wellesley, MA, USA). Protein 

concentrations of at least 10-fold diluted cell lysates (dilution with 100 mM sodium phosphate buffer 

pH 7.4, no BSA addition) were determined employing the BCA assay as well as albumin standard for 

calibration (both products from Pierce, Rockford, IL, USA). 

Specific activities of cell lines were calculated employing the following formula: 

907.0
factorDilution

mt
nmol5

MAX
MINLSC

activitysEHSpecific
IO

×
×

×
−

=  

LSCIO = liquid scintillation counts of isooctane extracted tDPPO reaction 

MIN = mean liquid scintillation counts of hexanol extracted reactions 

MAX = mean liquid scintillation counts of positive controls 

m = protein amount per reaction in mg 

t = reaction time in min 

1/0.907 = correction factor (Borhan et al., 1995) 

2.2.4 Cell culture 

The human prostate carcinoma cell line 22RV1 was cultured in RPMI 1640 medium including 25 mM 

HEPES (Mediatec Cellgro™, Herndon, VA, USA) and supplemented with 10 % fetal bovine serum 

premium (FBS; Cambrex, Walkersville , MD, USA). Cells were incubated at 37°C in a humidified 

atmosphere enriched with 5% CO2. They were routinely passaged twice a week at 80-95% confluency 

utilizing trypsin-EDTA (Gibco®, Invitrogen, Carlsbad, CA, USA). 
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2.2.5 Optimization of electroporation 

Electroporation conditions for 22RV1 cells were optimized following the procedure suggested by 

amaxa biosystems Inc. (Gaithersburgh, MD, USA) employing their Nucleofector technology. In brief, 

1x106 cells per reaction were resuspended in three different electroporation buffers (R, T, and V) and 

mixed with 2 µg of the mammalian expression vector maxGMP (amaxa Inc., Gaithersburgh, MD, USA) 

that codes for green fluorescent protein (GFP). Eight different electroporation programs each (A-23, A-

27, T-20, T-27, T-16, T-01, G-16 and O-07) or no electroporation at all were then tested in combination 

with the three electroporation buffers resulting in 27 differently treated variants. After electroporation, 

cells were immediately diluted with 37°C warm serum-free RPMI 1640 medium. After a 15 min 

incubation at 37°C, cells of one reaction were plated in one well of a 6-well tissue culture-treated 

polystyrene plate (Falcon™, BD Biosciences, Bedford, MA, USA). After 24 h under regular cell culture 

conditions, cells were analyzed for electroporation efficiency. This investigation was carried out by 

randomly choosing 100 cells per variant and visually examining them for GFP expression employing an 

inverted fluorescent microscope equipped with a IMT2-DMB dichroic mirror unit (Olympus IMT-2, 

Olympus Corp., Melville, NY, USA) and along with an attached digital camera (Olympus MicroFire, 

Olympus Corp., Melville, NY, USA). The percentage of cells that expressed GFP was then determined. 

2.2.6 siRNAs and RNAi experiments 

Four siRNAs directed against human sEH and therefore called siHsEH 1-4 were designed by and 

purchased from Dharmacon, Inc. (Chicago, IL, USA). Sense and antisense sequences of these short 

double-stranded RNAs are listed in Table 13. Additionally, a non-targeting siRNA sequence 

(siCONTROL #1) and a fluorescence-tagged siRNA effective against cyclophylin B (siGLO 

Cyclophilin B siRNA) were acquired as controls from the same source. 

Lipid-mediated transfection experiments were carried out utilizing the X-tremeGENE siRNA 

transfection reagent (Roche Applied Sciences, Indianapolis, IN, USA). One day before transfection, 

2.5x105 cells per well were seeded in a 6-well tissue culture plate. Before transfection, medium was 

exchanged. Transfection was performed with 0.74 µg of siRNAs complexed with 3.7 µl of the 

transfection reagent in Opti-MEM (Gibco®, Invitrogen, Carlsbad, CA, USA) following the 
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recommendations of the transfection reagent’s manufacturer. This resulted in a final siRNA 

concentration of 100 nM per well as recommended by the siRNA-synthesizing company. In addition, 

cells were treated with Opti-MEM with and without transfection reagent only to reveal their impact on 

human sEH expression. Medium was exchanged 6 h after transfection to avoid cell toxicity effects due 

to the transfection reagent. 

 

Table 13  siRNA sequences of the present study directed against human sEH. Sequences were 
provided by Dharmacon, Inc. (Chicago, IL, USA) and are given in 5’-3’ direction. 

 

 

siRNA Sense sequence Antisense sequence 

siHsEH 1 gaaaggcuauggagagucauu ugacucuccauagccuuucuu 

siHsEH 2 guacauggcucucuucuacuu guagaagagagccauguacuu 

siHsEH 3 gaauccagcuucucaauacuu guauugagaagcuggauucuu 

siHsEH 4 gcacuuugacuuccugauauu uaucaggaagucaaagugcuu 

 

 

Electroporation experiments employed the Nucleofector technology (amaxa, Inc., Gaithersburg, 

MD, USA). Therefore, 22RV1 cells were grown up to 80-90% confluency. After trypsin-EDTA 

treatment, 1x106 cells were resuspended in 100 µl of electroporation solution V and mixed with the 

respective siRNA amount (normally 2 µg; exception were dose-response experiments). Subsequently, 

the Nucleofector program T-27 was executed. After the actual electroporation, cells were allowed to 

recover as described above. However, after the 15-min incubation, 100 µl per electroporated cell sample 

were seeded in one well of a 24-well tissue culture-treated plate for mRNA expression analysis and the 

remaining cells in a 6-well plate (both plate types: Falcon™, BD Biosciences, Bedford, MA, USA) in 

order to examine sEH activity later on. Medium was exchanged twice around 8 h after seeding to 

remove dead cells. Forty-eight h after electroporation, cells were analyzed for the RNAi effect. 

Exceptions were samples for the time-response investigation. All described RNAi investigations 

targeting human sEH were performed in three independent experiments. 
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2.2.7 sEH activity determination of siRNA-treated cells 

The medium was completely removed from siRNA-treated cells in the 6-well plates and 500 µl of lysis 

buffer (20 mM sodium phosphate buffer pH 7.4, supplemented with 5 mM ethylenediaminetetraacetic 

acid (EDTA), 1 mM phenylmethylsulphonylfluoride (PMSF), 1 mM dithiothreitol (DTT) and 0.01% 

(v/v) Tween 20) were added per well. After a 5-min incubation of the cells in this solution, they could 

be completely detached by pipetting. Suspensions were transferred to 1.5 ml tubes (ISC BioExpress, 

Kaysville, UT, USA) and stored at -80°C for at least 1 day to completely destroy all cells. Lysates were 

thawed on ice and centrifuged with maximum speed at 4°C using an Eppendorf 5415C microcentrifuge 

(Eppendorf, Westbury, NY, USA). The undiluted supernatant was then analyzed in triplicate for sEH 

activity by means of the tDPPO assay as described above. Relative enzyme activity was calculated via 

the ratio “LSC of cells treated with targeting-siRNAs / LSC of cell lysates treated with non-targeting 

siRNA”. Hereby each of the three LSC per ‘silenced’ variant was divided by each of the corresponding 

negative control numbers, which resulted in 9 values per sample. 

2.2.8 RNA extraction and RT-PCR 

Total-RNA extraction of 22RV1 cells was carried out using TRIzol (Invitrogen, Inc., Carlsbad, CA, 

USA) following the manufacturer’s instructions. RNA of one sample was recovered in 7-10 µl of 

molecular biology-grade water and transcribed using the “Transcriptor First Strand cDNA Synthesis 

Kit” (Roche Applied Sciences, Indianapolis, IN, USA). Therefore, 6 µl of total RNA were mixed with 

0.5 µl anchored-oligo(dT)18 primer, incubated for 10 min at 65°C, then placed on ice. After that, 3.5 µl 

of a mixture of reaction buffer, RNase inhibitor, dNTPs and reverse transcriptase were added following 

the manufacturer’s instructions. Samples were then transcribed for 1 h at 50°C and subsequently heated 

up to 85°C in order to inactivate the employed enzyme. 

2.2.9 Quantitative PCR 

Human sEH expression of all samples was quantified relative to the one of human glyceraldehyde-3-

phosphate dehydrogenase (GAPD) employing a LightCycler® instrument and the LightCycler® 

“FastStart DNA MasterPLUS SYBR Green I” kit (Roche Applied Sciences, Indianapolis, IN, USA) 
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following the manufacturer’s instructions unless indicated otherwise. All DNA oligonucleotides were 

employed at final concentration of 1 µM in the PCR reactions. Primer sequences for human sEH were 

5’-ccactacccggcttatgaaa-3' and 5’-ttcagattagccccgatgtc-3’ resulting in a 426 bp long product. GAPD 

amplification was carried out with the following primers: 5’-gagtcaacggatttggtcgt-3’ and 5’-

ggaggcattgctgatgatct-3’. In this case, PCR amplificates were 434 bp long. All primers were purchased 

from MWG Biotech, Inc. (High Point, NC, USA) in ‘high purity salt free’ quality. Both genes were 

amplified per sample with the following PCR program: (1) pre-incubation for 10 min at 95°C to activate 

the polymerase; (2) 10 s at 95°C for denaturing the double-stranded DNA, pursued by 3 s at 57°C in 

order to anneal the primers and 20 s at 72°C for the elongation process. During another 2 s at 72°C, 

fluorescence detection was carried out. Step (2) was repeated 40 times. Afterwards, a melting curve 

analysis was carried out. In order to determine PCR efficiency for both genes, serial dilutions (dilution 

factor 10) of cDNA from untreated 22RV1 cells were produced and amplified in triplicate. cDNA 

samples from siRNA-treated cells were 10x diluted with molecular biology-grade water and 5 µl were 

used for the subsequent PCR. Expression analysis of human sEH as well as GAPD per cDNA sample 

was performed in triplicate. In addition, a calibrator was amplified per PCR run without replicate. 

Relative expression levels of human sEH were calculated as it follows: 

 

(N)CP - (C)CP
GAPD

(N)CP - (C)CP
HsEH

(S)CP - (C)CP
GAPD

(S)CP - (C)CP
HsEH

GAPDGAPDHsEHHsEH

GAPDGAPDHsEHHsEH

E  E
E  E

  levelmRNA Relative
 ×

 ×
=  100% 

EHsEH = Efficiency of human sEH amplification, which in this case was found to be 1.99 

EGAPD = Efficiency of GAPD amplification, which in this case was determined as 1.89 

CPHsEH / CPGAPD = Crossing point; PCR cycle number at which the respective gene amplification 

could be detected above threshold 

C = Callibrator; cDNA sample of untreated 22RV1 cells at 1:100 dilution 

S = Sample; cDNA sample of cells treated with human sEH-targeting siRNAs 

N = Negative control; cDNA sample of cells treated with non-targeting siRNAs 

 

Hereby, each possible combination of results was calculated yielding 81 values per sample. 
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2.3 Results 

2.3.1 Expression of sEH by human cell lines 

The knockdown of sEH by RNAi was considered as potential alternative to its chemical inhibition in the 

treatment of vascular and inflammatory diseases. Therefore, initial in vitro experiments to test the 

hypothesis that siRNAs could down-regulate the respective human enzyme by RNAi were intended. 

However, this plan raised the necessity of a suitable cell model expressing sEH in sufficient and thus 

detectable amounts. Thus far, 

no human cell system is 

reported that would fulfill this 

requirement (Hammock et al., 

1997). Nevertheless, several 

human cell lines were tested 

for this particular property 

and results of the investi-

gation are shown – in part – in 

Figure 24. 

It is evident that the 

examined prostate (22RV1, 

LNCaP, DU-145), hepatic (HepG2) and breast cancer (T47-D) cell lines express the enzyme of interest 

in fair amounts, with the highest specific activity level in 22RV1 cells. However, in comparison to these 

values, specific sEH activities in vivo are much higher. This is illustrated by the respective turnover of 

tDPPO by human liver cytosol (HLC) under similar assay conditions (Draper and Hammock, 1999; 

compare to Figure 24). The tested embryonic kidney cell line 293 as well as Jurkat, a T-cell leukemia 

cell line, show both detectable but still low specific sEH activities, and were thus not considered for 

further RNAi experiments. SIK was also able to turn over the sEH-specific substrate tDPPO at a 

relatively high speed, but was not considered for further RNAi experiments either due to its epidermal 

origin, which will be discussed later. 

 
Fig. 24  Specific activities of selected human cell lines. Displayed data 

represent means ± standard deviation from determinations in 
triplicate. 
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In addition, several cell lines were tested that showed no or very little (≤ 10 nmol min-1 mg-1) 

specific sEH activity. TCC-SUP, T24, 5637 and SCaBER, all derived from human urinary bladder 

carcinoma, were in this category as well as B35M, Ramos and Raji, generated from human Burkitt 

lymphoma cells, and SU-DHL4 along with SU-DHL6, which were attained from human B-cell 

lymphoma. 

It should be noted that none of the mentioned cell lines displayed significant glutathione S-

transferase (GST) activity, which would interfere with the performed sEH activity tests employing 

tDPPO. This can be assumed due to the results obtained from hexanol extractions of the tDPPO / cell 

lysate reactions, which did not differ from the performed negative controls. The extraction reagent 

hexanol – in contrast to isooctane – is able to selectively extract diols from the aqueous test reactions 

leaving GST conjugates in the lower hypophase (Borhan et al., 1995; Slim et al., 2001). 

2.3.2 Optimization of electroporation conditions for 22RV1 

After the selection of the prostate cancer cell line 22RV1 as model system for further RNAi experiments 

due to its high and thus easily detectable sEH expression level, electroporation conditions were 

optimized employing the Nucleofector technology. Therefore, 22RV1 cells were resuspended in three 

different electroporation solutions and electroporated with selected instrument-internal programs 

introducing a plasmid for GFP expression in mammalian systems. By examining the GFP-expressing 

 
 

Fig. 25  GFP expression of 22RV1 cells, which were electroporated employing the Nucleofector 
program T-27 to introduce a GFP-encoding mammalian expression vector. The picture was 
taken 24 h after electroporation by means of an inverted light / fluorescent microscope and 
an attached digital camera at 100x magnification. The right part of the figure displays the 
sight under light-microscopic conditions, whereas the left one shows the same cells when 
viewed utilizing the fluorescent mode of the microscope equipped with the dichroic mirror 
unit IMT2-DMB. 
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Fig. 26  Effect of lipofection-mediated introduction of 4 different 

siRNAs as well as a mixture of them on human sEH activity 
in 22RV1 cells. Enzyme activities at 48 h past lipofection 
are displayed relative to treatment with a non-targeting 
siRNA. Data represent results of 3 independent experiments 
and are shown as means ± standard deviation (refer to 
method part for calculation details). 

percentage of living cells after 24 hours, it was found that a combination of solution V and program T-

27 was most successful concerning electroporation efficiency. Under these conditions, 75% of the cells 

displayed GFP expression (Figure 25). 

2.3.3 RNAi experiments 

Initial RNAi experiments, 

intended to test the possibility of 

silencing human sEH by this 

endogenous mechanism, were 

carried out by lipid-mediated 

introduction of 4 different siRNAs 

as well as a mixture of all of them 

into 22RV1 cells (Table 12). The 

test of various different siRNAs in 

order to reveal the most effective 

one is necessary, because despite 

some discovered rules for rational 

siRNA design (Khvorova et al., 

2003; Schwarz et al., 2003; Hsieh et al., 2004; Reynolds et al., 2004) reliable prediction of their 

silencing potential is still impossible. Figure 26 illustrates that the down-regulation of human sEH while 

employing lipofection was not satisfactory: reduction in enzyme activity was 21% at the most. 

Nevertheless, visual analysis of cells, which were treated with lipid-complexed siRNAs possessing a 

fluorescent tag, gave the impression of efficient delivery into the cells (Figure 27 A). 

In order to explore an alternative siRNA delivery method to 22RV1 cells and thus to improve 

the silencing effect of the employed siRNAs, electroporation of these potential effector molecules was 

tested. After optimization of the respective conditions, one experiment with fluorescently labeled 

siRNAs was performed. Examination by means of an inverted fluorescence microscope (Figure 27 B) 

revealed these duplex molecules to be present in basically all treated cells. In addition, they were evenly 
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Fig. 27  Representative photomicrographs of 22RV1 cells treated with fluorescently labeled 

siRNAs. All pictures were taken at 48 h after treatment by means of an inverted light / 
fluorescence microscope (Olympus IMT-2, Olympus Corp., Melville, NY, USA) and an 
attached digital camera (Olympus MicroFire, Olympus Corp., Melville, NY, USA) at 
400x magnification. The right part of each picture documents the sight under light-
microscopic conditions, whereas the left one displays the same cells when viewed by 
means of the fluorescent mode of the microscope equipped with the dichroic mirror unit 
IMT2-DMG. siRNA introduction was performed via lipofection (A) and electroporation 
(B). 

 
Fig. 28  RNAi effect of several siRNAs on human sEH activity in 22RV1 cells following 

electroporation. Results of three individual experiments, represented by the different bar 
types, are displayed relative to treatments with a non-targeting siRNA. Data are shown as 
means ± standard deviation of determination (see text for detailed information on 
calculation). 
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spread within the cells, whereas in case of lipid-mediated transfection, aggregates of siRNAs were 

observed. This finding was promising with regard to the down-regulation of human sEH. And indeed, 

subsequent RNAi experiments targeting this protein were found to prohibit human sEH activity up to 

60% relative to cells treated with a non-targeting siRNA. However, as Figure 28 reveals, there was 

significant variation between the single repeats of this experiment. Especially results of experiment B 

were found to differ from the rest of the observations suggesting experimental difficulties in this 

particular case. 

In an attempt to 

examine the impact of the 

RNAi effect on human 

sEH expression over time, 

the time-response of 

22RV1 cells to the 

introduction of an sEH-

targeting siRNA mixture 

was investigated in three 

independent experiments. 

Hereby, each time point  

of each experiment was 

determined relative to 

simultaneously performed 

cell treatment with non-

targeting siRNAs. Overall, 

it seems that human sEH 

activity continuously de-

creased over the in-

vestigated time of 96 h 

due to the RNAi effect 

 
 
 

Fig. 29  Time-response of 22RV1 cells to electroporation introducing a 
mixture of 4 human sEH-targeting siRNAs. Each datum point was 
set relative to simultaneously performed cell treatment with non-
targeting siRNAs.  A  RNAi effect on enzyme activity. Data 
represent results from 3 independent experiments and are shown as 
means ± standard deviation (refer to method part for calculation 
details). However, datum points at 36 h and 96 h only represent 
findings from 2 independent experiments.  B  Direct comparison of 
enzyme activity level and mRNA level during a single time-
response experiment. Data are displayed as relative means of 
calculated values ± standard deviation (for calculation of these 
values see methods part). 
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(Figure 29 A). Figure 29 B displays the analysis of a single time-response experiment. As expected, 

mRNA decrease occurs ahead of human sEH activity decay. However, the two parameters correlate 

fairly well with one exception at 36 h, which is possibly caused by an experimental error in the enzyme 

activity analysis of the sample, the negative control sample respectively. 

The results of the initial 

RNAi experiments testing 4 

different human sEH-targeting 

siRNAs could not establish one of 

the duplex molecules to be clearly 

more potent regarding RNAi 

initiation than the others. There-

fore, siHsEH 3 was randomly 

selected and utilized along with a 

mixture of all 4 siRNAs in 

subsequent dose-response experi-

ments. These tests were per-

formed to replicate the results of 

the preceding RNAi experiments 

as well as to establish and further characterize the employed cell model system regarding the in vitro 

silencing of human sEH. Figure 30 illustrates that siRNA amounts down to 0.2 µg per electroporation 

reaction were able to evoke a similar silencing effect 48 h after electroporation as 10 or 20 times this 

quantity. On the other hand, siRNA amounts as low as 0.002 µg per electroporation reaction basically 

displayed no RNAi effect. Interestingly, the mix of all 4 candidate siRNAs – even though employed at 

an identical total amount – generally displayed higher silencing effects than siHsEH 3. Although this 

observation is not statistically significant, it suggests another siRNA of the mixture to be more effective 

than siHsEH 3. 

 
 

Fig. 30  Dose-response of 22RV1 cells to electroporation with 
siHsEH 3 as well as a mixture of all 4 siRNAs. Human 
sEH activities indicating the RNAi effect are displayed 
relative to the respective variants, which were treated with 
the same amount of non-targeting siRNAs. Data represent 
results of 3 independent experiments and are shown as 
means ± standard deviation. 



EXPERIMENTAL PART 

 92

2.4 Discussion 

2.4.1 Selection of a suitable cell model system 

While sEH is constitutively expressed in living vertebrates, this seems not to be the case for primary cell 

culture. From experience it can be stated that the cells examined continuously loose sEH activity right 

after isolation. For the intended RNAi study however, a steadily sEH-expressing, homogenous human 

cell line was the desired, yet unknown model system. There is certainly always the option of 

permanently or transiently transfecting cells, which will then express the gene of choice at high levels. 

However, these approaches are either time consuming or dependent on potentially varying transfection 

efficiencies. Therefore in an initial attempt, several human cell lines were screened for their natural sEH 

expression potency. Analysis of specific sEH activities by means of the sEH surrogate substrate tDPPO 

lead to the selection of 22RV1 as model system for the intended RNAi experiments. This prostate 

cancer cell line displays a specific sEH activity, which is at least 1.7 times higher than found in the 

other tested cell lines and which would be sufficient for further RNAi studies. 

The observation that all tested prostate cancer cell lines possessed comparatively high specific 

human sEH activity levels is in accordance with earlier investigations suggesting androgen-induced sEH 

expression (Pinot et al., 1995b; Pang et al., 2002). Moreover, elevated sEH levels were found in cell 

lines derived from hepatic, kidney and breast tissues, which are all known to express sEH in vivo 

(reviewed in Newman et al., 2005). However, while sEH could be detected in human urinary bladder 

(Pacifici et al., 1988), the corresponding carcinoma cell lines TCC-SUP, T24, 5637 and SCaBER 

showed basically no such specific activity. 

SIK, a cell line that was developed from human epidermal tissue and showed significant sEH 

activity, was not considered for further RNAi experiments. Such investigations greatly depend on the 

knowledge of the target gene sequence, which in case of human sEH is based on mRNA extractions 

from hepatic tissue. However, findings of Winder et al. (1993) suggest differences between liver and 

epidermal human sEH. This circumstance prohibited the employment of SIK as cellular model system 

in the intended RNAi experiments. 
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2.4.2 RNAi experiments 

As it turned out, the selected cell model system is hard to transfect. This already became clear during 

unsuccessful attempts to introduce shRNA(short hairpin RNA)-expressing PCR products and plasmids, 

which were also intended to induce an RNAi effect targeting human sEH (data not shown). Moreover, 

this was also the case for HepG2, the second choice in terms of a suitable cell model system for 

subsequent RNAi experiments. Despite this difficulty, lipid-mediated siRNA transfection into 22RV1 

cells was attempted but resulted in poor silencing of human sEH. It has to be noted that in this case 

transfection conditions were not optimized. However, the respective experiments were performed as 

recommended by the manufacturers of siRNAs and transfection reagent. 

Consequently, the siRNA delivery method was changed to electroporation representing the state 

of the art method for the introduction of nucleic acids into cells. Reproducibility of the early 

experimental results employing this method, however, turned out to be suboptimal. Reasons for this are 

likely to be variations in electroporation efficiency and the corresponding cell survival rate due to 

minimal changes in cell condition before the electroporation treatment. Later on, a human sEH 

knockdown of ~ 50% could reproducibly be achieved in dose- and time-response experiments at 48 h 

after electroporation and was shown on the enzyme activity as well as the mRNA level. Moreover, this 

effect seems to be – according to the general tendency of the cellular time-response to siRNA 

electroporation – even stronger at a later time point. The observed relatively long-lasting RNAi effect is 

in accordance with recent reports in mammalian systems, which indicate that the duration of this 

endogenous silencing effect strongly depends on the respective cell division rate and thus on the intra-

cellular siRNA dilution effect due to mitosis (Bartlett and Davis, 2006; Zimmermann et al., 2006). In 

case of the 22RV1 cells, relatively long doubling times between 40-60 h are common allowing a 

relatively long-lasting RNAi phenomenon. 

Interestingly, an almost complete down-regulation of the target gene, as shown in similar 

studies (Reynolds et al., 2004), could not be achieved in the present investigation. Presuming a very 

efficient siRNA delivery method, this finding can have two causes: (a) all 4 tested siRNAs cannot evoke 

a stronger RNAi effect than observed or (b) the employed cell model system 22RV1 possesses an RNAi 

counter-regulatory mechanism ensuring a minimum sEH expression level in the cells. The latter option 
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is considered due to androgen-induced sEH gene expression in the prostate cancer cell line – an effect, 

which was observed before (Pinot et al., 1995b; Pang et al., 2002). However, more experiments are 

required to test this hypothesis. First, one investigation has to ultimately establish the functionality of 

the siRNA delivery method by means of a non-sEH-targeting, previously evaluated and highly 

functional siRNA serving as positive experimental control. Such investigations were already performed, 

but no effect on gene expression was seen – most likely due to fluorescence-labeling of the positive 

control siRNA. An additional experiment employing a non-prostate-derived cancer cell line 

(preferentially originating from kidney or liver such as HepG2 or 293) and testing the same siRNAs as 

employed in this study could finally reveal the reason(s) for the comparatively low silencing effect in 

this experimental series. 

The present study illustrates that the RNAi effect is not as easy to evoke as one could get the 

impression from the multitude of recent publications employing RNAi to knock down certain target 

genes. However, this seems to be at least partially caused by the chosen cell model system 22RV1, 

which appears hard to penetrate and might influence sEH expression via an endogenous regulatory 

mechanism. 

2.4.3 RNAi as potential therapy approach to down-regulate human sEH activity 

The investigations presented here and their respective outcome are regarded as a – even though still 

basic – successful attempt to abolish human sEH activity by RNAi offering an alternative to its 

chemical inhibition. This is particularly interesting with regard to the respective therapeutic applications 

of the option.  

A therapeutic RNAi approach targeting sEH would have several benefits. First of all, the high 

specificity of the RNAi mechanism would enable to selectively and probably even allel-specifically 

knockdown sEH. For example, unfavorable sEH polymorphisms such as Arg287Gln, which was 

previously connected to coronary artery calcification in African-Americans (Fornage et al., 2004) could 

be eliminated in heterozygous individuals. In contrast, chemical sEH inhibitors might also interact with 

other cellular components and thus disturb relevant biological processes. Possible side effects of 

siRNAs such as off-target effects (Jackson et al., 2003; Saxena et al., 2003; Birmingham et al., 2006; 
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Fedorov et al., 2006) or unspecific effects resulting in the initiation of an interferon response (Kariko et 

al., 2004; Hornung et al., 2005; Judge et al., 2005; Reynolds et al., 2006) can possibly be excluded 

beforehand in in vitro investigations employing suitable cellular model systems. On the other hand, the 

biological impact of metabolic products from chemical inhibitors is disproportionately harder to discern. 

Furthermore, recent studies (Whelan, 2005; Zimmermann et al., 2006) promise a long-lasting in vivo 

knockdown after siRNA treatment, which would simplify a therapeutic treatment in comparison to 

taking single or even multiple daily doses of a chemical inhibitor. 

Even though an sEH-targeting RNAi therapy approach possesses a number of advantages in 

comparison to chemical inhibition, there are still major obstacles to overcome before it can be employed. 

The two biggest hurdles for RNAi therapy in general, besides careful selection of an RNAi effector 

sequence, are specific siRNA delivery to targeted cells and the instability of siRNAs in blood, which is 

predominantly caused by kidney filtration or endogenous serum RNAses (reviewed in Dykxhoorn et al., 

2006). The latter problem is particularly important for systemic delivery of siRNAs to vascular 

endothelium as it would be necessary for the treatment of hypertension by sEH-targeting siRNAs. 

However, this setback has already been addressed by several groups via linkage to or complexation with 

other molecules, as well as modifications of the siRNA sugar backbone (see Dykxhoorn et al., 2006; 

Leung and Whittaker, 2005 and references therein). A recent in vivo study by Santel et al. (2006) could 

even show successful systemic delivery of liposomally formulated siRNAs to murine vascular 

endothelium, which rises hope for an sEH-targeting RNAi therapy. 

In addition, some successful site-directed in vivo siRNA delivery methods do exist that might be 

relevant for a potential therapeutic sEH knockdown: the local injection of siRNAs into eyes (Reich et al., 

2003; Kim et al., 2004a) as well as their intranasal administration for pulmonary delivery (Bitko et al., 

2005) seem both promising and relatively easy to achieve. In preliminary experiments with New 

Zealand White rabbits, topical treatment of the eye with AUDA (12-(3-adamantane-1-yl-ureido)-

dodecanoic acid; an sEH inhibitor) and / or EETs was observed to cause a decrease in the intraocular 

pressure. This suggests a potential role for sEH inhibition in glaucoma treatment, which could – in 

analogy to the first clinically tested siRNA (Whelan, 2005) – likely be fulfilled by sEH-targeting 

siRNAs for an extended period of time. However, this option would be more attractive if further 
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improvements in siRNA stability and delivery made it possible to administer siRNAs, possibly in 

combination with EETs, in eye drops. Another study in rats proved that tobacco smoke-induced 

inflammation in the lung can successfully be treated by an sEH inhibitor, even more so in the presence 

of EETs (Smith et al., 2005). This finding is likely to be useful for the treatment of chronic obstructive 

pulmonary disease (COPD). Most possibly, the same but potentially longer lasting effect could be 

achieved by intra-nasally administered siRNAs.  

As mentioned before, promising results have been achieved by chemical inhibition of sEH 

toward kidney protection against hypertensive-caused damage (Zhao et al., 2004; Imig et al., 2005). In 

this case however, local siRNA delivery can currently not be considered as alternative treatment. The 

present successful delivery method for siRNAs to kidneys in vivo consists of injection into the renal 

artery followed by electroporation (Takabatake et al., 2005). Thus, it is only justifiable for scientific 

approaches in animal models or if no other therapy option exists. 

2.5 Conclusion 

In the present study, RNAi-mediated silencing of human sEH was investigated in order to provide an 

alternative approach to chemical inhibition of this new drug target. After selection of a cell model 

system and optimization of the siRNA delivery technique, sEH enzyme activity and expression level 

could be reduced reproducibly by 50% in the prostate cancer cell line 22RV1. However, this result 

represents a significantly smaller RNAi effect than expected from literature. Therefore, it will be 

necessary to investigate the cause of this experimental result, once RNAi is considered for the 

therapeutic down-regulation of sEH. Nevertheless, extensive literature studies enable the conclusion 

that this is the first report of a successful knockdown of sEH by RNAi and might turn out to be useful in 

the treatment of glaucoma, COPD and perhaps even hypertension. Future developments in 

bioavailability of sEH inhibitors, as well as siRNA stability and target-specific delivery will reveal the 

applicability and relevance of both therapy options to abolish sEH activity. 
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