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Abstract
Glomerular dysfunction and proteinuria characterize focal segmental glomerulosclerosis (FSGS)
associated with chronic kidney disease. FSGS is resistant to treatment and a circulating permeability
factor (FSPF) frequently causes post-renal transplantation recurrence. In order to explore the role of
5,6-, 8,9-, 11,12- and 14,15-epoxyeicosatrienoic acids (EETs), we determined their effect on FSPF-
induced increase in glomerular albumin permeability (Palb) using an in vitro assay. Exogenous 8,9-
EET (1–1000nM) dose-dependently prevented the FSPF–induced increase in Palb. The other three
EET regioisomers, 8,9-EET metabolite 8,9-Dihydroxyeicosatrienoic acid and unrelated 11,14-
eicosadienoic acid (100 nM each) were not effective suggesting specificity of the observed
glomerular protection by 8,9-EET. Synthetic analogs of 8,9-EET containing one double bond
antagonized the effect of 8,9-EET on the FSPF-induced increase in Palb. Analogs containing two
double bonds did not antagonize the effect of 8,9-EET and significantly blocked the FSPF-induced
increase in Palb. These novel findings suggest a unique protective role for 8,9-EET in the glomerulus.
Stable analogs of 8,9-EET may be valuable in developing effective management/treatment of
glomerular dysfunction.
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1. Introduction
The kidney glomerulus is responsible for plasma filtration and formation of primary urine. The
glomerular filtration barrier restricts albumin and larger proteins to plasma space and
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minimizes their passage with urine. Increased glomerular permeability to plasma proteins is
an early event in the development of albuminuria/proteinuria associated with chronic renal
disease leading to end-stage renal disease. Glomerular dysfunction is characterized by
sclerosis, loss of capillary lumen, effacement of podocyte foot processes and increased passage
of albumin into the urinary space.

Focal and segmental glomerulosclerosis (FSGS) is associated with idiopathic renal disease and
systemic diseases that lead to chronic kidney disease. FSGS occurs in adults and children of
both sexes and its incidence has increased during the past two decades. Putative risk factors
include morbid obesity, racial background and family history. Viral infections or toxins have
been implicated in severe and rapidly progressing forms such as the collapsing variant of FSGS
or HIV nephropathy. FSGS is characterized by nephrotic syndrome that includes heavy
proteinuria, hypoalbuminemia, hyperlipidemia and hypertension [1,2].

The precise etiology of idiopathic FSGS remains unclear, however, the post-transplant
recurrence of proteinuria in 30–40% patients with idiopathic FSGS appears to be caused by a
circulating factor termed the FSGS permeability factor (FSPF). The presence and potency of
this factor can be estimated in vitro by measurement of glomerular albumin permeability
(Palb) [3]. Increased Palb is one of the earliest detectable markers for subsequent proteinuria
and renal injury in vivo. The plasma fraction containing FSPF increases Palb in vitro [4] and
induces proteinuria in rats in vivo [5]. Extracorporeal treatments such as plasma exchange
(plasmapheresis) or immunoadsorption result in transient attenuation of proteinuria in patients
with primary FSGS and decrease the ability of their sera to raise Palb in vitro. Current treatment
regimens to treat FSGS are empirical and largely ineffective necessitating continued search
for new therapeutic molecules [6].

Epoxyeicosatrienoic acid (EET, EpETrE) regioisomers, namely, 5,6-, 8,9-, 11,12- and 14,15-
EET, are epoxides of arachidonic acid biosynthesized by cytochrome P-450 (CYP450)
epoxygenases and are readily metabolized to respective vicinal diols
dihydroxyepoxyeicosatrienoic acids (DiHETrEs, DiHETs) by soluble epoxide hydrolase
activity. EETs function as autocrine and paracrine modulators of several cellular events
including molecular signaling, anti-inflammation, ion channel opening, mitogenesis,
angiogenesis and protection against ischemia-reperfusion injury [7]. The ability of the kidney
to synthesize EETs was demonstrated in 1981 but the role of these metabolites in the glomerular
barrier, the site of plasma filtration and primary urine formation, is not known. We have
recently shown that MS-PPOH, an inhibitor of the CYP450 epoxygenase activity, decreases
the levels of EETs and increases Palb [8].

In this report, we describe for the first time a unique protective effect of 8,9-EET on the
glomerular filtration barrier by demonstrating that it prevents the increase in Palb induced by
FSPF in the plasma from patients with FSGS. To elucidate the structure-activity-relationships
(SARs) of 8,9-EET and to expedite the development of more stable analogs, we synthesized
structural variants of 8,9-EET and studied their protective effects on Palb. These novel findings
suggest that EETs play a role in glomerular protein permeability barrier function and, that 8,9-
EET or its analogs may be useful in further studies to develop new molecules for preserving
the glomerular protein permeability barrier.

2. Materials and Methods
2.1. FSGS and Normal Plasma

Discarded plasma specimens obtained following plasmapheresis of a male patient with
recurrent FSGS and allograft loss in 1985, since treated with thrice-weekly hemodialysis, were
the source of the FSPF used in these studies. This patient’s serum, plasma, and plasmapheresis
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fluid have consistently increased Palb in vitro. This patient was not on any immunosuppressive
medications, and was not nephrotic at the time of plasmapheresis. Plasmapheresis was
performed using citrate anticoagulation, and plasma removed was replaced with 0.9% sodium
chloride and 5% human albumin solution. We have used discarded plasma from this patient in
our studies as a reference for consistency of our assays and purification protocols approved by
the Institutional Review Board at the Medical College of Wisconsin, Milwaukee. Details of
the criteria used for the diagnosis of FSGS have been described earlier [3,9]. Discarded normal
plasma specimens from the Blood Center of Southeastern Wisconsin (Milwaukee, WI) were
obtained as controls. Each sample was stored at −20°C until use. Plasma from 35 normal
individuals was pooled and designated normal pooled plasma (NPP).

2.2. Experimental Animals and Preparation of Glomeruli
Animals were cared for according to the NIH guidelines. All protocols were reviewed and
approved by the Institutional Committee for Care and Use of Animals at the Medical College
of Wisconsin. Rats were maintained at the Biomolecular Resource Center with free access to
diet and drinking water.

Glomeruli were isolated from kidneys of normal male Sprague-Dawley rats (200–220 g). Rats
were anesthetized with halothane vapor (Halocarbon Laboratories, River Edge, NJ), the
kidneys removed, and the animals immediately euthanized. Renal medulla was removed and
small pieces of the cortical slices were passed through stainless steel sieves of decreasing pore
sizes. Glomeruli were collected from atop the 200-mesh sieve (75 micron pore size). Glomeruli
were suspended in the isolation medium containing 5% bovine serum albumin (BSA).
Glomeruli isolated from 2 kidneys were resuspended in 1.5 ml of buffer (~10,000 glomeruli/
ml). Further details of the reagents, techniques and conditions have been described [9,10].

2.3. Synthesis of 8,9-EET Analogs
EETs are generated by the CYP450 epoxygenase catalyzed metabolism of arachidonic acid.
Chemical structures of the four EET regioisomers are shown in Figure 1A. The presence of
three double bonds renders these molecules prone to auto-oxidation and/or secondary
metabolism which account in large part for their short half-life. Reduction in the number of
double bonds generally improves the stability of polyenoic compounds, albeit with partial loss
of biological activity. Analogs that provide a suitable compromise between metabolic/chemical
stability and residual activity are highly desirable substitutes for the parent metabolite. We
synthesized several analogs of 8,9-EET containing one or two double bonds instead of three
to study their effects on Palb. For convenience and to develop consistent terminology, we have
provided the full chemical name and a suggested abbreviation for each numerically identified
analog (Table 1 and Figure 1B). General methods for the synthesis of analogs have been
described [11].

2.4. Experimental treatment of glomeruli and incubation conditions
2.4a. Epoxyeicosatrienoic acid (EET) regioisomers 5,6-EET, 8,9-EET, 11,12-EET
and 14,15-EET—To compare the effect of the four EET regioisomers, aliquots from stock
solutions of 5,6-, 8,9-, 11,12- or 14,15-EET in ethanol were diluted to final concentrations by
adding glomerular isolation medium containing 5% BSA (890 μL). Based on preliminary
experiments, we used each EET regioisomer at 100 nM final concentration to compare their
protective effect against the FSPF-induced increase in Palb. FSGS plasma (20 μL) alone or with
EETs (100 nM) was incubated for 15 minutes at 37°C. NPP (20 μL) was used as plasma control.
An equal volume of ethanol (10 μL) was present in all incubation mixtures.

2.4b. Dose-dependent effect of 8,9-EET—In separate experiments we used 8,9-EET at
1 to 1000 nM concentration to determine whether it protected the glomerular barrier function
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in a dose-dependent manner. FSGS plasma (20 μL) was incubated alone or with 8,9-EET (1,
10, 100 or 1000 nM) for 15 minutes at 37°C in a final volume of 1 mL. NPP (20 μL) was used
as control. An equal volume of ethanol (10 μL) vehicle was included in all groups.

2.4c. Protective effect of structurally unrelated fatty acid all-cis-11,14-
eicosadienoic acid (11,14-EDA)—We confirmed the specificity of the observed effect of
8,9-EET using a structurally unrelated fatty acid namely, all-cis-11,14-eicosadienoic acid. In
a series of experiments we compared the effect of 8,9-EET (100 nM) and all-cis-11,14-
eicosadienoic acid (100 nM) on FSPF-induced increase in Palb. FSGS plasma (20 μL) was
incubated alone or with one of the fatty acids for 15 minutes at 37°C. NPP (20 μL) was used
as the control group. An equal volume of ethanol (10 μL) was used in all groups.

2.4d. 8,9-EET and its vicinal diol 8,9-Dihydroxyeicosatrienoic acid (8,9-DiHETrE,
8,9-DiHET)—EETs are efficiently metabolized to their respective diols by soluble epoxide
hydrolase (sEH) and the observed effect of 8,9-EET may be through its metabolite 8,9-
DiHETrE. We compared the effect of 8,9-EET (100 nM) with its vicinal diol 8,9-DiHETrE
(100 nM) on FSPF-induced increase in Palb. FSGS plasma (20 μL) was incubated with or
without these agents for 15 minutes at 37°C. NPP (20 μL) was used as the control group. An
equal volume of ethanol (10 μL) was used in all groups.

2.4e. FSGS plasma and normal pooled plasma—Glomerular suspension (100 μL) in
isolation medium was added to the samples and gently mixed to facilitate dispersion (final
volume 1 mL). The mixture was incubated for 15 minutes at 37°C with or without FSGS-
plasma (20 μL). NPP (20 μL) was used as the negative control as described. Plasma aliquots
were added within 1 minute after EETs or 8,9-EET analogs to glomerular suspension. Vehicle
(10 μL ethanol) was included with FSGS plasma or NPP. Preliminary results indicated that 10
μL did not significantly alter the effect of NPP (Palb NPP alone 0.01±0.059 vs. NPP + ethanol
0.01±0.065, NS) or FSGS plasma (FSGS alone 0.83±0.08 vs. FSGS + ethanol 0.77±0.069,
NS) on glomerular filtration barrier.

2.4f. Structural analogs of 8,9-EET—Structure-activity relationship was further explored
using analogs of 8,9-EET. We used six structural analogs of 8,9-EET containing one or two
double bonds to determine the structural requirements for the observed biological effect of 8,9-
EET on glomerular filtration barrier. Three EEEs, analogs containing 1 double bond,
designated as #212, 213 and 214, and 3 EEDs, analogs containing two double bonds, designated
as #203, 204 and 241, were compared for their efficacy in attenuating the effect of FSPF on
Palb (Table 1).

Studies on 8,9-EET analogs were carried out in three stages. First, we compared the effect of
8,9-EET (100 nM) and its analogs (300 nM) on Palb by incubating each compound with isolated
glomeruli for 15 minutes at 37°C. Analogs were used at higher concentration than 8,9-EET to
identify and exclude the analogs that increased Palb. 8,9-EET at 100 nM or 1000 nM
concentrations does not increase Palb (Section 2.4b). Second, we determined whether any of
the analogs (300 nM) attenuated the protective effect of 8,9-EET (100 nM) on the FSPF-
induced increase in Palb. Finally, based on results of these series, we selected an analog
containing two double bonds (#241) to determine its effect on the FSPS-induced increase in
Palb at 100 and 300 nM concentrations.

2.5. In vitro assay of Palb
Following incubation, glomeruli were held and initial images of at least 5 glomeruli from one
rat were recorded by video-microscopy. The BSA concentration of the medium was changed
from 5% to 1% to generate an oncotic gradient across the glomerular capillary wall causing
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movement of fluid into the capillaries resulting in an increase in glomerular size. The final
image of each glomerulus was recorded after 60 seconds. Each video image was measured
along four diameters 45 degrees apart and the average diameter was used to calculate initial
and final volumes (Vinitial and Vfinal ). The change in volume (ΔV) of each glomerulus due to
the oncotic gradient was calculated as: ΔV = [Vfinal−Vinitial/Vinitial] × 100.

The effective force produced by an albumin oncotic gradient across the capillary wall (about
16 mm Hg) is measured as the change in glomerular volume. The reflection coefficient (σ) of
a membrane measured in relation to a given solute is defined by the ratio of the oncotic force
exerted by that solute to its theoretical oncotic force. It is a function both of the membrane and
the physical characteristics of the solute including molecular radius, configuration and charge.
Albumin reflection coefficient (σalb) was calculated as: σalb= ΔVexperimental/ΔVcontrol.
Convectional permeability (Palb) was calculated as: Palb=1−σalb. When alb is zero, albumin
moves across the membrane at the same rate as water and Palb equals 1.0. When σalb is one,
albumin cannot cross the membrane with water and Palb equals zero. Details of the method
for determination of Palb have been described previously [9,10].

2.6. Statistical Analysis
Fifteen glomeruli from three rats (5 glomeruli per rat) were observed in each group. Values of
Palb were expressed as mean ± SEM. Results were compared using unpaired t-test analysis and
P values described significance of difference between groups.

3. Results
3.1. 8,9-EET but no other regioisomers protects the glomerular filtration barrier

Figure 2 shows the effect of individual EET regioisomers on the FSPF-induced increase in
Palb. FSGS plasma alone increased Palb compared to the normal pooled plasma (0.8±0.03 and
0.02±0.05, P<0.001). Results show that identical concentrations (100 nM) of 5,6-, 11,12- and
14,15-EET did not attenuate the effect of FSPS on the glomerular filtration barrier (Palb 5,6-
EET 0.67±0.08, NS vs. FSGS; 11,12-EET 0.65±0.11, NS vs. FSGS; 14,15-EET-0.9±0.07, NS
vs. FSGS). Only 8,9-EET blocked the effect of FSPF (Palb 0.1±0.09, P<0.001 vs. FSGS
plasma). Thus, 8,9-EET appears to have a unique protective effect on the glomerular filtration
barrier.

3.2. 8,9-EET protects the glomerular filtration barrier in a dose-dependent manner
Figure 3 shows the effect of increasing concentrations of 8,9-EET (1–100 nM) on the FSPF-
induced increase in Palb. FSGS plasma caused a marked increase in Palb compared to NPP
(FSGS 0.81±0.06 vs. NPP −0.025±0.08, P< 0.001). Increasing concentrations of 8,9-EET
gradually attenuated the FSPF-induced increase in Palb. Thus, FSPF-induced increased Palb at
8,9-EET concentrations 1, 10, 100 and 1000 nM was 0.71±0.08, NS vs. FSGS; 0.31±0.1,
P<0.001 vs. FSGS plasma; −0.04±0.09, P < 0.001 vs. FSGS plasma; and −0.1±0.06, P < 0.001
vs. FSGS plasma, respectively. Increasing concentration of 8,9-EET did not affect Palb by itself
(Palb 100 nM 8,9-EET −0.08±0.11 and 1 μM 8,9-EET −0.145±0.11). Thus, 8,9-EET blocked
the effect of FSGS plasma in a dose-dependent manner and it did not increase Palb at 100 nM
or 1000 nM.

3.3. All-cis-11,14-eicosadienoic acid (11,14-EDA) does not block the FSPF-induced increase
in Palb

11,14-EDA is a twenty carbon-long fatty acid, same as 8,9-EET, but lacks the epoxide of the
latter. Figure 4A shows that 11,14-EDA did not alter the FSPF-induced increase in Palb (0.78
±0.045, NS vs. FSGS plasma) while 8,9-EET completely blocked the FSPF-induced increase
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in Palb (0.05±0.04, P<0.001 vs. FSGS plasma). Thus, identical number of carbon atoms in the
fatty acid chain length does not appear sufficient to block the effect of FSGS plasma on
glomerular filtration barrier. These data suggest a structure-specific protective effect of 8,9-
EET.

3.4. 8,9-DiHETrE (8,9-DiHET), vicinal diol of 8,9-EET, does not block the FSPF-induced
increase in Palb

EETs are readily metabolized to their respective diols by soluble epoxide hydrolase activity.
Therefore, the observed protective effect of 8,9-EET may be due to its vicinal diol. Figure 4B
shows the results of incubating glomeruli with FSGS plasma with 100 nM 8,9-DiHETrE or
8,9-EET. While 8,9-EET completely blocked the effect of FSPF (Palb 0.05±0.11 vs. FSGS
plasma alone 0.70±0.12, P<0.001) its diol 8,9-DiHETrE did not have a significant blocking
effect (Palb 0.56±0.06, NS vs. FSGS plasma). These results suggest that the epoxide group is
required for the protective effect of 8,9-EET.

3.5. 8,9-EET analogs containing one double bond (8,9-EEEs) increase Palb
Figure 5A shows results to compare the effect of three 8,9-EEEs (300 nM) with that of 8,9-
EET (100 nM) on Palb. Each 8,9-EEE (#212, 213 and 214, Table 1) or 8,9-EET was incubated
separately with glomeruli for 15 minutes. Each 8,9-EEE namely, #212, 213 and 214 (Table 1),
induced a significant increase in Palb (0.49±0.066, 0.6±072 and 0.45±0.087, respectively;
P<0.005 vs. 8,9-EET alone). Thus, at three times higher concentration than 8,9-EET (100 nM),
the 1-double bond containing analogs caused a significant increase in Palb.

3.6. 8,9-EET analogs containing two double bonds (8,9-EEDs) do not change Palb
Figure 5B shows the results comparing the effects of three 8,9-EEDs with that of 8,9-EET on
Palb. Each 8,9-EED (#203, 204 or 241, see Table 1) or 8,9-EET was incubated separately with
glomeruli for 15 minutes. Results show that 8,9-EET (100 nM) did not alter Palb (0.05±0.09
vs. vehicle control 0.03±0.064, NS). Higher concentrations of 8,9-EET up to 1 μM also did not
increase Palb (Section 3.2). Two double bond containing 8,9-EEDs, analog #203, 204 and 241
(300 nM each), resulted in Palb 0.21±0.065, 0.18±0.105 and 0.1± 0.05, respectively. Thus, at
three times higher concentration than 8,9-EET (100 nM), the 2-double bond containing analogs
did not cause a significant increase in Palb.

3.7. Analogs containing one double bond (8,9-EEE) antagonize the protective effect of 8,9-
EET on Palb

Figure 6A shows that one double bond containing analogs (8,9-EEEs) #213, 212 and 214 (Table
1) attenuated the protective effect of 8,9-EET on FSPF-induced increase in Palb. FSPF-induced
increase in Palb (0.67±0.07) was blocked by 8,9-EET (100 nM) alone (Palb −0.04±0.09,
P<0.001 vs. FSGS plasma alone). Addition of one double bond containing 8,9-EEE, analog
#213, 212 and 214 (300 nM each) with FSGS plasma and 8,9-EET, resulted Palb 0.52±0.11,
0.34±0.07 and 0.167±0.12, respectively. These Palb values were higher than that obtained with
FSGS plasma + 8,9-EET (−0.04±0.09) and suggest an antagonistic effect of EEEs against 8,9-
EET. The extent of antagonistic effect appeared to vary (Palb for #213 > 212 > 214) suggesting
its association with the position of the double bond.

3.8. Analogs containing two double bonds (8,9-EED) do not antagonize the protective effect
of 8,9-EET on Palb

Figure 6B shows that two double bond containing analogs of 8,9-EET (8,9-EEDs) i.e., analog
# 241, 204 or 203 (Table 1), did not attenuate the protective effect of 8,9-EET. The FSPF-
induced increase in Palb (0.67±0.07) was blocked by 8,9-EET (100 nM) alone (Palb −0.04±0.09,
P<0.001 vs. FSGS plasma alone). Inclusion of 8,9-EED #241, 204 or 203 with 8,9-EET and
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FSGS plasma resulted in Palb −0.104±0.1, −0.065±0.08; and 0.09±0.08, respectively. These
results were not significantly different from 8,9-EET + FSGS plasma (Palb −0.04±0.09). An
apparent structure-related trend in efficacy (#241 > 204 > 203) suggested analog #241 as the
most effective representative of this class for the next series of experiments.

3.9. 8,9-EED (Analog# 241) blocks the effect of FSPF on the glomerular filtration barrier
Figure 6C shows the effect of analog #241 (100 nM and 300 nM) or 8,9-EET (100 nM) on the
FSPF-induced increase in Palb. FSGS plasma increased Palb (0.88±0.07) was blocked by 8,9-
EET (Palb −0.15±0.07). Analog #241 also attenuated the effect of FSGS plasma on Palb in a
dose-dependent manner 100 nM (Palb 0.58±0.064, P<0.005 vs. FSGS plasma alone) and 300
nM (0.36±0.065, P<0.001 vs. FSGS plasma alone). Thus, the analogs containing two double
bonds may be useful candidates for further studies.

4. Discussion
FSGS is one of the most challenging problems in modern medicine. Increasing incidence, post-
transplantation recurrence in about 30% of renal allograft recipients and poorly understood
etiology add to the complexity of FSGS. Current therapeutic regimens are empirical and
generally ineffective necessitating an ongoing search for potential therapeutic agents. We have
focused on the role of arachidonic acid metabolites in the glomerular barrier function. Results
of the present studies indicate that 8,9-EET attenuates the FSGS plasma-induced increase in
Palb. This protective effect appears to be unique to the 8,9-regioisomer since 5,6-, 11,12- or
14,15-EET did not attenuate the increase in Palb. Analogs of 8,9-EET containing two double
bonds also significantly attenuated the increase in Palb and did not antagonize the protective
effect of 8,9-EET. On the other hand, analogs containing only one double bond showed varying
degrees of antagonism to the protective effect of 8,9-EET. Thus, 8,9-EET may have a unique
and specific protective role in the glomerular filtration barrier with a strong structure-activity
relationship.

The filtration barrier is constituted by glomerular capillary endothelial cells, basement
membrane and visceral epithelial cells (podocytes). Podocyte foot processes cover the
basement membrane in an interdigitating fashion and form slit pore junctions. The resulting
3-layer structure resists the outward capillary pressure and restricts the passage of plasma
macromolecules. Mutations in several podocyte proteins including nephrin and podocin that
are associated with slit-pore junction result in hereditary FSGS. For example, mutation in
nephrin gene NPHS1 has been shown to cause the Finnish-type congenital FSGS. Defective
interaction of podocyte molecules with effector molecules and changes in signaling may also
cause foot process effacement, increased protein permeability and result in FSGS [2,12,13,
14].

Etiology of FSGS is not clear but a circulating permeability factor (FSPF) is strongly associated
with post-transplantation recurrence. FSPF in the serum, plasma or plasma fractions increases
glomerular Palb in vitro and induces transient proteinuria in rats [4]. FSPF appears to be a low
molecular weight anionic, hydrophobic and glycosylated protein(s) that alters glomerular
protein phosphorylation and down regulates expression of nephrin [5]. FSPF has strong affinity
for galactose and intravenously or orally administered galactose blocks the effect of FSPF on
Palb [15]. We have developed and extensively used an in vitro functional assay for our studies
on purification and characterization of the FSPF.

The in vitro permeability assay is a sensitive and reliable technique to study changes in the
glomerular filtration barrier without the influence of hemodynamic and neuro-humoral factors.
Increased glomerular Palb is a subtle indicator of glomerular injury and precedes proteinuria
in several animal models of chronic disease including salt-induced hypertension [16], PAN
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nephrosis [17] and FSGS [4,5]. We have applied the in vitro assay to isolate and identify FSPF
and to ascertain the presence of FSPF in sera from FSGS patients during pre-transplantation
evaluation and post-transplantation follow-up. We have also used this assay to study the effect
of a wide range of molecules on the glomerular filtration barrier including cytokines (TNFα
and TGF-β1) and free radicals superoxide and nitric oxide [18,19,20]. We have reported that
indomethacin protects against the glomerular injury caused by FSPF and cyclooxygenase
products PGE2, PGF2α or thromboxane A2 mimetic [21]. We have also reported that 20-
hydroxyeicosatetraenoic acid (20-HETE), a product of the CYP450 hydroxylase activity,
protects the glomerular barrier against puromycin aminonucleoside (PAN). PAN-induced
injury develops into PAN-nephrosis, a well-known model of minimal change disease [17].
Following our initial work on PGE2, PGF2α, thromboxane A2 mimetic and 20-HETE we started
studies on the role of EETs in the glomerulus and found that inhibition of CYP450 epoxygenase
activity increases Palb that is prevented by 8,9-EET [8].

Liquid chromatography mass spectrometry confirmed that EETS are synthesized in glomeruli
[8]. Four EET regioisomers, 5,6-, 8,9-, 11,12- and 14,15-EET are generated by epoxidation of
arachidonic acid catalyzed by NAD(P)H-dependent CYP450 monooxygenases
(epoxygenases). The mammalian epoxygenase subfamilies include CYP1A, CYP2B, CYP2C,
CYP2D, CYP2G, CYP2J, CYP2N, and CYP4A. CYP2C isoforms are predominant in human
and rat renal tissues [22]. CYP450 2C23 is an abundant epoxygenase isoform in the kidney
[23]. Our preliminary results using LC-MS/MS also indicate the presence of CYP450 2C23
(EC 1.14.14.1) in rat glomerular proteins (unpublished data). Regioisomer selectivity,
stereoisomer selectivity and efficiency of epoxygenation vary with the enzyme. The tissue,
circulating and urinary levels of EETs depend upon the genetically determined cell-specific
expression of epoxygenases and nutritional factors such as salt and cholesterol [22].

Cellular EETs occur in free as well as phospholipid-bound forms and are principally
metabolized by soluble epoxide hydrolase (sEH) to corresponding vicinal diols, DiHETrE
(DiHETs). Widely recognized as the endothelium derived hyperpolarizing factor (EDHF),
EETs modulate an increasing number of biological events in an autocrine or paracrine manner
[7,24,25]. EETs are anti-inflammatory and promote recovery after myocardial infarction and
stroke [26,27,28]. EETs also have pro-angiogenic [29,30,31] and anti-apoptotic effects [32,
33]. EETs promote proliferation and activate Na+/H+ exchange in mesangial cells [34,35].
Selective effects of EETs include pre-glomerular endothelium-dependent vasoconstriction
(5,6-EET) or participate in adenosine-induced vasodilation (11,12-EET) through smooth
muscle cells [36,37] or vasoconstriction (8,9-EET) [38]. Our preliminary observations that led
to these studies showed that 8,9-EET is glomeruloprotective [39] and that inhibition of the
CYP450 epoxygenase activity results in increased glomerular albumin permeability [8]. These
diverse tissue protective effects have made EETs an attractive target for developing new
therapeutic molecules.

8,9-EET prevented the effect of FSPF in a dose-dependent manner (Figures 2, 3). A significant
effect was observed at concentrations as low as 10 nM but at 100 nM 8,9-EET completely
attenuated the FSPF-induced increase in Palb (Figure 3). We compared the effect of 8,9-EET
with that of 5,6-EET, 11,12-EET and 14,15-EET. None of the other regioisomers attenuated
the effect of the FSPF (Figure 2). These experiments showed that positions of the double bonds
provide the molecular conformation required for the observed glomerular effect of 8,9-EET.

We confirmed the specificity of this unique protective effect using an unrelated fatty acid (all-
cis 11, 14-eicosadienoic acid) and a metabolite of 8,9-EET (8,9-DiHETrE). 11,14-
eicosadienoic acid (11, 14-EDA), a 20 carbon long fatty acid containing two double bonds, is
not commonly present as free fatty acid or bound with tissue lipids. EDA at 100 nM
concentration did not attenuate the effect of FSPF (Figure 4A). These results showed that
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identical number of carbons in the molecule were not sufficient to block the FSPF-induced
increase in Palb. Structural specificity required for glomerular protection was further
demonstrated in experiments using 8,9-DiHETrE, the vicinal diol of 8,9-EET generated in sEH
catalyzed reaction. Vicinal diols of EETs are not incorporated into membrane lipids but may
show biological activity (40, 41). Results showed that replacing the epoxy group by two
hydroxyls at carbons 8 and 9 results in a loss of activity (Figure 4B). Thus, the presence of an
epoxy group and the positions of double bonds are structural determinant of the biological
activity of 8,9-EET.

Exogenously applied 8,9-EET may exert its protective effects via one or more mechanisms,
inter alia, binding with a membrane receptor, calcium mobilization, calcium activated
potassium channels, protein phosphorylation/dephosphorylation, peroxisome proliferator-
activated receptors and gene activation [7,28]. Diverse autocrine and paracrine effects suggest
that EETs also perform second messenger functions in addition to modulation of calcium-
activated potassium channels. EETs have been shown to interact with a number of molecules
in intracellular signaling pathways and transcription factors. EETs activate many signaling
molecules including protein kinase A [42], tyrosine kinases and phosphatases [43], p38 MAP
kinase [43], ERK1/2, MAP kinase phosphatatses. EETs also inhibit cJun N-terminal kinases
(JNK) [44]. EETs also modulate intracellular signaling through binding with transcription
factors such as the cyclic AMP-response element-binding protein (CREB) [45], nuclear factor-
κB (NF-κB) [46], peroxisome proliferator-activated receptor α(PPAR-α[47] or forkhead box
O3a (FOXO3a) [48]. One or more of these signaling mechanisms may be invoked by 8,9- and
other EETs in the glomerular filtration barrier. Availability of suitable analogs and antagonists
of 8,9-EET will be essential to explore the signaling events in vitro or in vivo.

We speculate that up regulation of the glomerular levels of 8,9-EET will be useful in preserving
the filtration barrier function under a variety of pathological conditions including FSGS.
However, the therapeutic usefulness of native 8,9-EET would be limited due to several factors
including high reactivity, rapid conversion into DiHETrE by the epoxide hydrolase activity,
efficient esterification with membrane glycerol at the sn-2 position [48] and inactivated by
auto-oxidation. Further, it is difficult to test the beneficial effect of 8,9-EET in biological
systems in vivo without determining the conditions that would promote its stability.
Nevertheless, inhibition of metabolism, development of structural analogs or up-regulation of
in vivo synthesis may lead to success in increasing the levels of 8,9-EET.

Up regulation of EETs levels through inhibition of the sEH activity or administration of stable
analogs may result in increased tissue and circulating levels of 8,9-EET or its active analogs.
Highly effective sEH inhibitors have been developed and their potential therapeutic application
is being tested [49,50]. Alternatively, compounds with analogous biological effects may serve
as effective substitutes. Structural analogs are commonly used to study the role of transient
metabolites and for developing new drugs. Since the presence of three double bonds renders
8,9-EET highly reactive and therefore unstable, we have initiated the use of synthetic analogs
(see Methods) with a goal to identify mimetic(s) of 8,9-EET that are stable in biological
environment and effective at the molecular level (Figure 1b, Table 1).

We synthesized and used three analogs containing 2 double bonds each, i.e., 8,9-EEDs (# 203,
204 and 241), and three analogs with 1 double bond each, i.e., 8,9-EEEs (# 212, 213 and 214).
Using the Palb assay we demonstrated that analogs with two double bonds did not increase
Palb of untreated glomeruli, significantly blocked the effect of the FSPF and did not antagonize
the effect of 8,9-EET on Palb. Thus presence of two double bonds may provide a degree of
stability to molecular molecule and retain the biological effect of the parent molecule.
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Analogs containing only one double bond (EEEs, Table 1) increased Palb of untreated glomeruli
in the absence of FSPS and antagonized the protective effect of 8,9-EET to varying degrees
(Figures 5A, 6A). The number and position of double bonds are key determinants of fatty acid
chemistry and biology. The biological differences among fatty acids and metabolites derived
from linolenic acid (ω-3), linoleic Acid (ω-6) and oleic acid (ω-9) are fundamental to our
understanding of physiology and several pathological conditions. The incidence of several
cardiovascular diseases is believed to be due to differences in dietary intakes of linoleic and
linolenic acids resulting in altered ratios of fatty acids derived from these parent molecules
(51). Several classical studies successfully used structural analogs based on co-enzyme A to
characterize steps in the biosynthesis and regulation of fatty acids [52]. We have also developed
structural analogs of EETs by introducing sub-molecular changes. For example 14,15-
Epoxyeicosa-5(Z)-enoic acid is a specific antagonist of 14,15-EET [53]. Therefore, the
observed loss of protective effect in one double bond containing analogs (8,8-EEEs) also
suggests a potential gain of another function e.g., feed-back modulation of 8,9-EET. As
suggested by one of the reviewers of this manuscript, such reversal of function may exist as
mechanism to regulate the biological effect(s) of 8,9-EET.

In conclusion, we have demonstrated for the first time that 8,9-EET, a naturally occurring
epoxide of arachidonic acid, protects the glomerular protein permeability barrier from injury
caused by FSPF. None of the other regioisomers attenuated the FSPF-induced glomerular
injury. At least two double bonds appear to be required for the glomerulo-protective function
of 8,9-EET. We have recently shown that 20-HETE also protects the glomerular filtration
barrier [17]. This raises the possibility that such metabolites are required to maintain normal
glomerular barrier function and that metabolic dysregulation of these molecules plays an
important role in the development of proteinuric states. Angiotensin II converting enzyme
inhibitors, corticosteroids, cyclosporine and tacrolimus are clinically used to manage/treat
chronic renal disease. However, FSGS is highly resistant to regimens based on these and other
currently used therapeutic agents. Besides, most therapies also cause side effects including
nephrotoxicity and immunosuppression that may complicate the disease and add to poor
outcomes. Thus, there is a need for new and effective therapeutic agents. Development of more
stable analogs of certain P450 metabolites may provide a new class of specific therapeutic tools
to treat patients with glomerular dysfunction associated with chronic kidney disease.
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Figure 1.

Sharma et al. Page 14

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1A and 1B: Structures of arachidonic acid, 8,9-EET and synthetic analogs of 8,9-
EET. Analogs of 8,9-EET contain a similar carbon chain with differing numbers and positions
of double bonds between carbons 5 and 15.

Sharma et al. Page 15

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. 8,9-EET protects against FSGS plasma-induced increase in glomerular albumin
permeability in vitro
Freshly isolated rat glomeruli were incubated with FSGS plasma or normal pooled plasma
(NPP, 20 μL) for 15 minutes at 37°C. Parallel groups of glomeruli were incubated with FSGS
plasma (20 μL) and 100 nM of each EET regioisomers, 5,6-, 8,9-, 11,12- or 14,15-EET. FSGS
plasma caused increased albumin permeability compared to the vehicle control (P<0.001).
NPP did not induce change in Palb. 8,9-EET (100 nM) blocked the increase in permeability
induced by the FSGS-plasma (P<0.001 vs. FSGS). None of the other regioisomers block the
FSGS plasma-induced in Palb.
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Figure 3. The protective effect of 8,9-EET on the glomerular filtration barrier is dose-dependent
Freshly isolated rat glomeruli were incubated with FSGS plasma (20 μL) alone or with different
concentrations of 8,9-EET (1–100 nM) for 15 minutes at 37°C. FSPF in the FSGS plasma
caused increased albumin permeability compared to the vehicle control (P<0.001). Significant
protection against FSGS plasma-induced increase in Palb observed at 10 nM 8,9-EET and
complete protection at 100 nM (P<0.001 vs. FSGS).

Sharma et al. Page 17

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Figure 4A: The protective effect of 8,9-EET on the glomerular filtration barrier is
specific-Structurally unrelated fatty acid is not protective. Freshly isolated rat glomeruli
were incubated with FSGS plasma alone (20 μL), FSGS plasma + 8,9-EET (100 nM) or FSGS
plasma + 11,14-eicosadienoic acid (100 nM) for 15 minutes at 37°C. 11,14-eicosadienoic acid
is a 20 carbon fatty acid containing 2 double bonds that is not normally found in mammalian
tissues. FSGS plasma-induced increase in Palb was blocked by 8,9-EET (P<0.001 vs. FSGS)
but not by 11,14-eicosadienoic acid.
Figure 4B: The protective effect of 8,9-EET on the glomerular filtration barrier is
specific-8,9-EET vic diol 8,9-DiHETrE is not protective. Freshly isolated rat glomeruli were
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incubated with FSGS plasma alone (20 μL), FSGS plasma + 8,9-EET (100 nM) or FSGS plasma
+ 8,9-diHETrE (100 nM) for 15 minutes at 37°C. 8,9-DiHETrE is generated from 8,9-EET in
a reaction catalyzed by soluble epoxide hydrolase. 8,9-diHETrE contains two hydroxyl groups
in place of the epoxide group. FSGS plasma-induced increase in Palb was blocked by 8,9-EET
(P<0.001 vs. FSGS) but not by 8,9-DiHETrE.
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Figure 5.
Figure 5A: Analogs of 8,9-EET containing one double bond increase Palb. Freshly isolated
rat glomeruli were incubated with vehicle, 8,9-EET (100nM) or its analogs containing one
double bond (EEE) # 212, 213 or 214 (300nM) for 15 minutes at 37°C. Each of the three EEEs
(#212, 213 or 214) caused significant increase in glomerular albumin permeability (P<0.005
vs. 8,9-EET).
Figure 5B: Analogs of 8,9-EET containing two double bonds (EEDs) do not alter Palb.
Freshly isolated rat glomeruli were incubated with vehicle, 8,9-EET (100nM) or its analogs
containing two double bonds (8,9-EED) # 203, 204 or 241 (300nM) for 15 minutes at 37°C.
Neither 8,9-EET nor EEDs caused significant change in glomerular albumin permeability.
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Figure 6.
Figure 6A: Analogs containing one double bond (8,9-EEE) antagonize the protective
effect of 8,9-EET on Palb. Freshly isolated rat glomeruli were incubated with vehicle, NPP,
FSGS plasma, FSGS + 8,9-EET (100nM), FSGS + 8,9-EET + analogs containing one double
bond (EEE) # 212, 213 or 214 (300nM) for 15 minutes at 37°C. FSPF-induced increase in
Palb blocked by 8,9-EET (P<0.001 vs. FSGS alone). 8,9-EEEs appeared to antagonize the effect
of 8,9 EET to varying (213 > 212 > 214) degree (P<0.001, 0.05 vs. 8,9-EET).
Figure 6B: Analogs containing two double bonds (8,9-EED) do not antagonize the
protective effect of 8,9-EET on Palb. Freshly isolated rat glomeruli were incubated with
vehicle, NPP, FSGS plasma, FSGS plasma + 8,9-EET (100nM), FSGS plasma +8,9-EET +
analogs containing two double bonds (8,9-EED) # 241, 204 or 203 (300nM) for 15 minutes at
37°C. FSPF-induced increase in Palb was blocked by 8,9-EET alone (P<0.001 vs. FSGS alone).
Inclusion of 8,9-EED #241, 204 or 203 did not significantly change the protective effect of
8,9-EET. Analog #241 appeared to be the most effective representative of this class of
molecules.
Figure 6C: An 8,9-EED (Analog# 241) blocks the effect of FSPF on the glomerular
filtration barrier. Freshly isolated rat glomeruli were incubated with vehicle, FSGS plasma,
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FSGS plasma + 8,9-EED Analog# 241 (100nM or 300 nM), FSGS plasma + 8,9-EET (100
nM) for 15 minutes at 37°C. Analog #241 attenuated the effect of FSGS plasma on Palb in a
dose-dependent manner (100 nM P<0.005 vs. FSGS alone; 300 nM P<0.001 vs. FSGS alone).
8,9-EET blocked the FSPF-induced increase in Palb (P<0.001 vs. FSGS alone).
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Table 1

Names and abbreviations for 8,9-EET analogs.

Analog Chemical Name Abbreviated name

# Analogs containing 2 double bonds Epoxyeicosadienoic acid (EED)

203 (Z)-8,9-Epoxyeicosa-5(Z),11(Z)-dienoic acid 8,9-EE-5,11-DA

204 (Z)-8,9-Epoxyeicosa-5(Z),14(Z)-dienoic acid 8,9-EE-5,14-DA

241 (Z)-8,9-Epoxyeicosa-11,(Z),14(Z)-dienoic acid 8,9-EE-11,14-DA

Analogs containing 1 double bond Epoxyeicosaenoic acid (EEE)

212 (Z)-8,9-Epoxyeicosa-14(Z)-enoic acid 8,9-EE-14-EA

213 (Z)-8,9-Epoxyeicosa-5(Z)-enoic acid 8,9-EE-5-EA

214 (Z)-8,9-Epoxyeicosa-11(Z)-enoic acid 8,9-EE-11-EA
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