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Abstract

Previous studies have indicated that cytochrome P450 (CYP) metabolites of arachidonic acid
(AA), i.e., 20-hydroxyeicosatetraenoic acid (20-HETE) and epoxyeicosatrienoic acids (EETS),
play an important role in the regulation of renal tubular and vascular function. The present study
for the first time profiled HETES and epoxygenase derived dihydroxyeicosatetraenoic acid
diHETES levels in spot urines and plasma in 262 African American patients from the University of
Mississippi Chronic Kidney Disease Clinic and 31 African American controls. Significant
correlations in eGFR and urinary 20-HETE/creatinine and 19-HETE/ creatinine levels were
observed. The eGFR increased by 17.47 [p=0.001] and 60.68 [(p=0.005] ml/min/ for each ng/mg
increase in 20-HETE and 19-HETE levels, respectively. Similar significant positive associations
were found between the other urinary eicosanoids and eGFR and also with 19-HETE/urine
creatinine concentration and proteinuria. We found that approximately 80% of plasma HETEs and
30% diHETEs were glucuronidated and the fractional excretion of 20-HETE was less than 1%.
These results suggest that there is a significant hepatic source of urinary 20-HETE glucuronide
and EETs with extensive renal biotransformation to metabolites which may play a role in the
pathogenesis of CKD.
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INTRODUCTION

Chronic kidney disease (CKD) disproportionately affects African Americans who are four
times more likely to progress to end-stage renal disease (ESRD) than Caucasians [1, 2]. The
mechanisms responsible for this racial health disparity are largely unknown. Studies
performed over the past ten years indicate that cytochrome P450 (CYP) metabolites of AA,
20-hydroxyeicosatetraenoic acid (20-HETE) and epoxyeicosatrienoic acids (EETS), play an
important role in the regulation of renal tubular function and vascular tone [3, 4], and that
abnormalities in these pathways may contribute to the development of hypertension and
renal injury [3-6]. 20-HETE is a potent endogenous vasoconstrictor [3] and EETSs are
endothelial derived relaxing factors [7]. These CYP eicosanoids also regulate inflammation
and may affect the progression of CKD [8].

More recent studies suggest that variants in the CYP4A11 and CYP4F2 genes are linked to
the development of hypertension in a variety of human population studies [9-25]. However,
little is known about the role of 20-HETE or EETSs in the pathogenesis of hypertension or
diabetic induced renal disease because CYP eicosanoids have not been measured previously
in African Americans with chronic kidney disease (CKD). Here we report the correlations of
urinary eicosanoids with estimated glomerular filtration (eGFR) and proteinuria in African
Americans with CKD.

METHODS

Clinical Protocol

African American patients (N=262) were recruited from the University of Mississippi
(UMC) CKD clinic comprising all stages of CKD I-1V with varying etiologies as shown in
Table I. Healthy African American subjects (N=31) were also recruited from the Jackson
metro area by advertisement at UMMC. The controls were normotensive with normal renal
function and taking no medications. An informed consent approved by the UMC IRB was
obtained in adherence with the Declaration of Helsinki at the time of their regular clinic
visit. A spot urine sample was collected for measurement of urinary eicosanoids, protein,
and creatinine concentrations and immediately, refrigerated and then transferred to =70 °C
freezer. Blood chemistries including serum creatinine and protein were performed as part of
the standard nephrology care and were obtained from the UMC electronic health record.
Plasma samples were also obtained for in some CKD II-1V (N=11) and control patients for
measurement of eicosanoids (N=24) simultaneous with the urine samples

Eicosanoid Profiles

Urinary eicosanoids were measured by LC/MS/MS as described previously [26]. Briefly,
urine samples (2 mLs) were thawed and clarified by centrifugation (2500xg for 5 minutes)
and pH adjusted to 6.8. 500 units of E. coli-expressed beta-glucuronidase (Sigma Chemical
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Co., St. Louis MO) in a 0.4M potassium phosphate buffer (pH 6.8) was added and incubated
at 37° C for 12-14 hours. Then, an equal volume of 95% sodium acetate (0.1 M, pH 7.0)/5%
methanol was added and the pH adjusted to pH 5-6 with 10% acetic acid. A labeled internal
standard (2 ng d5-20-HETE) was also added to the samples to determine extraction
efficiency. Eicosanoids were extracted using Bond Elute Certify Il columns (Agilent
Technologies, Wilmington DE). After pre-conditioning the columns with 2 mLs of methanol
they were equilibrated with 2 mLs of 95% 0.1M sodium acetate (pH=7):5% methanol and
the samples were added to columns via gravity flow. After drying using negative pressure
for 3 minutes, columns were washed with 2 ml of 50% methanol in water and then dried
using negative pressure for 3 minutes. Eicosanoid metabolites were eluted with 2 ml hexane/
ethyl acetate/acetic acid (3:1:0.01). The eluents were dried under nitrogen and stored at
—-80°C until LC/MS/MS analysis. Prior to LC/MS/MS analysis, the samples were
reconstituted in 200 UL acetonitrile, vortexed, and transferred to glass autosampler vials.
Following evaporation to dryness under nitrogen gas, samples were reconstituted in 30 uL of
acetonitrile and placed in the autosampler at 4° C. Immediately prior to injection onto
HPLC, 70 uL of water was added to each sample and 80 pL of sample was injected onto the
column.

Blood samples were collected in KEDTA tubes, centrifuged at 1000 g for 15 minutes the
plasma collected and stored at —80°C. The eicosanoids were extracted using Bond Elute
Certify 1l columns as described above. One aliquot was assayed directly to measure the free
eicosanoid levels. Another aliquot was incubated with glucuronidase and treated identically
to the urine samples prior to analysis.

The eicosanoids were measured by LC/MS/MS in Multiple Reaction Monitoring (MRM)
mode using an ABSCIEX 4000 QTRAP with a Turbo V lon Source (ABSCIEX, Inc.,
Framingham, MA 01701) coupled to a Dionex Ultimate 3000 HPLC (Sunnyvale, CA) as
previously described [26]. Quantitation of the metabolites was based on the recovery of the
d®-20-HETE internal standard for extraction efficiency. Standard curves were generated
over the range of 0.02 to 20 ng/ml of each metabolite and 0.2 ng of d6-20-HETE. Data
acquisition, statistical calculations, and quantification utilized Analyst 1.5 software
(ABSCIEX). Regression analysis using the least-squares method was used to evaluate the
calibration curves of each eicosanoid as a function of its concentration in urine and plasma.
The intra- and inter-assay variation was tested and found to be less than 10% for all analytes.

Statistical Methods

Baseline characteristics were constructed using means and standard deviations for
continuous variables and counts and percentages for categorical variables. An ANOVA and
Pearson’s chi-squared tests were used to detect differences across CKD stage for continuous
and categorical variables, respectively. Unadjusted and fully adjusted OLS regression
models were used to observe relationships between eGFR and urinary eicosanoids. To
account for the high skewness of the distributions, generalized linear models with gamma
distributions and log links were used when proteinuria was the primary outcome. R-squared
values were calculated to assess the model fit, except for outcomes with gamma
distributions, ie the proteinuria associations. The fully adjusted models were adjusted for
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age, gender, BMI, systolic blood pressure, diastolic blood pressure, diabetes, lupus, and
medications. The same model was used to examine the associations where an eicosanoid
was the primary outcome. Lowess smoothers were used to assess linear validity. Variations
in eicosanoid levels between diabetics and non-diabetics were assessed via interactions, but
no statistically significant differences were observed. All analyses were conducted using the
Stata v12 analysis package (Stata Corp, College Station, TX).

RESULTS

A representative chromatogram illustrating the separation of the various metabolites of AA
extracted from standards added to and extracted from a urine sample is presented in Figure
1. Two ng of each of the metabolites were applied to the column. The importance of
glucuronidase treatment for the measurement of eicosanoids in both plasma and urine
samples is illustrated in Figures 2 and 3. While some free diHETES can be detected prior to
incubation of the urine samples with glucuronidase, all of the HETEs in the samples are in
the conjugated form. All of the EETS standards were measurable in spiked urine samples,
however, endogenous EETs were undetectable in patient samples most likely due to
spontaneous hydrolysis of the epoxides to their corresponding DHETE metabolites in the
samples or following extraction and sample processing.

Analysis of the plasma samples revealed that 80% of 20-HETE and other HETES in the
plasma are glucuronidated and 10-50% of the diHETEs are as well. The fractional excretion
(FE) of these eicosanoids averaged only 1% indicating only a small amount of the filtered
load is excreted unchanged as a glucuronide. The results for the FE of 20-HETE in are
patient population are presented in Figure 4 and indicate the FE of 20-HETE is significantly
greater in patients with CKD 1I-1V (N = 11) than in the healthy controls (N= 24) (p <0001).

A comparison of the levels of the various eicosanoids factored for creatinine concentration is
presented in Table 1. The concentration of many eicosanoids including 20-HETE in the
urine were significantly lower in the African Americans with CKD than in the controls.
There was a significant positive correlation of urinary excretion of HETES and diHETEs
including 20-HETE and eGFR factored for urinary creatinine concentration and eGFR that
remained significant after adjusting for diabetes, hypertension, gender, age, BMI,
medications as covariates. Full results for unadjusted and fully adjusted models are shown in
Table 2.

A representative association curve for 20-HETE with eGFR is shown in Figure 5. When the
urinary concentrations of eicosanoids were normalized by dividing urinary eicosanoid levels
by urine creatinine concentration expressed as ng/mg of creatinine these associations
persisted except for the association of 14, 15 DHETE with eGFR as shown in Table 2. The
magnitude of the influence of urinary eicosanoid levels on eGFR was relatively profound
since the slopes of these relationships indicated that there is a 5-10% decrement in eGFR
associated with each ng/mg fall in urinary eicosanoid levels. There is also a significant
positive correlation of urinary 19-HETE levels with urine proteinuria as shown in Figure 6
and a significant negative correlation between urinary 15-HETE levels and proteinuria as
shown in Table 2.
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A number of interactions between urinary eicosanoids levels and drug treatments were also
identified (Tables 3a and 3b). Patients treated with beta blockers had lower urinary 19-
HETE levels and 5, 6-diHETE than patients not treated with beta-blockers. However,
urinary eicosanoid levels were not elevated in patients treated with angiotensin converting
enzyme inhibitors (ACEI) p=0.546] or angiotensin receptor blockers (ARB). Patients treated
with calcium channel blockers exhibited lower levels 8-HETE and 20-HETE than patients
not treated with calcium channel blockers. Diuretics decreased 11,12-diHETE and 5,6-
diHETE levels relative to patients not on diuretics. Statins were associated with a significant
increase in 20-HETE levels compared with patients not treated with statins.

DISCUSION

The present study is the first large-scale clinical study to profile urinary eicosanoid levels in
African Americans with CKD. We found that the concentrations of urinary eicosanoids were
reduced in patients with advanced CKD. To date no animal or human study has determined
the source of the conjugated glucuronides in the urine even though it has been generally
assumed that urinary eicosanoid levels reflect renal production. The present data shows that
70-80% of plasma HETEs are glucuronidated implying a hepatic source for the majority of
circulating HETESs. The fractional excretion of 20-HETE is approximately 1% indicating
that the nearly all the filtered load is either biotransformed or undergoes extensive
reabsorption along the nephron. Glucuronides are also actively secreted in the urine in the
brush border membrane of the proximal tubule, however, there is no known mechanism for
reuptake of the filtered load of glucuronidated substrates and therefore it is likely that the
HETE glucuronides are metabolized. That significant glucurony! transferase activity has
been shown in the kidney supports this argument [28].

These results indicate that the urinary excretion of glucuronidated HETEs and EETSs is not
an index of renal production and it is possible that there may be a real contribution to urinary
eicosanoids, although this cannot be proved without tracer studies. In addition, it is possible
that the decrease in conjugated urinary eicosanoid glucuronides in the present study may
reflect the fall in GFR and the decrease in the filtration of these metabolites in the patients
with more advanced CKD. An alternate explanation is that these metabolites play a
pathophysiological role in CKD regardless of their origin. The identity and biological
activity of these metabolites and role in the progression of CKD warrants additional
investigations.

Previous studies by Ward et al [29] in a number of Caucasian patients in Australia indicated
that the urinary 20-HETE glucuronide levels were elevated about 27% in patients with
essential hypertension. Interestingly the elevation in 20-HETE levels and hypertension in
these patients was linked to a loss of function mutation in CYP4F2 via a mechanism that
remains to be determined. An earlier and smaller study by the same author showed that
urinary 20-HETE glucuronide levels were elevated in hypertensive women and positively
correlated with BMI in males [30]. Laffer et al reported that there was a correlation between
urinary 20-HETE glucuronide levels and sodium excretion in salt resistant hypertension but
not salt sensitive hypertensive patients with normal kidney function [31]. The urinary 20-
HETE levels were 66% higher in salt loaded patients compared to their salt depleted states
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and it was suggested that urinary 20-HETE is a natriuretic factor aiding in the excretion of
the salt load. Also there was a negative correlation of BMI and urinary 20-HETE excretion,
in the salt sensitive group. In the present study in an African American population with
CKD, we did not find any correlation between urinary eicosanoid levels with BMI or blood
pressure and as discussed above any conclusions about the correlations in changes in urinary
20-HETE glucuronide levels and renal production of 20-HETE need to be viewed with
caution given the present results suggesting that very little of this compound in the urine is
of renal origin. This does not rule out the possibility that these eicosanoids regardless of
their origin and their resulting transformed metabolites may play a pathophysiological role
in CKD.

Similar positive correlations of eGFR were shown with most the urinary DHETES measured
indicating a possible reduction in activity of epoxygenase pathway with reduced productions
of EETs and their corresponding diHETE metabolites. The epoxygenase pathway
metabolites have been shown to have anti-inflammatory, antihypertensive and natriuretic
properties and their loss may contribute to the progression of CKD. 20-HETE has been
shown to activate NF Kappa beta, uncouple eNOS, and increase pro-inflammatory cytokines
in the vascular endothelium which may play a role in the progression of CKD. Under these
conditions, reduced urinary levels of 20-HETE may have a protective effect [8]. Progression
of CKD is mediated by alterations in the inflammatory processes which may be regulated in
part by urinary eicosanoids.

There have been no previous clinical studies of the effects of various drug treatments on the
renal excretion of eicosanoids in African-American patients with CKD but there has been a
recent study by Brown et al [32] showing that fibrates reduce blood pressure in salt sensitive
hypertensives with normal renal function. The reduction of plasma and urinary total EETS
with fenofibrate on high salt diet was greater in salt resistant than salt sensitive subjects
compare to a low salt diet. This salt loading hypertension study showed no changes in
urinary or plasma 20-HETE due to salt loading or fenofibrate treatments. There were no
significant effects seen in patients treated with ACEI or ARBs in the present study. A
previous case control study of plasma eicosanoids in coronary artery disease patients
indicated that plasma 20-HETE levels were reduced in patients treated with an ACE
inhibitor [33]. Statins were associated with an increase in 20-HETE.

The major limitation of this study is that it is cross-sectional with populations comprising
varying etiologies of CKD. We have plans to do a longitudinal study examining the
trajectory of eGFR in the individual patients at different time points of early CKD in order
to investigate progression of CKD.

CONCLUSIONS

The results of the present study indicate that the urinary excretion of 20-HETE, diHETEs,
other HETES are correlated with eGFR in patients with CKD. From our investigations it
appears that a large portion of the excreted HETES are conjugated to glucuronide and likely
are filtered and are of hepatic origin. The renal contribution to urinary 20-HETE excretion
cannot be determined from this current data. Since the fractional excretion is minimal it is
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likely that there is extensive biotransformation of filtered eicosanoids along the nephron.
These bio-transformed metabolites may have biological activity and may play a role in the
progression of CKD. On the other hand, if urinary eicosanoids are derived from filtered
metabolites then at the very least, urinary CYP eicosanoids may serve as another potential
biomarker for progressive disease.
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Figure 1.
Representative chromatogram illustrating the LC/MS/MS profile of the major urinary

eicosanoids. The sample contained 2 ng of each metabolite of the major CYP450
eicosanoids typically found in urine.
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The effect of B-glucuronidase treatment on the levels of urinary eicosanoids. The results

indicate that there is a substantial increase in the levels of the major eicosanoids after

treatment of the urine samples. Bar heights represent the means with the error bars reflecting

the standard errors (n = 20 matched patient samples).
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Figure 3.
The effect of B-glucuronidase treatment on the levels of eicosaoniods in plasma. Treatment

with B-glucuronidase increases the levels of HETES and diHETEs in the plasma samples.
Bar heights represent the means with the error bars reflecting the standard errors (n = 20
matched patient samples).
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Figure 4.
Fractional excretion of 20-HETE in CKD patients vs. controls. Bar heights represent

percentage of the filtered load excreted in Healthy and CKD patients. The error bars
represent the 95% confidence intervals.
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Figure 5.
Association between the urinary 20-HETE concentration by urine creatinine concentration

and eGFR. The upper and lower confidence limits are presented as subscripts along with the
incident rate ratio IRR, p-value, r2 value, and sample size.
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Figure 6.
Association between the urinary 19-HETE concentration factored by urine creatinine

concentration and urine protein concentration. The IRR, upper and lower confidence limits
are presented as subscripts along with and sample size.
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Table 2

Associations between eicosanoid/urine creatinine and eGFR or Urine Protein

Page 17

Proteinuria®

Unadj

Fully Adj*

eGFR
Unadj Fully Adj*
19.44 p=0.001 (8.26,30.62)  17.47 p=0.001 (7.37, 27.57)
20-HETE
R20.05 R20.31
12.56 p=0.028 (1.37,23.75)  60.68 p=0.005 (18.48, 102.88)
19-HETE
R20.02 R20.31
23.12 p=0.060 (~0.99, 7.97 p=0.710 (~34.34, 50.28)
15-HETE 47.22)
R20.02 R2 0.24
340p=0.141(-1.14,7.94) 507 p=0.195 (-12.78, 2.63)
12-HETE
R20.01 R20.27
119.01 p<0.001 (57.03, 378.89 p=0.001 (160.01,
8-HETE 180.99) 597.77)
R20.08 R20.31
9.00 p=0.002 (3.24,14.77)  9.83 p=0.062 (~0.50, 20.17)
14,15-diHETE
R2 0.04 R20.28
4928 p<0.001 (22.27,  183.83 p<0.001 (87.50, 280.16)
11,12-diHETE 76.28)
R20.07 R20.32
6.01 p<0.001 (3.96, 8.06) 8.33 p<0.001 (5.56, 11.10)
8,9-diHETE
R20.13 R20.40
39.09p<0.001 (22.08,  112.04 p<0.001 (74.27, 149.81)
5,6-diHETE s
R20.09 R20.39

1.23 p=0.307 (0.83, 1.83)

0.98 p=0.960 (0.43, 2.21)

0.39 p=0.009 (0.19, 0.79)

0.95 p=0.572 (0.78, 1.14)

0.06 p=0.001 (0.01, 0.33)

0.81 p=0.029 (0.67, 0.98)

0.34 p=0.003 (0.17, 0.70)

0.90 p<0.001 (0.85, 0.95)

0.46 p<0.001 (0.31, 0.70)

1.39 p=0.175 (0.86, 2.25)

22.12 p=0.003 (2.80, 175.05)

0.09 p=0.016 (0.01, 0.63)

1.06 p=0.720 (0.77, 1.45)

0.09 p=0.623 (0.00, 1293.61)

0.85 p=0.617 (0.45, 1.62)

0.03 p=0.152 (0.00, 3.62)

0.94 p=0.378 (0.81, 1.08)

0.30 p=0.163 (0.05, 1.64)

For eGFR outcomes, beta coefficients (slope) with p-values, 95% confidence intervals, and r values are shown. For proteinuria outcomes, incidence
rate ratios (IRR) are reported with p-values and 95% confidence intervals. Unadjusted and fully adjusted models are shown, with fully adjusted
models having age, gender, BMI, systolic blood pressure, diastolic blood pressure, diabetes, lupus, and medications from table 3 used as

confounders.
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Table 3b

Associations between medications and diHETES

Page 19

Medication

Eicosanoid

14,15-diHETE

11,12-diHETE

8,9-diHETE

5,6-diHETE

Beta-blockers

ACEI

ARB
Eplerenone/spironolactone

Ca channel blocker
Diuretic

Statin

Other immunosuppressive

Steroids

0.89 p=0.452 (0.66, 1.20)
0.80 p=0.127 (0.61, 1.06)
1.10 p=0.618 (0.75, 1.62)
0.90 p=0.674 (0.57, 1.44)
0.75 p=0.072 (0.56, 1.03)
0.77 p=0.143 (0.55, 1.09)
1.16 p=0.361 (0.85, 1.59)
1.32 p=0.522 (0.56, 3.08)
1.20 p=0.480 (0.73, 1.96)

0.86 p=0.323 (0.64, 1.16)
0.90 p=0.483 (0.68, 1.20)
1.08 p=0.690 (0.74, 1.56)
0.99 p=0.975 (0.65, 1.52)
0.81 p=0.153 (0.60, 1.08)
0.60 p=0.002 (0.43, 0.83)
1.17 p=0.310 (0.86, 1.60)
1.36 p=0.506 (0.55, 3.38)
1.18 p=0.475 (0.74, 1.88)

0.81 p=0.153 (0.60, 1.08)
1.03 p=0.842 (0.77, 1.37)
1.19 p=0.373 (0.81, 1.73)
0.93 p=0.756 (0.58, 1.49)
0.79 p=0.123 (0.59, 1.06)
0.74 p=0.082 (0.52, 1.04)
0.89 p=0.482 (0.66, 1.22)
1.31 p=0.463 (0.64, 2.67)
1.59 p=0.051 (1.00, 2.53)

0.75 p=0.044 (0.57, 0.99)
1.14 p=0.372 (0.86, 1.51)
1.02 p=0.909 (0.70, 1.49)
0.85 p=0.489 (0.53, 1.36)
0.76 p=0.059 (0.57, 1.01)
0.67 p=0.021 (0.48, 0.94)
0.99 p=0.959 (0.73, 1.34)
1.20 p=0.610 (0.60, 2.38)
1.51 p=0.067 (0.97, 2.34)

Tables 3a and 3B. Associations between medications and eicosanoids. Shown are incidence rate ratios (IRR), p-values, and 95% confidence
intervals. All models are adjusted for age, gender, BMI, systolic blood pressure, diastolic blood pressure, diabetes, and lupus.
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