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Recent evidence has implicated systemic vascular dysfunc-
tion and vascular infl ammation in the pathogenesis of ath-
erosclerotic CVD ( 2, 3 ), left ventricular hypertrophy ( 4–6 ), 
hypertension ( 7 ), and renal demise ( 8, 9 ) in patients with 
chronic kidney disease. 

 ADPKD patients also have an elevated augmentation 
index, a measure of systemic vascular function and ventricu-
lar-vascular coupling ( 10 ). There is a strong link between sys-
temic vascular dysfunction and infl ammation ( 11, 12 ) and 
patients with ADPKD have an activated pro-infl ammatory 
phenotype ( 13, 14 ). 

 A previous study that utilized samples collected during 
the HALT Progression of Polycystic Kidney Disease (HALT-
PKD) trial showed signifi cantly increased serum levels of 
vascular infl ammatory markers: intercellular adhesion 
molecule-1, vascular cell adhesion molecule-1, P-selectin, 
E-selectin, and soluble Fas in normotensive ADPKD pa-
tients with preserved renal function as compared with 
healthy controls ( 15, 16 ). Another HALT-ancillary study 
showed increased serum levels of pro-inflammatory 
C-reactive protein and IL-8 with infl ammation exhibiting a 
graded relationship with levels of kidney function ( 17 ). 

 The involvement of infl ammation in ADPKD has also been 
shown in studies in which statin therapy was able to increase 
renal blood fl ow and GFR and improve the endothelium-
dependent vasodilation ( 18, 19 ). Although the underlying 
mechanisms are not well understood, presumably these reno-
protective effects were mediated by statin-induced inhibition 
of G-proteins resulting in improvement of endothelial func-
tion ( 20, 21 ) and reduced vascular infl ammation ( 22, 23 ). 

 Bioactive lipids are shown to play an important role in 
systematic homeostasis, pathogenesis of atherosclerosis, and 
renal-vascular pathology ( 24–27 ). For example, cytochrome 
P450 products of fatty acids demonstrate anti-infl ammatory 
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 Measurement of biomarkers 
 Analysis of bioactive lipid mediators.   Bioactive lipid media-

tors were analyzed using a multi-analyte LC-MS/MS assay. This 
assay was a modifi cation of a previously described method ( 35 ). 

 Briefl y, to 200  � l of serum, 800  � l methanol/ZnSO 4  (70:30, 
v/v) protein precipitation solution containing the internal stan-
dards (2 ng/ml mixture of internal standards, see below) were 
added. Samples were vortexed for 10 min, centrifuged for 10 min 
at 13,000  g , and transferred into HPLC vials. 

 Fifty microliters of the supernatants were injected onto a 
4.6 × 12.5 mm guard column (Eclipse XDB-C18, 5  � m; Agilent 
Technologies, Palo Alto, CA) and then back-fl ushed with 100% 
acetonitrile onto a 1.0 × 250 mm analytical column (Luna C18(2), 
3  � m, 100 Å; Phenomenex, Torrance, CA). For HPLC separa-
tion, the starting mobile phase consisted of 65% acetonitrile/0.1% 
formic acid (9:91, v/v) and 35% acetonitrile with a fl ow of 
0.2 ml/min for the fi rst minute. After 2 min, the gradient con-
sisted of 82% acetonitrile and was increased to 95% acetonitrile 
within 8 min. Acetonitrile was then held at 95% for 2 min. The 
column was reequilibrated for 2 min to starting conditions. 

 The API5000 mass spectrometer (AB Sciex, Concord, ON, Can-
ada) was run in the positive ESI in the multiple reaction monitor-
ing mode. The following hydroxy-fatty acids were quantifi ed: 
9-HODE, 13-HODE, 5-hydroxy-eicosapentaenoic acid (HEPE), 
8-HEPE, 18-HEPE, 9-HEPE, 15-HEPE, 12-HEPE, 5-HETE, 8-HETE, 
11-HETE, 15-HETE, 12-HETE, 20-HETE, 9-HETE, and 17-hydroxy-
docosahexaenoic acid (17 S -HDHA). All compounds including 
the internal standards (5-HETE- d 8, 12-HETE- d 8, 20-HETE- d 6, 
9-HODE- d 4, and 13-HODE- d 4) were purchased from Cayman 
Chemicals (Ann Arbor, MI). No chiral analysis of hydroxylated 
fatty acids was performed, thus no information about the enzy-
matic source can be provided within this study. 

 Statistical analyses 
 Descriptive statistics were calculated for each of the study groups 

(healthy controls, ADPKD eGFR >60 ml/min /1.73 m 2 , and ADPKD 
eGFR 25–60 ml/min/1.73 m 2 ) including percentages for categori-
cal data for approximately normally distributed continuous variables 
and geometric mean and 95% confi dence interval for skewed vari-
ables. Arithmetic means ± SD were used to present results in all fi g-
ures and for the comparison of group characteristics. For the results 
presented in Tables 1–3, biomarkers were ln transformed for regres-
sion analyses since the distributions were skewed. Linear regression 
was used to evaluate the relationship of each biomarker with eGFR, 
LVMI, and TKV normalized to the body surface area (BSAR) across 

effects by preventing the activation of nuclear factor  � B 
( 28 ). Others, such as 20-HETE, display multiple biological 
activities including regulation of blood pressure (BP) and 
cardioprotection ( 29–32 ), while lipoxygenase (LOX) me-
tabolites such as 12-HETE, 15-HETE, and 13-hydroxy-
octadecadienoic acid (HODE) exhibit additional effects 
on cell proliferation and regulation of apoptosis ( 33 ). 

 We hypothesized that higher bioactive lipid markers of 
infl ammation would be present and correlate with ADPKD 
severity as indicated by lower estimated glomerular fi ltra-
tion rate (eGFR) or higher total kidney volume (TKV). In 
addition, we aimed to investigate a relationship between 
the change in bioactive lipids and the occurrence of left 
ventricular hypertrophy as indicated through the change 
in left ventricular mass index (LVMI). To test our hypoth-
esis, we analyzed a panel of LOX-derived lipid mediators 
in serum samples from a homogenous group of 61 ADPKD 
HALT study A patients that was considered an early dis-
ease group with an eGFR >60 ml/min/1.73 m 2 . These 
cross-sectional results were compared with those of samples 
from 49 HALT study B patients with moderately advanced 
disease as defi ned by a eGFR of 25–60 ml/min/1.73 m 2 . 
All samples were collected at baseline. 

 METHODS 

 Study population 
 The ongoing HALT-PKD trial (ClinicalTrials.gov identifi er 

NCT00283686) consists of two concurrent randomized clinical trials 
designed to evaluate the effects of renin-angiotensin-aldosterone 
system (RAAS) suppression on the progression of ADPKD ( 12 ). 
Study A recruited patients with an eGFR >60 ml/min/1.73 m 2 , and 
study B recruited patients with an eGFR of 25–60 ml/min/1.73 m 2 . 
Age limits were 15 to 49 years for study A and 18 to 64 years for study 
B. Major exclusion criteria for both studies included renal vascular 
disease, diabetes, and history of severe heart failure. 

 Here we utilized baseline samples from 61 study A and 49 
study B subjects collected at the University of Colorado, Anschutz 
Medical Campus site of the HALT-PKD trial. In addition, serum 
samples from 15 healthy subjects were collected on site [8 male 
(median age 37 years) and 7 female (median age 30 years)]. The 
subjects were not on BP control medication and had no history of 
kidney or heart disease. 

 In ADPKD patients, GFR was estimated using the four-variable 
modifi cation of diet in renal disease equation ( 34 ). A trained 
nurse assessed BP using an automated oscillometric monitor (GE 
Healthcare, Waukesha, WI) following standard guidelines. Mea-
surements were made in patients in a seated position after 5–10 min 
of quiet rest. In addition, ADPKD patients from the study A group 
underwent measurements of TKV and LVMI. The HALT proto-
col at the University of Colorado, Anschutz Medical Campus site 
was approved by the Colorado Multi-Institutional Review Board 
(University of Colorado). Patients gave their written informed 
consent. The study was conducted in full compliance with the 
International Conference on Harmonization (ICH) Harmonized 
Tripartite Guidelines for Good Clinical Practice (1996), the Dec-
laration of Helsinki (version 11, October 2000), and all other 
applicable regulatory guidances. The use of blood samples for 
biomarker assay establishment was Colorado Multi-Institutional 
Review Board exempt. 

 TABLE 1. Baseline characteristics of the study groups 
based on their eGFR 

eGFR >60 
ml/min/1.73 m 2 

eGFR 25–60 
ml/min/1.73 m 2 

Age (years) 37.0 ± 7.8 47.1 ± 8.0
Male (%) 60.7 50.0
Systolic BP (mm Hg) 127.5 ± 13.0 132.0 ± 12.8
Diastolic BP (mm Hg) 74.5 ± 13.2 78.0 ± 9.6
eGFR (ml/min/1.73 m 2 ) 82.4 ± 17.7 48.2 ± 8.4
Urine creatinine (mg/ml) 0.7 ± 0.4 0.6 ± 0.3
Serum creatinine (mg/dl) 1.0 ± 0.2 1.5 ± 0.3
Urine microalbumin (mg/day) 43.1 ± 93.0 53.1 ± 69.3
BSAR (m 2 ) 2.0 ± 0.3 2.0 ± 0.2
LV mass (g) 127.2 ± 29.7 ND
LVMI (g/m 2 ) 64.0 ± 13.4 ND
TKV (ml) 1,365 ± 702 ND
TKV/BSAR (ml/m 2 ) 674 ± 333 ND

Data are presented as mean ± SD. BSAR, body surface area; eGFR, 
estimated glomerular fi ltration rate; LV, left ventricular; LVMI, LV mass 
index; ND, not determined; TKV, total kidney volume.
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years and 56% were male. The mean systolic/diastolic BP 
was 128/74 mm Hg in the ADPKD eGFR >60 ml/min/1.73 
m 2  group and 132/78 mm Hg in the ADPKD eGFR 25–60 
ml/min/1.73 m 2  group, suggesting that BP was well con-
trolled in these patients and did not increase signifi cantly 
during the 2 week drug washout period. During the wash-
out period patients were on labetalol and/or clonidine 
medication. Baseline characteristics and their distribu-
tion in the ADPKD study populations are presented in 
  Table 1  .  

 Patients with an eGFR >60 ml/min/1.73 m 2  were fur-
ther classifi ed into following subgroups based on their 
TKV: 15 (24.5%) with TKV of <800 ml, 28 (46.0%) 
with TKV of 800–1,500 ml, and 18 (29.5%) with TKV 
>1,500 ml. 

studies A and B (estimates/beta coeffi cients ± SE are presented). 
Three models were run for each marker:  1 ) unadjusted;  2 ) adjusted 
for age and sex; and  3 ) adjusted for age, sex, systolic BP, and ln 
serum creatinine.  t -Tests were used to compare differences in bio-
marker levels between ADPKD patient study groups; for compari-
son between healthy subjects and both ADPKD patient study 
groups, one-way ANOVA with Tukey post hoc testing was used. 
SPSS (Chicago, IL) 21.0 version and SAS 9.3 (Cary, NC) were 
used for the analyses.  P  < 0.05 was considered signifi cant. 

 RESULTS 

 Baseline characteristics by study group 
 Patients were eligible for study A or study B based upon 

their eGFR ( 36, 37 ). The mean age of all subjects was 42 

 TABLE 2. Regression analysis of eGFR and serum markers of infl ammation 

Variable Model Estimate ± SE  P   

9-HODE Unadjusted  � 0.11 ± 0.03  0.0019 
Model 1  � 0.08 ± 0.03  0.0066 
Model 2  � 0.08 ± 0.03  0.0068 

13-HODE Unadjusted  � 0.08 ± 0.04  0.0496 
Model 1  � 0.06 ± 0.03 0.0539
Model 2  � 0.06 ± 0.03 0.0547

5-HETE Unadjusted  � 0.02 ± 0.04 0.6126
Model 1  � 0.02 ± 0.03 0.4761
Model 2  � 0.02 ± 0.03 0.4752

8-HETE Unadjusted  � 0.00 ± 0.03 0.9745
Model 1  � 0.02 ± 0.03 0.4065
Model 2  � 0.02 ± 0.03 0.4076

9-HETE Unadjusted 0.01 ± 0.03 0.8722
Model 1 0.01 ± 0.03 0.5884
Model 2 0.01 ± 0.03 0.5910

11-HETE Unadjusted  � 0.01 ± 0.03 0.8091
Model 1  � 0.01 ± 0.03 0.5820
Model 2  � 0.01 ± 0.03 0.5825

12-HETE Unadjusted 0.01 ± 0.04 0.7826
Model 1 0.01 ± 0.03 0.8678
Model 2 0.01 ± 0.03 0.8684

15-HETE Unadjusted  � 0.07 ± 0.04 0.0890
Model 1  � 0.04 ± 0.03 0.1658
Model 2  � 0.04 ± 0.03 0.1681

20-HETE Unadjusted  � 0.25 ± 0.04  <0.0001 
Model 1  � 0.17 ± 0.03  <0.0001 
Model 2  � 0.18 ± 0.03  <0.0001 

5-HEPE Unadjusted 0.11 ± 0.03  0.0002 
Model 1 0.07 ± 0.02  0.0031 
Model 2 0.08 ± 0.02  0.0031 

8-HEPE Unadjusted 0.07 ± 0.04 0.0639
Model 1 0.05 ± 0.03 0.0863
Model 2 0.05 ± 0.03 0.0917

9-HEPE Unadjusted 0.03 ± 0.04 0.4286
Model 1 0.03 ± 0.03 0.3051
Model 2 0.03 ± 0.03 0.3193

12-HEPE Unadjusted 0.05 ± 0.04 0.2318
Model 1 0.01 ± 0.04 0.7934
Model 2 0.01 ± 0.04 0.7885

15-HEPE Unadjusted 0.15 ± 0.02  <0.0001 
Model 1 0.11 ± 0.02  <0.0001 
Model 2 0.11 ± 0.02  <0.0001 

18-HEPE Unadjusted  � 0.03 ± 0.03 0.3805
Model 1  � 0.00 ± 0.03 0.9104
Model 2  � 0.00 ± 0.03 0.8931

17 S -HDHA Unadjusted 0.03 ± 0.04 0.5075
Model 1  � 0.00 ± 0.04 0.9386
Model 2  � 0.01 ± 0.04 0.8784

The three models in this table were tested as unadjusted; model 1, adjusted for age and sex; and model 2, 
model 1 + systolic BP and ln serum creatinine. Data are presented as estimates (log of beta) ± SE.  P  < 0.05 was 
considered signifi cant and is shown in bold. The variables were ln transformed prior to analysis.
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 Linear regression of TKV normalized to the BSAR showed 
a signifi cant relationship with 9-HODE, 13-HODE, 9-HETE, 
15-HETE, 20-HETE, and 17 S -HDHA (unadjusted,   Table 3  ).  
When adjusted for age, sex, systolic BP, and ln serum creati-
nine, 13-HODE and 20-HETE remained signifi cantly cor-
related ( Table 3 ). 

 Statistical comparison of serum markers that signifi cantly 
correlated with eGFR, LVMI, and/or TKV/BSAR between 
the study groups: metabolic fate of fatty acids 

 Metabolism by LOXs and cyclooxygenases.   Concentra-
tions of 9-HODE and 13-HODE, two linoleic acid (LA) 
metabolites generated by cyclooxygenase (COX) and 
15-LOX/COX, respectively, were higher in patients with 

 Linear regression analysis of serum biomarkers with 
eGFR, LVMI, and TKV normalized to the BSAR 

 In cross-sectional unadjusted analyses of ADPKD eGFR 
>60 and eGFR 25–60 ml/min/1.73 m 2  patient groups, lin-
ear regression analysis of eGFR and bioactive lipid media-
tors revealed signifi cant correlations of eGFR with 5-HEPE, 
15-HEPE, 9-HODE, 13-HODE, and 20-HETE (  Table 2  ).  
Adjustments for age, sex, systolic BP, and ln serum creati-
nine did not reduce the number of signifi cant correlations 
between eGFR and the above listed markers, except for 
13-HODE ( Table 2 ). 

 In regards to the LVMI as the regression parameter, 
only 5-HETE showed a signifi cant relationship when ad-
justed for age ( P  = 0.0208) and when adjusted for sex and 
age, sex systolic BP, and ln serum creatinine ( P  = 0.0243). 

 TABLE 3. Regression analysis of TKV/BSAR and serum markers of infl ammation 

Variable Model Estimate ± SE  P 

9-HODE Unadjusted 156.68 ± 68.17  0.0256 
Model 1 153.12 ± 68.98  0.0310 
Model 2 140.11 ± 70.72 0.0533

13-HODE Unadjusted 166.24 ± 70.60  0.0224 
Model 1 164.62 ± 71.24  0.0250 
Model 2 149.40 ± 73.09  0.0464 

5-HETE Unadjusted 99.10 ± 55.92 0.0822
Model 1 91.78 ± 56.79 0.1124
Model 2 76.16 ± 57.70 0.1931

8-HETE Unadjusted 93.69 ± 49.72 0.0652
Model 1 81.22 ± 51.66 0.1223
Model 2 70.11 ± 52.37 0.1871

9-HETE Unadjusted 121.11 ± 50.69  0.0207 
Model 1 113.47 ± 52.51  0.0357 
Model 2 103.16 ± 52.38 0.0549

11-HETE Unadjusted 83.75 ± 49.18 0.0946
Model 1 74.35 ± 50.12 0.1444
Model 2 62.65 ± 51.29 0.2280

12-HETE Unadjusted 134.10 ± 68.16 0.0546
Model 1 124.63 ± 68.43 0.0747
Model 2 98.80 ± 69.76 0.1633

15-HETE Unadjusted 109.56 ± 51.93  0.0399 
Model 1 96.64 ± 53.24 0.0758
Model 2 84.24 ± 53.65 0.1232

20-HETE Unadjusted 256.46 ± 55.92  <0.0001 
Model 1 275.18 ± 59.84  <0.0001 
Model 2 248.61 ± 64.01  0.0003 

5-HEPE Unadjusted 29.59 ± 62.05 0.6354
Model 1 27.84 ± 62.25 0.6566
Model 2 21.14 ± 64.28 0.7437

8-HEPE Unadjusted 26.87 ± 53.99 0.6209
Model 1 19.43 ± 54.84 0.7246
Model 2 18.82 ± 55.49 0.7360

9-HEPE Unadjusted 22.32 ±± 51.18 0.6646
Model 1 14.07 ± 52.22 0.7887
Model 2 10.97 ± 53.28 0.8377

12-HEPE Unadjusted  � 58.30 ± 51.70 0.2646
Model 1  � 52.63 ± 52.21 0.3183
Model 2  � 71.88 ± 51.93 0.1727

15-HEPE Unadjusted  � 48.80 ± 57.10 0.3967
Model 1  � 52.37 ± 56.55 0.3589
Model 2  � 83.99 ± 55.84 0.1393

18-HEPE Unadjusted 31.53 ± 54.59 0.5661
Model 1 31.71 ± 55.32 0.5691
Model 2 28.77 ± 56.07 0.6103

17 S -HDHA Unadjusted 124.44 ± 56.49  0.0323 
Model 1 116.47 ± 57.81  0.0496 
Model 2 102.41 ± 60.02 0.0947

The three models in this table were tested as unadjusted; model 1, adjusted for age and sex; model 2, model 1 + 
systolic BP and ln serum creatinine. Data are presented as estimates (log of beta) ± SE.  P  < 0.05 was considered 
signifi cant and is shown in bold. The variables were ln transformed prior to analysis.
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( Fig. 3A ). This observed initial increase of the serum levels 
of HEPE compounds was also responsible for the observed 
difference between HALT study A and HALT study B pa-
tients, with 5-HEPE and 15-HEPE signifi cantly lower in 
ADPKD patients with impaired renal function (eGFR of 
<60 ml/min/1.73 m 2 ) ( Fig. 3B ,   Table 4  ).  

 DHA can be, via 17 S -HDHA, converted to 17 S -resolvins 
and protectins, while P450 enzymes contribute to resol-
vin E1 biosynthesis by converting EPA to 18-HEPE. Inter-
estingly, in the ADPKD patients with normal kidney 
function, higher concentrations of 18-HEPE and 17 S -HDHA 
were noted with higher TKV. 17 S -HDHA was 0.22 ± 0.13 
ng/ml in patients with TKV <800 ml, 0.48 ± 0.31 ng/ml 
( P  < 0.001) in patients with TKV 800–1,500 ml, and 0.44 ± 
0.26 ng/ml ( P  < 0.01) in patients with TKV >1,500 ml. 
However in the case of reduced eGFR, the levels of 17 S -
HDHA were also reduced to 0.27 ± 0.14 ng/ml in pa-
tients with eGFR of <60 ml/min/1.73 m 2  ( P  < 0.005). 
18-HEPE followed a similar pattern with higher levels in 
patients with higher TKV. 

 Metabolism by P450 enzymes.   20-HETE, a product of AA 
metabolism by P450 enzymes, signifi cantly correlated with 
both eGFR and TKV. The levels of 20-HETE were also al-
ready higher in the ADPKD patients with normal eGFR 
and TKV >1,500 ml (  Fig. 4A  )  and further increased with 
diminishing kidney function ( Fig. 4B ). 

early ADPKD as compared with healthy subjects (  Fig. 1B  ).  
In patients with more severe ADPKD, levels of 9-HODE 
and 13-HODE remained high, and even doubled in pa-
tients with an eGFR <60 ml/min/1.73 m 2  ( Fig. 1A ). 

 In terms of arachidonic acid (AA) metabolism, con-
centrations of 12/15-LOX metabolites 8-HETE, 12-HETE, 
and 15-HETE, as well as COX metabolite 11-HETE, were 
higher in patients with TKVs above 800 ml (and an eGFR 
>60 ml/min/1.73 m 2 ), as well as in patients with an 
eGFR of 25–60 ml/min/1.73 m 2  when compared with 
ADPKD patients with a TKV <800 ml (and preserved 
eGFR) (  Fig. 2A  ).  However, except for 15-HETE, no sig-
nifi cant difference between the HALT study A and HALT 
study B patients were observed ( Fig. 2B ), suggesting an 
effect more dependent on cyst growth and less on kidney 
function. Surprisingly, while showing a signifi cant rela-
tionship with LVMI, serum concentrations of 5-HETE, a 
5-LOX metabolite, remained unchanged in patients with 
higher TKV and also did not change in patients with lower 
eGFR. 

 5-LOX and 12/15-LOX are responsible for metabolism 
of EPA to 5-HEPE, 12-HEPE, and 15-HEPE, respectively. 
Interestingly, the HEPE compounds were higher in pa-
tients with a TKV of 800–<1,500 ml compared with those 
with a TKV of <800 ml (  Fig. 3A  ).  However, as the TKV 
increased above 1,500 ml, the HEPE compounds re-
turned to levels comparable to patients with a TKV <800 ml 

  Fig.   1.  Differences in 9-HODE and 13-HODE con-
centrations in serum of ADPKD adults with increas-
ing TKV but normal eGFR >60 ml/min/1.73 m 2  (A) 
and comparison between healthy subjects and AD-
PKD patients with normal and moderately reduced 
eGFR (B). Both markers were higher in patients 
with ADPKD as compared with healthy subjects. 
9-HODE and 13-HODE signifi cantly correlated with 
eGFR and TKV/BSAR. Data are presented as mean ± 
SD. * P  < 0.05, ** P  < 0.01  , *** P  < 0.001 versus TKV 
<800 ml (A) and versus healthy subjects (B).   
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increase in serum of ADPKD patients with increasing 
TKV and decreasing eGFR. 

 In the present study, we showed that the severity of 
ADPKD is accompanied with signifi cant changes in the 
LOX-, COX-, and P450-mediated eicosanoid synthesis 
(  Tables 4, 5  ).  The results suggested higher activities of LA- 
and AA-converting LOXs and P450 enzymes in ADPKD 
patients with reduced eGFR and/or higher TKV, resulting 
in higher levels of 9-HODE, 13-HODE, 12-HETE, 15-HETE, 
and 20-HETE compounds. These lipids are pro-infl ammatory 
and involved in the regulation of angiotensin II (Ang II), 
angiogenesis, and various cell signaling and cell prolifera-
tion pathways as briefl y described below. 

 Interestingly, the only eicosanoid that showed a signifi -
cant relationship with LVMI was 5-HETE. With 5-LOX im-
plicated in myocardial infarction and heart disease ( 53, 
54 ), and with 5-HETE shown to increase under ischemic 
conditions in the heart ( 55 ), its clinical relevance in pa-
tients with ADPKD deserves further attention. 

 The role of RAAS as a major contributor to cyst growth 
in both animals and humans with ADPKD ( 56, 57 ) is 
well established, and thus our fi nding that ADPKD pa-
tients have higher serum levels of 12- and 15-LOX me-
tabolites 13-HODE [in accordance with ( 58 )], 12-HETE, 
and 15-HETE, is of potential clinical relevance  . These 
LOX metabolites have been shown to directly function as 
key mediators of Ang II-induced renin inhibition ( 59, 60 ). 

 DISCUSSION 

 Phospholipases (PLA 2 ) mediate the release of fatty acids 
from membrane phospholipids, including LA, AA, and EPA 
( 38 ). These fatty acids can be further metabolized by LOX, 
COX, or P450 enzymes ( 39, 40 ). LA is oxidized by 15-LOX 
and COX into 13-HODE ( 41–43 ), and by COX into 9-HODE 
( 41 ). AA can be metabolized by COX enzymes into prosta-
glandins (PGs) and 11-HETE; through 5-LOX and 12/15-
LOX enzymes into HETE compounds: 5-HETE, 12-HETE, 
15-HETE, and 8-HETE ( 44–47 ); and by P450 enzymes to 
20-HETE ( 48, 49 ). Lastly, EPA is metabolized into HEPE 
compounds, mainly 12-HEPE and 15-HEPE ( 31, 50 ). 

 It is widely recognized that HODE/HETE/HEPE me-
tabolites have important physiological as well as key patho-
logical functions that modulate ion transport, renal and 
pulmonary functions, vascular tone and reactivity, and in-
fl ammatory and growth responses. Recent reviews have 
summarized the effects of the fatty acid metabolites in 
vascular homeostasis, renal vasculature, and tubule-glom-
erular feedback ( 48, 49, 51, 52 ). Due to the recognized 
importance of lipid signaling in renal diseases, we focused 
on the changes of lipid mediators as a result of severity of 
ADPKD. 

 In the serum samples from the same group of HALT 
patients, we could show that COX-mediated AA metabolites 
such as PGE2, PGF2 � , and the AA-derivative 8-isoprostane 

  Fig.   2.  Differences in HETEs as products of COX 
(11-HETE) and 12/15-LOX-mediated metabolism 
of AA in serum of ADPKD adults with increasing 
TKV but normal eGFR >60 ml/min/1.73 m 2  (A) 
and comparison between healthy subjects and 
ADPKD patients with normal and moderately re-
duced eGFR (B). 8-HETE, 11-HETE, 12-HETE, and 
15-HETE were elevated in ADPKD patients with early 
disease as compared with healthy subjects. However, 
except for 15-HETE, there was no signifi cant differ-
ence between the HALT study A and HALT study B 
patients suggesting a threshold effect independent 
of renal function. Data are presented as mean ± SD. 
* P  < 0.05, ** P  < 0.01, *** P  < 0.001 versus TKV <800 ml 
(A) and versus healthy subjects (B).   
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less infl ammatory potency than the corresponding AA-
derived eicosanoids ( 69 ). The EPA-derived HEPE metabo-
lites even have anti-inflammatory properties ( 70, 71 ). 
Interestingly, we observed a bell-shaped concentration dis-
tribution of HEPE compounds, with these compounds be-
ing higher in patients with TKVs of 800–1,500 ml than in 
those with TKVs <800 ml or TKVs above 1,500 ml. It can be 
speculated that HEPEs are involved in a compensatory ef-
fect in the early stages of the cyst growth and renal volume 
increase, and before a change in renal function occurs. 
However, this effect levels out as the disease progresses, 
with the levels of these potentially anti-infl ammatory com-
pounds, 5-HEPE and 15-HEPE, being lower in patients 
with reduced eGFR. 

 20-HETE was another AA-derived metabolite that 
was elevated in the serum of ADPKD patients and that 
correlated with TKV/BSAR as well as reduced eGFR. 
Acute and chronic elevations in circulating Ang II levels 
increase 20-HETE formation in the kidney and periph-
eral vasculature, and this may contribute to the pressor 
effect of Ang II ( 48, 72 ). As 20-HETE is a potent vaso-
constrictor and PPAR activator ( 72, 73 ), it seems reasonable 

Their increase in patients with ADPKD further acceler-
ates Ang II-mediated oxidative stress, vascular infl amma-
tion, cell proliferation, and endothelial dysfunction ( 61–63 ), 
leading to an uncontrolled vicious cycle and progres-
sion of the disease (  Fig. 5  ).  In addition, 12-HETE has 
been shown to activate p38 MAPK ( 60 ), suggesting a 
novel interaction between 12-LOX and p38 MAPK that 
ultimately leads to mesangial cell matrix synthesis. 

 12-HETE and 15-HETE promote cancer development 
via their involvement in the stimulation of angiogenesis 
( 64–66 ). Angiogenesis, and thus also 12/15-LOX, is an im-
portant potential therapeutic target in ADPKD, because this 
process may be necessary for the cysts to grow and may be 
responsible for increased vascular permeability facilitating 
fl uid secretion into the cysts ( 67, 68 ). Recent fi ndings from 
our group in children with ADPKD have identifi ed the role 
angiogenesis plays in the development of the disease ( 68 ), 
thus providing a new therapeutic target in early stages of AD-
PKD, where therapy would be most benefi cial. 

 5-LOX and 12/15-LOX can also metabolize the n-3 
fatty acid EPA to 5-HEPE, 12-HEPE, and 15-HEPE, re-
spectively. The EPA-derived lipid mediators have much 

  Fig.   3.  Differences in HEPEs as products of 12/15-LOXs in serum of ADPKD adults with increasing TKV but 
normal eGFR >60 ml/min/1.73 m 2  (A) and comparison between healthy subjects and ADPKD patients with 
normal and moderately reduced eGFR (B). HEPEs with potential anti-infl ammatory properties were initially 
higher in patients with higher TKV. However, as the disease progressed and the kidney function declined, so did 
the concentrations of 5-, 8-, 12-, and 15-HEPE. These were signifi cantly lower in the patients with an eGFR <60 ml/
min/1.73 m 2  as compared with those with a normal eGFR of >60 ml/min/1.73 m 2 . Data are presented as mean ± 
SD. * P  < 0.05, ** P  < 0.01, *** P  < 0.001 versus TKV <800 ml (A) and versus healthy subjects (B).   
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in the same ADPKD patients that showed increased serum 
levels of 20-HETE, we also observed increased levels of 
asymmetric dimethylarginine, an endothelial dysfunc-
tion marker and NO synthase inhibitor. 

 DHA and EPA can be metabolized to resolvins and pro-
tectins via 17 S -HDHA and 18-HEPE ( 70 ). Both compounds 
possess protective, pro-resolving, anti-infl ammatory, and 

to expect that inhibition of its formation may provide 
an effective mechanism in reducing cyst cell prolifera-
tion while attenuating the Ang II production in ADPKD 
patients ( 74 ). In addition, inhibition of NO synthase by 
L-nitroarginine methylester augmented the con version 
of AA to 20-HETE ( 75 ), indicating an involvement of 20-
HETE in the regulation of NO production ( 76 ). Interestingly, 

  Fig.   4.  Differences in 20-HETE concentration in serum of ADPKD adults with increasing TKV but normal 
eGFR >60 ml/min/1.73 m 2  (A) and comparison between healthy subjects and ADPKD patients with normal 
and moderately reduced eGFR (B). 20-HETE is produced from AA by P450 enzymes, and was found higher 
in patients with high TKV and/or lower eGFR. Data are presented as mean ± SD. * P  < 0.05 versus TKV <800 ml 
(A) and versus healthy subjects (B  ).   

 TABLE 4. Comparison of serum biomarker concentrations in HALT A and HALT B ADPKD patients 

Variable HALT A (eGFR >60 ml/min/1.73 m 2 ) HALT B (eGFR <60 ml/min/1.73 m 2 )  P 

9-HODE (ng/ml) 47.58 ± 27.07 120.47 ± 114.89  <0.0001 
13-HODE (ng/ml) 40.41 ± 11.36 74.20 ± 67.36  0.0014 
5-HETE (ng/ml) 6.67 ± 3.66 7.50 ± 4.71 0.3459
8-HETE (ng/ml) 4.09 ± 2.31 4.39 ± 5.16 0.7150
9-HETE (ng/ml) 4.20 ± 2.46 4.74 ± 4.61 0.4951
11-HETE (ng/ml) 4.16 ± 3.78 4.55 ± 4.10 0.5821
12-HETE (ng/ml) 6.26 ± 3.98 8.04 ± 9.19 0.2147
15-HETE (ng/ml) 5.78 ± 3.47 7.96 ± 5.87  0.0363 
20-HETE (ng/ml) 0.42 ± 0.25 0.90 ± 0.21  <0.0001 
5-HEPE (ng/ml) 0.20 ± 0.09 0.11 ± 0.10  <0.0001 
8-HEPE (ng/ml) 0.02 ± 0.01 0.01 ± 0.01 0.0621
9-HEPE (ng/ml) 0.01 ± 0.01 0.01 ± 0.01 0.3980
12-HEPE (ng/ml) 0.12 ± 0.12 0.07 ± 0.03  0.0009 
15-HEPE (ng/ml) 0.10 ± 0.04 0.02 ± 0.02  <0.0001 
18-HEPE (ng/ml) 0.04 ± 0.02 0.06 ± 0.07 0.1943
17 S -HDHA (ng/ml) 0.40 ± 0.28 0.27 ± 0.14  0.0039 

HALT A (eGFR >60 ml/min/1.73 m 2  group, n = 61) and HALT B (eGFR 25–60 ml/min/1.73 m 2 , n = 50). Data 
are presented as mean ± SD.  P  < 0.05 was considered signifi cant and is shown in bold.
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Colorado Denver site of the HALT-PKD clinical trial were 
utilized for the study, without any pre-selection process.  

 In summary, ADPKD patients have dysregulated metab-
olism of bioactive lipids ( Table 5 ,  Fig. 5 ). An increased 
synthesis of pro-infl ammatory and angiogenic markers 
derived from metabolism of n-3 and n-6 acids by COX, 
LOX, and P450 enzymes was observed in patients with im-
paired eGFR as compared with those ADPKD patients with 
normal renal function. However, our study was designed 
as an exploratory biomarker discovery study and it cannot 
be completely excluded that our results are subject to re-
sidual confounders for which adjustments were not made 
in this study. The next step is to further qualify the mark-
ers identifi ed in this study in statistically adequately 
powered prospective studies, as well as to establish the 
specifi city of the markers by comparison with chronic kid-
ney disease patients. 

 Our study, however, not only provides a critical proof-
of-concept, but also provides important information for 

antifi brotic actions ( 77 ). Interestingly, an increase of both 
protective compounds in ADPKD patients with slightly re-
duced eGFR was noted in patients with larger TKV. While 
18-HEPE returned to the initial levels, 17 S -HDHA re-
mained elevated in the patients with a TKV of >2,500 ml. 
In patients with lower eGFR, there was no change in 18-
HEPE serum concentrations, whereas 17 S -HDHA further 
decreased. These results suggest that growth of renal cysts 
in early ADPKD is accompanied with the rise of the pro-
infl ammatory as well as anti-infl ammatory processes; how-
ever as the renal function diminishes, the pro-infl ammatory 
processes seem to prevail. 

 Limitations 
 With 61 patients divided into three groups based on 

their TKV/BSAR, performing linear regression analysis 
with multiple adjustments leaves a risk of type I and type II 
statistical errors. All samples collected at the University of 

 TABLE 5. Summary of identifi ed marker changes 

Marker Directional Change in ADPKD Signaling Pathway Relationship With

9-HODE and 13-HODE Increase LA metabolism by COXs (9-HODE) and LOXs eGFR, TKV/BSAR
8-HETE, 11-HETE, 12-HETE, 

and 15-HETE
Increase AA metabolism by LOXs and COXs (11-HETE) 15-HETE with TKV/BSAR

20-HETE Increase AA metabolism by P450 enzymes eGFR, TKV/BSAR
5-HEPE and 15-HEPE Decrease EPA metabolism by lipoxygenases eGFR
17 S -HDHA Increase Oxidation of docosahexaenoic acid in resolvin 

and protectin synthesis
TKV/BSAR

Based on the results of the present study, a combinatorial biomarker is proposed that will require further clinical qualifi cation as a prognostic 
tool for severity and progression of ADPKD.

  Fig.   5.  Mechanistic hypothesis based on the published data and the results of the present study. A vicious 
cycle is created in which renal cysts activate the RAAS, and the resulting increase in Ang II leads to oxidative 
stress, vascular infl ammation, and endothelial dysfunction. AngII, angiotensin II; HODE, hydroxy-octadecadienoic 
acid; LOX, lipoxygenases; RAAS, renin-angiotensin-aldosterone system.   
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