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Abstract
Background and objectives Both increased arterial stiffness and vascular endothelial dysfunction are evident in
patients with autosomal dominant polycystic kidney disease, even early in the course of the disease when kidney
function in preserved. Vascular dysfunction in autosomal dominant polycystic kidney disease is thought to be
related to vascular oxidative stress and inﬂammation, but direct evidence is lacking.
Design, setting, participants, & measurements We assessed carotid-femoral pulse-wave velocity (arterial stiffness)
and brachial artery ﬂow-mediated dilation (vascular endothelial function) in participants with early-stage
autosomal dominant polycystic kidney disease (eGFR$60 ml/min per 1.73 m2) and a history of controlled
hypertension and in healthy controls. Brachial artery ﬂow-mediated dilation was also assessed after infusion of
ascorbic acid to inhibit vascular oxidative stress compared with saline. Vascular endothelial cells were collected
from a peripheral vein to measure expression of proteins, and circulating markers were also assessed by ELISA or
liquid chromatography-tandem mass spectrometry.
Results In total, 61 participants with autosomal dominant polycystic kidney disease (3469 years old [mean6SD])
and 19 healthy controls (3065 years old) were studied. Carotid-femoral pulse-wave velocity was higher in
participants with autosomal dominant polycystic kidney disease compared with healthy controls (6506131 versus
562681 cm/s; P50.007). Brachial artery ﬂow-mediated dilation was 8.2%65.8% in participants with autosomal
dominant polycystic kidney disease and 10.8%64.7% in controls (P=0.08). Among participants with autosomal
dominant polycystic kidney disease, ﬂow-mediated dilation increased from 7.7%64.5% to 9.4%65.2% with
ascorbic acid, a difference of 1.72 (95% conﬁdence interval, 0.80 to 2.63), whereas in control participants, ﬂowmediated dilation decreased nonsigniﬁcantly from 10.8%64.7% to 10.6%65.4%, a difference of 20.20 (95%
conﬁdence interval, 21.24 to 0.84; P interaction =0.02). Endothelial cell protein expression of NF-kB was greater in
participants with autosomal dominant polycystic kidney disease (0.4860.12 versus 0.4160.10 [intensity versus
human umbilical vein endothelial cell control]; P=0.03). However, circulating oxidative stress markers and
bioactive lipid mediators did not signiﬁcantly differ according to the autosomal dominant polycystic kidney
disease diagnosis.
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Conclusions These results provide support for the hypothesis that vascular oxidative stress and inﬂammation
develop with autosomal dominant polycystic kidney disease.
Clin J Am Soc Nephrol 13: 1493–1501, 2018. doi: https://doi.org/10.2215/CJN.05850518

Introduction
Autosomal dominant polycystic kidney disease
(ADPKD) is the most common life-threatening genetic
disease, affecting approximately 1:500–1:1000 live births
(1). Although the hallmark of ADPKD is the development and continued growth of multiple kidney cysts
that result in ultimate loss of kidney function (2), the
leading causes of death among affected patients are
cardiovascular complications and disorders (3,4). The
proteins encoded by the PKD1 and PKD2 genes, polycystin-1 and polycystin-2, are expressed in vascular
endothelial cells and smooth cells of all major vessels,
resulting in systemic manifestations of the disease (5).
www.cjasn.org Vol 13 October, 2018

Vascular endothelial dysfunction, most commonly
assessed as impaired endothelium-dependent dilation,
and stiffening of the large elastic arteries, typically
assessed as carotid-femoral pulse-wave velocity (PWV),
are two of the greatest contributors to dysfunction and
disorders of arteries (6). Importantly, both measures are
independently associated with future cardiovascular
events and mortality (7–10). Both vascular endothelial
dysfunction and increased arterial stiffness are evident
in patients with ADPKD, even early in the course of the
disease when kidney function is preserved (11,12).
Oxidative stress and inﬂammation are also evident
in patients with ADPKD (13–15) and may contribute
Copyright © 2018 by the American Society of Nephrology
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to the development of vascular dysfunction; however, the
mechanisms underlying vascular dysfunction in ADPKD
are incompletely understood. Whether oxidative stress and
inﬂammation are increased locally at the vascular endothelial cell layer in humans and whether vascular oxidative
stress contributes to endothelial dysfunction in patients
with ADPKD are currently unknown.
The goal of this study was to compare vascular function
and indicators of vascular oxidative stress and inﬂammation
in adults with early-stage ADPKD with age- and sex-matched
healthy controls. We used novel methodology to assess
mechanisms contributing to vascular dysfunction in humans.
An acute supraphysiologic infusion of ascorbic acid known to
scavenge superoxide was used to assess the contribution of
oxidative stress to vascular endothelial dysfunction. Additionally, vascular endothelial cells were collected from participants to measure expression of proteins indicating
vascular oxidative stress and inﬂammation. We hypothesized
that vascular dysfunction in participants with early-stage
ADPKD would be characterized by increased vascular
oxidative stress and inﬂammation, including alterations in
circulating bioactive lipid mediators.

Materials and Methods
Study Design and Participants
This was a cross-sectional study comparing mechanisms
of vascular dysfunction in adults with early-stage ADPKD
and age-matched healthy controls. Patients with ADPKD
participated in a randomized, placebo-controlled trial of
spironolactone administration (NCT01853553), and data
presented were collected at their baseline visit, with
enrollment between July 2014 and June 2016. Healthy
controls were prospectively recruited through university
and community advertisement for comparison with participants with ADPKD, with enrollment between October 2015 and May 2017. The study was conducted at
the University of Colorado Anschutz Medical Campus
Division of Renal Diseases and Hypertension Clinical
Vascular Physiology Laboratory. Analysts were blinded
to group (ADPKD or healthy control) in the assessment
of vascular measurements and circulating and cellular
markers.
All participants with ADPKD randomized in the clinical
trial were included in this analysis. Inclusion criteria for the
trial were age between 20 and 55 years of age (women were
required to be premenopausal), diagnosis of ADPKD on
the basis of the Ravine criteria (in participants $30 years
old) (16), and the PKD1 genotype (or presumed PKD1
genotype on the basis of family history). Additional inclusion criteria were total kidney volume between 500 and
2500 ml, eGFR by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (17) $60 ml/min
per 1.73 m2, and a history of hypertension treated with a
stable maximal tolerable dose of an angiotensin-converting
enzyme inhibitor (ACEi) or angiotensin receptor blocker
(ARB) and currently controlled. All participants with
ADPKD were required to have controlled BP (to ,160/
90 mm Hg), and they were on a stable antihypertensive
regimen at the time of enrollment in the study.
Healthy control participants were 23–38 years of age
(recruited after partial completion of ADPKD enrollment to

best match the mean age of participants with ADPKD;
women were required to be premenopausal). Inclusion
criteria were healthy (free from kidney disease, cardiovascular disease, or other chronic disease as assessed by selfreport, physical examination [including resting 12-lead
electrocardiogram], and screening laboratory values), free
from hypertension on the basis of guidelines at this time
(systolic BP ,140/90 mm Hg and no antihypertensive
agents), and an eGFR by the CKD-EPI equation (17) $60
ml/min per 1.73 m2. Control participants were recruited to
be nonhypertensive, because we were interested in vascular changes in ADPKD, which is complicated by hypertension in the majority of individuals (18), compared with
healthy controls free from hypertension.
Additional inclusion/exclusion criteria as well as detailed procedures are described in Supplemental Material.
Procedures
Vascular Measurements. All measurements were made
following standard recommendations, including an overnight fast (19). Brachial artery ﬂow-mediated dilation
(FMDBA) was determined using duplex ultrasonography
(Xario 200; Toshiba, Tustin, CA) with ECG-gated end
diastolic ultrasound images analyzed by a single blinded
analyst using a commercially available software package
(Vascular Analysis Tools 5.8.1; Medical Imaging Applications, Coralville, IA) as described in detail previously
(20,21). Endothelium-independent dilation (brachial artery
dilation to 0.4 mg of sublingual nitroglycerin) was assessed
as a standard index of smooth muscle cell sensitivity to
exogenous nitric oxide (NO) (21,22). Nitroglycerin was
administered to 12 control participants and 37 participants
with ADPKD (missing due to low HR and/or low systolic
BP [n=7 control; n=16 ADPKD], intravenous failure [n=6
ADPKD], drug contraindication [n=1 ADPKD], or other
[n=1 ADPKD not administered due to prior apparent
vasovagal response]).
Carotid-femoral PWV was measured as described in
detail previously (20,21). Brieﬂy, a transcutaneous custom
tonometer (Noninvasive Hemodynamics Workstation;
Cardiovascular Engineering Inc., Norwood, MA) was
positioned at the carotid, brachial, radial, and femoral
arteries to noninvasively assess carotid-femoral PWV and
carotid-radial PWV (an index of peripheral stiffness).
Additionally, as secondary indices of arterial stiffness,
the tonometry assessment in conjunction with ultrasound
imaging of the carotid artery also provided blinded
assessment of carotid artery compliance and carotid artery
b-stiffness index as described previously (20,21). Carotid
intimal medial thickness and carotid systolic BP were also
assessed (20,21).
The inﬂuence of oxidative stress on FMDBA was assessed
by infusing a supraphysiologic dose of ascorbic acid that
produces plasma concentrations known to inhibit superoxide production in vitro (23) or isovolumic saline and
measuring FMDBA during the “drip infusion” when peak
plasma concentrations occur as described previously
(21,24). A priming bolus of 0.075 g of ascorbic acid per
1 kg of fat-free mass (maximal dosage set at 5.0 g) dissolved
in 150 ml of saline was infused intravenously at 5 ml/min
for 20 minutes followed immediately by a “drip infusion”
of 0.5 ml/min over the period when FMDBA was measured.

Clin J Am Soc Nephrol 13: 1493–1501, October, 2018

Vascular Dysfunction in ADPKD, Nowak et al.

1495

Table 1. Demographics and clinical characteristics of participants with autosomal dominant polycystic kidney disease and control
participants
Variable

ADPKD, n=61

Control, n=19

Age, yr
Sex, % men
Race/ethnicity, % non-Hispanic white
BMI, kg/m2
Systolic BP, mm Hga
Diastolic BP, mm Hga
CKD-EPI eGFR, ml/min per 1.73 m2
LDL cholesterol, mg/dl
HDL cholesterol, mg/dl
Total cholesterol, mg/dl
Hypertension, %a
ACEi/ARB, %a
Diuretic, %a
Calcium channel blockers, %
Statin, %a
Antidepressant or antianxiety medication, %
Thyroid medication, %

3469
46
82
27.064.8
120612
78610
94621
96628
50613
165633
100
100
21
7
21
15
7

3065
58
74
25.965.1
114612
6966
104616
84617
57615
155620
0
0
0
0
0
11
5

a

Data are mean6SD or n (%). ADPKD, autosomal dominant polycystic kidney disease; BMI, body mass index; CKD-EPI; Chronic Kidney
Disease Epidemiology Collaboration equation; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
a
P,0.05 by chi-squared test or Fisher exact test for categorical data and independent sample t test for continuous variables.

Fat-free mass was estimated using a previously validated
equation considering age, sex, and body mass index (25).
Infusions were performed in all 19 controls and 52
participants with ADPKD (missing in n=7 due to intravenous failure; n=1 due to prior vasovagal response; n=1 due
to intravenous pump malfunction). Characteristics of
participants with ADPKD included in the infusions did
not signiﬁcantly differ from those excluded for reasons
described above (Supplemental Table 1). Circulating ascorbic acid levels were measured before and after the
ascorbic acid infusion to show effective elevation of
plasma levels in a small subgroup of participants with
ADPKD (n=5) and control participants(n=5) by ARUP
Laboratories using quantitative high-performance liquid
chromatography.
Cellular Markers of Oxidative Stress and Inﬂammation.
Vascular endothelial cells were obtained immediately
before other vascular measurements from the intima of
an antecubital vein (n=9–17 control participants per protein
analyzed and n=32–43 participants with ADPKD per
protein analyzed; not available in all participants and for
all proteins due to intravenous failure or low cell yield).
Cells were recovered and ﬁxed, and slides were prepared
and frozen for later staining. Positive identiﬁcation of
endothelial cells, assessment of nuclear integrity, and
quantiﬁcation of protein expression of NAD(P)H oxidase
(p47phox, 1:1000; Millipore, Billerica, MA), IL-6 (1:50; Santa
Cruz, Dallas, TX); NF-kB (1:300; Santa Cruz), and phosphorylated endothelial nitric oxide synthase (PeNOS; 1:100;
Cell Signaling, Danvers, MA) were determined by immunoﬂuorescence staining (Nikon Eclipse Ti, Melville, NY)
by a blinded analyst as described previously (21,26,27).
These markers were chosen as markers of oxidative stress,
inﬂammation, and vascular endothelial NO production.
Circulating Markers of Oxidative Stress, Inﬂammation,
and Bioactive Lipid Mediators. Serum high-sensitivity
C-reactive protein (hsCRP) and IL-6 levels were measured by

ELISA (MSD, Rockville, MD). Targeted liquid chromatographytandem mass spectrometry analysis of markers of oxidative
stress (prostaglandins [PGs], including marker 8-isoprostane as well as PGF2a, PGD2, and PGE2) and bioactive lipid
mediators (hydroxyoctadecadienoic acids [HODEs; 9-HODE
and 13-HODE], hydroxyeicosatetraenoic acids [HETEs;
5-HETE, 8-HETE, 9-HETE, 11-HETE, and 12-HETE], epoxyeicosatrienoic acids [EETs; 8,9-EET, 11,12-EET, and 14–15EET), and hydroxyeicosapentanoic acids [HEPEs; 5-HEPE
and 12-HEPE]) was also performed on serum samples
using validated assays as described in detail previously
(15,28,29).
Statistical Analyses
Normality was evaluated using the Shapiro–Wilk test of
normality. Differences in baseline variables between groups
were assessed using independent sample t tests, chi-squared
tests, or Fisher exact tests. Differences in vascular parameters
and circulating markers between groups were assessed using
an independent samples t test, and changes in FMDBA in
response to ascorbic acid infusion were assessed using a 232
ANOVA. The inﬂuence of mean arterial pressure on group
differences in carotid-femoral PWV, as recently recommended (30), was analyzed by analysis of covariance. Nonnormally distributed variables were log transformed before
analysis. All data are reported as means6SD or medians
(interquartile ranges), with ﬁgures presented as means6SEM.
Missing data for any variables are described above, and
analysis was completed only on individuals with complete
data for the outcome of interest. Analyses were performed
using SPSS 24, and statistical signiﬁcance was set at P,0.05.
Because the data were considered mechanistic and hypothesis generating, adjustment was not made for multiple
comparisons.
A sample size of 19 control subjects was calculated on the
basis of 95% power at an a-level of 0.05 (two sided) to
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detect a group difference of 1.9 in the change in FMDBA with
ascorbic acid infusion on the basis of previously published
data assessing the effect of ascorbic acid on FMDBA in healthy
middle-aged and older adults compared with young healthy
controls (mean6SD change in percentage FMDBA for each
group: young healthy controls: 0.262.0; older adults: 2.160.9)
(24) and assuming a similar effect size in ADPKD. Although
only 19 participants with ADPKD were required to provide
95% power, the ADPKD group included all participants from
the clinical trial. These sample sizes (n=19 controls and n=61
participants with ADPKD) also provided 81% power to
detect a group difference of at least 3.364.4 in percentage
FMDBA (11), 90% power to detect a group difference of 66677
cm/s in carotid-femoral PWV (20) on the basis of previous
publications in ADPKD, and 98% power to detect a group
difference of 0.2060.19 in endothelial cell protein expression
of NF-kB on the basis of data in healthy middle-aged and
older adults compared with young healthy controls (26).
Study Approval
All procedures were approved by the institutional review board of the University of Colorado Anschutz
Medical Campus and adhere to the Declaration of Helsinki.
The nature, beneﬁts, and risks of the study were explained
to the volunteers, and their written informed consent was
obtained before participation.

Results
Demographic and Clinical Characteristics
Sixty-six participants with ADPKD were assessed for
eligibility in the clinical trial, and ﬁve were excluded from
enrollment (one did not meet inclusion/exclusion criteria
and four declined to participate); therefore, the total cohort
was 61. Twenty-four control participants were assessed for
eligibility and ﬁve were excluded from enrollment (three
did not meet inclusion/exclusion criteria and two declined
to participate) for a total cohort of 19. Participants with
ADPKD were slightly older and had higher BP than
healthy controls (Table 1). All participants with ADPKD
had a history of hypertension treated with an ACEi/ARB,
and BP was well controlled. Participants with ADPKD
were also more likely to use a diuretic or statin (no control
participants used these medications). No control participants were hypertensive due to inclusion criteria for
enrollment. Participants with ADPKD and controls did
not differ in use of other medications, sex, race/ethnicity,
body mass index, or cholesterol levels.
Vascular Parameters
Participants with ADPKD had a 15% higher carotidfemoral PWV (ADPKD: 6506131 cm/s; control: 562681
cm/s; P50.007), indicating greater aortic stiffness, without a
statistically signiﬁcant difference in FMDBA (ADPKD: 8.2%
65.8%; control: 10.8%64.7%; P=0.08) compared with
healthy controls (Figure 1). The group difference in carotid-femoral PWV was no longer signiﬁcant after adjusting
for mean arterial pressure (P=0.66). Groups did not differ in
baseline diameter or peak shear rate (potential covariates)
(Table 2); thus, statistical correction for these variables was not
performed. There were no group differences in endotheliumindependent dilation to sublingual nitroglycerin. Participants

Figure 1. | Participants with autosomal dominant polycystic kidney
disease (ADPKD) demonstrated higher carotid-femoral pulse-wave
velocity (CFPWV) compared with healthy controls (P<0.01), without
a statistically significant difference in brachial artery flow-mediated
dilation (FMD) (P50.08). (A) CFPWV and (B) FMD in participants with
ADPKD and healthy controls are shown in black and white bars, respectively. Values are mean6SEM. *P50.007.

with ADPKD had greater carotid-radial PWV (an index of
peripheral stiffness) and carotid systolic BP, with no difference in carotid artery compliance, carotid artery b-stiffness
index, or carotid intimal medial thickness.
Acute Inhibition of Vascular Oxidative Stress
The acute infusion of ascorbic acid known to inhibit
superoxide production signiﬁcantly raised plasma ascorbic
acid levels in both the control (before: 86640 mmol/L; after:
11636197 mmol/L; P,0.001) and ADPKD groups (before:
3465 mmol/L; after: 10946330 mmol/L; P=0.002). However, the infusion (compared with isovolumetric saline)
only improved FMDBA in participants with ADPKD (difference of 1.72; 95% conﬁdence interval, 0.80 to 2.63),
indicating the presence of vascular oxidative stress, and
there was no effect in healthy controls (difference of 20.20;
95% conﬁdence interval, 21.24 to 0.84; group 3 condition
interaction P=0.02) (Table 3).
Cellular and Circulating Markers of Oxidative Stress,
Inflammation, and Bioactive Lipid Mediators
Cellular Markers. Vascular endothelial cell protein expressions of NADPH oxidase (Figure 2A), IL-6 (Figure 2B),
NF-kB (Figure 2C), and PeNOS (Figure 2D) are shown in
Figure 2. Participants with ADPKD had higher expression
of the proinﬂammatory transcription factor NF-kB
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Table 2. Vascular parameters in participants with autosomal dominant polycystic kidney disease and control participants
Variable

ADPKD, n=61

Control, n=19

P Value

FMDBA, mm
Baseline FMD diameter, mm
Shear rate, s21
Brachial artery dilation to nitroglycerin, %
Baseline nitroglycerin diameter, mm
Carotid-radial PWV, cm/s
Carotid artery compliance, (mm/mm Hg) 31021
Carotid b-stiffness index, AU
Carotid IMT, mm
Carotid systolic BP, mm Hg
Mean arterial BP, mm Hg

0.2660.15
3.560.7
10756459
28.367.3
3.560.7
9216157
0.1260.04
6.062.0
0.4860.08
119615
9169

0.3260.13
3.260.5
11346306
30.167.3
3.360.47
8136136
0.1260.04
5.461.3
0.4560.05
106613
8066

0.15
0.13
0.20
0.46
0.29
,0.008
0.50
0.20
0.23
0.001
,0.001

Data are mean6SD. In total, n=12 control participants and n=37 participants with ADPKD were administered nitroglycerin, and n=60
participants with ADPKD and all (n=19) control participants had measurements of carotid artery compliance, b-stiffness index, and
carotid IMT. ADPKD, autosomal dominant polycystic kidney disease; FMDBA, brachial artery ﬂow-mediated dilation; FMD, ﬂowmediated dilation; PWV, pulse-wave velocity; IMT, intimal medial thickness.

compared with controls (0.4860.12 versus 0.4160.10 [intensity versus human umbilical vein endothelial cell control]; P=0.03). There were no differences in expression of
other vascular endothelial cell proteins between the two
groups. Participants with NF-kB expression below the
median had a higher FMDBA (10.6%66.91%) compared
with those with NF-kB expression above the median
(6.7%64.4%; P=0.01).
Circulating Markers. Participants with early-stage
ADPKD did not differ from controls in markers of inﬂammation (hsCRP and IL-6 levels) (Table 4). Participants
with ADPKD also did not differ from healthy controls in
the majority of the circulating markers of oxidative stress
and bioactive lipid mediators (Table 4). Participants with
ADPKD had lower circulating levels of 13-HODE compared with healthy controls.

Discussion
In this cross-sectional, translational study comparing
adults with early-stage ADPKD with healthy controls, we
have conﬁrmed the presence of increased large elastic
artery stiffness. In the hypothesis-generating mechanistic
components of the study, we have provided the ﬁrst direct
evidence suggesting vascular oxidative stress and inﬂammation in humans with ADPKD. An acute infusion of
ascorbic acid improved FMDBA in the participants with
ADPKD, with no effect in the control group, indicating the
presence of vascular oxidative stress. Additionally,

endothelial cell protein expression of NF-kB was greater
in the ADPKD group compared with controls, providing
the ﬁrst cellular evidence that adults with early-stage
ADPKD may have increased vascular inﬂammation. However, there were not alterations in levels of circulating
markers of oxidative stress and bioactive lipid mediators
assessed.
We observed 15% greater carotid-femoral PWV in
participants with early-stage ADPKD compared with
healthy controls. This was likely mediated by an increase
in mean arterial BP in the ADPKD group, because the
difference no longer persisted after adjusting for mean
arterial BP, suggesting that targeting BP in early-stage
ADPKD may be effective to reduce carotid-femoral PWV.
Notably, this difference was remarkably similar to our
previous observation of increased carotid-femoral PWV
in children and young adults with ADPKD (14% greater
than in healthy controls) (20). In adults with early-stage
ADPKD, increased carotid-femoral PWV has been noted in
one cross-sectional study (12) but not in other crosssectional studies (31,32) compared with healthy controls.
Interestingly, we also noted greater carotid-radial PWV,
consistent with our recent observation in children and
young adults (20). This is somewhat surprising, because it
is an index of peripheral stiffness, whereas carotid-femoral
PWV is a measure of central (aortic) stiffness. Carotidradial PWV also was noted previously to be nonsigniﬁcantly elevated in adults with early-stage ADPKD (32).
Additionally, carotid systolic BP was elevated in this study,

Table 3. Change in brachial artery flow-mediated dilation with ascorbic acid infusion in participants with autosomal dominant
polycystic kidney disease and control participants
Variable

FMDBA with Saline Infusion

FMDBA with Ascorbic Acid Infusion

Change in FMDBA

ADPKD, n=52
Control, n=19

7.764.5
10.864.7

9.465.2
10.665.4

1.72 (0.80 to 2.63)
20.20 (21.24 to 0.84)

Data are mean6SD or mean (95% conﬁdence interval). P interaction (group 3 condition) =0.02. FMDBA, brachial artery ﬂow-mediated
dilation; ADPKD, autosomal dominant polycystic kidney disease.
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Figure 2. | Vascular endothelial cell protein expression of the pro-inflammatory transcription factor NF-kB is increased in participants with
autosomal dominant polycystic kidney disease (ADPKD) compared with healthy controls. Protein expression of (A) NADPH oxidase (ADPKD:
0.7560.14; control: 0.7660.15; P=0.86), (B) IL-6 (ADPKD: 0.6660.11; control: 0.6260.11; P=0.26), (C) NF-kB (ADPKD: 0.4860.12; control:
0.4160.10; P=0.03), and (D) phosphorylated endothelial nitric oxide synthase (PeNOS; ADPKD: 0.8460.28; control: 0.8160.18; P=0.82) in
vascular endothelial cells collected from a peripheral vein of participants with ADPKD (black bars) compared with healthy controls (white bars)
Expression (by quantitative immunofluorescence) is relative to human umbilical vein endothelial cell control, with representative images shown
below. Values are mean6SEM. *P,0.05.

consistent with higher brachial systolic BP in the participants with ADPKD compared with controls (although still
well controlled) as well as our previous ﬁndings in children
and young adults with ADPKD (20).
FMDBA, a measure of endothelium-dependent dilation,
did not signiﬁcantly differ between participants with
ADPKD and healthy controls. This is in contrast to a
previous study in middle-aged adults with normal kidney
function and ADPKD who showed impaired FMDBA
compared with healthy controls, regardless of whether
hypertension was present (11). Our group has also previously shown impaired FMDBA in children and young
adults with ADPKD compared with age- and sex-matched
healthy controls (20). A notable difference in this study is
that all participants with ADPKD were taking ACEis/

ARBs, which are known to improve FMDBA (33) and thus,
may have attenuated the difference in FMDBA between
participants with ADPKD and healthy controls. Twentytwo percent of participants were also using a statin (on the
basis of results from a previous study in ADPKD [34] rather
than for hypercholesterolemia), which has also been shown
to improve vascular endothelial function (35). Additionally, there was high variability in FMDBA in the ADPKD
group, although we were adequately powered on the basis
of previous cross-sectional comparisons to detect a difference between participants with ADPKD and healthy
controls. Three other studies also measured ﬂow-mediated
dilation (in one study, the radial artery was used) and
showed no difference in early-stage participants with
ADPKD compared with healthy controls (31,36,37). The

Clin J Am Soc Nephrol 13: 1493–1501, October, 2018

Vascular Dysfunction in ADPKD, Nowak et al.

1499

Table 4. Circulating markers of oxidative stress, inflammation, and lipid mediators in participants with autosomal dominant polycystic
kidney disease and control participants
Variable

ADPKD, n=61

Control, n=19

P Value

hsCRP, mg/L
IL-6, pg/ml
8-Isoprostane, pg/ml
PGF2a. pg/ml
PGD2, pg/ml
PGE2, pg/ml
9-HODE, ng/ml
13-HODE, ng/ml
5-HETE, ng/ml
8-HETE, ng/ml
9-HETE, ng/ml
11-HETE, ng/ml
12-HETE, ng/ml
11,12-EET, ng/ml
14,15-EET, ng/ml
5-HEPE, ng/ml
12-HEPE, ng/ml

1.09 (0.38–3.39)
0.56 (0.37–0.92)
4.9 (3.8–6.2)
27.4 (13.0–67.1)
83.9 (49.4–128.6)
150.2 (52.4–389.1)
12.7 (7.2–20.4)
10.5 (6.8–17.2)
2.1 (0.80–3.0)
2.0 (1.2–2.9)
2.0 (1.0–5.1)
1.1 (0.61–2.8)
43.6 (22.5–110.1)
1.3 (0.47–3.4)
1.0 (0.67–2.0)
0.71 (0.46–0.95)
28.4 (11.4–71.2)

1.36 (0.46–2.55)
0.48 (0.33–0.67)
4.6 (3.7–6.0)
29.2 (20.3–46.8)
78.8 (60.9–108.6)
182.9 (139.6–210.2)
11.9 (10.2–18.1)
17.7 (10.9–27.0)
1.9 (1.2–3.2)
0.71 (0.53–0.89)
1.6 (1.2–2.5)
1.5 (1.0–2.1)
46.2 (22.4–92.7)
1.6 (1.1–2.1)
1.4 (0.9–1.7)
0.61 (0.37–0.72)
36.4 (27.2–68.8)

0.77
0.29
0.51
0.60
0.41
0.36
0.55
0.04
0.32
0.57
0.20
0.58
0.87
0.58
0.48
0.19
0.20

Data are median (interquartile range). P values are independent t test comparisons between groups using log-transformed variables.
ADPKD, autosomal dominant polycystic kidney disease; hsCRP, high-sensitivity C-reactive protein; PG, prostaglandin; HODE,
hydroxyoctadecadienoic acid; HETE, hydroxyeicosatetraenoic acid; EET epoxyeicosatrienoic acid, HEPE, hydroxyeicosapentanoic
acid.

absence of hypertension may have contributed to the lack
of a statistically signiﬁcant difference between groups in
these studies. Of note, impaired endothelium-dependent
dilation of subcutaneous resistance vessels to acetylcholine
has also been shown in middle-aged adults with ADPKD
(38).
Circulating markers of oxidative stress, inﬂammation,
and bioactive lipid mediators were previously shown to be
altered in early-stage ADPKD. Circulating levels of PGs
(including 8-isoprostane and PGF2a [13,15]), CRP (13), IL-6
(13), 9-HODE (14,28), 13-HODE (14,28), and oxidized LDL
(39) are elevated, and the levels of the antioxidant enzyme
SOD are lower (13) in adults with early ADPKD. In this
study, plasma level of PGs (8-isoprostane, PGF2a, PGD2,
and PGE2) did not differ in participants with ADPKD
compared with healthy controls. These results differ from
our previously published data from the Halt Progression of
Polycystic Kidney Disease (HALT-PKD) Study, which
found increased levels of these oxidative stress markers
(15). This difference may reﬂect the tighter blood control at
baseline or an earlier stage of disease in this study, because
alterations in these markers in the HALT-PKD Study were
associated with larger kidney volumes.
We also found no evidence of differences in bioactive
lipid mediators, with the exception of lower levels of the
proinﬂammatory lipid peroxidation product 13-HODE in
the ADPKD group compared with controls. These data are
also in contrast with our previously published data from
the HALT-PKD Study (28). It is possible that the response
of these lipid mediators differs earlier in the course of
ADPKD or that tighter baseline BP control and use of
antihypertensive agents resulted in lower baseline inﬂammation, consistent with a lack of increased levels of CRP
and IL-6 in this cohort. Notably, circulating markers of
oxidative stress and inﬂammation may differ from and
may not reﬂect local changes in vasculature.

To this point, we provided the ﬁrst direct evidence in
humans with ADPKD of oxidative stress at the level of
vasculature. An acute supraphysiologic infusion of ascorbic
acid that produced plasma concentrations known to inhibit
superoxide production in vitro (23) improved FMDBA in the
ADPKD group but not in healthy controls, indicating the
presence of vascular endothelial oxidative stress. Despite a
lack of difference in circulating markers of inﬂammation
(hsCRP, IL-6, and bioactive lipid mediators), vascular endothelial cell protein expression of NF-kB was increased in the
ADPKD group, consistent with inﬂammation local to the
vasculature. However, there were no differences in endothelial cell IL-6 protein expression, indicating that inﬂammatory changes in ADPKD may occur farther upstream.
Notably, despite a lack of signiﬁcant difference in FMDBA
between groups, vascular inﬂammation was associated with
impaired vascular endothelial dysfunction, because participants with NF-kB expression above the median had significantly lower FMDBA.
Increased oxidative stress and inﬂammation likely contribute to a decline in NO bioavailability, a common
mechanism that contributes to both increased large elastic
artery stiffness and endothelial dysfunction (6,40). In subcutaneous resistance vessels collected from adults with
ADPKD, impairment in endothelium-dependent dilation
is mediated by reduced NO bioavailability (14,41). This
is also the case in resistance arteries assessed from a rodent model of ADPKD (42). Additionally, NOS activity
is reduced in resistance vessels, and plasma levels and
excretion of nitrate/nitrite are reduced in ADPKD (14,37).
This may be mediated in part by an increase in plasma
asymmetric and symmetric dimethylarginine levels,
which inhibit endothelial NO synthase (14,15,39). We
have previously observed higher levels of asymmetric and
symmetric dimethylarginine as well as homocysteine and
S-adenosylhomocysteine in patients with early-stage
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ADPKD compared with healthy controls (15). In contrast,
we observed no difference in PeNOS expression in vascular
endothelial cells collected from early-stage participants with
ADPKD. However, expression may not reﬂect eNOS activity, and also, it does not reﬂect production of NO.
The major strength of this study is that we performed the
most comprehensive assessment of physiologic mechanisms contributing to vascular dysfunction to date using
novel methodology. We provided direct evidence of
oxidative stress and inﬂammation at the level of the
vasculature, including collection of vascular endothelial
cells and measurement of FMDBA after acute inhibition of
oxidative stress. We also used state-of-the art liquid
chromatography-tandem mass spectrometry analyses to
assess circulating markers. These assessments were performed in a relatively large number of participants with
ADPKD given the comprehensive nature of these measurements.
There are also several notable limitations. Although the
acute ascorbic acid infusion indeed improved FMDBA in the
ADPKD group but not controls, we failed to show a
statistically signiﬁcant baseline impairment in FMDBA in
the patients with ADPKD, somewhat limiting the interpretation of the former results. Given that all participants
with ADPKD also had a history of hypertension, it is
difﬁcult to separate the contributions of hypertension and
ADPKD with regard to contributing mechanisms. However, previous research has shown the presence of vascular
dysfunction, even in individuals with ADPKD who are free
from hypertension (11,12), and ADPKD plus hypertension
is the most common clinical state (18). Other differences
between the ADPKD and control groups may also have
accounted for the observed results rather than the primary
disease process. For example, ages were not perfectly
matched; however, age-associated decline in vascular
function would not be expected in this young age range
(43,44). Additionally, participants with ADPKD were
selected for participation in a clinical trial and differed
from controls by a diagnosis of hypertension. Importantly,
despite any residual group differences, our ﬁndings are still
clinically important.
Because of the scheduling of visits with national recruitment of participants with ADPKD, it was not possible
to perform testing during the same point of the menstrual
cycle for all women, which would increase variability in
measurements. We also did not have information available
regarding left ventricular mass index or ambulatory BP
monitoring. Finally, markers of oxidative stress and inﬂammation provide suggestive evidence but not cause and
effect data that oxidative stress and inﬂammation induce
vascular dysfunction in ADPKD, and our results were not
consistent across all markers.
In conclusion, we have provided preliminary evidence
supporting that oxidative stress and inﬂammation may be
physiologic mechanisms contributing to vascular dysfunction in early-stage ADPKD. Our results also reiterate that
arterial stiffness is signiﬁcantly increased in ADPKD and
develops early in the disease course before a decline in
kidney function. Interventions targeting these processes in
early-stage ADPKD may potentially reduce the overall risk
of cardiovascular events and mortality in patients with
ADPKD.
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