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Abstract: Vascular abnormalities are the most important non-cystic complications in Polycystic
Kidney Disease (PKD) and contribute to renal disease progression. Endothelial dysfunction and
oxidative stress are evident in patients with ADPKD, preserved renal function, and controlled
hypertension. The underlying biological mechanisms remain unknown. We hypothesized that in early
ADPKD, the reactive oxygen species (ROS)-producing nicotinamide adenine dinucleotide phosphate
hydrogen (NAD(P)H)-oxidase complex-4 (NOX4), a major source of ROS in renal tubular epithelial
cells (TECs) and endothelial cells (ECs), induces EC mitochondrial abnormalities, contributing to
endothelial dysfunction, vascular abnormalities, and renal disease progression. Renal oxidative stress,
mitochondrial morphology (electron microscopy), and NOX4 expression were assessed in 4- and
12-week-old PCK and Sprague-Dawley (wild-type, WT) control rats (n = 8 males and 8 females each).
Endothelial function was assessed by renal expression of endothelial nitric oxide synthase (eNOS).
Peritubular capillaries were counted in hematoxylin—eosin (H&E)-stained slides and correlated
with the cystic index. The enlarged cystic kidneys of PCK rats exhibited significant accumulation
of 8-hydroxyguanosine (8-OHdG) as early as 4 weeks of age, which became more pronounced at
12 weeks. Mitochondria of TECs lining cysts and ECs exhibited loss of cristae but remained preserved
in non-cystic TECs. Renal expression of NOX4 was upregulated in TECs and ECs of PCK rats at
4 weeks of age and further increased at 12 weeks. Contrarily, eNOS immunoreactivity was lower in
PCK vs. WT rats at 4 weeks and further decreased at 12 weeks. The peritubular capillary index was
lower in PCK vs. WT rats at 12 weeks and correlated inversely with the cystic index. Early PKD is
associated with NOX4-induced oxidative stress and mitochondrial abnormalities predominantly in
ECs and TECs lining cysts. Endothelial dysfunction precedes capillary loss, and the latter correlates
with worsening of renal disease. These observations position NOX4 and EC mitochondria as potential
therapeutic targets in PKD.
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1. Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a systemic disorder where progressive
development and enlargement of bilateral renal cysts lead to end-stage renal disease (ESRD). In addition,
ADPKD is associated with multiple extrarenal manifestations involving the heart and vasculature,
with cardiovascular complications being an important cause of morbidity and the main cause of
mortality [1-6].

The endothelium is a key player in cardiovascular disease, and endothelial dysfunction, characterized
by an imbalance between vasodilating, in particular nitric oxide (NO), and vasoconstricting substances
acting on the endothelium, is one of the first events in cardiovascular disease [7,8]. Previous studies
have shown that systemic markers of endothelial dysfunction and oxidative stress are evident in
patients with ADPKD, preserved kidney function, and controlled hypertension (HTN) [9]. The primary
biological mechanisms underlying oxidative stress and endothelial dysfunction in ADPKD remain to
be fully elucidated.

The nicotinamide adenine dinucleotide phosphate hydrogen (NAD(P)H)-oxidase complex-4
(NOX4) and the mitochondrial respiratory enzymes are the major sources of endogenous reactive oxygen
species (ROS) in both renal tubular epithelial cells (TECs) and endothelial cells (ECs) [10,11]. Importantly,
there is an interplay between these two ROS sources that can lead to feed-forward mechanisms where
the activation of one source of ROS can lead to the activation of another one (ROS-induced ROS
production) [12]. Elevated NOX4 expression has been shown to increase mitochondrial ROS (mtROS)
production, whereas its downregulation restores mitochondrial bioenergetics and reduces mtROS [13].
Increased mtROS can not only further instigate mtDNA damage, oxidation of mitochondrial proteins,
and mitochondrial dysfunction, but also affect intracellular signaling pathways such as endothelial
NO synthase (eNOS) uncoupling [14], promoting endothelial dysfunction [15].

Several recent studies in murine models of PKD have reported mitochondrial morphological and
functional abnormalities in TECs lining cysts [16-18]. Yet, whether mitochondrial abnormalities are
evident in non-cystic TECs and other parenchymal cells, such as ECs, remains unknown. Furthermore,
whether NOX4 expression is altered in ADPKD has not been reported. Therefore, the objective of this
study was to determine the main sources of ROS in early PKD and whether NOX4-induced oxidative
stress results in EC mitochondrial abnormalities and contributes to endothelial dysfunction, vascular
abnormalities, and renal disease progression.

2. Results

2.1. Animal Clinical and Laboratory Parameters

Table 1 shows the main animal characteristics of 4- and 12-week-old PCK and Sprague-Dawley
(wild-type, WT) control rats (n = 16, 8 males and 8 females). Body weight was similar at 4 and 12 weeks
in PCK and WT rats, but PCK animals had significantly enlarged kidneys already at 4 weeks, becoming
more pronounced at 12 weeks. The cystic index, assessed from histological images, progressively
increased from 4 to 12 weeks and extended from predominantly medullary cysts at 4 weeks to a more
uniform distribution by 12 weeks (Supplementary Figure S1). Fibrotic index, on the other hand, was
not different between PCK and WT rats until 12 weeks (Table 1). There was no difference in urine
output at 4 or 12 weeks. Blood urea nitrogen (BUN) was similar at 4 weeks in PCK and WT rats but
was higher in PCK rats at 12 weeks compared to WT animals. Contrarily, serum creatinine was not
different at either 4 or 12 weeks. Blood pressure was similar between groups at 4 weeks. By 12 weeks,
blood pressure levels became slightly, but not significantly, elevated in PCK compared to WT rats.
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Table 1. Animal characteristics and renal function at 4 and 12 weeks in wild-type (WT) and PCK rats.

Animal Characteristic 4 Week 12 Week
WT PCK WT PCK
Number of animals 16 16 16 16
Body Weight (g) 152.0 + 8.4 149.7 £7.2 379.9 +105.6 1 381.8 9147
KW/BW (%) 1.09 + 0.08 1.48 + 0.09 **** 079 +0.11"% 1.84 + 0.22 =+ *
Kidney Cystic Index (%) 0.05 + 0.03 15.54 +2.92 **** 0.15+0.11 21.4 + 3,56+t
Fibrotic Index (%) 0.40 + 0.03 0.42 + 0.04 0.35+0.21 351+ 1.76 1
Urine output (24 h, mL) 51+05 48+0.7 128+33"1 132+437
BUN (mg/dL) 12.3+22 126 +1.9 159+18% 20.1 £ 3.7+ ¥
Plasma creatinine (mg/dL) 0.36 + 0.05 0.35 + 0.10 0.36 + 0.10 0.38 + 0.13
Blood Pressure (mmHg) 1094 +2.3 1103 + 2.1 1162+ 311 1183 +29 "

Values are means + SD. KW/BW, kidney weight/body weight, BUN, blood urea nitrogen; **** p < 0.0001 significance
is against WT; ¥ p < 0.01, * p < 0.0001, significance is against 4 weeks.

2.2. Renal Oxidative Stress Worsens with Disease Progression in PKD

To assess renal oxidative stress at early stages in PKD, we stained renal sections with
8-hydroxyguanosine (8-OHdG), an oxidized DNA damage byproduct and a surrogate marker of
oxidative stress. Renal tubular cells from PCK animals exhibited a significant cytoplasmic and nuclear
accumulation of 8-OHdG as early as 4 weeks of age, which became more pronounced at 12 weeks
(Figure 1A, quantification B). Notably, 8-OHdG accumulation was observed not only in TECs lining
cysts, but also in non-cystic tubules.
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Figure 1. Renal oxidative stress worsens PKD progression. Representative immunofluorescence
(IF) staining for 8-hydroxyguanosine (8-OHdG, green) in renal tissue sections of WT and PCK rats
(A) and its quantification (B), showing increased 8-OHdG immunoreactivity in PCK vs. WT rats at
4 weeks, which further increased at 12 weeks; 8-OHdG was quantified as % stained area and adjusted
to DAPI-stained % area. ** p < 0.01, *** p < 0.001. (n = 16/group).

2.3. PKD is Associated with Mitochondrial Structural Abnormalities in Tubular and Endothelial Cells

We explored tubular mitochondrial structure at different segments of the nephron by transmission
electron microscopy (TEM). In PCK animals, mitochondrial morphology was well preserved in all
segments of the nephron except for cyst-lining cells, where they showed remodeling and loss of cristae
at 4 weeks (Figure 2A-E) and 12 weeks (Supplementary Figure S2). Mitochondrial area and perimeter
were preserved at 4 weeks in both principal and intercalated cells of PCK rats and remained unaltered
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at 12 weeks (Supplementary Figure S3A-D). However, matrix density was lower in principal and
intercalated cells of PCK rats at 4 weeks and further decreased at 12 weeks (Supplementary Figure S3E,F).
In addition, mitochondria content, assessed by the expression of the mitochondria protein marker
translocase of the mitochondrial outer membrane (TOM)-20 and the mitochondrial biogenesis marker
peroxisome proliferator activated receptor-y-coactivator (PGC1)-«, was lower in PCK vs. WT at 4 and
12 weeks (Supplementary Figure S4A—C respectively).

PT

DCT

CcD

Figure 2. PKD is associated with mitochondrial structural abnormalities in cyst-lining tubular cells.
Transmission electron micrograph (TEM) displaying representative tubular structures from WT
(left column) and PCK (right column) kidneys at 4 weeks. In PCK kidneys, the cells of proximal tubules
(B) had normal appearance and were characterized by a tall brush border and extensive invaginations
of the basolateral plasma membrane containing abundant elongated mitochondria (x2500 and x80,000)
compared to WT kidneys (A). Similarly, the cells from distal tubules in PCK animals (D) presented
numerous long mitochondria arranged between the foldings of the basal lamina that resembled normal
appearing mitochondria as in WT kidneys (C). On the other hand, mitochondria from CD principal
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cells (P), characterized by a light appearance, extensive infoldings of the basal plasma membrane,
and intercalated cells (I), characterized by a denser cytoplasm, numerous apical projections, and more
abundant mitochondria, lining micro cysts on PCK animals (F), showed cristae remodeling and loss
(arrow heads) (x2500 and x 80,000) compared to WT CD (E). PT, proximal tubule, DCT, distal convoluted
tubule; CD, collecting duct. The panels below E and F are high-magnification images of the P and I
cells in the dotted squares.

In addition, we examined mitochondrial structure in peritubular EC. Interestingly, EC mitochondrial
structural abnormalities (decreased matrix density) not only were present in the pericystic capillaries,
but also extended to capillaries in proximity to normal appearing tubules at 4 weeks and 12 weeks
(Figure 3A-D).

Figure 3. PKD is associated with mitochondrial structural abnormalities in endothelial cells. TEM
displaying representative peritubular capillary endothelial cells (EC) from WT (left column) and
PCK (right column) kidneys at 4 and 12 weeks ((A,B) and (C,D) respectively). In PCK, peritubular
capillary EC exhibited morphological abnormalities (cristae remodeling and loss) not only in the
capillaries surrounding cystic structures but also in the capillaries surrounding normal appearing
tubules (x2500 and x80,000).

2.4. Renal NOX4 is Upregulated in Tubular Epithelial and Endothelial Cells in PKD

To further explore the mechanisms underlying oxidative stress and mitochondrial injury in PKD,
we determined NOX4 expression and immunoreactivity at early stages of the disease. To assess NOX4
expression in different sections of the kidney, we performed immunofluorescence staining. At 4 weeks,
tubular NOX4 immunoreactivity was increased in PCK compared to WT kidneys and further increased
at 12 weeks (Figure 4A and quantification B). Interestingly, NOX4 immunoreactivity increased not only
in cyst-lining cells but also in non-cystic tubules (Supplementary Figure S5).

To determine NOX4 expression in different cell compartments, we performed subcellular
fractionation and immunoblot analyses. Mitochondria homogenates from PCK kidneys presented a
marked increase in NOX4 expression as early as 4 weeks, which became further elevated with disease
progression (Supplementary Figure S6A and quantification C). Similarly, nuclear cell lysates from PCK
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kidneys presented a marked increase in NOX4 expression from early stages, which increased with
disease progression (Supplementary Figure S6B and quantification D).
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Figure 4. Renal NOX4 is upregulated in tubular epithelial cells in PKD. Representative immunofluorescence
staining for NOX4 (red) in renal tissue sections of WT and PCK rats (A) and its quantification (B),
showing increased NOX4 immunoreactivity in PCK vs. WT rats at 4 weeks, which further increased at
12 weeks. *** p < 0.0001. NOX4 was quantified as % stained area and adjusted to DAPI-stained % area.
(n = 16/group).

We then examined NOX4 in peritubular capillaries by quantifying double-positive
(NOX4-+/endothelial marker CD31+) cells/field. The number of NOX4+/CD31+ cells was higher
in PCK animals at 4 weeks of age and increased further at 12 weeks (Figure 5).
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Figure 5. Renal NOX4 is upregulated in peritubular capillary endothelial cells in PKD. Representative
IF staining for NOX4 (red) and endothelial cell marker CD31 (green) in renal tissue sections (40x)
(A) and its quantification (B), showing increased number of double-positive cells (NOX4/CD31+) in
PCK vs. WT rats at 4 weeks, which further increased at 12 weeks. *** p < 0.001; **** p < 0.0001.
The number of double-positive NOX4/CD31cells was adjusted to the number of positive CD31 cells.
(n = 16/group).
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2.5. PKD is Associated with Tubular Epithelial Cell Mitochondria Dysfunction

To determine whether NOX4-induced oxidative stress compromises mitochondrial function, we
explored mitochondrial respiration in fresh kidney tissue using a polarographic oxygen electrode and
found that mitochondrial respiration rate (basal, maximal, and uncoupled respiration) was significantly
decreased in PCK rats (Supplementary Figure S7A-D) compared to WT rats at 4 and 12 weeks. However,
despite significant reductions in mitochondrial respiratory capacity, PCK rats exhibited higher rates of
hydrogen peroxide (H,O;) emissions from tissue mitochondria, as measured by fluorescence-based
monitoring of amplex red oxidation.

2.6. PKD is Associated with Intrarenal Endothelial Dysfunction and Capillary Loss

To assess whether NOX4-induced oxidative stress impairs intrarenal endothelial function, we
measured renal immunoreactivity of eNOS, the primary producer of NO in endothelial cells. eNOS
immunoreactivity was lower in 4-week-old PCK vs. WT rats and further decreased in 12-week-old
PCK rats (Figure 6A and quantification B).
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Figure 6. Renal eNOS immunoreactivity is downregulated in PKD. Representative IF staining for eNOS
(red) in WT and PCK rats at 4 and 12 weeks (A) and its quantification (B) showing decreased eNOS
immunoreactivity in PCK animals at 4 weeks, which further decreased at 12 weeks. **** p < 0.000;
eNOS was quantified as % stained area and adjusted to DAPI-stained % area; (n = 16/group)

Peritubular capillary index, assessed by peritubular capillary count in hematoxylin—eosin (H&E)
stained slides and adjusted by cystic area, was not different in the cortex or medulla in PCK vs. WT
rats at 4 weeks of age, but it was lower in the cortex and medulla at 12 weeks (Figure 7 and Table 2)
and inversely correlated with the cystic index (Supplementary Figure S8).
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Figure 7. Peritubular capillary loss in PKD. Representative hematoxylin—eosin-stained kidney sections
from WT and PCK rats showing capillary loss at 12 weeks. Capillaries were identified by the presence
of lumen, red blood cells, and/or an endothelial cell lining (arrowheads), and the ratio of capillary
number to non-cystic parenchyma was calculated; (n = 16/group)

Table 2. Capillary index in WT and PCK rats.

4 Week 12 Week
Animal Characteristic
WT PCK WT PCK
Number of animals 16 16 16 16
Capillary Index (Cx) 109 + 0.8 105 + 0.6 113+ 0.6 9.3+ 0.8}
Capillary Index (Med) 94+04 9.2+ 0.5 10005 83 + 0.5 ##xt

Values are means + SD, Cx, cortex; Med, medulla; **** p < 0.0001significance is against WT; * p < 0.01; ¥ p < 0.001,
* p <0.0001, significance is against 4 weeks.

3. Discussion

In this study, we employed a well-accepted murine model of PKD to explore the mechanisms
underlying endothelial dysfunction and renal oxidative stress. We opted for the PCK rat because,
despite being orthologous to human autosomal recessive PKD (ARPKD), it has many features that
resemble human ADPKD and has been useful for studying its pathogenesis in many preclinical trials
for ADPKD [19-23]. Another advantage of rat compared to mouse models is their close physiological
similarity to humans, particularly in the cardiovascular and renal systems [24].

We found evidence of renal oxidative stress at a very early stage of PKD, reflected by increased
renal immunoreactivity of 8-OHdG, that aggravated with disease progression. This is consistent with
previous studies in rodent models of PKD that have shown significant increases in 8-OHdG expression
in kidney cyst-lining cells [16,25]. Interestingly, we found that this increase in renal 8-OHdG levels
was not limited to the cyst-lining TECs and was also present in non-cystic tubules, suggesting that the
non-cystic parenchyma is also a contributor to renal oxidative stress.

The ROS-producing NOX4 is a major source of oxidative stress which is highly expressed in the
kidneys, as well as in endothelial and vascular smooth muscle cells [10,11]. In contrast to other NOX
isoforms, NOX4 activity is regulated at the expression level, generating predominantly H,O, [26].
Elevated NOX4 expression and activity have been reported in a number of renal and cardiovascular
diseases, including HTN [13,27-31]. Interestingly, NOX4 downregulation has been shown to restore
mitochondrial bioenergetics, reduce mitochondrial ROS production, and attenuate blood pressure
response in hypertensive rats [13]. This is consistent with our observations of increased tubular
and endothelial NOX4 from early stages of the disease, which exacerbated with disease progression.
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Importantly, increased NOX4 was not limited to cyst-lining TECs and was present also in non-cystic
tubules, suggesting that NOX4 is an important early modulator of cellular ROS.

The mitochondrial respiratory chain is another major source of ROS, which plays a critical
role in damaging cellular components and initiating cell death. Mitochondria are also targets for
NOX-derived ROS, and increased expression of mitochondria-localized NOX4 has been shown to
increase mitochondrial protein oxidation, leading to decreased electron transport chain (ETC) activity,
impaired bioenergetics, and augmented oxidative stress in the vasculature [32]. Moreover, inhibition of
NOX4 by genetic or pharmacological approaches has been recently shown to increase ETC activity and
result in stimulation of mitochondrial biogenesis [33]. Importantly, ROS generated by mitochondria
contribute to mtDNA damage, creating a negative cycle of oxidative stress and mitochondrial
dysfunction [34]. Kidneys are rich in mitochondria, which provide the energy necessary to drive
tubular function. In addition, mitochondria modulate several cellular functions including proliferation,
apoptosis, and intracellular calcium homeostasis. Therefore, it is not surprising that mitochondrial
injury and dysfunction have been implicated in the pathogenesis of many kidney diseases including
PKD. Indeed, studies in cells and animal models of PKD have reported mitochondrial structural
abnormalities and dysfunction, suggesting a key role of this organelle in the disease [16,17,35-38].
In agreement with this, we found that cyst-lining TECs exhibited significant mitochondrial damage
characterized by remodeling and loss of cristae and reflected by decreased matrix density. However,
despite substantial evidence of mitochondrial damage and dysfunction, there still remains the question
whether these abnormalities are a cause or a consequence of PKD. The current study provides novel
evidence of structurally preserved mitochondria in non-cystic TECs both at 4 and 12 weeks. Despite
this, we found a decrease in overall renal mitochondria content (TOM-20) and biogenesis (PGC1-«) as
early as 4 weeks, in line with previous observations in other murine models of PKD [16]. Furthermore,
decreased mitochondrial content was associated with a decrease in global mitochondrial respiration
accompanied by increased mitochondrial production of ROS, even when correcting for mitochondrial
content. All together, these observations suggest that mitochondrial dysfunction may develop in
response to global changes in ROS content and position NOX4 as an important determinant of the
cellular redox environment and a contributor to disease progression.

We also examined the morphology of the mitochondria in renal ECs. Unlike TECs, which possess
large numbers of mitochondria, the number of mitochondria in ECs is modest [39]. Nevertheless,
EC mitochondria modulate several important pathways that regulate vascular function, including
oxidative stress and NO bioavailability [14,15]. We found that as early as 4 weeks, EC mitochondria
exhibited important abnormalities (loss of cristae and remodeling). These observations were
accompanied by increased NOX4 immunoreactivity, suggesting NOX4-induced EC mitochondrial
damage. Importantly, ROS-induced EC mitochondrial abnormalities impaired the endothelial function,
as evidenced by decreased eNOS immunoreactivity at 4 weeks and more markedly at 12 weeks.
eNOS is the main source of NO in the vascular system and plays an essential role in the regulation of
endothelial function. In our study, progressive endothelial dysfunction was associated with capillary
loss (decreased capillary index) at 12 weeks and correlated inversely with renal disease progression as
assessed by the cystic index. Therefore, NOX4-induced endothelial dysfunction may be an important
contributor to vascular pathology and renal disease severity/progression in PKD.

Our study has several strengths, including its multipronged structural and functional approach
that allows studying an early stage of the disease before the development of downstream non-specific
pathologic processes, such as inflammation and fibrosis. We acknowledge some limitations of this
study, including its descriptive nature and the fact that it considered only two time points. In addition,
our functional studies cannot discriminate between individual contributions of ECs and TECs to
mitochondria respiration and ROS production, which may warrant further investigation.

In summary, we found that early PKD is associated with NOX-4-induced oxidative stress and
mitochondrial abnormalities predominantly in ECs and TECs lining cysts. Endothelial dysfunction
precedes capillary loss, and the latter correlates with worsening of renal disease. Therefore, our
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observations position NOX4 and EC mitochondria as potential therapeutic targets in PKD. Further
mechanistic studies are needed to confirm the role of NOX4 as a main driver of oxidative stress and
mitochondria damage in early PKD and whether these results extend to other models of PKD and
patients with ADPKD.

4. Materials and Methods

4.1. Experimental Design

All animal procedures were approved by the Institutional Animal Care and Use Committee.
All experiments were performed in eight male and eight female PCK and Sprague-Dawley rats
(MTPC colony, Mayo Clinic, Rochester, MN), which were studied at 4 and 12 weeks of age. At each
time point, blood pressure was determined noninvasively using the tail cuff approach (CODA systems,
Kent Scientific), and rats were later placed in metabolic cages to collect 24 h urine samples. Animals
were then returned to regular housing and left for 48 h to adjust to the regular environment. All animals
were then euthanized by cardiac puncture and exsanguination under anesthesia, and blood and tissues
were harvested.

4.2. Tissue and Blood Harvest and Analysis

At each time point, the animals were weighed and anesthetized with ketamine (60 mg/kg) and
xylazine (10 mg/kg ip). Blood was obtained by cardiac puncture for the determination of serum
creatinine and BUN levels. Half of the right kidney was placed into pre-weighed vials containing 10%
formaldehyde in phosphate buffer (pH 7.4). These tissues were embedded in paraffin for histological
experiments. The other half was preserved in Trump’s fixative for EM analysis. The left kidney was
immediately frozen in liquid nitrogen for cell fractionation and protein quantification.

4.3. Histomorphometric Analysis

Longitudinal tissue sections (4 um) of the kidney were stained with H&E and picrosirius red to
determine cystic and fibrotic indexes, respectively. Image analysis procedures were performed with
Meta-Morph software (Universal Imaging, West Chester, PA). Digital images were acquired using a
light microscope with a high-resolution Nikon Digital camera (Nikon DXM 1200). A colored threshold
was applied at a level that separated cysts from non-cystic tissue and picrosirius red-positive material
from background to calculate indexes of renal cysts as percentages of total tissue.

4.4. Capillary Index Quantification

Medullary and cortical capillaries were counted at 40X magnification in H&E-stained slides using
an ApoTome microscope (Carl ZEISS SMT, Oberkochen, Germany). Capillaries were identified by the
presence of lumen, red blood cells, and/or an endothelial cell lining, and the ratio of capillary number
to non-cystic parenchyma was calculated.

4.5. TEC and EC Mitochondrial Morphology and Function

Mitochondrial morphology was assessed in TECs and ECs using digital electron microscopy
(Phillips CM10 Transmission Electron Microscopy). Renal tissue was preserved in Trump’s fixative
solution (4% formaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer) overnight at room
temperature, mounted on mesh grids, and stained with aqueous uranyl acetate and lead citrate at the
Mayo Clinic’s electron microscopy core facility. For analysis, five representative TECs and ECs were
randomly selected, and all their mitochondria examined. Principal and intercalated cells were identified
visually by the well-recognized characteristics of cell diameter, shape, and size. Then, mitochondrial
area, perimeter, and matrix density were measured in five representative mitochondria in these cells
using Image-J (Version 1.5, National Institute of Health [40]), and the results were averaged per mice.
Only mitochondria fully contained within the borders of the transmission electron microscopy images
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were manually traced using the “freehand tool” of Image]J, which provides mitochondrial area in
nanometers squared and mean gray values (brightness). Matrix density was calculated as 1/mean gray
values and expressed as arbitrary units.

Mitochondrial oxidative capacity was measured by high-resolution respirometry (Oxygraph 2K,
Oroboros) using a stepwise protocol to evaluate various components of the electron transport chain
isolated from fresh kidney tissue [41,42]. Oxygen consumption was normalized to tissue wet weight and
also to mitochondrial/cell content. Mitochondrial coupling efficiency was measured from the respiratory
control ratio (RCR) calculated by the quotient of state-3 and state-4 respiration. Mitochondrial biogenesis
was evaluated by renal expression of PGC-1x (Abcam, ab54481, 1/1000) assessed by Western Blot [43].

ROS production (H,O,) of isolated mitochondria was measured with a Fluorolog-3 spectrofluorometer
(HORIBA Jobin Yvon) by continuously monitoring oxidation of Amplex Red from fresh tissue.
The fluorescent signal was adjusted for background auto-oxidation and calibrated to a standard
curve [41,42]. Rates of H,O, production were normalized to tissue wet weight and also to
mitochondrial/cell content.

4.6. Immunohistology

Renal oxidative stress was determined by quantifying renal immunoreactivity to 8-OHdAG
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-130085, 1:200). Results were calculated from
the average of 20 images/animals and expressed as stained area % adjusted to DAPI-stained area %.
NOX4, eNOS, and TOM-20 immunoreactivity was quantified as above (ab109225, 1:200, BD 610297,
1:100 and sc-11415, 1:200, respectively). To quantify NOX4 in ECs, we performed double staining of
CD31 (ab28364, 1:100) and NOX4 (ab109225, 1:200). In each 40X image, the number of double positive
NOX4/CD31 cells was counted in 15-20 fields, adjusted by the number of CD31 positive cells, and the
results from all fields were averaged.

4.7. Statistical Analysis

Statistical analysis was performed using the JMP Pro 14.0 (SAS) software. Results are expressed
as means + standard deviation. Statistical values were obtained by one-way ANOVA, followed by
Tukey post-hoc analysis. Regressions were calculated by the least-squares fit to compare the cortical
and medullary peritubular capillary index with the cystic index. Statistical significance for all tests
was accepted for p < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/6/1994/s1.

Author Contributions: A.SK., T.T.B.,, AK, AE.A,, and J.A,, collection and/or assembly of data, data analysis and
interpretation, writing—review and editing, A.E., formal analysis and interpretation, writing—review and editing;
P.C.H., writing—review and editing; L.O.L., and A.L., writing—review and editing; V.E.T.; funding acquisition,
writing—review and editing; M.V.I.; conceptualization, formal analysis and interpretation, funding acquisition,
project administration, supervision, and writing—original draft preparation. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the NIH grants: NIDDK R21-DK118391, P30-DK090728, NIDDK-P30
DK106912, R25-DK101405.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ADPKD Autosomal Dominant Polycystic Kidney Disease

PKD Polycystic Kidney Disease
ROS Reactive Oxygen Species
ESRD End-Stage Kidney Disease
HTN Hypertension

GFR Glomerular Filtration Rate
RBF Renal blood flow

NO Nitric Oxide


http://www.mdpi.com/1422-0067/21/6/1994/s1

Int. J. Mol. Sci. 2020, 21, 1994 12 of 14

NOX4 NAD(P)H)-oxidase complex-4

WT

Wild-Type (Sprague-Dawley)

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Helal, I.; Reed, B.; Mettler, P.; Mc Fann, K.; Tkachenko, O.; Yan, X.-D.; Schrier, R.W. Prevalence of cardiovascular
events in patients with autosomal dominant polycystic kidney disease. Am. J. Nephrol. 2012, 36, 362-370.
[CrossRef]

Helal, I.; Al-Rowaie, F.; Abderrahim, E.; Kheder, A. Update on pathogenesis, management, and treatment
of hypertension in autosomal dominant polycystic kidney disease. Saudi J. kidney Dis. Transplant. 2017,
28, 253-260. [CrossRef] [PubMed]

Schrier, R.W. Blood pressure in early autosomal dominant polycystic kidney disease. N. Engl. J. Med. 2015,
372,976-977. [CrossRef] [PubMed]

Spithoven, E.M.; Kramer, A.; Meijer, E.; Orskov, B.; Wanner, C.; Caskey, F; Collart, F,; Finne, P.; Fogarty, D.;
Groothoff, ] W.; et al. Analysis of data from the ERA-EDTA Registry indicates that conventional treatments
for chronic kidney disease do not reduce the need for renal replacement therapy in autosomal dominant
polycystic kidney disease. Kidney Int. 2014, 86, 1244-1252. [CrossRef] [PubMed]

Orskov, B.; Sorensen, V.R.; Feldt-Rasmussen, B.; Strandgaard, S. Changes in causes of death and risk of
cancer in Danish patients with autosomal dominant polycystic kidney disease and end-stage renal disease.
Nephrol. Dial. Transplant. 2011, 27, 1607-1613. [CrossRef]

Patch, C.; Charlton, J.; Roderick, PJ.; Gulliford, M.C. Use of Antihypertensive Medications and Mortality of
Patients With Autosomal Dominant Polycystic Kidney Disease: A Population-Based Study. Am. |. Kidney Dis.
2011, 57, 856-862. [CrossRef]

Lerman, A.; Zeiher, A.M. Endothelial function: Cardiac events. Circulation 2005, 111, 363-368. [CrossRef]
Shechter, M.; Matetzky, S.; Prasad, M.; Goitein, O.; Goldkorn, R.; Naroditsky, M.; Koren-Morag, N.; O
Lerman, L. Endothelial function predicts 1-year adverse clinical outcome in patients hospitalized in the
emergency department chest pain unit. Int. J. Cardiol. 2017, 240, 14-19. [CrossRef]

Klawitter, J.; Reed-Gitomer, B.Y.; McFann, K.; Pennington, A.; Klawitter, J.; Abebe, K.; Klepacki, J.;
Cadnapaphornchai, M.A.; Brosnahan, G.; Chonchol, M.; et al. Endothelial dysfunction and oxidative
stress in polycystic kidney disease. Am. J. Physiol. Physiol. 2014, 307, F1198-F1206. [CrossRef]

Ago, T.; Kitazono, T.; Ooboshi, H.; Iyama, T.; Han, Y.H.; Takada, J.; Wakisaka, M.; Ibayashi, S.; Utsumi, H.;
Iida, M. Nox4 as the Major Catalytic Component of an Endothelial NAD(P)H Oxidase. Circ. 2004, 109, 227-233.
[CrossRef]

Bedard, K.; Krause, K.H. The NOX family of ROS-generating NADPH oxidases: Physiology and
pathophysiology. Physiol. Rev. 2007, 87, 245-313. [CrossRef] [PubMed]

Dikalov, S. Cross talk between mitochondria and NADPH oxidases. Free Radic. Boil. Med. 2011, 51,1289-1301.
[CrossRef] [PubMed]

Cowley, AW, Jr.; Yang, C.; Zheleznova, N.N.; Staruschenko, A.; Kurth, T.; Rein, L.; Kumar, V.; Sadovnikov, K,;
Dayton, A.; Hoffman, M.; et al. Evidence of the Importance of Nox4 in Production of Hypertension in Dahl
Salt-Sensitive Rats. Hypertension 2016, 67, 440-450. [CrossRef] [PubMed]

Gremmels, H.; Bevers, L.M.; Fledderus, J.; Braam, B.; Van Zonneveld, A.].; Verhaar, M.C.; Joles, ].A. Oleic acid
increases mitochondrial reactive oxygen species production and decreases endothelial nitric oxide synthase
activity in cultured endothelial cells. Eur. J. Pharmacol. 2015, 751, 67-72. [CrossRef] [PubMed]
Madamanchi, N.; Runge, M.S. Mitochondrial Dysfunction in Atherosclerosis. Circ. Res. 2007, 100, 460-473.
[CrossRef] [PubMed]

Ishimoto, Y.; Inagi, R.; Yoshihara, D.; Kugita, M.; Nagao, S.; Shimizu, A.; Takeda, N.; Wake, M.; Honda, K;
Zhou, J.; et al. Mitochondrial Abnormality Facilitates Cyst Formation in Autosomal Dominant Polycystic
Kidney Disease. Mol. Cell. Boil. 2017, 37, €00337-17. [CrossRef]

Lin, C.-C.; Kurashige, M.; Liu, Y.; Terabayashi, T.; Ishimoto, Y.; Wang, T.; Choudhary, V.; Hobbs, R.; Liu, L.-K.;
Lee, P-H.; etal. A cleavage product of Polycystin-1 is a mitochondrial matrix protein that affects mitochondria
morphology and function when heterologously expressed. Sci. Rep. 2018, 8, 2743. [CrossRef]


http://dx.doi.org/10.1159/000343281
http://dx.doi.org/10.4103/1319-2442.202774
http://www.ncbi.nlm.nih.gov/pubmed/28352004
http://dx.doi.org/10.1056/NEJMoa1402685
http://www.ncbi.nlm.nih.gov/pubmed/25738676
http://dx.doi.org/10.1038/ki.2014.120
http://www.ncbi.nlm.nih.gov/pubmed/24827775
http://dx.doi.org/10.1093/ndt/gfr467
http://dx.doi.org/10.1053/j.ajkd.2011.01.023
http://dx.doi.org/10.1161/01.CIR.0000153339.27064.14
http://dx.doi.org/10.1016/j.ijcard.2017.04.101
http://dx.doi.org/10.1152/ajprenal.00327.2014
http://dx.doi.org/10.1161/01.CIR.0000105680.92873.70
http://dx.doi.org/10.1152/physrev.00044.2005
http://www.ncbi.nlm.nih.gov/pubmed/17237347
http://dx.doi.org/10.1016/j.freeradbiomed.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21777669
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06280
http://www.ncbi.nlm.nih.gov/pubmed/26644237
http://dx.doi.org/10.1016/j.ejphar.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25595727
http://dx.doi.org/10.1161/01.RES.0000258450.44413.96
http://www.ncbi.nlm.nih.gov/pubmed/17332437
http://dx.doi.org/10.1128/MCB.00337-17
http://dx.doi.org/10.1038/s41598-018-20856-6

Int. J. Mol. Sci. 2020, 21, 1994 13 of 14

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kuo, 1.Y; Brill, A.L.; Lemos, FO,; Jiang, ].Y.; Falcone, J.L.; Kimmerling, E.P; Cai, Y.; Dong, K.; Kaplan, D.L.;
Wallace, D.P; et al. Polycystin 2 regulates mitochondrial Ca2+ signaling, bioenergetics, and dynamics
through mitofusin 2. Sci. Signal. 2019, 12, eaat7397. [CrossRef]

Lager, N.J.; Qian, Q.; Bengal, R.].; Ishibashi, M.; Torres, V.E. The pck rat: A new model that resembles human
autosomal dominant polycystic kidney and liver disease. Kidney Int. 2001, 59, 126-136. [CrossRef]

Wang, X.; Gattone, V.; Harris, P.C.; Torres, V.E. Effectiveness of Vasopressin V2 Receptor Antagonists
OPC-31260 and OPC-41061 on Polycystic Kidney Disease Development in the PCK Rat. J. Am. Soc. Nephrol.
2005, 16, 846-851. [CrossRef]

Wang, X.; Wu, Y.; Ward, C.J.; Harris, P.C.; Torres, V.E. Vasopressin directly regulates cyst growth in polycystic
kidney disease. J. Am. Soc. Nephrol. 2007, 19, 102-108. [CrossRef] [PubMed]

Wang, X.; Ye, H.; Ward, CJ.; Chu, J.Y.S.; Masyuk, T.V,; LaRusso, N.E; Harris, P.C.; Chow, B.K.C.; Torres, V.E.
Insignificant effect of secretin in rodent models of polycystic kidney and liver disease. Am. J. Physiol. Physiol.
2012, 303, F1089-F1098. [CrossRef] [PubMed]

Hopp, K.; Wang, X.; Ye, H.; Irazabal, M.V.; Harris, P.C.; Torres, V.E. Effects of hydration in rats and mice with
polycystic kidney disease. Am. J. Physiol. Physiol. 2014, 308, F261-F266. [CrossRef] [PubMed]

Tannaccone, PM.; Jacob, H.J. Rats! Dis. Models Mech. 2009, 2, 206-210. [CrossRef]

Bracken, C.; Beauverger, P.; Duclos, O.; Russo, R.J.; Rogers, K.A.; Husson, H.; Natoli, T.A.; Ledbetter, S.R.;
Janiak, P.; Ibraghimov-Beskrovnaya, O.; et al. CaMKII as a pathological mediator of ER stress, oxidative
stress, and mitochondrial dysfunction in a murine model of nephronophthisis. Am. J. Physiol. Physiol. 2016,
310, F1414-F1422. [CrossRef]

Serrander, L.; Cartier, L.; Bedard, K.; Banfi, B.; Lardy, B.; Plastre, O.; Sienkiewicz, A.; Forro, L.; Schlegel, W.;
Krause, K.-H. NOX4 activity is determined by mRNA levels and reveals a unique pattern of ROS generation.
Biochem. |. 2007, 406, 105-114. [CrossRef]

Block, K.; Gorin, Y.; Abboud, H. Subcellular localization of Nox4 and regulation in diabetes. Proc. Natl. Acad.
Sci. USA 2009, 106, 14385-14390. [CrossRef]

Sedeek, M.; Nasrallah, R.; Touyz, R.M.; Hébert, R.L. NADPH Oxidases, Reactive Oxygen Species, and the
Kidney: Friend and Foe. J. Am. Soc. Nephrol. 2013, 24, 1512-1518. [CrossRef]

Jha, J.C.; Gray, S.P; Barit, D.; Okabe, J.; El-Osta, A.; Namikoshi, T.; Thallas-Bonke, V.; Wingler, K;
Szyndralewiez, C.; Heitz, F; et al. Genetic Targeting or Pharmacologic Inhibition of NADPH Oxidase Nox4
Provides Renoprotection in Long-Term Diabetic Nephropathy. J. Am. Soc. Nephrol. 2014, 25, 1237-1254.
[CrossRef]

Thallas-Bonke, V.; Jandeleit-Dahm, K.A.; Cooper, M.E. Nox-4 and progressive kidney disease. Curr. Opin.
Nephrol. Hypertens. 2015, 24, 74-80. [CrossRef]

You, Y.-H.; Quach, T,; Saito, R.; Pham, J.; Sharma, K. Metabolomics Reveals a Key Role for Fumarate in
Mediating the Effects of NADPH Oxidase 4 in Diabetic Kidney Disease. |. Am. Soc. Nephrol. 2015, 27, 466—481.
[CrossRef] [PubMed]

Vendrov, A.E.; Vendrov, K.C.; Smith, A.; Yuan, J.; Sumida, A.; Robidoux, J.; Runge, M.S.; Madamanchi, N.R.
NOX4 NADPH Oxidase-Dependent Mitochondrial Oxidative Stress in Aging-Associated Cardiovascular
Disease. Antioxidants Redox Signal. 2015, 23, 1389-1409. [CrossRef] [PubMed]

Bernard, K.; Logsdon, N.J.; Miguel, V.; Benavides, G.A.; Zhang, J.; Carter, A.B.; Darley-Usmar, V,;
Thannickal, V.J. NADPH Oxidase 4 (Nox4) Suppresses Mitochondrial Biogenesis and Bioenergetics in
Lung Fibroblasts via a Nuclear Factor Erythroid-derived 2-like 2 (Nrf2)-dependent Pathway. J. Boil. Chem.
2017, 292, 3029-3038. [CrossRef] [PubMed]

Kalogeris, T.; Bao, Y.; Korthuis, R.J. Mitochondrial reactive oxygen species: A double edged sword in
ischemia/reperfusion vs preconditioning. Redox Boil. 2014, 2, 702-714. [CrossRef]

Rowe, I; Chiaravalli, M.; Mannella, V,; Ulisse, V.; Quilici, G.; Pema, M.; Song, X.W.; Xu, H.; Mari, S.; Qian, F;
et al. Defective glucose metabolism in polycystic kidney disease identifies a new therapeutic strategy. Nat.
Med. 2013, 19, 488-493. [CrossRef] [PubMed]

Padovano, V.; Kuo, 1.Y,; Stavola, L.K.; Aerni, H.R.; Flaherty, B.J.; Chapin, H.C.; Ma, M.; Somlo, S.; Boletta, A.;
Ehrlich, B.E.; et al. The polycystins are modulated by cellular oxygen-sensing pathways and regulate
mitochondrial function. Mol. Boil. Cell 2017, 28, 261-269. [CrossRef]


http://dx.doi.org/10.1126/scisignal.aat7397
http://dx.doi.org/10.1046/j.1523-1755.2001.00473.x
http://dx.doi.org/10.1681/ASN.2004121090
http://dx.doi.org/10.1681/ASN.2007060688
http://www.ncbi.nlm.nih.gov/pubmed/18032793
http://dx.doi.org/10.1152/ajprenal.00242.2012
http://www.ncbi.nlm.nih.gov/pubmed/22811488
http://dx.doi.org/10.1152/ajprenal.00345.2014
http://www.ncbi.nlm.nih.gov/pubmed/25503729
http://dx.doi.org/10.1242/dmm.002733
http://dx.doi.org/10.1152/ajprenal.00426.2015
http://dx.doi.org/10.1042/BJ20061903
http://dx.doi.org/10.1073/pnas.0906805106
http://dx.doi.org/10.1681/ASN.2012111112
http://dx.doi.org/10.1681/ASN.2013070810
http://dx.doi.org/10.1097/MNH.0000000000000082
http://dx.doi.org/10.1681/ASN.2015030302
http://www.ncbi.nlm.nih.gov/pubmed/26203118
http://dx.doi.org/10.1089/ars.2014.6221
http://www.ncbi.nlm.nih.gov/pubmed/26054376
http://dx.doi.org/10.1074/jbc.M116.752261
http://www.ncbi.nlm.nih.gov/pubmed/28049732
http://dx.doi.org/10.1016/j.redox.2014.05.006
http://dx.doi.org/10.1038/nm.3092
http://www.ncbi.nlm.nih.gov/pubmed/23524344
http://dx.doi.org/10.1091/mbc.e16-08-0597

Int. J. Mol. Sci. 2020, 21, 1994 14 of 14

37.

38.

39.

40.

41.

42.

43.

Hajarnis, S.; Lakhia, R.; Yheskel, M.; Williams, D.; Sorourian, M.; Liu, X.; Aboudehen, K.; Zhang, S.; Kersjes, K.;
Galasso, R.; et al. microRNA-17 family promotes polycystic kidney disease progression through modulation
of mitochondrial metabolism. Nat. Commun. 2017, 8, 14395. [CrossRef]

Podrini, C.; Rowe, I.; Pagliarini, R.; Costa, A.; Chiaravalli, M.; Di Meo, I.; Kim, H.; Distefano, G.; Tiranti, V.;
Qian, F; et al. Dissection of metabolic reprogramming in polycystic kidney disease reveals coordinated
rewiring of bioenergetic pathways. Commun. Boil. 2018, 1, 194. [CrossRef]

Kluge, M.A; Fetterman, J.L.; Vita, ].A. Mitochondria and endothelial function. Circ. Res. 2013, 112,1171-1188.
[CrossRef]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods
2012, 9, 671-675. [CrossRef]

Lanza, LR.; Nair, K.S. Chapter 20: Functional Assessment of Isolated Mitochondria in Vitro. Methods Enzym.
2009, 457, 349-372.

Lanza, I.R.; Nair, K.S. Mitochondrial metabolic function assessed in vivo and in vitro. Curr. Opin. Clin. Nutr.
Metab. Care 2010, 13, 511-517. [CrossRef] [PubMed]

Eirin, A.; Li, Z.; Zhang, X.; Krier, ].D.; Woollard, J.R.; Zhu, X.-Y,; Tang, H.; Herrmann, S.M.; Lerman, A.;
Textor, S.C.; et al. A Mitochondrial Permeability Transition Pore Inhibitor Improves Renal Outcomes After
Revascularization in Experimental Atherosclerotic Renal Artery Stenosis. Hypertension 2012, 60, 1242-1249.
[CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/ncomms14395
http://dx.doi.org/10.1038/s42003-018-0200-x
http://dx.doi.org/10.1161/CIRCRESAHA.111.300233
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1097/MCO.0b013e32833cc93d
http://www.ncbi.nlm.nih.gov/pubmed/20616711
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.199919
http://www.ncbi.nlm.nih.gov/pubmed/23045468
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Animal Clinical and Laboratory Parameters 
	Renal Oxidative Stress Worsens with Disease Progression in PKD 
	PKD is Associated with Mitochondrial Structural Abnormalities in Tubular and Endothelial Cells 
	Renal NOX4 is Upregulated in Tubular Epithelial and Endothelial Cells in PKD 
	PKD is Associated with Tubular Epithelial Cell Mitochondria Dysfunction 
	PKD is Associated with Intrarenal Endothelial Dysfunction and Capillary Loss 

	Discussion 
	Materials and Methods 
	Experimental Design 
	Tissue and Blood Harvest and Analysis 
	Histomorphometric Analysis 
	Capillary Index Quantification 
	TEC and EC Mitochondrial Morphology and Function 
	Immunohistology 
	Statistical Analysis 

	References

