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Abstract

Aims: NADPH oxidase (NOX)-derived reactive oxygen species (ROS) are implicated in the pathophysiology of
hypertension in chronic kidney disease patients. Genetic deletion of NOX activator 1 (Noxa1) subunit of NOX1
decreases ROS under pathophysiological conditions. Here, we investigated the role of NOXA1-dependent
NOX1 activity in the pathogenesis of angiotensin II (Ang II)-induced hypertension (AIH) and possible in-
volvement of abnormal renal function.
Results: NOXA1 is present in epithelial cells of Henle’s thick ascending limb and distal nephron. Telemetry
showed lower basal systolic blood pressure (BP) in Noxa1-/- versus wild-type mice. Ang II infusion for 1 and
14 days increased NOXA1/NOX1 expression and ROS in kidney of male but not female wild-type mice. Mean
BP increased 30 mmHg in wild-type males, with smaller increases in Noxa1-deficient males and wild-type or
Noxa1-/- females. In response to an acute salt load, Na+ excretion was similar in wild-type and Noxa1-/- mice
before and 14 days after Ang II infusion. However, Na+ excretion was delayed after 1–2 days of Ang II in male
wild-type versus Noxa1-/- mice. Ang II increased epithelial Na+ channel (ENaC) levels and activation in the
collecting duct principal epithelial cells of wild-type but not Noxa1-/- mice. Aldosterone induced ROS levels
and Noxa1 and Scnn1a expression and ENaC activity in a mouse renal epithelial cell line, responses abolished
by Noxa1 small-interfering RNA.
Innovation and Conclusion: Ang II activation of renal NOXA1/NOX1-dependent ROS enhances tubular ENaC
expression and Na+ reabsorption, leading to increased BP. Attenuation of AIH in females is attributed to weaker
NOXA1/NOX1-dependent ROS signaling and efficient natriuresis. Antioxid. Redox Signal. 36, 550–566.
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Introduction

Chronic kidney disease (CKD) and hypertension (HTN)
have intermingled cause and effect relationships (23),

and are among the major risk factors for cardiovascular dis-

eases (55). Nearly 40% of CKD patients develop apparent
treatment-resistant HTN where optimal levels of blood pres-
sure (BP) are not achieved with use of three different classes
of medications (51). This underscores the complexity of HTN
pathophysiology with many of pathogenic factors and the
need for the development of new therapeutic strategies.

Hyperactivation of the renin–angiotensin–aldosterone
system (RAAS) causes vasoconstriction, reduces filtered Na+

load, and increases tubular Na+ reabsorption, favoring Na+

retention and HTN by shifting the pressure–natriuresis rela-
tion to a higher BP (18). Exaggerated renal vasoconstriction
and Na+ retention often result from an imbalance of the
natriuretic vasodilator �NO and the antinatriuretic vasocon-
strictor superoxide anion (O2

�-) (12, 26).
Increased reactive oxygen species (ROS) generation may be

a key integrating factor coupling angiotensin II (Ang II)-
induced activation of RAAS to the reduced Na+ excretion,
vasoconstriction, and inflammation (28). The resultant renal
dysfunction likely initiates a self-perpetuating process, induc-
ing and maintaining HTN. Excessive Na+ and volume retention
are common characteristics of treatment-resistant HTN (22).

In the vasculature, NADPH oxidases (NOXs) are the main
sources of ROS resulting from Ang II/Ang II type 1 (AT1)
receptor activation (39). A number of NOX catalytic
subunits—NOX1, NOX2, and NOX4—are expressed in the

Color images are available online.

Innovation

NOX activator 1 (NOXA1)-dependent NADPH oxi-
dase plays a critical role in mediating renin–angiotensin–
aldosterone system hyperactivation and hypertension
(HTN). Here, we discovered that NOXA1 is expressed in
renal tubular epithelial cells, and mediates angiotensin II
(Ang II)-induced activation of renal NOX1 and reactive
oxygen species (ROS) levels. Genetic deletion of Noxa1
reduces basal and Ang II-induced HTN with more effi-
cient Na+ excretion early during Ang II infusion in asso-
ciation with decreased renal ROS and epithelial Na+

channel expression and activity. Lower expression of
NOXA1 correlates with attenuated renal ROS levels,
higher Na+ excretion, and lower blood pressure in Ang II-
induced hypertension (AIH) in female versus male mice.
Targeting NOXA1 in AIH in combination with traditional
therapy is an attractive, promising strategy.
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renal vasculature, glomerular and tubular structures (17, 29).
Activation of NOX1 requires interaction of membrane-bound
NOX1 and p22phox with cytosolic regulatory subunits
p47phox, p67phox, and Rac1, which are in turn activated in
response to agonists or injury.

Alternatively, NOX1 can interact with p47phox homolog
NOXO1 and p67phox homolog NOX activator 1 (NOXA1),
causing constitutive production of O2

�- (49). In mouse vas-
cular smooth muscle cells (VSMCs), NOXA1 is required for
NOX1 activation, whereas NOX1 is activated by binding
with p67phox in endothelial cells (1). We previously dem-
onstrated that NOXA1 interacts with p47phox in VSMC and
is a critical component of NOX1 activation regulating vas-
cular function and inflammation (41, 54).

Ang II infusion induces ROS generation and eNOS un-
coupling in the vasculature, primarily through activation of
NOX1 (37, 44). In addition, Ang II increases the expression of
NOX1 in vascular and renal cells (37, 59) and NOXA1 in the
vasculature (41). Congruent with such responses, genetic dele-
tion of NOX1 attenuates vascular O2

�- production, restores en-
dothelial function, and reduces the magnitude of Ang II-induced
hypertension (AIH) (16, 35). On the contrary, mice over-
expressing NOX1 in VSMC display a more pronounced AIH
(13). In contrast, BP regulation in a chronic HTN mouse model is
independent of NOXs and oxidative stress (61). NOX1 may
contribute to diabetic nephropathy, promote glomerular hyper-
trophy, mesangial fibrosis, podocyte loss, and albuminuria (45).

The epithelial Na+ channel (ENaC) is a key transporter
that fine tunes Na+ reabsorption in the distal nephron, pri-
marily in collecting duct (CD) principal cells. Enhanced Na+

reabsorption via increased ENaC activity causes volume
expansion and HTN (6, 14). NOX-derived ROS in general
and NOX4 were implicated in Ang II stimulation of ENaC
activity in ex vivo studies of distal nephrons and CD cell
lines, respectively (31, 32). However, little is known about
NOXA1/NOX1 signaling in renal function in HTN, and there
is no evidence to date linking NOXA1 or NOX1 to renal
vascular or tubular abnormalities in AIH.

Our studies characterize NOXA1-dependent NOX1 ex-
pression and activity and downstream signaling pathways
involving ROS in the mouse kidney during basal conditions
and the development and maintenance phases of AIH. A
causal relationship to abnormal renal function is suggested by
an early phase of delayed Na+ excretion during initial de-
velopment of AIH in wild-type males, with normal Na+ ex-
cretion during established HTN. Genetic deletion of Noxa1
reduced renal ROS production, normalized Na+ excretion
during the developmental phase of HTN, and attenuated the
development and magnitude of established AIH. Possible sex
differences were also evaluated.

Results

NOXA1 expression in renal tubular epithelium
is regulated by Ang II

Ang II is a potent inducer of Nox1 expression in renal cells
(9). We previously showed that Ang II induces NOXA1 ex-
pression in VSMCs (41). Because NOXA1 is required for
NOX1 activation, we performed Western blot analysis of
renal protein lysates from male wild-type mice treated with
Ang II to test whether RAAS regulates NOXA1 expression in
the kidney. NOXA1 expression increased significantly in the

kidney 1 day after Ang II administration, with a sustained
increase at 14 days (3.4- and 4.5-folds, respectively; Fig. 1A
and Supplementary Fig. S5 A, B).

We next isolated suspensions of mouse proximal convo-
luted tubules (PCTs), thick ascending limb (TAL) of Henle,
and CD. Western blot analysis showed NOXA1 expression in
all nephron segments, with the highest expression in the CD
(Fig. 1B and Supplementary Fig. S5 C, D). Immuno-
fluorescence analysis of kidney coronal sections from the
wild-type mice showed robust expression of NOX1 and
NOXA1 in tubular epithelial cells (Fig. 1C, D). Specifically,
expression of immunoreactive NOX1 and NOXA1 coloca-
lized with aquaporin 1 (AQP1) expression in PCT, Na-K-Cl
cotransporter 2 (NKCC2) expression in TAL, and with
aquaporin 2 (AQP2) expression in CD.

The NOX1 and NOXA1 expression was the highest in
the AQP2-positive CD principal cells ( p < 0.001 for NOX1;
Fig. 1C and p < 0.05 for NOXA1; Fig. 1D). Importantly,
expression of immunoreactive neutrophil cytosolic factor
2 (NCF2; p67phox, the NOXA1 functional homolog) and
NOX2 was not observed in the AQP2-positive epithelial
cells (Supplementary Fig. S1). These results demonstrate that
NOXA1, along with NOX1, is expressed in renal tubular
epithelium and CD principal cells, and is upregulated by
chronic systemic Ang II administration.

Renal ROS levels correlate with NOXA1 expression

There are marked differences between male and female
mice in the regulation of basal BP and AIH (60). To determine
whether renal effects of Ang II in males versus females are
regulated by NOXA1, we first measured Noxa1 mRNA levels
in kidneys from mice treated with vehicle or Ang II for 14 days.
Treatment with Ang II significantly increased Noxa1 expres-
sion in the male but not female mice ( p < 0.01; Fig. 2A).

Ang II administration in male wild-type mice stimulated
NOXA1 protein expression by threefold in the AQP2-
positive CD epithelial cells (Fig. 2B). Basal NOXA1 levels
were slightly lower, and Ang II had less pronounced effect on
the protein levels in CD cells of female wild-type mice (1.5-
fold; Fig. 2B). Expression of Nox1 mRNA was also signifi-
cantly upregulated by Ang II treatment in male wild-type
but not Noxa1-/- mice or wild-type female mice ( p < 0.01;
Fig. 2C). Immunoreactive NOX1 expression colocalized
with AQP2 was significantly lower in kidneys of control- and
Ang II-treated male Noxa1-/- and female wild-type com-
pared with the respective male wild-type mice (Fig. 2D).

Similarly, Western blot analysis of whole kidney lysates
showed a 1.5-fold increase in NOX1 protein levels in male
mice after Ang II treatment but remained unchanged in fe-
male or Noxa1-/- mice (Fig. 2E and Supplementary Fig.
S6A). NOX4 protein expression in whole kidney lysates was
similar in wild-type and Noxa1-/- mice, and was equally
upregulated by 14-day Ang II treatment in both genotypes. In
contrast, immunoreactive NOX4 expression did not change
in AQP2-positive CD cells with Ang II treatment, and was
not different between wild-type and Noxa1-/- kidneys
(Supplementary Fig. S2 and Supplementary Fig. S6B).

Increased NOXA1 expression is associated with increased
NOX1 activity and ROS generation in the vasculature (41).
Accordingly, O2

�- levels determined by dihydroethidium
(DHE) fluorescence were significantly increased in the kidneys
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FIG. 1. NOXA1 protein expression in kidney is regulated by Ang II. (A) Western blot analysis and quantification of
NOXA1 expression in kidney lysates after 1 and 14 days of Ang II treatment. Data are NOXA1 protein fold change relative
to untreated control adjusted for b-tubulin levels (mean – SEM). (B) Western blot analysis and relative expression quan-
tification of protein extracts from isolated PCT, TAL, and CD. (C) Representative immunofluorescence images and
quantification of immunoreactive NOX1 and AQP1 (colocalized to PCT), NKCC2 (colocalized to TAL), or AQP2 (co-
localized to CD) in wild-type kidney frozen sections (mean – SEM). High magnification insets (yellow rectangle) show
NOX1 expression in epithelial cell. Scale is 100 lm. (D) Representative immunofluorescence images and quantification
stained for immunoreactive NOXA1 and AQP1 (colocalized to PCT), NKCC2 (colocalized to TAL), or AQP2 (colocalized
to CD) in wild-type kidney frozen sections (mean – SEM). High magnification insets (yellow rectangle) show NOXA1
expression in epithelial cell. Scale is 100 lm. Ang II, angiotensin II; AQP1, aquaporin 1; CD, collecting ducts; NKCC2, Na-
K-Cl cotransporter 2; NOX, NADPH oxidase; NOXA1, NOX activator 1; PCT, proximal convoluted tubules; TAL, thick
ascending limb.
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FIG. 2. NOXA1 expression is correlated with renal ROS levels in kidneys from wild-type mice treated with Ang II.
(A) Real-time PCR analysis of Noxa1 mRNA expression in kidneys from male (M) and female (F) mice treated with vehicle
or Ang II for 14 days. Data are mean – SEM of mRNA expression fold change relative to vehicle-treated control adjusted for
18s RNA levels. (B) Representative immunofluorescence images and quantification of NOXA1 (red) levels in the AQP2-
stained CD epithelial cells (green) in the kidney sections of male and female mice treated with vehicle or Ang II for 14 days.
High magnification insets (yellow rectangle) show NOXA1 expression in CD epithelial cell. Scale is 100 lm. Data are
fluorescence integrated density (mean – SEM). (C) Real-time PCR analysis of Nox1 mRNA expression in kidneys from
male wild-type and Noxa1-/- and female wild-type mice treated with vehicle or Ang II for 14 days. Data are mean – SEM of
mRNA expression fold change relative to vehicle-treated control adjusted for 18s RNA levels. (D) Representative im-
munofluorescence images and quantification of NOX1 (red) levels in the AQP2-positive CD epithelial cells (green) in the
kidney sections of male and female wild-type and male Noxa1-/- mice treated with vehicle or Ang II for 14 days. High
magnification insets (yellow rectangle) show NOX1 expression in CD epithelial cell. Scale is 100 lm. Data are fluorescence
integrated density (mean – SEM). (E) Western blot analysis and quantification of NOX1 protein expression in whole kidney
lysates from mice treated with vehicle or Ang II for 14 days. Data are mean – SEM of protein levels fold change relative to
vehicle-treated control adjusted for TUBB levels. (F) ROS levels were determined by DHE fluorescence in the coronal renal
sections of male and female wild-type and male Noxa1-/- mice treated with vehicle or Ang II for 14 days. Data are DHE
fluorescence integrated density (mean – SEM). (G) Superoxide levels in kidney samples from mice treated with vehicle or
Ang II for 14 days were determined by 2-OH-ethidium HPLC. Data were normalized to tissue protein concentration
(mean – SEM). DHE, dihydroethidium; PCR, polymerase chain reaction; ROS, reactive oxygen species; TUBB, b-tubulin.
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of male mice during Ang II treatment (Fig. 2F). ROS levels
mirrored the sex differences in NOXA1 expression, with
weaker induction by Ang II at 14 days in the epithelial cells of
female wild-type mice kidneys. Similarly, Noxa1-/- male mice
had significantly lower ROS levels in the kidney after Ang II
administration compared with the wild-type mice.

Measurement of superoxide generation in kidney samples
using 2-hydroxyethidium HPLC analysis also similarly showed
significant reduction of superoxide in kidneys of female wild-
type and male Noxa1-/- mice treated with Ang II compared
with male wild-type mice (Fig. 2G). These results indicate that
higher Ang II-induced ROS levels in male kidneys at least
partially depend on the renal NOXA1 expression, while de-
creased renal ROS levels in female mice correlate with lower
NOXA1/NOX1 expression and NOX1 activity.

Noxa1 deletion attenuates AIH

Because NOX1 was previously implicated in the regu-
lation of BP (16) and NOXA1 regulates NOX1 activity,
we performed continuous BP telemetry in conscious unre-
strained male wild-type and Noxa1-/- mice. Analysis of 24-h
BP recording showed a normal diurnal pattern in both

genotypes (Fig. 3A). There was no difference in diastolic
pressure; however, systolic BP was significantly lower in
Noxa1-/- compared with the wild-type mice ( p < 0.0001;
two-way analysis of variance [ANOVA]).

The daily average systolic pressure was significantly
lower in Noxa1-/- compared with wild-type mice (113 and
121 mmHg, respectively: Fig. 3B). Chronic Ang II adminis-
tration induced a progressive increase in BP in wild-type as
early as 1 day and reached a plateau *5–7 days (+30 mmHg,
p < 0.0001, two-way ANOVA; Fig. 3C). In contrast, chronic
Ang II produced a less pronounced increase in the mean BP
(+7 mmHg) in male Noxa1-/- mice (Fig. 3C).

AIH is attenuated in female mice

To test whether lower NOXA1 levels in female mice affect
BP levels in AIH, we analyzed BP telemetry data in female
mice during chronic Ang II administration. The response of
female wild-type mice to Ang II was similar to Noxa1-/- male
mice. Mean BP in wild-type females was stable with a small
change at 14 days of Ang II infusion (+8 mmHg, Fig. 3D),
similar to that observed in control female mice receiving
infusion of isotonic saline.

A B

C D

FIG. 3. Noxa1 deletion reduces basal and Ang II-induced BP in male mice. (A) BP telemetry recordings averaged for
5 min every 30 min over 24-h period in untreated male (M) wild-type and Noxa1-/- mice (mean – SEM, n = 8). Individual
values for each animal are shown in Supplementary Figure S3. Black solid lines represent averages of 7 nearest neighbor
values using second-order smoothing polynomial. (B) Daily average of sBP telemetry recordings in untreated male wild-
type and Noxa1-/- mice (mean – SEM). (C) Mean BP telemetry recordings in male wild-type and Noxa1-/- mice treated
with vehicle or Ang II for 14 days. Data are mean – SEM of daily average BP. (D) Mean BP telemetry recordings in male
(M) and female (F) wild-type and Noxa1-/- mice treated with vehicle or Ang II for 14 days. Data are mean – SEM of daily
average BP. BP, blood pressure; sBP, systolic BP.
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The response of female Noxa1-/- mice to Ang II was
similar to that in female wild-type and male Noxa1-/- mice
(+7 mmHg, Fig. 3D). Two-way ANOVA showed significant
interaction between treatment and sex on BP ( p < 0.0001).
Thus, chronic sustained Ang II infusion produces HTN, and
genetic deletion of Noxa1 protects against the development
of AIH in male mice, consistent with a more potent stimu-
lation of NOXA1 expression and ROS production in the
kidneys of wild-type males versus female mice.

Noxa1 deficiency preserves natriuresis
in early phase of AIH

To evaluate the possible contribution of renal salt retention
to the development of AIH, we analyzed renal excretion of
Na+ (urinary Na+ excretion [UNaV]) and water over a 6–8-h
period in response to acute saline load in conscious, unre-
strained mice before and during AIH. During control condi-
tions (before Ang II infusion), both male wild-type and
Noxa1-/- mice excreted *80%–90% of administered Na+

and fluid over the 8-h collection period.
An important observation was that wild-type male mice

exhibited less efficient renal excretion in response to an acute
load of isotonic saline early during Ang II administration as
evidenced by a markedly delayed Na+ and water excretion
compared with Noxa1-/- mice. Wild-type animals required a
significantly greater time to excrete 75% of the Na+ and
volume challenge on days 1–2 of Ang II compared with
Noxa1-/- mice (Na+ excretion: 173% vs. 109% over control,

p = 0.02; water excretion: 226% vs. 134% over control,
p = 0.03; Fig. 4A, B).

Thus, this period of relative renal Na+ and water retention
was associated with an early phase of HTN development
when BP began to rise rapidly, indicating a primary causative
defect in renal tubular reabsorption, which was alleviated by
Noxa1 deletion. The rate of renal excretion of Na+ and water
was similar in both groups after days 13–14 of Ang II infu-
sion. The normalization of Na+ and water excretion by the
elevated BP in male wild-type mice during sustained AIH
implicates pressure–natriuresis in offsetting the early phase
of Na+ retention.

Because female mice showed attenuated NOXA1-
dependent ROS generation and BP increase induced by Ang II,
we also evaluated their ability to excrete Na+ and water in
response to an acute challenge. The time to excrete 75% of Na+

and water loads during days 1–2 of Ang II administration did
not differ between female wild-type and Noxa1-/- mice, and
were similar to control wild-type male mice (Fig. 4C, D).
These data confirm the notion that NOXA1 expression and
activity are critical for RAAS-regulated natriuresis, and that
sex differences in renal epithelium NOXA1 levels may have a
causal role in the magnitude of AIH.

NOXA1 is required for RAAS-dependent
regulation of renal ENaC

RAAS-dependent regulation of Na+ transporting proteins
is a major regulatory mechanism of Na+ excretion and tubular

A B

C D

FIG. 4. Cumulative so-
dium and volume excretion
is delayed in male wild-type
mice compared with
Noxa1-/- male and female
wild-type mice during the
initial phase of AIH. Time
to excrete 75% of the sodium
(A) and water (B) following
the acute isotonic saline load
in male wild-type and
Noxa1-/- mice during the
control period and Ang II
infusion days 1–2 and 13–14.
Data are mean – SEM % over
control. Time to excrete 75%
of the sodium (C) and water
(D) following the acute salt
load in female wild-type and
Noxa1-/- mice during the
control period and Ang II
administration for 1–2 days.
Data are mean – SEM % over
control. AIH, Ang II-induced
hypertension.
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reabsorption (25). We evaluated the levels of Na+ transport
proteins present in the sites with predominant NOXA1 ex-
pression in the kidney from mice treated with Ang II for
14 days. The Western blot analysis of renal lysates showed no
significant differences in expression of NKCC2 (expressed in
the TAL), Na-H exchanger 3 (NHE3 in the PCT), or Na-Cl
cotransporter (NCC in the distal convoluted tubules) between
the wild-type and Noxa1-/- mice (Fig. 5A and Supplementary
Fig. S7 A–D).

In contrast, the expression of aENaC was significantly
induced by Ang II treatment in wild-type but not in Noxa1-/-

mouse kidneys ( p < 0.0001; Fig. 5B and Supplementary Fig.
S7 E, F). Furthermore, immunofluorescence analysis of
kidney coronal sections showed a significant increase of
aENaC levels in CD principal cells costained with AQP2
1 day after Ang II administration in the wild-type but not in
Noxa1-/- mice (Fig. 5C, p < 0.01). The aENaC level in wild-
type kidneys declined by day 14 of Ang II treatment but was
still significantly higher compared with control wild-type mice
or Ang II-treated Noxa1-/- mice.

Aldosterone-dependent activity of ENaC is regulated by in-
creased transcription (46) as well as by ENaC translocation to the
apical plasma membrane (15). The ENaC immunofluorescence
was localized closer to basolateral membrane of CD cells in
vehicle-treated kidneys, but increased in intensity and extended
toward the apical membrane in the wild-type ( p < 0.01; Fig. 5D)
but not in Noxa1-/- mice treated with Ang II for 1 day.

These results suggest that increased NOXA1-dependent
ROS generation in the kidney during AIH promotes Na+ re-
tention in part through upregulation of ENaC expression in
CD cells. The peak expression level and localization of ENaC
to apical membrane of CD cells correlated with reduced
UNaV in the wild-type mice. Both the processes were unaf-
fected in the Noxa1-/- mice.

To better understand the cellular mechanisms of RAAS-
dependent ENaC regulation, we assessed NOX expression and
activity in M1 mouse CD cells treated with aldosterone, the
mineralocorticoid hormone induced by Ang II treatment (27,
47). M1 cells expressed Noxa1, Nox1, Ncf1/2, and Nox4 genes,
and treatment with aldosterone significantly increased the ex-
pression of Noxa1 but not the other NOX subunit genes
(Fig. 6A). Aldosterone treatment significantly increased su-
peroxide levels in M1 cells, and pretreatment with diphe-
nyliodinium, an inhibitor of NOX, significantly reduced
aldosterone-induced superoxide generation (Fig. 6B).

In contrast, oxypurinol, an inhibitor of xanthine oxidase,
L-Nitro arginine methyl ester, an inhibitor of nitric oxide syn-
thase, and N-acetyl cysteine, a glutathione precursor, did not

have a significant effect on aldosterone-induced ROS genera-
tion, suggesting that NOX is a primary source of superoxide in
renal epithelial cells. To study the effects of NOXA1 expression
on NOX1 activity in M1 cells, we used Noxa1 small-interfering
RNA (siRNA):p5RHH peptide nanocomplexes (30, 53).

Cells transduced with Noxa1 siRNA showed selective and
significant reduction (>50%) of Noxa1 mRNA and protein
without changes in Nox1 or Ncf1/2 gene expression (Sup-
plementary Fig. S4A, B and Supplementary Fig. S8A). Al-
dosterone treatment significantly increased superoxide
generation in M1 cells, and pretreatment with polyethylene
glycol-conjugated superoxide dismutase (PEG-SOD) atten-
uated this response ( p < 0.0001; Fig. 6C). Furthermore,
aldosterone-induced superoxide generation was significantly
lower in the cells transduced with Noxa1 siRNA ( p < 0.0001
vs. control cells) but not with scrambled siRNA.

Similarly, M1 cells transduced with Nox1 siRNA had
significantly reduced Nox1 mRNA and protein (>50%) levels
(Fig. 6D and Supplementary Fig. S4C and Supplementary
Fig. S8B), and aldosterone treatment had no significant effect
on ROS generation in Nox1 siRNA-transduced cells as
compared with control or scrambled siRNA-transduced cells
( p < 0.0001; Fig. 6C).

Congruently, real-time polymerase chain reaction (PCR)
analysis demonstrated that transduction of M1 cells with
Noxa1 siRNA, but not scrambled siRNA, markedly reduced
Noxa1 levels in the control cells and abrogated aldosterone-
induced increase in Noxa1 mRNA expression (Fig. 6E).
These results demonstrate that NOX is a primary source
of superoxide in renal epithelial cells, and that aldosterone-
induced NOX activation and superoxide generation are de-
pendent on NOXA1 expression.

Aldosterone treatment significantly increased Scnn1a
(aENaC) mRNA levels in control and scrambled siRNA-
transduced but not in Noxa1 or Nox1 siRNA-transduced M1
cells, indicating that aldosterone-induced ENaC expression
in the renal epithelial cells is dependent on the initial acti-
vation of NOXA1/NOX1 NADPH oxidase (Fig. 6F).

Furthermore, congruent with siRNA transduction, pre-
treatment of M1 cells with PEG-SOD abrogated aldosterone-
induced Scnn1a upregulation, implying that NOXA1/NOX1
NADPH oxidase is the major source of superoxide and reg-
ulates expression of ENaC in renal epithelial cells. Similar to
kidney CD cells, confocal microscopy analysis of polarized
M1 cell monolayer demonstrated that aldosterone markedly
induced ENaC expression and translocation to the apical
membrane as shown by colocalization with the tight-junction
protein occludin (Fig. 6G).

‰

FIG. 5. Renal expression of ENaC is increased in male wild-type mice treated with Ang II. (A) Western blot analysis
and densitometry quantification of the sodium channels NHE3, NKCC2, and NCC expression in mice treated with Ang II
for 14 days. Data are fold change in protein expression adjusted for ACTB levels and relative to wild-type (mean – SEM).
(B) Western blot analysis and densitometry quantification of bENaC levels in renal lysates from wild-type and Noxa1-/-

mice treated with vehicle or Ang II for 14 days. Data are protein fold change adjusted for ACTB levels and relative to
control (mean – SEM). (C) Representative immunofluorescence images and quantification of aENaC expression in the renal
sections from wild-type and Noxa1-/- mice treated with vehicle or Ang II for 1 or 14 days, and stained for aENaC (red),
AQP2 (green), and DAPI (blue). High magnification insets (yellow rectangle) show aENaC expression in CD epithelial cell.
Scale is 100 lm. Data are fluorescence integrated density (mean – SEM). (D) Representative immunofluorescence images
and quantification of aENaC colocalization with AQP2 on the apical (A) or basolateral (BL) side of the CD cells from wild-
type and Noxa1-/- mice treated with vehicle or Ang II for 1 day, and stained for aENaC (red), AQP2 (green), and DAPI
(blue). Data are fluorescence integrated density (mean – SEM). Scale is 10 lm. ACTB, b-actin; ENaC, epithelial Na+

channel; NCC, Na-Cl cotransporter; NHE3, Na-H exchanger 3.

NOXA1 REGULATES NA1 REABSORPTION IN HYPERTENSION 557



Fluorescence densitometry showed that, consistent
with NOXA1-dependent ENaC activation, apical mem-
brane localization of ENaC was markedly reduced in
Noxa1 siRNA but not scrambled siRNA-transduced M1
cells treated with aldosterone. Taken together, these data

affirm the critical role of NOXA1 in RAAS-dependent
activation of ROS-induced ENaC activity and Na+ trans-
port in renal epithelial cells to promote renal Na+ and water
retention and BP regulation in the developmental stage
of AIH.
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FIG. 6. ENaC is regulated through aldosterone activation of NOXA1-dependent NOX in M1 renal epithelial cells.
(A) Real-time PCR analysis of Nox1, Noxa1, Ncf1/2 (p47phox/p67phox), and Nox4 expression levels in M1 renal epithelial
cells treated with vehicle or aldosterone for 2 h. Data are mean – SEM of mRNA expression adjusted to 18s RNA levels. (B)
DHE fluorescence was measured in M1 cells treated with vehicle or aldosterone for 30 min, or cells pretreated with 10 lM
DPI, 50 lM oxypurinol, 10 lM L-NAME, or 20 mM NAC and then treated with aldosterone. Data are mean – SEM of DHE
fluorescence as percentage of control vehicle-treated cells. (C) DHE fluorescence was determined in control- or PEG-SOD
treated M1 cells, or cells transduced with Noxa1, Nox1, or scrambled siRNA, and then treated with vehicle or aldosterone
for 30 min. Data are mean – SEM of DHE fluorescence as percentage of control-untreated cells. (D) Real-time PCR analysis
of Nox1 mRNA expression in control and scrambled siRNA or Nox1 siRNA-transduced cells treated with aldosterone for
2 h. Data are mean – SEM of mRNA expression fold change relative to control adjusted for 18s RNA levels. (E) Real-time
PCR analysis of Noxa1 mRNA expression in control and scrambled siRNA or Noxa1 siRNA-transduced cells treated with
aldosterone for 2 h. Data are mean – SEM of mRNA expression fold change relative to control adjusted to 18s RNA. (F)
Real-time PCR analysis of Scnn1a (aENaC) gene expression in control, PEG-SOD treated cells, or cells transduced with
Noxa1, Nox1, or scrambled siRNA and treated with aldosterone for 2 h. Data are mean – SEM of mRNA expression adjusted
to 18s RNA. (G) Representative confocal microscopy z-stack images of polarized M1 renal epithelial cells treated with
vehicle or aldosterone for 30 min, and stained for cENaC (green) and OCLN (red). Fluorescence quantification of apical and
basolateral localization of cENaC in control and Noxa1 siRNA- or scrambled siRNA-transduced M1 cells treated with
vehicle or aldosterone. DPI, diphenyliodinium; NAC, N-acetyl cysteine; L-NAME, L-nitro arginine methyl ester OCLN,
occluding; PEG-SOD, polyethylene glycol-conjugated superoxide dismutase; siRNA, small-interfering RNA.
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Discussion

This study demonstrates that NOXA1 is a critical activator
of NOX1 NADPH oxidase and ROS generation in renal ep-
ithelial cells in response to Ang II/aldosterone; NOXA1-
dependent ROS generation regulates ENaC expression and
activation in renal CD cells; increased expression of NOXA1
in renal epithelial cells in response to Ang II results in
greater Na+ and water retention, and ultimately increased BP
in the developmental stage of HTN; Noxa1 genetic deletion
or targeting with siRNA decreases ROS levels, preserves
natriuresis, and attenuates AIH. We also showed that less
pronounced NOXA1/NOX1 activation in CD cells may
provide relative protection against AIH in premenopausal
females.

Our results are in line with the reports that genetic ablation
of Nox genes or inhibition of ROS generation by NOX1 at-
tenuates HTN (16, 35, 58). However, previous studies at-
tributed the prohypertensive effects of RAAS to NOX1
activation primarily in the vasculature (13, 59). We present
new evidence that Ang II acts to increase NOX1 mRNA and
NOX1-dependent ROS production in the kidney. While
chronic Ang II stimulation of other NOX isoforms in vascular
(8, 13, 59), renal macula densa cells (65), and immune cells
(5) was reported to contribute to HTN, we show, for the first
time, that RAAS activation of NOXA1-dependent NOX1 in
the CD regulates redox signaling and epithelial cell function,
which are likely critical in early phases of salt retention and
the development of HTN.

We observed that male wild-type mice with increased
NOXA1-NOX1 signaling excrete acute Na+ and water loads
in a delayed manner during the first two days of Ang II in-
fusion when BP begins to rise. Our results are supported by
previous studies that reported sluggish UNaV at early stages
of AIH in the wild-type mice (18, 33, 52), and in consonance
with the published reports that renal retention of salt and
water is a hallmark initiating event during the development
of AIH.

The Ang II-induced NOXA1/NOX1/ROS signaling upre-
gulating ENaC expression/activity we observed is consistent
with the hypothesis that enhanced ENaC-mediated Na+ re-
absorption in the CD is responsible for an early phase of Na+

retention in the wild-type males, contributing importantly to
the development of many forms of HTN. We provide addi-
tional new information that genetic deletion of Noxa1 leads to
attenuated levels of O2

�- and ENaC in the renal CD principal
cells in response to Ang II. Thus, changes in ENaC expres-
sion are negatively associated with the efficiency of excreting
an acute salt load, and higher ENaC levels are associated with
delayed Na+ excretion early during the development of AIH.
These data support the notion that NOXA1 acts as a critical
limiting factor in NOX1 activation in regulating Na+ reten-
tion in AIH.

Patch-clamp studies of isolated CD showed Ang II-
dependent stimulation of ENaC activity (32, 33, 43). Al-
dosterone is also a potent upregulator of aENaC expression
in the CD cells (46) and increases its activity by promot-
ing cENaC translocation to the apical membrane (15, 34).
However, Ang II-dependent ENaC activation and Na+ re-
absorption in the mouse distal nephron might also be inde-
pendent of aldosterone (32, 33). Ang II may activate ENaC in
CD principal cells by increasing NOX-derived O2

�- pro-

duction through activation of protein kinase C (PKC) inde-
pendent of intracellular Ca2+ levels (48). Importantly, NFjB
may directly regulate aENaC transcription in renal epithelial
cells (11).

This suggests a possibility of transcriptional induction of
ENaC by NOX activation, without RAAS hyperactivation,
under pathophysiological conditions such as hyperglycemia
and increased systemic oxidative stress of CKD. Ang II
stimulates NOX1 (13, 59) and consequently activates PKCd
(38, 40, 63). This, in turn, increases the abundance of the
cENaC in the apical plasma membrane of CD cells (63), and
PKCd mediates aldosterone-induced Nox1 gene expression
(63), suggesting a feed-forward loop involving PKCd and
NOX1 in apical localization of cENaC by Ang II.

Moreover, increased NOXA1/NOX1-dependent O2
�-

levels might counteract nitric oxide inhibition of epithelial
ENaC activity, increasing Na+ reabsorption and BP in AIH
(57, 62). Our results indicate that NOXA1-dependent ROS
generation causes increased ENaC mRNA and protein ex-
pression and membrane assembly in CD epithelial cells and
cultured M1 cells. In addition, we show that in M1 cells
pretreated with PEG-SOD aldosterone-induced upregulation
of ENaC was significantly attenuated, suggesting a critical
role for superoxide in the regulation of ENaC transcription.

As we note, the initial phase of Na+ retention during the
development of AIH coincided with sustained upregulation
of ENaC expression/activity in CD cells. However, there is a
temporal disparity between ENaC expression/activity during
established AIH when renal Na+ excretion is normal. The
prohypertensive transient early phase of enhanced renal re-
tention of salt and water is offset by compensatory pressure
natriuresis that normalizes Na+ excretion in the presence of
more long-standing increased BP.

Increased expression of aENaC on day 14 of AIH implies
that continued enhanced Na+ reabsorption in the CD is offset
by the influence of a pressure-induced natriuresis, resulting
from inhibition of Na+ reabsorption at an upstream nephron
site. Reduced Na+ reabsorption mediated by proximal tubular
NHE3 is thought to be a major participant in pressure natri-
uresis during the established phase of AIH (62).

Male sex is independently associated with the develop-
ment of treatment-resistant HTN in CKD patients (51). Our
observation that chronic Ang II produces less pronounced
HTN in female than male wild-type mice is consistent with a
previous report (60). Females appear to be protected from
HTN by higher levels of estrogen and NO, less severe en-
dothelial dysfunction, and a higher ratio of AT2/AT1 recep-
tors and Ang 1–7/Ang II combined with lower levels of
vasoconstrictor and antinatriuretic ROS (3, 7, 21, 56).

A study utilizing renal crosstransplantation indicates that
the kidneys play a critical role in contributing to sex differ-
ences in AIH, with male kidneys being prohypertensive and
female kidneys affording protection (56). Male kidneys have
greater gene expression of AT1 receptor, AT1/AT2 receptor
ratio, proximal tubular NHE3, and distal nephron a- and c-
subunits of ENaC (56). We provide new information that the
attenuated AIH in females is related to weaker Ang II stim-
ulation of renal NOXA1 and ROS and the reduced upregu-
lation of CD cell ENaC relative to changes in males. Indeed,
estrogen treatment was shown to attenuate Ang II-induced
NOX2 and p67phox expression in endothelial cells (19).
Estrogen can exert inhibitory effects on gene expression
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through several epigenetic mechanisms, including methyla-
tion of CpG islands of the gene promoter (2).

Similar mechanism may be involved in lowering the ex-
pression of Noxa1/Nox1 and Scnn1 genes in renal epithelial
cells in females. This notion is supported by the observation
of decreased fractional distal reabsorption of Na+ during the
follicular phase in normotensive women (42). Such sex dif-
ferences appear to be responsible for more efficient excretory
responses to an acute salt and water challenge and thus less
renal retention.

CKD is often associated with elevated BP and the devel-
opment of treatment-resistant HTN. We demonstrate that
RAAS drives NOXA1/NOX1-dependent ROS generation in
renal epithelial cells, which is a critical mechanism regulating
Na+ excretion and BP. Chronic disease-associated activation
of renal NOXA1/NOX1 may be a potential mechanism of
enhanced Na+ reabsorption and BP elevation without ap-
parent hyperactivation of RAAS.

Such conditions may render the therapeutic agents
aimed at RAAS inhibition (angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, mineralocorticoid
receptor antagonists) ineffective, resulting in treatment-
resistant HTN. Currently, there are no NOX subunit-specific
inhibitors available for clinical use. GKT137831 or seta-
naxib, a member of a recently designated novel drug class,
naxibs, showed promising therapeutic potential in HTN-
related conditions (20, 64). Therapeutic strategies that reduce
NOXA1/NOX1 activation and ROS generation in renal epi-
thelial cells and/or inhibit ENaC hyperactivation may be
beneficial in the treatment of CKD, diabetes, and HTN.

Materials and Methods

Animals

All animal procedures were performed in compliance
with protocols approved by the University of Michigan and
the University of North Carolina Institutional Animal Care
and Use Committee in accordance with NIH OLAW poli-
cies. Male wild-type (C57BL/6J) mice were purchased from
Jackson Laboratory (Bar Harbor, ME). The Noxa1-/- mice
were generated by removing the coding region of mouse
Noxa1 gene as described previously (54). Mice were bred in-
house, and littermates from heterozygous breeding were used
in the experiments. Mice were housed in ventilated cages at
22�C with 12-h light/dark cycle and free access to food and
water.

Renal tubules isolation

Suspensions of renal PCT, medullary TAL, and distal tu-
bule or CD were prepared using published methods (4, 10).

BP telemetry

Male and female wild-type and Noxa1-/- 4-month-old mice
were randomly assigned to control or treatment groups. Mice
were surgically implanted with systemic BP transmitters
(PA-C10; DSI, St. Paul, MN) under inhaled 1% isoflurane/O2

anesthesia through carotid artery cannulation. After estab-
lishing basal level BP and appropriate diurnal cycling, mice
were implanted with subcutaneous micro-osmotic pumps
(Alzet 1002; Durect, Cupertino, CA) to continuously deliver a
slow pressor dose of Ang II (500 ng/kg/min) (24, 52) or vehicle

(0.9% NaCl) for 14 days. BP (mean, systolic, and diastolic) and
heart rate were recorded in conscious unrestrained mice con-
tinuously for 5 min every 30 min. Data were collected and
analyzed with Ponemah v6 (DSI), and BP daily moving av-
erage calculated for each day.

Cell culture

M1 mouse CD epithelial cells were obtained from ATCC
(CRL-2038). The cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F12 medium
mixture (11330; Thermo Fisher, Waltham, MA) supple-
mented with antibiotic/antimycotic solution, 5 lM dexa-
methasone (D-085; Sigma), and 5% fetal bovine serum (FBS)
in 5% CO2 incubator at 37�C. The cells were plated on
Corning Transwell inserts (3413; Sigma) and incubated until
transepithelial electrical resistance was measured to be >1 kO
with a EVOM2 meter (World Precision Instruments, Sar-
asota, FL) to allow for polarization of the cell layer.

The cells were growth arrested for 24 h in DMEM sup-
plemented with 0.1% FBS, and then incubated with 10 lM
aldosterone (Sigma) in FBS-free DMEM. Mouse ON-
TARGETplus SMARTpool Noxa1 siRNA (LQ-064237-02-
0020), Nox1 siRNA (L-054651-00-0005), and nontargeting
pool siRNA (D-001810-10-20) were purchased from Dhar-
macon (Lafayette, CO). M1 cells were transfected using
p5RHH peptide–siRNA nanocomplexes as described (30,
53). Quiescent cells were incubated with nanocomplexes for
4 h at 37�C, and then treated with aldosterone.

Histology, immunostaining, and confocal microscopy

Mice were euthanized with an overdose of inhaled iso-
flurane, the circulatory system was perfused with phosphate-
buffered saline, and renal arteries and kidneys were dissected,
embedded in O.C.T. compound (Sakura Finetek, Torrance,
CA), and snap-frozen in liquid nitrogen. Coronal sections of
10 lm thickness were cut from dissected kidneys.

Frozen kidney sections were fixed in acetone, permeabi-
lized in 0.1% Triton X-100, and immunofluorescent staining
was performed using antibodies against NOXA1 (Ab199; a
gift from Dr. Ralf Brandes, Institut für Kardiovaskuläre
Physiologie, Goethe-Universität, Frankfurt am Main, Ger-
many) (41), NOX1, NOX2, or NCF2 (bs-3682R, bs-3889R,
bs-3891R; Bioss, Woburn, MA), ENaC-a (SPC-403D; Stress-
Marq, Victoria, BC, Canada) followed by goat antirabbit
secondary antibody conjugated to AlexaFluor 594 or Alexa
Fluor 488 (A11072, A27034;Thermo Fisher) and Cy3-
conjugated AQP1, AlexaFluor 488-conjugated AQP2
(bs-1506R-Cy3, bs-4611R-A488; Bioss), or FITC-conjugated
NKCC2 antibody (SPC-401D-FITC; StressMarq).

Sections were mounted with Vectashield mounting me-
dium for fluorescence with 4¢,6-diamidino-2-phenylindole
(H-1200; Vector Laboratories). Fluorescence images were
acquired with Nikon Microphot-FX microscope using the
same exposure, gain and offset values.

M1 cells plated on Transwell inserts and polarized before
treatment were used for confocal microscopy. Z-stacks were
acquired using a Nikon Eclipse Ti microscope using the same
exposure, gain and offset values. M1 cells were fixed on the
Transwell membrane with methanol at -20�C, washed with
phosphate-buffered saline (PBS), permeabilized with 0.01%
Triton X-100, and blocked with 3% bovine serum albumin

NOXA1 REGULATES NA1 REABSORPTION IN HYPERTENSION 561



(BSA)/1% goat serum. Primary antibodies used were ENaC-c
(ab3468; Abcam, Cambridge, United Kingdom) and Alexa-
Fluor 594-conjugated occludin antibody (OCLN, 331594;
Invitrogen) for detection of the apical membrane (36).

Volume views of the orthogonal plane were created in NIS
Elements software (Nikon). Positional information was an-
alyzed by measuring the integrated density of each slice in the
z-stack using NIH ImageJ 1.49 (Bethesda, MD). Plots of the
relative amount of integrated density were made, and the
position of both channels was adjusted so that OCLN staining
overlapped when making comparisons.

ROS measurements

ROS levels were measured in situ as described before (53).
Fresh frozen renal coronal sections were incubated with
10 lm DHE (Thermo Fisher) in the presence or absence
of 200 U/mL PEG-SOD (Sigma) in Hank’s balanced salt
solution (HBSS) at 37�C for 15 min. Fluorescence images
were acquired with Nikon Microphot-FX microscope using
monochrome camera at the same exposure, gain and offset
values. Images were analyzed using NIH ImageJ, and mean
gray value per arterial wall area (integrated density) was
determined.

Measurement of superoxide in renal tissues was performed
using HPLC detection of 2-hydroxyethidium. Dissected
kidney samples were minced and incubated with 50 lM DHE
for 30 min. Control samples were incubated with 200 U/mL
PEG-SOD (Sigma) prior incubation with DHE. The excess
DHE was removed, and tissues were homogenized in ace-
tonitrile. The supernatants were collected and dried using
Savant ISS 100 (Thermo Scientific).

Samples were dissolved in PBS, and 50 lL were analyzed
using Agilent 1100 HPLC system (Agilent Technologies,
Santa Clara, CA) equipped with Partisil 5 lm ODS3 250 ·
4.6 mm column (Phenomenex, Torrance CA). Chromato-
grams were analyzed with OpenLab software (Agilent
Technologies). Superoxide levels were quantified using
oxyethidium standard (Noxygen Science Transfer & Diag-
nostics GmbH, Elzach, Germany).

M1 cells were cultured in black clear-bottom 96-well
plates and incubated with 10 lm DHE in the presence or
absence of 200 U/mL PEG-SOD (Sigma) in HBSS. Fluor-
escence (518 nm excitation/606 nm emission) was deter-
mined after 1 h incubation using SpectraMax iD5 microplate
reader (Molecular Devices). Measurements were analyzed
with SoftMax Pro7 software (Molecular Devices).

Reverse transcription-polymerase chain reaction
and Western blot analysis

Total RNA from homogenized renal tissue and M1 cells
was isolated using RNeasy Micro Kit (74004; Qiagen, Hil-
den, Germany) according to manufacturer’s protocol. Re-
verse transcription PCR for cDNA synthesis was performed
using iScript Reverse Transcription Supermix (1708891;
Biorad, Hercules, CA). Real-time PCR was performed on the
7900 HT Sequence Detection System using TaqMan PCR
Master Mix (4304437; Applied Biosystems, Foster City,
CA) and TaqMan Gene Expression Assays for 18s RNA
(Mm03928990_g1), Noxa1 (Mm00549175_m1), Scnn1a
(Mm00803386_m1), Nox1 (Mm00549170_m1), Ncf1
(Mm00447921_m1), and Ncf2 (Mm00726636_s1).

Total protein from mouse kidney was extracted using
T-PER Mammalian Protein Extraction Reagent supple-
mented with Halt Protease Inhibitor Cocktail and EDTA
(78510; ThermoFisher). After 30 min incubation on ice and
centrifugation at 16,000 g for 10 min at 4�C, the supernatant
was retained for protein analysis. Concentration of protein
was determined using BCA protein assay (23227; Thermo
Fisher). Equal amounts of protein lysates were resolved on
10% sodium dodecyl sulfate–polyacrylamide gels by elec-
trophoresis and transferred into a nitrocellulose membrane
(10600002; GE Healthcare, Chicago, IL).

After washing and blocking in Blocker� BSA in TBS
(37520; Thermo Fisher), membranes were incubated with a
primary antibody, and then with a matching secondary
fluorescently labeled antibody IRDye� 800CW (926-32210;
Li-Cor, Lincoln, NE) or IRDye� 680CW (926-68071; Li-
Cor). Primary antibodies used in these studies include
NOXA1(Ab199), NOX1, NOX4 (ab131088, ab109225;
Abcam), (NKCC2, NCC, ENaC-a (SPC-401D, SPC-402D,
SPC-403D; Stressmarq), NHE3 (NHE31-A; Alpha Diag-
nostics, San Antonio, TX), GAPDH (2118; Cell Signaling),
b-tubulin (T-0198; Sigma), and b-actin (A2228; Sigma).
Detection of fluorescent signal was performed on imaging
system Odyssey� CLx (Li-Cor). The intensity of the bands
was analyzed using NIH ImageJ software.

Renal Na+ and water excretion measurement

Urinary Na+ and water excretion was assessed in conscious
unrestrained mice as previously described (50, 52). In brief,
mice housed individually in the metabolic cages (UNO, Ze-
venaar, Netherlands) were intraperitoneally injected with
isotonic saline (0.9% NaCl, 37�C) equivalent of 10% body
weight, and the urine was collected under oil every 2 h over
8 h (52). The AIH developmental phase was equated with
Ang II infusion for 1 day and an established phase of HTN—
after Ang II administration for 14 days. Urine volume
was measured gravimetrically. Urine Na+ concentration was
measured by flame photometry (IL 943 Flame Photometer,
Lexington, MA). UNaV was calculated as urine Na+ con-
centration · urine flow rate.

Statistical analysis

All analyses were performed using Prism 8 (GraphPad
Software, La Jolla, CA). All data were tested for normality
using the Shapiro–Wilk test. All data were analyzed by un-
paired t-test or one-way ANOVA, followed by the Tukey
multiple comparisons test, where appropriate. For time
courses, a two-way ANOVA with repeated measures was
performed, followed by the Tukey multiple comparisons test.
Differences were considered significant at p < 0.05.
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Abbreviations Used

ACEi¼ angiotensin-converting enzyme
inhibitors

ACTB¼ b-actin
AIH¼Ang II-induced hypertension

Ang II¼ angiotensin II
ANOVA¼ analysis of variance

AQP1¼ aquaporin 1
AQP2¼ aquaporin 2
ARB¼ angiotensin receptor blockers
AT1¼ angiotensin II type 1
BP¼ blood pressure

BSA¼ bovine serum albumin
CD¼ collecting duct

CKD¼ chronic kidney disease
DHE¼ dihydroethidium

DMEM¼Dulbecco’s modified Eagle’s medium
DPI¼ diphenyliodinium

ENaC¼ epithelial Na+ channel
FBS¼ fetal bovine serum

HBSS¼Hank’s balanced salt solution
HTN¼ hypertension

L-NAME¼L-Nitro arginine methyl ester
MRA¼mineralocorticoid receptor antagonists
NAC¼N-acetyl cysteine
NCC¼Na-Cl cotransporter
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Abbreviations Used (Cont.)

NCF2¼ neutrophil cytosolic factor 2

NHE3¼Na-H exchanger 3

NKCC2¼Na-K-Cl cotransporter 2

NOX¼NADPH oxidase

NOXA1¼NOX activator 1

OCLN¼ occludin

PBS¼ phosphate-buffered saline

PCR¼ polymerase chain reaction

PCT¼ proximal convoluted tubules

PEG-SOD¼ polyethylene glycol-conjugated
superoxide dismutase

PKC¼ protein kinase C
RAAS¼ renin–angiotensin–aldosterone system

ROS¼ reactive oxygen species
sBP¼ systolic BP

siRNA¼ small-interfering RNA
TAL¼ thick ascending limb of loop of Henle

TUBB¼ b-tubulin
UNaV¼ urinary Na+ excretion
VSMC¼ vascular smooth muscle cells

566 VENDROV ET AL.


