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Background-—The regulation of sodium excretion is important in the pathogenesis of hypertension and salt sensitivity is predictive
of cardiovascular events and mortality. C57Bl/6 and BALB/c mice have different blood pressure sensitivities to salt intake. High
salt intake increases blood pressure in some C57Bl/6J mouse strains but not in any BALB/c mouse strain.

Methods and Results-—We determined the cause of the difference in salt sensitivity between C57Bl/6 and BALB/c mice. Basal
levels of superoxide and H2O2 were higher in renal proximal tubule cells (RPTCs) from BALB/c than C57Bl/6J mice. High salt diet
increased H2O2 production in kidneys from BALB/c but C57Bl/6J mice. High sodium concentration (170 mmol/L) in the
incubation medium increased H2O2 levels in BALB/c-RPTCs but not in C57Bl/6J-RPTCs. H2O2 (10 lmol/L) treatment decreased
sodium transport in RPTCs from BALB/c but not C57Bl/6J mice. Overexpression of catalase in the mouse kidney predisposed
BALB/c mice to salt-sensitive hypertension.

Conclusions-—Our data show that the level of salt-induced H2O2 production negatively regulates RPTC sodium transport and
determines the state of salt sensitivity in 2 strains of mice. High concentrations of antioxidants could prevent H2O2 production in
renal proximal tubules, which would result in sodium retention and increased blood pressure. ( J Am Heart Assoc. 2020;9:
e013818. DOI: 10.1161/JAHA.119.013818.)
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A bout one third of the US population, aged 40 to
59 years, have hypertension.1 Salt sensitivity is present

when the blood pressure changes by 5% to 10% or at least
5 mm Hg, in response to a change in NaCl intake. Fifty-one
percent of the hypertensive and 26% of the normotensive
population are salt-sensitive.2 Salt sensitivity is predictive of
cardiovascular events and mortality, irrespective of blood
pressure3 and is associated with other diseases, such as
asthma, gastric cancer, and insulin resistance, among others.4

However, the mechanisms involved in the expression of the
salt-sensitive phenotype are still unclear.

Genetic background contributes, in part, to salt sensitivity of
blood pressure.2,5 The C57Bl/6 and BALB/c mouse strains are
2 of the most commonly used mouse strains in cardiovascular
research, including those used for the generation of transgenic
mice. Several studies have shown that a high NaCl diet
increases blood pressure in some6,7 but not all8–10 C57Bl/6J
mice. The concomitant feeding of a low potassium diet and a
high sodium diet amplifies the increase in blood pressure
caused by the high sodium diet in C57Bl/6J mice from the
Jackson Laboratory but not the C57Bl/6 mice from Taconic
Biosciences.6 By contrast, SJL/J7 and BALB/c mice11,12 are
salt-resistant. However, the high salt diet- and hypertension-
associated renal injury is less in salt-sensitive C57Bl/6J than
salt-resistant SJL/J mice.7 A high salt diet also increased the
microalbuminuria in SJL/J but not C57Bl/6J mice.7

Oxidative stress increases blood pressure.13 However, a
high salt diet increased the urinary excretion of 8-isoprostane,
a product of lipid peroxidation, to a much greater extent in
salt-resistant SJL/J than salt-sensitive C57Bl/6J mice.7 The
effect of reactive oxygen species (ROS) on renal sodium
transport varies according to the particular ROS and nephron
segment. For example, superoxide and H2O2 stimulate sodium
transport (NKCC2 [Na-K-2Cl cotransporter]) in the thick
ascending limb of Henle’s loop, and cause salt sensitivity.14,15

Superoxide and H2O2 also stimulate sodium channel activity
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in principal cells of the collecting duct.16,17 However,
superoxide has also been reported to inhibit sodium–

hydrogen exchanger 3 (NHE3) and Na+/K+-ATPase activities
in renal proximal tubules,18 under certain circumstances.
H2O2 has also been shown to inhibit Na+/K+-ATPase in a
concentration dependent manner.14,18–21 Thus, the effect of
ROS on renal sodium transport is not clear and additional
studies are needed to clarify these apparent inconsistencies.

In this report, we examined the role of H2O2 on the effect of
high salt diet on blood pressure in salt-resistant BALB/c11,12

and salt-sensitive C57Bl/66,7 mice. We also describe a possible
mechanism to explain the differences in the blood pressure
response to a high salt diet in these 2 strains of mice.

Methods
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Mouse Renal Proximal Tubule Cells
Mouse renal proximal tubule cells (mRPTCs) were isolated from
BALB/c mice kidneys using the Miltenyi Biotec’s Magnetic-
Activated Cell Sorting technology. We used biotinylated Lotus
tetragonolobus lectin (Vector #B-1325) for the isolation of
mRPTCs. The purity of the isolated cells was assessed by
immunofluorescence staining using an antibody to SGLT2 (a
marker protein of S1 and S2 segments of renal proximal
tubule), as used previously.22 mRPTCs from C5Bl/6J mice were
cultured from progenitor kidney cells isolated from mouse
embryo kidneys of C57Bl/6J mice (kindly supplied by Dr. Ulrich
Hopfer, Case Western Reserve University, School of Medicine),
as reported by Woost et al.23

Determination of H2O2 and Superoxide
Production
Intracellular ROS were assayed through the oxidation of 20, 70-
dichlorofluorescein diacetate (DCFDA, Molecular Probes).24

Briefly, mRPTCs were incubated with fresh DCFDA (10 lmol/
L) in serum-free medium for 30 minutes at 37°C. DCFDA
fluorescence was measured, in 96-well plates, using a
microplate reader, at an excitation wavelength of 485 nm
and emission wavelength of 530 nm. ROS production was
expressed in arbitrary units, corrected for protein concentra-
tion (arbitrary units/per mg protein).

ROSstar 550 (LI-COR Biosciences) is a cell-permeable
hydrocyanine probe which is initially non-fluorescent but
becomes fluorescent after oxidation by ROS.25 The ROSstar
550 assay is specific for oxygen radicals, in particular for
superoxide and hydroxyl radicals. The mRPTCs were incu-
bated with 50 lmol/L ROSstar 550 for 30 minutes at 37°C,
washed 2 times with PBS, and the fluorescence was
immediately read, in the plate reader at excitation of
540 nm and emission of 560 nm. The data were normalized
by the protein concentration in each well.

Determination of H2O2 Production in Live Cells
HyPer (pHyPer-cyto, Evrogen Inc) is a mutant green fluores-
cent protein. The fluorescence intensity of HyPer can measure
submicromolar amounts of intracellular H2O2.

25 mRPTCs from
C57Bl/6 and BALB/c mice were transfected with Hyper
plasmid. Three micrograms of DNA plasmid and 12 lL of
FuGENE HD Transfection Reagent (Promega Inc) were added
to each well in a 6-well plate. After 48 hours, the mRPTCs
were incubated in 90, 145, and 170 mmol/L sodium with the
osmolalities adjusted to 340 mOsm/L with mannitol. We
chose these concentrations of sodium because in neurons,
the threshold for the sensitivity of sodium channel for
extracellular sodium concentration in vitro is about
150 mmol/L [Na+].26,27 The renal outer medulla, in which
the proximal straight tubule is located,28,29 can have an
osmolarity of up to 450 mOsm/L30; the sodium concentration
in the outer stripe of the outer medulla has been reported to
be 190�19 mEq/kg wet weight.31 The sodium concentration
in the interstitial fluid at the beginning of the renal proximal
straight tubule has been calculated to be 160 mmol/L and
increases to 225 mmol/L at the end of the renal proximal
straight tubule.32

Sodium Transport Assay
mRPTCs were cultured in Transwells and transfected with the
plasmids pcDNA (empty vector) or pCMVCAT (vector carrying
catalase). Two days later, the cells were serum-starved

Clinical Perspective

What Is New

• To our knowledge, this is the first report on the strain-
dependence of the beneficial role of renal H2O2 production
on blood pressure regulation when sodium intake is high.

What Are the Clinical Implications?

• This study shows that antioxidants may have deleterious
effects on blood pressure regulation when salt intake is
excessive, in the pertinent genetic background.

• These results, if confirmed in humans, could explain why
some antioxidants have no effect or deleterious effects on
blood pressure levels and could have a significant effect on
the rationale for the use of vitamins and others antioxidants
that are consumed in excessive amounts.

DOI: 10.1161/JAHA.119.013818 Journal of the American Heart Association 2

Hydrogen Peroxide Prevents Hypertension Cuevas et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



overnight and treated with vehicle or H2O2 (1, 5, 10, 20, 50,
100, 1000, or 10 000 lmol/L) on the basolateral side for
30 minutes before the sodium accumulation assay.33 In some
studies, the serum-starved mRPTCs were treated, on the
basolateral side, with the Na+/K+-ATPase inhibitor ouabain
(50 lmol/L) for 30 minutes and used as positive control.34

Ouabain was also added to the cells treated with H2O2 to
determine if the effect of H2O2 is via Na+/K+-ATPase. The
cells were loaded with the sodium dye, sodium green
(5 lmol/L) (Molecular Probes, Eugene, OR) with Pluronic
127 for 30 minutes, then washed twice with PBS. Intracellular
sodium was measured from the emission at 510 nm when
excited at 340 or 380 nm using a fluorimeter. Results are
expressed as arbitrary values.

In Vivo Mouse Studies
All animal studies were conducted in accordance with the
National Institutes of Health Guidelines, approved by the
Institutional Animal Care and Use Committee at the George
Washington University. BALB/c mice (8–10 weeks old
weighing �20 g) were purchased from the Jackson Labora-
tory (Bar Harbor, ME). A right uninephrectomy was performed
under pentobarbital anesthesia. One week later, the renal-
selective overexpression of catalase was performed by the
retrograde infusion into the ureter of the remaining left
kidney of adeno-associated virus (AAV) vector35 carrying
catalase; AAV vector carrying cDNA served as control. The
AAV vector harboring the cytomegalovirus promoter driving
the expression of catalase promoter was constructed, using
the plasmid pACS, as described previously.35 The mice were
anesthetized with an intraperitoneal injection of pentobarbi-
tal sodium (50 mg/kg), placed in a supine position, and the
legs taped down on a heated board to maintain their body
temperature at 37°C. For all procedures, the depth of
anesthesia was monitored by foot-pinch reflex. An abdominal
incision was made between the point of the xyphoid cartilage
and the navel, and then, the ureter was located and gently
dissected out. The distal portion of the ureter closest to the
bladder and the renal artery supplying the target kidney were
clamped off with micro-venous clips. Using a tuberculin
syringe fitted with a 33-gauge needle, the ureter was then
punctured. The needle was temporarily and snugly ligated in
place using a 6-0 silk suture to prevent leakage. After the
urine was gently aspirated out, the tuberculin syringe was
replaced with another containing �100 lL of the AAV vector
(1011 viral genome particles) and the solution was slowly and
retrogradely injected towards the kidney, via the ureter. The
needle was withdrawn and a micro-venous clip was placed
proximal to the injection site on the ureter to prevent
leakage. The arterial and the ureteral clips were maintained
for 15 minutes to attain maximum exposure to the infusion.

The arterial and ureteral clips were then sequentially
removed and the ureter was inspected for any evidence of
leakage. The abdominal contents were replaced in reverse
order and the incision site was closed using a double layer of
6-0 silk sutures for the muscle and skin. The mice were fed
normal (0.8%) or high (4%) NaCl diet for 14 days after AAV
infection. Systolic and diastolic blood pressures were mea-
sured, under pentobarbital anesthesia, at baseline (before AAV
infusion) and 14 days after AAV treatment through the femoral
or carotid artery using Cardiomax II (Columbus Instruments).
The kidneys were harvested before the mice were euthanized
with an overdose of pentobarbital (100 mg/kg).

Statistical Analyses
Data are presented as mean�SEM. Statistical analyses
were performed using Sigma Plot 11.0 software (Systat
Software, Inc, San Jose, CA). Normality Test Shapiro-Wilk
test was performed to evaluate the statistical distribution of
all data in the study. Non-parametric test, Mann-Whitney
Rank Sum Test, was used in data that were not in a normal
distribution. ANOVA and Student t test were used to
compare the data that were in a normal distribution.
Comparisons between 2 groups used the Student t test.
One-way ANOVA, followed by post-hoc analysis using Tukey
multiple comparison tests in groups with normal distribution
and n≥5 per group, was used to assess significant differ-
ences among ≥3 groups. Kruskal-Wallis test was used for
multiple comparison tests to assess significant differences
among ≥3 groups with n≤4. P<0.05 was considered
statistically significant.

Results

High Sodium Concentration in the Incubation
Medium Increases ROS Production to a Greater
Extent in RPTCs From BALB/c Than C57Bl/6J
Mice
To determine the role of superoxide/hydroxyl radicals and
H2O2 in the salt sensitivity of the C57Bl/6J mouse and salt
resistance of the BALB/c mouse, we measured superoxide/
hydroxyl radicals and H2O2 production in primary cultures of
mRPTCs isolated from the 2 strains, salt-sensitive C57Bl/6J
mice6,7 and salt-resistant BALB/c mice.11,12 H2O2 was
measured using 20, 70-dichlorodihydrofluorescein diacetate
(DCFDA)24 and superoxide/hydroxyl radicals, using ROSstar
550, a hydrocyanine-based probe.25 Figure 1A shows that
H2O2 and superoxide productions were 42% and 61% higher,
respectively, in BALB/c-RPTCs than C57Bl/6J-RPTCs. The
lower ROS production in mRPTCs from salt-sensitive C57Bl/
6J mice, relative to RPTCs from salt-resistant BALB/c mice,
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agrees with the decreased urinary 8-isoprostane in C57Bl/6J
mice, relative to salt-resistant SJL/J mice.7

We determined the consequences of incubation of mRPTCs
from BALB/c and C57Bl/6J mice in 3 different concentrations
of sodium, as sodium chloride, with all the osmolalities
adjusted to 340 mOsm/L using mannitol: low=90 mmol/L,
normal=145 mmol/L, and high=170 mmol/L. H2O2 produc-
tion, measured by DCFDA, was higher in BALB/c-RPTCs than
C57Bl/6J-RPTCs in all 3 sodium concentrations (Figure 1B).
There was a tendency for H2O2 production to be decreased by
an increase in sodium concentration in C57/Bl/6J-RPTCs. By
contrast, the high sodium concentration, 170 mmol/L, signif-
icantly increased the H2O2 production in BALB/c-RPTCs,
(Figure 1B). Superoxide/hydroxyl radical production was not
different between BALB/c and C57Bl/6J RPTCs. Although
there was a tendency of the high sodium concentration to
decrease superoxide production in BALB/c-RPTCs, which
would go along with the increased H2O2 production in these
cells, the difference was not statistically significant (Figure 1C).

We used a second method to measure H2O2, using pHyPer-
cyto vector system (Evrogen JSC, Moscow, Russia) to confirm
the increased basal production of H2O2 and response to
170 mmol/L Na+ in BALB/c-RPTCs, relative to C57Bl/6J
RPTCs. The pHyPer-cyto vector codes for protein HyPer that
exhibits fluorescence directly proportional to an increase in
intracellular H2O2; HyPer is recommended as the primary
assay for H2O2.

25 Relative to the normal sodium concentra-
tion (145 mmol/L), H2O2 production, using pHyPer-cyto live-
cell imaging, high concentration (170 mmol/L) increased
H2O2 production in BALB/c-RPTCs but decreased it in C57Bl/
6J RPTCs, confirming the results using DCFDA (Figure 1D). In
rats, an increase in sodium delivery to the medullary thick
ascending limb of Henle has been reported to increase H2O2

production by the mitochondria and cell membrane NADPH
oxidase.36 The increase in H2O2 production may be respon-
sible for the increase in renal sodium transport that serves as
negative feedback mechanism to maintain normal sodium
balance and blood pressure. However, H2O2 may not always
increase sodium transport and drugs that decrease oxidative
stress may impair sodium excretion and increase of blood
pressure.37

H2O2 Inhibits Sodium Transport in a
Concentration-Dependent Manner in RPTCs From
BALB/c Mice
We, next, tested the effect of H2O2 on sodium transport in
mRPTCs from BALB/c mice, incubated in normal sodium
(145 mmol/L) concentration. H2O2 (lmol/L) had a biphasic
effect on sodium accumulation, increasing it at 5 to 50 lmol/
L, with 1.62-fold increase, relative vehicle treatment (Fig-
ure 2A); an increase in sodium accumulation indicates

inhibition of sodium transport at the basolateral membrane
(see below). Higher concentrations of H2O2 (100 and
1000 lmol/L) showed no significant effect. However, treat-
ment with 10 mmol/L H2O2 decreased sodium accumulation
by 65% (Figure 2A). In C57Bl/6J mice, the renal concentration
of H2O2 can be as high as 3 to 4 mmol/L38–40 that can
increase to 10 mmol/L in kidneys subject to ischemia-
reperfusion injury.40 The mRPTCs were grown in polarized
state in Transwells; inhibition of sodium transport at the
basolateral surface increases intracellular sodium. Therefore,
a decrease in intracellular sodium is the result of an increase
in sodium transport from the inside of the cell to outside of
the cell by the basolateral membrane. These effects were
blocked by ouabain, indicating that the effects were on Na+/
K+-ATPase.34 Overexpression of catalase, which decomposes
H2O2 to H2O and O2, in BALB/c-RPTCs decreased sodium
accumulation by 38% compared with BALB/c-RPTCs trans-
fected with pcDNA empty vector (Figure 2B). Treatment of
BALB/c-RPTCs transfected with pcDNA empty vector with
H2O2 (10 lmol/L) confirmed (Figure 2C) the increase in
sodium accumulation shown in Figure 2A. Overexpression of
catalase in BALB/c-RPTCs decreased sodium accumulation in
vehicle-treated cells (Figure 2C), confirming the results in
Figure 2B. In the studies in catalase overexpressing BALB/c-
RPTCs, H2O2 (10 lmol/L) was no longer able to increase
sodium accumulation (Figure 2C). This result indicates that
decreasing H2O2 levels impairs the inhibition of basolateral
sodium transport in BALB/c-RPTCs exposed to normal
(145 mmol/L) sodium concentration.

Catalase Overexpression Converts BALB/c Mice
to Hypertensive in Response to High Salt
To test the effect of the elimination of H2O2 and superoxide
generated in the kidney, in response to a high sodium diet, on
the blood pressure, we overexpressed catalase, selectively in
renal tubules using AAV9 vector in BALB/c mice.22,35 We
have reported a high efficiency and efficacy of the expression
of the gene of interest in the whole tubule or specific
segments of the tubules of the target kidney by the retrograde
ureteral infusion of AAV carrying the gene of interest with no
or minimal systemic spill-over.22,35 Thus, the left ureteral
retrograde infusion of AAV carrying the firefly luciferase
showed bioluminescence in the left kidney that received the
injection but not the right kidney that did not receive the
injection or the rest of the body indicating no or minimum
systemic spill-over.35

The retrograde ureteral infusion of AAV increased renal
catalase expression by 8.2�1.4- and 7.45�1.8-fold in the
normal and high salt diet groups, respectively, compared with
the AAV vector carrying cDNA, empty vector-treated group,
with the corresponding diet (Figure 2D). Systolic blood
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pressure was measured under pentobarbital anesthesia,7,35

14 days following AAV vector administration. In the normal
salt diet group, catalase overexpression did not alter the
systolic blood pressures (99�1.4 versus 103�4.2 mm Hg)

(in agreement with the sodium transport data). However, in
the high salt diet group, systolic blood pressure was
significantly higher in the catalase-overexpressed than the
non-overexpressed group (98� 1.1 versus 112�1.4 mm Hg).

Figure 1. Reactive oxygen species production in mouse renal proximal tubule cells (mRPTCs) from BALB/
c and C57Bl/6 mice under different Na+ concentrations. The production of reactive oxygen species in
mRPTCs from C57Bl/6 and BALB/c mice at baseline and in response to different sodium concentrations
were measured. H2O2 production was measured using dichlorofluorescein diacetate and superoxide/
hydroxyl radical was measured using ROSstar 550. A, This figure shows basal H2O2 and superoxide
production in mRPTCs from salt-resistant BALB/c mice and salt-sensitive C57Bl/6 mice. Results were
normalized to H2O2 and superoxide levels in mRPTCs from C57Bl/6 mice. Data are expressed as mean�SE.
H2O2 production: *P<0.05 BALB/c vs C57Bl/6 mice, t test, n=8 to 10 per group. Superoxide production:
*P<0.05 BALB/c vs C57Bl/6 mice, Mann-Whitney Rank Sum Test (Normality Test, Shapiro-Wilk failed), n=8
per group. B and C, RPTCs from the C57Bl/6 and BALB/c mice were treated for 24 hours with 90 mmol/L
(low), 145 mmol/L (normal) or 170 mmol/L (high) sodium concentrations; the osmolalities were adjusted
to 340 mOsm/L with mannitol, as necessary. H2O2 (B) and superoxide (C) productions were normalized to
H2O2 or superoxide produced in the mRPTCs from C57Bl/6 treated with 90 mmol/L sodium; data are
expressed as mean�SE H2O2 production: *P<0.05 BALB/c 170 mmol/L vs BALB/c 145 mmol/L, one-way
ANOVA (Tukey post-hoc test) (group 5), n=5 per group. D, H2O2 production was measured by live-cell
imaging using HyPer-cyto vector system as described in the methods section. mRPTCs from the C57Bl/6
and BALB/c mice were treated were with 90 mmol/L (low), 145 mmol/L (normal) or 170 mmol/L (high)
sodium concentrations with the osmolality adjusted to 340 mOsm/L with mannitol, as necessary. Time-
lapse images of the live cells were captured at 1-minute intervals for 30 minutes at a single confocal
section. Images were taken using a spinning disk confocal microscope (Carl Zeiss) and processed using
Velocity 6.3 software (PerkinElmer). Fluorescence images of the cells captured at 1, 10, 20, and 40 minutes
are shown. Fluorescence intensities were normalized to their respective basal levels plotted against time.
mRPTCs indicates mouse renal proximal tubule cells; NS, normal salt; HS, high salt.
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Figure 2. H2O2 regulates Na
+/K+-ATPase activity and blood pressure in BALB/c mice on high salt diet. A, BALB/c-renal proximal tubule

cells were treated with the indicated concentration of H2O2 before the sodium accumulation assay. H2O2 (30 minutes) was added to the
basolateral side of polarized renal proximal tubule cells grown in Transwells. The figure shows the sodium accumulation in the cells which
is inversely related to Na+/K+-ATPase activity (measured with ouabain); an increase in sodium accumulation occurs with inhibition of
Na+/K+-ATPase activity. Data are expressed as mean� SE (A) *P<0.05 vs control, **P<0.05 vs rest of the groups, Kruskal-Wallis test,
n=3 per group. B, BALB/c-renal proximal tubule cells were transfected with plasmid pcDNA or plasmid carrying cDNA coding for catalase
(adeno-associated virus [AAV]-vector carrying catalase). Two days following transfection, sodium accumulation was measured. Protein
from the same cells were immunoblotted for the expression of catalase. Data are expressed as mean�SE. *P<0.05 vs pcDNA, t test, n=3
per group. C, BALB/c-renal proximal tubule cells, transfected as in (B) were treated with vehicle or H2O2 (10 lmol/L) for 30 minutes on
the basolateral side before sodium accumulation assay. Data are expressed as mean�SE. *P<0.05 vs Vehicle-treated pcDNA, t test, n=3
per group. D, Renal homogenates from BALB/c mice fed normal or high salt diet, whose kidneys were infected with AAV vector carrying
catalase or empty vector (AAV vector carrying cDNA), were immunoblotted using rabbit anti-catalase antibody. Catalase expression was
normalized to GAPDH. E, BALB/c mice treated with AAV vector carrying cDNA or AAV vector carrying catalase were fed normal (0.8%) or
high (4%) NaCl diet for 14 days following treatment with AAV. Systolic blood pressure was measured from the carotid artery under
pentobarbital anesthesia. Data are expressed as mean�SE. *P<0.05 vs others, one-way Kruskal-Wallis test, n=3 per group. F,
Hypothesis: In salt-resistant BALB/c mice, high salt diet increases H2O2 production in renal proximal tubule cells, which inhibits the
Na+/K+-ATPase activity resulting in increased sodium excretion. However, in salt-sensitive C57Bl/6J mice, high salt diet does not
increase H2O2 production; renal Na+/K+-ATPase activity is not inhibited which results in sodium retention and eventually causes
hypertension. mRPTCs indicates mouse renal proximal tubule cells.
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This affirms the in vitro studies in which overexpression of
catalase in mRPTCs prevented the ability of H2O2 to increase
sodium accumulation, ie, inhibit basolateral sodium transport,
presumably by impairing Na+/K+-ATPase activity at the
basolateral membrane (Figure 2C). These results indicate
that the degradation of H2O2 by overexpression of catalase
predisposes the salt-resistant BALB/c mice to salt-sensitive
hypertension (Figure 2E).

Discussion
We report for the first time that salt-sensitive hypertension is
related to a lack of an increase in renal H2O2 production in
response to a high salt diet. This conclusion is based on 4
observations: (1) high NaCl (170 mmol/L) concentration
increases H2O2 production in mRPTCs from salt-resistant
BALB/c but not in mRPTCs from salt-sensitive C57Bl/6 mice;
(2) low concentrations of H2O2 negatively regulate basolateral
sodium transport in mRPTCs from salt-resistant BALB/c mice;
(3) overexpression of catalase in mRPTCs from salt-resistant
BALB/c mice prevents the ability of H2O2 to inhibit basolat-
eral sodium transport; and 4) overexpression of catalase,
selectively in the kidney, transforms salt-resistant BALB/c
mice to salt-sensitive mice.

The role of ROS in the regulation of renal sodium transport
in the renal nephron is not yet settled.37 Previous studies
have shown that superoxide can enhance sodium transport in
the renal proximal tubule, loop of Henle, and collecting
duct.14–17 H2O2 also increases alanine transport in RPTCs
from spontaneously hypertensive rats.41 H2O2, produced by
Nox4, has also been shown to stimulate sodium transport in
mouse renal collecting duct cells.17 By contrast, H2O2,

superoxide, and hydroxyl radical have been shown to inhibit
Na+/K+-ATPase in several tissues, including the kidney.19–
21,39 Using mRPTCs from salt-resistant BALB/c mice, we
show a biphasic effect of H2O2 on basolateral sodium
transport (Figure 2A). While 5 to 50 lmol/L H2O2 in the
incubation medium inhibits basolateral sodium transport, a
high concentration (10 mmol/L) of H2O2 activates sodium
transport. In BALB/c RPTCs, the reduction of endogenous
H2O2 by overexpression of catalase increases basolateral
sodium transport, resulting in a decrease in sodium accumu-
lation (Figure 2B and 2C). However, the overexpression of
catalase in these BALB/c-RPTCs prevents the inhibitory effect
of 10 lmol/L H2O2 on sodium transport (Figure 2C). We also
show that the renal-restricted overexpression of catalase
increases the blood pressure of salt-resistant BALB/c mice
fed a high sodium diet (Figure 2E).

H2O2 can serve as a second messenger, at intracellular
concentrations of 1 to 100 nmol/L, which may be equivalent
to extracellular concentrations of 100 nmol/L to 10 lmol/

L,39 the concentration in the incubation medium in our
studies. However, higher extracellular concentrations of H2O2

can cause inflammation and fibrogenesis, and 0.2 to 1 mmol/
L extracellular concentrations of H2O2 can lead to growth
arrest and cell death.39 In our studies, the stimulatory effect
of H2O2 of sodium accumulation (ie, decreased sodium
transport at the basolateral membrane) was noted at 5 to
50 lmol/L H2O2, while 10 mmol/L H2O2 decreased sodium
accumulation (increased sodium transport at the basolateral
membrane). The concentration of 10 mmol/L H2O2 is in the
range of renal H2O2 production 24 hours after renal ischemia-
reperfusion injury in mice.40 The hypertensinogenic effect of
angiotensin II, infused subcutaneously in rats, has been
shown to be associated with increased production of H2O2 in
the kidney, especially in the renal medulla. Reducing the
amount of H2O2 production with polyethylene glycol catalase
temporarily normalized the blood pressure in these rats.42

Increased levels of superoxide or H2O2 in the rat renal
medulla increase sodium transport in the thick ascending limb
of Henle and cause medullary ischemia.14 These effects and
the impairment of the pressure-natriuresis response con-
tribute to the pathogenesis of hypertension in these rats that
are associated with over and unregulated H2O2 expression. All
the aforementioned studies suggest that the timing and
duration of activation, type, amount, and cellular localization
of ROS production are critical in determining the cellular
effects of ROS.36–38,43 These effects of ROS are also
influenced genetics. Certain strains of C57Bl/6J mice are
predisposed to develop hypertension when fed a high salt
diet6,7 but appear to be resistant to renal injury, in spite of the
hypertension caused by the high salt diet or chronic infusion
of angiotensin II that is related to decreased production of
ROS.7,44 Whether the kidney injury in C57Bl/6J mice with
hypertension caused by the combination of deoxycorticos-
terone acetate, salt, and angiotensin II infusion is related to
increased production of ROS remains to be determined.45 We
propose that physiological concentrations of H2O2 may have a
beneficial biological function, in part, by the inhibition of renal
Na+/K+-ATPase activity. By contrast, higher concentrations of
H2O2 or other prooxidants, such us superoxide, induce
oxidative stress, increase renal sodium transport, and cause
hypertension, among other deleterious effects.

Sodium reabsorption in the nephron is regulated by various
factors, via the modification of a1 subunit of Na+/K+-ATPase.
Carboxylation of the a1 subunit of Na+/K+-ATPase is one such
critical step in proximal tubular signaling.21 Thiol groups (SH)
of several proteins are easily oxidized by molecules such as
H2O2, producing the oxidative state of these SH groups
(sulfenic acid [SOH], sulfinic acid [SO2H] or sulfonic acid
[SO3H]) or induce interaction with other groups of the protein
(R-S-S-R) to induce conformational changes in the structure of
the target proteins.46 Several SH groups in Na+/K+-ATPase
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are associated with its inhibition,19 suggesting that SH groups
in the a1 subunit of Na+/K+-ATPase protein could be essential
for its enzymatic activity and antioxidants may neutralize its
oxidation preventing the formation of hydroxyl radicals.20

We propose a new mechanism for the sodium retention in
hypertension. In salt-resistant BALB/c mice, high salt diet
increases H2O2 production in RPTCs, which inhibits Na+/K+-
ATPase activity, resulting in increased sodium excretion.
However, in salt-sensitive C57Bl/6J mice, high salt diet does
not increase H2O2 production; renal Na+/K+-ATPase activity
is not inhibited which results in increased sodium retention
and eventually causes hypertension (Figure 2F). We specu-
late that this mechanism could explain some of the
inconsistent effects of some antioxidants on blood pressure
regulation. For example, the intake of vitamin E, which has
antioxidant properties47 decreases systolic but not diastolic
blood pressure.48,49 Vitamin C, which can be both an
antioxidant and prooxidant,50 can also decrease the risk of
uncontrolled hypertension.50,51 Vitamin D has antioxidant
properties52 but may not decrease blood pressure.53 The
dietary antioxidant index has also been reported to be
associated negatively with carotid intima media thickness in
women but not in men.54 The effects of vitamins can also be
different depending on the population subgroups, such as
age, obesity, and cardiovascular risk, among others.55

Adverse consequences of antioxidant supplementation have
also been reported, with vitamin E increasing the blood
pressure of individuals with type 2 diabetes mellitus.56There-
fore, several variables have to be taken into consideration in
determining the beneficial or deleterious effect of antioxi-
dants, including salt-intake and genetic background, as
shown in our current report.

Conclusions
In summary, to our knowledge, we show for the first time: 1) the
beneficial effect of physiological concentrations of prooxidants
on blood pressure; 2) chronic reduction of the prooxidant, H2O2,
by overexpression of an antioxidant enzyme, catalase,
increases blood pressure; and 3) the effects of H2O2 on blood
pressure are strain- and salt intake-dependent. If studies in
humans confirm these observations, then “excessive” intake of
antioxidants may have deleterious effects on blood pressure
regulation that may be observed only when salt intake is
excessive, in genetically predisposed individuals.
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