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Background-—Oxidative stress and high salt intake could be independent or intertwined risk factors in the origin of hypertension.
Kidneys are the major organ to regulate sodium homeostasis and blood pressure and the renal dopamine system plays a pivotal
role in sodium regulation during sodium replete conditions. Oxidative stress has been implicated in renal dopamine dysfunction and
development of hypertension, especially in salt-sensitive animal models. Here we show the nexus between high salt intake and
oxidative stress causing renal tubular dopamine oxidation, which leads to mitochondrial and lysosomal dysfunction and
subsequently causes renal inflammation and hypertension.

Methods and Results-—Male Sprague Dawley rats were divided into the following groups, vehicle (V)—tap water, high salt (HS)—
1% NaCl, L-buthionine-sulfoximine (BSO), a prooxidant, and HS plus BSO without and with antioxidant resveratrol (R) for 6 weeks.
Oxidative stress was significantly higher in BSO and HS+BSO–treated rat compared with vehicle; however, blood pressure was
markedly higher in the HS+BSO group whereas an increase in blood pressure in the BSO group was modest. HS+BSO–treated rats
had significant renal dopamine oxidation, lysosomal and mitochondrial dysfunction, and increased renal inflammation; however, HS
alone had no impact on organelle function or inflammation. Resveratrol prevented oxidative stress, dopamine oxidation, organelle
dysfunction, inflammation, and hypertension in BSO and HS+BSO rats.

Conclusions-—These data suggest that dopamine oxidation, especially during increased sodium intake and oxidative milieu, leads
to lysosomal and mitochondrial dysfunction and renal inflammation with subsequent increase in blood pressure. Resveratrol, while
preventing oxidative stress, protects renal function and mitigates hypertension. ( J Am Heart Assoc. 2020;9:e014977. DOI: 10.
1161/JAHA.119.014977.)
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K idneys play a major role in systemic blood pressure (BP)
regulation, primarily by maintaining sodium homeosta-

sis.1–4 Under normal sodium intake, antinatriuretic factors,
such as the renin-angiotensin-aldosterone system, play an
important role in maintaining sodium balance by facilitating
sodium reabsorption throughout the nephron.5 However,
during high sodium intake, natriuretic factors (primarily the
renal tubular dopamine system) inhibit sodium transporters
and enhance salt excretion to maintain sodium homeosta-
sis.6–9 During sodium replete conditions, renal proximal
tubules increase local dopamine synthesis, which acts as an
autocrine/paracrine hormone on dopamine receptors.6–9 The
activation of dopamine D1-like receptors (D1R) inhibits both
apical and basolateral sodium transporters to reduce

transcellular sodium transport.6–11 Hypertensive subjects,
especially those with essential hypertension, who exhibit
salt sensitivity have been shown to have reduced renal D1R
function.10–17 Similarly, animal models of primary, genetic,
and salt-sensitive hypertension also exhibit renal D1R
dysfunction.10–17 The exact mechanisms of D1R dysfunc-
tion in hypertension are not settled; however, increased
oxidative stress is reported to play an important role in the
origin of both D1R dysfunction and hypertension.18–21

While a link between hypertension, D1R dysfunction, and
oxidative stress is well studied, little is known about the
role of renal dopamine oxidation, especially during high
sodium intake and oxidative stress, in the development of
hypertension.

The canonical neuronal dopamine synthesis pathway
involves tyrosine hydroxylase–dependent hydroxylation of L-
tyrosine to L-dihydroxyphenylalanine, which is decarboxylated
to dopamine by aromatic L-amino acid decarboxylase.22,23

Under normal physiological conditions, dopamine could be
enzymatically converted to epinephrine via norepinephrine or
metabolized to byproducts such as 3,4-dihydroxyphenylacetic
acid and 3-methoxytyramine, which are converted to
homovanillic acid and eliminated in urine.22,23 However,
during oxidative stress the spontaneous dopamine oxidation
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could occur, leading to the formation of 3,4-dopamine-o-
quinone, which via intramolecular cyclization is converted to
aminochrome.22,23 While the role of oxidized dopamine in
neurological disorders, especially Parkinson’s disease, is well
ascribed, its role in renal diseases is underappreciated despite
several studies showing the presence of highly active tyrosine
hydroxylase, aromatic L-amino acid decarboxylase, and other
dopamine-related transporters in renal proximal tubules.22–28

Therefore, the aim of this study is to elucidate the impact of
dopamine oxidation on renal mitochondrial and lysosomal
function and inflammation, especially during high sodium
intake under oxidant milieu.

Methods
The authors are willing to share the experimental procedure
and identify the material sources with any researcher for the
purpose of conducting similar or related studies.

Materials
Chemicals, unless otherwise identified, were purchased from
Millipore Sigma (St. Louis, MO). An 8-isoprostane ELISA kit
(Cat. No. 516351) and malondialdehyde colorimetric/fluoro-
metric kit (Cat. No. 700870) were purchased from Cayman
Chemicals (Ann Arbor, MI). Cathepsin B (ab65300), cathepsin D
(ab65302), interleukin 1b (IL-1b) (Cat. No. CSB-E08055),

interleukin 6 (IL-6) (Cat. No.CSB-E04640r), interleukin 10 (IL-
10) (Cat. No. CSB-E04595r) rat ELISA kits were purchased from
Cusabio Technology (Houston, TX). Tumor necrosis factor a
(Cat. No. ab236712), monocyte chemoattractant protein 1
(Cat. No. ab100778), granulocyte macrophage colony-stimulat-
ing factor (Cat. No. ab236709) rat ELISA kits, and 2ʹ,7ʹ-
dichlorodihydrofluorescein diacetate assay kit (Cat No.
ab113851) were purchased from Abcam (Cambridge, MA).

Animal Treatment
Male Sprague Dawley rats were purchased from Harlan
(Indianapolis, IN), acclimatized for a week, and divided into
the following 8 experimental groups: (1) vehicle (V)—rats
kept on tap/drinking water, (2) high salt (HS)—rats received
1% NaCl in drinking water, (3) L-buthionine-sulfoximine (BSO)
—rats treated with 30 mmol/L BSO in drinking water, (4)
HS+BSO, rats received both high salt and BSO, (5) resveratrol
(R)—rats received 50 mg/L in drinking water, (6) HS+R—
rats treated with both high salt and resveratrol, (7) BSO+R—
rats received BSO plus resveratrol, and (8) HS+BSO+R—rats
treated with high salt, BSO, and resveratrol. A stock solution
of resveratrol was first prepared in ethanol as detailed
previously.29,30 Rats were treated for 6 weeks; food and
water were measured daily while blood and urine samples
were collected weekly. BP was measured by radiotelemetry
(DSI; St Paul, MN) and glomerular filtration rate (GFR) was
measured by creatine clearance as detailed elsewhere.30–32

Experiments were conducted in compliance with state and
federal regulations and initiated after securing approval from
Institutional Animal Care and Use Committee (IACUC).

Preparation of Proximal Tubules
A detailed procedure for renal proximal tubular isolation has
been previously described.32 Briefly, rats were anesthetized
with isoflurane using SomnoSuite Low-flow Anesthesia Sys-
tem (Kent Scientific, Torrington, CT). After an abdominal
incision, the aorta was cannulated with PE50 tubing below the
renal arteries and kidneys were perfused with a collagenase/
hyaluronidase enzyme solution. Proximal tubules were iso-
lated by using a Ficoll gradient and washed in Krebs buffer.
Protein was estimated by using a bicinchoninic acid kit
(Thermo Fisher, Waltham, MA).

Oxidative and Inflammatory Biomarkers and
Dopamine
Urinary 8-isoprostane and renal proximal tubular malondi-
aldehyde, IL-1b, IL-6, IL-10, tumor necrosis factor a, mono-
cyte chemoattractant protein 1, and granulocyte macrophage
colony-stimulating factor were measured by commercially

Clinical Perspective

What Is New?

• The study is novel in that it shows that a physiological
response like an increase in renal dopamine production in
response to high salt intake could be channeled by oxidative
stress to trigger a plethora of pathophysiological cascades
causing dysregulation of renal sodium handling.

• Oxidation of intrinsic renal natriuretic factor dopamine
generates byproducts that could result in renal tubular
organelle dysfunction and inflammation leading to the
development of hypertension.

What Are the Clinical Implications?

• The data identify the renal-specific cause of salt sensitivity
as opposed to previously described systemic factors such
as increased sympathetic nerve activity and vascular
inflammation.

• Profound changes at the tubular level may not be detected
by current clinical markers such as changes in glomerular
filtration rate, underscoring the need for the development of
more sensitive plasma and/or urinary markers for better
and early diagnosis of detrimental changes in renal tubules.
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available kits as per manufacturers’ protocol. Urinary
dopamine was measured by liquid chromatography mass
spectrometry as detailed previously27,33 and dopamine
oxidation was measured by near-infrared fluorescence assay
using Li-Cor Odyssey imager (Lincoln, NE) as described by
Mazzulli et al.34

Lysosomal and Mitochondrial Function
Renal proximal tubular b-glucocerebrosidase activity assay
was carried out according to peters et al.35 Briefly, tubules
were homogenized and sonicated in 50 mmol/L citric
acid/phosphate buffer, pH 5.5 containing 1% (wt/vol)
Triton X-100 and 1.0% (wt/vol) sodium taurocholate.
Cellular debris was pelleted by centrifugation and cell
extract was mixed with assay buffer containing
b-glucocerebrosidase artificial substrate 4-methylumbelli-
feryl-b-D-glucopyranoside (10 mmol/L), sodium tauro-
cholate (1%, wt/vol), bovine serum albumin (0.1%, wt/
vol) and incubated for 1 hour at 37°C. The reaction was
stopped by adding 1 mol/L glycine-NaOH (pH 10.5), and
4-methylumbeliferone fluorescence (excitation/emission:
355/460 nm) was measured using a plate reader. The
activities of cathepsin B and D were assayed by using
commercially available kits following the manufacturer’s
instructions. The assay is based on the cleavage of
synthetic peptide arginylarginine-amino-4-trifluromethylcou-
marin by cathepsin B to release fluorophore amino-4-
trifluoromethylcoumarin (excitation/emission: 400/505 nm).
Cathepsin D utilizes N-terminal (7-methoxycoumarin-4-acetic
acid; excitation/emission: 328/460 nm) labeled substrate
sequence GKPILFFRLK(Dnp)-D-R-NH2. The reaction mixtures
were incubated for 1 hour at 37°C and enzyme activities were
expressed as relative fluorescence units and normalized with
protein concentration. For mitochondrial respiration, renal
proximal tubules were homogenized in MiR05 medium
(0.5 mmol/L EGTA, 3 mmol/L MgCl2, 60 mmol/L potassium
lactobionate, 20 mmol/L taurine, 10 mmol/L KH2PO4,
20 mmol/L HEPES, 110 mmol/L sucrose and 0.1% [wt/vol]

fatty acid free bovine serum albumin). Respiration was
measured by using Oxygraph-2K (Oroboros Instruments, Aus-
tria) as detailed elsewhere.36,37

Statistical Analysis
Differences between means were evaluated using 1-way or
repeated-measures ANOVA followed by a post hoc Newman–
Keuls multiple test. P<0.05 was considered statistically
significant. For physiological parameters, 8 to 12 rats were
used per group, whereas 6 to 8 rats per group were used for
biochemical experiments. Biochemicals procedures were
performed in triplicate or quadruplicate in each rat.

Results

Food and Water Intake and Oxidative Stress
The average food consumption was �18.9�3.1 to 21.9�2.9
g/day per rat in all the experimental groups (Table). Water
intake, on the other hand, was significantly higher in all the
animals provided with 1% NaCl (Table). Weight gain was
similar in all the experimental groups (data not shown). BSO
treatment increased oxidative stress as evidenced by elevated
levels of urinary 8-isoprostane and renal tubular malondialde-
hyde (Table). Resveratrol per se had no effect on basal
oxidative milieu but mitigated BSO-mediated oxidative stress
(Table).

Dopamine Excretion and Oxidation
A robust increase in urinary dopamine excretion was observed
in the HS alone group (Figure 1A). The increase in dopamine
peaked at 1-week HS treatment followed by a slight
downward trend from weeks 2 through 6 (Figure 1A). BSO
per se caused a nonsignificant decline in dopamine excretion
compared with vehicle (Figure 1A). However, in HS animals
BSO caused a robust decrease in urinary dopamine from
weeks 2 to 6 (Figure 1A). Resveratrol had no effect on basal

Table. Food and Water Intake and Oxidative Stress Markers

V HS BSO HS+BSO R HS+R BSO+R HS+BSO+R

Food intake 20.1�3.1 21.2�2.1 18.9�3.1 20.2�2.2 19.3�2.8 21.9�2.9 19.8�2.8 21.1�2.4

Water intake 29.3�5.2 44.8�6.1* 32.3�4.2 43.1�5.3* 28.9�4.3 45.8�4.7* 30.6�5.1 44.3�6.1*

8-Isoprostane 1.11�0.11 1.23�0.13 1.62�0.15* 2.01�0.14* 0.92�0.12 1.03�0.16 1.29�0.15 1.33�0.14

Malondialdehyde 0.23�0.03 0.26�0.04 0.37�0.04* 0.48�0.05* 0.20�0.04 0.23�0.03 0.25�0.04 0.26�0.04

Vehicle (V)—tap water, high salt (HS)—1% NaCl in tap water, L-buthionine-sulfoximine (BSO) in tap water, resveratrol (R) in tap water. Food intake—g/day per rat, water intake—mL/day
per rat, urinary 8-isoprostane—pg/mg creatine and renal malondialdehyde—nmol/mg protein.
*P<0.05 vs V, using 1-way ANOVA followed by Newman–Keuls post hoc test, n=8 to 12 rats; 8-isoprostane and malondialdehyde assays were performed in triplicate in each rat. Food and
water intake were measured once a day throughout the treatment.
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dopamine levels but prevented BSO-mediated decline in
dopamine excretion (Figure 1B). As shown in Figure 1C, in HS
rats, BSO caused a robust and linear increase in dopamine
oxidation from week 2 onwards. HS and BSO per se showed a
nonsignificant but persistent increase in dopamine oxidation
(Figure 1C). Resveratrol prevented BSO-induced dopamine
oxidation while having no impact on basal dopamine oxidation
(Figure 1D).

Mitochondrial Oxidation and Respiration
An increase in mitochondrial oxidation was observed in
HS+BSO and BSO-treated rats when compared with vehicle-
treated rats (Figure 2A). While the increase in mitochondrial
oxidants in HS+BSO was robust, a moderate increase was
observed in BSO-treated rats (Figure 2A). The increase in
mitochondrial oxidation was paralleled by a decline in
mitochondrial respiration in both BSO and HS+BSO rats
(Figure 2B). Resveratrol had no effect on basal mitochondrial
oxidation or respiration but protected mitochondrial function
in both the BSO and HS+BSO rats (Figure 2A and 2B).

Lysosomal Enzyme
Treatment of rats with HS+BSO showed a marked decline
in the activities of lysosomal enzymes glucocerebrosidase
and cathepsin B and D (Figure 3A through 3C). BSO per
se also caused a moderate but significant decrease in
the activities of these enzymes, whereas HS-induced
decrease in these enzymes was statistically nonsignifi-
cant (Figure 3A through 3C). Resveratrol alone had no
effect on lysosomal enzymes but protected lysosomal
function in BSO and HS+BSO-treated rats (Figure 3A
through 3C). The activities of cathepsin B and D
decreased by �70% when enzyme-specific inhibitor,
provided with the kit by the manufacturer, was added to
the reaction mixture (Figure 3D), indicating the specificity
of the enzyme assays.

Renal Inflammation
We measured a diverse set of pro-inflammatory markers
in renal proximal tubules. HS+BSO-treated rats had a
profound increase in the levels of renal proximal tubular

0 1 2 3 4 5 6
0

400

800

1200

1600

Weeks

O
xi
di
ze
d
D
op
am
in
e

(R
FU
/m
g
pr
ot
ei
n)

V
HS
BSO
HS+BSO

***
**

0 1 2 3 4 5 6
200

400

600

800
800
1200
1600

Weeks
O
xi
di
ze
d
D
op
am
in
e

(R
FU
/m
g
pr
ot
ei
n)

R
HS+R
BSO+R
HS+BSO+R

0 1 2 3 4 5 6
0

3

6

9

12

Weeks

D
op
am
in
e
(p
m
ol
/m
in
)

V, HS, BSO, HS+BSO

*

*

*# *# *# *# *#
* ***

*

0 1 2 3 4 5 6
0

3

6

9

12

Weeks

D
op
am
in
e
(p
m
ol
/m
in
)

R, HS+R, BSO+R, HS+BSO+R

*$*$ *$*$*$*$

A B

C D

Figure 1. Effect of high salt (HS), L-buthionine-sulfoximine (BSO), and resveratrol (R) on urinary dopamine
excretion and renal proximal tubular dopamine oxidation. Vehicle (V) rats were kept on tap water. A and B,
Rats were treated with HS, BSO, and R for 6 wks and urinary dopamine excretion was measured every wk
(n=8–12 rats). C and D, Renal dopamine oxidation was measured in freshly prepared proximal tubules
(n=6–8 rats). Zero on the X-axis indicates the baseline before the initiation of treatment. *P<0.05 vs
baseline, $P<0.05 vs baseline, and #P<0.05 vs corresponding HS+BSO time point by repeated-measures
ANOVA followed by a post hoc Newman–Keuls test. RFU indicates relative fluorescence units.
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IL-1b, IL-6, tumor necrosis factor a, monocyte chemoat-
tractant protein 1, and granulocyte macrophage colony-
stimulating factor (Figure 4A through 4E). BSO alone also
caused a moderate increase in these markers (Figure 4A
through 4E). Resveratrol had no impact on the basal
levels of these pro-inflammatory markers but protected
both BSO and HS+BSO-treated rats against inflammation
(Figure 4A through 4E). As illustrated in Figure 4F, HS
and BSO had no effect on renal IL-10 levels; however,
resveratrol per se and in combination with HS or BSO
increased IL-10 level.

BP and GFR
A modest increase in BP, reported here as mean arterial
pressure, was observed in BSO-treated rats starting from
week 2 onwards (Figure 5A). BP increase in HS+BSO-treated
rats also started after 2 weeks but the rise in BP was
significantly higher than any other group (Figure 5A). Resver-
atrol treatment did not affect the basal BP but mitigated high
BP in BSO and HS+BSO-treated rats (Figure 5B). Rats kept on
HS alone or in combination with BSO or resveratrol showed a
consistent trend of high GFR, but it remained statistically
nonsignificant (Figure 5C and 5D). BSO and resveratrol had
no effect on GFR (Figure 5C and 5D).

Discussion
The major findings of the present study are that during high
salt intake, oxidative stress causes profound renal dopamine
oxidation, which leads to proximal tubular mitochondrial and
lysosomal dysfunction, renal inflammation, and subsequent
increase in BP. Oxidative stress alone also induces modest
organelle distress and inflammation accompanied by a
marginal BP increase. Under normal physiological conditions,
high salt intake increases renal dopamine production, which
could be responsible for increased sodium excretion and
maintenance of BP.

It is well established that during high salt intake or volume
expansion, natriuretic factors such as dopamine, nitric oxide,
and arterial natriuretic factor play a major role in increased
sodium excretion and BP regulation.10,16,38–42 In sodium
replete conditions, the renal dopamine system responds by
increasing local dopamine production, which via D1R inhibits
major renal tubular sodium transporters such as Na/K-
ATPase pump, Na/H-exchanger 3, Na-phosphate cotrans-
porter, and Na/HCO3 cotransporter.10,11,15,16 The collective
inhibitions of these transporters lead to a decrease in
transcellular sodium uptake and a net increase in sodium
and water excretion, thereby playing an important role in
sodium homeostasis and maintenance of normal systemic
pressure.10,11,15,16 As expected, the present data also showed
that dopamine production was increased in rats kept on HS
alone or in combination with BSO. While rats treated with HS
alone exhibited normal BP, a marked increase in BP was
observed in the HS+BSO group. BSO-treated rats had a
modest increase in BP. Resveratrol treatment, while having no
effect on oxidative stress or BP in the vehicle group, protected
BSO and HS+BSO rats against oxidative stress and hyper-
tension. These data reinforce a strong correlation between
oxidative stress and hypertension. More importantly, the data
show that oxidative stress could be a contributing factor in
the cause of salt-sensitive hypertension, especially in sodium
replete condition.
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Figure 2. Effect of high salt (HS), L-buthionine-
sulfoximine (BSO), and resveratrol (R) on renal
mitochondria. Vehicle (V) animals were kept on tap
water. A, Mitochondrial oxidative stress and respi-
ration were measured in renal proximal tubules
after 6 wks of treatment. Oxidant stress was
measured by fluorescence using 2,7-dicholorodihy-
drofluorescein diacetate in equal amounts of prox-
imal tubular protein. B, Respiration was measured
in tubular homogenates. Experiments were per-
formed in triplicate (n=6–8 rats). *P<0.05 vs V by 1-
way ANOVA followed by a post hoc Newman–Keuls
test.
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Previously, we have shown that BSO-induced oxidative
stress causes renal D1R dysfunction, resulting in the failure
of dopamine to inhibit proximal tubular sodium transporters
and induce natriuresis.33,43 The present study was carried
out to investigate whether, in addition to D1R dysfunction, a
defect in dopamine metabolism could, at least in part, play a
role in the development of hypertension during oxidative
stress in sodium replete conditions. It is reported that
dopamine oxidation could be a major factor in the cause of
Parkinson’s disease.22,44 Interestingly, recent data from our
laboratory and others show that renal proximal tubules have
an active enzyme system, similar to neural tissue, for de
novo dopamine synthesis in addition to their ability to
convert filtered L-dihydroxyphenylalanine to dopamine.26,27

Our data show that in rats treated with HS+BSO, there was a
persistent increase in dopamine oxidation that was paralleled

by a significant decrease in dopamine excretion. In rats
treated with HS alone, very little increase in dopamine
oxidation was found despite a robust increase in dopamine
excretion. Resveratrol treatment prevented dopamine oxida-
tion and maintained a high dopamine level in HS+BSO+R rats
comparable to HS rats. These data show that a normal
physiological response such as an increase in renal
dopamine to prevent sodium retention during high salt
intake could be detrimental under a high oxidant environ-
ment. The data also provide new insight into the disruptive
interaction of renal oxidative stress with the renal natriuretic
system, especially during high salt intake. Our findings are in
agreement, albeit in a different organ system, with the
reports showing that dopamine oxidation could be an
important factor in the development of various neurological
disorders.22,44
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Figure 3. Effect of high salt (HS), L-buthionine-sulfoximine (BSO), and resveratrol (R) on renal lysosomal
enzymes. Vehicle (V) animals were kept on tap water. A, Glucocerebrosidase and (B through D) cathepsin B
and D activities were measured in renal proximal tubules at the end of 6-wk treatment. Glucocerebrosidase
activity was measured by using substrate 4-methylumbelliferyl-b-D-glucopyrooside. Cathepsin B and D were
assayed with commercially available kits and reported as relative fluorescence units (RFU). The specificity
of cathepsin B and D were assessed by inhibitors (I) provided with the kit. Experiments were performed in
triplicate (n=6–8 rats). *P<0.05 vs V by 1-way ANOVA followed by a post hoc Newman–Keuls test.
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One of the mechanisms by which oxidized dopamine could
degenerate cellular function is by interfering with subcellular
organelles including mitochondria, lysozymes, or endoplasmic
reticulum. Herein we studied mitochondria mainly because
renal tubules are rich in active transporters such as Na/K-
ATPase, which consumes �70% of cellular ATP.45,46 We also

studied lysosome because it plays an important role in
receptor recycling including G protein-coupled receptors and
mitochondrial autophagy.47–49 Our data show that HS alone
had no impact on organelle function, whereas BSO treatment
caused a mild increase in mitochondrial oxidation along with a
decrease in oxygen consumption and a decline in the
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Figure 4. Effect of high salt (HS), L-buthionine-sulfoximine (BSO) and resveratrol (R) on renal inflammatory
markers. Vehicle (V) rats were kept on tap water. The levels of (A) interleukin 1b (IL-1b), (B) interleukin 6
(IL-6), (C) tissue necrosis factor a (TNF-a), (D) monocyte chemoattractant protein 1 (MCP-1), (E) granulocyte
macrophage colony-stimulating factor (GM-CSF), and (F) interleukin 10 (IL-10) were measured in renal
proximal tubules after 6-wk treatment by commercially available kits. Experiments were performed in
quadruplicate (n=6–8 rats). *P<0.05 vs V by 1-way ANOVA followed by a post hoc Newman–Keuls test.
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activities of lysosomal enzymes. However, in rats treated with
HS+BSO, a robust functional decline was observed in both the
organelles. Resveratrol treatment protected organelle func-
tion in both BSO and HS+BSO-treated rats. These data
suggest that oxidation stress, in addition to being an
independent detrimental factor to organelle function, could
in complementarity with high salt intake pose a greater risk to
renal tubular function, at least in part, via dopamine oxidation.

A decline in mitochondrial and lysosomal function could
lead to apoptosis, necrosis, and inflammation.50–56 In this
article, we focused on renal inflammation because recent
studies have shown a strong correlation between hyperten-
sion and immunity disorders.57–61 Reflective of this notion,
we found a significant increase in renal pro-inflammatory
markers in BSO and HS+BSO-treated rats, both of which also
showed increased BP. Interestingly, the intensity of inflam-
mation was proportional to the increase in BP. Resveratrol
reduced the levels of pro-inflammatory molecules, increased
the level of IL-10, a potent anti-inflammatory cytokine,62 and

abolished hypertension. Taken together, our data lend credit
to the notion that renal inflammation could be a contributing
factor to a systemic BP increase. Although we did not
identify a cellular mechanism that links inflammation and
hypertension, it is reported that inflammation could increase
sympathetic nerve activity and disrupt renal tubular sodium
regulation, both of which could affect systemic pres-
sure.60,63–65

As mentioned earlier, organelle dysfunction and inflamma-
tion have been associated with tissue necrosis, which in the
case of renal tubules could lead to acute or chronic kidney
failure.53,66–71 Consequent to proximal tubular dopamine
oxidation, organelle dysfunction, and inflammation, we
expected a decline in creatine clearance. However, the
treatment of rats with HS, BSO, or both had no effect on
GFR. This discordance between observed versus expected
data could be because a significant decline in nephron
function is required to observe a clinical manifestation of renal
failure.72,73 Also, this disconnect between GFR and other
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Figure 5. Effect of high salt (HS), L-buthionine-sulfoximine (BSO) and resveratrol (R) on mean arterial
pressure (MAP) and glomerular filtration rate (GFR). Vehicle (V) animals were kept on tap water. MAP was
measured with radiotelemetry throughout the treatment regimen (A and B). GFR was calculated as creatine
clearance performed in triplicate (C and D) every week. Day 0 on X-axis indicates baseline MAP or GFR
before the initiation of treatment. (n=10–12 rats for both blood pressure and GFR). *P<0.05 vs baseline and
#P<0.05 vs corresponding BSO time point by repeated-measures ANOVA followed by a post hoc Newman–
Keuls test.
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renal pathological factors observed in this study could be
because of the fact that creatine clearance is an insensitive
marker to gauge renal pathophysiology at an early stage.74–76

Limitations
To cement a direct link between renal dopamine oxidation and
pathophysiological factors observed in this study, a prudent
experiment involving inhibition of renal dopamine synthesis is
needed. Unfortunately, administering an inhibitor to block
dopamine synthesis will have a systemic impact. In addition,
an increase in renal-specific dopamine synthesis during high
salt intake is a protective measure necessitated by the need
for increased sodium excretion to maintain normal systemic
pressure. Therefore, blocking dopamine production in HS rats
could lead to hypertension. Additionally, the beneficial effects
of resveratrol could be systemic rather than renal specific.
Also, a single dose of NaCl was used and it is not clear
whether a different dose of NaCl would have a similar effect
on BP. Further studies, which are beyond the scope of this
study, are warranted to better understand the renal interac-
tion among oxidative stress, high salt, and resveratrol as it
relates to sodium and BP regulation.

In conclusion, our study provides new insight into the role
of dopamine oxidation in the decline of proximal tubular
mitochondrial and lysosomal function as well as in renal
inflammation and subsequent increase in BP. The data also
lend credit to the beneficial effects of antioxidant resveratrol
as it relates to protecting renal function and mitigating
hypertension, especially during high salt intake.
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