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Background: Natriuretic peptide receptor-A (NPRA) lowers blood pressure and blood volume.
Results: Data show that histone deacetylase inhibitors (HDACi) enhance NPRA expression by blocking HDACs and interacting
with Sp1, histone acetyltransferase, and acetylated histones.
Conclusion: Results suggest that epigenetic mechanisms regulate NPRA gene transcription.
Significance: Findings will help to identify molecular targets regulating NPRA expression and function in vivo.

Atrial natriuretic peptide (ANP) binds guanylyl cyclase-A/na-
triuretic peptide receptor-A (GC-A/NPRA) and produces the
intracellular second messenger, cGMP, which regulates cardio-
vascular homeostasis. We sought to determine the function of
histone deacetylases (HDACs) in regulating Npr1 (coding for
GC-A/NPRA) gene transcription, using primary mouse mesan-
gial cells treated with class-specific HDAC inhibitors (HDACi).
Trichostatin A, a pan inhibitor, and mocetinostat (MGCD0103),
a class I HDAC inhibitor, significantly enhanced Npr1 promoter
activity (by 8- and 10-fold, respectively), mRNA levels (4- and
5.3-fold, respectively), and NPRA protein (2.7- and 3.5-fold,
respectively). However, MC1568 (class II HDAC inhibitor) had
no discernible effect. Overexpression of HDAC1 and HDAC2
significantly attenuated Npr1 promoter activity, whereas
HDAC3 and HDAC8 had no effect. HDACi-treated cultured
cells in vitro and intact animals in vivo showed significantly
reduced binding of HDAC1 and -2 and increased accumulation
of acetylated H3-K9/14 and H4-K12 at the Npr1 promoter.
Deletional analyses of the Npr1 promoter along with ectopic
overexpression and inhibition of Sp1 confirmed that HDACi-
induced Npr1 gene transcription is accomplished by Sp1 activa-
tion. Furthermore, HDACi attenuated the interaction of Sp1
with HDAC1/2 and promoted Sp1 association with p300 and
p300/cAMP-binding protein-associated factor; it also pro-
moted the recruitment of p300 and p300/cAMP-binding pro-
tein-associated factor to the Npr1 promoter. Our results dem-
onstrate that trichostatin A and MGCD0103 enhanced Npr1
gene expression through inhibition of HDAC1/2 and increased
both acetylation of histones (H3-K9/14, H4-K12) and Sp1 by
p300, and their recruitment to Npr1 promoter. Our findings
define a novel epigenetic regulatory mechanism that governs
Npr1 gene transcription.

The binding of atrial natriuretic peptide (ANP)2 and brain
natriuretic peptide to their receptor guanylyl cyclase-A/natri-
uretic peptide receptor A (GC-A/NPRA) produces intracellular
second messenger cGMP (1–3). The receptor GC-A/NPRA is a
pleiotropic molecule; it stimulates many cellular and molecular
responses of ANP in target tissues and cells (4, 5). The physio-
logical actions of ANP/NPRA elicit natriuresis, diuresis, vasore-
laxation, endothelial permeability, and antiproliferation, which
have critical functions in the maintenance of blood pressure
and fluid-volume homeostasis (6 – 8). Previous studies have
indicated the association of allelic variants of the Npr1 (coding
for GC-A/NPRA) gene with a family history of hypertension
and left ventricular mass in human essential hypertension (9,
10). A limited number of studies have shown that external and
internal stimuli regulate Npr1 promoter activity, including hor-
mones such as angiotensin II (11, 12), vitamin D (13), all-trans-
retinoic acid (14), cGMP (15, 16), and extracellular osmolality
(17). Despite the hallmark significance of NPRA in renal and
cardiovascular physiology, the precise mechanism of receptor
regulation and activation at the molecular and epigenetic levels
still remains elusive.

Histone deacetylases (HDACs) are enzymes having functions
that include regulation of chromatin structure, gene expres-
sion, and modification of histone and nonhistone proteins (18,
19). Studies have associated HDAC activity with the develop-
ment and progression of chronic diseases, including kidney dis-
ease and cardiac hypertrophy (20 –22). HDACs are a family of
18 molecules grouped into 4 classes. Class I comprises four
HDAC family members, HDAC1, -2, -3, and -8, which are
expressed ubiquitously and display high enzyme activity toward
histone substrate (19, 23). Recently, compelling biochemical
and genetic evidence has implicated class I HDACs in several
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pathological conditions, including renal interstitial fibrosis,
cardiac hypertrophy, cancer, and pulmonary hypertrophy, in
which they act by modulating histone acetylation (24, 25). In
contrast, class II HDACs repress cardiac hypertrophic gene
expression (22, 26, 27).

The major function of HDACs is to remove acetyl groups
from histones, causing condensation of chromatin and a
decrease in gene expression (28, 29). Inhibiting the deacetyla-
tion of histones results in hyperacetylation and modifies gene
expression, either positively or negatively, in a cell type-specific
manner (21). Histone deacetylases are the target of several
structurally diverse compounds known as HDAC inhibitors
(HDACi) (30). Recent studies have shown that HDACi(s) are
promising therapeutic agents. Their efficacy appears to be gov-
erned by multiple actions on a variety of cell types and patho-
physiological processes, including myocyte hypertrophy, fibro-
sis, inflammation, and renal disease (19, 24, 31). Despite the
known significance of NPRA expression and its activity levels in
regulating renal pathophysiology, the exact mechanisms of
Npr1 gene expression and regulation are not yet clearly under-
stood. The mouse mesangial cells (MMCs), which play an
important role in kidney function and express functional
GC-A/NPRA, provide a useful model system for elucidating the
regulatory mechanisms involved in Npr1 gene transcription
and expression (32). In the present study, we examined the
effect of pan-HDACi trichostatin A (TSA), class I-selective
HDACi mocetinostat (MGCD0103), and class II-selective
HDACi MC1568 on Npr1 gene transcription and expression,
utilizing cultured MMCs in vitro and intact Npr1 mouse mod-
els under physiological conditions in vivo.

EXPERIMENTAL PROCEDURES

Plasmids and Promoter Construct—The murine Npr1
genomic clone was used to design promoter deletion con-
structs (33). Cloning of the Npr1 proximal promoter-lucif-
erase reporter constructs (�356/�55 bp, �356/�29 bp, and
�356/-46 bp) have been described (34, 35). Cloning of the con-
struct �356/�90 bp was done using �356 forward (5�-tacg-
gaacgcgtgagggggggcagcttcctcac-3�) and �90 reverse (5�-
acgggaccacaaggcgagccaggcagc-3�) primers. The FLAG-tagged
HDAC1, -2, -3, -8, and mutant HDAC2 (pME18S-FLAG-
HDAC2-(1–372)) were a gift from Dr. Edward Seto (H. Lee
Moffitt Cancer Center & Research Institute, Tampa, FL);
pcDNA3.1-p300 WT and pcDNA3.1-p300-(HAT-) were a gift
from Dr. Warner C. Greene (Gladstone Institutes, San Fran-
cisco, CA). The expression vectors CMV-Sp1 (Addgene plas-
mid 12097), constructed by Dr. Robert Tijian (University of
California, Berkeley, CA) and mutant p180 pCIG-HDAC1
(Addgene plasmid 11053), constructed by Dr. Ramesh Shiv-
dasani (Dana-Farber Cancer Institute, Boston, MA), were
obtained from Addgene (Cambridge, MA).

Production of Polyclonal Antibody of NPRA—The peptide
sequence ETKAVLEEFDGFE, corresponding to carboxyl ter-
minus residues 1015–1027 in the intracellular region of GC-A/
NPRA, was conjugated to keyhole limpet hemocyanin. The key-
hole limpet hemocyanin-peptide conjugate (250 �g) was
injected intraperitoneally in the presence of complete Freund’s
adjuant into chickens (GenWay Biotech, Inc., San Diego, CA).

Chickens were boosted after 21 days with 100 –150 �g of con-
jugated antigen and incomplete Freund’s adjuant. The addi-
tional boosts were used every 30 days thereafter in a similar
manner and a total of 3 boosts were performed. The eggs were
harvested and total IgY was isolated from yolks. The total IgY
antibody was evaluated for titer, and IgY was affinity purified
using the peptide antigen. The titer of antibody was confirmed
by Western blot analysis.

Cell Transfection and Luciferase Assay—MMCs were iso-
lated and cultured in DMEM supplemented with 10% FCS and
insulin/transferrin/sodium selenite, as described previously
(32). The cells were transfected by Lipofectamine 2000 reagent
(Invitrogen) between 4 and 16 passages and luciferase activity
was measured as described previously (34). The results were
normalized for transfection efficiency as relative to light units
per Renilla luciferase activity. In ectopic overexpression exper-
iments, cells were transfected with expression plasmids for
HDAC1, -2, -3, 8, HDAC1-mut, HDAC2-mut, Sp1, p300, and
p300-mut. Total DNA content was equalized by inclusion of
empty vector. Twenty-four hours after transfection, cells were
kept for 12 h in DMEM containing 0.1% BSA and treated with
HDACi (TSA, MGCD0103, and MC1568) or vehicle (0.1%
dimethyl sulfoxide) for 24 h.

Generation of Npr1 Gene-targeted Mice and Treatment with
HDAC Inhibitors—Npr1 gene-disrupted heterozygous 1-copy
(�/�) and gene-duplicated 4-copy (��/��) mice were pro-
duced by homologous recombination in embryonic stem cells
as described previously (36 –38). The mice were bred and main-
tained at the Tulane University Health Sciences Center Animal
Facility. The mouse colonies were housed under 12-h light/
dark cycles at 25 °C and fed regular chow (Purina Laboratory)
and tap water ad libitum. All animals were littermate progeny
of the C57/BL6 genetic background. Stock solutions of TSA and
MGCD0103 were prepared in dimethyl sulfoxide and stored at
�70 °C. On the day of injection, TSA and MGCD0103 were
thawed, diluted with olive oil to the appropriate concentration,
vortexed for 2 min at room temperature, and administered
intraperitoneally. Control groups were injected with vehicle
(dimethyl sulfoxide and olive oil). Adult male (24 –26 weeks
old) 1-copy, 2-copy, and 4-copy mice were injected in three
groups: Group I (n � 6), vehicle-treated (control); Group II
(n � 6), TSA-treated (1 mg/kg); and Group III (n � 6),
MGCD0103-treated (5 mg/kg), on alternate days for 2 weeks.
All protocols were approved by the Institutional Animal Care
and Use Committee at Tulane University Health Sciences
Center.

Tissue Collection—Animals were euthanized by administra-
tion of a high concentration of CO2. Kidneys were collected,
frozen in liquid nitrogen, and stored at �80 °C.

Real-time RT-PCR Assay—Total RNA was extracted from
HDACi-treated cells using RNeasy plus Mini Kit (Qiagen,
Valencia, CA). First-strand cDNA was synthesized from 1 �g of
total RNA using an RT2 First Strand Kit (Qiagen). Real-time
RT-PCR was done using the Mx3000P QPCR System; data were
analyzed with MxPro software (Agilent Technologies). PCR
amplification was done in triplicate in a 25-�l reaction volume
using RT2 Real-time SYBR Green/ROX PCR Master Mix and
PCR conditions as described previously (14). Primers for ampli-
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fication of NPRA and �-actin were purchased from Qiagen.
�-Actin was amplified from all samples as a housekeeping gene
to normalize expression levels of targets between different sam-
ples. The reaction mixture without template cDNA was used as
a negative control. The Npr1 expression values were normal-
ized to �-actin. Relative expression of the Npr1 gene was deter-
mined by the comparative Ct value as described earlier (14).

Whole Cell Lysate and Nuclear Extract Preparation and
Immunoblot Assay—Whole cell lysate and nuclear extract were
prepared as described earlier (34). The protein concentration of
the lysate was measured with a Bradford protein detection kit
(Bio-Rad). Immunoblot assay was done as previously described
(34). The cell lysate (60 �g of protein) was electrophoresed for
2 h, then transferred to a nylon membrane. The membrane was
incubated with primary antibodies of HDAC1, -2, -3, p300,
p300/cAMP-binding protein-associated factor (PCAF), Sp1,
H3-K9/14ac, H4-K12ac, H3-K9me3, or NPRA and treated with
the corresponding secondary anti-rabbit or anti-mouse horse-
radish peroxidase (HRP)-conjugated antibodies (Table 1). Pro-
tein bands were developed using a SuperSignal West Femto
Chemiluminescent kit and visualized using an Alpha Innotech
detection system from Proteinsimple (Santa Clara, CA). The
intensity of protein bands was quantified by Alphaview
software.

cGMP Assay—Twenty-four hours after plating, MMCs
were made serum-free for 12 h and treated with TSA and
MGCD0103 for another 24 h. Cells were stimulated with ANP
at 37 °C for 15 min in the presence of 0.2 mM 3-isobutyl-1-
methylxanthine, washed three times with phosphate-buffered
saline (PBS), and scraped into 0.5 N HCl. Cell suspension was
subjected to five cycles of freeze and thaw, then centrifuged at
10,000 � g for 15 min. The supernatant thus collected was used
for the cGMP assay. Frozen kidney samples were homogenized
in 10 volumes of 0.1 M HCl containing 1% Triton X-100. The
homogenate was centrifuged at 1000 � g at 4 °C, and the super-
natant collected. Both cell and tissue homogenates were used
for cGMP assay, using a direct enzyme-linked immunosorbent
assay (ELISA) kit (Enzo Life Sciences, Farmingdale, NY)
according to the manufacturer’s protocol.

Histone Purification—Total histone was extracted from
MMCs using a total histone extraction kit (Epigentek, Farm-
ingdale, NY) according to the manufacturer’s protocol. Cells
were harvested and suspended in 1� prelysis buffer, kept on ice
for 10 min, and centrifuged at 10,000 � g for 1 min at 4 °C. The

supernatant was removed and the cell pellet was resuspended in
3 volumes of lysis buffer, incubated on ice for 30 min, then
centrifuged at 12,000 � g for 5 min at 4 °C. Balanced dithiothre-
itol (DTT) buffer (0.3 volumes) was added to the supernatant,
which was stored at �80 °C. The protein concentration of the
eluted histone was estimated using a Bradford protein detec-
tion kit (Bio-Rad) using BSA as a standard.

Quantitative ChIP and Sequential ChIP—Chromatin immu-
noprecipitation (ChIP) and sequential ChIP were performed
using a ChIP-IT Express kit (Active Motif, Carlsbad, CA) as
previously described (14). For quantitative ChIP assay, real-
time PCR was done with a RT2 Real-TimeTM SYBR Green/ROX
PCR Master Mix (Qiagen) according to the supplier’s instruc-
tions. The Npr1 promoter region, �120 to �73 bp, containing
Sp1 and p300 binding sites, as well as a distal promoter region,
�1155 to �941 bp (control), was PCR amplified using purified
DNA as a template. The primer sequences used to amplify the
region �120 to �73 were forward (5�-gaggggaggattcgctgc-3�)
and reverse (5�-ctaagaagagcgaggggagc-3�) and region �1155 to
�914, forward (5�-ctattgaactatatctccagccccaag-3�) and reverse
(5�-ccagttaaatgctgacggcataacgatgaa-3�). The antibodies used in
the ChIP assay are listed in Table 1. The reaction conditions
were 95 °C for 10 min; 40 cycles at 95 °C for 15 s and 60 °C for 1
min; for the dissociation curve, the preceding was followed by 1
cycle at 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s. For
ChIP quantitative PCR, 1% input was used; its value was
adjusted to 100% for normalization of the results. Each ChIP
DNA threshold cycle number (Ct) was normalized to the
input DNA fraction Ct value to account for differences in
chromatin sample preparation. Percent input was calculated
as 2(��CT(normalized IP) � 100%.

Immunoprecipitation of Acetylated Sp1—Cell lysates (100 �g
of protein) from HDACi-treated and untreated MMCs were
incubated with 2 �g of polyclonal Sp1 antibody for 2 h at 4 °C.
Protein A/G-agarose beads were added and the lysates were
incubated overnight at 4 °C. After washing the beads, proteins
were eluted by boiling in 2� SDS loading buffer, then electro-
phoresed. For detection of acetylated Sp1, membranes were
incubated with anti-Ac-lys (AKL5C1) antibody (Table 1) and
treated with anti-mouse HRP-conjugated secondary antibody.
Immunoprecipitate with rabbit IgG was taken as negative
control.

Transfection of Small Inhibitory RNA—MMCs were cultured
to 80 –90% confluence and transfected with HDAC1, HDAC2,
and Sp1 small interfering RNA (siRNA; a pool of 3 target-spe-
cific 20- to 25-nucleotide sequence siRNAs) purchased from
Santa Cruz Biotechnology using Lipofectamine RNAiMAX
reagent (Invitrogen). A nontargeting 20 –25-nucleotide se-
quence siRNA was used as a negative control. Four hours after
transfection, fresh medium was added to the plates; 24 h later,
cells were treated with HDAC inhibitors for another 24 h and
lysed to measure firefly and Renilla luciferase activity.

HDAC and Histone Acetyltransferase (HAT) Activity Assay—
Total HDAC and HAT activity was measured in nuclear
extracts prepared from HDACi-treated cells using colorimetric
ELISA kits from, respectively, Active Motif and Epigentek.
HDAC enzyme activity was calculated by measuring the
amount of HDAC-deacetylated product, which was directly

TABLE 1
List of the antibodies used in Western blot (WB), immunoprecipitation
(IP), and ChIP assay

Protein Catalog no. Source Assay

HDAC1 sc-8410 Santa Cruz Biotechnology Inc. WB
HDAC2 sc-7899 Santa Cruz Biotechnology Inc. WB
HDAC3 sc-11417 Santa Cruz Biotechnology Inc. WB
H4(K-12)ac sc-8661-R Santa Cruz Biotechnology Inc. WB, ChIP
H3(K-9/14)ac 06-599 Upstate Biotechnology WB, ChIP
H3(K-9)me3 A-4036-050 Epigentek WB, ChIP
p300 A-4020-100 Epigentek WB
PCAF sc-13124 Santa Cruz Biotechnology Inc. WB
Sp1 sc-14027 Santa Cruz Biotechnology Inc. WB, ChIP, IP
Ac-lysine sc-32268 Santa Cruz Biotechnology Inc. WB, IP
H3 sc-10809 Santa Cruz Biotechnology Inc. WB
�-Actin A5316 Sigma WB
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proportional to HDAC enzyme activity. For the HAT enzyme
activity assay, the amount of acetylated product was measured.
Absorbance was read at 450 nm and results were calculated
using a standard curve according to the manufacturer’s instruc-
tions, and expressed as nanogram/h/mg of protein.

Semi-quantitative Analysis of HDAC1 and HDAC2—The
protein content of HDAC1 and HDAC2 was measured using
colorimetric EpiQuick HDAC1 and HDAC2 assay kits (Epigen-
tek) according to the manufacturer’s protocol. Absorbance was
read at 450 nm. Results were calculated using a standard curve
and expressed as nanogram/mg of protein.

Quantification of Global Histone H3 and H4 Acetylation—
Histone extracts from frozen kidney tissues were prepared
using a total histone extraction kit (Epigentek) according to the
manufacturer’s protocol. Quantification of global levels of
lysine-specific histone acetylation was done using EpiQuick
global H3-K9/14ac and H4-K12ac colorimetric assay kits (Epi-
gentek) according to the manufacturer’s protocol.

Statistical Analysis—Results are expressed as mean � S.E. of
3– 4 independent experiments done in triplicate. Significance
was evaluated by one-way analysis of variance, followed by
Dunnett’s multiple comparison tests using PRISM software
(GraphPad Software, San Diego, CA). A p value of 	0.05 was
considered significant.

RESULTS

The Npr1 proximal promoter region (�356/�55) dose-de-
pendently exhibited 8 –10-fold induction in luciferase activity
in MMCs treated, respectively, with pan HDACi (TSA) and
class I-selective HDACi (MGCD0103) than untreated control
cells (Fig. 1A). On the other hand, treating cells with class II-
selective HDACi (MC1568) had no effect on Npr1 promoter
activity. As compared with untreated controls, there was 4- and
5.3-fold augmentation in Npr1 mRNA levels and a 2.7–3.5-fold
increase in NPRA protein expression in cells treated, respec-
tively, with TSA and MGCD0103 (Fig. 1, B and C). Treatment
with TSA and MGCD0103 showed 30- and 45-fold stimulation
in cGMP levels, respectively, in the presence of ANP as com-
pared with untreated groups (Fig. 1D).

We examined the effect of class I HDACs on Npr1 promoter
activity and mRNA expression. Cotransfection of class I
HDAC-1, -2, -3, and -8 expression plasmids with the Npr1 pro-
moter construct �356/�55 led, respectively, to 53 and 74%
repression of luciferase activity by HDAC1 and -2, whereas
HDAC3 and -8 had no effect compared with untransfected con-
trol cells (Fig. 2A). Overexpression of HDAC1, -2, and -3 pro-
tein levels was observed in transfected MMCs as compared
with untransfected cells (Fig. 2B). Knockdown of HDAC1 and
-2 protein expression by siRNA released repression of the Npr1
promoter activity seen by luciferase assay (Fig. 2C). Western
blot analysis confirmed the knockdown effect of siRNA on
endogenous HDAC1 and -2 protein expression in transfected
cells compared with control siRNA-transfected cells (Fig. 2D).
Ectopic expression of catalytically inactive HDAC1 and
HDAC2 mutant plasmid abolished Npr1 promoter repression
and markedly induced its activity (Fig. 2E). Western blot anal-
ysis confirmed the expression of mutant HDAC1 and -2 pro-
teins in transfected cells compared with control cells (Fig. 2F).

There was 
50 – 60% attenuation in Npr1 mRNA levels in
HDAC1- and HDAC2-transfected cells compared with un-
transfected cells (Fig. 2G). Overexpression of HDAC1 and -2 in
MMCs inhibited NPRA protein expression by 35 and 50%,
respectively, compared with control cells (Fig. 2H).

Treatment with TSA and MGCD0103, respectively, reduced
total HDAC activity by 38 and 66%, no discernible effect
occurred in MC1568-treated cells as compared with control
cells (Fig. 3A). MMCs treated with MGCD0103 had signifi-
cantly reduced HDAC1 and -2 protein expression as analyzed
by semi-quantitative measurements. In contrast, TSA signifi-
cantly inhibited only HDAC2 protein expression (Fig. 3B).
Treatment of cells with MC1568 had no effect on class I HDAC
protein expression. There was significant attenuation of
HDAC1 and -2 protein expression in MGCD0103-treated cells

FIGURE 1. Effect of TSA and MGCD0103 on Npr1 gene transcription and
expression. A, luciferase activity of the Npr1 proximal promoter construct
�356/�55 in MMCs treated with increasing concentrations of HDACi (TSA,
MGCD0103, and MC1568). B, effect of TSA (50 nM) and MGCD0103 (1 �M) on
Npr1 mRNA levels in a time-dependent manner as determined by real-time
RT-PCR. C, Western blot (WB) analysis of NPRA protein expression in cells
treated with HDACi and �-actin expression is shown as the loading control. D,
intracellular accumulation of cGMP in MMCs treated with HDACi (TSA, 50 nM;
MGCD0103, 1 �M) and ANP. Bar represents the mean � S.E. of four indepen-
dent experiments in triplicates. WB, Western blot; *, p 	 0.05; **, p 	 0.01; ***,
p 	 0.001.
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and HDAC2 expression in TSA-treated cells, but no change in
HDAC3 protein expression was detected as compared with
untreated cells (Fig. 3, C and D). TSA and MGCD0103
increased HAT activity by 2- and 2.8-fold, respectively, as com-
pared with untreated cells (Fig. 4A). There was a substantially
significant increase in HAT proteins p300 and PCAF in
HDACi-treated cells (Fig. 4B). As compared with untreated

control cells, both TSA and MGCD0103 significantly aug-
mented global acetylation levels of histone H3-K9/14 (H3-K9/
14ac) and H4-K12 (H4-K12ac), but dose-dependently inhibited
the trimethylation level of H3-K9 (H3-K9me3) (Fig. 4C). Inter-
estingly, the effect was detected for 24 h (Fig. 4D). Quantitative
ChIP assay showed markedly significant accumulation of
H3-K9/14ac and H4-K12ac and significantly reduced levels of
H3-K9me3 in HDACi-treated cells in Npr1 proximal promoter
region �120 to �73, as compared with untreated control cells.
In contrast, no binding was observed at the distal promoter
region �1155 to �941, taken as a negative control (Fig. 4E).

Luciferase activity of various Npr1 promoter deletion con-
structs in transfected cells showed that the �356 to �46 con-
struct with two Sp1 binding sites was responsive for TSA- and
MGCD0103-mediated Npr1 gene transcription (Fig. 5A). Dele-
tion of Sp1 binding sites in the �365 to �90 construct did not
support HDACi-mediated Npr1 promoter activity. To examine
the role of Sp1 in TSA- and MGCD0103-mediated Npr1 pro-
moter activation, MMCs were cotransfected with Npr1 pro-
moter and Sp1 expression plasmid. Treatment with TSA and
MGCD0103 enhanced Npr1 promoter activity by 14- and
16-fold, respectively, in Sp1-transfected cells as compared with
untransfected cells (Fig. 5B). Western blot analysis demon-
strated no difference in Sp1 protein expression in HDACi-
treated cells. On the other hand, knockdown of Sp1 by siRNA
reduced HDACi-mediated Npr1 promoter activity by 76 – 83%
(Fig. 5C). A marked significant decrease in endogenous Sp1
protein expression occurred in Sp1 siRNA-transfected cells
compared with untransfected cells (Fig. 5C). The function of
Sp1 was further supported by using mithramycin A, a specific
inhibitor that interferes with Sp1 binding sites. Mithramycin

FIGURE 2. Effect of the overexpression and knockdown of HDAC1 and
HDAC2 in transcriptional regulation and expression of the Npr1 gene. A,
luciferase activity of Npr1 proximal promoter (�356/�55) in MMCs cotrans-
fected with class I HDACs (HDAC1, -2, -3, and -8) or an empty vector. B, West-
ern blot (WB) analysis of HDAC1, -2, and -3 in transfected cells. �-Actin was
used as loading control. C, luciferase activity of the Npr1 promoter cotrans-
fected with HDAC1, HDAC2, and control siRNA (0.1 �M). D, Western blot anal-
ysis of siRNA-mediated knockdown of endogenous HDAC1 and HDAC2 pro-
teins in transfected cells with �-actin as loading control. E, luciferase activity
of the Npr1 promoter construct �356/�55 cotransfected with catalytically
inactive HDAC1 (250 ng) and HDAC2 (250 ng) mutant plasmid. F, Western blot
analysis of mutant HDAC1 and -2 proteins in transfected cells with �-actin as
loading control. G, Npr1 mRNA levels in cells transfected with HDAC1 and
HDAC2 expression plasmid as analyzed by real-time RT-PCR with �-actin as an
internal control. H, Western blot analysis of NPRA protein expression in cells
transfected with HDAC1 and HDAC2 expression plasmid and �-actin expres-
sion is shown as loading control. Data represent mean � S.E. of four inde-
pendent experiments. Ctrl, control; UT, untransfected; *, p 	 0.05; **, p 	 0.01;
***, p 	 0.001.

FIGURE 3. Modulation of total HDAC activity and HDAC1 and HDAC2 pro-
tein expression by TSA, MGCD0103, and MC1568. A, total HDAC activity
was measured in nuclear extracts of HDACi-treated and untreated MMCs. B,
semiquantitative measurement of HDAC1 and HDAC2 protein levels in
HDACi-treated cells by colorimetric method. C, Western blot analysis of
HDAC1, -2, and -3 protein expressions in HDACi-treated cells with �-actin
expression as loading control. D, densitometric analysis for HDAC1, -2, and -3.
Bar represents mean � S.E. of four independent experiments. HDACi (TSA, 50
nM; MGCD0103, 1 �M; MC1568, 1 �M); UT, untreated; WB, Western blot; *, p 	
0.05; **, p 	 0.01; ***, p 	 0.001.
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attenuated HDACi-mediated Npr1 promoter activity by
70 – 80% (Fig. 5D). Treatment of Sp1-transfected cells with
TSA and MGCD, respectively, led to 8- and 11-fold induction
in Npr1 mRNA levels as compared with levels in untransfected
control cells. In contrast, ablation of endogenous Sp1 protein
inhibited Npr1 mRNA levels by 70 –75% in HDACi-treated
cells as compared with levels in untransfected control cells (Fig.
5E). Quantitative ChIP assay showed that in HDACi-treated
cells, the binding of Sp1 to the Npr1 promoter was significantly
increased (Fig. 5F). Immunoprecipitation assay showed a

significant increase in Sp1 acetylation levels in TSA- and
MGCD0103-treated cells as compared with levels in untreated
control cells (Fig. 5G).

A coimmunoprecipitation assay was done to test the interac-
tion of Sp1 with HDAC1 and -2 proteins in untreated and
HDACi-treated cells (Fig. 6A). Western blot analysis of the
anti-Sp1-immunoprecipitated fractions from untreated cell
lysates showed that Sp1 interacted with HDAC1 and -2 pro-
teins and that this interaction was reduced in the presence of
TSA and MGCD0103. A sequential ChIP assay showed

FIGURE 4. Effect of TSA and MGCD0103 on HAT activity, histone acetylation, and association with the Npr1 promoter. A, quantification of total HAT
activity in HDACi-treated MMCs by the colorimetric method. B, Western blot analysis of p300 and PCAF protein expression in HDACi-treated cells. �-Actin was
used as loading control. Concentration (C)- and time-dependent (D) effect of HDACi on histones H3-K9/14ac, H4-K12ac, and H3-K9me3 protein levels as
analyzed by Western blot. Histone H3 was used as loading control. E, schematic map of the Npr1 promoter showing the �1155/�914 bp and �120/�73 bp
regions. Quantitative ChIP assay demonstrating in vivo accumulation of acetylated histones to the Npr1 promoter region. Bar represents mean � S.E. of three
independent experiments. HDACi (TSA, 50 nM; MGCD0103, 1 �M); UT, untreated; Ab, antibody; WB, Western blot; *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.
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enhanced binding of HDAC1 and -2 and Sp1�HDAC complex at
the Npr1 promoter in untreated cells (Fig. 6, B and C, upper
panel). Treating cells with MGCD0103 significantly reduced
HDAC1 and -2 protein recruitment and Sp1�HDAC complex

formation at the Npr1 promoter (Fig. 6, B and C, lower panel).
We further tested the interaction of Sp1 with p300 in HDACi-
mediated Npr1 gene transcription. Simultaneous overexpres-
sion of Sp1 and p300 substantially increased Npr1 promoter
activity in TSA- and MGCD0103-treated cells as compared
with Sp1-overexpressing cells treated with HDACi (Fig. 7A).
Interestingly, overexpression of mutant p300 defective in
acetyltransferase activity or knockdown of endogenous p300
with siRNA did not support Sp1- and HDACi-mediated Npr1
gene transcription. Overexpression of Sp1 and wild-type and
mutant p300, as well as siRNA-mediated knockdown of p300
in transfected cells, was confirmed by Western blot analysis
(Fig. 7B). Cotransfection of Sp1 and p300 induced NPRA pro-
tein expression, which was further increased by 4.3-fold in
MGCD0103-treated cells as compared with untreated control
cells (Fig. 7C). Moreover, cells overexpressing Sp1 and mutant
p300-HAT did not show HDACi-mediated induction of NPRA
protein expression. As compared with untreated controls, cells
cotransfected with Sp1 and p300 and treated with MGCD0103
had an almost 60-fold increase in cGMP levels in the presence
of ANP (Fig. 7D).

To delineate the interaction of HAT proteins p300 and PCAF
with Sp1 on the Npr1 promoter, sequential ChIP assays were
used. As shown in Fig. 7E (upper panel), direct Sp1 and p300
binding was observed on the Npr1 promoter and p300 coim-

FIGURE 5. Role of Sp1 in mediating TSA and MGCD0103 effects on Npr1
gene transcription. A, schematic map of the Npr1 promoter deletion con-
struct and their luciferase activity in transfected MMCs treated with HDACi. B,
luciferase activity of the Npr1 promoter construct �356/�55 cotransfected
with Sp1 plasmid and treated with HDACi. Blots show Western blot analysis of
Sp1 protein expression in HDACi-treated cells with �-actin as loading control.
C, luciferase activity of the Npr1 promoter cotransfected with Sp1 siRNA and
treated with HDACi. Lower panel, Western blot analysis of Sp1 protein expres-
sion in Sp1 siRNA-transfected cells and �-actin as loading control. D, lucifer-
ase activity of the Npr1 promoter in cells pretreated with mithramycin A and
induced with HDACi. E, effect of HDACi on Npr1 mRNA levels in cells trans-
fected with Sp1 expression plasmid or Sp1 siRNA as determined by real-time
RT-PCR with �-actin as the internal control. F, quantitative ChIP assay demon-
strating recruitment of Sp1 protein on the Npr1 promoter (�120 to �73) in
HDACi-stimulated cells as determined by real-time PCR. G, Western blot anal-
ysis of acetylated and total Sp1 in the immunoprecipitate from HDACi-treated
cells. Input shows Sp1 in lysates as detected by Western blot. Bars represent
mean � S.E. of three independent experiments. HDACi (TSA, 50 nM;
MGCD0103, 1 �M); Ctrl, control; UT, untreated; mith A, mithramycin A; WB,
Western blot; IP, immunoprecipitation; *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.

FIGURE 6. Effect of HDACi on interaction of HDAC1 and -2 with Sp1 on the
Npr1 promoter. A, Western blot analysis of HDAC1, HDAC2, or Sp1 com-
plexes isolated by immunoprecipitation with anti-Sp1 antibody from HDACi-
treated cells. Sequential ChIP analysis demonstrating in vivo recruitment of
HDAC1 (B) and HDAC2 (C) to the Npr1 promoter by Sp1 in MGCD0103-treated
and untreated cells. The intensity of DNA bands was quantified by Alpha
Innotech analysis software. Data shown represent mean � S.E. of three inde-
pendent experiments. MGCD0103 (1 �M); UT, untreated; WB, Western blot; IP,
immunoprecipitation.
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munoprecipitated with anti-Sp1 antibody, indicating that p300
forms a complex with Sp1. Moreover, treatment of cells with
TSA and MGCD0103 increased occupancy of Sp1, p300, and
Sp1�p300 complex at the Npr1 promoter (Fig. 7E, middle and
lower panel). On the other hand, PCAF was also detected in
anti-Sp1 immunoprecipitates, confirming that PCAF and Sp1
interact with each other while binding to Npr1 promoter (Fig.
7F, upper panel). Treatment of cells with TSA and MGCD0103
showed higher recruitment of PCAF to the Npr1 promoter;
there was significant augmentation of the Sp1�PCAF complex
on the Npr1 promoter (Fig. 7F, middle and lower panel).

To further delineate the HDACi-mediated regulation of
Npr1 gene expression under physiological conditions in vivo,
we have utilized Npr1 gene-disrupted heterozygous 1-copy
(�/�), wild-type 2-copy (�/�), and Npr1 gene-duplicated
4-copy (��/��) mice. Total HAT activity in renal tissues of
1-copy, 2-copy, and 4-copy mice treated with HDACi was sig-
nificantly induced as compared with their vehicle-treated con-
trol groups (Fig. 8A). Global acetylation levels of histones
H3-K9 and H4-K12 were markedly increased in renal tissues of
HDACi-treated mice as compared with vehicle-treated con-
trols groups. Chromatin immunoprecipitation assays were
used to elucidate the effect of HDACi on recruitment of acety-
lated histones, HDAC1 and -2, Sp1, and p300 to the Npr1 pro-
moter in kidney tissues of intact animals in vivo. Both TSA and
MGCD0103 augmented the accumulation of acetylated his-
tones H3-K9/14 and H4-K12 at the Npr1 promoter in 1-copy,
2-copy, and 4-copy mice kidneys and significantly prevented
the binding of HDAC1 and -2 as compared with untreated con-
trol mice (Fig. 8B). On the other hand, there was an increased
recruitment of Sp1 and p300 at the Npr1 promoter in Npr1
gene-targeted mice treated with HDACi. Real-time RT-PCR
analysis showed that there was a marked significant up-regula-
tion in Npr1 mRNA levels of TSA- and MCGD0103-treated
mice kidneys compared with vehicle-treated controls (Fig. 8C).
Western blot analysis demonstrated an augmented expression
of NPRA protein levels in mice treated with HDACi (TSA- and
MGCD0103) compared with their vehicle-treated control
groups (Fig. 8D). The treatment with HDACi significantly
increased the intracellular accumulation of renal cGMP in the
treated mice groups as compared with control mice (Fig. 8E).

DISCUSSION

The major findings of this study demonstrate that pan-
HDACi (TSA) and class I-selective HDACi (MGCD0103) up-
regulated Npr1 promoter activity, mRNA expression, protein
levels, and intracellular accumulation of cGMP. However, class
II-selective HDACi (MC1568) had no effect. Our results show
that HDAC inhibitors markedly increased global acetylation
levels of histones H3-K9/14 and H4-K12 and their accumula-
tion at the Npr1 proximal promoter. Histone acetylation or
decetylation is controlled by two classes of enzymes: the addi-
tion of the acetyl group to lysine residues, mediated by HATs, is
associated with activation of gene transcription, whereas
decreased acetylation levels, mediated by HDACs, is associated
with transcription repression (18, 39). Thus, HDACs could
repress Npr1 gene transcription via deacetylation of histones,
associated with the Npr1 promoter.

Our data provide direct evidence of the involvement of class
I HDACs in suppressing Npr1 gene transcription. Indeed,
ectopic expression of HDAC1 and -2 noticeably reduced Npr1
promoter activity, mRNA levels, and protein expression,
whereas knockdown of endogenous HDAC1 and -2 levels by
siRNA markedly induced Npr1 gene expression. These findings
suggest that HDAC2 and, to a lesser extent, HDAC1 are the
major molecular targets in HDACi-mediated Npr1 gene regu-
lation. The functions of class I HDACs, especially HDAC1 and
-2 in transcriptional regulation of genes have been widely stud-
ied, as have indications that they may be involved in several

FIGURE 7. Interaction of p300 and PCAF with Sp1 in the HDACi-mediated
effect on Npr1 gene transcription and expression. A, luciferase activity of
Npr1 promoter construct �356/�55 cotransfected with Sp1 and wild-type
p300, mutant p300-HAT, or p300 siRNA expression plasmid and treated with
HDACi. B, Western blot analysis of Sp1, wild-type p300, mutant p300-HAT,
and siRNA-mediated knockdown of endogenous p300 in transfected cells.
�-Actin was used as loading control. C, Western blot analysis of NPRA protein
expression in cells overexpressing Sp1 and wild-type p300 or mutant p300-
HAT in the presence of MGCD0103 and �-actin expression is shown as load-
ing control. D, intracellular accumulation of cGMP in cells overexpressing
wild-type or mutant p300 and Sp1 protein treated with MGCD0103 and
induced with ANP. Sequential ChIP analysis demonstrating in vivo recruit-
ment of p300 (E) and PCAF (F) to the Npr1 promoter by Sp1 in HDACi-treated
and untreated cells. The intensity of DNA bands was quantified by Alpha
Innotech analysis software. Representative gels from three independent
experiments are shown. Data shown represent mean � S.E. of three inde-
pendent experiments. HDACi (TSA, 50 nM; MGCD0103, 1 �M); Ctrl, control; UT,
untreated; WB, Western blot; IP, immunoprecipitation; **, p 	 0.01.
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pathological conditions via modulation of histone acetylation
(22, 24, 25, 40). Several classes of HDACi, including TSA, vori-
nostat, hydroxamic acid, and sodium butyrate have been shown
to attenuate HDAC protein expression and activity and to shift
the overall balance in favor of HAT activity, resulting in altered
gene expression, cell proliferation, or apoptosis (19, 31, 41, 42).
In this study, we found that TSA and MGCD0103 significantly
reduced HDAC2 and, to lesser extents, HDAC1 protein expres-
sion and total HDAC activity, thereby inducing dynamic
changes in chromatin structure within the Npr1 promoter. Pre-
vious studies have also shown that HDACi induces protein deg-
radation by regulating the enzymes of the ubiquitin-protea-

some pathway. For example, valproic acid has been shown to
reduce HDAC2 protein expression by the proteasomal degra-
dative pathway (43, 44).

Studies in humans and mice have shown that functional dele-
tion mutations in the Npr1 promoter seem to be linked with
essential hypertension (45). Also, Npr1 promoter polymor-
phism has been identified as a potent and novel marker of sus-
ceptibility to hypertension (46, 47). Our data from Npr1 pro-
moter deletion analysis demonstrated that Sp1 binding sites are
essential for TSA- and MGCD0103-mediated up-regulation of
Npr1 promoter activity. In addition, overexpression of Sp1 not
only significantly induced HDACi-regulated Npr1 gene tran-

FIGURE 8. HDACi-mediated in vivo regulation of renal NPRA expression and signaling involving HDACs, acetylated histones, Sp1, and p300 in Npr1
gene-targeted mice. A, effect of HDACi on renal HAT activity and global acetylation levels of H3-K9ac and H4-K12ac. B, HDACi-mediated recruitment of
acetylated histones, HDAC1 and -2, Sp1, and p300 at the Npr1 promoter (�120 to �73) in treated mice kidneys. Pooled samples from 6 mice in each group were
used for ChIP and purified DNA was amplified by conventional PCR. C, Npr1 mRNA levels in TSA- and MGCD0103-treated mice kidneys as analyzed by real-time
RT-PCR with �-actin as an internal control. D, Western blot and densitometry analyses of NPRA protein expression in TSA- and MGCD0103-treated Npr1 1-copy,
2-copy, and 4-copy mice kidneys. �-Actin was used as loading control. E, cGMP levels in kidney tissues of HDACi-treated mice as quantitated by ELISA. Data
shown represent mean � S.E. of three independent experiments. *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001 (vehicle-treated versus drug-treated same group). Ab,
antibody. In each group, six mice (n � 6) were used.
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scription and knockdown of endogenous Sp1 by siRNA-
attenuated Npr1 promoter activity, but also abolished HDACi-
induced Npr1 gene transcription. Sp1 belongs to the family of
zinc finger-containing Sp1 transcription factors; it can bind to
GC-rich motifs in the promoter and regulate multiple house-
keeping and growth-related genes (48, 49). Several studies have
indicated that Sp1 transcriptional activity can be regulated not
only quantitatively, through protein expression, but also quali-
tatively, by post-translational modifications such as phosphor-
ylation and acetylation (50, 51). There is increasing evidence of
nonhistone proteins that are involved in transcription being
acetylated at lysine residues by HDACi, then modifying their
transcriptional or binding activity to the promoters (28, 52).
Our Western blot and immunoprecipitation assays showed
that TSA and MGCD0103 did not affect the expression of Sp1,
but induced its acetylation in MMCs and also in the kidneys of
intact mice. Previous studies have indicated that Sp1 can be
acetylated at Lys703 and thus could alter transcriptional activity,
protein-protein interactions, and Sp1-containing protein com-
plexes at the gene promoters (51, 52).

Alternatively, HDAC inhibitors may have a direct effect on
Sp1, because HDACs can inhibit lysine acetylation by removing
acetyl groups from their substrate (29). It has been shown that
Sp1 can recruit HDAC1 and -2 to the target gene promoters
and that modulation of the interactions between Sp1 and
HDAC proteins is crucial for Sp1-dependent gene transcription
(52, 53). Our coimmunoprecipitation and sequential ChIP
results confirmed that Sp1 is associated with HDAC1 and -2
and that treatment with HDACi decreased levels of HDAC1
and -2 in the multiprotein complex. On the other hand, HDACi
has been shown to recruit HAT proteins such as p300/CREB-
binding protein and PCAF to sequence-specific transcription
factors and has been correlated with the acetylation of tran-
scription factors (54, 55). We found that HDACi-mediated
Npr1 promoter activation is dependent on p300-mediated Sp1
acetylation, because ectopic overexpression of mutant p300
defective in HAT activity abolished HDACi effects on Npr1
promoter activity, NPRA protein expression, and intracellular
accumulation of cGMP in Sp1 overexpressing cells. Previously,
it has been shown that treatment of pancreatic cancer cells with
TSA activates the TGF-type II receptor promoter by recruiting
p300 and PCAF into a Sp1�NF-Y�HDAC complex (51).
Recently, it has been reported that selective inhibition of
HDAC1 and -2 leads to transcriptional up-regulation of multi-
drug resistance protein 1, as well as recruitment of p300, PCAF,
and NF-Y by Sp1 acetylation (56). Supporting this notion, our
sequential ChIP results showed that HDACi treatment
increased the association and recruitment of p300, PCAF, and
Sp1 to the Npr1 promoter. A proposed schematic representa-
tion of the interaction of HDACs, Sp1, and p300/PCAF to the
Npr1 promoter in HDACi-mediated Npr1 gene transcription is
shown in Fig. 9. Protein expression of p300 and PCAF was
enhanced in the presence of TSA and MGCD0103. Moreover,
HDAC inhibitors have been shown to induce expression of
HATs such as p300, CREB-binding protein, and PCAF at the
mRNA and protein levels and HAT activity (54, 57). Our pres-
ent results suggest that HDACi(s) up-regulate the renal NPRA/
cGMP levels in Npr1 gene-targeted 1-copy, 2-copy, and 4-copy

mice in vivo by enhanced recruitment of acetylated histones,
Sp1, and p300, with attenuated binding of HDAC1 and -2 to the
Npr1 promoter.

Studies using functional expression and targeted disruption
of the Npr1 gene in mice have shown hallmark functional sig-
nificance of this receptor protein in providing protection
against renal and cardiac hypertrophic and fibrotic disorders
(58 – 60). It has recently been shown that glucocorticoids
improve renal responsiveness to ANP by up-regulating NPRA
expression; in decompensated heart failure, this is accompa-
nied by a remarkable increase in renal cGMP levels (61). The
present results of the Npr1 promoter and the identification of
transcriptional regulatory factors controlling its activity in cul-
tured cells in vitro and in intact animal models in vivo, will have
important implications with respect to identifying new molec-
ular targets for enhancing NPRA/cGMP signaling in the treat-
ment of renal and cardiovascular pathophysiological condi-
tions. Previous studies have also shown that Sp1 regulates
corticotrophin-releasing hormone receptor type 2 and p27
gene expression, which are important in both cardioprotection
against hypoxia/reoxygenation in cardiomyocytes and smooth
muscle cell hypertrophy (48, 62). Sp1 has been shown to regu-
late the renal protective effect against ischemia/reperfusion
injury (63). Accordingly, Sp1 might prove to be an important
regulatory factor in Npr1 gene transcription in physiological
settings. Moreover, involvement of HDAC1 and -2 in attenua-

FIGURE 9. Schematic model showing TSA- and MGCD0103-mediated reg-
ulation of Npr1 gene transcription and expression via interactions
among regulatory elements and chromatin remodeling. The schematic
model depicts that under untreated conditions class I HDACs (HDAC1 and -2)
interact with Sp1 and form a corepressor complex and also maintain H3 and
H4 in a hypoacetylated state. Under these conditions, transcription factors,
including Sp1 has low affinity for promoter. Treatment with HDACi (TSA and
MGCD0103) attenuates HDAC activity and induces HAT activity. This allows
HAT proteins, p300 and PCAF, whose expression was induced by TSA and
MGCD0103, to hyperacetylate H3 at K9/14, H4 at K12, and Sp1, which in asso-
ciation with p300 and PCAF occupies the Npr1 promoter within the newly
formed permissive chromatin condition and leads to increased Npr1 gene
transcription.
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tion of Npr1 gene transcription is an important finding in view
of the fact that class I HDACs are involved in kidney fibrosis,
which should yield new molecular and therapeutic approaches
for the treatment high blood pressure and renal diseases.

In conclusion, the present results provide the first evidence
that Npr1 gene transcription is modulated by pan-HDACi
(TSA) and class I-selective (MGCD0103) by affecting the major
molecular targets HDAC1, HDAC2, Sp1, p300, and PCAF. In
addition, histone acetylation by TSA and MGCD0103 has a
major part in Npr1 gene expression because it precedes
HDACi-mediated induction of Npr1 gene transcription and
mRNA levels. Our results show that HDACi induces dynamic
chromatin changes at the Npr1 promoter by increasing the
acetylation of histones H3-K9/14, H4-K12, and Sp1 and their
recruitment to the promoter region to facilitate Npr1 expres-
sion. Findings from our animal model further demonstrate the
involvement of acetylated histones, HDACs, Sp1, and p300 in
HDACi-mediated up-regulation of NPRA/cGMP signaling.
Collectively, our results provide evidence of a novel epigenetic
signaling mechanism that is responsible for regulating Npr1
gene expression and function in cultured cells in vitro and
under physiological conditions in the intact animals in vivo.
This is an essential step toward understanding NPRA expres-
sion and function, which are important regulators of hyperten-
sion and cardiovascular homeostasis. Our results demonstrate
for the first time that class I-selective HDACi up-regulates
Npr1 gene transcription via suppression of HDAC activity
and HDAC1 and -2 protein expression, induction of Sp1, and
histone acetylation, and recruitment of Sp1, p300, and PCAF
complexes to the Npr1 promoter, which may prove useful
therapeutic targets in the treatment of hypertension and
renal pathophysiological conditions.
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