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Abstract

Cell-cycle regulatory proteins (p21Cip1/p27Kip1) inhibit cyclin and cyclin-dependent kinase
(CDK) complex that promotes fibrosis and hypertrophy. The present study examined the
role of CDK blockers, p21Ci'D1/p27Kipl in the progression of renal fibrosis and dysfunc-
tion using Nprl (encoding guanylyl cyclase/natriuretic peptide receptor-A, GC-A/NPRA)
gene-knockout (0-copy; Nprl "), 2-copy (Npr1*'*), and 4-copy (Nprl****) mice treated
with GC inhibitor, A71915 and cGMP-dependent protein kinase (cGK) inhibitor, (Rp-8-
Br-cGMPS). A significant decrease in renal cGMP levels and cGK activity was observed
in O-copy mice and A71915- and Rp-treated 2-copy and 4-copy mice compared with
controls. An increased phosphorylation of Erk1/2, p38, p21Cip1, and p27KilDl occurred in
0-copy and A71915-treated 2-copy and 4-copy mice, while Rp treatment caused minimal
changes than controls. Pro-inflammatory (TNF-a, IL-6) and pro-fibrotic (TGF-f1) cy-
tokines were significantly increased in plasma and kidneys of 0-copy and A71915-treated
2-copy mice, but to lesser extent in 4-copy mice. Progressive renal pathologies, including
fibrosis, mesangial matrix expansion, and tubular hypertrophy were observed in 0-copy
and A71915-treated 2-copy and 4-copy mice, but minimally occurred in Rp-treated mice
compared with controls. These results indicate that Npr/ has pivotal roles in inhibiting
renal fibrosis and hypertrophy and exerts protective effects involving cGMP/cGK axis by
repressing CDK blockers p21P! and p27%iP!.

KEYWORDS
CDK blockers, cGMP/cGK, gene-targeting, natriuretic peptides, NPRA, renal fibrosis

Abbreviations: Alb:Cr, albumin:creatinine; CDK, cyclin-dependent kinase; cGKs, cGMP-dependent protein kinases; cGK inhibitor, Rp-8-Br-cGMPS; cGK
I, cGMP-dependent protein kinase I; cGK II, cGMP-dependent protein kinase II; DTT, dithiothreitol; ECL, enhanced chemiluminescence; Erk1/2,
extracellular-regulated kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GC-A/NPRA, Guanylyl cyclase/natriuretic peptide receptor-A;
H&E, hematoxylin and eosin; IL-6, interleukin-6; KC, kidney collagen; KW, kidney weight; MAPKSs, mitogen-activated protein kinases; MCs, mesangial
cells; MKP-1, MAPK phosphatase-1; MME, mesangial matrix expansion; NO, nitric oxide; Nprl, encoding GC-A/NPRA; p21Cip], CDK interacting protein
1; p27Kipl, kinase inhibitory protein 1; PBST, phosphate-buffered saline-Tween 20; PCNA, proliferating cell nuclear antigen; PCR, polymerase chain
reaction; PVDF, polyvinyl difluoride; SBP, systolic blood pressure; SDS, sodium dodecyl sulfate; TBST, Tris-buffered saline-Tween 20; TGF-p1,
transforming growth factor-beta 1; TNF-«, tumor necrosis factor-alpha; VSMCs, vascular smooth muscle cells.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology

The FASEB Journal. 2020;34:11925-11943.

wileyonlinelibrary.com/journal/fsb2 11925


www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿
mailto:kpandey@tulane.edu
http://creativecommons.org/licenses/by-nc/4.0/

DAS ET AL.

11926 =
—I_FASE‘BJOURNAL
1 | INTRODUCTION

Interaction of atrial and brain natriuretic peptides (ANP
and BNP) with guanylyl cyclase/natriuretic peptide recep-
tor-A (GC-A/NPRA) has a central role in the pathophysi-
ology of hypertension, renal disorders, and cardiovascular
dysfunction.l'4 Mice carrying targeted global disruption
of the Nprl gene (encoding for GC-A/NPRA) exhibit hy-
pertension, kidney dysfunction, and congestive heart fail-
ure.”® GC-A/NPRA antagonizes renal hypertrophic and
fibrotic growth, thus conferring renoprotective effects in
disease states.'”"® Global deletion of Nprl from mice led
to increased tubular hypertrophy and enhanced mesangial
matrix expansion (MME) with subsequent development of
fibrosis in the kidneys. 10.IL13-15 GC-A/NPRA-mediated syn-
thesis and intracellular accumulation of cGMP, as well as
subsequent activation of cGMP-dependent protein kinases
(cGKs), elicit a wide range of effects under both physio-
logical and pathophysiological conditions.'®?° cGKs are ex-
pressed in a wide range of tissues and cell types, including
intra- and extra-glomerular cells, mesangial cells (MCs),
vascular smooth muscle cells (VSMCs), and interstitial
myofibroblasts.?>* It has been shown that increasing cGK
activity protects mice against acute renal injury and fibro-
sis in an ischemia-reperfusion-induced kidney injury ani-
mal model.'***? Increased cGK activity has been found to
inhibit high-glucose-induced thrombospondin 1-dependent
extracellular matrix accumulation in the kidneys, suggest-
ing that ¢cGK has an anti-fibrotic effect in chronic kidney
diseases.”®?’ Treatment with GC activators, including natri-
uretic peptides or nitric oxide (NO) donor, suppressed renal
fibrosis via cGK 1 pathways.24 However, the underlying
mechanism by which this occurs is still unknown.

Several studies have shown that cells in arrest in the
G1 phase of the cell cycle undergo hypertrophy, support-
ing the idea that the cell cycle plays a critical role in renal
disease states.”*" It has been shown that in hypertrophic
and fibrotic disease conditions, agonist-induced G1 arrest
is associated with upregulation of the cyclin-dependent ki-
nase (CDK) inhibitors, p21Cipl (cDK interacting protein 1)
and p27Kipl (kinase inhibitory protein 1)313¢ Expression
of CDK-inhibitors (p21°P' and p27%'") is increased by
high glucose in mesangial cells in vivo and in vitro.”>*
The CDK inhibitors are regulated by the activation of mi-
togen-activated protein kinases (MAPKs), which varies
with cell types, stimuli, and the duration of signal activa-
tion. In fibroblasts, MAPK activation leads to increased
p27%"P! degradation that is independent of phosphorylation
by CDK2/cyclin E.****' In contrast, more delayed and pro-
longed activation of MAPKSs in PC12 cells and fibroblasts
by nerve growth factor leads to cell-cycle arrest, which is
associated with extracellular-regulated kinase 1/2 (Erk1/2)-
dependent increases in the expression of p27Kip] 4

The constitutive expression of MAPK phosphatase-1
(MKP-1) has been found to attenuate serum or oncogenic
ras-induced MAPKSs activation, block MAPK-dependent gene
expression, and inhibit cell proliferation, suggesting that the
dephosphorylation of MAPKSs in vivo by MKP-1 could have
a negative effect on cell proliferation and hypertrophy.“'46
Earlier, we reported that ANP/NPRA/cGMP signaling inhib-
its MAPKs in MCs and VSMCs; however, it also stimulates
MKP-1 in these cells.**® Previously, we also demonstrated
that systemic deletion of GC-A/NPRA produced renal me-
sangial cell expansion and hypertrophy in Nprl gene-knock-
out mice.'*! In the present study, we hypothesized that the
anti-proliferative, anti-hypertrophic, and anti-fibrotic actions
of GC-A/NPRA might be mediated through the cGMP/cGK
axis by induction of MKP-1, which dephosphorylates Erk/
p38/p21P1/p275"P! and induces Gy/G, cell-cycle transition to
control the fibrosis and hypertrophy. To test this hypothesis,
we examined the effect of Nprl ablation and drug treatments
of wild-type and gene-duplicated Npr/ mice with cGK inhib-
itor, Rp-8-Br-cGMPS (Rp) and NPRA antagonist, A71915.
Furthermore, we determined the expression and the activation
of CDK-inhibitors, p21“P" and p27%"! and their physiological
effects on the kidney injury and disorders in both genetically
modified and drug-treated animals.

2 | MATERIALS AND METHODS

2.1 | Materials

Primary antibodies of cGMP-dependent protein ki-
nase 1 (cGK I), ¢cGK II, proliferating cell nuclear anti-
gen (PCNA), MAPK phosphatase-1 (MKP-1), p-Erk1/2,
p-p38, p21°P' and p27%P! were obtained from Santa Cruz
Biotechnology (San Diego, CA, USA). Anti-mouse sec-
ondary antibody conjugated with Alexa Fluor 647, 488
and ProLong Gold antifade reagent with 4’, 6-diamidino-
2-phenylindole (DAPI) were purchased from Molecular
Probes (Invitrogen, Eugene, OR, USA). A71915 and Rp-
8-Br-cGMPS (hereafter indicated as Rp) were purchased,
respectively, from Bachem (Torrance, CA, USA) and EMD
Calbiochem (San Diego, CA, USA). TRIzol reagent was
obtained from Invitrogen (Carlsbad, CA, USA). A creati-
nine kit was purchased from BioAssay System (Hayward,
CA, USA). A microalbumin assay kit was purchased from
Bethyl Laboratories (Montgomery, TX, USA). RNase-free
DNase was obtained from Qiagen (Valencia, CA, USA).
A multiplex kit for mouse cytokine assay was purchased
from Millipore (Billerica, MA, USA). A cGK activity
assay kit was purchased from MBL International (Woburn,
MA, USA). A cGMP assay kit was purchased from Assay
Designs (Ann Arbor, MI, USA). All other chemicals were
of reagent grade.
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2.2 | Generation of Nprl gene-knockout and
gene-duplicated mice

Gene-targeted (gene-knockout and gene-duplication) Nprl
mice were generated by homologous recombination as pre-
viously reported.l’49 Briefly, gene-disruption targeting vec-
tor was constructed using both a 6.5-kb fragment of strain
129 genomic DNA containing sequence upstream of the
5" Nprl coding region as the 5’ region of homology and a
1.5-kb fragment containing exon 2, intron 2, and part of exon
3 as the 3’ homology arm. Animals were made from correctly
targeted embryonic stem (ES) cells.” Similarly, the targeted
gene-duplication of Nprl was achieved by homologous re-
combination.”! Briefly, the duplication targeting construct
was made by inserting the same 6.5-kb fragment in opposite
orientations in the targeting vector and replacing the 1.5-kb
fragment with a 1.3-kb Hind III fragment containing se-
quence 6.0-kb downstream of the last NprI encoding exon.’!
All mice were littermate progenies of C57/BL6 genetic back-
ground. The animals were genotyped by polymerase chain
reaction (PCR) analyses of DNA isolated from tail biopsies
as previously reported.“g’52 Mice were bred and maintained
in the Animal Care Facility at Tulane University Health
Sciences Center. All animal procedures were followed under
protocols approved by the Institutional Animal Care and Use
Committee and conducted in compliance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. The genotypes of mice included 0-copy
(—=/—) homozygous null mutant mice, 2-copy (+/+) wild-type
mice, and 4-copy (++/++) homozygous gene-duplicated
mice. Animals were maintained in a 12:12 hours light-dark
cycle (6 AM to 6 PM) at 25°C and fed regular chow (Purina
Laboratory, St. Louis, MO, USA) and tap water ad libitum.

2.3 | Experimental animals

We used adult (12-16 weeks) male O-copy, 2-copy, and
4-copy littermate mice. There were seven groups of animals:
(a) 0-copy, sham; (b) 2-copy, sham; (c) 2-copy + A71915
(1 pg/ kg/day); (d) 2-copy + Rp-8-Br-cGMPS (5 pg/kg/day);
(e) 4-copy, sham; (f) 4-copy + A71915 (1 pg/kg/day); and (g)
4-copy + Rp-8-Br-cGMPS (5 pg/kg/day). Eight to 10 mice
were used in each group. All drugs were subcutaneously in-
fused for 15 days using an osmotic minipump (Alzet Durect,
Cupertino, CA, USA).

2.4 | Blood pressure analysis

The arterial systolic blood pressure (SBP) of Nprl mice was
measured every other day by the noninvasive computerized
tail-cuff method, using a Visitech BP2000.'%>* After 7 days
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of training the mice for arterial pressure measurement, an av-
erage SBP level of five sessions per day was calculated for
analysis.

2.5 | Blood and tissue collection

With mice under CO, anesthesia, blood was collected by car-
diac puncture in prechilled tubes containing 10 pL of heparin
(1000 USP units/mL). Plasma was separated by centrifuga-
tion at 3000 g for 10 minutes at 4°C and stored at —80°C until
use. Animals were euthanized by administration of a high
concentration of CO, gas. Kidney tissues were collected,
flash-frozen in liquid nitrogen, and stored at —80°C until use.

2.6 | Renal histopathology and
morphological studies

Kidney tissues from each group were fixed in 10% buffered
paraformaldehyde solution. Paraffin-embedded tissue sec-
tions (5-um) were stained with hematoxylin and eosin (H&E)
and with Masson's trichrome to assess the presence of inter-
stitial collagen fiber accumulation as a marker of renal fibro-
sis. The percentage of matrix mesangial expansion (MME),
tubular hypertrophy, tubulointerstitial nephritis, and perivas-
cular infiltration (monocyte/macrophage) relative to the total
kidney area was determined in blinded and unbiased man-
ner by analysis in 20 randomly selected microscopic fields in
6-8 kidney sections per animal, using ImagePro Plus image
analysis software (Media Cybernetics, Silver Spring, MD) as
earlier reported.s’10 The ratio of fibrosis to total kidney was
determined by visualizing the blue-stained areas in blinded
and unbiased manner as previously reported. 10

2.7 | Analysis of gene expression by
real-time qRT-PCR

Total RNA was isolated using the TRIZOL method.
Kidney tissues (30 mg) were homogenized and the RNA
was extracted as per manufacturer's instructions. The
purified RNA for each sample was used for quantita-
tive real-time PCR (qRT-PCR). First-strand cDNA was
synthesized from 1 pg of total RNA in a final volume of
20 pL using RT? First Strand kit (Qiagen, Valencia, CA,
USA). qRT-PCR was performed using the Mx3000P real-
time PCR system and data were analyzed with MxPro
software (Stratagene, La Jolla, CA, USA) as previously
described.'®* The forward (F) and reverse (R) prim-
ers used were: TNF-a, F-5'-caacgccctcctggecaacg-3’
and R-5'-tcggggcagcecttgtcectt-3’; 1L-6, F-5'-cacggectt
ccctacttcac-3" and R-5'-tgcaagtgcatcategttgt-3'; TGF-f1,
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F-5'-tacagggctttcgattcage-3’ and R-5'-gtga gctgtgcaggt
gct-3’; cGK I, F-5'-ctgcctetectetecttect-3’ and R-5'-tcgcaaa
gtcttectecagt-3'; ¢cGK  II, F-5'-agtgcctctggatgttcacc-3’
and R-5’-ctggggatccaatctcttca-3’; and GAPDH, F-5'-
tccctcaagattgtcageaa-3’ and R-5'-agatccacaaacggatacatt-3'.
PCR amplification (triplicates) was carried out in a 20 pL
reaction volume using RT? real-time quantifast SYBR
Green/ROX PCR Master Mix. The PCR reaction condi-
tions were: 95°C for 10 minutes; followed by 45 cycles
at 95°C for 15 seconds and 60°C for 1 minutes; followed
by 1 cycle at 95°C for 1 minutes, 55°C for 30 seconds and
95°C for 30 seconds for the dissociation curve. The reac-
tion mixture without template cDNA was used as negative
controls. Threshold cycle numbers (Ct) were determined
with MxPro QPCR Software and transformed using the
ACy comparative method. The quantitative fold changes in
mRNA expression were normalized to expression values of
GAPDH mRNA as endogenous control within each corre-
sponding sample relative to positive and negative controls.
The levels of gene expression in each corresponding group
were determined by the comparative C; method (AACy)
using REST2009 software from Qiagen (Valencia, CA,
USA). After PCR amplification, a melting curve of each
amplicon was determined to verify its accuracy.

2.8 | Western blot analysis

Kidney tissue homogenate (20 pg proteins) was mixed with
an equal volume of 2X sodium dodecyl sulfate (SDS) sample
loading buffer containing 125 mM Tris-HCI, 4% SDS, 20%
glycerol, 100 mM dithiothreitol (DTT), and 0.2% bromo-
phenol blue, then separated in a 10% SDS-polyacrylamide
gel as previously described.>>* Proteins were electrotrans-
ferred onto a polyvinyl difluoride (PVDF) membrane. The
membrane was blocked with 1X Tris-buffered saline-Tween
20 (TBST; 25 mM Tris, 500 mM NaCl, and 0.05% Tween
20, pH 7.5) containing 5% fat-free milk, then incubated
overnight in TBST containing 3% fat-free milk at 4°C with
primary antibodies as previously described.”'® The mem-
brane was then treated with corresponding secondary HRP-
conjugated antibodies (1:5000 dilution). Protein bands were
visualized by enhanced chemiluminescence (ECL) plus
detection system with an Alpha Innotech Imager. In the
Western blotting, primary antibodies were used as follows:
cGK I (75 kDa; sc-271766; 1:500; SCBT, Santa Cruz, CA,
USA); cGK II (86 kDa; sc-393126; 1:500); MKP-1 (40 kDa;
sc-373841; 1:200; SCBT, Santa Cruz, CA, USA); Erkl1/2
(44 kDa/42 kDa; sc-514302; 1:250; SCBT, Santa Cruz, CA,
USA); p38 (38 kDa; sc-271120; 1:250; SCBT, Santa Cruz,
CA, USA); p-Erkl/2 (44 kDa/42 kDa; sc-81492; 1:200;
SCBT, Santa Cruz, CA, USA); p-p38 (38 kDa; sc-7973;

1:250; SCBT, Santa Cruz, CA, USA); p21°P' (21 kDa;
sc-6246; 1:250; SCBT, Santa Cruz, CA, USA); p27P!
(27 kDa;sc-1641; 1:200; SCBT, Santa Cruz, CA, USA);
B-actin (43 kDa; sc-47778; 1:2000; SCBT, Santa Cruz, CA,
USA); PCNA (36 kDa; sc-56; 1:500; SCBT, Santa Cruz,
CA, USA); HRP-conjugated anti mouse IgG (sc-516102;
1:1000; SCBT, Santa Cruz, CA, USA; G-21040; 1:1000;
Invitrogen, Eugene, OR, USA).

2.9 | Assay of albumin and creatinine in
urine samples

Albumin levels were measured in 24-hours urine samples
collected from mice in a metabolic cage, using ELISA kit
(Bethyl Laboratories, Montgomery, TX, USA). Urine creati-
nine concentrations were measured using the creatinine assay
kit (BioAssay Systems, Hayward, CA, USA).m’55

2.10 | Determination of collagen
concentrations in kidney tissues

Total collagen concentrations in kidney tissue samples were
quantified from the hydroxyproline content as previously de-
scribed.*® Briefly, the tissue samples were homogenized and
hydrolyzed in 6 N HCI at 110°C for 18 hours in a sealed reac-
tion vial. The samples were dried under vacuum and the resi-
due was resuspended in 50% isopropanol, then treated with
chloramine T. After 10 minutes of incubation, the samples
were mixed with Ehrlich's reagent and incubated at 50°C for
90 minutes. The absorbance was read at 558 nm using water
as a reference; readings were corrected with a reagent blank.
To obtain the total collagen content, a conversion factor of
8.2 was used.

2.11 | Assay of plasma and renal pro-
inflammatory cytokines

The concentrations of pro-inflammatory and pro-fibrotic
cytokines, including tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6), and transforming growth factor-betal
(TGF-B1), were measured in plasma and kidney tissue ho-
mogenates by multiplex bead array format (Milliplex and
Lincoplex) from Millipore (Billerica, MA, USA), using a
Bio-Plex Instrument (Bio-Rad, Hercules, CA, USA) ac-
cording to the manufacturer's guidelines. Spectrally ad-
dressed polystyrene beads coated with cytokine-specific
monoclonal antibodies were used to capture the cytokine of
interest. The instrument sorted out and measured the fluo-
rescent signal from each bead by dual excitation sources.
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2.12 | Immunofluorescence analysis
Immunofluorescence staining was done on 4-um sections of
paraffin-embedded kidney tissues. After dehydration and anti-
gen retrieval, the sections were sequentially incubated at room
temperature with blocking reagent, primary antibodies (PCNA,
p21€P! p27%P! GK I, ¢GK II) and secondary antibody conju-
gated with respective fluorochrome for 30 minutes.>’ The sec-
tions were then washed with phosphate-buffered saline-Tween
20 (PBST), after which an appropriate amount of ProLong-
Gold Antifade reagent with DAPI was added. The nonspecific
binding of secondary antibodies was excluded by omitting the
primary antibody. The specificity of the primary antibody was
tested using the PBS solution without antibody; this served as a
control. Immunofluorescence was observed and photographed
under a fluorescence microscope (Olympus BX51) with in-
tegrated Magnafire Digital Firewire Camera Software. The
antibody-positive area relative to the area of the total kidney
was calculated using ImagePro Plus image analysis software
(Media Cybernetics, Silver Spring, MD, USA).

2.13 | Plasma and kidney cGMP assay

Blood samples were collected in tubes containing EDTA and
immediately centrifuged at 3000 g for 10 minutes at 4°C. The
plasma was separated and stored at —80°C until used. Kidney
tissues were also collected simultaneously, and flash frozen
in liquid nitrogen, and immediately stored at —80°C until use.
Plasma and renal cGMP levels were determined using a di-
rect cGMP enzyme-linked immunoassay kit (Assay Designs,
Ann Arbor, MI, USA), according to the manufacturer's pro-
tocol as previously reported.&lo

2.14 | Renal ¢cGK activity assay

Renal cGK activity was determined in Nprl 0-copy, 2-copy,
and 4-copy mice with and without treatment of cGK inhibi-
tor, Rp-8-Br-cGMPS (5 pg/kg/day), and NPRA antagonist,
AT1915 (1 pg/kg/day). Nuclear fraction from the kidney was
prepared and subjected to cGK activity assay using the CycLex
cGMP-dependent protein kinase assay kit (MBL International,
Woburn, MA, USA) according to the manufacturer's proto-
cols. The CycLex cGK assay uses a peroxidase coupled anti-
phospho-G kinase substrate monoclonal antibody reporter
molecule. The assay system provides a non-radioactive,
sensitive, and specific method to measure the cGK activity.”®

2.15 | Statistical analysis

Statistical analysis was done by one-way analysis of vari-
ance (ANOVA and nonparametric) with Dunnett's multiple
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comparison post hoc tests, using the GraphPad PRISM pro-
gram (version 6.0; GraphPad Software, San Diego, CA). The
results are presented as mean + SE. Significance was set at
P < .05.

3 | RESULTS
3.1 | Renal analytical and functional
measurements

The SBP, kidney weight (KW), and urine albumin:creatinine
(Alb:Cr) ratios were determined in all experimental groups
(Table 1). BP analysis showed a high SBP in 0-copy mice
(138.6 + 3.3 mm Hg; P < .001) and a significantly lower SBP
in 4-copy mice (86.0 + 2.8 mm Hg; P < .01) as compared
to 2-copy control animals (102.2 + 1.7 mm Hg). Moreover,
treatment with A71915 and Rp for 15 days showed signifi-
cant changes in SBP in 2-copy mice but A71915 treatment
caused only a small but significant increase in SBP of 4-copy
mice as compared with untreated control mice (Table 1).
There was a marked increase in KW of 0-copy mice
(256.8 + 2.7 mg; P <.001) as compared with 2-copy wild-
type mice (231.0 + 2.1 mg) and 4-copy gene-duplicated mice
(222.6 + 1.8). After A71915 treatment there was a significant
increase in KW of 2-copy (239.2 + 1.9 mg; P < .05) mice,
but no significant change was observed in the KW of Rp-
treated 2-copy mice (233.6 + 1.9 mg). Similarly, treatment
with NPRA inhibitor, A71915 also did not cause significant
change in KW in 4-copy mice as compared with untreated
control mice (Table 1). On the other hand, the Alb:Cr ratio
was significantly increased in 0-copy mice (three-fold) when
compared with 2-copy mice (5.4 +0.2vs 1.6 +0.1; P < .001).
While A71915 treatment showed a significant increase (75%)
in Alb:Cr in 2-copy mice (2.8 + 0.1), this value remained un-
changed in the Rp-treated group. Furthermore, after 15 days
of treatment, both inhibitors showed only minimal changes
in Alb:Cr in 4-copy animals as compared to 2-copy wild-type
mice (Table 1).

3.2 | Quantitation of collagen and
c¢GMP contents

The kidney collagen (KC) and renal cGMP contents were
determined in all the experimental groups (Table 1). KC
content was significantly increased (two-fold) in 2-copy
mice treated with A71915 (2.3 + 0.3 ug/gm), but was un-
changed in the Rp-treated group (1.3 + 0.2 pg/gm) as com-
pared with 2-copy untreated control mice (1.1 + 0.1 pg/gm).
Similar increases (three-fold) in KC contents were observed
in 0-copy mice (3.3 + 0.3 ug/gm). KC content was increased
in 4-copy + A71915 mice but was unchanged in Rp-treated
4-copy mice compared with 4-copy untreated control mice.
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TABLE 1

Analyses of systolic blood pressure, urine albumin/creatinine, kidney collagen, renal cGMP in Nprl gene-disrupted, wild-type and

gene-duplicated mice with or without treatments of Rp-8-Br-cGMPS (Rp) and A71915 for 15 days

2-copy
Parameters 0-copy 2-copy Rp
SBP (mm Hg) 138.6 + 3.3° 1022 + 1.7 110.8 + 1.2°
KW (mg) 256.8 +2.7° 231.0 + 2.1 233.6 + 1.9
Alb:Cr (Urine) 54402 1.6 +0.1 19402
KC (ug/gm) 33 +0.3° 1.1+0.1 13+£02
Renal cGMP 58+0.7 36.8 +2.2 295+ 1.7¢
(pmole/mg pr)
Plasma cGMP 2.5+ 04° 19.1+ 1.1 149 + 1.5
(pmole/mL)

4-copy
A71915 4-copy Rp A71915
1150+ 1.5° 86.0 £2.8 91.0 2.0 95.4 + 1.9%
239.2 + 1.9 222.6+ 1.8 226.0 £2.2 225.6 +2.8
2.8+0.1° 1.5+0.1 1.7+0.1 1.8 +£0.1
2.3+03 0.9 +0.1 1.0+ 0.1 12+0.1
155 £2.1° 744 + 4.0 68.1 +3.1 60.8 + 2.8*
74+0.7° 409 +2.5 346+25 29.9 + 2.0

Note: Systolic blood pressure (SBP) was measured by computerized tail-cuff method. The urine albumin, creatinine, kidney collagen, albumin and creatinine ratio, and
cGMP levels were determined as described under Materials and Methods section. The data are expressed as mean + SE. n = 8 in each group.

P < .05 (untreated 2-copy vs A71915-treated wild-type, 2-copy).
P < .01 (untreated 2-copy vs A71915-treated wild-type, 2-copy).
°P < .001 (untreated 2-copy vs A71915-treated wild-type, 2-copy).
P < .05 (untreated 2-copy vs Rp-treated wild-type, 2-copy).

#P < .05 (untreated gene-duplicated 4-copy vs A71915-treated gene-duplicated, 4-copy).

P < .0001 (untreated O-copy vs untreated wild-type, 2-copy).

The treatments of 2-copy mice with Rp and A71915 showed a
significant reduction in kidney cGMP content (29.5 + 1.7 and
15.5 + 2.1 pmole/mg protein) as compared to that of control
2-copy mice (36.8 + 2.2 pmole/mg protein). Treatment with
A71915 led to a significant reduction in renal cGMP con-
tent in 4-copy mice (60.8 + 2.8 pmole/mg protein; P < .05),
while Rp treatment produced only a modest change in renal
c¢GMP content in 4-copy mice (Table 1). Similarly, we found
a significant reduction in plasma cGMP levels in O-copy mice
(2.5 + 0.4 pmole/mL; P < .001), a proportionate significant
increase (two-fold) in plasma cGMP concentration occurred
in untreated 4-copy mice (40.9 + 2.5 pmole/mL; P < .001)
as compared to 2-copy mice (19.1 + 1.1 pmole/mL). Plasma
c¢GMP content was significantly reduced in 2-copy mice after
treatment with both A71915 (7.4 + 0.7 pmole/mL; P < .001)
and Rp (14.9 + 1.5 pmole/mL; P < .05).

3.3 | Renal ¢cGK activity and
¢GK expression

The results of renal cGK activity assays are shown in
Figure 1. The endogenous cGK activity in kidney tissues
was downregulated in 0-copy mice by 60% (P < .001), in
2-copy + A71915 mice by 53% (P < .01), and in 2-copy + Rp
mice by 39% (P < .05) as compared to untreated 2-copy con-
trol mice. The endogenous cGK activity of gene-duplicated
4-copy mice was increased by 2.8-fold as compared with
2-copy control mice (Figure 1A). Furthermore, renal cGK
activity in 4-copy mice treated with A71915 and Rp was re-
spectively reduced 45% (P < .01) and 32% (P < .05).

The protein levels of ¢cGK I and cGK II in the kidneys
of all the experimental animals were determined by Western
blot analysis (Figure 1B). Densitometric analysis showed that
c¢GK1 expression was reduced by 90% and cGK II expres-
sion by almost 66% in the kidneys of 0-copy mice as com-
pared to 2-copy wild-type mice given the same treatments
(Figure 1C,D). Gene-duplication of Nprl (4-copy) mice
showed a significant increase in renal expression of cGK I
(1.7-fold; P < .01) and ¢cGK II (two-fold; P < .001).

There was a significant reduction in expression of cGK I
(80%) and cGK II (67%) in 2-copy mice after A71915 treat-
ment (Figure 1C,D). Similarly, after A71915 treatment for
15 days, 4-copy mice also showed significant compromises
with renal ¢cGK I (46%) and cGK II (65%) expression. Rp
treatment led to reductions of only 20% in cGK I and 30% in
c¢GK II expression in the kidneys of 4-copy mice compared
with untreated control mice.

3.4 | Expression of MKP-1, cell-cycle
regulators p21“*!/p27%*! and MAPKs

We determined the expression of MKP-1, p21Cip1, p27Kip1,
p-Erk1/2, and p-p38 to delineate the role of cGK-associated
downstream targets in the development of hypertrophy in
the kidneys of 2-copy and 4-copy mice given treatment with
A71915 and Rp. The results demonstrated that adminis-
tration of A71915 reduced the protective effect of GC-A/
NPRA in the kidneys of 2-copy and 4-copy mice. A sig-
nificant reduction in MKP-1 (70%) expression in 0-copy
mice was observed as compared to that in 2-copy mice
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FIGURE 1 Comparative analysis of cGMP-dependent protein kinase activity and its renal expression in Nprl gene-disrupted, wild-type,

and gene-duplicated mice with or without treatment of Rp-8-Br-cGMPS and A71915. A, ¢GK activity was measured according to the procedures

as described in Materials and Methods section, in untreated O-copy, 2-copy and 4-copy mice and 2-copy and 4-copy mice treated with Rp-8-Br-
cGMPS and A71915 for 2 weeks. B, Shows the cGK I and cGK II protein expression by Western blot in the kidneys of the abovementioned groups.
C and D, Respective densitometric quantitation of protein bands in Western blot analysis. The relative expression of cGK I and cGK 1II is compared
with the relative expression of B-actin. Values are expressed as mean + SE. *P < .05; **P < .01; ***P < .001, n = 10 mice in each group

(Figure 2A,B). After A71915 treatment for 15 days, the
phosphorylation of MAPKs (p-Erk1/2 and p-p38) in 2-copy
mice was significantly increased by 1.6-fold and 1.8-fold,
respectively (Figure 2A,C,D). Simultaneously, there was
a significant increase in expression levels of p21C'Apl (1.7-
fold) and p275"P! (1.9-fold) in the kidneys of 2-copy mice
after A71915 treatment (Figure 2A,E,F). Duplication of
Nprl in 4-copy mice showed increased MKP-1 expres-
sion and attenuated levels of p-Erk1/2, p-p38, p21Cip1, and
p27Kipl as compared to levels in 2-copy mice (Figure 2A-F).
Treatment with ANP antagonist, A71915, led to a greater
reduction (50%; P < .01), while Rp treatment produced only
partial attenuation (20%; P < .05) of MKP-1 expression in
4-copy mice. On the other hand, p-Erk1/2, p-p38, p21Cip1,
and p27Kipl expression levels were significantly increased
in 4-copy mice after A71915 treatment as compared with
levels in untreated control groups.

3.5 | Histochemical immunofluorescence
analysis of PCNA, ¢cGK I, ¢cGK 11,
p214P1 and p27%iP!

To determine the immunofluorescence localization of
PCNA, ¢cGK 1, ¢cGK 1I, pZICipl, and p27Kipl under the in-
hibitor treatments, the kidney tissue sections were pro-
cessed for immunofluorescence analysis with the specific
antibodies of these proteins (Figure 3A-G). As shown in
Table 2, there was a significant increase in renal PCNA ex-
pression in the kidneys of 0-copy (6.4-fold; Figure 3B) and
2-copy + A71915 (four-fold; Figure 3D) mice as compared
with untreated 2-copy wild-type control mice (Figure 3A).
Conversely, gene-duplication of Nprl in 4-copy mice
showed a minimal, insignificant increases in the expression
of PCNA after A71915 (Figure 3G) and Rp (Figure 3F)
treatments. On the other hand, renal expression of cGK I
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FIGURE 2 Quantitative analysis of renal expression of MKP-1, p-Erk1/2, p-p38 and cell-cycle modulatory protein molecules p21“P! and

p27%%P! in Npri gene-disrupted, wild-type, and gene-duplicated mice with or without treatments of Rp-8-Br-cGMPS and A71915. A, The renal

protein levels of MKP-1, p-Erk1/2, p-p38, p21°P!, and p27%'! was determined by Western blot. B-F, Respective densitometric quantitation of

protein bands in Western blot analysis. The relative expression of MKP-1, p21°P! and p275"! is compared with the relative expression to p-actin.

The relative expression of p-Erk1/2 and p-p38 MAPKSs is compared with the relative expression Erk1/2 and p38, respectively. Values are expressed
as mean + SE. *P < .05; **P <.01; ***P < .001, n = 10 mice in each group

and cGK II was significantly reduced in 0-copy (Figure 3B)
and 2-copy + A71915 (Figure 3D) mice but was only
moderately altered in the 2-copy + Rp group (Figure 3C)
as compared with 2-copy control mice (Table 2). Npri
gene-duplication in 4-copy mice led to significant in-
creases in renal cGK I (1.8-fold) and cGK II (1.5-fold)

expression as compared with that in wild-type 2-copy mice.
Furthermore, treatment with both inhibitors produced mod-
est but significant decreases in renal cGK I and cGK II ex-
pression in 4-copy mice given A71915 treatment (Table 2).
The renal expression levels of p21Cip] and p27Kip1 in differ-
ent groups of mice are shown in Figure 3A-G. The images



DAS ET AL.

(A) PCNA CGK1

(8)

©)

(D)

(E)

(F)

(G)

Scale: [~ ] = 20um

= 11933
FASE‘BJOURNALJ—

p21 p27

2-copy+ 2-copy+Rp 0-copy 2-copy

A71915

4-copy+Rp 4-copy

4-copy+
A71915

FIGURE 3 Histochemical immunofluorescence localization and expression of PCNA, cGK I, cGK II, p21Cip1, and p27Kipl in the kidneys of
Nprl gene-disrupted, wild-type and gene-duplicated mice. Kidney tissue section (4-um) was used for the comparative analysis of the expression of
PCNA, cGK I, cGK II, p21Cipl, and p27Kipl according to the methods as described in the Materials and Methods section. A-G, Show representative
images of 2-copy, 0-copy, 2-copy + Rp, 2-copy + A71915, 4-copy, 4-copy + Rp, and 4-copy + A71915 mice, respectively. Positive cells for

each antibody are shown by white arrows in respective images. The images are representative of 10 mice in each group. Photomicrograph scale

bar = 20 um

shown here demonstrate a marked rise in renal expression
of p21°P! (nine-fold) and p27¥P! (seven-fold) in 2-copy
mice after A71915 treatment; these expression levels were
comparable to that in 0-copy mice (Figure 3B). However,
A71915 and Rp treatment had little influence on p21Ci‘°1
and p27Kipl expression in the kidneys of 4-copy mice as
compared to the respective untreated control animals
(Figure 3E-G).

3.6 | Expression of mRNAs of ¢cGK I, cGK
I1, and cytokines

We determined the mRNA expression levels of renal pro-
inflammatory cytokines (TNF-a and IL-6), pro-fibrotic cy-
tokine (TGF-P1), cGK I, and ¢cGK II in Nprl mice given
inhibitor treatments (Figure 4). Renal TNF-a mRNA expres-
sion was increased 9.4-fold in O-copy mice as compared to
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TABLE 2 Quantitative analysis of relative histochemical immunofluorescence localization of PCNA, ¢GK 1, cGK I, pZICip1 and p27Kipl in
Nprl gene-disrupted, wild-type and gene-duplicated mice with or without Rp-8-Br-cGMPS (Rp) and A71915 treatments for 15 days

2-copy
Parameters 0-copy 2-copy Rp
PCNA 51.3 £3.3¢ 80+13 90+1.3
cGK 1 6.3 +0.9° 405 +2.6 328 +2.7°
cGK1I 5.6 +0.9° 49.0 +4.0 38.5 +3.3"
p216P! 38.0 +3.2° 41+09 5.4+0.5
p27KiP! 442 +3.1° 51407 6.0 +0.9

4-copy
A71915 4-copy Rp A71915
32.6 +3.0° 42409 50+06 7.0+09
9.4+0.8" 70.9 + 4.5 68.1 +3.9 55.3 + 4.6°
7.4+ 1.0° 82.6 + 4.1 74.8 +5.0 67.1+2.14
36.0 +2.2° 2.1+09 32+09 43+0.6
358 +2.6 24406 29+0.7 37+09

Note: Percentages for the antibody-positive area were calculated according to the method described under Materials and Methods section. The analysis was done for
PCNA, proliferating cell nuclear antigen; cGK 1 and ¢GK II, cGMP-dependent protein kinase 1 and II; p21<"" and p27X®!, cyclin dependent kinase (CDK) inhibitor
protein. The antibody specificity was confirmed in the preliminary experiments using the PBS solution as a negative control in the absence of specific antibodies. Data

are presented as mean + SE. n = 8 in each group.

P < .05 (untreated 2-copy vs Rp-treated wild-type, 2-copy).

P < .001 (untreated 2-copy vs A71915-treated wild-type, 2-copy).
°P < .001 (untreated 2-copy vs untreated 0-copy).

4p < .05 (untreated gene-duplicated, 4-copy vs A71915-treated gene-duplicated, 4-copy).

2-copy control mice. A moderate increase in TNF-a mRNA
was also observed in 2-copy mice treated with Rp, whereas
a 6.6-fold increase occurred after treatment with A71915
(Figure 4A). Furthermore, TNF- « mRNA was moderately
increased in 4-copy + A71915 mice (2.8-fold), but produced
only small changes in 4-copy + Rp groups. Similarly, IL-6
mRNA was upregulated in 2-copy mice treated with Rp (3.2-
fold; P < .05) and A71915 (7.2-fold; P < .001), the levels
that were almost similar to those in 0-copy mice (10.3-fold;
P <.001). Treatment of 4-copy mice with A71915 increased
IL-6 mRNA by 2.7-fold (P < .01) as compared levels in un-
treated controls (Figure 4B). TGF-p1 mRNA was signifi-
cantly increased in 2-copy (4.4-fold) and 4-copy (2.8-fold)
mice treated with A71915 as compared with levels in their re-
spective untreated controls (Figure 4C). Duplication of Nprl
in 4-copy mice significantly increased the levels of cGK 1
mRNA (1.6-fold) and cGK II mRNA (2.3-fold) as compared
to 2-copy control mice (Figure 4D,E). Conversely, deletion
of Nprl from 0-copy mice reduced cGK I and cGK I mRNA
levels by 80%-90%. Treatment with A71915 downregulated
mRNA expression of cGK I and cGK II in 2-copy and 4-copy
mice, whereas Rp treatment produced only minor changes in
their mRNA expression as compared with untreated 2-copy
control animals.

3.7 | Plasma and renal levels of
cytokine proteins

The protein levels of TNF-a, IL-6, and TGF-f1 in both the
plasma and kidneys of mice are shown in Figure 5. After
A71915 treatment, the plasma TNF-a level was increased
by 3.3-fold in 2-copy mice (8.3 + 1.1 pg/mL (Figure 5A).
Deletion of Npri showed upregulation of plasma TNF-a level,

by 6.5-fold in O-copy mice as compared to the level in 2-copy
control mice (16.17 + 1.97 pg/mL vs 2.51 + 0.63 pg/mL).
Similarly, there was a 2.4-fold increase in the plasma
TNF-a level in 4-copy mice after A71915 treatment. Kidney
TNF-a concentration was also increased in O-copy (two-
fold), 2-copy + A71915 (1.7-fold), and 4-copy + A71915
(2.2-fold) mice as compared to their respective control mice
(Figure 5D). After A71915 treatment, the IL-6 levels in both
plasma and kidney were significantly increased in 2-copy
(43.42 + 2.08 pg/mL and 76.01 + 3.37 pg/mg protein) and
4-copy mice (22.60 + 1.86 pg/mL and 41.73 + 2.48 pg/mg
protein). However, Rp treatment led to only modest changes
(Figure 5B,E). After treatment with A71915, plasma and kid-
ney TGF-B1 levels were significantly increased in 0-copy
mice (51.62 +5.22 pg/mL; three-foldand 167.7 +20.14 pg/mg
protein; 4.2-fold), 2-copy mice (38.02 + 1.81 pg/mL; 2.2-
fold and 107.5 + 5.56 pg/mg protein; 2.7-fold), and 4-copy
mice (16.64 + 3.18 pg/mL; 2.0-fold and 37.8 + 2.42 pg/mg
protein; 1.8-fold), respectively, (Figure 5C,F).

3.8 | Renal histopathology and
morphometric analyses

Histological evaluation showed significantly marked in-
creases in MME (indicated by black arrow), tubular hypertro-
phy (indicated by yellow arrow), tubulointerstitial nephritis
(indicated by blue arrow), as well as perivascular infiltra-
tion of monocyte/macrophage (indicated by red arrow), in
the kidney tissue sections of experimental mice (Figure 6A).
MME, tubular hypertrophy, and tubulointerstitial nephritis,
as well as perivascular infiltration (monocyte/macrophage),
were seen in 0-copy, 2-copy + Rp, 2-copy + A71915, and
4-copy + A71915 mice as compared with untreated 2-copy
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FIGURE 4 Renal pro-inflammatory cytokines, growth factor, and cGK genes in the kidney tissues of Npr/ gene-disrupted, wild-type, and
gene-duplicated mice. A and B, The relative mRNA expressions of pro-inflammatory cytokine, TNF-a and IL-6, normalized to GAPDH mRNA in
the kidney tissues with or without inhibitor treatment. C, The mRNA expression of tissue growth factors and TGF-B1, relative to GAPDH mRNA
in the kidney tissues. D and E, The relative mRNA expressions of cGK I and cGK II, respectively, in the kidney tissues relative to GAPDH. Values
are expressed as mean + SE. *P < .05; **P < .01; ***P < .001, n = 10 mice in each group

control mice. However, cellular integrity was only moder-
ately changed in 4-copy mice after Rp treatments. The quan-
titative analyses of different renal pathologies in the tissue
sections stained with H&E are presented in Figure 6C-F and
Table 3. The quantitation of the data showed that the patho-
logical incidence, including, MME, tubular hypertrophy,

tubulointerstitial nephritis, and perivascular infiltration
(monocyte/macrophage) was significantly higher in 0-copy
mice and Rp- and A71915-treated 2-copy and 4-copy mice as
compared to untreated control mice (Figure 6C-F; Table 3).
However, the extent of damage was greater in 0-copy mice
and A71915-treated 2-copy and 4-copy mice than untreated
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Quantitative analysis of plasma and kidney TNF-a, IL-6, and TGF-p1 in Nprl gene-disrupted, wild-type and gene-duplicated mice

with or without treatment of Rp-8-br-cGMPS and A71915 inhibitors by multiplex assay. The concentrations of pro-inflammatory and pro-fibrotic
cytokines were measured in plasma and kidney tissue homogenates by multiplex bead array format. A, B, and C, Plasma levels of TNF-a, IL-6,
and TGF-B1. D, E, and F, Kidney levels of TNF-a, I1-6, and TGF-1, respectively. Values are expressed as mean =+ SE. *P < .05; **P < .01;

##%P < 001, n = 10 mice in each group

control mice (Figure 6C-F). Renal fibrosis (shown by black
arrows) was demonstrated in O-copy mice by deposition of ex-
tracellular matrix (ECM), which is evident with the Masson's
trichome blue staining of collagen fibers (Figure 6B). The
treatments with A71915 yielded the similar deposition of
collagen as observed in 0-copy mice; however, Rp-treated

2-copy and 4-copy mice showed mild blue coloration of kid-
ney as compared with untreated control mice (Figure 6B).
The quantitative analysis showed that the extent of fibrotic
lesions was also greatly inflicted in O-copy and A71915-
treated 2-copy and 4-copy mice as compared with untreated
control animals (Figure 6G; Table 3).
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FIGURE 6 Analysis of renal histopathology of mesangial matrix expansion, tubular hypertrophy, tubulointerstitial nephritis, perivascular

infiltration, and renal fibrosis in Nprl gene-disrupted, wild-type, and gene-duplicated mice. A, The kidney tissue sections stained with H&E show

the histological evaluation with increased MME (indicated by black arrow), tubular hypertrophy (indicated by yellow arrow), tubulointerstitial

nephritis (indicated by blue arrow), as well as perivascular infiltration of monocyte/macrophage (indicated in red arrow) in O-copy, 2-copy + Rp,

2-copy + A71915, 4-copy + Rp, and 4-copy + A71915 mice as compared with untreated 2-copy control mice. B, The accumulation of collagen

(fibrosis; blue-stained area) in the kidney sections of O-copy, 2-copy + Rp, 2-copy + A71915, 4-copy + Rp, and 4-copy + A71915 mice, after

staining with Masson's Trichrome (shown by black arrows). Panels C-F represent the quantitative analysis of MME, tubular hypertrophy,

tubulointerstitial nephritis, and perivascular infiltration (monocyte/macrophage), respectively. Panel G represents the quantitative analysis of

fibrosis. Photomicrograph scale bar = 20 pm. Veh, vehicle (saline)-treated group; *P > .05; **P >.01; ***P > .001; n = 8 mice in each group

activity in the kidneys of 0-copy mice and reductions of 53%
and 45%, respectively, in the kidneys of NPRA antagonist-
treated 2-copy and 4-copy mice. However, cGK activity was
reduced by only 39% in Rp-treated 2-copy mice and 32% in
Rp-treated 4-copy mice.

Earlier, ¢cGK activity was shown to be modulated in
many disease conditions, including diabetes and cancer.”®!
Similarly, mRNA and protein levels of cGK-I were down-
regulated in IR-induced kidney injury.62 In the present study,
gene-duplication in 4-copy mice showed a 2.7-fold increase
in ¢cGK activity, while both the NPRA antagonist and cGK
inhibitor decreased its activity. cGK activity was reduced
in 4-copy mice after treatment with A71915 (45%) and Rp
(32%), but nevertheless failed to produce significant histo-
logical changes, probably because of the high residual basal
cGK activity in these animals. We expected that the high
basal cGK activity would remain elevated in the kidneys of
4-copy mice after the inhibitor treatments. Overexpression of
cGK also attenuated IR-reperfusion-induced kidney injury
in mice.®> Moreover, there were significant decreases in pro-
tein expression of both cGK I and ¢GK II isozymes in the
kidneys of 0-copy and 2-copy + A71915 mice, as well as a
partial reduction in protein expression in 4-copy + A71915
mice. These decreases resulted in withdrawal of the counter-
effective action of GC-A/NPRA against proliferative path-
ways, hypertrophy, and fibrosis in inhibitor-treated groups of
mice. Similar results occurred in VSMCs, treated with high
glucose.63 On the other hand, Nprl gene-duplication led to
an increase in protein levels of cGK I (1.7-fold) and cGK
II (two-fold) in the kidneys of 4-copy mice. The high basal
expression of cGK isozymes in the kidneys of 4-copy mice
was confirmed by immunofluorescence analysis. Although
treatment with the NPRA antagonist A71915 led to substan-
tial reductions in both forms of cGK isoenzymes in 4-copy
mice, Rp treatment did not produce significant changes, sug-
gesting the superiority of treatment with A71915 rather than
Rp. In the present studies, we observed two bands of cGK
I and according to the molecular weight these might corre-
spond with the isoenzymes cGK la and cGK If; however,
this needs further clarification. Interestingly, a previous re-
port has indicated that ANP-dependent generation of cGMP
activates cGK Ia that plays a critical role in the suppression
of disease states.**

Previous studies, which showed that MAPKSs (Erk1/2) are
activated in diabetic nephropathy, also showed that blockade
of MAPKs inhibited hypertrophy of mesangial cells.**** The
present study demonstrated a sharp rise in the phosphoryla-
tion of Erk1/2 and p38 MAPKSs in O-copy mice. Moreover,
2-copy and 4-copy mice treated with A71915 showed similar
increases in p-Erk1/2 and p-p38 in the kidneys of these an-
imals. The present findings are in agreement with our pre-
vious observations that ANP/NPRA system antagonized the
agonist-stimulated MAPKs in VCSMs and MCs.*"* The
toxic renal injury caused by experimental administration of
mercuric chloride was found to be associated with the acti-
vation of renal MAPKSs (Erk and JNK), which was further
substantiated in the glycerol model of myoglobinuric acute
renal injury.65 06

It has been suggested that the constitutive activation of
Erk1/2 and p38 MAPKSs plays an essential role in Gy-arrest of
the cell cycle, which causes cellular hypertrophy.67 It seems
that activation of Erk1/2 and p38 is associated with the induc-
tion of cyclin D1, p21°P!, and p?’*"! in the kidneys of NprI
0-copy mice, as well as inhibitor-treated 2-copy and 4-copy
mice. Previous studies have shown that, in contrast to cyclin
D1, the induction of p2lCilDl in the G1 phase of the cell cycle
might be largely regulated by the magnitude, rather than the
duration of activation of Erk1/2 and p38 MAPKs signals.ﬁg'70
Thus, it seems that continuous and potent Erk1/2 and p38
activation should lead to the arrest of growth by long-term in-
duction of p21“P! and p27%'P'. On the other hand, a biphasic
but less potent Erk1/2 and p38 signal might primarily lead to
cell proliferative and growth responsive signals.f’g’m

In agreement with those observations, our results suggest
a simultaneous induction of p21Cipl and p27Kipl in the kidneys
of 0-copy and A71915-treated 2-copy and 4-copy mice. Thus,
sustained induction of CDK inhibitors p21<P! and p27%iP!
in O-copy and A71915-treated 2-copy mice, as well as to a
lesser extent in A71915-treated 4-copy mice, might halt cell
transition and cause hypertrophy in the kidneys. Although
higher levels of CGKs in 4-copy mice showed attenuated and
limited induction of p21"?" and p27%"! in the kidneys, which
seems to protect these animals from renal cell-cycle arrest,
instead allows them to enter a normal cell-cycle transition.

The constitutive expression of MKP-1 attenuates the ac-
tivation of MAPKSs, thereby inhibiting cell proliferation.“'48
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TABLE 3 Quantitative analysis of renal histopathological defects and percentage scoring for Nprl gene-disrupted, wild-type, and
gene-duplicated mice with or without Rp-8-Br-cGMPS (Rp) and A71915 treatments for 15 days

2-copy 4-copy
Parameters 0-copy 2-copy Rp A71915 4-copy Rp A71915
MME 61.5 +3.3° 6.5+2.8 15.8 + 4.5% 24.6 £39° 45+33 8.5+52 182 +3.1¢
Tubular hypertrophy 37.5 +2.6° 45+12 9.5+3.0° 182+ 1.9 27+ 1.9 4.6 +2.4 113 +2.8¢
Tubulointerstitial nephritis 33.2+3.8° 3.6+2.1 133+3.1° 215+23° 22+ 1.1 52+1.6 127 £2.4¢
Perivascular infiltration 25.1 +2.0° 34+ 1.0 9.6+ 1.0° 16.6 + 1.5 23412 59+ 1.4 11.6 +2.0°
Fibrosis 423 +52° 51+42 13.9 + 5.0° 24.1 +2.9* 39+37 6.5+4.5 152 +3.6°

Note: Percentages for the renal defects were calculated according to the method described under Materials and Methods section. The renal histopathology scoring
analysis was done for MME, tubular hypertrophy, tubulointerstitial nephritis, and perivascular infiltration. Data are presented as mean + SE. n = 8 mice in each group.

P < .05 (untreated 2-copy vs Rp-treated wild-type, 2-copy).
°P < .001 (untreated 2-copy vs A71915-treated wild-type, 2-copy).
°P < .001 (untreated 2-copy vs untreated 0-copy).

4P < 001 (untreated gene-duplicated, 4-copy vs A71915-treated gene-duplicated, 4-copy).

#P < 01 (untreated 2-copy vs Rp-treated wild-type, 2-copy).
SP < 001 (untreated 2-copy vs Rp-treated wild-type, 2-copy).
¥P < .01 (untreated 2-copy vs A71915-treated wild-type, 2-copy).

€P < .01 (untreated gene-duplicated, 4-copy vs A71915-treated gene-duplicated, 4-copy).

In this study, we found decreased MKP-1 expression in the
absence of GC-A/NPRA signaling in the kidneys of 0-copy
mice. Similarly, we observed that MKP-1 was downregulated
in A71915-treated and Rp-treated 2-copy and 4-copy mice.
However, gene-duplication of GC-A/NPRA enhanced the
expression of MKP-1 in 4-copy mice. In contrast, p-Erk1/2
and p-p38 MAPKSs were activated in 0-copy mice and also
in the inhibitor-treated 2-copy and 4-copy mice. Similarly,
the expression of pro-inflammatory cytokines was signifi-
cantly greater in O-copy mice and also in the inhibitor-treated
2-copy mice but to a lesser extent in 4-copy mice. These pres-
ent results suggest that the increased expression of MKP-1 in
the kidney in response to NPRA/cGMP signaling will antag-
onize the expression of pro-inflammatory molecules and will
serve as a protective mechanism in the kidney. ANP has been
shown to induce MKP-1 and inhibit MAPKs activation to
block proliferation of mesangial cells.*" #8712 Therefore, we
propose that in the current study reduced MKP-1 expression
exerted its withdrawal effect on dephosphorylation of Erk1/2
and p38 MAPKSs and instead enhanced phosphorylation in
untreated 0-copy mice, A71915- and Rp-treated 2-copy mice,
and 4-copy mice. We have previously demonstrated that the
ANP-NPRA system inhibits MAPKSs, which seem to be criti-
cal for cell growth and proliferation.48

We observed diffuse interstitial and perivascular PCNA-
positive cells in the kidneys of 0-copy mice and A71915-
treated 2-copy and 4-copy mice. Such cells were present to a
somewhat lesser extent in 4-copy mice, but in the untreated
control groups there were only a few positive cells. Similarly,
a few PCNA-positive cells were found in the renal tubular
epithelium in the control groups but were abundant in 0-copy
and A71915-treated 2-copy and 4-copy mice. Nevertheless,

these cells were abundant in both the renal tubular epithelium
and interstitial compartments. Earlier, we reported a simulta-
neous induction of cell proliferation and hypertrophy in the
kidneys of Nprl gene-knockout mice.'™'""? Similar results
have been reported in DOCA-salt-treated hypertensive rats.”
The treatment of mice with A71915 caused an increase in
PCNA-positive cells in the kidneys of 2-copy and 4-copy
mice, indicating the role of MAPKs in cell proliferation and
hypertrophic responses. In several previous studies, the acti-
vation of MAPKSs has been reported in the regulation of cell
growth, suggesting that they have essential roles in signal
transduction leading to cell proliferation and hypertrophic
growth responses.’””

Our current finding shows increased levels of pro-in-
flammatory cytokines (TNF-a, IL-6) and pro-fibrotic cy-
tokine (TGF-B1) in the plasma and kidneys of 0-copy and
2-copy + A71915 and 4-copy + A71915 mice. The increased
levels of TNF-a, IL-6, and TGF-f1 appear to express the
injured state of the kidney. Increased production of inflam-
matory cytokines has also been reported in IR kidneys in
association with simultaneous increases in CDK-inhibitors
p21€P! and p27%iP! 7880 1y agreement with earlier findings,
our present results demonstrate an increase in mRNA expres-
sion of TNF-a, IL-6, and TGFp1 in the kidneys of 2-copy
mice, as well as lesser increases in 4-copy mice after A71915
and Rp treatments. The expression levels of cytokines in
inhibitor-treated 2-copy mice were significantly increased.
However, these expression levels were only modestly in-
creased in 4-copy mice as compared to untreated control
mice.

Our present results suggest that overexpression of GC-A/
NPRA may inhibit the transcription of cytokine genes more
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strongly in 4-copy mice than in 2-copy mice. Earlier, we
found that renal transcription of the pro-inflammatory cy-
tokines was significantly increased in the absence of cGK/
cGMP signaling in Nprl 0-copy mice.™ 113 We also showed
that the depletion of cGMP was associated with increased
mRNA expression of pro-inflammatory cytokine in 0-copy
mice.'"8! Similarly, the present results demonstrate depleted
renal cGMP levels, which seem to be associated with de-
creased cGK protein expression and activity in the kidneys of
Nprl 0-copy mice and 2-copy and 4-copy mice treated with
Rp and A71915, leading to the renal hypertrophy, fibrosis,
and renal dysfunction (Figure 7).

Previous studies have shown that cGMP directly regulates
transcription factors by inducing phosphorylation or increas-
ing the expression of short-lived proteins.gz'84 In the present
study, we observed that despite the reduction of cGMP levels

Npr1 deletion
0-copy mice

ANP/NPRA
2-copy/4-copy mice

Proinflammatory
Cytokines
(TNF-a, 11-6)

TGF-1and 1

p21 Cip1
p27K|p1

v
T Renal Renal T
Hypertrophy Fibrosis

A

Kidney T

Dysfunction

FIGURE 7 Proposed diagrammatic representation of ablated
GC-A/NPRA signaling leading to renal hypertrophy and fibrosis.
Deletion of GC-A/NPRA in 0-copy mice and treatments of 2-copy
and 4-copy mice with A71915 and Rp-8-br-cGMPS, exhibited the
depletion of cGMP/cGK levels, which in turn triggers the transcription
and enhanced synthesis of pro-fibrotic cytokine (TGF-p1) and
pro-inflammatory cytokines (TNF-a, IL-6) in the kidneys. The
increased TGF-f1 level triggers increased induction and activation of
MAPKs and/or CDK inhibitors p21<"" and p27%"' to produce renal
hypertrophy and fibrosis in O-copy mice and inhibitor-treated 2-copy
and 4-copy mice

in both Rp inhibitor- and NPRA antagonist-treated 4-copy
mice, the high residual levels of cGMP in these animals
seem to be protective against possible renal injury inflicted
by inhibitor treatments. In the present study, A71915 treat-
ment induced significant increases in SBP in 2-copy mice,
but only minimal increase in SBP in 4-copy mice. However,
Rp treatment did not produce any significant changes in
SBP in either 2-copy or 4-copy animals as compared with
their respective controls. On the other hand, moderate and
significant increases were found in KW, Alb:Cr ratio, and
KC in A71915-treated 2-copy mice. There were only minor
increases in 4-copy mice, but higher increases occurred in
0-copy mice without any inhibitor treatment.

The results of our study presented here suggest that pro-
gressive renal damage occurred in 0-copy, 2-copy + A71915,
and 4-copy + A71915 mice. The pathological findings
showed extensive development of MME and renal fibrosis
in 0-copy and 2-copy + A71915 mice, perhaps as a result of
increased SBP and reduced cGK/cGMP levels in these an-
imals. Previously, we have shown the ED1 (CD68) immu-
nostaining in the kidney for macrophage infiltration, which
was at significantly higher levels in 0-copy mice than 2-copy
mice.'” In the present studies, we observed the infiltration
of monocyte/macrophage using the histological evaluation,
which indicated a significant higher levels of these inflam-
matory cells in 0-copy mice and also in the inhibitor-treated
2-copy and 4-copy animals. These present findings are in di-
rect relationship with our previous reports, indicating that the
significant infiltration of monocyte/macrophage contribute to
the inflammatory molecules in the kidneys.'®*! The absence
of pathological findings, together with low SBP and higher
basal cGK/cGMP levels in 2-copy + Rp, 4-copy + Rp,, and
4-copy + A71915 mice, confirmed the observation that low
SBP and high cGK/cGMP levels have counter-regulatory ef-
fects against the incidence of renal hypertrophy and fibro-
sis in inhibitor-treated animals. Our results also suggest that
gene-duplication of GC-A/NPRA has a greater protective
effect against renal pathology MME in 4-copy mice under
inhibitor treatment due to basal increased cGMP/cGK levels.

In summary, the present study has produced several
important findings: (a) GC-A/NPRA has a crucial role in
anti-hypertrophic and anti-fibrotic processes through the
c¢GMP/cGK axis; (b) gene-duplication of Nprl induces in-
creased levels of renal cGMP and enhanced expression of
cGK, which attenuates renal pathology in 2-copy and 4-copy
mice after treatment with NPRA-antagonist (A71915); (c)
Rp treatment of 2-copy mice produced lesser differences in
renal morphology and renal function than did A71915 treat-
ment; (d) The inhibition of cGMP/cGK axis downregulates
the phosphatase activity of MKP-1 and favors the phosphory-
lation of MAPKSs, which triggers the induction of p21CilDl and
p27KiP1 to restrict the cells so that they remain in G, phase; (e)
in turn, reduced cGMP/cGK levels trigger the expression of
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pro-inflammatory (TNF-«, IL-6) and pro-fibrotic (TGF-f1)
cytokine genes. The increased levels of TGF-f1 seem to in-
duce cyclin and CDK inhibitors directly through MAPKSs ac-
tivation. Thereby, TGF-B1 and pro-inflammatory cytokines
could then act as an amplifier to produce hypertrophy and
fibrosis in the kidneys of 0-copy mice and NPRA antago-
nist-treated and to a lesser extent Rp-inhibitor-treated 2-copy
and 4-copy mice.
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