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Mutations in natriuretic peptide receptor 2 (Npr2) gene cause a rare form of short-limbed dwarfism,
but its physiological effects have not been well studied. Human and mouse genetic data suggest
that Npr2 in the kidney plays a role in salt homeostasis. Herein, we described anatomic changes
within renal papilla of Npr2 knockout (Npr2�/�) mice. Dramatic reduction was found in diuresis,
and albuminuria was evident after administration of 1% NaCl in drinking water in Npr2�/� and
heterozygous (Npr2þ/�) mice compared with their wild-type (Npr2þ/þ) littermates. There was
indication of renal epithelial damage accompanied by high numbers of red blood cells and in-
flammatory cells (macrophage surface glycoproteins binding to galectin-3) and an increase of renal
epithelial damage marker (T-cell Ig and mucin domain 1) in Npr2�/� mice. Addition of 1% NaCl
tended to increase apoptotic cells (cleaved caspase 3) in the renal papilla of Npr2�/� mice. In vitro,
genetic silencing of the Npr2 abolished protective effects of C-type natriuretic peptide, a ligand for
Npr2, against death of M-1 kidney epithelial cells exposed to 360 mmol/L NaCl. Finally, significantly
lower levels of expression of the NPR2 protein were detected in renal samples of hypertensive
compared with normotensive human subjects. Taken together, these findings suggest that Npr2 is
essential to protect renal epithelial cells from high concentrations of salt and prevent kidney injury.
(Am J Pathol 2019, 189: 1721e1731; https://doi.org/10.1016/j.ajpath.2019.05.020)
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The natriuretic peptide (NP) family in mammals comprises
three structurally homologous but genetically distinct
peptides, the atrial NP, brain NP, and C-type NP (CNP).
These peptides have been suggested to be involved in blood
pressure (BP) regulation, fluid and electrolyte balance, and
cardiovascular homeostasis.1e5 Both atrial NP and brain NP
are mainly produced in atrial and ventricular car-
diomyocytes, whereas CNP is found in a variety of tissues
and acts locally in an autocrine and paracrine manner.6

Atrial NP and brain NP have high affinity for NP receptor
A (Npr1; alias NPR-A), whereas CNP binding is limited to
NP receptor B (Npr2; alias NPR-B).7,8 Binding of CNP to
Npr2 increases the level of a second messenger, cGMP,
which, in turn, activates protein kinase GI and
stigative Pathology. Published by Elsevier Inc
phosphorylates target proteins, ultimately leading to regu-
lation of a variety of physiological processes, including
smooth muscle cell relaxation.9

Homozygous loss of function in the human NPR2 has
been identified in patients with a rare form of short-limbed
dwarfism called acromesomelic dysplasia, type
. All rights reserved.
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Maroteaux.10 Homozygous deletion of Npr2 in mice
(Npr2�/�) caused dwarfism and female sterility.11 Muta-
tions in the human NPR2 gene were associated with
essential hypertension in a Japanese population.12 Genetic
studies between C57BL/6J and A/J inbred mouse strains
mapped a Bpq3 locus on chromosome 4, and suggested
Npr2 as a candidate for 1% NaCleinduced BP variation.13

Endothelial-specific deletion of CNP in mice demonstrated
a pivotal role for CNP in BP homeostasis, although it
appeared that signaling did not involve Npr2 receptor.14 It is
likely that renal Npr2 plays an important role in kidney
functions because it is widely expressed in several renal
structures, including the glomeruli, tubules, and microvas-
culature.15,16 In this study, we investigated the effects of
Npr2 gene deletion on renal structure and function in
response to 1% NaCl water intake.

Materials and Methods

Animals

The Npr2tm1Gar/J breeding pair (stock number 007658) was
obtained from The Jackson laboratory (Bar Harbor, ME).
Genotyping was performed as described before.11 Briefly,
mice that carry heterozygous alleles (Npr2þ/�) had two
bands, whereas one bandwas detected inwild-type (Npr2þ/þ;
490 bp) or knockout (Npr2�/�; 234 bp) littermates
(Figure 1A) with a robust dwarfism phenotype.11 A 12-hour
light/dark cycle was maintained (lights on at 6 AM, lights
off at 6 PM) for animal housing. Mice had free access to chow
and water. Experimental mice were given regular chow and
1% NaCl in drinking water for 2 weeks, as originally
reported.13 The study was approved by the University of
Rochester (Rochester, NY) Animal Care Committee in
accordance with the Guide for the Care and Use of Labora-
tory Animals.17

Renal Cell Culture

The M-1 ATCC cell line (ATCC, Manassas, VA) was
maintained at 70% to 80% confluency in 1:1 Dulbecco’s
modified Eagle’s and Ham’s F12 medium with 120 mmol/
L NaCl.18 M-1 cells were exposed to various concentra-
tions of NaCl (120 to 600 mmol/L) in the medium for 1
hour, as before.19 The Npr2 gene was silenced with siRNA,
or a negative control confirmed expression of the Npr2 and
Gapdh using mouse primers (Integrated DNA Technolo-
gies, Skokie, IL) in the M-1 cells by real-time quantitative
RT-PCR (CFX Connect; Bio-Rad, Hercules, CA). M-1
cells were pretreated with 100 nmol/L CNP (Sigma-
Aldrich, St. Louis, MO) or phosphate-buffered saline
(PBS) and exposed to 360 mmol/L NaCl medium for 1
hour. Dead cells were stained with trypan blue, and images
were captured by the EVOS FL Auto Imaging System
(Thermo Fisher Scientific, Waltham, MA). Relative
expression of live over dead cells was measured using
1722
ImagePro Analyzer software version 6.2.1 (Media Cyber-
netics, Rockville, MD).

Hematology

Peripheral blood was collected via orbital bleeding into
EDTA-coated tubes under isoflurane anesthesia, as before.20

Hematological parameters and peripheral blood cell count
were measured in Npr2 mice using an automated cell
counter (VetScan HM5; Abaxis, Union City, CA).

Ultrasound Measurement of Kidneys in Npr2 Mice

Renal artery and heart hemodynamic profiles and three-
dimensional imaging of the right kidney were acquired with
a high-resolution Vevo2100 ultrasound system (FUJIFILM
VisualSonics, Toronto, ON, Canada), as described
before.21,22 FUJIFILM VisualSonics Vevo LAB analysis
software version 1.6.0 was used to calculate hemodynamic
volume and percentage vasculature measurements.

Blood Pressure Measurements in Npr2 Mice

BP was measured in isoflurane anesthetized Npr2 mice, as
recently reported.23 Briefly, a 1F Mikro-tip transducer
(Millar Instruments, Houston, TX) was placed in the left
femoral artery and advanced into the descending aorta for
recordings of the BP and heart rate. Parameters were
analyzed using LabChartPro software version 7 (AD In-
struments, Sydney, Australia).

Kidney Functions in Npr2 Mice

Details of urine collection, measurements of urine albumin,
and fluid intake were previously described.21 Briefly, fluid
intake and urination were measured for 24 hours in meta-
bolic cages (Nalgene, North Las Vegas, NV) at baseline
and 2 weeks after 1% NaCl. Proteinuria was determined by
the ratio of albumin (mg)/creatinine (mg), as was stan-
dardized for mice.24 Peripheral blood was collected via
cardiac puncture of anesthetized animals. The level of
cGMP (Enzo Life Sciences, Farmingdale, NY) or creati-
nine (Abcam, Cambridge, UK) in the plasma was quanti-
fied by using enzyme-linked immunosorbent assay kits.
FluostarOptima version 2.20R2 (BMG LabTech, Cary,
NC) was used to measure urine and plasma samples, and
concentrations were calculated on the basis of a standard
curve.

Histology and Immunohistochemistry in Npr2 Mice

At the time of termination, mice were perfused and fixed
with 10% paraformaldehyde in sodium phosphate buffer
(pH 7.0). Bones were also collected and underwent
decalcification with 0.5 mol/L EDTA before tissue pro-
cessing, as before.25 Paraffin-embedded kidney sections
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Figure 1 Deletion of the Npr2 gene leads to renal papilla abnormality. A: A representative gel shows results
of genotyping Npr2 wild-type (Npr2þ/þ), heterozygous (Npr2þ/�), and knockout (Npr2�/�) littermates. Teal
markings are PCR products in bp.B: A quantification strategy of series of kidney sections every 200 mm. Dotted
boxed area highlights a portion of amagnified renal papilla.White arrowspoint to blood in renal papilla.Black
arrows point to nuclei in renal papilla. C:Quantification of nuclei area in renal papilla.D:Quantification of blood
area in renal papilla. Black bars areNpr2þ/þmice. Graybars areNpr2þ/�mice.White bars areNpr2�/�mice. Data
are expressed asmeans� SEM (C andD). nZ 5 per group (C andD). *P< 0.05 versusNpr2þ/þ; yP< 0.05 versus
Npr2�/�. Scale barZ 100 mm (B).

Npr2 in Renal Papilla
were cut in series every 200 mm through the tip of the
renal pelvis (Figure 1B). For general histology, cross-
sections of bones and kidneys were stained with hema-
toxylin and eosin in autostainer XL (Leica, Wetzlar,
Germany). For immunohistologic evaluation, cross-
sections of kidneys were incubated with hydrous 3%
H2O2 and followed by an antigen retrieval in a Decloaker
buffer (pH 6.0; Biocare, Pacheco, CA) with high tem-
perature and pressure. The sections were double stained
with rat anti-mouse macrophage surface glycoproteins
binding to galectin-3 (Mac-2; dilution 1:15,000; Cedar-
lane, Burlington, ON, Canada) and rabbit anti-mouse T-
cell Ig and mucin domain 1 (TIM-1; dilution 1:5000;
Thermo Fisher Scientific) antibodies, as recently re-
ported.21 Rabbit antibodies against cleaved caspase 3
(dilution 1:100; Cell Signaling, Danvers, MA) and Npr2
(dilution 1:100; Abcam) were used, incubated overnight at
4�C, and followed by application of horseradish peroxi-
dase or alkaline-phosphate polymers (Biocare). A sec-
ondary goat anti-rabbit antibody (dilution 1:400; Vector
Laboratories, Burlingame, CA) with ABC kit (Vector
Laboratories) was used to detect NPR2 in humans. Sam-
ples were counterstained with hematoxylin or methyl
green. Images were captured by SPOT INSIGHT
The American Journal of Pathology - ajp.amjpathol.org
FireWire camera (Diagnostic Instruments, Sterling
Heights, MI) and analyzed in ImagePro Analyzer software
(Media Cybernetics). A percentage of positive cells or
staining was determined in relation to counterstained cells
or background area within defined area of the kidney
(renal medulla or papilla), as reported before.26
Human Samples

Cross-sections of deidentified human kidney biopsies from
hypertensive or normotensive subjects were obtained with
the approval from the University of Rochester School of
Medicine and Dentistry Research Subjects Review Board
(RSRB00073722).
Statistical Analysis

Results are reported as means � SEM. Statistical tests were
performed using JMP13.0.0 (SAS, Cary, NC). Differences
between three or more groups were analyzed by one-way
analysis of variance, followed by post-hoc Tukey-Kramer
honestly significant difference test. P < 0.05 was regarded
as significant.
1723
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Table 1 Hematological Parameters across Npr2þ/þ, Npr2þ/�, and Npr2�/� Mice

Genotype parameter
Npr2þ/þ mice
(n Z 10)

Npr2þ/� mice
(n Z 14)

Npr2�/� mice
(n Z 8)

White blood cells, �109/L 8.9 � 0.6 7.5 � 0.5 8.4 � 0.8
Lymphocytes, �109/L 8.8 � 0.7 7.4 � 0.5 7.5 � 0.7
Neutrophils, �109/L 0.48 � 0.07 0.44 � 0.07 0.57 � 0.11
Monocytes, �109/L 0.23 � 0.05 0.16 � 0.02 0.21 � 0.03
Red blood cells, �109/L 10.8 � 0.4 10.8 � 0.1 10.8 � 0.2
Platelets, �109/L 595 � 50 578 � 22 484 � 38*
Hematocrit, % 46.6 � 1.3 46.0 � 0.6 46.4 � 1.1
Hemoglobin, g/dL 15.2 � 0.4 15.2 � 0.2 15.7 � 0.1
Plateletcrit, % 0.39 � 0.03 0.38 � 0.02 0.31 � 0.02
Mean corpuscular volume, fL 43.7 � 0.3 43.1 � 0.3 43.3 � 0.7
Mean corpuscular hemoglobin, pg 14.2 � 0.3 14.3 � 0.3 14.7 � 0.3
Mean corpuscular hemoglobin concentration, g/dL 32.7 � 0.9 33.2 � 0.8 34.0 � 0.8
Red blood cell distribution width, % 18.3 � 0.1 18.2 � 0.1 18.6 � 0.3
Mean platelet volume, fL 6.5 � 0.1 6.3 � 0.1 6.3 � 0.1
Platelet distribution width, % 30.0 � 0.3 29.4 � 0.2 30.0 � 0.5

Parameters are shown as means � SEM.
*P < 0.05 versus Npr2þ/þ.
Npr2þ/þ, Npr2 wild type; Npr2þ/�, Npr2 heterozygous; Npr2�/�, Npr2 knockout.

Dugbartey et al
Results

Characterization of the Npr2�/� Mouse Reveals a
Significant Kidney Phenotype

The importance of the Npr2 gene in the regulation of body
weight was confirmed (Supplemental Figure S1A). A sig-
nificant reduction in left ventricular mass and anterior wall
diameter in systole was also observed in small Npr2�/�

mice compared with their littermates (Supplemental Table
S1). However, reductions in stroke volume, left ventricular
anterior wall diameter, internal diameter, and posterior wall
diameter in diastole were found in Npr2�/� compared with
Npr2þ/þ or Npr2þ/� mice (Supplemental Table S1). Rela-
tive kidney weight/body weight, but not to heart weight,
was increased in Npr2�/� mice after 1% NaCl intake for 2
weeks (Supplemental Figure S1, BeD). The most promi-
nent changes were in the kidneys of the Npr2�/� mice
Table 2 Hemodynamic Changes across Npr2þ/þ, Npr2þ/�, and Npr2�/

Parameter
Genotype
group Npr2

Systolic BP, mmHg Baseline 98
1% NaCl 91

Diastolic BP, mmHg Baseline 66
1% NaCl 62

Pulse pressure, mmHg Baseline 33
1% NaCl 29

Mean arterial pressure, mmHg Baseline 79
1% NaCl 76

Heart rate, beats/minute Baseline 515
1% NaCl 463

Parameters are shown as means � SEM. n Z 3 to 5 per group.
BP, blood pressure; Npr2þ/þ, Npr2 wild type; Npr2þ/�, Npr2 heterozygous; Npr

1724
(Figure 1B). Specifically, higher blood cell deposits were
observed in the renal papilla of Npr2�/� mice (Figure 1, B
and D). There was an increase in papilla cell nuclear number
in relation to Npr2 gene depletion (Figure 1, B and C). The
renal cortex histomorphometry was similar across Npr2
genotypes (data not shown). The increased nuclei and red
blood cell deposits suggest an inflammatory and pro-
thrombotic environment in kidneys of Npr2�/� mice.
Low Platelet Numbers in the Peripheral Blood in
Npr2�/� Mice

Alterations in circulating cells could lead to blood
congestion in the kidneys. Npr2�/� mice had normal
numbers of white and red blood cells as well as other
rheological parameters in the peripheral blood (Table 1).
There were significantly lower (approximately 20%)
� Mice after 1% NaCl Intake for 2 Weeks

þ/þ mice Npr2þ/� mice Npr2�/� mice

� 4 97 � 7 91 � 4
� 2 95 � 2 89 � 7
� 5 71 � 5 66 � 3
� 2 65 � 2 65 � 5
� 4 26 � 2 25 � 1
� 2 29 � 2 25 � 2
� 6 84 � 6 78 � 3
� 2 79 � 2 76 � 6
� 56 490 � 54 483 � 45
� 51 443 � 39 462 � 15

2�/�, Npr2 knockout.
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Figure 2 Lack of Npr2 worsens kidney dysfunction in response to salt. A: Fluid intake for 24 hours across Npr2 mice. B: Urine volume for 24 hours across
Npr2 mice. White bars are baseline values. Black bars are values after 2 weeks of intake of 1% NaCl in drinking water. C and D: A ratio of urine albumin/plasma
creatinine (C) and plasma cGMP (D) across Npr2 genotypes after 2 weeks of 1% NaCl intake in drinking water. Black bars are Npr2 wild-type (Npr2þ/þ) mice.
Gray bars are Npr2 heterozygous (Npr2þ/�) mice. White bars are Npr2 knockout (Npr2�/�) mice. E: Representative ultrasound images of a transverse plane of
kidneys across Npr2 mice. Blue outlined areas define kidney boundaries. White arrowheads point to vascularity. F: Kidney volumes based on 3-dimensional
(3D) imaging of the kidneys across Npr2 genotypes. G: Percentages of the kidney vasculature based on 3D imaging of the kidneys across Npr2 genotypes.
H: Renal artery resistive index based on ultrasound imaging across Npr2 genotypes. White bars are baseline values. Black bars are values after 2 weeks of 1%
NaCl intake in drinking water. Data are expressed as means � SEM. n Z 7 to 11 per group (A, B, and FeG); n Z 5 to 9 per group (C and D). *P < 0.05 versus
Npr2þ/þ (baseline); yP < 0.05 versus Npr2þ/þ (1% NaCl); zP < 0.05 versus Npr2�/� (baseline); xP < 0.05 versus Npr2�/� (1% NaCl).

Npr2 in Renal Papilla
platelet numbers in the peripheral blood of Npr2�/�

compared with Npr2þ/þ mice (Table 1). However, a
similar distribution of megakaryocytes in the bone marrow
indicates normal platelet development regardless of Npr2
genotype (Supplemental Figure S2). These data suggest
that lack of Npr2 results in a small reduction of platelets in
the peripheral blood.

Kidney Dysfunction after Salt Load in Npr2�/� Mice

Npr2 was discovered as a candidate gene for BP variation
after 1% NaCl intake in a cross between C57BL/6J and A/J
The American Journal of Pathology - ajp.amjpathol.org
inbred mouse strains.13 No differences were observed in BP
or heart rate among Npr2 mice genotypes at baseline or after
giving them 1% NaCl for 2 weeks (Table 2). Two weeks of
1% NaCl water doubled fluid intake and urination in Npr2þ/þ

mice (Figure 2, A and B). These functional responses to 1%
NaClwerediminished inNpr2þ/� andNpr2�/�mice (Figure 2,
A and B). Significant albuminuria was detected in Npr2�/�

compared with Npr2þ/þ mice after 1% NaCl (Figure 2C).
Plasma levels of cGMP did not reach statistical significance
betweenNpr2�/� andNpr2þ/þmice after 2 weeks of 1%NaCl
intake (Figure 2D). Ultrasoundmeasurements revealed smaller
kidney volumes inNpr2�/�mice compared with Npr2þ/þ and
1725
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Figure 3 Histologic evaluation of renal papillary injury across Npr2 genotypes in response to salt. A: Representative images of double-stained [macrophage
surface glycoproteins binding to galectin-3 (Mac-2) and T-cell Ig and mucin domain 1 (TIM-1)] kidney papilla across Npr2 genotypes after 1% NaCl intake in
drinking water for 2 weeks. White arrows show Mac-2þ cells (brown). Black arrows show TIM-1þ staining (pink). Counterstain is green. B and C: Quantitative
analysis of the TIM-1 (B) and Mac-2 (C) expression in the renal papilla in Npr2 mice. D: Representative images of hematoxylin and eosinestained renal medulla
of Npr2 wild-type (Npr2þ/þ) and Npr2 knockout (Npr2�/�) mice after 1% NaCl intake in drinking water for 2 weeks. White arrows point to protein casts. E:
Quantitative analysis of protein casts in the renal medulla in Npr2 mice. No protein casts were detected at baseline. F: Quantification of blood in renal papilla
in Npr2 mice. G: Quantification of nuclei area in renal papilla in Npr2 mice. White bars are baseline values. Black bars are values after 2 weeks of 1% NaCl
intake in drinking water. Data are expressed as means � SEM. n Z 3 per group (B and C); n Z 3 to 5 per group (EeG). *P < 0.05 versus Npr2�/� (1% NaCl).
Scale bars Z 100 mm (A and D). Npr2þ/�, Npr2 heterozygous.

Dugbartey et al
Npr2þ/�mice at baseline (Figure 2, EeG). Treatment with 1%
NaCl water had little effect on kidney volume or renal artery
hemodynamics in Npr2 mice (Figure 2, FeH, and
Supplemental Table S2). Taken together, these data show that
the Npr2 gene is protective against kidney dysfunction in
response to a 1% salt load.
1726
Deletion of Npr2 Gene Leads to Kidney Injury after Salt
Intake

Expression of an epithelial damage marker, TIM-1, was weak
and tended to increase after 1% NaCl in renal papilla in
Npr2þ/þ mice (P < 0.1) (Figure 3, A and B). The strongest
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Npr2 protects renal epithelial cells against apoptosis in response to high salt. A: Representative images of cleaved caspase 3 staining
(cCasp3; brown; black arrows) of renal papilla of Npr2 wild-type (Npr2þ/þ) and Npr2 knockout (Npr2�/�) mice after 1% NaCl intake in drinking water for 2
weeks. Counterstained nuclei are indicated by white arrows. Bar graph shows a quantitative analysis of cCasp3 expression in the renal papilla across
experimental mice. White bars are baseline values. Black bars are values after 2 weeks of 1% NaCl intake in drinking water. B: C-type natriuretic peptide
(CNP) protects M-1 cells from higher concentrations of NaCl in the medium. White squares show phosphate-buffered saline (PBS) treatment. Black squares
show CNP (100 nmol/L) treatment. C: Representative images of trypan blue staining (white arrowheads) of treated M-1 cells at 360 mmol/L NaCl. D:
Relative expression of Npr2 on gene silencing in M-1 cells. E: Npr2 depletion abolishes protective effects of CNP in M-1 cells at 360 mmol/L NaCl.
White bars show PBS treatment. Black bars show CNP (100 nmol/L) treatment. Data are expressed as the means � SEM. n Z 3 per group (A and B); n Z 3
to 4 per group (D and E). *P < 0.05 versus PBS treatment; yP < 0.05 versus complementary RNA (cRNA); zP < 0.05 versus cRNA (CNP, 100 nmol/L).
Scale bar Z 100 mm (A). siNpr2, silencing of Npr2.

Npr2 in Renal Papilla
TIM-1 staining was in Npr2�/� after 1% NaCl intake
compared with Npr2þ/þ and Npr2þ/� mice (Figure 3, A and
B). There was a trend (P < 0.1) toward increased presence of
Mac-2þ cells in the renal papilla in Npr2�/� mice after NaCl
(Figure 3, A and C). Of interest, fewer protein casts were
observed in the renal medulla of Npr2�/� mice compared with
Npr2þ/� and Npr2þ/þ mice after NaCl (Figure 3, D and E). In
the renal papilla of Npr2�/� mice, there was a trend (P < 0.1)
toward increased red blood cell aggregates after NaCl
(Figure 3F). Finally, there were no differences in cell nuclei in
The American Journal of Pathology - ajp.amjpathol.org
renal papilla across Npr2 genotypes after salt exposure
(Figure 3G). Loss of the Npr2 gene causes renal papilla injury,
which is exacerbated by salt.

Protective Effects of the CNP/Npr2 Pathway in Renal
Epithelial Cells

Administration of the Npr2 ligand, CNP, was shown to
reduce cell death in the medulla after kidney damage.27 Two
weeks of 1% NaCl tended (P < 0.1) to increase cleaved
1727
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Figure 5 NPR2 expression is decreased in kidneys of hypertensive pa-
tients. A and B: Renal expression of NPR2 (brown staining) in control (A)
and hypertensive (B) kidney samples. White arrows point to NPR2þ cells in
glomerulus. Black arrows point to NPR2þ cells in interstitium. C: Quanti-
fication of NPR2 immunoreactivity in kidney compartments on x axis.
Values are expressed as means � SEM. n Z 5 per group (C). *P < 0.05
versus control. Scale bar Z 100 mm (A and B).

Dugbartey et al
caspase 3epositive cells at the tip of renal papilla in Npr2þ/�

and remained elevated in Npr2�/� compared with Npr2þ/þ

mice (Figure 4A). The number of apoptotic cells measured by
cleaved caspase 3 immunohistochemistry within the renal
cortex was similar across Npr2 genotypes (data not shown).
Previous data showed that renal epithelial cells could with-
stand high levels of NaCl in vitro, which reflects the in vivo
fivefold increase in osmolality from renal cortex to
1728
papilla.19,28 A significant reduction of survived M-1 cells to
40% with increased concentration of NaCl from 120 to 600
mmol/L was observed (Figure 4B). However, pretreatment
with CNP significantly increased numbers of surviving M-1
cells at 360 and 480 mmol/L of NaCl (Figure 4, B and C).
Npr2 was expressed inM-1 cells, andNpr2 siRNA drastically
reduced its expression (Figure 4D). Knocking down of Npr2
gene through Npr2 siRNA abolished the protective effects of
the CNP against 360 mmol/L NaCl-induced M-1 cell death
(Figure 4E). These findings suggest that activation of Npr2 by
CNP is important in protecting renal epithelial cells against
high salt.

NPR2 Expression Is Decreased in Human Hypertensive
Kidney

A human genetic study suggested that mutations in NPR2
gene are associated with essential hypertension.12 As in
mouse kidneys, expression of the NPR2 was evident in the
interstitial compartment with a greater intensity in a
glomerular area of the normotensive human kidney
(Figure 5, A and C). There was a significant decrease in
relative expression of the NPR2 in hypertensive kidney
compared with normotensive controls (Figure 5, B and C).
Thus, a decreased expression of NPR2 in human disease
supports our findings on the protective role of the receptor in
kidney dysfunction in mice.
Discussion

A major finding in the present study is that the Npr2 gene
prevents renal dysfunction by protecting renal papilla cells
against salt-induced damage. A short-limbed dwarfism in
Npr2�/� mice in our colony was confirmed, as was origi-
nally reported.11 For the first time, we described a pheno-
type of blood cell deposits in renal papilla with a slight
reduction of platelets in blood in Npr2�/� mice. Npr2�/�

and Npr2þ/� mice showed reduced diuresis, and 1% NaCl
in drinking water significantly worsened albuminuria and
renal dysfunction in these mice. There was an increase in
renal epithelial damage (TIM-1þ staining) with blood cell
deposits and inflammatory cells (Mac-2þ) within renal
papilla in mice with Npr2 depletion. Both Npr2�/� and
Npr2þ/� mice exhibited worse responses to salt, likely
because of augmentation in cell death in renal papilla. In
fact, there was a trend toward increased apoptotic cells
(cleaved caspase 3 positive) near the tip of the renal papilla
in Npr2�/� mice. A knockdown of the Npr2 with siRNA in
M-1 cells abolished beneficial effects of CNP after exposure
to 360 mmol/L of NaCl. Finally, significantly lower levels
of NPR2 protein were detected in renal samples of hyper-
tensive patients.
The NPR2 gene is associated with essential hyperten-

sion in the Japanese population in addition to a genetic
link to a rare form of dwarfism.12 A study with a majority
ajp.amjpathol.org - The American Journal of Pathology
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of European ancestry patients with coronary artery disease
showed that a minor allele of NPR2 (rs10758325) was
significantly associated with a lower rate of cardiovascular
outcomes but not with BP.29 Intriguingly, another report
suggested that shorter individuals are more prone to car-
diovascular disease than their taller counterparts.30 Npr2
was implicated as a candidate gene within the Bpq3 locus
in salt-induced BP variation in a mouse genetic cross be-
tween C57BL/6J and A/J inbred mouse strains.13 Recent
studies with cell-specific gene targeting in mice or spon-
taneously hypertensive rats suggested that BP homeostasis
is primarily regulated by CNP and Npr3 (not Npr2) that is
produced by the endothelium.14,31,32 A genome-wide as-
sociation study showed that genetic variations in NPPA,
NPPB, and NPR3 genes affected BP, but not kidney
dysfunction.33 Similar to the original findings after Npr2
deletion on BP,11 the same BP was also observed across
all Npr2 genotypes. In contrast, decreased expression of
Npr2 was associated with renal kidney dysfunction, which
was augmented by 1% NaCl in drinking water. A recent
report showed that a release of CNP from endothelial cells
primarily relaxes precapillary arterioles and capillaries
through activation of the Npr2/cGMP axis in pericytes.34

These data suggest additional roles for the CNP/Npr2
pathway in the autocrine regulation of renal epithelium
that contribute to response to salt.

A decrease in diuresis was observed after Npr2 gene
depletion, which correlated well with anatomic changes in
renal medulla. These pathologic alterations in the kidney
worsened after 2 weeks of 1% NaCl intake. However, renal
cortex appeared to be normal in Npr2�/� mice. The affected
compartment of the kidney medulla, renal papilla, is
responsible for transporting urine produced in the renal
cortex to the cup-shaped cavity where the urine accumulates
before passing through the ureter into the bladder.35 Sodium
concentration gradually increases from the base to the tip of
the renal pelvis.36 Dehydration of rats significantly
increased Naþ and urea in the interstitial fluid in renal
papilla.28 An Npr2 gene-titration effect was also observed
on fluid intake associated with dehydration, especially after
1% NaCl intake in Npr2þ/� and Npr2�/� mice. High levels
of apoptosis in renal papilla in vivo and an increase in M-1
cell death in vitro with Npr2 depletion support the pro-
survival effects of CNP/Npr2 signals in epithelial cells
under high concentrations of NaCl. It has been shown that
renal epithelial cells resist elevated Naþ compared with
other cell types.19 In addition, the effects of Npr2 on platelet
count may exacerbate epithelial apoptosis by increasing
parenchymal bleeding in Npr2�/� mice. The deposition of
iron from red blood cells would increase reactive oxygen
species, which could cause apoptosis. It is likely that
reduced platelet count in Npr2�/� mice is due to increase in
platelet clearance rather than a production issue as no
expression of NPRs in human platelets has been reported.37

Herein, it was confirmed that Npr2 is a critical receptor for
CNP-dependent renal protection against high salt.
The American Journal of Pathology - ajp.amjpathol.org
Renal papilla has low blood supply, which might make it
vulnerable to ischemia and necrosis. In fact, CNP adminis-
tration inhibited oxidative and apoptotic pathways and
ameliorated acute kidney injury in a rat model of renal
ischemia/reperfusion injury.38 High concentrations of drugs
and their metabolites in the renal medulla have been shown to
contribute to renal papilla damage.39,40 For example, cisplatin
is a potent chemotherapeutic agent but is highly toxic to renal
tubular cells.41 Administration of cisplatin to rats induced
nephropathy, which was accompanied by a significant
reduction in the levels of cGMP in renal papilla and decreased
expression of Nprs.42 A coadministration of cisplatin with
CNP reduced cisplatin-induced nephropathy in mice.27 The
authors found that CNP prevented decline in Npr2 expression
with significant reduction of markers of renal tubular damage
(apoptosis and inflammation) compared with mice that
received cisplatin alone. In this study, depletion of Npr2
significantly increased apoptosis, inflammation, and tubular
injury after 1%NaCl intake. These findings suggest that CNP
and Npr2 are important survival factors for renal papillary
cells, especially in response to pathophysiological insults to
the kidney medulla.

One of the limitations of this study is related to the con-
founding effects of the small size of mice lacking Npr2. For
example, heart and kidney sizes were significantly smaller.
Furthermore, BP could be directly measured under anesthesia
only, which was lower compared with BP values in response
to 1% NaCl in conscious C57BL/6J mice.13 Nevertheless,
these findings are in line with an original report suggesting a
minimal role for Npr2 in BP increase after salt.11 In contrast,
renal phenotypes were augmented not only in Npr2�/� but
also in Npr2þ/� mice compared with Npr2þ/þ littermates
after salt intake. Although M-1 cells were originally derived
from cortical collecting ducts of mouse kidney, these cells are
accepted as a model for studies of renal epithelial cells.
Known profiles of the expression of Npr2 within kidneys
make our experiments relevant to functions of renal epithe-
lium.15,16 Although limited data are presented in human
kidneys, a lower immunoreactivity to NPR2 protein in hy-
pertensive patients supports a paradigm of decreased
expression of the receptor under pathologic conditions.42

Future studies evaluating CNP and NPR2 are warranted in
humans with renal damage.

In summary, the present study is the first to report on the
importance of the Npr2 gene in kidney function. These
findings highlight effects of CNP/Npr2-mediated protection
of renal papilla cells under high concentrations of NaCl.
These results could lead to new therapeutic approaches in
patients with salt-sensitive hypertension and other kidney
disorders.
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