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Natriuretic peptide receptor
guanylyl cyclase-A pathway
counteracts glomerular injury
evoked by aldosterone through p38
mitogen-activated protein kinase
inhibition

Yukiko Kato?, Kiyoshi Mori%3, Masato Kasahara*, Keisuke Osaki?, Akira Ishii?, Keita P. Mori?,
Naohiro Toda?, Shoko Ohno?, Takashige Kuwabara’, Takeshi Tokudome?, Ichiro Kishimoto’,

Moin A. Saleem?, Taiji Matsusaka®, Kazuwa Nakao??, Masashi Mukoyama®>,
Motoko Yanagita® & HidekiYokoi!

Guanylyl cyclase-A (GC-A) signaling, a natriuretic peptide receptor, exerts renoprotective effects by
stimulating natriuresis and reducing blood pressure. Previously we demonstrated massive albuminuria
with hypertension in uninephrectomized, aldosterone-infused, and high salt-fed (ALDO) systemic
GC-A KO mice with enhanced phosphorylation of p38 mitogen-activated protein kinase (MAPK) in
podocytes. In the present study, we examined the interaction between p38 MAPK and GC-A signaling.
The administration of FR167653, p38 MAPK inhibitor, reduced systolic blood pressure (SBP), urinary
albumin excretion, segmental sclerosis, podocyte injury, and apoptosis. To further investigate the
local action of natriuretic peptide and p38 MAPK in podocytes, we generated podocyte-specific (pod)
GC-A conditional KO (cKO) mice. ALDO pod GC-A cKO mice demonstrated increased urinary albumin
excretion with marked mesangial expansion, podocyte injury and apoptosis, but without blood
pressure elevation. FR167653 also suppressed urinary albumin excretion without reducing SBP. Finally,
we revealed that atrial natriuretic peptide increased phosphorylation of MAPK phosphatase-1 (MKP-1)
concomitant with inhibited phosphorylation of p38 MAPK in response to MAPK kinase 3 activation,
thereby resulting in decreased mRNA expression of the apoptosis-related gene, Bax, and Bax/Bcl2 ratio
in cultured podocytes. These results indicate that natriuretic peptide exerts a renoprotective effect via
inhibiting phosphorylation of p38 MAPK in podocytes.

Aldosterone has attracted much attention in the process of renal injury leading to proteinuria and chronic renal
failure'. The mechanism underlying the contribution of aldosterone to worsening kidney function is thought to
partly due to involve the activation of the mineralocorticoid receptor in podocytes, resulting in podocyte injury?,
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reactivation of renin-angiotensin-aldosterone system through positive feedback?, and the induction of reactive
oxygen species (ROS) and activation of mitogen-activated protein kinases (MAPKs) in the kidney*. The site of
action of aldosterone remains obscure, as aldosterone has been reported to exert its effect on podocytes’, mesan-
gial cells®, endothelial cells’, and tubular cells®. In addition, aldosterone elevates blood pressure and regulates
intraglomerular pressure®, which both contributes to the complex pathophysiology in aldosterone-induced renal
injury.

Natriuretic peptides consist of atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type
natriuretic peptide (CNP). ANP and BNP exert physiological effects such as diuresis and vasodilation through
guanylyl cyclase-A (GC-A)/natriuretic peptide receptor-A (NPR-A)°. We previously demonstrated massive albu-
minuria, mesangial expansion, segmental sclerosis, and podocyte-injury with the elevation of systolic blood pres-
sure in uninephrectomized, aldosterone-infused, and high salt diet-fed (ALDO) systemic GC-A knockout (KO)
mice'?. In the previous model, reduced blood pressure with the use of hydralazine fails to ameliorate renal injury;
however, blockade of the renin angiotensin system by an angiotensin receptor blocker (ARB) or antioxidant
tempol reduces glomerular injury’®. Although our previous report may indicate that natriuretic peptides protect
podocytes from aldosterone-induced renal injury, the precise site of action of natriuretic peptides/GC-A system,
and the mechanism underlying amelioration of aldosterone-induced glomerular injury by natriuretic peptides
have yet to be elucidated. In our previous study, we also demonstrated prominent phosphorylation of p38 MAPK
in podocyte of ALDO GC-A KO mice'®. Activation of p38 MAPK has been shown to be stimulated by UV light,
heat, inflammation, and growth factors'!. We and others have demonstrated that phosphorylation of p38 MAPK
is activated in clinical glomerulonephritis, as well as in experimental podocyte injury glomerulopathy!®!1213,
Blockade of p38 MAPK pathway reportedly ameliorates adriamycin nephropathy'? and crescentic glomerulone-
phritis'* in mice. However, the precise role of p38 MAPK in podocyte injury has yet to be elucidated. In addition,
the mechanism underlying the renoprotective action of natriuretic peptides on podocytes remains to be clarified.

In the present study, we generated podocyte-specific (pod) GC-A conditional KO (cKO) mice and then exam-
ined the effects of p38 MAPK in systemic and pod GC-A c¢KO mice administered aldosterone, uninephrectomy,
and a high salt diet.

Results

Inhibition of p38 MAPK ameliorates glomerular injury in ALDO systemic GC-A KO mice. All
ALDO mice were uninephrectomized and administered aldosterone and a 6% high salt diet for four weeks.
First, we examined p38 MAPK phosphorylation in ALDO wild-type and systemic GC-A KO mice (Fig. la).
Phosphorylation of p38 MAPK was predominantly detected in podocytes in ALDO wild-type mice (Fig. 1a).
ALDO systemic GC-A KO mice demonstrated pronounced phosphorylation of p38 MAPK in podocytes (Fig. 1a),
and had elevated systolic blood pressure (SBP) (Fig. 1b). Blockade of the p38 MAPK pathway using FR167653
(a p38 MAPK inhibitor) reduced SBP by 20 mmHg in ALDO systemic GC-A KO mice (Fig. 1b). Urinary albu-
min excretion in ALDO systemic GC-A KO mice was as high as 9,000 pg/mgCr; however, administration of
FR167653 reduced urinary albumin excretion by 95% (Fig. 1c, Table 1). Body and kidney weights, and blood and
urine parameters are presented in Table 1. ALDO systemic GC-A KO mice were found to have renal hypertrophy,
and no effect of FR167653 on renal hypertrophy was observed. No significant differences in serum potassium,
sodium, urinary potassium, or urinary sodium levels were observed (Table 1).

We examined renal histology at four weeks after aldosterone infusion. A mild mesangial expansion in super-
ficial glomeruli was observed in ALDO wild-type mice (Supplementary Fig. S1a). In contrast, ALDO systemic
GC-A KO mice had marked mesangial expansion with glomerular hypertrophy (Supplementary Fig. Sla—c).
Administration of FR167653 significantly reduced mesangial expansion and glomerular hypertrophy
(Supplementary Fig. Sla—c). In juxtamedullary glomeruli, ALDO systemic GC-A KO mice exhibited severe seg-
mental sclerosis with glomerular hypertrophy (Fig. 1d). Treatment with FR167653 inhibited segmental sclerosis
and glomerular hypertrophy in ALDO systemic GC-A KO mice (Fig. 1d-f). We further examined renal fibrotic
changes. ALDO systemic GC-A KO mice exhibited tubular dilatation with protein cast deposition, and these
changes were ameliorated by FR167653 (Fig. 1g).

Next, we examined gene expression in glomeruli. TGF-31 (Tgfb1) is a profibrotic growth factor and is closely
associated with matrix accumulation and renal fibrosis. Analysis of glomerular expression revealed increased
Tgfbl mRNA levels in ALDO systemic GC-A KO mice, and this upregulation was significantly reduced by
FR167653 (Supplementary Fig. S2a). Then, we examined the expression of genes associated with inflammation.
We examined gene expression relevant to macrophages: Ccl2 (MCP1) is one of macrophage chemoattractant mol-
ecules, and Adgrel (F4/80) is one of markers of macrophages. Expression of Ccl2 (MCP-1) mRNA was increased
in ALDO systemic GC-A KO mice, and administration of FR167653 significantly reduced Ccl2 mRNA levels
(Supplementary Fig. S2b). Consistent with this result, FR167653 also reduced Adgrel (F4/80) mRNA expression
in ALDO systemic GC-A KO mice (Supplementary Fig. S2c). A similar trend in Cybb (NOX-2) mRNA expression
was observed (Supplementary Fig. S2d).

Inhibition of p38 MAPK reduces podocyte injury in ALDO systemic GC-A KO mice. We next
evaluated podocyte injury. Electron microscopic analysis revealed that ALDO wild-type mice exhibited slightly
widened podocytes foot processes (Fig. 2a,b). ALDO systemic GC-A KO mice demonstrated foot process efface-
ment with irregular thickening of the glomerular basement membrane (GBM), and these changes were improved
by FR167653 (Fig. 2a,b). We quantitated the width of foot process and revealed an improvement of foot process
effacement by FR167653 (Fig. 2c). Immunofluorescent study demonstrated that reduced nephrin and podocin
levels in ALDO systemic GC-A KO mice, and these changes were also ameliorated with administration of a p38
MAPK inhibitor (Fig. 2d,e), indicating that inhibition of the p38 MAPK pathway is closely associated with ame-
lioration of podocyte injury.
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Figure 1. Inhibition of phospho-p38 MAPK in ALDO systemic GC-A KO mice. (a) Inmunohistochemical
study for phopho-p38 MAPK in glomeruli. Left panel shows a glomerulus in uninephrectomized, aldosterone-
infused and high salt diet-fed (ALDO) wild-type mice. Right panel shows a glomerulus in ALDO systemic

GC-A KO mice. Arrows, phospho-p38 MAPK-positive cells. Scale bar, 50 pm. (b) Time course of systolic blood
pressure in ALDO wild-type mice, ALDO wild-type mice with FR167653, ALDO systemic GC-A KO mice, and
ALDO systemic GC-A KO mice with FR167653. (c) Time course of albuminuria in these four groups. (d) Light
microscopic analyses were performed at 4 weeks after aldosterone administration, stained with periodic acid-
Schiff. In juxtamedullary glomeruli, ALDO systemic GC-A KO mice showed segmental sclerosis with glomerular
hypertrophy. Treatment with FR167653 improved these changes. Scale bar, 50 um. (e) Glomerular cross-sectional
area and (f) mesangial area in juxtamedullary glomeruli at 4 weeks. (g) Histological examination of tubules and
interstitial fibrosis by Masson’s trichrome-staining at 4 weeks. ALDO systemic GC-A KO mice exhibited tubular
dilatation with protein cast deposition. These change were ameliorated by FR167653. Scale bar, 50 um. n=>5, each.
Mean + SEM. "p < 0.01 vs. ALDO wild-type mice. *p < 0.05, **p < 0.01 vs. ALDO systemic KO mice. WT, wild-
type mice; KO, systemic GC-A knockout mice.
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ALDO ALDO
ALDOWT WT +FR ALDO KO KO +FR
BWat4wk,g 29.1+£0.4 29.1£0.5 289+0.8 28.04+0.5
LKW at 4 wk, mg 312+13 322+16 396 £ 7' 364+16
LKW/BW at 4 wk, mg/g 10.754+0.64 11.07+0.62 13.7040.44" 13.0440.84
Serum UN, mg/dL 23.9+1.9 239+1.3 235434 24.0+1.9
Serum Cr, mg/dL 0.14240.012 0.16640.017 0.166 4 0.029 0.17040.008
Serum sodium, mEq/L 162.24+1.0 160.440.9 162.6+1.3 160.2+1.5
Serum potassium, mEq/L 3.02+0.21 3.46+0.12 3.10£0.10 3.36+0.22
Urinary sodium, mEq/day 2.26£0.39 1.90 £0.09 2.87+£0.41 2.5040.28
Urinary potassium, mEq/day 0.49+0.06 0.5440.08 0.69+0.07 0.62+0.04
Urinary potassium/sodium 0.24640.023 0.27340.020 0.23740.029 0.2514+0.019
Urinary albumin, pug/mgCr 739495 39.0£4.0 9,268 +737'" 580+£99"

Table 1. Body and kidney weights, and blood and urinary parameters in ALDO wild-type or ALDO
systemic GC-A KO mice with or without FR167653. BW, body weights; LKW, left kidney weights; UN, urea
nitrogen; Cr, creatinine. Values are expressed as the mean & SEM for aldosterone-infused and high salt diet-

fed uninephrectomized (ALDO) wild-type mice (ALDO WT; n=5), ALDO wild-type mice with FR167653
(ALDO WT +FR; n=5), ALDO systemic GC-A KO mice (ALDO KO: n=5), ALDO systemic GC-A KO mice
with FR167653 (ALDO KO + FR; n=5). p < 0.01, ALDO WT vs. ALDO KO. *p < 0.01, ALDO KO vs. ALDO
KO +FR.

We next examined glomerular apoptosis. ALDO wild-type mice demonstrated almost no apoptotic
cells within the glomeruli (Fig. 3a). In contrast, ALDO systemic GC-A KO mice had a large number of
TUNEL-positive cells within the glomeruli and tubules, and this increase in the number of apoptotic cells was
significantly inhibited by treatment with FR167653 (Fig. 3a). We also examined glomerular p53 expression, as
it has been shown to be closely associated with apoptosis'®. Expression of p53 in glomeruli was not detected in
ALDO wild-type mice but was observed in ALDO systemic GC-A KO mice (Fig. 3b). Inhibition of p38 MAPK
reduced glomerular expression of p53 in ALDO systemic GC-A KO mice (Fig. 3b). We next counted the num-
ber of podocytes by immunohistochemical analysis for Wilms’ tumor 1 (WT1). Administration of FR167653
did not change podocyte numbers in ALDO wild-type mice (Fig. 3¢c,d). ALDO systemic GC-A KO mice had a
significant reduction in the number of podocytes (Fig. 3c,d), and this reduction was reversed by administration
of FR167653 (Fig. 3¢,d). Phosphorylation of p38 MAPK in glomeruli was augmented in ALDO systemic GC-A
KO mice, and this phosphorylation was ameliorated in ALDO systemic GC-A KO mice administered FR167653
(Supplementary Fig. S3). MAPK kinase 3 (MKK3) is an upstream kinase of p38 MAPK!'®. We examined the phos-
phorylation of MKK3 in these mice by immunohistochemical study. ALDO systemic GC-A KO mice showed
enhanced phosphorylation of MKK3 in glomeruli, and this phosphorylation was reduced with the treatment of
FR167653 (Supplementary Fig. S4). These results indicate that inhibition of p38 MAPK ameliorates podocyte
injury and apoptosis.

Deletion of GC-A in podocytes aggravates glomerular injury.  Although inhibition of p38 MAPK
in ALDO systemic GC-A KO mice ameliorated podocyte and glomerular injury, the relevance of p38 MAPK
inhibition with natriuretic peptides in podocyte injury remains obscure. To reveal the role of p38 MAPK sig-
naling in podocytes of ALDO systemic GC-A KO mice, we generated podocyte-specific (pod) GC-A condi-
tional KO (cKO) mice by crossing Nephrin-Cre mice with GC-A floxed mice, and then administering FR167653.
Vehicle (VEH)-treated mice were also uninephrectomized, and administered 6% high salt diet and ethanol alone
instead of ethanol-containing aldosterone. GC-A floxed mice without Cre recombinase were used as control
mice. VEH control and pod GC-A cKO mice had normal SBP (Fig. 4a). ALDO control mice exhibited an increase
in SBP of 10mmHg at four weeks, and ALDO pod GC-A cKO mice had comparable SBP to ALDO control mice
(123.242.2 vs. 119.4 + 2.3 mmHg; Fig. 4a). FR167653 was administered to pod GC-A cKO mice as the activation
of p38 MAPK is reportedly involved in glomerular injury in ALDO systemic GC-A KO mice. No change in SBP
was observed following the administration of FR167653 in ALDO pod GC-A ¢KO mice (119.0 + 2.4 mmHg;
Fig. 4a). Body weights, kidney weights and serum and urinary parameters are presented in Table 2. Pod GC-A
cKO mice exhibited normal kidney weights comparable with control mice (Table 2). ALDO control and pod
GC-A cKO mice exhibited renal hypertrophy, and administration of FR167653 had no effect on renal hypertro-
phy in pod GC-A cKO mice (Table 2). Pod GC-A c¢KO mice had similar serum and urinary potassium levels to
control mice, and aldosterone infusion increased urinary potassium levels and decreased serum potassium levels
to the same extent in both control and pod GC-A cKO mice (Table 2). There was no significant difference in
serum creatinine and urea nitrogen (UN) levels between ALDO control and pod GC-A cKO mice.

At basal levels, urinary albumin excretion was not different between VEH control mice and pod GC-A cKO
mice (18.5+ 3.3 and 14.2 & 2.6 pg/mgCr, respectively; Fig. 4b). ALDO control mice had a threefold increase
in urinary albumin excretion at four weeks (84.0% 6.5 vs. 31.3 3.6 ug/mgCr; Fig. 4b). Of note, ALDO pod
GC-A cKO mice demonstrated a significantly increased urinary albumin excretion by 13-fold compared to
ALDO control mice at four weeks (84.0 £ 6.5 vs. 1,188 &= 152 ug/mgCr; Fig. 4b). These results indicate that dele-
tion of GC-A in podocytes aggravates aldosterone-induced renal injury. Treatment of ALDO pod GC-A ¢KO
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Figure 2. Administration of aldosterone induced podocytes injury, and FR167653 improved podocytes
injury. (a,b) Electron microscopic photographs of lower (a) and higher (b) magnification show that treatment
with FR167653 in ALDO systemic GC-A KO mice improved GBM thickening and widening foot processes in a
superficial glomerulus. Scale bar, 500 nm. (¢) The width of foot processes in electron microscopic photographs.
n=3. (d,e) Representative images of nephrin (d) and podocin (e) expression by immunofluorescent study

in a juxtamedullary glomerulus. Scale bar, 50 pm. 'p < 0.01, vs. ALDO wild-type mice. **p < 0.01 vs. ALDO
systemic GC-A KO mice.

mice with FR167653 suppressed urinary albumin excretion by 95% compared with ALDO pod-GC-A ¢KO mice
(80.5410.5 ug/mgCr; Fig. 4b), indicating the importance of p38 MAPK pathway in aldosterone-induced podo-
cyte injury.

Pod GC-A cKO mice had normal glomerular histology at baseline. In superficial glomeruli, there was no
significant difference in glomerular cross-sectional or mesangial areas between ALDO control and ALDO pod
GC-A cKO mice (Supplementary Fig. S5a,b). In juxtamedullary glomeruli, ALDO control mice had mild glo-
merular hypertrophy and mesangial expansion (Fig. 4c-e). ALDO pod GC-A cKO mice were observed to have
marked mesangial expansion and glomerular hypertrophy (Fig. 4c—e). Administration of FR167653 ameliorated
glomerular hypertrophy and mesangial expansion (Fig. 4c—e). We examined NprI mRNA to examine the deletion
efficacy of NprI gene. Glomerular mRNA expression of NprI (GC-A) in VEH pod GC-A ¢KO mice was decreased
by 40% compared with that in VEH control mice (Fig. 4f).

Deletion of GC-A in podocytes aggravates podocyte injury and its injury is reversed by inhi-
bition of p38 MAPK. To evaluate podocyte injury, we performed immunofluorescent analyses of jux-
tamedullary glomeruli for nephrin and podocin. ALDO control mice exhibited no difference in nephrin and
podocin expression compared with VEH control mice (Fig. 5a,b). Although VEH pod GC-A cKO mice had
normal nephrin and podocin staining, ALDO pod GC-A cKO mice demonstrated decreased staining intensity
for nephrin and podocin (Fig. 5a,b). ALDO pod GC-A cKO mice with FR167653 maintained similar nephrin
and podocin staining intensities as VEH pod GC-A ¢KO mice (Fig. 5a,b). We examined podocyte injury in
juxtamedullary glomeruli by electron microscopic analysis. VEH pod GC-A cKO mice demonstrated normal
foot processes and GBM (Fig. 5¢). ALDO pod GC-A cKO mice exhibited mild thickening of the GBM and foot
process effacement, and these changes were improved with the administration of FR167653 (Fig. 5¢). Next, we
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Figure 3. Representative microphotographs of TUNEL, p53, and WT1 staining. (a) TUNEL staining shows that
TUNEL-positive cells were increased in glomeruli of ALDO systemic GC-A KO mice. Treatment with FR167653 in
ALDO systemic GC-A KO mice reduced the number of TUNEL-positive cells. (b) Immunohistochemical study for
p53. ALDO systemic GC-A KO mice showed increased number of p53-positive cells in glomeruli. Administration
with FR167653 reduced the number of p53-positive cells. (c) Immunohistochemical study for WT1 in juxtamedullary
glomeruli. (d) The number of WT1-positive cells in juxtamedullary glomeruli. ALDO systemic GC-A mice

showed reduced number of WT1-positive cells, and its decrease was ameliorated with FR167653. Scale bar, 50 um.
Mean =+ SEM. "'p < 0.01, vs. ALDO wild-type mice. *p < 0.05 vs. ALDO systemic GC-A KO mice.

examined glomerular p38 MAPK phosphorylation. No glomerular p38 MAPK phosphorylation was observed
in VEH pod GC-A cKO mice (Fig. 5d). Administration of aldosterone much increased phosphorylation of p38
MAPK, particularly in podocytes in pod GC-A cKO mice compared to control mice (Fig. 5d). Phosphorylation
of p38 MAPK in glomeruli was reduced by administration of FR167653 (Fig. 5d).

We next analyzed glomerular mRNA expression levels. As a previous report showed that natriuretic pep-
tide counteracts aldosterone-induced renal injury'®, we examined the expression level of Npr1 in this model.
Administration of aldosterone upregulated Npr1 expression in both control mice and pod GC-A cKO mice, with
no significant difference between the two groups (Fig. 6a). FR167653 treatment reduced Nprl mRNA expression by
60% (Fig. 6a). We next examined the expression of TgfbI and Fnl, because fibronectin (Fn1) is one of main extracel-
lular matrix in the kidney and these gene expression is relevant to extracellular matrix accumulation. The expression
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Figure 4. Administration of aldosterone increased urinary albumin excretion in pod GC-A cKO mice,

and FR167653 decreased albuminuria without changing blood pressure. (a) Time course of systolic blood
pressure of VEH control mice, ALDO control mice, VEH pod GC-A cKO mice, ALDO pod GC-A cKO mice,
and ALDO pod GC-A cKO mice with FR167653 is shown. Administration of aldosterone increased systemic
blood pressure at comparable levels in both control mice and pod GC-A cKO mice. Administration with
FR167653 did not change blood pressure. (b) Time course of urinary albumin excretion in these five groups.

(c) PAS staining of renal section were performed at 4 weeks after aldosterone administration. In juxtamedullary
glomeruli, ALDO pod GC-A cKO mice showed mesangial expansion with glomerular hypertrophy. Treatment
with FR167653 improved these changes. Scale bar, 50 pm. (d) Glomerular cross-sectional area and (e) mesangial
area in juxtamedullary glomeruli at 4 weeks were quantified in five groups. (f) Glomerular mRNA expression of
Nprl in VEH control and pod GC-A ¢KO mice.n =7, each. Mean + SEM. p < 0.05, 7p < 0.01 vs. VEH control
mice, **p < 0.01 vs. VEH pod GC-A cKO mice, Tp < 0.01 vs. ALDO pod GC-A cKO mice.
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VEH cont. ALDO cont. VEH cKO ALDO cKO ALDO cKO +FR

BWat4wk, g 29.9+0.3 30.1£0.5 29.2+0.3 30.2+0.4 30.0£0.5
LKW at 4 wk, mg 245+6 304+ 1271 241+6 322497 337+10
LKW/BW at 4 wk, mg/g 8.2340.18 10.14+ 0547 8.24 4 0.16™ 10.67+£0.35" 11.24+0.38
Serum UN, mg/dL 37.8+£1.9 36.3+£29 41.35+1.4 30.65+2.2" 245+15
Serum Cr, mg/dL 0.168 4 0.006 0.196 £0.019 0.181+0.008 0.147£0.012 0.147 4 0.009
Serum sodium, mEq/L 154.1£1.3 160.0£0.9 156.4+£1.2 158.1+0.8 159.8+0.6
Serum potassium, mEq/L 4.43+0.12 3.76 £0.24 4.6740.09 3.54+0.23" 3.57+0.10
Urinary sodium, mEq/day 3.00+0.18 3.28+0.31 3.10+0.22 3.58+£0.31 3.40+0.23
Urinary potassium, mEq/day 0.62+0.03 0.7140.07"" 0.58+0.04 0.8340.08" 0.71+0.03
Urinary potassium/sodium 0.211£0.005 0.222+£0.015 0.188 £0.004 0.246 £0.032 0.212£0.010
Urinary albumin, jg/mgCr 313+3.6 84.0+6.5H11 40.2+£9.7 1,188+ 152" 80.5+10.57

Table 2. Body and kidney weights, and blood and urinary parameters in VEH or ALDO control or pod-
GC-A cKO mice. BW, body weights; LKW, left kidney weights; UN, urea nitrogen; Cr, creatinine. Values are
expressed as the mean 4 SEM for vehicle-infused high salt fed uninephrectomized (VEH) control mice (VEH
cont.; n=7), ALDO control mice (ALDO cont.; n=7), VEH pod GC-A ¢KO mice (VEH ¢KO: n=7), ALDO
pod GC-A cKO mice (ALDO cKO; n=7), ALDO pod GC-A ¢KO mice with FR167653 (ALDO c¢KO + FR;
n=7).%p<0.05, "p < 0.01, VEH cont. vs. ALDO cont. *p < 0.05, **p < 0.01, VEH pod GC-A cKO vs. ALDO
pod GC-A cKO. p <0.05,p < 0.01, vs. ALDO pod GC-A cKO.

of extracellular matrix-related gene, such as Tgfb1 and Fnl, was enhanced with administration of aldosterone both
in control mice and pod GC-A cKO mice, and was ameliorated by treatment with FR167653 (Fig. 6b,c). We exam-
ined gene expression relevant to macrophages: Ccl2 (MCP1) is one of macrophage chemoattractant molecules, and
Adgrel (F4/80) is one of markers of macrophages. Expression patterns of Ccl2 and Adgrel were similar to expression
levels of Tgfb1 and Fnl (Fig. 6d,e). We next examined the expression of oxidative stress-related genes and down-
stream target genes of p38 MAPK. Aldosterone also upregulated Cybb and Trp53 (p53) mRNA levels in both control
mice and pod GC-A cKO mice, and FR167653 ameliorated these changes (Fig. 6f,g).

Next, we performed TUNEL assays to evaluate podocyte apoptosis. The number of TUNEL-positive cells in
the juxtamedullary glomeruli was increased in ALDO pod GC-A ¢KO mice (Fig. 7a). Treatment with FR167653
completely abolished TUNEL-positive cells in the glomeruli of ALDO pod GC-A cKO mice (Fig. 7a). The num-
ber of WT1-positive cells in superficial glomeruli was not different among groups (Supplementary Fig S6). The
number of WT1-positive cells in the juxtamedullary glomeruli of VEH pod GC-A ¢KO mice did not differ from
VEH control mice (Fig. 7b,c). Administration of aldosterone decreased the number of WT1-positive cells in pod
GC-A ¢cKO mice compared with pod GC-A c¢KO mice that were not treated with aldosterone, and this decrease
tended to be ameliorated by FR167653 (Fig. 7b,c).

Natriuretic peptides inhibit phosphorylation of p38 MAPK via activating MKP-1.  We next inves-
tigated whether ANP can inhibit expression of apoptosis-related proteins induced by activation of p38 MAPK in
cultured human podocytes. ANP was administered to the human podocytes transfected with plasmids express-
ing wild-type MKK3 (MKK3) or constitutive active MKK3 (CA) (Fig. 8a). Phosphorylation of p38 MAPK was
increased with following transfection of MKK3 or CA plasmids, and this increase was abolished not by treatment
with ANP in MKK3-transfected podocytes, but by treatment with ANP in CA-transfected podocytes (Fig. 8b,c).
Expression of Bax was not significantly different in MKK3-transfected podocytes, but significantly upregulated
in cultured podocytes transfected with CA, and this increase was ameliorated only with high dose ANP (Fig. 8d).
Consistent with this result, Bcl2 mRNA expression was reduced by transfection with CA, and ANP ameliorated
this effect in cultured podocytes (Fig. 8e). As a result, the Bax/Bcl2 ratio was increased following transfection
with MKK3 or CA plasmids, and this increase was ameliorated with ANP (Fig. 8f). To confirm the mechanism
of ANP-mediated inhibition of p38 MAPK phosphorylation, we examined the phosphorylation status of MAPK
phosphatase-1 (MKP-1) which dephosphorylates p38 MAPK, in cultured podocytes (Fig. 8g). Administration of
ANP increased phosphorylation of MKP-1 in cultured human podocytes (Fig. 8h,i), indicating that ANP dephos-
phorylates p38 MAPK via activation of MKP-1.

Discussion

The present study demonstrated that blockade of p38 MAPK ameliorates glomerular injury in ALDO systemic
GC-A KO mice. As we previously reported, ALDO wild-type mice show mild albuminuria, a slight increase in
mesangial area, and mild podocyte injury; however, ALDO systemic GC-A KO mice show massive albuminuria
with prominent mesangial expansion and podocyte injury'’. One of the differences between ALDO wild-type
and ALDO systemic GC-A KO mice was the phosphorylation status of p38 MAPK, because these two types of
mice were found to have similar mRNA expression of inflammation, profibrotic, and oxidative stress genes'®. The
present study clearly demonstrated that the blockade of p38 MAPK reduced albuminuria, mesangial expansion,
podocyte injury and apoptosis of glomerular cells in ALDO systemic GC-A mice. Previous studies have reported
that blockade of p38 MAPK reduces glomerular injury in several experimental glomerulopathy models, includ-
ing adriamycin nephropathy'?, complement-mediated glomerular injury'’, anti-GBM glomerulonephritis'?,
lupus nephritis'®, thrombotic microangiopathy®, and diabetic nephropathy®. However, the role of p38 MAPK
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Figure 5. Administration of aldosterone aggravated podocyte injury. (a,b) Representative images of nephrin
(a) and podocin (b) expression by immunofluorescent study in a juxtamedullary glomerulus. Scale bars, 50 pm.
(c) Transmission electron microscopic microphotographs of a juxtamedullary glomerulus. ALDO pod GC-A
cKO mice exhibited mild thickening GBM and foot process effacement and its injury was ameliorated with

the administration of FR167653. (d) Immunohistochemical staining for phosphorylated p38 MAPK. Arrows,
phospho-p38 MAPK positive cells. Scale bars, 50 pm.

activation in response to aldosterone has yet to be fully elucidated, especially in the glomeruli. The present study
has unveiled the novel pathway of aldosterone-induced glomerular injury. Aldosterone has been shown to pro-
mote apoptosis in many cell types, including podocytes through phosphoinositide-3/Akt, p38 MAPK and p53
pathways in vitro?'. However, the role of p38 MAPK in aldosterone-induced podocyte apoptosis remains elusive.
The present study demonstrates that blockade of p38 MAPK ameliorates apoptosis in podocytes, potentially indi-
cating the mechanism by which MAPK signaling reduces podocyte injury.

Interestingly, administration of FR167653 reduced systolic blood pressure in ALDO systemic GC-A KO mice
by 20 mmHg, although it had no effect on systolic blood pressure in ALDO wild-type mice. ALDO systemic
GC-A KO mice had similar levels of serum aldosterone, and daily urinary sodium excretion, suggesting that
the reduction in systolic blood pressure was not due to increased sodium excretion. Other possible explanations
are changes in blood vessel tone and cardiac output. Tojo et al. reported that administration of FR167653 to
Dahl salt-sensitive rats reduces expression of interleukin-13 and tumor necrosis factor-a in the whole kidney
without altering blood pressure*’. However, Potthoff et al. recently reported that chronic p38 MAPK inhibition
improves vascular function and reduces systolic blood pressure in angiotensin II-stimulated hypertension in
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Figure 6. Glomerular mRNA expression at 4 weeks after aldosterone administration. Real-time RT-PCR
analysis of Npr1 (a; GC-A), Tgfbl (b; TGF-B1), Fnl (c; Fibronectin), Ccl2 (d; MCP-1), Adgrel (e; F4/80), Cybb
(f; Cybb), Trp53 (g; p53) are shown. Mean + SEM. T'p < 0.01, vs. VEH control mice. *p < 0.05, vs. VEH control
mice. ¥p < 0.01 vs. VEH pod GC-A cKO mice. *p < 0.01 vs. ALDO pod GC-A cKO mice.

mice?. Interestingly, they also reported that non-treated mice do not exhibit blood pressure reduction?, consist-
ent with our results.

Kuhn et al. reported that BNP activates phosphorylation of p38 MAPK in microvascular endothelial cells?*, a
finding contradictory to our results. However, phosphorylation of p38 MAPK is context-dependent rather than
ligand-dependent. Phosphorylation of p38 MAPK is prominent in podocytes in ALDO systemic GC-A KO mice;
therefore, decreased p38 MAPK activity in response to FR167653 appears to function in the protection of podo-
cytes. However, we were unable to exclude the effects of blood pressure reduction and the role of mesangial
cells as well as endothelial cells in ALDO systemic GC-A KO mice administered FR167653. To overcome these
limitations, we generated podocyte-specific GC-A ¢cKO mice and administered aldosterone and high salt follow-
ing uninephrectomy. Recently, Staffel et al. reported that uninephrectomized pod GC-A cKO mice with deox-
ycorticosterone acetate and high salt diet exhibit similar blood pressure and increased albuminuria compared
with control mice, confirming the protective role of natriuretic peptides/GC-A pathway in podocytes”. We also
constructed pod GC-A cKO mice and demonstrated increased urinary albumin and glomerular injury without
blood pressure elevation in ALDO pod GC-A cKO mice. Especially, juxtamedullary glomeruli rather than super-
ficial glomeruli exhibited prominent mesangial expansion and podocyte injury in ALDO pod GC-A cKO mice.
We speculate that hemodynamic changes will be the important factor on glomerular injury in ALDO pod GC-A
cKO mice, because aldosterone concentration should be same between superficial and juxtamedullary glomeruli.
Administration of FR167653 to ALDO pod GC-A c¢KO mice ameliorated albuminuria, mesangial expansion, loss
of nephrin and podocin, and podocyte foot process effacement, suggesting that podocytes are one of the main
targets of FR167653. Several studies showed genetic deletion of a specific molecule in podocytes affects mesangial
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Figure 7. Administration of aldosterone increased apoptosis of podocytes of juxtamedullary glomeruli.
(a) The number of TUNEL-positive cells was increased in ALDO pod GC-A cKO mice. Administration of
FR167653 decreased the number of TUNEL-positive cells in ALDO pod GC-A ¢KO mice. (b,c) Administration
of aldosterone decreased the number of WT1-positive cells in ALDO pod GC-A c¢KO mice. Inhibition of p38
MAPK maintained the number of WT1-positive cells. Mean & SEM. *p < 0.05 vs. VEH pod GC-A cKO mice.
Scale bar, 50 pm.

expansion®*?, probably because of paracrine effects between podocytes and mesangial cells. However, GC-A was
localized in mesangial cells?® and endothelial cells?® as well as in podocytes. In addition, urinary albumin excre-
tion of ALDO pod GC-A ¢KO mice was much less than that of ALDO systemic GC-A KO mice, although ALDO
pod GC-A cKO mice showed lower SBP. These finding may indicate the importance of mesangial or endothelial
cells in the signaling of natriuretic peptides. This is the limitation of this study.

Aldosterone has been shown to phosphorylate p38 MAPK in many cell types, including vascular smooth
muscle cells*, cardiomyocytes®!, neutrophils®?, peritoneal mesothelial cells*’, and podocytes*:. However, the rela-
tionship between natriuretic peptides and phosphorylation of p38 MAPK is cell-type and context-dependent.
Previous studies have reported that natriuretic peptides activates p38 MAPK in hypoxia-exposed hepatocytes™,
lung endothelial cells?* and brown adipocytes®. In contrast, other reports, including our previous study, have
demonstrated that natriuretic peptides abolish p38 MAPK activation induced by inflammatory stimuli in human
umbilical endothelial cells*, bovine pulmonary microvascular endothelial cells?’, fibroblasts®*® and podocytes'.
The mechanism by which natriuretic peptides reduce phosphorylation of p38 MAPK has yet to be fully evaluated;
however, a study has reported that natriuretic peptides augment MKP-1, which dephosphorylates p38 MAPK, in
endothelial cells*®. Consistent with this study, the present study also demonstrated the MKP-1 phosphorylation
following treatment of podocytes with ANP. These results indicate that deletion of GC-A enhances phosphoryla-
tion of p38 MAPK in the kidney following stimulation with aldosterone.

Previous studies have reported that aldosterone induces apoptosis in mesangial cells*, endothelial cells*,
renal tubular cells*?, and podocytes® in the kidney. Natriuretic peptides have been documented to have activity
against apoptosis in cells in renal cortex and medulla in SHR rats*, macrophages*®, cardiomyocytes in db/db
mice?, and hepatocytes*. Conversely, other reports have shown that ANP induces apoptosis*®**’. However, the
contribution of natriuretic peptides to apoptosis in podocytes remains unclear. In the present study, we demon-
strate that natriuretic peptides inhibit Bax expression, leading to decreased levels of apoptosis.

In conclusion, inhibition of p38 MAPK pathway ameliorates glomerular injury in uninephrectomized,
high-salt fed, and aldosterone-infused mice by protecting against podocyte injury. These results indicate that p38
MAPK inhibitors may represent promising therapeutic targets against renal injury.
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Figure 8. Effect of ANP against podocyte apoptosis induced by activation of p38 MAPK in cultured human
podocytes. (a) Experimental protocol. We used (1) empty plasmids, (2) plasmids expressing MKK3 (MKK3; pRc/
RSV Flag MKK3), or (3) plasmids expressing constitutive active MKK3 (CA; pRc¢/RSV Flag MKK3 (glu)). MKK3
is an upstream kinase of p38 MAPK. ANP was exchanged at every 24 h. (b,c) Western blotting of phosphorylation
of p38 MAPK and total p38 MAPK in human podocytes by transfection with empty, MKK3 or CA plasmids with
or without ANP at 48h after transfection. (n =4, each group). Mean & SEM. **p < 0.01 vs. human podocytes
transfected with empty plasmids without ANP, 'p < 0.05 vs. CA plasmids without ANP. (d-f) Real-time RT-PCR
analysis for Bax (d), Bcl2 (e) were examined (n =6, each group), and Bax/BcI2 ratio are shown (f). Mean + SEM.
**p < 0.01, *p < 0.05 vs. human podocytes transfected with empty plasmids without ANP, Tp < 0.01 vs. MKK3
plasmids without ANP, *p < 0.01 vs. CA plasmids without ANP. (g) Phosphorylation of MKP-1 in human cultured
podocytes stimulated with ANP. (h,i) ANP increased phosphorylation of MKP-1 (arrow) in human podocytes.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as control. Mean £ SEM. **p < 0.01 vs. human
podocytes with vehicle. M, MagicMark XP Western Protein standard, a molecular weight marker.
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Methods

Reagents and antibodies. Aldosterone was obtained from Sigma Aldrich (St. Louis, MO). FR167653,
p38a MAP Kinase inhibitor, was kindly provided by Astellas Pharma Inc. (Tokyo, Japan). Primary antibodies
used for immunohistochemical studies and Western blotting were goat anti-nephrin (R&D Systems, Minneapolis,
MN), rabbit anti-podocin (Sigma Aldrich), rabbit anti-phospho-p38 MAPK (Cell Signaling Technology, Boston,
MA), rabbit total p38 MAPK (Cell Signaling Technology), rabbit anti-WT1 (Santa Cruz, Dallas, TX), and rabbit
anti-p53 (Vector Laboratories, Burlingame, CA), rabbit anti-phospho-MKP-1 (Cell Signaling Technology), rab-
bit anti-phospho-MKK3 (Cell Signaling Technology), and mouse anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; Santa Cruz) antibodies. pRc/RSV Flag MKK3°* and pRc/RSV Flag MKK3 (glu)®! were gifts from
Professor Roger Davis (Addgene plasmid #14671 and #14670, respectively).

Animal experiments. All animal experiments were performed in accordance with Fundamental Guidelines
for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions and were
approved by the Animal Experimentation Committee of Kyoto University Graduate School of Medicine. Male
systemic GC-A KO mice®* or their wild-type littermates received left uninephrectomy under intraperitoneal
pentobarbital anesthesia and osmotic minipump (ALZET 2004, Cupertino, CA) implantation subcutaneously to
infuse aldosterone (0.2 pg/kg body weight per minute) or vehicle. All mice were fed a diet containing 6% NaCl™.
FR167653 was administered by dissolving it in drinking water'. Blood pressure was measured indirectly by using
the tail-cuff method (MK-2000ST; Muromachi Kikai, Tokyo, Japan) at —2, 0, 1, 2, and 4 weeks. Urine samples
were collected from metabolic cages (Shinano manufacturing, Tokyo, Japan) for 24h at —2, 0, 1, 2, and 4 weeks
and urine volumes were measured. Blood and kidney samples were harvested at 4 weeks. Urinary albumin levels
were measured with albumin ELISA kits (Exocell, Philadelphia, PA). Serum and urinary Cr, sodium, and potas-
sium levels were measured by enzymatic methods (SRL, Tokyo, Japan).

Construction of GC-A floxed mice and nephrin-promotor driven Cre recombinase transgenic mice were
as described previously®***. By crossing GC-A floxed mice (C57BL/6] background) with Nephrin Cre mice
(C57BL/6] background), we generated pod GC-A cKO mice (Npr1"%, Nephrin Cre/+mice) and control litter-
mates (Nprl Al 1 /4). Male pod GC-A cKO mice or control mice at 12 weeks of age were uninephrectomized, and
administered with 6% NaCl diet and aldosterone or vehicle using the same protocol for systemic GC-A KO mice.

Renal histology and electron microscopy. Histological and electron microscopic examinations were
performed as described previously®. Periodic acid-Schiff (PAS) stained kidney samples were examined by light
microscopy. Mesangial areas in juxtamedullary glomeruli were measured using MetaMorph Software (Molecular
Devices, Sunnyvale, CA). Electron microscopic examination was performed using an electron microscope
(H-7600, Hitachi, Tokyo, Japan).

Immunohistochemistry. Immunofluorescent studies for nephrin and podocin were performed as
descried previously'. Briefly, cryostat sections were incubated with goat anti-nephrin antibody or rabbit
anti-podocin antibody, and then incubated with fluorescein isothiocyanate (FITC)-labeled secondary anti-
body. Immunohistochemical analysis for phospho-p38 MAPK, WT1, p53, phospho-MKK3 were as previously
described with some modifications'’. Staining for the presence of apoptotic cells was performed using in situ cell
death detection kits (Roche, Mannheim, Germany). Paraffin-embedded renal sections were reacted with fluores-
cent dyed mixed solutions.

Cell culture and transfection. Conditionally immortalized human podocytes were provided by Dr.
Moin Saleem, and cultured and differentiated as described previously*®*’. Briefly, cells were cultured with RPMI
1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Biowest, Nuaille, France) and
insulin-transferrin-selenite supplement (LifeTechnologies, Carlsbad CA). Differentiated podocytes were trans-
fected with pRc/RSV Flag MKK3, pRc/RSV Flag MKK3 (glu) or empty plasmid using Nucleofector Kit for pri-
mary Mammalian Epithelia cells (Lonza, Basel, Switzerland) as described previously”’. Transfected cells were
incubated with vehicle or ANP, with the exchange of the medium containing ANP at every 24 h, and then har-
vested for RNA and protein analysis at 48 h. To confirm phosphorylation of MKP-1, differentiated podocytes were
treated with ANP for 10 min and then harvested.

Glomerular RNA, protein extraction and real-time RT-PCR. Glomeruli were isolated by the
graded sieving methods as described previously!®. RNA and protein extraction was performed using AllPrep
DNA/RNA/protein kits (QIAGEN, Hilden, Germany). Quantitative real-time PCR was performed using
StepOnePlus System (Thermo Fischer Scientific, Waltham, MA), as descried previously®®. Npr1, Tgfb1, Ccl2,
Fnl, Cybb, Adgrel, Trp53, Bax, and Bcl2 mRNA expression levels were evaluated. Some primer and probe sets
were described previously'?. Adgrel forward primer, 5'-tggtggtcataatctctgcttctg-3'; Adgrel reverse primer,
5'-agacaggccccaggaaactc-3'; Adgrel probe, 5/-FAM-cccgtctctgtattcaaccagcagegatt-TAMRA-3'; Trp53 for-
ward primer, 5'-gcttctccgaagactggatgac-3/; Trp53 reverse primer, 5'-gcagtgaggtgatggcagg-3'; Trp53 probe
primer, 5'-FAM-tcacagtcggatatcagcctcgagetcc-TAMRA-3'; Bax forward primer, 5’-aactggtgctcaaggeect-3';
Bax reverse primer, 5'-cccggaggaagtccaatgtc-3’; Bax probe primer, 5'-tgcaccaaggtgccggaactgatca-TAMRA-3/;
Bcl2 forward primer, 5'-gatgggatcgttgccttatgea-3’; Bcl2 reverse primer, 5'-cagtctacttcctctgtgatgttgta-3/;
5'-cagcatgatcctctgtcaagtttcctt-TAMRA-3/, Bcl2 probe primer, 5'-FAM-cagcatgatcctctgtcaagtttectt -TAMRA-3'.

Western blotting. Western blotting was performed as previously described!?. Filters on isolated cell
extracts were incubated with rabbit anti-phospho p38 MAPK antibody, rabbit anti-p38 MAPK antibody, rabbit
anti-phospho MKP-1 antibody, or mouse anti-GAPDH antibody. Immunoblot were developed using horseradish
peroxidase-linked donkey anti-rabbit or anti-mouse antibody and a chemiluminescent kit.
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Statistical Analysis. Data are expressed as the mean + SE. Statistical analysis was performed using ANOVA
or Students t test as appropriate.
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