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Measurement of heart weight and infarct size

After the completion of each experiment, rats were eutha-
nized via anesthetic overdose and the heart excised. The atria
were removed and the right ventricle wall separated from the left
ventricle and septum. Tissues were blotted and weighed and nor-
malized to 100 g-body weight. The left ventricle was sectioned
horizontally through the middle of the infarct area. The apical
section of the left ventricle was fixed in 10% buffered formalin
and subsequently embedded in paraffin. Sections of the infarcted
area, S wm thick, were stained with Masons Trichrome stain,
mounted for light microscopy examination, and photographed.
The infarct size was determined by first measuring the entire
endocardial circumference and then measuring the segment of
the endocardial circumference that comprised the infarcted por-
tion (14). The infarct size was presented as a percentage of the
total left ventricular wall.

Northern blot analysis

Northern blot analysis was performed as previously reported
(15) on the basal section of the left ventricle. Total RNA (15
ug/lane) was extracted from rat ventricular tissues using TRIzol
(Invitrogen, Carlsbad, CA) reagent, denatured with formalde-
hyde and formamide, and electrophoresed on 1% agarose gels
containing formaldehyde. RNA in the gel was then transferred to
anylon membrane and fixed by UV irradiation. Hybridization of
the membrane was performed using *?P-labeled cDNA probes
for the mouse atrial natriuretic peptide (ANP), B-type natriuretic
peptide (BNP), collagen type I, collagen type I, and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) genes. Band in-
tensity was estimated using a radioimage analyzer (BAS-5000;
Fuji Film, Tokyo, Japan). Gene expression was normalized to
GAPDH.

Statistical analysis

All statistical analyses were conducted using Statview (ver-
sion 5.01, SAS Institute, Cary, NC). All results are presented as
means * stM. One-way ANOVA (factorial) was used to test for
differences between groups of rats for each of the measured vari-
ables. Where statistical significance was reached, post boc anal-
yses were incorporated using the paired or unpaired # test with
the Dunnett’s correction for multiple comparisons. The Kaplan-
Meier survival analysis was performed to compare survival
curves between saline-treated and ghrelin-treated rats after LAD
coronary artery occlusion. A P < 0.05 was predetermined as the
level of significance for all statistical analyses.

Results

Survival

As shown in Fig. 1, there was a high mortality in the M1
rats treated with saline (MI+Saline) (seven of 14 MIrats =
50% mortality). Although mortality rate appeared to be
lower in those MI rats treated with ghrelin (MI+Ghrelin)
(three of 12 rats = 25%), Kaplan-Meier survival analysis
did not reveal any statistical difference (P = 0.286). Mor-
talities associated with the acute MI procedure always oc-
curred within 24 h of the infarct (with one exception),
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FIG. 1. Kaplan-Meier survival analysis showing the mortality rate in
untreated MI+Saline rats (n = 14) compared with ghrelin-treated rats
(MI+Ghrelin; n = 12) over 14 d after LAD coronary artery occlusion
(P = 0.286).

regardless of whether the rat was treated with or without
ghrelin. In all cases, the cause of death was attributable to
sudden heart failure.

Cardiac sympathetic nerve activity

Fourteen days after the initial MI (or sham) procedure,
cardiac SNA (CSNA) was significantly elevated (P =
0.031) in the MI+Saline rats {n = 7) compared with sham
rats {n = 7) (Fig. 2A). The 102% increase in CSNA (in-
tegrated signal) was largely attributable to an increase in
firing rate {(i.e. Impulses/s; P = 0.019) (Fig. 2B). In con-
trast, one injection of ghrelin after the initial MI (i.e.
MI+Ghrelin rats; n = 9) prevented any increase in the
CSNA so that basal nerve activity was almost identical to
that of sham rats 14 d after the initial MI (Fig. 2B).

Cardiac function (P-V analysis)

Cardiac function was impaired in seven MI+Saline rats
14 d after an acute MI. This was evident by a rightward
shift of the left ventricular P-V loop (Fig. 3}, compared
with shamrats (n = 7), which reflected ventricular dilation
(e.g. significant 34% increase in LVEDV; P = 0.007), an
impaired ejection fraction (decrease from S8 to0 28%; P <
0.001), reduced contractility (35% decrease in dP/dt,,,,;
P = 0.008), and thus a 35% reduction in both SV and CO
(P = 0.001, Table 1). Importantly, in those rats that re-
ceived a single bolus of ghrelin after the acute MI (i.e.
MI+Ghreling n = 9), LVEDV, contractility, SV, and CO
were all significantly improved compared with saline-
treated Ml rats (Table 1). Consequently the magnitude of
cardiac dysfunction was attenuated in MI+Ghrelin rats,
evident by a smaller rightward shift of the P-V loop (Fig.
3) and a higher ejection fraction (43%; P = 0.014). There
was no significant difference in mean ABP or HR between
all groups of rats (mean ABP range 85-91 mm Hg; HR
range 383-387 beats/min).
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FIG. 2. A, Chart recordings showing raw cardiac SNA (and the derived integrated value and impulses per second) in a rat that had received sham-
surgery (SHAM) and a rat that had LAD coronary occlusion surgery (MI) 2 wk previously (no ghrelin treatment). B, Quantitative assessment of
cardiac sympathetic nerve activity (i) integration of the raw nerve signal (microvolts per second); ii) impulses per second in sham rats (n = 7),
Mi+Saline rats (n = 7), and MI+Ghrelin rats (n = 9). *, Significantly different from sham rats; t, significant difference between Ml+Saline rats

and Mi+Ghrelin rats (P < 0.05).

mRNA expression analysis

Cardiac dysfunction (i.e. MI+Saline rats) was associ-
ated with an overexpression of mRNA for genes associ-
ated with ventricular remodeling, namely ANP, BNP, and
collagen isoforms types I and III (P < 0.005; Fig. 4). Im-
portantly, Northern blot (Fig. 4A) and RT-PCR (Fig. 4B)
analyses revealed that the overexpression of cardiac re-
modeling-related genes in MI rats treated with ghrelin,
although still statistically significant (P < 0.01), was con-
siderably less than that observed in MI+Saline rats.

Heart weight and infarct size

The heart weight of MI+Saline rats had significantly
increased by approximately 26% in the 2-wk period after
an acute MI (P < 0.001), compared with sham rats, re-
flecting the structural changes (e.g. hypertrophy) associ-
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ated with ventricular remodeling (Table 1). In
MI+ Ghrelin rats, the magnitude of cardiac hypertrophy,
although still significant (11% increase; P = 0.04), was
attenuated when compared with that of MI+Saline rats
(Table 1). The size of the infarct of the left ventricular wall
did not significantly differ between MI+Saline rats
{37.9 = 4.4%) and MI+ Ghrelin rats {35.6 = 3.2%).

Discussion

The primary findings of this study highlight that a single
bolus of ghrelin, when given within 30 min after an acute
MI, prevents an increase in cardiac SNA, which is sus-
tained for at least 2 wk and thus attenuates the magnitude
of cardiac dysfunction and remodeling in chronic heart
failure.
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FIG. 3. A graph illustrating the dynamic changes in LVP and LVV (P-V
loops) within one complete cardiac cycle, representative for a sham rat,
Mi+Saline rat, and Mi+Ghrelin rats. Note the rightward shift of the
P-V loop for the Mi+Saline rat, indicative of cardiac dysfunction, which
is less apparent in the Mi+Ghrelin rats {(see Table 1 for collated data
from the P-V loops). ED, End diastolic; ES, end systolic.

In a normal heart, SNA plays a pivotal role in modu-
lating ventricular contractility for optimizing CO. Al-
though the increase in cardiac SNA after MI appears to
have immediate benefits, providing inotropic support to
the heart, this enhanced sympathetic tone is associated
with an increased risk of potentially fatal ventricular ar-
rhythmias (1). The enhanced sympathetic tone is then sus-
tained in chronic heart failure (1, 4) and consequently
contributes to cardiac dysfunction, remodeling, and in-
creased mortality.

Despite decades of research, the mechanisms for the
increase in cardiac SNA after MI remain to be fully elu-
cidated, although stimulation of cardiac reflexes [e.g. car-
diac vagal and sympathetic afferents (16)], altered periph-
eral neural reflexes [e.g. from chemoreceptors {17)],
sympathetic neural remodeling (18), raised levels of hor-
mones [e.g. angiotensin II {19)], and changes in central
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mechanisms that may amplify the responses to these in-
puts have been implicated (20). What becomes apparent
from the plethora of studies in the literature, however, is
thatthe mechanisms thattrigger the initial increase in SNA
after acute MI may not necessarily be the same mecha-
nisms that sustain the increase in SNA in chronic heart
failure.

We have previously reported that ghrelin is able to pre-
vent the early increase in cardiac SNA and thus reduce the
incidence of arrhythmias and improve early survival (12).
However, we were unable to confirm the duration of ghre-
lin’s effect (beyond 5 h) due to the limitations of an acute
anesthetized rat preparation. It stood to reason, however,
that once the effects of ghrelin subsided, cardiac SNA
would be expected to naturally increase and, ultimately,
still adversely exacerbate cardiac dysfunction in chronic
heart failure. Yet counterintuitively, the results of this cur-
rent study indicate that the early administration of ghrelin,
which has a plasma half-life of no more than 60 min (21),
has a sustained benefit (at least 2 wk) for preventing an
adverse increase in cardiac SNA in both acute and chronic
heart failure. The obvious question is how can one injec-
tion of ghrelin have a sustained effect on cardiac SNA even
in chronic heart fajlure?

Mounting evidence in the literature indicates that ghre-
lin appears to modulate cardiac SNA via cardiac vagal
activation (22), demonstrated by the localization of
GHS-R in the vagal nerve terminals in the heart (23),
which send afferent projections to the nucleus of the trac-
tus solitarius. As a result, the sympathoinhibitory effects
of ghrelin are not evident in vagotomized humans (24).
Moreover, ghrelin may also centrally modulate SNA be-

TABLE 1. Indicators of cardiac function in rats 14 d after sham surgery (Sham; n = 7), or Ml

Sham MI+Saline Mi+Ghrelin
EF (%) 579 + 38 275+ 2.6° 432 + 1.35¢
SV (ul) 148 =7 96 + 82 126 + 69
HR (/min) 383 £ 13 387 = 15 383 = 14
CO (ml/min) 56.2 = 1.5 368 = 2.6° 48.8 = 49
LVESP (mm Hg) 1225 105 = 5P 114 = 2
LVEDP (mm Hg) 4.07 + 1.61 6.22 = 1.26 3.12 = 1.17¢
dP/dt,,, (Mm Hg/msec) 11.3+0.9 7.4 x0.7° 9.4 0.7
dP/dt i, (mm Hg/msec) -76+=08 ~54 +0.5° ~58+02
LVEDV (ul) 262 £ 14 351 = 192 291 =8
LVESV (ul) 11314 254 + 18° 165 = 4°¢
Heart weight per 100g (mg) 279 = 8 352 = 16° 311 + 8%¢

M rats received one bolus of either saline (0.3 ml, Mi+saling, n = 7) or ghrelin (150 ng/kg, s¢, MI+Ghrelin, n = 9) within 30 min of the infarct.
Data are presented as mean * skm. EF, Ejection fraction; LVESP, left ventricular end-systolic pressure; LVEDP, left ventricular end-diastolic pressure;
LVESV, left ventricular end-systolic volume; dP/dt,;,. left ventricular pressure fall.

@ Significantly different from sham rats (P < 0.01).
b significantly different from sham rats (P < 0.05).

< Significant difference between Mi+Saline and Mi+Ghrelin rats (P < 0.01; one way ANOVA),
9 Significant difference between Mi+Saline and MI+Ghrelin rats (P < 0.05; one way ANOVA).
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FIG. 4. Ghrelin administration immediately after an acute Ml attenuated the overexpression
of mRNA for genes associated with cardiac remodeling 2 wk after the initial MI. A,
Representative images of Northern blots. B, Quantitative analysis of the Northern blots.
Shown are mRNA levels relative to sham-operated rats normalized by GAPDH mRNA levels. *,
Significantly different from sham rats; t, significant difference between Mi+Saline rats and

MI+Ghrelin rats. Statistical P values are presented in parentheses.

cause the receptors for ghrelin (GHS-R) have been lo-
cated on neurons of the nucleus tractus solitaries (11),
and it has been shown that the central administration of
ghrelin directly attenuates renal sympathetic nerve ac-
tivity (10, 11).

When the administration of ghrelin after an MI is de-
layed, i.e. after 24 h when SNA has already maximally
increased (1), ghrelin is still able to transiently reduce sym-
pathetic tone in Ml-induced heart failure, although the
effect is not sustained without further daily injections (9,
2.5). It should be noted, however, that aside from its ability
to regulate sympathetic tone, chronic ghrelin administra-
tion itself is an effective therapeutic strategy in chronic
heart failure due to ghrelin’s action asa GJRH (26). More
recently ghrelin has been shown to promote the use of
energy through lipid oxidation (27) and thus attenuate
cardiac energy metabolic disturbances (28) in chronic
heart failure. Whether an early single bolus dose of ghrelin
can chronically enhance cardiac energy utilization is an
area that warrants further research.

Although chronic therapeutic interventions are devel-
oping for chronic heart failure, it is the period immediately
after the infarct, before autonomic modulation of cardiac
function becomes irreversibly activated, that appears so
critical for optimizing, not only short term but, as this
study indicates, also long term outcome by therapeutic
intervention.

The underlying mechanism by which one injection of
ghrelin is able to sustain a reduced sympathetic tone for 2
wk after MI is unclear, although two possible hypotheses
can be considered. First, ghrelin’s ability to acutely acti-
vate vagal afferents, and hence the parasympathetic ner-
vous system (9), may also provide long-term cytoprotec-
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tive effects against myocardial injury,
through the role of cardiac muscarinic
receptors (29). Second, the initial in-
crease in cardiac SNA itself may act as
a trigger for instigating the develop-
mental and/or structural changes re-
quired for sustaining the increase in
SNA. For example, ghrelin, which has
been shown to attenuate sympathetic
neural remodeling in chronic heart fail-
ure (25), may also block the initial step
in the cascade of events leading to neural
remodeling, if administered soon after an
MI, i.e. before or soon after cardiac SNA
begins to increase. Substantiation of ei-
ther hypothesis urgently requires further
research to identify the potential reflex,
signaling, cellular, and/or molecular
pathways involved.

Regardless of the underlying mechanisms, the results
of this study may impact on our current limited percep-
tion of how cardiac function is modulated by the auto-
nomic nervous system in health and, more importantly,
in disease. Indeed, there have not been any studies de-
scribing the causal relationship between the initial in-
crease in cardiac SNA and the subsequent sustained in-
crease in SNA. It seems that only recently has the central
nervous system been considered a significant compo-
nent in heart failure.

A limitation of this study is that we did not quantify
protein content for ANP, BNP, and collagen. Rather, we
used the information concerning mRNA expression as
an indication, or perhaps prediction, of protein content.
Despite this limitation, the fact that ghrelin reduced the
overexpression of mRNA for ANP, BNP, and collagen
types I and III still remains an important observation
with which, hopefully, can advance future directions of
research.

Early reperfusion therapy and other recent advances in
the treatment of acute MI have substantially reduced mor-
tality and cardiovascular morbidity among MI patients.
However, the fact that early arrhythmias can often prove
fatal and that acute heart failure and chronic left ventric-
ular remodeling continue to be major determinants of clin-
ical outcome after MI stresses the need for even further
advances in therapeutic interventions. In that regard, ac-
cumulating clinical and experimental evidence indicates
that inhibition of cardiac SNA improves postinfarct sur-
vival and mitigates left ventricular remodeling and dys-
function. The currerit data suggest that one dose of ghrelin
dramatically suppress the cardiac SNA early after infarc-
tion and may effectively rescue such patients.

*(0.001)
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In conclusion, this study demonstrates that one dose of
ghrelin given in the early stages after an infarct has a long-
term benefit of preventing any increase in cardiac SNA and
thus attenuates cardiac dysfunction and may potentially
have the ability to reduce mortality. The underlying mech-
anisms governing the long-term effect are unknown, al-
though this study implicates a potential causal interaction
between the initial increase in cardiac SNA and the sus-
tained increase in SNA in chronic heart failure. Indeed,
autonomic modulation of cardiac function in health and,
more importantly, in disease remains poorly understood
but offers an effective therapeutic target for improving
outcome and thus warrants further research.
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ABSTRACT

Natriuretic peptides produced by the heart in response to cardiac overload exert cardioprotective and
renoprotective effects by eliciting natriuresis, reducing BP, and inhibiting cell proliferation and fibrosis.
These peptides also antagonize the renin-angiotensin-aldosterone system, but whether this mechanism
contributes to their renoprotective effect is unknown. Here, we examined the kidneys of mice lacking the
guanylyl cyclase-A (GC-A) receptor for natriuretic peptides under conditions of high aldosterone and high
dietary salt. After 4 weeks of administering aldosterone and a high-salt diet, GC-A knockout mice, but not
wild-type mice, exhibited accelerated hypertension with massive proteinuria. Aldosterone-infused GC-A
knockout mice had marked mesangial expansion, segmental sclerosis, severe podocyte injury, and increased
oxidative stress. Reducing the BP with hydralazine failed to lessen such changes; in contrast, blockade of
the renin-angiotensin-aldosterone system markedly reduced albuminuria, ameliorated podocyte injury, and
reduced oxidative stress. Furthermore, treatment with the antioxidant tempol significantly reduced
albuminuria and abrogated the histologic changes. In cultured podocytes, natriuretic peptides inhibited
aldosterone-induced mitogen-activated protein kinase phosphorylation. Taken together, these results
suggest that renoprotective properties of the endogenous natriuretic peptide/GC-A system may result from
the local inhibition of the renin-angiotensin-aldosterone system and oxidative stress in podocytes.

J Am Soc Nephiol 23: 1198-1209, 2012. doi: 10.1681/A5N.201110C985

Aldosterone, beyond its effects on sodium reabsorp-
tion, has been shown to play an important role in
causing cardiovascular complications including renal
injury."? Proteinuria is not rare in patients with pri-
mary aldosteronism, suggesting that aldosterone can
induce renal injury independent of circulating angio-
tensin I1 (Angll) levels.? In experimental nephropathy
models, aldosterone exerts direct effects on renal cells,
leading to the progression of glomerulosclerosis and
proteinuriat Several studies have revealed positive
feedback by which aldosterone activates the renin-
angiotensin-aldosterone system (RAAS), through
inducing renin and angiotensin-converting enzyme
gene expression,™® or by activating Angll type 1
(AT1) receptor signaling.” Furthermore, aldoste-
rone upregulates reactive oxygen species (ROS] and
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activates mitogen-activated protein kinases (MAPKs)
in the kidney and cardiovascular system.”?
Podocytes play a crucial role in barrier function
as well as the pathogenesis of glomerular diseases,
forming a branched interdigitating network with
foot processes by the slit diaphragm.!'® Genetic
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studies have proved roles of slit diaphragm-associated pro-
teins, including nephrin and podocin, in various proteinuric
disorders.'® Recently, podocytes have attracted greater atten-
tion as the target for aldosterone action. In fact, aldosterone
causes foot process effacement and downregulation of neph-
rin and podocin, via the mineralocorticoid receptor.”-!1-13 In
addition, the mineralocorticoid receptor in podocytes can be
activated by Racl GTPase, which is sufficient to cause glomer-
ular injury and proteinuria irrespective of aldosterone levels. 3

The natriuretic peptide family consisting of atrial natri-
uretic peptide (ANP), brain natriuretic peptide (BNP), and
C-type natriuretic peptide possess potent diuretic, natriuretic,
and vasodilating properties.!* ANP and BNP are secreted pre-
dominantly by the cardiac atrium and ventricle, respectively,
upon cardiac overload.'4'¢ They exert varicus biologic effects
by acting on guanylyl cyclase-A (GC-A)/natriuretic peptide
receptor-A (NPR-A), which is the major and possibly the only
receptor for ANP and BNP, through the activation of cGMP/
c¢GMP-dependent protein kinase.'” GC-A is abundantly ex-
pressed in blood vessels and the heart'?; within the kidney, it
is localized in glomeruli, thin limbs of Henle’s loop, cortical
collecting ducts, and inner medullary collecting ducts.'® In glo-
meruli, GC-A is expressed in mesangial cells and podocytes.!®
GC-A—deficient mice show chronic salt-independent elevation
of BP by approximately 15-30 mmHg!'® and cardiac hypertro-
phy,20 with virtually no natriuretic or diuretic response to acute
volume expansion.?) These studies clearly demonstrate essen-
tial roles for natriuretic peptide/GC-A signaling in BP regula-
tion and acute volume handling through the kidney, but the
role of GC-A in podocyte injury remains elusive.

A renoprotective action of ANP has been shown early using
animal models of ARF?2 A recent meta-analysis reveals that
the administration of low-dose ANP may exert beneficial ef-
fects in clinical AKL.23 We previously showed that chronic
excess of BNP in mice prevents glomerular injury after sub-
total nephrectomy,?® and ameliorates proteinuria and histo-
logic changes in immune-mediated renal injury?® as well as in
diabetic nephropathy.?® In addition to exerting direct vasodi-
lating and diuretic actions, natriuretic peptides act to antago-
nize the RAAS at multiple steps.!*27:28 We postulate therefore
that the beneficial effects of natriuretic peptides should be
brought about, at least in part, by antagonizing local activation
and/or action of the RAAS in the kidney.23-26

To explore the role of natriuretic peptide/GC-A signaling in
aldosterone-induced renal injury, we investigated renal find-
ings of mice deficient in GC-A, along with the challenge of
aldosterone and a high-salt diet.

RESULTS
Aldosterone Infusion Causes Accelerated
Hypertension in GC-A Knockout Mice

All mice were uninephrectomized and fed with 6% NaCl, with
or without aldosterone infusion (0.2 pg/kg body weight per
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minute) for ¢ weeks. Changes in systolic BP (SBP) in each
group are shown in Figure 1 (time courses shown in Supple-
mental Figure 1). Aldosterone infusion in wild-type mice
resulted in marginally higher SBP than vehicle (118.1£3.3
versus 116.6%4.5 mmHg at 4 weeks). GC-A knockout mice
showed a significantly higher SBP compared with wild-type
mice at baseline (126.2%2.7 versus 110.4=3.3 mmHg,
P<0.05), and revealed marked hypertension after aldosterone
infusion compared with vehicle (159.06.6 versus 123.0+4.5
mmHg at 4 weeks, P<0.01). Administration of hydralazine,
spironolactone, or olmesartan in aldosterone-infused GC-A
knockout mice resulted in reduced SBP to the same degree
(135.7£3.1, 135.2%8.0, and 140.05.2 mmHg, respectively).
In contrast, there was no significant SBP change with tempol
(151.1%£6.9 mmHg).

Body and Kidney Weights and Blood Parameters

Body weights and kidney weights are presented in Supple-
mental Table 1. GC-A knockout mice showed normal kidney
weight at baseline but exhibited renal hypertrophy compared
with wild-type mice as indicated by an increase in kidney
weight per body weight at 4 weeks. Aldosterone infusion
caused renal hypertrophy in both wild-type and GC-A knock-
out mice, and administration of spironolactone ameliorated
such changes in GC-A knockout mice.
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Figure 1. The comparison in SBP at 4 weeks after aldosterone or
vehicle infusion. Data are from vehicle-infused wild-type mice (WT
veh, n=5), aldosterone-infused wild-type mice (WT aldo, n=8),
vehicle-infused GC-A knockout mice (GC-A KO veh, n=5), aldo-
sterone-infused GC-A knockout mice (GC-A KO aldo, n=8), al-
dosterone-infused GC-A knockout mice treated with hydralazine
(KO aldo+hyd, n=6), those treated with spironolactone (KO aldo
+spi, n=5), those treated with olmesartan (KO aldo-+olm, n=5}, and
those treated with tempol (KO aldo+temp, n=5). Aldosterone-
infused GC-A knockout mice exhibited marked hypertension,
and administration of hydralazine, spironolactone, or olmesartan
in aldosterone-infused GC-A knockout mice resulted in reduced
SBP to the same degree. In contrast, there was no significant
SBP change with tempol. *P<0.05, **P<0.01, versus KO aldo,
TP<0.05. WT, wild-type; veh, vehicle; aldo, aldosterone; KO,
knockout; hyd, hydralazine; spi, spironolactone; olm, olmesartan;
temp, tempol.
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Serum aldosterone was markedly high (approximately 70-
fold) and serum potassium was low in all aldosterone-infused
groups (Supplemental Table 1). There was no significant dif-
ference in serum aldosterone, potassium, or creatinine levels
among aldosterone-infused groups.

Aldosterone Causes Massive Proteinuria in GC-A
Knockout Mice

Al the basal level {(—2 weeks), urinary albumin excretion was
not different between wild-type and GC-A knockout mice
(38.7%14.9 and 41.4%4.8 ug/mgCr, respectively) (Figure
2A}. Aldosterone-infused wild-type mice showed a three-
fold increase in urinary albumin excretion at 4 weeks com-
pared with vehicle (129.2225.4 versus 43.0£6.6 ug/mgCr,
P<0.01). Surprisingly, aldosterone-infused GC-A knockaout
mice revealed 260 times higher urinary albumin excretion
than vehicle-infused GC-A knockout mice at 4 weeks
{17,559+ 6845 ug/mpCr versus 67.2+24.4 ug/mgCr,
P<20.01). Adminisiration of hydralazine in these mice sig-
nificantly reduced BP, but failed to suppress albuminuria
{Figure 2B). In contrast, spironolactone administration
markedly reduced urinary albumin excretion by 95% in
aldosterone-infused GC-A knockoul mice (1069+411 ug/
mgCr). Moreover, treatment with an angiotensin receptor
blocker (ARB) olmesartan significantly reduced urinary albu-
min excretion by 70% (5450 1765 pg/mgCr). Treatment with
tempol also reduced albuminuria by 60% (712522292 ug/
mgCr). These results suggest that, in the absence of GC-A
signaling, aldosterone stimulation can activate the renin-
angiotensin system and oxidative stress in the kidney, leading
to massive proteinuria.
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Figure 2. Urinary albumin excretion in wild-type or GC-A knockout mice with or
without aldosterone. (A) Aldosterone infusion resulted in a marked increase of albu-
minuria in GC-A knockout mice. Data from wild-type mice with vehicle (WT veh, open
trniangies), wild-type mice with aldosterone (W1 aldo, filled triangles), GC-A knockout
mice with vehicle (KO veh, open squares), and GC-A knockout mice with aldosterone
(KO zldo, filled squares) are shown. (B) Administration of spironolactone (spy, open circles),
olmesartan (olm, filled circles), or tempol (temp, filled diamonds) significantly reduced
alburninuria in aldosterone-inflused GC-A knockoul mice. Hydralazine (hyd, open dia-
monds) did not reduce albuminuria. WT veh, n-5; WT aldo, n=8; KO veh, n=5; KO aldaq,
n=8; KO aldo+kyd, n=6; KO aldo+spi, n=5; KO aldo+olm, n=5; and KO aldo+ternp,
n=5. *P<0.01, KO veh versus KO aldo, TP<0.05, 1TP<0.01, versus KO aldo.

1200

Journal of the American Society of Nephrology

~&- KO aldo+olm
—#— KO aldo+temp

Renal Histologic Changes in Aldosterone-Infused GC-A
Knockout Mice

We examined renal histology at 4 weeks after aldosterone ad-
ministration. In superficial glomeruli, aldosterone-infused
wild-type mice exhibited marginal mesangial expansion with
mild glomerular hypertrophy (Figure 3A). Renal histology of
GC-A knockout mice showed virtually no significant differ-
ence from that of wild-type mice at baseline; after aldosterone
infusion, GC-A knockout mice exhibited marked mesangial
expansion with glomerular hypertrophy (Figure 3, A and B
and Supplemental Figure 2A). Although hydralazine admin-
istration failed to ameliorate such changes, treatment with
spironolactone, olmesartan, or tempol resulted in inhibited
mesangial expansion in these mice.

[n juxtamedullary glomeruli, there were minor glomerular
abnormalities in aldosterone-infused wild-type mice; in con-
trast, aldosterone-infused GC-A knockout mice exhibited
severe segmental sclerosis and marked glomerular hypertro-
phy (Figure 3C). Again, these changes were unaltered with
hydralazine but were alleviated with spironolactone, olme-
sartan, or tempol (Figure 3D and Supplemental Figure 2B).
The number of sclerotic glomeruli was also significantly re-
duced with spironolactone, olmesartan, or tempol (Figure
3E). Localization of GC-A was examined by immyunchisto-
chemistry. Wild-type mice revealed the presence of GC-A
presumably at podocytes, distal tubules, and collecting ducts,
which was apparently unaltered with aldosterone infusion
{Figure 3T).

We next examined renal fibrotic changes in these mice
(Figure 4). Whereas wild-type mice with aldosterone
showed slight fibrotic changes with mild tubular atrophy,
aldosterone-infused GC-A knockout
mice exhibited tubular dilation with
marked protein cast deposition and sig-
nificant tubulointerstitial fibrosis. These
changes were not changed with hydralazine
but ameliorated with spironolactone,
almesartan, and less effectively with tempol
(Figure 4, A and B).

Podocyte Injury in Aldosterone-
Infused GC-A Knockout Mice

We then evaluated podocyle injury in these
mice. Electron microscopic analyses revealed
that wild-type mice with aldosterone exhibited
slightly widened podocyte foot processes
without thickening of the glomerular base-
ment membrane (GBM) (Figure 5). Vehicle-
infused GC-A knockout mice showed
thickened GBM without widening of foot
processes. GC-A knockout mice with aldo-
sterone showed foot process effacement
with irregular thickening of GBM, and the-
ses changes were not improved with hydral-
azine, but reversed with spironelactone and
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Figure 3. Histologic examination of glomeruli in aldosterone-infused GC-A knockout mice and the localization of GC-A. Light mi-
croscopic analyses were performed at 4 weeks after aldosterone administration, stained with periodic acid-Schiff. (A) Representative
views of superficial glomeruli. Aldosterone-infused wild-type mice (WT aldo) showed marginal mesangial expansion with mild glomerular
hypertrophy. Aldosterone-infused GC-A knockout mice (GC-A KO aldo} exhibited marked mesangial expansion with glomerular hy-
pertrophy. Administration of hydralazine in GC-A knockout mice (GC-A KO aldo+hyd) did not affect glomerular changes. Administration
of spironolactone (GC-A KO aldo+spi), olmesartan (GC-A KO aldo+olm), or tempol (GC-A KO aldo+temp) in GC-A knockout mice
improved histologic changes. (B) Mesangial area in superficial glomeruli at 4 weeks. (C} Representative views of juxtamedullary glo-
meruli. Aldosterone-infused GC-A knockout mice showed severe segmental sclerosis and marked glomerular hypertrophy. Adminis-
tration of spironolactone, olmesartan or tempol ameliorated glomerular changes. (D) Mesangial area in juxtamedullary glomeruli at
4 weeks. (E) Degree of glomerulosclerosis in juxtamedullary glomeruli. (F} Immunohistochemical study for GC-A. GC-A was positive at
podocytes (arrows) and distal tubules (arrowheads). WT veh, n=5; WT aldo, n=8; KO veh, n=5; KO aldo, n=8; KO alda+hyd, n=6; KO
aldo+spi, n=5; KO aldo+olm, n=5; and KO aldo+temp, n=5. **P<0.01, KO veh versus KO aldo, TP<0.05, TTP<0.01, versus KO aldo.
WT, wild-type; veh, vehicle; aldo, aldosterone; KO, knackout; hyd, hydralazine; spi, spironolactone; olm, olmesartan; temp, tempol.
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Aldosterone infusion upregulaled the glo-
merular expression of gp91phox/Cybb
mRNA, and less potently that of
p22phox and Nox-4 {Figure 7B and Sup-
plemental Figure 3). Treatment with spiro-
nolactone or tempol significantly reduced
them. Immunohistochemical study for
8-hydroxydeoxyguanosine (8-OHdJG) showed
that aldosterone infusion exhibited strong
staining mainly at podocytes and tubular
cells only in GC-A knockout mice (Figure 7,
Cand D). Such upregulation was significantly
reduced with spironolactone, olmesartan,
or tempol, but not with hydralazine.

Enhanced Phosphorylation of MAPKs
in Aldosterone-Infused GC-A
Knockout Mice

We found a mild increase of phosphory-
lated extracellular signal-regulated kinase
(ERK) in glomeruli of aldosterone-infused
wild-type mice (Figure 8A}. Phosphorylation
of ERK in glomeruli was pronounced in

Figure 4. Histologic examination of tubulointerstitial fibrosis by Masson's trichrome-
stained sections at 4 weeks. (A) Representative views of tubules and interstitial fibrosis.
Aldosterone-infused wild-type mice (WT aldo) showed mild tubulointerstitial fibrosis
with tubular atrophy. Aldosterone-infused GC-A knockout mice (GC-A KO aldo) ex-
hibited tubular dilation with protein casts and tubulointerstitial fibrosis. These changes
were not improved with hydralazine (GC-A KO aldothyd), but ameliorated with spi-
ronolactone (GC-A KO aldo+spi), olmesartan (GC-A KO aldo+olm), or tempol (GC-A KO
aldo+temp). (B) Fibrotic area at 4 weeks. WT veh, n=5; WT aldo, n=8; KO veh, n=5; KO
aldo, n=8; KO aldo+hyd, n=6; KO aldo+spi, n=5; KO aldo+olm, n=5; and KO aldo
+temp, n=5. "P<0.05, WT veh versus WT aldo, **P<0.01, KO veh versus KO aldo,
tP<0.05, TTP<0.01, versus KO aldo. WT, wild-type; veh, vehide; aldo, aldosterane; KO,
knockout; hyd, hydralazine; spi, spironolactore; olm, olmesartan; temp, tempol.

aldosterone-infused GC-A knockout mice.
Double immunostaining revealed that the
cells expressing phospho-ERK were also
positive for Wilms’ tumor 1 (WT1), a podo-
cyte marker (Figure 8B). Phosphorylation
of ERK was reduced by treatment with
spironolactone, olmesartan, or tempol, but
not with hydralazine (Figure 8, C and D).
Essentially similar results were obtained as
to phospho-p38 MAPK-positive cells,
which were double stained with WT1 (Figure

also lessened with olmesartan (Figure 5, A and B). lempol ad-
ministration improved width of foot processes.

Theexpression of podocyte markers nephrin and podocin was
decreased inaldosterone-infused GC-A knockout mice at4 weeks
with or without hydralazine, and such changes were ameliorated
with spironolactone, olmesartan, or tempol (Figure 6, A and B).

Gene Expression and ROS in Glomeruli of Aldosterone-
Infused GC-A Knockout Mice
Analyses on glomerular expression of extracellular matrix
{ECM)-related genes (Figure 7A) revealed that TGF-B1
mRNA was enhanced with aldosterone both in wild-type and
in GC-A knockout mice. Such upregulation was significantly
reduced with spironolactone or tempol, and tended to decrease
with olmesartan treatment. Similar tendency was observed in
connective tissue growth factor, fibronectin, and collagen 1 and 4
mMRNA expressions (Figure 7A and Supplemental Figure 3).
We next examined the expression of NADPH oxidase 2
(Nox-2) or gp91phox/Cybb, p22phox/Cyba, and Nox-4, which

29

are essential membrane components of NADPH oxidase.?
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8, E and F); the phosphorylation of p38
MAPK was reduced with spironolactone or olmesartan, and
also with tempol (Figure 8, E, G, and H).

ANP Inhibits Phosphorylation of ERK and p38 MAFK in
Cultured Mouse Podocytes

We examined the effect of ANP on phosphorylation of ERK
and p38 MAPK in cultured mouse podocytes. Aldosterone
caused the phosphorylation of ERK as quickly as 10 minutes
after the stimulation and lasted for as long as 30 minutes
(Figure 9A). Pretreatment with ANP completely abolished
ERK phosphorylation (Figure 9B). The phasphorylation of .
P38 MAPKwas upregulated at 3 hours after aldosterone stim-
ulation, and such induction was significantly inhibited with
ANP treatment (Figure 9, C and D).

GC-A knockdown in podocytes showed higher levels of phos-
phorylated ERK and p38 MAPK than controls {Supplemental
Figure 4). Treatment with olmesartan or spironolactone, but
not tempol, partially decreased phospho-ERK; ¢cGMP analog
strongly reduced phosphorylation of both ERK and p38
MAPK (Supplemental Figure 4). Cultured podocytes stimulated
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Figure 5. Electron microscopic analyses of glomeruli in aldosterone-infused GC-A
knockout mice at 4 weeks. (A) Aldosterone-infused wild-type mice (WT aldo) showed
almost normal foot process structure. Vehicle-infused GC-A knockout mice (GC-A KO
veh) had normal podocyte foot processes. Aldosterone-infused GC-A knockout mice
(GC-A KO zldo) showed foot process effacement with irregular thickening of glo-
merular basement membrane, These changes were not improved with administration
of hydralazine (GC-A KO aldo+hyd), but ameliorated with spironolactone (GC-A KO
aldo+spi), olmesartan (GC-A KO aldo+olm), or tempol (GC-A KO aldo+temp). (B} GBM
thickness and foot process width (n=3, each). #Pp<0.05, WT veh versus WT aldo,
**P<0.01, KO veh versus KO aldo, TP<0.05, TTP<0.01, versus KO aldo, TP<0.05, KO
veh versus WT veh. WT, wild-type; veh, vehicle; aldo, aldosterone; KO, knockout; hyd,

hydralazine; spi, spironolactone; olm, olmesartan; temp, tempal.

with aldosterone upregulated expression of connexin43
(Gjal}, a podocyte injury marker. This upregulation was signif-
icantly inhibited by the treatment with MAPK kinase (MEK)
inhibitor U0126 or p38 MAPK inhibitor SB203580 (Figure
9E}. Finally, we confirmed whether aldosterone action was me-
diated through a mineralocorticoid receptor. Upregulation of
connexin43 mRNA in aldosterone-stimulated podocytes was
not reduced by glucocorticoid receptor blocker mifepristone,
but by spironolactone {Figure 9F).

DISCUSSION

We investigated the role of the natriuretic peptide/GC-A system
in aldosterone-induced renal injury. Although aldosterone
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administration in wild-type mice resulted
in minor glomerular abnormalities with
marginal increase of albuminuria, GC-A-
deficient mice exhibited accelerated hyper-
tension and severe glomerulopathy with
massive proteinuria, indicating that GC-A
signaling should normally act to inhibit
aldosterone-induced glomerular injury. We
must be cautious to interpret BP by tail-cuff
manometry, because it is not as precise as
direct monitoring. Nevertheless, these ac-
tions were not merely BP dependent, and
we therefore hypothesized that GC- A signal-
ing works at podocytes in this model. In fact,
aldosterone exerted marked podacyte injury,
only in the absence of GC-A.

Besides massive proteinuria, aldosterone
caused glomerulosclerosis and interstitial
fibrosis in a mineralocorticoid receptor-
dependent fashion (Figures 2-4). Spirono-
lactone treatment with modest BP reduction
(Figure 1) almost completely abolished
these abnormalities, suggesting that aldo-
sterone acts perhaps via the receptor on the
podocytes and mesangium in addition Lo
that in tubules.7-%11-13 To note, an ARB
olmesartan markedly ameliorated protein-
uria and glomerular/podocyte injuries
(Figures 2-6), suggesting that aldosterone
activation of the RAAS in the kidney may
have a causative role, especially in the ab-
sence of GC-A signaling. Several studies
have provided evidence for positive feed-
back between aldosterone and the RAAS,
and GC-A knockout mice showed aug-
mented angiotensin-converting enzyme
and AT1 mRNA expression.0 Activated
AT1 signaling at podocytes would be suffi-
cient to cause proteinuria and glomerular
injury.3:32 Furthermore, the crosstalk be-
tween Angll and GC-A signaling was shown in cultured
podocytes.** These data suggest that lack of GC-A in the kidney
should have a critical role in exaggerated activation of the
“local” RAAS, which was abrogated by ARB trcatment.

Aldosterone increases ROS production in the kidney. 7812
This study reveals that the glomerular expression of gp91phox, a
prototype of Nox family,>® was upregulated in aldosterone-
infused GC-A knockout mice (Figure 7). Treatment with
tempol, a membrane-permeable radical scavenger,® inhibited
such increases together with significant amelioration in ne-
phropathy (Figures 2-6), suggesting the importance of ROS
in this model. Thus far, little is known on the relationship
between natriuretic peptides and ROS in renal injury. It has
been reported that ANP counteracts ROS generation in aortic
smooth muscle cells,** and inhibits ROS-induced cell damage

+temp
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earliest podocyte injury markers,?? was in-
duced by aldosterone and reduced by p38
MAPK inhibition (Figure 9E). It is thus
conceivable that GC-A deficiency facili-
tated aldosterone- and ROS-induced acti-
vation of p38 MAPK, causing pronounced
podocyte damage. It has been reported that
ANP inhibits ROS-mediated p38 MAPK
activation in lung endothelial cells.?

This study also demonstrated the en-
hanced ERK phosphorylation at podocytes
in aldosterone-infused GC-A knockout
mice, which was attenuated with RAAS
blockade. We previously showed that na-
triuretic peptides prevent glomerular ERK
activation in anti-GBM GN?3 and amelio-
rate Angll-induced cardiac hypertrophy
and fibrosis.*? In vitro, ANP and ¢cGMP an-
alog inhibited aldosterone-induced ERK
phosphorylation (Figure 9), suggesting

Figure 6. Immunostaining for nephrin and podccin. (A) Aldosterone-infused wild-type
mice (WT aldo) showed normal linear staining for nephrin and podacin. Aldosterone-
infused GC-A knockout mice (GC-A KO aldo) exhibited decreased expression of
nephrin and podocin at 4 weeks. The expression of both nephrin and podocin was
recovered by administration with spironolactone (GC-A KO aldo+spi), olmesartan (GC-
A KC aldo+alm), or tempol (GC-A KO aldo+temp), but not with hydralazine (GC-A KO
aldo+hyd). (B) Quantification of the mean intensity and the area of fluorescent staining
for nephrin and podocin, and the products of multiplying the intensity and the area are
shown. WT veh, n=5; WT aldo, n=8; KO veh, n=5; KO aldo, n=8; KO aldo+hyd, n=6;
KO aldo+spi, n=5; KO aldo+olm, n=5; and KO aldo+temp, n=5. #P<0.05, WT veh
versus WT aldo, **P<0.01, KO veh versus KO aldo, TP<0.05, TtP<0.01, versus KO
aldo, "P<0.05, KO veh versus WT veh. WT, wild-type; veh, vehicle; alde, aldosterane;
KO, knockout; hyd, hydralazine; spi, spironolactone; olm, olmesartan; temp, tempol.

that natriuretic peptide/GC-A/cGMP path-
way can counteract the activation of both
MAPK pathways {Supplemental Figure 5).
This study provides an idea that sup-
pression of GC-A signaling would be a
potential risk for proteinuria under high
aldosteronc state. Impaired GC-A signaling
can often be seen in chronic heart failure
{natriuretic peptide resistance), in which
RAAS activation would inevitably occur
both systemnically and locally.** Such con-
ditions are well recognized as potentially

via the GC-A/cGMP pathway.?® The role of ROS in renal injury
has been extensively studied,*® and redox control is crucial in
the pathophysiology of human and rodent diabetic
nephropathy.37-38 In this study, aldosterone caused increased
glomerular expression of ROS- and ECM-related genes both in
knockout and control mice. However, augmented 3-OHdG,
magsive proteinuria, and fibrotic changes occurred only in
GC-A knockoul mice, suggesting that, in wild-type mice,
GC-A signaling may hamper intracellular mechanisms down-
stream of ROS signal against disease progression.
ROS-induced cell injury is mediated in part by the activation
of MAPKs.%9 p38 MAPK plays a critical role in inflamma-
tion,??® cytoskeleton stability,’® and podocyte function.#? We
previously showed that inhibition of p38 MAPK markedly
ameliorates podocyte injury and proteinuria in rodent models
of nephrotic syndrome.*! In this study, knockout mice with
aldosterone exhibited augmented phosphorylation of p38
MAPK in podocytes, which was inhibited by RAAS blockade
as well as tempol (Figure 8). In addition, ANP suppressed p38
MAPK phosphorylation, which was increased by GC-A
knockdown in cultured podocytes (Figure 9, Supplemental
Figure 4). Moreover, upregulation of connexin43, one of the
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harmful to the kidney, and supplementa-
tion of ANP or BNP could become a therapeutic option
against disease progression.

In summary, this study reveals that aldosterone causes
massive proteinuria and podocyte injury in the absence of GC-
A signaling with the activation of ROS and MAPKs, and that
RAAS blockade and ROS inhibition could ameliorate these
abnormalities. These findings suggest that local inhibition of
the RAAS and oxidative stress in podocytes may be a novel
mechanism involved in the pleiotropic and renoprotective
propertics of endogenous natriuretic peptide/GC-A system.

CONCISE METHODS

Reagents and Antibodies
Aldosterone was obtained from Sigma Aldrich ({5t. Louis, MQJ.

Reagents used were hydralazine (Sigma Aldrich}, spironolactone
{Sigma Aldrich), olmesartan {a gift {rom Daiichi Sankyo Pharma-
ceutical, Tokyo, Japan), tempol (Sigma Aldrich), MEK inhibitor
U0126 (Cell Signaling Technology, Boston, MA), p38 MAPK inhibitor
SB203580 (Cell Signaling Technolegy), and glucocorticoid receptor
blocker mifepristone (Sigma Aldrich). Primary antibodies used for

J Am Soc Nephrot 23: 11981209, 2012
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8-OHdJG. Strong staining of 8-OHJG was detected in vehicle-infused GC-A knockout mice (GC-A KO veh), and aldosterone infusion
(GC-A KO aldo) augmented 8-OHdG staining mainly at podocytes and tubular cells. Staining of 8-OHdG was reduced by adminis-
tration with spironolactone (GC-A KO aldo+spi), olmesartan (GC-A KO aldo+olm), or tempol (GC-A KO aldo+temp), but not with
hydralazine (GC-A KO aldo+hyd). (D) Quantification of the mean intensity of staining for 8-OHdG. WT veh, n=5; WT aldo, n=8; KO veh,
n=5; KO aldo, n=8; KO aldo+hyd, n=6; KO aldo+spi, n=5; KO aldo+olm, n=5; and KO aldo+temp, n=5. #p<0.05, WT veh versus WT
aldo,*P<0.05, **P<0.01, KO veh versus KO aldo, TP<0.05, TTP<0.01, versus KO alda, "P<<0.05, KO veh versus WT veh. WT, wild-type;
veh, vehicle; aldo, aldosterone; KO, knockout; hyd, hydralazine; spi, spironolactone; olm, olmesartan; temp, tempol.

Western blotting and immunohistochemical studies were goat anti-
nephrin (R&D Systems, Minneapolis, MNJ}, rabbit anti-podocin
(Sigma Aldrich), rabbit anti-p44/42 MAPK, rabbit anti-phospho-
p44/42 MAPK, rabbit anti-p38 MAPK, rabbit anti-phospho-p38
MAPK (Cell Signaling Technology), and goat anti-8-OHdG (Millipore,
Temecula, CA) antibodies.

Animal Experiments
All animal experiments were approved by the Animal Experimenta-

tion Committee of Kyoto University Graduate School of Medicine.
Mice deficient in GC-A were produced on 129/SV] background!® and
then backcrossed with C57BL/6] mice more than 10 times. Male GC-A
knockout mice or their wild-type littermates (approximately 28 g)
received a lelt uninephrectomy or sham operation under intraperi-
toneal pentobarbital anesthesia (at —2 weeks). At 2 weeks after
uninephrectomy or sham operation, an osmotic minipump (model
2004; Alzet, Cupertine, CA) was implanted subcutaneously to infuse
vehicle or aldosterone (at 0 weeks). All mice were fed a diet containing
6% NaCl. Mice were assigned randomly to treated or untreated groups
for 4 weeks: group 1, vehide (2% ethanol)-infused wild-type mice

J Am Soc Nephrol 23: 1198-1209, 2012

(n=5); group 2, aldosterone (0.2 pg/kg body weight per minute)-
infused wild-type mice (n=8); group 3, vehicle-infused GC-A
knockout mice (1=5); group 4, aldosterone-infused GC-A knockout
mice (n=8); group 5, aldosterone-infused GC-A knockout mice with
hydralazine (60 mg/kg per day, in drinking water) {#=6); group 6,
aldosterone-infused GC-A knockout mice with spironolactone (30
mykg per day, in drinking water) (n=5}; group 7, aldosterone-infused
GC-A knockout mice with olmesartan (10 mg/kg per day, in drinking
water) {n=5); and group 8, aldosterone-infused GC-A knockout mice
with tempol (110 mgfkg per day, in drinking water) (n=3).

Animals were given water ad libitimn. BP was measured in con-
scious mice by the tail-cuff method (MK-20005T; Muromachi Kikai,
Tokyo, Japan) at =2, 0, 1, 2, and 4 weeks.® For urine measurements,
each animal was housed separately in a metabolic cage (Shinano
Manufacturing, Tokyo, Japan) at —2, 0, 1, 2, and ¢ weeks. Blood and
kidney samples were harvested at 4 weeks. Glomeruli were isolated by the
graded sieving method.*® Urinary and serum creatinine were measured
by the enzymatic method (SRL, Tokyo, Japan).?® Serum aldosterone was
measured by RIA (SRL), Urinary albumin excretion was assayed with a
murine albumin ELISA kit (Exocell, Philadelphia, PA).#*
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after aldosterone infusion. (B) Double immunostaining for phospho-ERK (brown) and
Wilms’ tumor 1 (WT1, blue). Arrows indicate double pasitive cells. (C) Western blotting for
phospho-ERK and total ERK in glomeruli of mice. (D) Quantification of relative phospho-
ERK to total ERK levels analyzed with densitometer. (E) Immunchistochemical study for
phaspho-p38 MAPK at 4 weeks after aldosterone infusion. (F) Double immunostaining
for phospho-p38 MAPK (orown) and WT1 (blue). Arrows indicate double positive cells.
(G) Western blotting for phospho-p38 MAPK and total p38 MAPK in glomeruli of mice.
(H) Quantification of relative phospho-p38 MAPK to total p38 MAPK levels analyzed
with dersitometer. n=3, sach. *P<0.01, WT veh versus WT aldo, **P<0.01, KO veh
versus KO aldo, TP<0.05, tTP<:0.01, versus KO aldo, ¥P<0.01, KO veh versus WT veh.
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aldosterong; KH, GC-A KO mice with adosterone treated with hydralazine; KS, GC-A KO
mice with aldosterone treated with spironolactone; KO, GC-A KO mice with aldosterone
reated with olmesartan; KT, GC-A KO mice with aldosterone treated with tempol.
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Renal Histology and Electron
Microscopy

Histologic and electron microscopic examinations
were performed as described previously. 047
Briefly, kidney sections stained with periodic
acid-Schiff were examined by light microscopy
(TX-81; Olympus, Tokyo, Japan). The cross-
sectional area and the mesangial area in both
10 superhcial and 10 juxtamedullary glomeruli
were measured quantitatively using a computer-
aided manipulator (MetaMorph software; Mo-
lecular Devices, Sunnyvale, CA).*® The number
of sclerotic and all juxtaglomerular glomeruli
was counled. The fibrotic area was also measured
in Masson’s lrichrome-stained kidney sections
quantitatively using a computer-aided manipula-
tor (MetaMorph software).?” Electron micro-
scopic examination was performed in an electron
microscope (H-7600; Hitachi, Tokyo, Japan),
GBM thickness and foot process width were mea-
sured with Image ] software (http//rshweb.nih.
govlijf; n=3, each). These procedures were per-
formed by two investigators blinded to the origin
of the slides and photos, and the mean values were
calculated.

Immunohistochemistry
Immunofluorescence analyses for nephrin and

podocin were described previously. 14 Briefly,
cryostat sections were incubated with goal anti-
nephrin antibody or rabbit anti-podocin anti-
body, and then incubated with FITC labeled
secondary antibodies (Jackson ImmunoRe-
search, Wesl Grove, PA). Positive area and
mean fluorescent intensity were measured
with [mage ] software {n=3, each}. Immunohis-
tochemical studies for phospho-ERK, phospho-
p38 MAPK, and 8-OHdG were also performed
as previously described.®! Briefly, paralfin-
embedded sections were incubated with rabbit
anti-phospho-p44/42 MAPK (ERK) antibody,
rabbit anti-phospho-p38 MAPK antibody, or
goat anti-8-OHdG antibody, and then incu
bated with horseradish peroxidase~labeled
anti-rabbit or anti-goat antibodies (Jackson
ImmunoResearch). Mean staining intensity
was measured with Image J software (#=3,
cach). The sections were developed with 3.3'-
diaminobenzidine tetrahydrochloride. WT1
immunostaining was performed as described. ¢
For immunohistochemical studies for GC-A,
paraffin-embedded, autoclave-heated sections
were treated with 3% Ha0; and a biotin blocking
kit {Vector Laboratories, Burlingame, CA), and
were incubated with 10% normal goat serum in

J Am Soc Nephrol 23: 1198-1209, 2012
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Figure 9. Aldosterone-induced phosphorylation of ERK and p38 MAPK in cultured
mouse podocytes. (A) Time course of phospho-ERK and total ERK protein after ad-
ministration of aldosterone (1 uM) in cultured podocytes. *P<<0.01, versus 0 minutes.
n=5. (B) Inhibitory effects of ANP (1 uM]) on aldosterone-induced ERK phosphoryla-
tion. ANP (aldo+ANP) or vehicle (aldo) was administered 30 minutes before aldoste-
rone or vehicle (cont) stimulation (1 uM). Cells were harvested at 10 minutes after
aldosterone stimulation. *P<0.01. n=5. (C) Time course of phospho-p38 MAPK and
total p38 MAPK protein after administration of aldosterone (1 uM) in cultured po-
docytes. *P<0.01, versus O minutes. n=5. (D) Inhibitory effects of ANP (1 uM} on al-
dosterone-induced p38 MAPK phosphorylation at 3 hours. Mean = SEM *P<0.01,
versus O minutes. "P<0.01. n=5. *P<0.01, versus 0 minutes. *P<0.01. n=5. (E) in-
hibitory effects of MEK inhibitor or p38 MAPK inhibitor on connexin43 (Gjal) mRNA
expression in mouse podocytes. U. U0126 (10 uM); SB, SB203580 (10 M), **P<0.01
versus veh. P<0.01 versus aldosterone. n=3. (F) Glucocorticoid receptor blocker,
mifepristone, did not reduce aldosterone-induced connexind3 expression. Spi, spi-
ronolactone (10 uM), mifepristone (10 uM). *P<0.05, **P<0.01 versus veh, p<0.05
versus aldosterone. n=3. WT, wild-type; veh, vehicle; aldo, aldosterone; KO, knock-
out; hyd, hydralazine; spi, spironolactone; olm, olmesartan; temp, tempol.

PBS. The sections were incubated with rabbit anti-NPR-A (GC-A) anti-
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TGF-B1, COL1A1l, COL4A3, fibronectin,
gp91phox/Cybb (Nox-2), p22phox/Cyba, and
Nox-4 mRNA expressions were evaluated.
Some of primers and probe sets were described
elsewhere*® and included the following: COL1A1
forward primer, 5'-gtcccaacceccaaagac-3';
COLIAL reverse primer, 5'-calctictgag-
titggtgatacgt-3'; COL1AL probe, 5'-FAM-
tgctgtgetttetgeecgga-TAMRA-3"; Cybb forward
primer, 5'-ggtgacaatgagaacgaagagtatc-3'; Cybb
reverse primer, 5'-gagacacagtgtgatgacaattce-3';
Cybb probe, 5’-FAM-cagccaaccgagtcacggecaca-
tac-TAMRA-3"; Cyba forward primer, 5'-
cceetcaccaggaattactacg-3'; Cyba reverse primer,
5'-cactgcteacctcggatgg-3"; Cyba probe, 5'-FAM-
clecacttectgtigleggtgectae-TAMRA-3"; Nox-4
forward primer, 5'-gcaagacictacacatcacatgtg-3";
Nox-4 reverse primer, 5'-lgclgcattcagticaag-
gaaatc-3'; Nox-4 probe, 5'-FAM-tctcaggtgtg-
catglagcegecca-TAMRA-3'; Gjal forward
primer, 5'-ctctecttttcctitgacttcage-3'; Gjal re-
verse primer, gaccttgtecageagetice; and Gijal
probe, 5'-FAM-aaggagticcaccactilggegtgee-
TAMRA-3", Expression of each mRNA was nor-
malized with GAPDH mRNA (TagMan rodent
GAPDH control reagents; Applied Biosystems).

Cell Cultures

A conditionally immortalized mouse podocyte
cell line was provided by Dr. Peter Mundel
(University of Miami Miller School of Medicine,
Miami, FL) and cultured as described.?’ For
time-course experiments, differentiated podo-
cytes were made quiescent in medium that con-
tained 0.1% FBS for 24 hours, and then cells
were stimulated with 1 pM aldosterone and fur-
ther incubated for a period ranging from 5 min-
utes to 24 hours. The effect of ANP (Peptide
Institute, Osaka, Japan) on phosphorylation of
ERK and p38 MAPKwas studied in the presence
of aldosterone. Cells were made quiescent in
medium that contained 0.1% FBS for 24 hours,
pretreated with 1 uM ANP or vehicle (final
0.005% glucose solution) 30 minutes before

body (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:20 in PBS
for 1 hour at room temperature, and then incubated with goat biotin-
conjugated anti-rabbit antibody (Vector Laboratories). The sections
were processed with LSAB2 streptavidin-HRP (DAKQ, Glostrup, Den-
mark), and developed with 3,3’-diaminobenzidine tetrahydrochloride.

‘ Glomerular RNA Extraction and Real-Time RT-PCR

Analyses
Quantitative real-time RT-PCR was performed using the StepOnePlus
system (Applied Biosystems, Foster City, CA) as described previously. ¢

J Am Soc Nephrol 23: 1198-1209, 2012

stimulation with 1 uM aldosterone or vehicle (final 0.2% ethanot),
and then harvested at 10 minutes or 3 hours after stimulation for ERK
and p38 MAPK analyses, respectively.

Connexind3 (Gjal) mRNA expression was evaluated by TagMan
PCR. Differentiated podocytes were made quiescent, pretrealed with
10 M U0126 or 10 uM SB203580 for 30 minutes, and then stimu-
lated with 1 uM aldosterone. Cells were harvested at 24 hours after
stimulation with a RNeasy Mini kit (Qiagen). For analysis of the
glucocarticoid pathway, cells were pretreated with 10 uM mifepris-
tone or 10 uM spironolactone and were harvested at 3 hours after
aldosterone (1 M) stimulation.
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Western Blot Analyses

Western blot analysis was performed as described. ¢4 Briefly, isolated
glomeruli were homogenized in celd RIPA buffer (50 mM Tris-HCI,
150 mM NaCl, 4 mM EDTA, 1% Nonidel P-40, 0.1% sodium deoxy-
cholate, 10 mM Na,P,04, 10 mM NaF, 10 pg/ml aprotinin, 2 mM
dithiothreitol, 2 mM sodium orthovanadate, and 1 mM PMSF). TFor
cultured cells, cells were lysed with RIPA buffer for ERK detection, or
were processed with the AllPrep DNA/RNA/protein Mini kit and
then lysed with lysis bulfer containing 100 mM Tris-HC, 3% SDS,
10 mM NaHPO,, 1% Nonidet P-40, 20 mM EDTA, 10 ug/ml apro-
tinin, 2 mM dithiothreitol, 2 mM sodium orthovanadate, and 1 mM
PMSF for p38 MAFK detection. The homogenates were centrifuged
at 15,000 rpm for 15 minutes at 4°C, and the supernatants were
treated with NuPAGE sample buffer (Invitrogen, Carlsbad, CA).
Western blot analysis was performed as described with some mod-
ifications using NuPAGE Bis-Tris gels {Invitrogen).” Filters on iso-
lated cell extracts were incubated with rabbit anti-phospho-p44/p42
MAPK antibody or anti-phospho-p38 MAPK antibody for 1 hour,
and immunoblots were developed using horseradish peroxidase-
linked donkey anti-rabbit antibodies (Amersham, Arlington Heights,
IL) and a chemiluminescence kit (Amersham).

Statistical Analyses
Data are expressed as the mean *= SEM. Statistical analysis was per-

formed using one-way ANOVA, P<<0.05 was considered statistically
significant.
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Ghrelin is a GH-releasing peptide mainly excreted from the stomach. Ghrelin administration has
been shown to inhibit cardiac sympathetic nerve activity (CSNAJ, reduce malignant arrhythmia, and
improve prognosis after acute myocardial infarction (Ml). We therefore investigated the effects
and potential mechanisms of the action of endogenous ghrelin on survival rate and CSNA after Mi
by using ghrelin-knockout (KO) mice. Ml was induced by left coronary artery ligation in 46 KO mice
and 41 wild-type mice. On the first day, malignant arrhythmia-induced mortality was observed
within 30 min of the ligation and had an incidence of 2.4% in wild-type and 17.4% in KO mice (P <
0.05). We next evaluated CSNA by spectral analysis of heart rate variability. CSNA, represented by
the low frequency/high frequency ratio, was higher in KO mice at baseline (2.18 £ 0.43 v5. 0.98 =
0.09; P < 0.05), and especially after MI (25.5 = 11.8 vs. 1.4 = 0.3; P < 0.05), than in wild-type mice.
Ghretin (150 pgtkg, sc) 15 min before ligation suppressed the activation of CSNA and reduced
mortality in KO mice. Further, this effect of ghrelin was inhibited by methylatropine bromide (1
mg/kg, ip) or by perineural treatment of both cervical vagal trunks with capsaicin (a specific af-
ferent neurotoxin). Our data demonstrated that both exogenous and endogenous ghrelin sup-
pressed CSNA, prevented the incidence of malignant arrhythmie, and improved the prognosis after
acute ML These effects are likely to be via the vagal afferent nerves. (Endocrinofogy 153:

3426-3434, 2012)

yocardial infarction (MT) is the most common cause

of death in industrialized countries. In most cases,
death occurs during the acute phase, Z.e. the first 3-6 h
after MI. This high mortality mainly results from malig-
nant ventricular arrhythmia, which is strongly associated
with an adverse and sustained increase in cardiac sympa-
thetic nerve activity (CSNA) (1). Even for those who sur-
vive the immediate infarct, increased CSNA is also
thought to contribute to left ventricular (LV) remodeling,
which results in subsequent heart failure and morrality (2,
3). B-Adrencrgic blockade, through the suppression of
CSNA, has been shown to reduce the incidence of ven-
tricular arrhythmia, attenuate the adverse ventricular re-
modeling, and decrease mortality after MI (2, 4).
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Ghrelin is a GH-releasing peptide, originally isolated
from the stomach in 1999, which has been identified as an
endogenous ligand for the GH secretagogue receptor
(GHS-R) (3). GHS-R mRNA is detected in not only the
hypothalamus and pituitary but also the heart and blood
vessels (6, 7), and much evidence for a cardiovascular
function of ghrelin has been reported. Previous studies
have revealed that chronic administration of exogenous
ghrelin improved cardiac performance in rats and humans
with chronic heart failure, as indicated by increases in
cardiac output and LV fractional shortening (8, 9). Early
ghrelin intervention also prevented the adverse increase in
CSNA after acute MI, as well as reduced malignant ar-

Abbraviations: BP, Blocd pressure; C5NA, cardiac sympathetic narve activity; LCG, elec-
trocardiography; GHS-R, Gl secretagogue receptor; HF, high frequency; 1R, heart rate;
KO, ghrelin knockout; LF, low frequency; LY, left ventricular; b, myocardial infarction;
nHF, percentage of HF in total power; nif, percentsge of LF in -otal power, NTS, nuclews
tractus solitarius; WT, wild type.
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