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Abstract

We studied the effects of mycophenolate mofetil, a specific inhibitor of inosine monophosphate dehydrogenase, on the mercuric chloride
induced autoimmune glomerulonephritis in Brown Norway rats and also on the renal contents of adrenomedullin. In the rats with
autoimmune glomerulonephritis, plasma and renal tissue adrenomedullin levels were increased significantly. Coadministration of
mycophenolate mofetil resulted in prevention of autoimmune glomerulonephritis and also in maintaining of plasma and renal tissue
adrenomedullin levels at control levels. Adrenomedullin mRNA expressions in the renal cortex were also higher in the rats with autoimmune
glomerulonephritis. Significant positive correlations were found between renal cortical adrenomedullin levels and urinary Na* and N-acetyl-
R-D-glucosaminidase excretion. A significant negative correlation between renal cortical adrenomedullin levels and creatinine clearance was
also found. These results suggest that mycophenolate mofetil suppresses the renal damage in rats with autoimmune glomerulonephritis and

renal adrenomedullin may participate in the pathophysiology of autoimmune glomerulonephritis.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Adrenomedullin is a novel vasodilatory peptide originally
discovered in human pheochromocytoma tissue (Kitamura et
al., 1993). Subsequent studies demonstrated that adrenome-
dullin is widely distributed in the cardiovascular system,
including the kidney, heart, lungs, and blood vessels (Kita-
mura et al.,, 1993). Adrenomedullin gene transcripts and
specific binding sites are also present at high levels in the
kidney, heart, lungs, and blood vessels (Ichiki et al., 1994).
Immnohistochemistry of adrenomedullin in the canine kid-
ney has revealed adrenomedullin immunoreactivity in glo-
meruli, cortical distal tubules, and medullary collecting duct
cells. These results suggest that adrenomedullin may play a
role in the regulation of kidney function (Jougasaki et al.,
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1995; Eto and Kitamura, 2001). Clinical studies have sug-
gested the possible involvement of adrenomedullin in the
pathophysiology of renal diseases (Eto and Kitamura, 2001).
However, data are unavailable on the adrenomedullin in
kidney tissues in glomerulonephritis. In the present study,
using an animal model of autoimmune glomerulonephritis,
we investigated the effect of glomerulonephritis on renal
adrenomedullin content. We also studied the effects of
mycophenolate mofetil, a specific inhibitor of inosine mono-
phosphate dehydrogenase, which is involved in de novo
purine synthesis, on the induced autoimmune glomerulone-
phritis and also on the renal contents of adrenomedullin.

2. Materials and methods

This study was performed in accordance with the guide-
lines of the Animal Care Committee of the National Car-
diovascular Center Research Institute.
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Table 1

Effects of HgCl, and mycophenolate mofetil administration on serum chemistry

Group 1, Control

Group 2, HgCl,

Group 3, Mycophenolate Group 4, Mycophenolate

(saline) group only group mofetil 50 mg/kg+HgCl, mofetil, 50 mg/kg only

Serum

Albumin, g/dl 3.9840.19 1.854+0.19° 3.24+0.53*° 3.79+0.16>°

BUN, mg/dl 24.39+4.11 34.01£13.16° 22.43+6.14° 28.81£5.09

Total cholesterol, mg/dl 60.38+4.75 242.25+30.72° 60.50+25.44° 47.38+5.55

Creatinine, mg/dl 0.35+0.02 0.33£0.10 0.26+0.03*° 0.31+0.03
Urine

Protein, mg/day 11.81+3.01 672.56+124.65 34.36+71.53° 3.07+1.18°

Cer, ml/min 1.3940.16 1.09+0.46 1.49+0.49° 1.25+0.13

N-acetyl-B-p-glucosaminidase, 0.2140.09 1.29+0.61* 0.16+0.04° 0.16+0.03°

U/day

Na*, mEqg/day 1.3740.43 1.97+0.44* 1.50+0.32° 0.76+0.48*>°

Body weight 204.00+11.36 156.25+7.74* 156.50+10.89° 162.38+14.42*

Data are expressed as means+S.D. The One-way ANOVA test, followed by multiple comparisons test, was used for intergroup comparisons.

? P<0.05 vs. Group 1.
' P<0.05 vs. Group 2.
¢ P<0.05 vs. Group 3.

2.1. Animals

Six-week-old male Brown Norway rats were obtained
from Oriental Yeast, Osaka, Japan. They weighed 150—160
g at the start of the experiments. They were fed standard
food and tap water ad libitum.

2.2. HgCl, administration

HgCl, (1 mg/kg body weight) was dissolved in normal
saline and inoculated subcutaneously 3 times/week for a
total of 2 weeks.
2.3. Mycophenolate mofetil administration

Mycophenolate mofetil, donated by Chugai Pharma-
ceutical, Tokyo, Japan was given as a daily oral dose of

50 mg/kg sonicated in vehicle containing 0.9% benzyl
alcohol, 5% r-dextrose, 0.9% NaCl, 0.5% carboxy-meth-

Table 2

ylcellulose (7F), 0.4% polysorbate 80, and 88.7% water,
pH 3.5.

2.4. Experimental design

Thirty-two animals were randomly divided into four
groups of eight animals: group 1, rats received vehicle only;
group 2, rats were treated with HgCl, alone; group 3, rats
were treated with HgCl, and mycophenolate mofetil (50
mg/kg body weight), and group 4, rats were treated with
mycophenolate mofetil (50 mg/kg body weight) alone. On
day 13 of the experimental protocol, all rats were housed
overnight in metabolic cages in order to collect urine. Serum
and urine samples were obtained from all animals on day
14. Animals were sacrificed on day 14. Serum albumin,
creatinine, total cholesterol, blood urea nitrogen, urinary
protein, urinary N-acetyl--D-glucosaminidase, urinary cre-
atinine and urinary Na" were determined using an automatic
analyzer (Hitachi 7170, Hitachi, Japan).

Effects of HgCl, and mycophenolate mofetil administration on renal tissue adrenomedullin

Group 1, Group 2, Group 3, Mycophenolate Group 4, Mycophenolate
Saline only HgCl, only mofetil, 50 mg/kg+HgCl, mofetil, 50 mg/kg only
Cortex mature adrenomedullin, fmol/mg 0.30+0.05 0.57+0.13* 0.38+0.03*° 0.34+0.03"
Cortex total adrenomedullin, fmol/mg 0.61+0.13 0.95+0.17* 0.89+0.07° 0.68+0.03>°
Medulla mature adrenomedullin, fmol/mg 0.33+0.04 0.59+0.20* 0.32+0.02° 0.24+0.03"
Medulla total adrenomedullin, fmol/mg 0.54+0.07 0.80+0.20* 0.68+0.07*° 0.48+0.06>°
Plasma total adrenomedullin, fmol/mg 26.58+10.67 62.48+21.34" 35.01+23.71° 30.68+5.24"

Data are expressed as means+S.D. The One-way ANOVA test, followed by multiple comparisons test, was used for intergroup comparisons.

* P<0.05 vs. Group 1.
® P<0.05 vs. Group 2.
¢ P<0.05 vs. Group 3.
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Fig. 1. Representative Northern blots showing adrenomedullin (AM) in the
renal cortex in rats.

2.5. Radioimmunoassay for renal and plasma total and
mature adrenomedullin

Each renal tissue to be used for radioimmunoassay was
weighed, diced, and boiled in 10 volume of 1 mol/l acetic
acid for 10 min to inactivate intrinsic proteases. After the
boiled tissues were cooled, it was homogenized with a
Polytron mixer for several min. The homogenate was
centrifuged at 3000xg for 30 min, and the supernatant
was centrifuged again at 15,000Xg for 10 min. The super-
natant was evaporated under vacuum until dry (Yoshihara
et al., 2000). Rat total adrenomedullin and rat mature
adrenomedullin were measured by immunoradiometric as-
say systems using two monoclonal antibodies against rat
adrenomedullin, one specifically recognizing a ring struc-
ture of rat adrenomedullin in both assay kits and the other
specifically recognizing the carboxy-terminal sequence in
the rat mature adrenomedullin kit or adrenomedullin (25—
36) in the rat total adrenomedullin kit. The assay measures
rat total adrenomedullin or rat mature adrenomedullin by
sandwiching it between the two antibodies (Nishikimi et
al., 2002).

2.6. Northern blot analysis

An EcoRI/Nael restriction fragment of rat adrenomedul-
lin cDNA corresponding to nucleotides —153 to 436 was
used as the rat adrenomedullin cDNA probe. Total RNA (20
pg/lane) for adrenomedullin mRNA evaluation was dena-
tured, electrophoresed and transferred to nylon membrane.
For hybridization with the cDNA probe, conditions for

hybridization and washing have been previously described
(Nishikimi et al., 1997).

2.7. Statistical analysis

Data from all the 32 animals (4 groups of 8 animals) were
included in the analyses. Data are expressed as means+S.D.
The One-way Analysis of variance (ANOVA) test, followed
by multiple comparisons test, was used for intergroup com-
parisons. Differences were considered significant at a level of
P<0.05. Univariate and stepwise multivariate regression
analyses were used to detect independent predictors of renal
tissue adrenomedullin levels among the eight variables, as
listed in the following text. Correlation coefficients were
calculated using linear regression analysis.

3. Results

3.1. Characteristics of HgCl,-induced autoimmune
glomerulonephritis

With subcutaneous inoculation of HgCl,, a progressive
proteinuria developed from 7 days onwards. The proteinuria
stabilized at around 600 mg/24 h. Concomitant with the
increase in proteinuria, there was a severe drop in serum
albumin levels, reaching around 2 g/dl at day 14. A
concomitant rise in serum total cholesterol was observed,
reaching around 200 mg/dl at day 14.

Table 3
Univariate and stepwise multivariate regression analyses of factors
predicting renal tissue mature adrenomedullin levels

Variable

Univariate Multivariate

Correlation P
coefficient

Correlation P
coefficient

Cortical mature adrenomedullin

Serum
Albumin —0.82 <0.0001 —0.363 <0.0001
Blood urea nitrogen 0.60 0.0002 NS
Creatinine 0.30 0.076 NS
Creatinine clearance —0.49 0.003 NS
24-h urinary excretion
Protein 0.86 <0.0001 NS
N-acetyl-p-D-glucosaminidase  0.87 <0.0001 0.578 <0.0001
Na* 0.43 0.0101 NS
Medullary mature adrenomedullin
Serum
Albumin —0.75 <0.0001 NS
Blood urea nitrogen 0.63 <0.0001 NS
Creatinine 0.50 <0.0001 NS
Creatinine clearance —0.52 0.0012 NS
24-h urinary excretion
Protein 0.85 <0.0001 NS
N-acetyl-B-D-glucosaminidase  0.90 <0.0001 0.899 <0.0001
Na* 0.39 0.0206 NS

NS: Not significant.
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3.2. Effects of mycophenolate mofetil (50 mg/kg body
weight) on serum and urine chemistry

All animals were alive at the termination of the exper-
iment. Effects of mycophenolate mofetil (50 mg/kg body
weight) are shown in Table 1. Treatment with mycophe-
nolate mofetil resulted in a 95% reduction in urinary
protein excretion, a 75% reduction in total cholesterol
levels and an 88% reduction in urinary excretion of N-
acetyl-p-D-glucosaminidase. The reduction of proteinuria
resulted in higher serum albumin levels in group 3.
Urinary excretion of Na', which was significantly in-
creased in group 2, was maintained at normal levels in
group 3.

3.3. Effects of mycophenolate mofetil (50 mg/kg body
weight) on plasma and renal tissue adrenomedullin levels

HgCl, administration increased plasma and renal tissue
adrenomedullin levels significantly. Coadministration of
HgCl, and mycophenolate mofetil resulted in maintaining
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of plasma and renal tissue adrenomedullin levels at control
levels (Table 2). Adrenomedullin mRNA expressions in
the renal cortex were also higher in the rats of group 2
(Fig. 1). To determine the independent predictors of renal
tissue mature adrenomedullin levels, stepwise multivariate
regression analysis was used with eight variables such as
serum albumin, blood urea nitrogen, serum creatinine,
creatinine clearance, 24-h urinary protein excretion and
24-h urinary N-acetyl-B-pD-glucosaminidase excretion, 24-
h urinary Na" excretion. Among these eight variables,
serum albumin and 24-h urinary N-acetyl-p-p-glucosami-
nidase excretion were independent and significant predic-
tors of renal cortical mature adrenomedullin and 24-
h urinary N-acetyl-B-p-glucosaminidase excretion was an
independent and significant predictor of renal medullary
mature adrenomedullin (Table 3). Significant positive cor-
relations were found between renal mature adrenomedullin
levels and urinary Na' and N-acetyl-B-p-glucosaminidase
excretion. A significant negative correlation was found
between renal mature adrenomedullin levels and creatinine
clearance (Fig. 2). A significant negative correlation was
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Fig. 2. Correlations between renal tissue adrenomedullin (AM) levels in the renal cortex and medulla and urinary Na®, N-acetyl-p-p-glucosaminidase (NAG)

and creatinine clearance (CCr).
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Fig. 3. Correlation between 24-h urinary protein excretion and creatinine
clearance (CCr).

found between 24-h urinary protein excretion and creati-
nine clearance (Fig. 3).

4. Discussion

Mercuric chloride (HgCl,) induces a lymphproliferative
disorder and autoimmune glomerulonephritis in Brown
Norway rats (Sapin et al., 1997). In the kidney, early
deposition of antiglomerular basement membrane antibodies
occurs and is associated with heavy proteinuria. Subse-
quently, a superimposed immune complex type glomerulo-
nephritis occurs. It has often been proposed as having many
of the features of membranous nephropathy (Fukatsu et al.,
1987).

Mycophenolate mofetil is a suppressor of both T- and B-
cell lymphocyte proliferation and has been used successfully
for the prevention of acute and chronic rejection of renal
allograft (The Mycophenolate Mofetil Acute Renal Rejec-
tion Study Group, 2001). Mycophenolate mofetil is consid-
ered to be effective in the treatment of glomerulonephritis as
a result of a combination of its immunosuppressive proper-
ties and its other mechanisms of action. Mycophenolic acid,
the pharmacologically active metabolite of mycophenolate
mofetil, inhibits both T- and B-lymphocyte proliferation, B-
lymphocyte antibody production and expression of adhesion
molecules (Allison and Eugui, 1996). In addition, myco-
phenolic acid has been shown to inhibit vascular smooth
muscle cell (Allison et al., 1993) and mesangial cell prolif-
eration (Hauser et al., 1999), to be a selective inhibitor of
inducible nitric oxide synthase (Senda et al., 1995), and to
induce apoptosis in activated T cells (Cohn et al., 1999).
One or another, or combination of these actions could
account for the observed amelioration of various experi-
mental models of glomerular disease, including active
Heymann nephritis (Penny et al., 1998), hyperfiltration
injury in remnant kidney (Lui et al., 2001), mesangial
proliferative nephritis (Ziswiler et al., 1998) and murine
nephritis (Zoja et al., 2001). A few trials of mycophenolate
mofetil in human glomerulopathy have reported partial

amelioration of the disease, albeit non-randomized and
anecdotal in nature (Briggs et al., 1998; Chan et al., 2000;
Choi et al., 2002; Day et al., 2002; Mogyorosi et al., 2002).
Given the lack of nephrotoxicity and adverse hemodynamic
and metabolic effects (Suthanthiran et al., 1996), mycophe-
nolate mofetil represents a suitable alternative to the calci-
neurin-inhibitors as an adjuvant treatment for many patients.

We have reported that tacrolimus hydrate (FK 506), a
potent immunosuppressive agent with a similar mode of
action to cyclosporine A, is effective both in the prevention
(Nakahama et al., 1999a) and the treatment (Nakahama et
al., 1999b) of mercuric chloride (HgCl,) induced autoim-
mune glomerulonephritis in Brown Norway rats. In the
present study, treatment of the induction phase of autoim-
mune glomerulonephritis with mycophenolate mofetil pre-
vented disease, with no significant proteinuria at day 14.
The degree of suppression of proteinuria was comparable to
that exerted by tacrolimus hydrate, which virtually provided
complete prevention of autoimmune glomerulonephritis and
consequent proteinuria despite the different mechanisms of
immunosuppression between these two drugs. These results
offer a strong case for exploring the possibility that in
humans, mycophenolate mofetil has a role in the treatment
options for autoimmune glomerulonephritis.

A novel finding of our present study was the increase in
the plasma and renal tissue levels of adrenomedullin.
Namely, HgCl, increased plasma and renal tissue adreno-
medullin levels significantly. Coadministration of HgCl,
and mycophenolate mofetil resulted in recovery of plasma
and renal tissue adrenomedullin levels to the control levels
(Table 2).

Adrenomedullin, a potent hypotensive peptide, is a 52-
amino acid peptide originally isolated from human pheo-
chromocytoma (Kitamura et al., 1993). Recently, a RIA
method was developed for measurement of “mature adre-
nomedullin® and “total adrenomedullin”, which is a sum of
mature and immature adrenomedullin (Ohta et al., 1999).
Therefore, it is worthwhile to measure the level of mature
adrenomedullin to investigate the pathophysiological role of
adrenomedullin. A novel finding of our present study was
the increase in renal tissue levels of mature adrenomedullin
and that its levels correlated with urinary Na“ excretion,
urinary N-acetyl-p-p-glucosaminidase excretion and creati-
nine clearance (Fig. 2), suggesting that renal adrenomedullin
might be involved in part in the pathophysiology of glo-
merulonephritis. It has been well documented that plasma
concentrations of a large number of compounds, which
under normal conditions are excreted by the healthy kidney,
are elevated in renal dysfunction. Adrenomedullin is no
exception (Vanholder et al., 2003). A part of the observed
increase in plasma and renal tissue adrenomedullin levels
may be attributable to retention. However, it seems that the
reduction of creatinine clearance (—22%) is too small to
account for the 39.4% increase in plasma adrenomedullin
concentration. Furthermore, the enhanced renal tissue adre-
nomedullin mRNA expression in nephritic rats supports our
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hypothesis that adrenomedullin production per se is en-
hanced in nephritic state.

Several clinical observations suggest possible role of
adrenomedullin in human glomerulonephritis. In a study
with patients with Immunoglobulin A (IgA) nephropathy
(Kubo et al., 1998a), the plasma adrenomedullin level was
higher in patients with IgA nephropathy than in healthy
volunteers. The plasma adrenomedullin concentration was
positively correlated with serum creatinine and blood urea
nitrogen and with fractional excretions of Na" and potassi-
um. When the disease activity was scored based on the
histological findings of renal biopsy specimen, the urinary
adrenomedullin level was lower in the high-activity group
as compared with the low-activity one, which suggest that
urinary adrenomedullin may reflect the activity in IgA
nephropathy. It has also been shown that plasma adrenome-
dullin was positively correlated and urinary adrenomedullin
was negatively correlated with the degree of proteinuria in
patients with a variety of types of glomerulonephritis (Kubo
et al., 1998b). Kinoshita et al. (1999) measured plasma and
urine levels of adrenomedullin in patients with chronic
glomerulonephritis including IgA nephropathy, minor glo-
merulopathy, focal glomerular sclerosis, membranous ne-
phropathy and lupus nephritis, one third of whom showed
nephrotic syndrome. Contrary to the previous reports, the
plasma adrenomedullin level in the patients with chronic
glomerulonephritis did not differ from that in control sub-
jects, whereas the urinary adrenomedullin concentration was
significantly less for the patients with chronic glomerulo-
nephritis. The plasma adrenomedullin concentration was
negatively correlated with plasma renin activity and aldo-
sterone concentration. The urinary concentrations of adre-
nomedullin showed a significant correlation with the urinary
excretion of Na'. The findings suggested that adrenome-
dullin might have a role in the regulation of urinary Na"
excretion as paracrine or autocrine factors, in addition to the
endocrine actions of plasma adrenomedullin in patients with
chronic glomerulonephritis.

Recent studies of dogs (Majid et al., 1996) and rats
(Nagaya et al., 1999) have shown that an intravenous
injection of adrenomedullin increases glomerular filtration
rate and fractional Na" excretion indicating that adrenome-
dullin acts as a natriuretic factor. Moreover, adrenomedullin
is suggested to be an autocrine/paracrine regulator of
mesangial function and is secreted by renal tubular cell
line (Sato et al., 1998). We have reported that in aortocaval
shunt rats, a rat model of heart failure, renal adrenomedul-
lin levels were increased in decompensated heart failure
and there was a significant positive correlation between
renal adrenomedullin levels and urinary Na' excretion,
indicating that adrenomedullin affects ion and water trans-
port in renal diseases by acting as a natriuretic hormone or
local regulator (Yoshihara et al., 2001). In addition, chronic
adrenomedullin infusion has been reported to reduce pro-
teinuria, glomerular injury score and renal tumor growth
factor-p (TGF-p) mRNA expression in Dahl salt-sensitive

rats, suggesting that its infusion has renoprotective effects
in this type of hypertension model (Nishikimi et al., 2002).
Taken together, our present findings suggest that renal
adrenomedullin is increased in compensation for Na'
retention tendency in nephritic syndrome and for renal
damage in glomerulonephritis.
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