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FIG. 4. Immunohistochemical analysis for HIF-la expression in the glomeruli of db/db mice at 7 weeks of age. A: db/m mice. B: db/db mice. G:
db/adb mice plus 16 mg/kg pioglitazone (pio). D: HIF-1a—positive ¢ell number in 30 glomeruli. Values are the means = SE, n = 4 for each group.

*P < 0.05 vs. db/m.

stage in this study (data not shown), ephrin B2 and HIF-1a
mRNA were already upregulated at the normoalbuminurie
stage and remained elevated at an early stage of diabetic
nephropathy in isolated glomeruli of diabetic mice (Fig. 1).
Because ephrin B2 and HIF-1a relate to angiogenesis, and
because HIF-1e induces VEGF (40}, elevation of ephrin B2
and HIF-1a may be an important early step for glomerular
anglogenic change in diabetic nephropathy. GLEPPI is
related to podocyte differentiation (29), and its expression
decreases in dedifferentiated podocytes {41). Pod-1 is one
of the transcriptional factors important for glomerulogen-
esis and podocyte differentiation (24,28). Both ephrin B2
and HIF-1a are abundantly expressed in glomerular podo-
cytes in the developing kidney (27,30). Taken together,
podocyte injury may play a pivotal role in diabetic glo-
merulopathy, including glomerular angiogenic change.
Other kidney development-related molecules (e.g., grem-
lin and transforming growth factor-f)} were also suggested
to contribute to the pathogenesis of diabetic nephropathy
(42,43). Thus, the current study raises the possibility that
the alteration of the kidney development-related mole-
cules, particularly glomerulogenesis-related molecules
(ephrin B2, HIF-1e, GLEPPI, and Pod-1), is a key mediator
for diabetic glomerulopathy. This possibility is strength-
ened by our finding that high glucose induced a similar
pattern of changes in glomerulogenesis-related gene
expression in cultured murine podocytes because hy-
perglycemia is a well-known determinant of diabetic
nephropathy.

Another new finding in the cwrrent study is that extra-
cellular matrix and cell structure-related genes were
differentially expressed at an early stage of diabetic ne-
phropathy. This is consistent with the development of
mesangial expansion several weeks later in this model.
Among these genes, we focused on genes playing impor-
tant roles in podocyte structure, ie., actinin 4e and DGI.
Actinin 4o is an actin—cross-linking protein, and mice with
mutant actinin 4« revealed foot process fusion and podo-
cyte vacuolization (31). DG, a heavily glycosylated pe-

TABLE 4

ripheral membrane protein located in podocytes, is
thought to keep foot process shape, and it decreases in
proteinuric renal diseases (32,44). Thus, the cwrrent study
suggests that podocyte structure and function may already
alter at an early stage of nephropathy. In contrast to
previous reports, actinin 4o and DG1 mRNA expression
increased in this study. Induction of these genes might
reflect the glomerular repairing process, as reported in a
purormycin aminonucleoside nephrosis model (45).

Insulin resistance is a2 major feature of type 2 diabetes,
and it precedes the onset of microalbuminuria. Greater
degrees of insulin resistance are evident when urinary
albumin excretion is elevated in type 2 diabetes (15), and
hyperinsulinemia in the pre-diabetic state may contribute
to microalbuminuria in type 2 diabetes (1). In our microar-
ray analysis, alteration in most of the developmentrelated
gene expression was restored by pioglitazone treatment
with amelioration of albuminuria and hyperglycemia.
Among them, the restoration of ephrin B2 and Pod-1 were
confirmed by RT-PCE, and nuclear localization of HIF-1a
was attenuated by pioglitazone. Although we could not
evaluate the effect of pioglitazone on GLEPPI gene expres-
sion because of jits transient upregulation in this study,
these results suggest that insulin resistance might be
important in inducing the alteration in the expression of
ladney development-related genes, including glomerulo-
genesis-related genes at early stages of nephropathy. Sim-
ilarly, insulin resistance might also induce phenotype
alteration of podocytes at an early stage of nephropathy
because the upregulation of DG and actinin 4« genes was
attenuated by pioglitazone treatment. We could not rule
out the possibility that hyperglycemia per se directly
altered glomerulogenesis-related gene expression because
high glucose stimulated expression of glomerulogenesis-
related genes in cultured podocytes and because adminis-
tration of pioglitazone improved insulin resistance as well
as hyperglycemia.

In conclusion, we demonstrated that the differential
expression of glomerulogenesis-related genes already took

Effects of pioglitazone treatment on body weight, blood glucose levels, and urinary albumin excretion

Body Blood glucose Urinary albumin excretion Urinary albumin excretion
weight (g) levels (mg/dl) {mg/16 h) (pmg/mg creatine)
Untreated db/db 37103 575 + 25 32563 0.49 = 0.13
db/db + 3 mg/kg pioglitazone B2+ 0.2 521 = 28 26.3 x 4.0 0.42 + 0.03
db/db + 15 mg/kg pioglitazone 41.7 £ 0.9¥ 205 = 51 12.6 = 1.9% 0.21 = 0.03*
dbsm, 254 = 0.3 128 = 12 h2=x 11 0.16 = 0.02

Data are ihe means % SE. Each group has n = 12. *P < .01 vs. untreated ab/db.
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place at the nommoalbuninuric stage in the isolated glo-
meruli from db/db ruice, whereas the expression of podo-
cyte structure-related genes were altered at an early
nephropathy stage with the elevation of microalbuminuria.
We also showed that pioglitazone treatment restored most
of the differential expression of glomerulogenesis- and
podocyte structure-related genes. These findings suggest
that the alteration of these genes might be relevant to the
pathogenesis of diabetic glomerulopathy in type 2 diabetes
with insulin resistance. Pioglitazone treatment even at the
nermoalbuminuric stage might be useful for the preven-
tion of diabetic nephropathy.

ACKNOWLEDGMENTS

Support for this study was provided in part by the Promo-
tion of Fundamental Studies in Health Science of the
Organization for Pharmaceutical Safety and Research of
Japan and Grant-in-Aid for Scientific Research 14571044
from the Japan Society for the Promotion of the Science.
We thank Dr. Peter Mundel (Albert Einstein College of
Medicine) for providing the mouse podocyte cell line
MPCB. We also thank Takeda Pharmaceutical for donating
pioglitazone and Dr. Richard J. Johnson (Baylor College of
Medicine) for assistance in preparing this manuscript.

REFERENCES

1. Ismail N, Becker B, Strzelczyk, Rits E: Renal disease and hypertension in
non-insulin-dependent diabetes mellitus. Kidney Int 55:1-28, 1999
2. Parving HH, Osterby R, Rits E: Diabetic nephropathy. In The Kidney. 6th
ed. Brenner BM, Ed. Philadelphia, WB Saunders, 2000, p. 1731-1773
3. Wolf G: New insights into the pathophysiclogy of diabetic nephropathy:
from haemodynamics to molecuwlar pathology. Bur J Clin Fnvest 34:785—
796, 2004
4. Dalla Vestra M, Masierc A, Roiter AM, Saller A, Crepakdi G, Fioretto P: s
podocyte injury relevant in diabetic nephropathy? Studies in patients with
type 2 diabetes. Diabetes 52:1031-1035, 2003
. Hoshi §, Shu Y, Yoshida P, Inagaki T, Sonoda J, Watanabe T, Nomoto K,
Nagata M: Podocyte injury prormotes progressive nephropathy in Zucker
diabetic fatty rats. Lab Invest 82:25-35, 2002
6. Lemnley KV: A basis for accelerated progression of diabetic nephropathy in
Pima Indians. Kidney Imt Suppt 83:538-842, 2003
7. Guttmacher AE, Collins FS: Genomic medicine: a primer. N Engl J Med
347:1512-1520, 2002
8. Fan Q, Shike T, Shigehara T, Tanimoto M, Golula T, Maldta Y, Wang LN,
Horikoshi §, Tomino Y: Gene expression profiles in diabetic K¥/Ta nice,
Kidney Int 64:1978-1985, 2003
9. Wada J, Zhang H, Tsuchiyama Y, Hiragushi K, Hida ¥, Shikata K, Kanwar
YS, Makino H: Gene expression profile in streptozotocin-induced diabetic
mice kidneys undergoing glomenulosclerosis. Kidney Int 59:1363-1373,
20601
10. Wilson KM, Eckenrode SE, Li QZ, Ruan QG, Yang P, Shi JD, Davoodi-
Semiromi A, Mclndoe RA, Croker BP, She JX: Microarray analysis of gene
expression in the kidneys of new- and post-enset diabetic NOD mice.
Diabetes 52:2151-2159, 2003
. Susztak K, Bottinger E, Novetsky 4, Liang D, Zhu Yanging, Ciccone E, Wa
B, Dunn §, McCue P, Sharma X: Molecular profiling of diabetic mouse
kiciney reveals novel genes linked to glomerular disease. Diabetes 53:784-
794, 2004
Baelde HJ, Eikinans M, Doran PP, Lappin DW, de Heer E, Bruijn JA: Gene
expression profiling in glomeruli from huwman kidneys with diabetic
nephropathy. Am J fidney Dis 43:636-G650, 2004
13. Like AA, Lavine RL, Polfenbarger PL, Chick WL: Studies in the diabetic
nmutant mouse. VI Evolution of glomerular lesions and associated protein-
uria. Am J Pathol 6G6:193-224, 1972
14. Schrijvers BF, Flyvbjerg A, De Vriese AS: The role of vascular endothelial
growth factor (VEGF) in renal pathophysiology. Kidney Int 65:2003-2017,
2004
15. Emoto M, Nishizawa Y, Maekawa K, Kawagishi T, Kogawa K, Hiura Y, Mori
K, Tanaka §, Ishimura E, Enaba M, Okuno Y, Morii H: Insulin resistance in
non-gbese, non-insulin-dependent diabetic patients with diabetic nephrop-
athy. Metabolism 46:1013-1018, 1997
16. Ishida T, Takizawa M, Ozawa 5, Nakaumichi Y, Yamaguchi 8, Katsuta H,

o

[
—

e

DIABETES, YOL. 55, OCTOBER 2006

Tanaka T, Maruyama M, Katahira H, Yoshimoto ¥, Itagaki E, Nagamatsu S:
Pioglitazone improves insulin secretory capacity and prevents the loss of
beta-cell mass in cbese diabetic db/db mice: possible prolectivn of beta
cells from oxidative stress. Metabolism 53:488-454, 2004
17. Kasahara M, Mukoyama M, Sugawara A, Makino H, Suganami T, Ogawa Y,
Nakagawa M, Yahata K, Goto M, Ishibashi R, Tamura N, Tanaka I, Nakao
K: Ameliorated glomerular injury in mice overexpressing brain natriuretic
peptide with renal ablation. J Am Soc Nephrot 11:1691-1701, 2000
18. Tanaka T, Hidaka S, Masuzaki H, Yasue S, Minokoshi ¥, Ebihara K, Chusho
H, Ogawa Y, Toyoda T, Sato K, Miyanaga F, Fujimoto M, Tomita T,
Kusakabe T, Kobayashi N, Tanioka H, Hayashi T, Hosoda K, Yoshimatsu H,
Sakata T, Nakao K: Skeletal muscle AMP-activated protein ldnase phos-
phorylation parallels metabolic phenotype in leptin transgenic mice under
dietary modification. Dicbetes 54:2365-2374, 2005
19. Esposito C, Liu ZH, Striker GE, Phillips C, Chen NY, Chen WY, Kopchick
JJ, Striker LJ: Inhibition of diabetic nephropathy by a GH antagonist: a
molecular analysis. Kidney Mt 50:506-514, 1996
20. Suga 8, Yasui N, Yoshihara F, Horio T, Kawano Y, Kangawa K, Johnson RJ:
Endothelin a receptor blockade and endotheiin B receptor blockade
imgrove hypokalemic nephropathy by different mechanisms. J Am Soc
Nepherol 14:397-4086, 2003
. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW
Jr: Ohesity is associated with macrophage accurnulation in adipose tissue.
J Clin Invest 112:1796-1808, 2003
22. Rajagopalan D: A comparison statistical methods for analysis of high
density cligoanucleotide array data. Bicinformatics 19:1469-1476, 2003
23. Mundel P, Reiser J, Zuniga Mejia Borja A, Pavenstadt H, Davidson GR, Kriz
W, Zeller R: Rearrangements of the cytoskeleton and cell contacts induce
process formation during differentiation of conditionally iramortalized
mouse podocyte cell lines, Exp Cell Res 236:248-258, 1997
24, Quaggin SE, Schwartz L, Cui 8, [garashi P, Deimling J, Post M, Rossant J:
The basic-helix-loop-helix protein podl is critically important for kidney
and lung organogenesis. Development 126:5771--5783, 1995
25, Matsumoto M, Makino Y, Tanaka T, Tanaka H, Ishizaka N, Noiri E, Fujita
T, Nangalu M: Induction of renoprotective gene expression by cobalt
ameliorates ischemic injury of the kidney in rats. J Am Soc Nephrol
14:1825-1832, 2003
26. Takahashi T, Huynh-Do U, Daniel TO: Renal microvascular assembly and
repair: power and promise of molecular definition. Kidney Int 53:826-835,
1098
27. Takahashi T, Takahashi K, Gerety S, Wang H, Anderson DJ, Daniel TO:
Temporally compartmentalized expression of ephrin-B2 during renal glo-
merular development. J Am Soc Nephrol 12:2673-2682
28, Quaggin SE, Vanden Heuvel GB, Igarashi P: Pod-1, a mesoderm-specific
pasic-helix-loop-helix protein expressed in mesenchymal and glomerular
epithetial cells in the developing kidney. Mech Dev T1:37-48, 1998
20, Wang R, St John PL, Kretzler M, Wiggins RC, Abrahamson DR: Molecular
cloning, expression, and distribution of glomerular epithelial protein 1 in
developing mouse Yddney. Kidney Mt 57:1847-1859, 2000
. Freeburg PB, Roberi B, 5t John PL, Abrahamson DR: Podocyte expression
of hypoxiza-inducible factor (HIF)-1 and HIF-2 during glomerular develop-
ment. J Am Soc Nephrol 14:927-038, 2003
. Michaud JL, Lemieux LI, Dube M, Vanderhyden BC, Robertson S,
Kennedy CR: Focal and segmental glomerulosclerosis in mice with podo-
cyte-specific expression of mutant alpha-actinind. J Am Soc Nephrol
14:1200-1211
32. Regele HM, Fillipovic E, Langer B, Poczewki H, Kraxberger ], Bittner RE,
Kerjaschki D: Glomerular expression of dystroglycans is reduced in
mininal change nephrosis but not in focal segmental glomerulosclerosis.
J Am Soc Nephrot 11:403-412, 2000
33. McCarthy KJ, Routh RE, Shaw W, Walsh K, Welbourmne TC, Johnson JH:
Troglitazone halts diabetic glomerulosclerosis by blockade of mesangial
expansion. Kidrey Ml 58:2341-2350, 2000
. Suzuki A, Yasuno T, Kojo H, Hirosumi J, Mutoh S, Notsu Y: Alteralion in
expression profiles of a series of diabetes-related genes in db/dd mice
following treabment with thiazolidinediones, Jpr J Pharmacol 84:113-123,
2000
35. Dobrian AD, Schriver SD, Ihraibi AA, Prewitt RL: Pioglitnzone prevents
hypertension and reduces oxidative stress in diet-induced obesity. Hyper-
lension 43:43 56, 2004
36. Adams RH, Diella F, Hennig S, Helmbacher F, Deutsch U, Hein R: The
cytoplasmic domain of the ligand eplin B2 is required for vascular
morphogenesis but not cranial neural crest migration. Cefl 104:57-G8,
2001
37. Maekawa H, Oike Y, Kanda S, Ito Y, Yamada Y, Kurihara H, Nagai R, Suda
T: Ephrin-B2 induces wigration of endothelial cells through the phospha-

2

—_

3

o

3

—_

Y

2755

— 158~



tidylingsitod-3 kinase pathway and promotes angiogenesis in adult vascu-
lature. Arterioscler Thromb Vasc Biol 23:2008-2014, 2003

38, Kairaitis LK, Wang Y, Gassmann M, Tay YC, Harris DC: HIF-lalpha
expression follows microvascular loss in advanced murine adriamycin
nephrosis. Am J Physiol 288 F198-F206, 2006

39. Nyengaad JR, Rasch R: The impact of experimental diabetes mellitus in rats
on glomerulay capillary number and sizes. Diabelologia 36:189-194, 1993

40, Carmieliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin
M, Neeman M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P,
Moons L, Jain RK, Collen D, Kesbert E, Keshet E: Role of HIF-1alpha in
hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis.
Nature 394:485-490, 1998

41. Bariety J, Hill GS, Mandet C, Irinopoulou T, Jacquot C, Meyrier 4, Bruneval
P: Glomerular epithelial-mesenchymal transdifferentiation in pauchi-im-

2756

mune crescentic glomerulonephritis. Nephrol Dial Transplont 181777-
1784, 2003

42, Schmid P, Cox D, Bilbe G, Maier R, McMaster GK: Differential expression
of TGF B 1, B 2 and P 3 genes during mouse embrycgenesis. Development
113:117-130, 1891

43. Lappin DW, McMahon R, Murphy M, Brady HR: Gremlin: an example of the
re-emergence of developmental programmes in diabetic nephropathy.
Nephrol Dial Transplant 17 (Suppl. 9):656-67, 2002 .

44, Raats CJ, van den Bom J, Bakker MA, Oppers-Walgreen B, Pisa BJ,
Dijkman HB, Assmann K!, Berden JH: Expression of agrin, dyslroglycan,
and utrophin in normal renal tissue and in experitnental glomerulopathies.
Am J Pathol 156:1749-1765, 2000

45. Guen N, Ding J, Deng J§, Zhang J, Yang J: Key molecular events in
puromycin aminonucleoside nephrosis rats. Pathol i 54:703-711, 2004

DIABETES, VOL. 55, OCTOBER 2006

—159~



Diabetologia (2008) 49:2514-2524
DOT 10.1007/500125-006-0352-y

Transgenic overexpression of brain natriuretic peptide
prevents the progression of diabetic nephropathy in mice

H. Makino - M. Mukoyama - K. Mori - T. Suganami -
M. Kasahara » K. Yahata - T. Nagae - H. Yokoi -

K. Sawai- Y. Ogawa - 8. Suga + Y. Yoshimasa -

A. Sugawara - I. Tanaka - K. Nakao

Received: 21 October 2003 {Accepted: 15 May 2006/ Published online: 18 August 2006

© Springer-Verlag 2006

Abstract

Aims/hypothesis Brain natriuretic peptide (BNP) is a potent
vasorelaxing and natriuretic peptide that is secreted from the
heart and has cardioprotective properties. We have previously
generated hypotensive transgenic mice (BNP-Tg mice) that
overproduce BNP in the liver, which is released into the
circulation. Using this animal model, we successfully
demonstrated the amelioration of renal njury after renal
ablation and in proliferative glomerulonephntis. Glomerular
hyperfiltration is an early haemodynamic derangement,
representing one of the key mechanisms of the pathogenesis
of diabetic nephropathy. Based on the suggested involvemnent
of increased endogenous natriuretic peptides, the aim of this
study was to investigate their role in the development and
progression of diabetic nephropathy.

Materials and methods We evaluated the progression of
renal injury and fibrogenesis in BNP-Tg mice with diabetes
induced by streptozotocin. We also investigated the effect
of BNP on high glucose-induced signalling abnormnalities in
mesangial cells.

Results After induction of diabetes, control mice exhibited
progressively increased urinary albumin excretion with
impaired renal function, whereas these changes were
significantly ameliorated in BNP-Tg mice. Notably, diabet-
ic BNP-Tg mice revealed minimal mesangial fibrogenesis
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with virtually no glomerular hypertrophy. Glomerular
upregulation of extracellular signal-regulated kinase, TGF-
f and extracellular matrix proteins was also significantly
inhibited in diabetic BNP-Tg mice. In cultured mesangial
cells, activation of the above cascade under high glucose
was abrogated by the addition of BNP.
Conclusions/interpretation Chronic excess of BNP pre-
vents glomerular injury in the setting of diabetes, suggest-
ing that renoprotective effects of natriuretic peptides may
be therapeutically applicable in preventing the progression
of diabetic nephropathy.

Keywords Diabetic nephropathy - Extracetlular matrix -
Glomerular hyperfiltration - Natriuretic peptide -
Transforming growth factor-f3 - Transgenic mice

Abbreviations

ANP atrial natriuretic peptide

BNP brain natriuretic peptide

¢GMP  guanosine 3',5'-cyclic monophosphate
CNP C-type natriuretic peptide

ERK. extracellular signal-regulated kinase

‘GC guanylyl cyclase

MAPK  mitogen-activated protein kinase
PKC protein kinase C

PMA  phorbol 12-myristate 13-acetate
Tg transgenic

Introduction

Among diabetic complications, an increasing prevalence of
nephropathy is one of the most intractable and serious
problems worldwide [1]. Diabetic nephropathy is the
leading cause of end-stage renal disease in many countries,
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and effective therapy fo prevent progression at advanced
stages remains unsatisfactory [1-3]. Hyperglycaemia is a
necessary precondition for the developtnent of diabetic
renal lesions (4, 5], while systemic hypertension is an equally
important aggravating factor of the disease {6]. Mechanisms
including glomerular hypertension with hyperfiltration,
renin—angiotensin system (RAS) activation, increased oxida-
tive stress and advanced glycation end-products, activation
of the protein kinase C (PKC) and mitogen-activated protein
kinase (MAPK) pathways, growth factors and cytokines
such as TGF-p, and genetic susceptibility have been
identified as important deteriorating factors [2, 7, 8], but
the precise mechanisms involved in the progression of
diabetic renal injury remain elusive.

The natriuretic peptide family, consisting of atrial
natriuretic peptiéi'e (ANP), brain natriuretic peptide (BNP)
and C-type natriuretic peptide (CNP) [9], possesses potent
diuretic, natriuretic and vasorelaxing properties, thereby
regulating blood pressure, body fluid homeostasis and
cardiorenal function [10, 11]. ANP and BNP are secreted
predominantly by the cardiac atrium and ventricle, respec-
tively, in response to volume expansion and ventricular
wall stress [9, 11]. Increased cardiac secretion of BNP, as
well as ANP, has been demonstrated in patients with

" cardiovascular diseases such as congestive heart failuve,

hypertension and renal failure, serving as one of the
compensatory mechanisms against disease progression
(11, 12]. ANP and BNP share the same receptor, a
particuiate guanylyl cyclase (GC)-coupled receptor, or
GC-A, and exert almost identical actions [13]. The peptides
are thought to function, in general, to antagonise the RAS
both systemically and locally [9].

Elevated plasma levels of ANP and BNP are reported in
patients with diabetic nephropathy [14-16]. Plasma BNP
and pro-BNFP also serve as powerful risk markers for
cardiovascular disease in patients with diabetic nephropathy
[17]. Glomerular hyperfiltration, one of the key mecha-
nisms of the pathogenesis of diabetic nephropathy [2], is an
early haemodynamic derangement observed in dizbetes,
and the involvement of increased endogenous natriuretic
peptides has been suggested. Indeed, in experimental
diabetic nephropathy, the blockade of elevated plasma
ANP attenuated glomerular hyperfiltration and wurinary
albumin excretion [18, 19]. In addition, acute infusion of
ANP augmented urinary albumin excretion in diabetic
patients with nephropathy [16]. These observations suggest
that natriuretic peptides may play a causative role in
glomerular hyperfiltration and diabetic glomerular injury.

Conversely, several reports have shown potential reno-
protective effects of natriuretic peptides on various nephrop-
athies. Administration of ANP exerted beneficial effects in
experimental and clinical acute renal failure [20, 21]. We
generated hypotensive transgenic mice overexpressing the

mouse gene encoding BNP {(Npph) in the liver (BNP-Tg
mice), which showed more than a 100-fold increase in
plasma BNP and constitutive elevation of urirary guano-
sine 3',5"-cyclic monophosphate (cGMP) levels [22]. Using
this animal model, we successfully demonstrated ameliora-
tion of renal injury after renal ablation [23] and in
proliferative glomerulonephritis [24]. However, the long-
term effects of increased natriuretic peptides on diabetic
renal injury remain unknown. The aim of the present
study was to investigate the effects of a chronic excess of
BNP on diabetic renal injury using streptozotacin-induced
diabetes in BNP-Tg mice. We also studied the actions of
BNP on cultured mesangial cells in the presence of high
glucose,

Materials and methods

Animals All animal experiments were conducted in accor-
dance with our institutional guidelines for animal research.
Generation of BNP-Tg mice (line 55) harbouring 20 copies of
the transgene under the control of the human serum amyloid P
component promoter has been reported elsewhere [22-24],
This promoter is active only in the liver after birth [22].
BNP-Tg mice and their littermates, C57BL/6J non-transgen-
ic mice (non-Tg mice), were 10 weeks of age at the
beginning of this study. Mice were fed on standard chow
{CE-2 containing 0.5% NaCl; Clea Japan, Tokyo, Japan) and
given free access to water. We maintained the animals under
alternating 12-h cycles of light and dark.

Induction of diabetes Diabetes was induced in mice by
daily intraperitoneal injection of streptozotocin (70 mg/kg
body weight, for 4-7 days) (Sigma, St Louis, MO, USA)
in citrate buffer until the blood glucose level was raised
to >16.7 mmol/l [25]. Control mice received citrate buffer
only. Blood glucose was measured in tail vein blood using
the o-toluidine method (Sigma kit) [25] under non-fasted
conditions. Blood pressure was measured every 4 weeks by
the indirect tail-cuff method [23]. Urine specimens (24 h)
were obtained from each mouse every 4 weeks for
measurement of creatinine and albumin [24]. Urinary
albumin excretion was assayed with a murine albumin
ELISA kit {Exocell, Philadelphia, PA, USA). Urinary and
serum creatinine levels were measured using an enzymatic
method (SRL, Tokyo, Japan) [24]. A subgroup of the
diabetic non-Tg mice were administered hydralazine [23];
mice were given drinking water containing 60 mg/1 hydral-
azine hydrochloride (Sigma) from 1 week after the
induction of diabetes. Mice were killed after 16 weeks of
diabetes under ether anaesthesia, and samples were collect-
ed for histological and biochemical analyses.
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Renal histology and morphometric analvsis Kidney sec-
tions were fixed by immersion in Carnoy’s solution,
followed by 4% buffered formaldehyde, and embedded in
paraffin. Sections (2 pm thick) were stained with periodic
acid-Schiff and examined by light microscopy. Measure-
ment of the glomerular cross-sectional area and the
mesangial area of 30 glomerull randomly selected in each
mouse by scanning of the outer cortex was performed with
a computer-aided manipulator (KS-400; Carl Zeiss Vision,
Munich, Germany) [23, 24).

Imimunehistochemistry For immunohistochemical study of
TGF-j3, the kidney sections embedded in QOptimal Cutting
Temperature (OCT) compound (Sakura Finetechnical,
Tokyo, Japan) were snap frozen in acetone/dry ice, and
4-pum-thick cryostat sections were fixed in acetone [23). The
sections were washed with phosphate-buffered saline, and
treated with 0.9% H;0; in methanol for 30 min to quench
endogenous peroxidase activity. The specimens were
incubated overnight at 4°C with rabbit anti-mouse TGF-f
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). After incubation with biotin-conjugated second
antibody, the specimens were processed by use of an
avidin-biotin-peroxidase complex kit (Vector, Burlingame,
CA, USA) and developed with 3,3'-diaminobenzidine
tetrahydrochloride (Kanto Chemical, Tokyo, Japan).

Cell culture Mesangial cells were established from glomer-
uli isolated from 10-week-old male Sprague-Dawley rats
using a differential sieving methed [25, 26] and used at
passages 7—-10. Mesangial cells were identified by immu-
noflugrescence techniques [26]. Cells were grown in
DMEM (Gibco BRL, Grand Island, NY, USA) containing
20% FCS (Sanko Junyaku, Tokyo, Japan). As the cells
reached 80% confluence, they were grown in DMEM
containing 10% FCS supplemented with 5.6 mmol/l glucose
(normal glucose), 25 mmol/l glucose (high glucose), or
5.6 mmol/l glucose plus 19.4 mmol/ mannitol (as an

Table 1 Characteristics of control and diabetic mice at 16 weeks

osmotic control) for 5 days. After this time, the medium
was changed to DMEM containing 0.2% FCS supple-
mented with 5.6 mmol/t glucose, 25 mmol/l glucose, or
5.6 nunol/l glucose plus 19.4 mmol/l mannitol for 24 h.
Then, in the presence or absence of rat BNP (100 nmol/l)
{Peptide Institute, Osaka, Japan) or 3-bromo-cGMP
(I mmol/1) (Sigma}, the cells were further incubated for
24 h. Phorbol 12-myristate 13-acetate (100 nmol/l) (PMA;
Sigma) was used for the activation of PKC [26].

Northern blot analysis Total RNA was extracted from
whole kidney and mesangial cells by the acid guanidi-
mum—phencl—chloroform method and used for northern blot
analysis as described previously [24, 25]. In brief, 25 ug of
total RNA was electrophoresed on 1.1% agarose gels
containing 2.2 mol/l fonmaldehyde, and RNA was trans-
ferred onto nylon mermbrane filters. The ¢cDNA fragments
corresponding to genes for rat TGF-f, (Tg/bl, nt 1142—
1546), rat fibronectin (Fu/, nt 619-1082), mouse al(IV)
collagen (Coldal, nt 5808-6165) and mouse TGF-3,
(Tgfbl, nt 1141-1549), which were prepared by RT-PCR
using rat and mouse kidney mRNA, were used as probes.

. The filter was hybridised with radiolabelled probes and

autoradiography was performed using a BAS-2500 bio-
imaging analyser (Fuji Photo film, Tokyo, Japan). The
filters were rehybridised with human GAPDIH ¢DNA probe
for nonmalisation.

Western blot analysis Whole-kidney tissues and mesan-
gial cells were lysed on ice in lysis buffer containing
1 mo¥l Tris~-HCl (pH 7.5), 12 mmol/l B-glycerophos-
phate, 0.1 mol/l EGTA, 1 mmol/l pyrophosphate,
5 mmol/l NaF, 10 mg/ml aprotinin, 2 mmol/l dithiothrei-
tol, } mmol/l sodium orthovanadate, 1 mmol/l phenyl-
methyisulfonyl fluoride, and 1% Triton X-100 [24]. The
lysates were centrifuged at 15,000 xg for 20 min at 4°C,
and supematants mixed with Laemmli’s sample buifer
(40 pg protein/lane) were separated by 12.5% SDS-PAGE

Control Diabetes

non-Tg {#=5) BNP-Tg (n=8) non-Tg (7=10) BNP-Tg (n=10)
Blood glucose (mmol/i) 8.5+1.7 9.8%1.0 27.241.8° 31.1+0.9°
Systolic blood pressure {mmHg) 11243 90£2* 10842 92x2¢
Body weight (g) 31.941.2 34.41.5 27.4%1.0° 31.6+0.5°
Kidney weight (g} 0.20x0,01 0.2120.01 0.22+0.01 0.20+0.01
Kidney/body weight (%) 6.30x0.46 5.93:0.30 7.96£0.47" 6.37x0.28¢

Values are expressed as meanstSEM
"p<0.05 vs control non-Tg mice
b<0.005 vs control non-Tg mice
“p<0.005 vs control BNP-Tg mice
85<0.05 vs. diabetic non-Tg mice

@ Springer

—162-



Dizbetologia (2006) 49:2514-2524

2517

and electrophoretically transferred onio Immobilon filters.
The filters weré incubated with antibodies against total
extracellular signal-regulated kinase (ERK}-1/2 or phos-
phorytated ERK-1/2 (New England Biolabs, Boston, MA,
USA) for 2 h at room temperature, and immunoblots were
developed with horseradish peroxidase-conjugated donkey
anti-rabbit IgG (Bio-Rad, Richmond, CA, USA) and a
chemiluminescence kit (ECL One Plus; Amersham,
Arlington Heights, IL, USA).

Statistical analysis Data are expressed as meansxzSEM.
Statistical analysis was performed by ANOVA followed by
Scheffe’s test. A p value of <0.05 was considered
statistically significant.

Results

Characteristics of diabetic mice At baseline, there was no
significant difference between BNP-Tg anid non-Tg mice in
terms of blood glucose levels (9.120.4 vs 8.5x1.1 mmoV/l,
n=10 per group), body weight or kidney weight (data not
shown). After induction of diabetes, both BNP-Tg and non-
Tg mice exhibited sustained hyperglycaemia, with no
significant difference in bloed glucose levels between them
(Table 1). At baseline, the blood pressure of the BNP-Tg
mice was 15-20 mmHg lower than that of the non-Tg mice,
as observed previously {23, 24], and remained significantly
lower during the study (Table 1). There were no significant
blood pressure changes in the two groups following the
induction of diabetes. At 16 weeks, diabetic non-Tg mice
showed renal hypertrophy, as indicated by an increase in
kidney weight per body weight, whereas BNP-Tg mice did
not (Table 1).

Renal function and proteinuria of diabetic mice To evaluate
the functional alterations in the kidneys of diabetic mice, we
examined urinary albumin excretion and serum creatinine
and urea nitrogen levels, together with calculated creatinine
clearance. At baseline, there were no significant differences
in these parameters between control non-Tg and control
BNP-Tg mice (Fig. la; see [23]). After induction of
diabetes, urinary albumin excretion of diabetic non-Tg
mice markedly increased by 4 weeks, peaked at 12 weeks,
and remained significantly elevated until 16 weeks (23.4%
6.4, 142,7£33.1, 264.3£46.5, 290.3£55.0, and 181.5+
22.7 ygfday at 0, 4, 8, 12 and 16 weeks, respectively,
n=10). In diabetic BNP-Tg mice, on the other hand, the
increase in wrinary albumin excretion was much attenuated
and significantly milder than that observed in diabetic non-
Tg mice at 8, 12 and 16 weeks (31.1£6.6, 100.8422.6,

136.6£24.5, 144.1£18.6, and 120.6+19.2 pp/day at 0, 4, 8,
12 and 16 weeks, respectively, #=10) (Fig. la). Urinary
albumin excretion adjusted for creatinine was also signif-
icantly lower (~50%) in diabetic BNP-Tg mice than in
diabetic non-Tg mice and was not significantly different
from that seen in control non-Tg mice (Fig. 1b).

After 16 weeks of diabetes, non-Tg mice exhibited
significantly increased serum creatinine and urea nitrogen
levels, together with reduced creatinine clearance (Table 2).
In contrast, these parameters were not significantly different
from controls in diabetic BNP-Tg mice (Table 2). Thus,
functional impairment became manifest at the chronic
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Fig. T a Daily winary albumin excretion of control and diabetic mice
at 0, 4, 8, 12 and 16 weeks after induction of diabetes. Open circles,
contro] nou-Tg mice (n=5); closed cireles, control BNP-Tg mice
{(n=8); open wriangles, diabetic non-Tg mice (n=10); closed iriangles,
diabetic BNP-Tg mice {(#=10). b Urinary albumin excretion normal-
ised to creatinine at 16 weeks. *p<0.05, **p<0.02 vs control non-Tg
mice; 1p<0.05 vs control BNP-Tg mice; #p< 0.05 vs diabetic non-Tg
mice
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Table 2 Renal function of control and diabetic mice at 16 weeks

Parameter

Control

nen-Tg (n=5)

BNP-Tg (#=8)

Diabetes

non-Tg (=10}

BNP-Tg (n=10)

Serum ereatigine (umolf)
Biood urea nitrogen (nmunol/l}
Creatinine clearance (ml/min}

8.5+0.9
11.4x0.9
0.5620.11

9.7x1.8
11.240.9
0.57£0.10

18.6%]1.8°
16.8+1.4°
0.30+0.05"

12.4:£0.9°
14.6+1.6
0.54+0.06°

Values are expressed as means:SEM

"p< 0.05 vs control non-Tg mice
Pp< 0.02 vs controt non-Tg mice
“p< 0.05 vs diabetic non-Tg mice

phase in diabetic non-Tg mice, whereas renal function was

well preserved in diabetic BNP-Tg mice.

Fig. 2 Glomerular histology of
diabetic mice at 16 weeks after
induction of diabetes. Represen-
tative glomeruli fiom control
non-Tg (2), control BNP-Tg
{b}, diabetic non-Tg (c), and
diabetic BNP-Tg (d) mice are
shown, Periodic acid—Schiff
stain; magnification: x400.
Glomerular mesangial area

(e), glomenilar cross-sectional
area (f) and relative mesangial
area {g) in control and diabetic
mice at 16 weeks. 1, control
non-Tg mice (p=5Y); 2, control
BNP-Tg mice (n=8); 3, diabetic
non-Tg mice {n=10); 4, diabetic
BNP-Tg mice (n=10) . Values
are expressed as means£SEM.
*p<0.03, ##p<0.01 vs control
non-Tg mice; p<0.05 vs control
BENP-Tg mice; “»<0.01 vs
diabetic non-Tg mice
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Fig. 3 [mmunohistochemistry
of TGF-f3 in control and diabetic
mouse kidney at 16 weeks after
induction of diabetes. Represen-
tative glomeruli from control
non-Tg (a), control BNP-Tg (b},
diabetic non-Tg (c), and diabetic
BNP-Tg {d) mice are shown.
Magnification: x400

marked mesangial expansion and glomerular hypertrophy,
along with partial tubular atrophy (Fig. 2c). In contrast,
renal histology of diabetic BNP-Tg ice revealed only
minimal glomerular hypertrophy and mesangial expansion
with almost intact tubules (Fig. 2d), and was virtually
indistinguishable from that of control BNP-Tg mice
(Fig. 2b). Quantitative analysis revealed that the increase
in mesangial area was marked in diabetic non-Tg mice,
whereas this increase was significantly suppressed in
diabetic BNP-Tg mice (1,328+58 vs, 1,037+21 pm?
p<0.01, »=10 per group) (Fig. 2¢). Glomerular hypertrophy
was evident in diabetic non-Tg mice compared with control
non-Tg mice (3,574=107 vs 3,048+66 pm?, p<0.05), but was
not apparent in BNP-Tg mice (3,378£103 vs 3,313 30 um®
for diabetic vs control, respectively) (Fig. 2f). Accordingly,
the increase in the relative mesangial area (mesangial area
per glomerulus) was significantly blunted in diabetic BNP-
Tg mice (Fig. 2g). Among the control mice, the mean
glomerular area was slightly larger in the BNP-Tg mice than
the non-Tg mice, but this difference was not statistically
significant (Fig. 2f), These results indicate that the renal
histological changes characteristic of diabetic nephropathy
were prevented to a great extent in BNP-Tg mice.

Renal TGF-31 expression The upregulation of TGF-# is
postulated to play a pivotal role in facilitating extracellular
mamix accumulation and subsequent glomerulosclerosis in
diabetic glomerular injury {27, 28). We therefore examined
renal expression of the genes for TGF-3, (Tg/bf} and ]

(TV) collagen (Col4al) in diabetic mice. By imumunohisto-
chemistry, we found that levels of TGF-f were markedly
elevated in diabetic non-Tg mice (Fig. 3¢) compared with
control non-Tg mice (Fig. 3a), especially in the mesangial
area. In diabetic BNP-Tg mice, on the other hand, this
increase was significantly attenuated (Fig. 3d vs Fig. 3b).
Likewise, northern blot analyses for Tgfbl and Coldal
revealed 3.5- to 4-fold increases in diabetic non-Tg mice
compared with control {(p<0.05, n=7) (Fig. 4a,b), whereas
this upregulation was significantly reduced in diabetic BNP-
Tg mice (1.3-fold increase relative to control BNP-Tg mice,
p<0.05 vs diabetic non-Tg mice) (Fig. 4b). Thus, glomerular
activation of the TGF-f3-extracellular matrix protein cascade
was significantly inhibited in diabetic BNP-Tg mice.

Renal ERK activation Accumulating evidence indicates
that activation of the ERK/MAFPK signalling pathway plays
a key role in the induction of Tgfb/ and extracellular matrix
accumulation in diabetic nephi‘opathy [29-31]. To address
the mechanisms by which Tgfb! and matrix gene expres-
sion was inhibited in BNP-Tg mice, we investigated the
phosphorylation of ERXK in the kidney. Although ERK
phosphorylation was minimal in the kidney tissues of both
non-Tg and BNP-Tg mice under basal conditions, we found
that levels of phosphorylated ERK were significantly
increased in kidneys of diabetic mice (Fig. 5a). Importantly,
phosphorylation of ERK in vivo was significantly lower in
kidneys of diabetic BNP-Tg mice relative to diabetic non-
Tg mice (Fig. 5b).
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Fig. 4 Representative northern blots for Tgfbl and Coldal mRNA
expression {a) and their quantitative analysis {b) in kiduey of control
and diabetic mice at 16 weeks after induction of diabetes. 1, control
non-Tg mice (n=4); 2, contro] BNP-Tg mice (#=4); 3, diabetic non-Tg
mice (n=7); 4, diabetic BNP-Tg mice (#1=7). Values are expressed as
means£SEM. *p<0.05 vs control non-Tg mice. [p<0.05

Effects of hydralazine administration Analyses thus far
have sugpested that a chronic excess of BNP prevents the
progression of diabetic renal injury, Systemic blood
pressure reduction is crucial to retard the progression of
renal and vascular complications in diabetes [6, 32]. In
order to explore whether the beneficial effects observed in
BNP-Tg mice were the result of systemic hypotension, we
studied the effect of hydralazine administration in diabetic
non-Tg mice. Despite an effective reduction in systemic
blood pressure to a level comparable to that in diabetic
BNP-Tg mice (Fig. 6a), this treatment failed to prevent the
increase in albuminuria (Fig. 6b) or to alleviate renal
histological changes (data not shown). These resulis
indicate that systemic hypotension in BNP-Tg mice does
not play an important role in the renoprotective effects
observed.

Effects of BNP in cultured mesangial cells under high
glucose We next addressed the direct actions exerted by
BNP using cultured mesangial cells under high glucose
conditions. First, we investigated the effects of BNP on the
expression of TgfbJ and the gene encoding its downstream
effector, fibronectin. High glicose conditions significant]y
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Fig. 5 ERK phosphorylation in the kidney of diabetic mice.
Represeatative western blots of phosphorylated ERK-1/2 and total
ERK-1/2 at 16 weeks after induction of diabetes (a) and quantitative
analysis of phospho-ERK:total ERK (b). Values are expressed as
meanskSEM for #=4 in each group. *»<0.01 vs control non-Tg mice;
?p<0‘0] vg control BNP-Tg mice. "p<0.01

angmented Tg/bJ and Fn/ mRNA expression (1.8-fold and
1.5-fold of conirol [normal glucose, no BNP], respectively)
(Fig. 7a,b). This Bffect was not simply due to high osmotic
conditions, because an osmotic control with mannitol had
ne effect on Tgfb] mRNA expression (1.7-fold of control
with high glucose vs 1.1-fold with mannitol, p<0.05)
(Fig. 7¢). This upregulation of TgfbJ and Fnl under high
glucose conditions was effectively abolished by the
addition of BNP (1.2-fold and 1.0-fold of control, respec-
tively, p<0.01), or with a membrane-permeable analogue of
cGMP (1.1-fold and 0.9-fold of control, respectively,
p<0.01) (Fig. 7a,b).

We further examined the effects of BNP and ¢cGMP on
ERK. phosphorylation of mesangial cells under high
glucose conditions. High glucose-induced ERK. phosphor-
vlation in mesangial cells was significantly inhibited by the
addition of BNP or ¢GMP (Fig. 8a). Moreover, BNP and
cGMP effectively prevented ERK phosphorylation induced
by PKC activation with PMA (Fig. 8b). Taken together,
these results suggest that BNP inhibited PKC-ERK path-
way activation and subsequent matrix gene activation, at
least in part, locally in the mesangium in vivo, therchy
leading to the amelioration of diabetic renal injury.
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Fig. 6 a Effects of hydralazine
administration on systolic blood
pressure. Open eircles, control 130
non-Tg mice (#=5); open trian-
gles, diabetic non-Tg mice
(n=10Y; closed triangles, diabet-
ic BNP-Tg mice (n=10); open
squares, hydralazine-treated di-
abetic non-Tg mice (#=T).
*p<0.005 vs diabetic non-Tg
mice. b Urinary albumin excre-
tion normalised to creatinine

at 16 weeks. 1, control non-Tg
mice; 2, diabetic non-Tg mice;
3, hydralazine-treated diabetic
non-Tg mice; 4, diabetic BNP-
Tg mice. 'p<0.02 vs control
non-Tg mice; ¥p<0.03
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Discussion

Previous reports have suggested that increased natriuretic
peptides may affect the course of diabetic nephropathy.
Acute inhibition of elevated plasma ANP decreased hyper-
filtration and albuminuria in experimental models [18, 19].
In patients with early-stage type 1 diabetes, ANP
concentration was correlated with glomerular filtration rate
[33]. Furthermore, acute ANP infusion increased the
glomerular filtvation rate, filtration fraction and albuminuria
[34]. These studies investigated early haemodynamic
abnormalities or only shori-term effects of ANP (within
several hours). Thus, the aim of this study was to assess the
long-term effects of natriuretic peptides on glomerular
function and histology. In order to address these issues,
we investigated the effects of a chronic excess of BNP on
the progression of diabetic nephropathy using BNP-Tg
mice.

In this study, we demonstrate that transgenic over-
expression of BNP prevents the progression of diabetic
nephropathy in mice. In diabetic BNP-Tg inice, the
accumulation of mesangial matrix was only minimal, with
virtually no glomerular hypertrophy, in contrast to the
histology of diabetic non-Tg mice (Fig. 2). Consistent with
such histological amelioration, albuminuria was significant-
ly attenuated in BNP-Tg mice, and renal function was wel]
preserved (Fig. 1, Table 2). Although absolute creatinine
values may be less accurate than those measured by HPLC,
assessment of renal function in these groups should be valid
considering the changes in serum creatinine essentially
paralleled those in urea nitrogen (Table 2). These findings
provide the first evidence that a chronic excess of BNP

prevents the kidney from develeping diabetic renal injury.
We also demonstrated that the upregulation of Tgfb expres-
sion and protein levels in diabetic kidneys were markedly
inhibited in BNP-Tg mice (Figs 3, 4). Considering a
pathogenic role for TGF-f in cellular dysfunction, fibro-
genesis and glomerular hypertrophy in diabetes [3, 28, 35],
it is conceivable that the inhibition of renal TGF-p system
activation confributed significantly to the observed protec-
tive effects of BNP from diabetic renal injury. Although the
effect of BNP on glomerular haemodynamics was not
investigated, it may be possible that the chronic excess of
BNP lessened glomerular hypettension by inhibiting the
RAS and TGF-$ system tonically. It has been shown that
combined inhibition of both angiotensin-converting enzyme
and neutral endopeptidase, which potentiates ANP and BNP,
results in lower glomerular capillary pressure than the
former alone in subtotally nephrectomised rats [36].

There is no doubt that tight blood pressure control is
important for retarding or preventing the progression of
diabetic renal injury [6, 32]. Clearly, the diabetic BNP-Tg
mice showed lower blood pressure. Although systemic
blood pressure reduction with hydralazine treatment failed
to alleviate nephropathy in diabetic non-Tg mice (Fig, 6),
precise blood pressure profiles should have been different
between the two hypotensive groups. We therefore cannot
exclude the possibility that low blood pressure could
account for the observed renoprotective effect in BNP-Tg
mice.

ERK plays a pivotal role in activating mesangial TGF-f3
expression/signalling and extracellular matrix accumulation
[29, 30]. We cleatly show that ERK. activation in the kidney
tissue was significantly attenuated in BNP-Tg mice (Fig. 5).
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Fig. 7 Representative northern blats for Tefb! and FnJ mRNA
expression (a) and their quantitative analysis (b) in cultured mesangial
cells under high glucose conditions. 1, narmal glucose (5.6 mmol/l); 2,
high ghucose (25 mmol/l); 3, high glucose+BNP 100 nmol/); 4, high
glucose+cGMP | mmoll. Values are expressed as meanstSEM for
n=6 in each group. *p<0.01 vs normal glucose; Tp<0.02; #p<0.01.
¢, Representative northem blots for 7gfb/ mRNA expression and
quantitative analysis in cultured mesangiai cells. 1, normal glucose
(5.6 mmol/); 2, high glucose (25 numoll); 3, normal glicose+
mannitol (19.4 mmol/l). Values are expressed as means=SEM for n=4
for cach group. *p<0.02 vs normal glucose, Tp<0.05

We also demonstrated that BNP effectively inhibited ERK
phosphorylation, as well as TGF-f3 expression, in cultured
mesangial cells under high glucose conditions (Figs 7, 8).
High glucose conditions activate PKC, and ERK activation
occwrs through a PKC-dependent mechanism [31, 37). BNP
also attenuated PKC-induced phosphorylation of ERK. Tt
has been reported that ANP inhibits MAPK activation
downstream of PK.C via MAPK phosphatase activation in a
cGMP-dependent manner [37]. These results therefore
suggest that BNP exerts renoprotective effects in diabetes
at least partly by locally inhibiting activation of the PKC-
ERK pathway at the mesangium. The pathogenic role of
PKC in matrix gene activation, haemodynamic abnormal-

_@ Springer

a
1 2 3 4
- Haee s

o
o,

Ratio of p-ERK:total ERK
Ratio of p-ERK:total ERK

i 2 3 4

1 2 3 4

Fig. 8 a, b Inhibitory effects of BNP on ERK phosphorylation in
cultured mesangial cells under high glucose conditions. 1, normal
glucose (5.6 mmol/); 2, high glucose (25 mmolf); 3, high glucose+
BNP 100 nmol); 4, high glucoseteGMP 1 mmol/l. Values are
expressed as means=SEM for =4 in each group. *»<0.0] vs normmal
glucose; Tp<0.01. ¢, &, Inhibitory effects of BNP on PMA-induced
ERK phosphorylation. 1, control; 2, PMA 100 nmol/l; 3, PMA
100 nmol/I+BNP 100 nmol/l; 4, PMA 100 nmel/I+cGMP 9.1 mmol/l.
Values are expressed as means£SEM for n=4 in each group. *p<0.01 vs
control; Tp<0.01

ities and proteinuria in vivo has already been shown in
diabetic rodent models using a PK.C $ inhibitor [38, 39].

Podocytes are highlighted as the key in maintaining
normaj glomeruiar function and structure [40, 411, and
podocyte loss or injury is closely associated with diabetic
glomerular injury [42]. Natriuretic peptides act on podo-
cytes and may modulate their function [43], but how
natriuretic peptidés affect podocytes in diabetic states or
whether BNP exerted beneficial effects against podocyte
injury in the current study are unclear. Further studies are
needed to explore the effects of BNP on podocytes during
the course of diabetic nephropathy.

The ‘effect of BNP on glycaemic control is another issue
to be addressed. Natriuretic peptides generally act to
antagonise the systemic and local actions of angiotensin 11
[9); they are therefore considered as endogenous RAS
inhibitors. Growing evidence suggests that inhibition of the
RAS exerts a beneficial effect on glycaemic contrel in
experimental models and in clinical studies [44—46]. In the
present study, we found no significant difference in blood
glucose levels between non-Tg and BNP-Tg mice in this
type of insulin-deficient model {Table 1), Whether natui-
uretic peptides or agonists of this system are beneficial in
terms of regulating glycaemic control and preventing
diabetic complications requires further investigation.

We have previously reported that BNP-Tg mice with
higher copy numbers of the fransgene show marked skeletal
overgrowth [47], indicating that BNF likely activates the
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physiological CNP/GC-B pathway in the bone to stimulate
endochondral ossification [48]. Therefore, it is imporiant to
clarify whether the beneficial effects of BNP observed in
this study are GC-A-dependent or GC-B-dependent. In the
kidney, GC-A is localised in the mesangium, capillary and
tubules, whereas GC-B is localised in the tubular system
{11]. In the present study, BNP inhibited glomerular ERK
activation and Tgfb] expression, suggesting that the effects
of BNP were mediated via GC-A. However, it should be
noted that the cultured mesangial cells used in our study
express both GC-A and GC-B, where CNP has potent
antifibrotic effects [24]; therefore the observed in vitro
effects of BNP might also be exerted via GC-B. Analyses
of crosses between BNP-Tg mice and GC-A nuli mice [10]
and other combinations would answer these questions.

In summary,'We demonstrate that a chronic excess of
BNP in mice prevents diabetic glomerular injury, with
amelioration of albuminuria and renal dysfunction, and
these effects may be beyond those from mere systemic
blood pressure reduction. Although we need to be cautions
in interpreting these results and extrapolating them to
clinical situations, our study opens up the possibility that
the renoprotective effects of natriuretic peptides may be
therapeutically applicable for the prevention of progression
of diabetic nephropathy.
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