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ABSTRACT

Activation of Local Aldosterone System
in Podocytes under Diabetic Conditions

Jung Eun Lee

Department of Medicine

The Graduate School, Yonseal University

(Directed by Professor Shin-Wook Kang)

Background: Accumulating evidence has suggested that aldostgulays an
important role in the pathogenesis and progressfodiabetic nephropathy.
Besides adrenal gland, previous studies have stibamnendothelial cells,
vascular smooth muscle cells and the heart can @sduce aldosterone,
which may play a more important role in the develept of vascular and
myocardial fibrosis. In the kidney, glomerular magial cells and tubular
epithelial cells were found to produce aldosterbased on the presence of

aldosterone synthase (CYP11B2). However, the egioresf CYP11B2 and



aldosterone biosynthesis was not fully explorecb@adocytes. In addition,
although CYP11B2 expression was found to be inekasdiabetic kidney, it
was not elucidated whether the glomerular cells rasponsible for this
increase. This study was undertaken to investiyhtther a local aldosterone
system is present in podocytes and whether aldwsteproduction and the
expression of CYP11B2 and mineralocorticoid receCR) are changed
in podocytes cultured under high glucose conditiénsther, the changes in
CYP11B2 and MCR expression were verified in diabgtbmeruli.

Methods: In vitro, immortalized mouse podocytes were exgogemedium
containing 5.6 mM glucose (NG), NG + 24.4 mM maoh{NG+M), NG +
10" M Angiotensin 1l (NG+AIll), or 30 mM glucose (HG)ith or without
pretreatment of angiotensin Il type | receptor kic(ARB) for 6-hours. In
vivo, 16 Sprague-Dawley rats were injected eith&h wliluent (n=8, C) or
with streptozotocin (65 mg/kg) intraperitoneallyr)l(n=8, DM). CYP11B2
and MCR mRNA expression were determined by readtiRCR and their
protein expression by Western blot. All and aldaste levels were
determined by ELISA and radioimmunoassay, respelgtiv Double
immunofluorescence staining using renal tissue wae® performed to
identify which glomerular cells were responsible ttee changes in CYP11B2

and MCR protein expression under diabetic condition



Results: CYP11B2 and MCR mRNA and protein expression were
significantly increased in HG-stimulated podocytasmpared to NG cells
(P<0.05), and these increases in HG cells were atedwith ARB treatment.
All also induced CYP11B2R<0.05) and MCR mRNA and protein expression
(P<0.01) in cultured podocytes. All levels were sfigrintly higher in HG-
conditioned media (2.30.33 pgjul) compared to NG-conditioned media
(1.13t0.12 pgpl) (P<0.01). Aldosterone levels were also significattigher

in NG+All-conditioned media (377#53.3 pg/mL) and HG-conditioned
media (318.541.6 pg/mL) compared to the NG medium (1299.3 pg/mL)
(P<0.01), and this increase of aldosterone concéomitin the HG-
conditioned medium was abrogated by ARB<(.05). Compared to C rats
(0.3A0.07 mg/day), 24-hour urinary albumin excretion wggnificantly
higher in DM rats (1.680.30 mg/dayP<0.05). The changes in CYP11B2 and
MCR mRNA and protein expression in DM glomeruli eeimilar to those in
high glucose-stimulated podocytes. Double immurayBlscence staining for
CYP11B2 and MCR with synaptopodin revealed that thereases in
CYP11B2 and MCR protein expression in DM glomeruere mainly
attributed to their increases in podocytes.

Conclusion: CYP11B2 and MCR mRNA and protein expression were

significantly increased in diabetic glomeruli andltered podocytes under



high glucose conditions along with increased aldostelevels. The increases
of CYP11B2 and MCR expression in high glucose-statad podocytes were
ameliorated by ARB. These findings suggest thatallaldosterone system is
activated in podocytes under diabetic conditiosrenin-angiotensin system
pathway, and its activation may play an importahe in the pathogenesis of

diabetic nephropathy.

Key words: diabetic nephropathy, podocytes, aldosteron@stdtone

synthase, mineralocorticoid receptor



Activation of local aldosterone system
in podocytes under diabetic conditions

Jung Eun Lee

Department of Medicine

The Graduate School, Yonseal University

(Directed by Professor Shin-Wook Kang)

[.INTRODUCTION

Podocytes are terminally differentiated and higspecialized celfs They
line the urinary side of the glomerular basemenmim&ne and function as a
fine filter contributing ultimate size-selectivitpermitting permeability to
molecules smaller than alburirRecent studies have shown that podocyte
injury plays a role in the pathogenesis of variglemerular diseas&s
including diabetic nephropathy, the leading cadsnd-stage renal disease in
many countrie’’. Among the characteristic findings of diabetic mggpathy,
podocytes are involved in the development of gladaer hypertrophy,
glomerulosclerosis, foot process effacement, andoggtopeni& Even
though the molecular and cellular mechanisms resplenfor these changes

remain incompletely resolved, previous studies hdemonstrated that the



diabetic milieuper se, hemodynamic changes, and local growth factorb suc
as angiotensin Il (All) and transforming growth tfae31 (TGF{1) mediate
the process of podocyte injury in diabetic nephtiopa Recently,
accumulating evidence has suggested that aldostaelen plays an important
role in the pathogenesis of diabetic nephropdthy

Aldosterone has been known to be originally producethe glomerulosa
zone of the adrenal cortex by a series of enzynsédigs, which can largely be
divided into two phases. Acutely, aldosterone hitisgsis is controlled by the
movement of cholesterol into the mitochondria, whits production is
chronically regulated by the expression level ofloaterone synthase
(CYP11B2). Besides the adrenal glands, previoudiest have shown that
various cells or tissues, such as endothelial,calscular smooth muscle cells,
and the heatt can also produce aldosterone and that locallydymed
aldosterone may play a more important role in teeetbpment of vascular
and myocardial fibrost§™%

In the kidney, mesangial cells are known to prochldesterone in response
to All, resulting in extracellular matrix accumutat (ECM)™. CYP11B2
MRNA and protein were demonstrated in cultured lbepithelial cells and
renal tissues, and its expression was upregulatecddlb’. In addition,

CYP11B2 mRNA and protein expression were increasediabetic kidney,



and these increases were inhibited by All type depéor blocker (ARB)
treatment. These findings suggest that All, the most bidtatly active
peptide of the renin-angiotensin system (RAS),nsimportant mediator of
aldosterone production in renal cells as in adrghainerulosa cells. Since
local RAS and All type 1 receptor (AT1R) have be#emonstrated in
podocyte¥’, there is also a possibility that a local aldastersystem exists in
podocytes. However, aldosterone biosynthesis angl délWpression of
CYP11B2 have not yet been investigated in podocytes

The present study was undertaken to investigat¢heha local aldosterone
system is present in podocytes and whether aldwsteproduction and the
expression of CYP11B2 and mineralocorticoid recesCR) are changed
in podocytes cultured under high glucose condititmsddition, the changes

in CYP11B2 and MCR expression were verified in digbglomeruli.



[I.MATERIALSAND METHODS

1. Culture of podocytes

Conditionally immortalized mouse podocytes weredKkirprovided by Dr.
Peter Mundel (Albert Einstein College of Medicirigonx, NY) and were
cultured as previously descridédBriefly, frozen podocytes were first grown
under permissive conditions at°83in collagen coated flasks with RPMI
1640 medium containing 10% fetal bovine serum, 3lW-interferon, and
100 U/ml of penicillin/streptomycin. Theg-interferon concentration was
gradually reduced to 10 U/ml in successive passa@edls were then
trypsinized and subcultured withoginterferon (non-permissive conditions)
and allowed to differentiate at 37 with medium changed on alternate days.
The differentiation of podocytes grown for 14 day87C was confirmed by
the identification of synaptopodin, a podocyte afintiation marker, by
reverse transcription-PCR and Western blotting.

After confirming differentiation of podocytes andram restriction for 24
hours, the medium was changed to serum-free RPMiliume containing
normal glucose (5.6 mM, NG), NG + mannitol (24.4 piNG+M), NG + 10
M All (NG+AIl), or high glucose (30 mM, HG) with owithout 6-hours

pretreatment of a ARB (1M L-158,809, a generous gift from Merck Sharp



and Dohme, Korea). The concentrations of L-158 88 in this study were
determined in preliminary experiments. At 24 haafter the medium change,
cells were harvested for either RNA or protein, @ne conditioned media

were collected for the measurement of All and aklosie levels.

2. Animals

All animal studies were conducted using a protoapproved by the
committee for the care and use of laboratory arsnadl Yonsei University
College of Medicine. Sprague-Dawley rats weighib§-280 g were injected
either with diluent [n=8, Control (C)] or with 65g#fkg streptozotocin (STZ)
intraperitoneally [n=8, Diabetes (DM)]. Blood glismlevels were measured
3 days after the streptozotocin injection and thiesels above 300 mg/dl
were considered as diabetes. Rats were houseddémgerature-controlled
room and were given free access to water and sthrdhoratory chow
during the 3-months study period.

Body weights were checked monthly, and kidney wisighere measured at
the time of sacrifice. Blood glucose and 24-hounany albumin were also
measured at the time of sacrifice. Blood glucoss maasured by glucometer
and 24-hour urinary albumin excretion was deterohiog ELISA (Nephrat I,

Exocell, Inc., Philadelphia, PA).



3. Isolation of glomer uli
Glomeruli were isolated by sieving. Purity of thimrgerular preparation

was greater than 98% as determined by light miomsc

4. | solation of total RNA

Podocytes RNA from each plate was extracted asiqusly describetf.
Briefly, after cell scraping with 80Ql of RNA STAT-60 reagent (Tel-Test,
Inc., Friendswood, TX, USA), the mixture was voddxand stored for 5
minutes at room temperature. Next, 18®f chloroform was added, and the
mixture was shaken vigorously for 30 seconds. ABteninutes, the mixture
was centrifuged at 12,000 g for 15 minutes 4€,4and the upper aqueous
phase containing the extracted RNA was transfaoenew tube. The RNA
was precipitated from the aqueous phase by addigiMof isopropanol and
then pelleted by centrifugation at 12,000 g forn3idutes at 4C. The RNA
precipitate was washed with 70% ice-cold ethanekéddusing a Speed Vac,
and dissolved in DEPC-treated distilled wafEne RNA yield and quality
were assessed by spectrophotometrically at the lerayths of 260 and 280

nm. Total RNA from sieved glomeruli was extractadikrly.
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5. Reversetranscription

First strand cDNA was made by using a Boehringemmi@im cDNA
synthesis kit (Boehringer Mannheim GmbH, Mannhe@eymany). Twoug
of total RNA extracted from cultured podocytes aielved glomeruli were
reversely transcribed using 1M random hexanucleotide primer, 1 mM
dNTP, 8 mM MgC}, 30 mM KCI, 50 mM Tris-HCI, pH 8.5, 0.2 mM
dithiothreithol, 25 U RNAse inhibitor, and 40 U AMKkéverse transcriptase.
The mixture was incubated at “8D for 10 minutes and 4€ for 1 hour

followed by inactivation of the enzyme at°@for 5 minutes.

6. Real-time PCR

The primers used in the experiments are summaiizédble 1. Using the
ABI PRISM® 7700 Sequence Detection System (Applied Biosyst&imster
City, CA, USA), the PCR was performed with a tatalume of 20ul in each
well, containing 10l of SYBR Greefi PCR Master Mix(Applied
Biosystems), Jul of cDNA corresponding to 25 ng of RNA, and 5 preshse
and antisense primers. Primer concentrations weterm@ined by preliminary
experiments that analyzed the optimal concentratioheach primer. The
PCR conditions were as follows: 40 cycles, dengitumaat 95°C for 45

seconds, annealing at the corresponding temper&burd5 seconds, and

11



extension at 72°C for 1 minute. Initial heating9&fC for 9 minutes and a
final extension at 72°C for 7 minutes were perfainier all PCRs. Each
sample was run in triplicate in separate tubesetonfi quantification of the
CYP11B2, MCR, and Bthydroxysteroid dehydrogenase typ€123-HSD?2)
genes normalized to the GAPDH gene. After real-tP@R, the temperature
was increased from 60 to 95°C at a rate of 2°C/mironstruct a melting
curve. A control without cDNA was run in parallelitiv each assay. The
cDNA content of each specimen was determined uairgpmparative €
method with 2*2°T. The results are given as relative expression alired
to the GAPDH gene and expressed in arbitrary urignals from NG
podocytes and C glomeruli were assigned a relatalae of 1.0. In pilot

experiments, PCR products revealed a single barzgjarose gels.
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Table 1. Sequence of primers

Sequence (5> 3)

CYP11B2  Sense CCTGCACCACCAACTGCTTAGC
Antisense CCAGTGAGCTTCCCGTTCAGC
MCR Sense CTACCACAGTCTCCCTGAAG
Antisense CGTTGACAATCTCCATGTAG
11R3-HSD2  Sense GCTGCTCCAGGCCTATGTT
Antisense AGGTCAGGCAATGCCATTCT
GAPDH Sense CGTGAGAGTGTCTAACGGG

Antisense CGAGTCAGGCATTTGGTCC

7. Western blot analysis

Podocytes harvested from plates and sieved gloimeené lysed in sodium
dodecyl sulfate (SDS) sample buffer (2% SDS, 10 Tig-HCI, pH 6.8, 10%
[vol/vol] glycerol). Aliquots of 50ug of protein were treated with Laemmli
sample buffer, heated at @ for 5 minutes, and electrophoresed with 50
pg/lane in an 8-12% acrylamide denaturing SDS-paifamide gel. Proteins
were then transferred to a Hybond-ECL membrane {&hamn Life Science,
Inc., Arlington Heights, IL, USA) using a Hoeffeemidry blotting apparatus
(Hoeffer Instruments, San Francisco, CA, USA), gar@lmembrane was then
incubated in blocking buffer A (1 X PBS, 0.1% Twe2® and 8% nonfat

milk) for 1 hour at room temperature, followed by @vernight incubation at

13



4°C with a 1:1000 dilution of polyclonal antibodies €CYP11B2, MCR
(Santa Cruz Biotechnology, Inc., Santa Cruz, CAAY®r a 1:2000 dilution
of polyclonal B-actin antibody (Santa Cruz Biotechnology, Inc.)heT
membrane was then washed once for 15 minutes doe tor 5 minutes in 1
X PBS with 0.1% Tween-20. Next, the membrane wasbated in buffer A
containing a 1:1000 dilution of horseradish perazitlinked goat anti-rabbit
IlgG (Amersham Life Science, Inc.). The washes wegeated, and the
membrane was developed with a chemiluminescentt d§&€L; Amersham
Life Science, Inc.). The band densities were measwsing TINA image

software (Raytest, Straubenhardt, Germany) and wsaéd for analysis.

8. Measurement of angiotensin |1 and aldosterone levels

Angiotensin Il (All) levels were determined in coimohed culture media
using a commercial ELISA kit (Peninsula LaboratsriBelmont, CA, USA)
by the avidin-streptavidin method, as previouslgaied®. Briefly, samples
or standards were incubated with anti-All antib@ahd biotinylated All (B-
All) in 96-well plates coated witl®aphylococcus aureus Protein A. After
incubation, the unbound B-All was removed by waghiand the bound B-
All was determined by reaction of streptavidin-HRRhe wells using TMB

(3,3",5,5'-tetramethylbenzidine dihydrochloride)daH,O, as a substrate. The

14



reaction was terminated with 2 N HCI, and the coitensity in each well
was read at 450 nm using an ELISA microtiter pitataer. The All amount in
each well was calculated from the standard curwk rearmalized with the
total protein content, which had been previousltedrined by a modified
Lowry method.

The concentrations of aldosterone in the conditiomedia were measured
with a specific radioimmunoasssay kit (SPAC RIA,Kigiichi Radio-isotope
Co., Tokyo, Japan), as previously descriledrhe sensitivity of the
radioimmunoassay was 6.9 fmol/tube, and the ovematlovery in the

radioimmunoassay was 90-95%.

9. Immunofluorescence staining

Slices of kidney for immunofluorescence stainingrevesnap-frozen in
optimal cutting temperature solution andh sections of tissues were
utilized. Slides were fixed in acetone for 10 mesutit 4°C, air dried for 10
minutes at room temperature, and blocked with 1@%key serum for 20
minutes at room temperature. For double immunoisocence staining,
primary polyclonal antibodies to CYP11B2 and MCRarfta Cruz
Biotechnology, Inc.) was diluted in 1:100 with datdy diluent (DAKO,

Glostrup, Denmark) and was applied for 3 hoursoatr temperature. After

15



washing, Cy3 (red)-conjugated anti-rabbit 1gG awdip (Research
Diagnostics, Inc., Flanders, NJ, USA) was added6@rminutes. A 1:200
dilution of polyclonal anti-synaptopodin antibodyanta Cruz Biotechnology,
Inc.) was then applied, followed by Cy2 (green)jogated anti-goat 1gG

antibody.

10. Statistical analysis

All values were expressed as the meatandard error of the mean (SEM).
Statistical analysis was performed using SPSS foiddvs Ver. 11.0 (SPSS,
Inc., Chicago, IL, USA). Results were analyzed gsthe Kruskal-Wallis
nonparametric test for multiple comparisons. Sigaiit differences by the
Kruskal-Wallis test were confirmed by the Mann-Wikeiy U test.P values

less than 0.05 were considered to be statistisailyificant.

16



[11. RESULTS

1. CYP11B2 mRNA and protein expression in cultured podocytes

High glucose significantly increased CYP11B2 mRNAdaprotein
expression in cultured podocytd3<Q.05). However, there was no difference
in GAPDH mRNA and3-actin protein expression among the groups (data no
shown). The CYP11B2/GAPDH mRNA ratio and CYP11BZ2otein
expression were 1.9- and 1.7-fold higher, respelgtivin HG-stimulated
podocytes relative to NG cellB€0.05), and these increases were inhibited by
78% and 73%, respectively, with ARB treatmeR&(@.05) (Fig. 1, 2). The
CYP11B2/GAPDH mRNA ratio and protein expression evealso
significantly increased by 118% and 97%, respelgtivin All-treated

podocytes compared to NG cel®<Q.05) (Fig. 1, 2).
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CYP11B2/GAPDH mRNA

NG NG+M NG+ARB  NG+All HG HG+ARB

MCR/GAPDH mRNA

NG NG+M  NG+ARE NG+All HG HG+ARBE

Figure 1. CYP11B2/GAPDH mRNA ratios in cultured podocytesheT
podocytes were exposed to NG, NG+24.4 mM manriN&@4M), NG+10'M
L-158,809 (NG+ARB), NG+10M All (NG+AIl), HG, and HG+ARB (N=6).
There was a 1.9-fold increase in CYP11B2/GAPDH mRi#io in HG-
stimulated podocytes relative to NG cells, and thisease in HG cells was
significantly inhibited with ARB treatment. The CYPB2/GAPDH mRNA
ratio was also significantly increased by 118% ifl-tPeated podocytes
compared to NG cells. #<0.05 vs. NG, NG+M and NG+ARB groups, #;
P<0.05 vs. HG group
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Figure 2. A representative Western blot of cellular CYP11i2cultured
podocytes. The podocytes were exposed to NG, N@+&M mannitol
(NG+M), NG+10’M L-158,809 (NG+ARB), NG+10M All (NG+All), HG,
and HG+ARB (representative of four blots). CYP11Bdtein expression
was 1.7-fold higher in podocytes exposed to HG ameqgh to NG cells, and
ARB treatment abrogated this increase in HG céll$.also significantly
induced CYP11B2 protein expression in cultured pytis. *;P<0.05 vs. NG,
NG+M and NG+ARB groups, #<0.05 vs. HG group

2. MCR mRNA and protein expression in cultured podocytes

The MCR mRNA expression was significantly increasadpodocytes
exposed to NG+AIll and HG versus NG cel<(.05). The MCR/GAPDH
MRNA ratios were 2.3-R<0.01) and 2.0-fold R<0.05) higher in All- and

HG-, respectively, relative to NG-stimulated podesy and ARB treatment

19



significantly ameliorated the increase in MCR mREXpression by 81% in
HG cells P<0.05) (Fig. 3). The expression of MCR protein shdva similar

pattern to its mMRNA expression (Fig. 4).
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NG NG+M NG+ARB NG+AIl HG HG+ARB

Figure 3. MCR/GAPDH mRNA ratios in cultured podocytes. Thadpcytes
were exposed to NG, NG+24.4 mM mannitol (NG+M), NG+M L-158,809
(NG+ARB), NG+10'M All (NG+All), HG, and HG+ARB (N=6). There was
a 2.0-fold increase in MCR/GAPDH mRNA ratio in HGrsulated podocytes
relative to NG cells, and this increase in HG celas significantly
ameliorated with ARB treatment. The CYP11B2/GAPDHRNA ratio was
also significantly increased by 133% in All-treateddocytes compared to
NG cells. TP<0.01 vs. NG, NG+M and NG+ARB groups,P<0.05 vs. NG,
NG+M and NG+ARB groups, #<0.05 vs. HG group
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Figure 4. A representative Western blot of cellular MCR inltared
podocytes. The podocytes were exposed to NG, N@+&M mannitol
(NG+M), NG+10’M L-158,809 (NG+ARB), NG+10M All (NG+All), HG,
and HG+ARB (representative of four blots). MCR piotexpression was
1.9-fold higher in podocytes exposed to HG companeNG cells, and ARB
treatment attenuated this increase in HG cells.a#dd significantly induced
MCR protein expression in cultured podocyte$2<0.01 vs. NG, NG+M and
NG+ARB groups, *P<0.05 vs. NG, NG+M and NG+ARB groups,R50.05
vs. HG group

3. Angiotensin 11 levelsin conditioned culture media

All levels were significantly higher in HG-conditied medium (2.540.33
pgful) compared to NG-conditioned medium (1+0312 pgpl) (P<0.01) (Fig.

5). On the other hand, mannitol had no effect om @ncentrations in

21



conditioned media.

All concentrations (pg/ul)
N

NG NG+M HG

Figure 5. Angiotensin Il levels in cultured podocytes. Thaedpcytes were
exposed to NG, NG+24.4 mM mannitol (NG+M), and H&dmim. All levels
were significantly higher in HG- compared to NG-ditioned media. On the
other hand, mannitol had no effect on All conceidre in conditioned media.
T;P<0.01 vs. NG and NG+M groups

4. Aldosteronelevelsin conditioned culture media

Aldosterone levels were significantly higher in N&k (377.2+53.3
pg/mL) and HG-conditioned media (3184..6 pg/mL) compared to the NG
medium (129.415.3 pg/mL) P<0.01), and this increase in aldosterone
concentrations in the HG-conditioned medium wasogdited by ARB
(P<0.05) (Fig. 6). On the other hand, mannitol hadeffect on aldosterone

production in cultured podocytes.
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Figure 6. Aldosterone levels in podocytes. The podocyteseveposed to
NG, NG+24.4 mM mannitol (NG+M), NG+10M L-158,809 (NG+ARB),
NG+10’M All (NG+AIl), HG, and HG+10'M L-158,809 (HG+ARB) (N=6).
Aldosterone levels were significantly higher in N@k and HG-conditioned
media compared to the NG medium, and this incraaseldosterone
concentrations in HG-conditioned medium was abexjdty ARB. On the
other hand, mannitol had no effect on aldosterormlyction in cultured
podocytes. *P<0.01 vs. NG, NG+M and NG+ARB groups,Bx0.05 vs. HG

group

5. 11p-Hydroxysteroid dehydrogenase type 2 mRNA expression in culture
podocytes

To examine whether the non-selective MCR activatigncortisol also
plays a role in the activation of local aldoster@ystem under high glucose

conditions, the mRNA expression of fitHSD2, an enzyme that converts

23



biologically active 11-hydroxy-steroid (cortisot) the inactive 11-ketosteroid
form (cortisone), was determine by real-time PCRergé was no difference in
113-HSD2/GAPDH mRNA ratio among NG, NG+M, and HG-stlated

podocytes (Fig. 7).

15 |

05

118-HSD2/GAPDH mRNA
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Figure 7. 113-HSD2/GAPDH mRNA ratios in cultured podocytes. The
podocytes were exposed to NG, NG+24.4 mM mannihi@«M), and HG.
There was no difference in fzHSD2/GAPDH mRNA ratio among the three
groups.

6. Animal data
All animals gained body weights over the 3-montpezkmental period, but
weight gain was much lesser in DM raig(.01). The ratio of kidney weight

to body weight in DM rats (1.50.10%) was significantly higher than that in
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C (0.6x0.06%) P<0.01). Mean blood glucose levels of C and DM re¢se
111.8:5.4 mg/dL and 4684511.5 mg/dL, respectivelyP0.01). Compared to
the C group (0.370.07 mg/day), 24-hour urinary albumin excretion was

significantly higher in the DM group (1.60.30 mg/dayP<0.05).

Table 2. Animal data

Control DM

(N=8) (N=8)
Body weight (Bwt, g) 510+4 266+3*
Kwt/Bwt (%) 0.60+0.06 1.51+0.10*
Blood glucose (mg/dl) 111.8+5.4 468.5+11.5*
UAE (mg/day) 0.37+0.07 1.69+0.30#

Bwt, body weight; Kwt, kidney weight; UAE, 24-hourrinary albumin
excretion, *;P<0.01 vs. control group, £<0.05 vs. control group

7. Glomerular CYP11B2 and MCR mRNA and protein expression

The changes in CYP11B2 and MCR mRNA and proteinresgion in
diabetic glomeruli were similar to those in highighse-stimulated podocytes.
The CYP11B2/GAPDH mRNA and MCR/GAPDH mRNA ratios reve
significantly higher in diabetic glomeruli by 83%P<0.05) and 139%
(P<0.01), respectively, compared to C glomeruli (F&). Western blot
analysis also revealed significant increases in T2 and MCR protein

expression in diabetic glomeruli (Fig. 9).
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Figure 8. CYP11B2/GAPDH mRNA and MCR/GAPDH mRNA ratios in C
and diabetic glomeruli. The CYP11B2/GAPDH mRNA awWCR/GAPDH
MRNA ratios were significantly higher in diabetibogperuli by 83% and
139%, respectively, compared to C glomeruli.P£0.05 vs. C group, #;
P<0.01 vs. C group
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Figure 9. A representative Western blot of CYP11B2 and M®@RCi and
diabetic glomeruli (representative of four blofEBhere were 2.1- and 1.9-fold
increases in CYP11B2 and MCR protein expressi@apeaively, in diabetic
relative to C glomeruli. *£<0.05 vs. C group

8. Doubleimmunofluorescence staining

To identify which glomerular cells were responsilbte the increase in
CYP11B2 and MCR protein expression in diabetic @ami, double
immunofluorescence staining with antibodies to C¥®A and MCR with
synaptopodin was performed. Double immunofluoreseestaining for

CYP11B2 and MCR with synaptopodin revealed that thereases in
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CYP11B2 and MCR protein expression were mainlyitaited to their

increases in podocytes (Fig. 10).

CYP11B2 Merge

DM

DM

Figure 10. Double immunofluorescence staining for CYP11B2 &hGR
with synaptopodin (SP). Compared to C, immunoflsocemce staining for
CYP11B2 and MCR were increased in diabetic glonmerahd double
immunofluorescence staining revealed that the as®e in CYP11B2 and
MCR protein expression were mainly attributed tceithincreases in
podocytes (x 400).
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V. DISCUSSION

Recent clinical and experimental studies have detnated that local
aldosterone acts as a mediator in the developnmehpgression of diabetic
nephropathy, but the presence of local aldostesyséem and its changes
under diabetic conditions have not yet been ingasdid in podocytes. This
study demonstrates for the first time that CYP1i8present in podocytes
and that its expression is induced by high glucaseAT1R, resulting in
increased aldosterone production.

Aldosterone is classically produced by zona glohosau cells in the
adrenal cortex via conversion from cholestéraThe conversion process is
regulated at two critical enzymatic steps: (1) ¢aely phase, the initial step
converting cholesterol to pregnenolone; and (2)lébe phase, the latter step
mediated by CYP11B2, which converts 11-deoxycostiemne to
corticosterone and subsequently to aldosterone piidduction of aldosterone
in the adrenal gland is largely controlled by theression levels of the
CYP11B2 gene, which is regulated by various factdreluding
adrenocorticotrophic hormone (ACTH), All, and psiast??® On the other
hand, accumulating evidence has suggested thatstafdoe can be

synthesized in non-adrenal cells, such as vasandothelial and smooth
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muscle cells, and cardiac myocyf€s. Glomerular mesangial and tubular
epithelial cells are also found to express the ChB2lgené Moreover, Xue
and Siragy” demonstrated that CYP11B2 mRNA and protein exjpessere
localized mainly in the renal cortex and were uptaged by All and low salt
intake and that even though aldosterone was absadtenalectomized rat, it
was present in renal interstitium and tissue, ssijjgg the presence of local
aldosterone system in the kidney. The present ssbdys for the first time
that CYP11B2 gene is also expressed in podocytesddition, All and high
glucose increase CYP11B2 mRNA and protein exprassend these
increments in CYP11B2 expression are abrogated RB./Since All levels
were increased in high glucose-conditioned cultmedia in this study in
accordance with previous stdflythe results of the present study suggest that
a local aldosterone system is present in nearljypds of cells in the kidney
and that All is a potent inducer of the CYP11B2 eyém podocytes as in
adrenal zona glomerulosa cells, vascular smoothcleusells, cardiac
myocytes, and glomerular mesangial cells. Moreoiteis supposed that
increased CYP11B2 expression in high glucose-sétadlpodocytes is partly
attributed to the increase in All levels by higlhiggse. Several recent studies
also showed that CYP11B2 expression was increaséidbetic glomerutr

with which the results of this study were consistent it was not elucidated
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which glomerular cells are responsible for thisréase. Using double
immunofluorescence staining, it is demonstratedtfar first time that the
increase in glomerular CYP11B2 protein expressias mainly attributed to
its increased expression in podocytes. Althoughettression of CYP11B2
in mesangial cells was not focused in the preseilysthere is a possibility
that the increase in CYP11B2 expression in meshnggds may also
contributes to the increase in glomerular CYP118&ession.

In addition to the effect of circulating aldosteeoan regulating fluid and
electrolyte balance, previous studies have revetiat aldosterone directly
induces cellular hypertrophy and apoptosis, andlatégs ECM metabolism in
cardiac myocyt€s?’. Since cellular hypertrophy, ECM accumulation, and
apoptosis are characteristic findings of diabetphropath§?* aldosterone
is considered a potential mediator in the pathogjered diabetic nephropathy.
In support of this theory, recent experimental ®sidhave shown that
aldosterone receptor blockade prevented the developand progression of
diabetic nephropathy by ameliorating glomerular &ngllointerstitial ECM
accumulation and by inhibiting macrophage infiiwat**2 In cultured
mesangial and proximal tubular cells, aldosterondué¢ed a significant
increase in connective tissue growth factor exprassassociated with

increased collagen synthesis, which was abolishedorietreatment with
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spironolactoné Lai et al® also demonstrated that aldosterone promoted
fibronectin production in cultured mesangial cellsd blocking the TGIBL
signaling pathway by knocking down Smad2 signiftbannhibited this
increase in fibronectin synthesis, suggesting tlddosterone-induced
fibronectin production was dependent on the TRAFsmad2 pathway.
Recently, podocytes have been the focus of numestoudées as a target of
injury in diabetic nephropathy. The number of podes, which reflects the
balance between podocyte loss and proliferationjeisreased in diabetic
glomeruli due to increased loss and/or lack ofifa@tion, and apoptosis is
implicated as a potential mechanism of podocyts, lagile impaired DNA
synthesis and hypertrophy contribute to lack oflifexation®. Apoptosis,
usually known as programmed cell death, removesadath or unwanted
cells and has been implicated in the pathogendsisimerous diseases such
as malignancy, rheumatoid arthritis, and Alzheimediseast. Previous
studies have demonstrated that apoptosis in cardigmcytes and skeletal
muscle cells is induced by aldosterdfé suggesting that aldosterone is
involved in the process of apoptosis. Moreover, @eent study by Nagase et
al*® revealed that podocyte injury in Dahl salt-hypestee rats was prevented
by an aldosterone blocker, suggesting the involveroé aldosterone in the

process of podocyte damage. Even though the chamJe&sF{31 expression
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were analyzed in that study, the number of apaptmlls and the changes in
apoptosis-related molecules were not determinedothfan recent study
demonstrated that MCR is consistently expresseghddocytes and that
aldosterone could directly modulate podocyte fumctvia MCR, possibly

through the induction of oxidative stress and diglmme effector kinase
Sgk?’. Based on these findings, there is a possibiligt focally activated

aldosterone system under diabetic conditions mayda podocyte injury

such as podocyte apoptosis, but it has never bgaored. Further study is

needed to clarify the exact role of local aldostergystem within podocytes
and the functional significance of its increasearlabetic conditions.

In summary, CYP11B2 and MCR mRNA and protein exgimes were
significantly increased in diabetic glomeruli andltered podocytes under
high glucose conditions along with increased aklwste levels, and these
changes in CYP11B2 and MCR were ameliorated witlBARhese findings
suggest that a local aldosterone system is activate podocytes under
diabetic conditions via RAS pathway, and its adiova may play an

important role in the pathogenesis of diabetic nepdthy.
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V. CONCLUSION

This study examined whether a local aldosteron¢éesysvas present in
podocytes and whether aldosterone production ared dkpression of
CYP11B2 and MCR were changed in high glucose-sttadl podocytes and

experimental diabetic glomeruli. The results weséalows;

1. High glucose significantly increased CYP11B2 mRNMnd protein
expression in cultured podocytes, and these ineseagere significantly
abrogated with ARB treatment. CYP11B2 mRNA and groexpression
were also significantly increased in All-treatedipoytes compared to NG
cells.

2. MCR mRNA and protein expression were signifiarincreased in
podocytes exposed to NG+AIl and HG versus NG caiig, ARB treatment
significantly ameliorated the increase in MCR eggien in HG podocytes.

3. All levels were significantly higher in HG-coidned medium compared
to NG-conditioned medium.

4. Aldosterone levels were significantly higher MG+AIl- and HG-
conditioned media relative to the NG medium, and timcrease in
aldosterone concentrations in the HG-conditionediome was attenuated

by ARB.
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5. Compared to C rats, 24-hour urinary albumin etxan was significantly
higher in DM rats.

6. Glomerular CYP11B2 and MCR mRNA and protein espion were
significantly increased in DM compared to C rats.

7. Double immunofluorescence staining for CYP11B2d aMCR with
synaptopodin revealed that the increases in CYPlA®B2 MCR protein
expression in DM glomeruli were mainly attributeal their increases in

podocytes.

In summary, CYP11B2 and MCR mRNA and protein exgims were
significantly increased in diabetic glomeruli andltered podocytes under
high glucose conditions along with increased aletoste levels, and these
increases in CYP11B2 and MCR expression in highcagae-stimulated
podocytes were inhibited by ARB. These findings gmgg that a local
aldosterone system is activated in podocytes udddetic conditions via
RAS pathway, and its activation may play an impdrtaole in the

pathogenesis of diabetic nephropathy.
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ABSTRACT (In Korean)
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