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Table 1. Rat biochemical and metabolic parameters: AGE injection®

Parameter Control AGE-RSA AGE-RSA+ALA RSA
Plasma glucose (mmol/L) 7.4+02 7.4 02 7.6 0.2 7.9 +0.3
GHb (%) 4102 3.9+0.2 3.6 0.2 4.1 +05
Kidney wt:body wt (x1073) 5101 54 =01 55 =01 54 01
GFR {mi/min) 4.3 + 0.1 4.4 +02 4.1 +0.2 43+03
Systolic BP (mmHg) 114 £ 2 118 £ 2 123 + 3P 121 =2
AER (mg/24 h) 1.2 0.8 1.2+02 1.3+0.2 1.2 0.1

@Data are means * SEM; n = 6 to 10 per group. AER, albumin excretion rate; GHb, glycated hemoglobin.

bP < 0.01 versus control.

were increased in AGE-RSA-injected rats as compared with
RSA (densitometric analysis of RAGE protein expression as
determined by Western immunoblotting and corrected to
B-actin RSA 202.3 * 5.7 arbitrary units versus AGE-RSA
220.1 = 1.3 arbitrary units; n = 3 rats per group; P < 0.05). The
cytosol from the renal cortex of AGE-RSA—injected rats also
had markedly increased H,O, generation, which was normal-
ized with concomitant ALA therapy (Figure 1C). The RSA ve-
hicle also modestly increased cytosolic H,O, production, al-
though this was significantly lower when compared with AGE-
RSA-injected rodents (Figure 1C).

To verify the combined effects of AGE-RAGE interactions
onrenal H,O, production, we treated RAGE adenoviral vector
(Ad-RAGE)-infected cells with AGE-BSA (Ad-RAGE+AGEs)
or BSA (Ad-RAGE+BSA). Cytosolic H,0, production was
unchanged with Ad-RAGE transfection alone (Figure 1D, Ad-
RAGE) or BSA but was significantly increased by more than
two-fold with addition of ligand (Ad-RAGE+AGEs), clearly
indicating that the AGE-RAGE interaction was required for
increased cytosolic H,O, generation in mesangial cells.

AGE-Induced Cytosolic H,0, Liberation Induces mPT
and Disrupts Mitochondrial Membrane Potential
Exposure of renal mitochondria to H,0, led to a sequential
decrease in absorbance at 540 nm, reflecting induction of mPT
(Figure 2A). This decrease in absorbance was inhibited by cy-
closporin A (CsA), a classically described agent known to in-
hibit mPT.20-22 In addition, an acute AGE-BSA treatment of
mesangial cells infected with the RAGE adenovirus led to the
liberation of cytosolic H,0, (Figure 2B).

To assess AGE-induced mPT more directly, we treated pri-
mary rat mesangial cells with AGE-BSA or BSA for 30 min and
cells loaded with calcein-AM with or without cobalt chloride.
Mesangial cells that were exposed to AGE-BSA had a signifi-
cant decrease in calcein fluorescence, indicative of mPT, when
compared with cells treated with BSA (Figure 2C). The AGE-
mediated decrease in calcein fluorescence was prevented by
co-incubation with CsA, confirming the process of mPT. In
addition, pretreatment with PEG-catalase (PEG-CAT), a cell-
permeable form of catalase, prevented the AGE-BSA—-induced
mPT (Figure 2C), implicating intracellular H,O, in the process.

To explore further AGE-RAGE-induced mitochondrial
dysfunction, we used flow cytometric analysis of cells loaded
with the potentiometric dye JC-1 to assess changes in mito-
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chondrial membrane potential (Ays,,). Primary rat mesangial
cells were exposed to the uncoupler CCCP as a positive control,
which demonstrated a significant loss in red fluorescence in the
third (10%) and fourth (10*) log, resulting in a leftward shift
(Figure 2D, top right), compared with the control empty vec-
tor (Figure 2D, top left). This finding is consistent with a de-
crease in Ay, (i.e., depolarization of the inner mitochondrial
membrane).?? Mesangial cells overexpressing RAGE via infec-
tion with the human full-length Ad-RAGE had a modest but
NS loss in red fluorescence compared with the empty vector
(Figure 2D, middle left). After addition of the AGE ligand, this
leftward shift became more pronounced (Figure 2D, middle
right). This was not seen with BSA treatment (Figure 2D, bot-
tom left). In addition, pretreatment with PEG-CAT prevented
the AGE-BSA-induced shift (Figure 2D, bottom right). Data
from four independent experiments are collated in Figure 2E.
Taken together, these data clearly demonstrate AGE-RAGE-
induced disruption of Ay, and enhanced susceptibility to
mPT,

AGE-RAGE Interaction Disrupts the Mitochondrial
Respiratory Chain in Normoglycemia, but
Hyperglycemia Is Essential for Superoxide
Overproduction

To evaluate further whether AGE-induced cytosolic oxidative
stress and subsequent mPT could be associated with or could
influence changes in the activity of the respiratory chain, we
investigated the enzyme complexes I through IV. Initially we
identified in an advanced model of diabetes (streptozotocin
[STZ}-induced diabetes in Sprague-Dawley rats with no insu-
lin treatment) that complex I activity is selectively decreased by
50% in renal glomeruli compared with control rats (50 = 10%
of control; n = 6 rats per group; P < 0.001), whereas the re-
maining OXPHOS complexes were unchanged (complex II
110 * 8, complexes II+1I1 105 * 6, complex 1 145 * 30, and
complex IV 125 * 30% of control; # = 6 rats per group). In
addition, another previous study® would have shown this pat-
tern of electron transport complexes in long-term diabetes if it
had corrected for the marker of mitochondrial activity, citrate
synthase, which is elevated in renal mitochondria from dia-
betic rats (control 76.9 * 9.1 versus diabetic 114.5 * 4.0 nmol/
min per mg; # = 5 rats per group; P < 0.01). On the basis of
these results, we focused on complex I alone as a target of
dysfunction in our rodent models.
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Figure 2. AGE-induced cytosolic H,O, lib- A
eration induces mPT and disrupts mitochon-
drial membrane potential. (A) H,O,-induced
swelling of renal cortical mitochondria. Mito-
chondria were incubated with 100 uM H,O,
with or without 10 uM CsA for 10 min, and
mPT was followed by a decrease in absor-
bance at 540 nm. Trace is representative of
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chondrial membrane potential disrupter, was used as a positive control, and PEG-CAT (500U/ml) was used to detoxify intracellular
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empty vector; TP < 0.01 versus Ad-RAGE; $P < 0.01 versus AGE-BSA; §P < 0.05 versus AGE-BSA; #P < 0.001 versus empty vector;

$P < 0.001 versus Ad-RAGE.

In vivo, long-term injection of AGE-RSA (16 wk) in-
duced a 50% suppression of complex [ activity in renal
glomeruli as compared with both sham-injected rats (con-
trol) and rats injected with RSA (Figure 3A). Of note,
modest inhibition of complex I activity was also seen in
rodents injected long-term with RSA alone. Generation of
mitochondrial superoxide was unchanged by long-term
AGE-RSA injection in the absence of hyperglycemia (Fig-
ure 3B).

Consistent with previous studies, diabetic rats had signifi-
cantly elevated plasma glucose and glycated hemoglobin and
an increase in kidney-to-body weight ratio compared with
control rats (Table 2). By 16 wk of diabetes, significant eleva-
tions in systolic BP and albumin excretion rate were evident,
which were further increased by 32 wk of diabetes (Table 2).
Induction of RAGE gene expression was seen at both 16 and 32
wk of diabetes (see Supplemental Appendix; Figure 2). As ob-
served in the AGE injection model, there was increased cyto-
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solic H,0, at weeks 16 and 32 of diabetes (see Supplemental
Appendix; Figure 3).

Renal glomerular complex I activity was unchanged after
16 wk of diabetes; however, by 32 wk, there was a significant
decline in glomerular complex I activity of 30% compared
with control (Figure 3C). In contrast to results for AGE-
injected rodents, by 32 wk of disease, complex I deficiency
in diabetic glomeruli was accompanied by a significant
overproduction of mitochondrial superoxide (Figure 3D).
Strikingly, renal mitochondria from diabetic rats treated
with the cytosolic NADPH oxidase inhibitor, APO, or ALA,
the inhibitor of AGE accumulation had less superoxide pro-
duction with levels similar to those seen in healthy rats (Fig-
ure 3D). Furthermore, ALA restored glomerular complex I
activity to control levels (Figure 3C). The superoxide over-
production was observed in the context of decreased activity
of MnSOD in renal mitochondria from diabetic rats (see
Supplemental Appendix; Figure 4).

RAGE Induces Mitochondrial Dysfunction 745

- 274 —



BASIC RESEARCH | www.jasn.org

>
5

3004

w»
=

2004

1004

Complex l/Citrate
Synthase (x1000)
Superoxide production m
(RLU/mg tissue)}
g

.}

Figure 3. The AGE-RAGE interaction dis-
rupts the mitochondrial respiratory chain in
normoglycemia, but hyperglycemia is essen-
tial for superoxide overproduction. (A and B)
Representative of renal glomeruli or renal
cortex of AGE-RSA or RSA-injected (20
mg/kg per d) rats for 16 wk (n = 6 to 10 rats
per group). (A) Glomerular complex | (NADH:
ubiquinone oxidoreductase) activity ex-

.

Control AGE-RSA  RSA Control

O

500

N
L]
3

400 15-

3004
2004

Complex l/Citrate

synthase (x1000)

(RLU/mg tissue)
3

100+

AGE-RSA

RSA pressed relative to citrate synthase activity.
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production was measured by lucigenin-en-
hanced chemiluminescence. (C and D) Rep-
resentative of renal glomeruli or renal cortex
of diabetic rats (@) or control rats () followed
for 16 or 32 wk. A subset of diabetic rats
received the NADPH oxidase inhibitor APO
(; 15 mg/kg per d) or the AGE inhibitor ALA
chloride (&1; 10 mg/kg per d) from week 16 to
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production. Bars represent means = SEM, n = & to 10 rats per group. *P < 0.001 versus control; TP < 0.001 versus 16-wk control; 3P <
0.05 versus 32-wk control; §P < 0.05 versus AGE-RSA; #P < 0.05 versus control; ¥P < 0.05 versus 32-wk diabetes.

Table 2. Rat biochemical and metabolic parameters: STZ-induced diabetes®

16 Wk 32 Wk
Parameter

Control Diabetes Control Diabetes
Plasma glucose (mmol/L) 74 %02 34.5 + 0.5° 69 +0.2 33.2+0.7°
GHb (%) 4.1 +0.2 17.3 £ 1.0° 55+0.2 18.3x0.7°
Kidney wt:body wt (x1073) 51+0.1 10.9 + 0.6° 53+0.2 11.3 + 0.4
GFR (ml/min) 43+ 0.1 45+03 48 +0.2 4.6 + 0.1
Systolic BP (mmHg) 106 + 2 140 = 4¢ 114+ 2 134 + 3¢
AER (mg/24 h) 12+0.8 29.9 + 750 56+ 1.9 48.9 + 16.0°

*Data are means * SEM; n = 6 to 10 per group.
PP < 0.001 versus respective control.
€P < 0.05 versus respective control.

AGE-RAGE Interaction and High Glucose Are Critical
for Superoxide Overproduction, Facilitated by
Induction of mPT

Mesangial cells overexpressing RAGE and exposed to AGEs
(Ad-RAGE+AGE) had decreased complex I activity in both
normal- and high-glucose environments (Figure 4A). There
was, however, no increase in mitochondrial superoxide pro-
duction in Ad-RAGE~infected cells exposed to normal glucose
and AGEs (Figure 4B). Although no excess superoxide gener-
ation was evident in Ad-RAGE-infected cells incubated in high
glucose in the absence of AGE-BSA (Figure 4B), there was a
three-fold increase upon exposure to both high glucose and
AGEs (Figure 4B). Similarly, increased cytochrome C release
from the mitochondria was evident only in Ad-RAGE-infected
cells incubated with both high glucose and AGEs (Figure 4C).
In addition, caspase 3 was activated in Ad-RAGE-infected
mesangial cells exposed to AGEs and high glucose, and this
increase in apoptosis was inhibited by the mPT inhibitor aden-
osine 5'diphosphate (ADP; see Supplemental Appendix; Fig-
ure 5).
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To confirm that AGE-RAGE interactions caused excess mi-
tochondrial superoxide generation via mPT in high-glucose
environments, we incubated Ad-RAGE—infected primary mes-
angial cells with various mPT inhibitors in the presence and
absence of AGE-BSA. Indeed, significant inhibition of AGE-
RAGE~induced mitochondrial superoxide generation was ob-
served with the addition of two disparate inhibitors of mPT,
CsA and ADP (Figure 4D).

Mitochondrial superoxide generation was also elevated in
renal cortices from wild-type (WT) mice after 24 wk of diabe-
tes when compared with control WT mice (Figure 4E). Con-
versely, no increase in the production of mitochondrial super-
oxide was seen in renal cortices from diabetic RAGE—/— mice.
This lack of mitochondrial ROS production in diabetic
RAGE—/— mice occurred in the context of reduced albumin-
uria in these mice when compared with WT diabetic mice (WT
control 155 = 41, WT diabetic 410 = 75 pug/24 h [P <0.05 WT
control versus WT diabetic]; RAGE—/— control 142 *+ 51;
RAGE~—/— diabetic 158 ® 50 ug/24 h [P < 0.05 WT diabetic
versus RAGE—/— diabetic]). Furthermore, analysis of apopto-
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Figure 4. The AGE-RAGE interaction and high glucose amplify renal mitochondrial superoxide generation, facilitated by induction of
mPT. (A through C) Representative of primary rat mesangial cells cultured in normal glucose (5.5 mM) or high glucose (25 mM) and
infected with the human FL Ad-RAGE or the control empty vector for 72 h. At 24 h after infection, AGE-BSA (100 ug/ml) was added
to one group (Ad-RAGE+AGEs). (A) Mitochondrial complex | activity expressed relative to citrate synthase activity. (B) Mitochondrial
NADH-driven superoxide generation was measured by lucigenin-enhanced chemiluminescence. (C) Cytochrome C release from
mitochondria determined by ELISA. Inhibitors of mPT, CsA (10 uM) and ADP (100 uM), were also given to some groups 24 h after
infection in the presence of 100 pg/ml AGE-BSA. (D) Mitochondrial NADH-driven superoxide generation from cells treated with high
glucose (25 mM) after inhibition of mPT. Bars represent means * SEM, n = 3 independent cell culture experiments. (E and F)
Representative of renal cortical samples from control ((J) and diabetic (@) WT (C57BL/6J) and RAGE—/— mice at week 24 after the
induction of STZ diabetes (n = 10 mice per group). (E) NADH-driven superoxide production. {F) Terminal deoxynucleotidyl transferase~
mediated digoxigenin-deoxyuridine nick-end labeling in renal cortices expressed per 1000 cells counted. *P < 0.001 versus control
empty vector high glucose; **F < 0.05 versus control empty vector normal glucose; TP < 0.01 versus Ad-RAGE in high glucose; 3P <
0.05 versus Ad-RAGE+AGEs in normal glucose; §P < 0.05 versus wild type control 24W; #P < 0.001 versus Ad-RAGE +AGEs; ¥P < 0.05
versus WT diabetic 24 wk.

tic cells in renal cortices demonstrated a diabetes-specific
increase in WT mice when compared with control WT mice

glucose environments had significant increases in mito-
chondrial NADH content that were not seen in Ad-RAGE

(Figure 4F). Diabetes, however, was not associated with an
increase in apoptosis in renal cortices from diabetic
RAGE—/— mice. In addition to this, cytosolic ROS produc-
tion was blocked in diabetic RAGE—/— mice compared
with WT diabetic mice (Supplemental Figure 6).

OXPHOS Substrate Availability Is Crucial for
Superoxide-Induced Renal Dysfunction in Diabetes
Finally, we examined the substrate availability of the pyridine
nucleotide NADH, which is essential for complex I function
in vivo. Mesangial cells infected with Ad-RAGE in high-

J Am Soc Nephrol 20: 742752, 2009

cells incubated in normal-glucose conditions (Figure 5A).
Indeed, in normal glucose, Ad-RAGE—infected cells had a
depletion of NADH content within the mitochondria when
compared with the empty vector alone. In addition, in rat
renal cortical mitochondria, NADH content was depleted
50% after long-term AGE injection in healthy normoglyce-
mic rodents when compared with control and RSA-treated
rats (Figure 5B). This depletion was not via an inhibition of
glycolysis, because cytosolic lactate concentration was sim-
ilar between groups (data not shown). In contrast, there was
no depletion of NADH content in renal mitochondria from
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Figure 5. OXPHOS substrate availability is crucial for superox-
ide-induced renal dysfunction in diabetes. (A) Primary mesangial
cells cultured in high glucose (25 mM) were infected with the
human FL Ad-RAGE or the control empty vector for 72 h. At 24 h
after infection, AGE-BSA (100 ug/ml) was added to one group
(Ad-RAGE+AGEs). NADH content of isolated mitochondria. Mi-
tochondria were isolated from the renal cortex of STZ-induced
diabetic rats followed for 16 or 32 wk and from rats injected with
AGE-RSA for 16 wk. (B and C) NADH content was determined in
mitochondria from AGE-injected rats (B) and mitochondria from
STZ-induced diabetic rats (C). [, control; B, diabetes group. Bars
represent means = SEM, n = 6 to 10 rats per group. *P < 0.05
versus control; TP < 0.05 versus AGE-RSA; P < 0.05 versus
empty vector cultured in normal glucose; §P < 0.05 versus Ad-
RAGE cultured in normal glucose; #P < 0.05 versus Ad-
RAGE+AGEs cultured in normal glucose.

diabetic rodents at week 16 or 32 compared with nondia-
betic rats (Figure 5C), consistent with the presence of suffi-
cient substrate levels to drive complex I and thereby gener-
ate superoxide radicals.
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DISCUSSION

This series of in vitro and in vivo studies demonstrated that
both impairment of function and adequate substrate availabil-
ity for the respiratory chain are critical for the subsequent am-
plification of mitochondrial superoxide in the kidney in diabe-
tes. We demonstrated that the interaction between AGEs and
RAGE liberates cytosolic ROS, which leads to the induction of
mPT, a phenomenon that proceeded even in the absence of
hyperglycemia. Opening of the mitochondrial transition pore
and resultant swelling seemed to induce a decrease in the ac-
tivity of complex I of the respiratory chain. Perhaps the most
striking finding in our study was that once electron leakage
from the respiratory chain occurred, which was not glucose
dependent, generation of excess mitochondrial superoxide was
seen only in the setting of high glucose. Our studies support
and extend the hypothesis that overproduction of mitochon-
drial ROS is a key event in activating pathways implicated in
the development of the complications of diabetes.? Further-
more, we specifically highlighted the importance of the cyto-
solic compartment in enhancing and indeed facilitating mito-
chondrial generation of ROS. This indicates that cytosolic
events, as a result of the AGE-RAGE interaction, play a key role
in amplifying mitochondrial ROS generation in the kidney.

Activation of RAGE is known to induce NADPH oxidase
and cellular ROS production in endothelial cells in vitro.2* In
the diabetic context, this study extends these findings by dem-
onstrating that interactions between AGEs and RAGE stimu-
late the cytosolic production of ROS within the renal cortex,
and this is inhibited by the NADPH oxidase inhibitor APO. It
was also of interest that cellular RAGE overexpression alone in
the absence of elevated AGEs could not increase cytosolic
H,0, production that was seen with concomitant AGE expo-
sure. This suggests that ligand binding is an important event in
AGE-RAGE-mediated production of cytosolic ROS. Further-
more, our own recent study demonstrated the utility of APO as
a therapy for diabetic renal disease, confirming in vivo that
AGE-RAGE ligation can activate NADPH oxidase.?’

ROS in particular, the more stable H,O,, are widely known
inducers of mPT in tissues other than the kidney.2627 Hence,
we confirmed these findings in renal mitochondria by demon-
strating that addition of exogenous H,0, induces mPT. Fur-
thermore, AGE-BSA exposure caused mPT in excess of that
seen in untreated mesangial cells, in addition to disrupting the
mitochondrial membrane potential, both of which were re-
versed by detoxifying intracellular H,O, with catalase. Impor-
tantly, these changes were independent of ambient glucose
concentrations. Thus, it was proposed that AGE-induced in-
tracellular H,O, formation played a significant role in enhanc-
ing susceptibility to the mPT; however, cytochrome C release
from mitochondria, indicative of induction of apoptosis,2® was
observed only in groups cultured in high-glucose environ-
ments. Furthermore, diabetic RAGE—/— mice were protected
from renal cellular apoptosis when compared with WT dia-
betic mice. Indeed, there is increased apoptosis in mesangial
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cells isolated from STZ-induced diabetic rats,>® and AGE-
RAGE interactions were postulated to contribute to podocyte
apoptosis.?® Furthermore, other groups demonstrated protec-
tion against the induction of diabetic nephropathy by inhibi-
tion of cellular apoptosis,3!-2 which is consistent with the im-
proved renal function in the context of less renal apoptosis
seen in RAGE—/— mice from this study.

Studies have suggested that patients with genetic mutations
leading to a dysfunctional mitochondrial respiratory chain can
present with renal disease as their primary pathology.”# One
such disorder, Friedreich ataxia, has specific electron leakage at
complexes I and 111 leading to excessive generation of super-
oxide.6 In our study, we showed that within diabetic glomeruli,
there seems to be a specific defect in complex I rather than
other complexes of the respiratory chain. In other contexts,
opening of the mPT pore induces electron leakage, leading to
increased mitochondrial ROS production at the level of com-
plex L1 In that study, mitochondrial ROS production was ob-
served only in the presence of a continued supply of the com-
plex I substrate NADH to the respiratory chain, because mPT
led to depletion of NADH through diffusion of pyridine nu-
cleotides out of the mitochondria. Hence, these investigators
postulated that mPT induces a decline in the activity of com-
plex I, which dramatically increases ROS production as long as
electrons are provided to complex L' In addition, a recent
study elegantly demonstrated that transient opening of the
mPT pore stimulated spontaneous bursts of superoxide gener-
ation by the mitochondrial respiratory chain.?® Indeed, our
own studies in RAGE overexpressing cells exposed to AGE-
BSA demonstrated an abrogation of excess mitochondrial su-
peroxide production in the presence of inhibitors of mPT. Fur-
thermore, although a decline in complex I activity could be
seen in various settings of normoglycemia in this series of stud-
ies, there was no increase in superoxide generation as a result of
the depletion of mitochondrial NADH. Indeed, our AGE-in-
jected nondiabetic rats had little evidence of progressive ne-
phropathy at the time point studied. In our diabetic rats, how-
ever, the mitochondrial NADH pool seemed sufficient to
supply reducing equivalents to complex I, thereby sustaining
mitochondrial superoxide production. Furthermore, this mi-
tochondrial superoxide overproduction was exacerbated by
decreased activity of mitochondrial MnSOD.

A previous study found that mitochondria from the renal
cortex of rats with diabetes exhibited a diminution of OX-
PHOS via decreased complex III activity and increased super-
oxide formation.® In that particular study, however, the mea-
surement of OXPHOS enzymes was not normalized to citrate
synthase activity, a procedure considered critical to correct for
changes in total mitochondrial number between kidneys from
control and diabetic rats; therefore, in that study, one cannot
exclude that the decreased OXPHOS reported is in fact due to
changes in other subunits of the respiratory chain. Neverthe-
less, the observation in that study of increased renal mitochon-
drial superoxide production in STZ-induced diabetes is con-
sistent with the work described in this study. This is further
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supported by our studies, which included evaluation of the role
of RAGE per se. Specifically, the diabetes-induced increases in
renal mitochondrial superoxide generation were observed in
WT mice but not in kidneys from diabetic RAGE—/— mice.
In conclusion, our data indicate that chronic hyperglyce-
mia, leading to enhanced NADH-derived electron delivery to
complex I, is required in conjunction with AGE-RAGE-in-
duced cytosolic H,0, activation of mPT to generate excessive
mitochondrial superoxide (Figure 6). This indicates not only
does the cytosol act in concert with the mitochondria to gen-
erate cellular ROS but also that cytosolic ROS generation may
cause or amplify some of the specific mitochondrial defects
observed in diabetes. These defects include complex I defi-
ciency, enhanced susceptibility to mPT, and ultimately over-
production of superoxide, which is considered to play a central
role in inducing diabetic end-organ injury. The observations
presented here suggest that pharmacologic inhibition of cyto-
solic ROS production may be an appropriate strategy to reduce
excessive mitochondrial superoxide production in diabetic
complications. In addition, it is postulated that therapies that
target complex I may restore mitochondrial integrity and po-
tentially confer a degree of renoprotection in diabetes.

CONCISE METHODS

An expanded version of the Concise Methods section is available in
the Supplemental Appendix.

0,

Induction of mitochondrial
permeabllity transition

Figure 6. Schematic representation of the interplay between
AGE and RAGE and high glucose in promoting mitochondrial
superoxide production in the diabetic kidney. AGEs binding to
RAGE induce cytosolic H,0, production. Cytosolic H,O, facili-
tates induction of mPT, promoting a deficiency in complex | of the
mitochondrial respiratory chain. Hyperglycemia provides in-
creased mitochondrial NADH availability for OXPHOS, which,
when coupled with a deficient complex | activity, amplifies mito-
chondrial superoxide generation. Both the AGE-RAGE interaction
and hyperglycemia synergistically coordinate overproduction of
mitochondrial superoxide and promote diabetic kidney disease.

RAGE Induces Mitochondrial Dysfunction 749

- 278 -



| BASIC RESEARCH | www.jasn.org

In Vivo Rodent Studies
All animal experiments were performed in accordance with the Alfred

Medical Research and Education Precinct Animal Ethics committee.

STZ-Induced Diabetes.

Experimental diabetes was induced in male Sprague-Dawley rats** or
WT (C57BL/6]; Jackson Laboratories, Bar Harbor, ME) and RAGE-
deficient mice (RAGE—/~—)3%3¢ with STZ as described previously?”
with control rodents followed concurrently. Diabetic and control ani-
mals were randomized (n = 10 per group) and followed for 16 or 32 wk
for rats or 24 wk for mice. A subset of diabetic rats (n = 10) received either
the NADPH oxidase inhibitor APO (15 mg/kg per d, oral gavage) or the
AGE inhibitor ALA chloride [4,5-dimethyl-3-(2-0ox02-phenylethyl)-
thiazolium chloride, a gift from Synvista, Ramsey, NJ; 10 mg/kg per d,
oral gavage] from weeks 16 to 32. Two units of Ultralente insulin (Novo
Nordisk, Bagsveerd, Denmark) were administered daily to diabetic rats to
prevent ketoacidosis and improve survival.

Exogenous AGE Administration.
Endotoxin-free AGE-RSA was prepared as described previously.!® Ex-

ogenous AGE-RSA was administered daily to healthy 8-wk-old
Sprague-Dawley rats (n = 10 per group); AGE-RSA (20 mg/kg per d,
intraperitoneally), RSA (20 mg/kg per d, intraperitoneally), or saline
(controls) for 16 wk.>® An additional AGE-RSA subgroup (n = 10)
was randomized to receive treatment with the AGE inhibitor ALA
chloride (10 mg/kg per d, oral gavage) for the duration of the study.
Sixteen weeks was chosen on the basis of previous studies that docu-
mented the time course of renal disease in this rat model.3®

Construction and Generation of Recombinant Adenovirus Vec-

tors.
A recombinant adenovirus encoding human RAGE was constructed

and generated. Full-length human RAGE ¢DNA (gift of Prof. H.
Yamamoto?®) was inserted into the shuttle plasmid pAdTrack-CMV
containing a GFP reporter and was then subcloned into the adenoviral
backbone plasmid AdEasy-1 (Ad-RAGE). Human embryonic kidney
293 cells were then infected to package the virus using lipofectamine
2000 reagent (Invitrogen, Melbourne, Australia). The pAdTrack-
CMV shuttle vector without the gene of interest was used as a control
(empty vector). RAGE expression was verified using Western immu-
noblotting (see Supplemental Appendix, Figure 1).

Adenovirus-Mediated RAGE Gene Transfer In Vitro.
Primary mesangial cells were isolated from rat kidney as described

previously.*¢ Mesangial cells seeded into 75-cm? tissue culture flasks
were grown for 3 d to 60% confluence in 5.5 mM D-glucose in DMEM
containing 10% FCS; then the medium was replaced with DMEM
containing either 5.5 or 25.0 mM b-glucose and the purified Ad-
RAGE vector or empty vector (2.85 X 10° optical particle units). After
24 h, 100 pg/ml AGE-BSA or 100 ug/ml BSA was added, and cells
were cultured for an additional 2 d. In some studies, inhibitors of
mitochondrial pore transition, ADP (100 uM) and CsA (10 uM), or
the antioxidant PEG-catalase (500 U/ml), were concomitantly ad-
ministered with AGE-BSA. Transfection efficiency was 80 to 90% on
the basis of GFP fluorescence.
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Mitochondrial Superoxide Production,
Superoxide production in renal cortex was determined by lucigenin-

enhanced chemiluminescence as described previously.>* Superoxide
production in freshly isolated mitochondria from primary mesangial
cells was measured as described previously.!

H,0, Production.
Please refer to the expanded version of the Methods section of the
Supplemental Appendix.

Superoxide Dismutase Activity.
Please refer to the expanded version of the Methods section of the

Supplemental Appendix.

Mitochondrial Membrane Potential.
Mitochondrial membrane potential was assessed using the MitoProbe

JC-1 assay kit (Molecular Probes, Eugene, Oregon) by flow cytometry,
according to the manufacturer’s instructions.

OXPHOS Complex Activity.

Isolation of renal glomeruli was performed as described previously.!
Respiratory chain complexes and citrate synthase were assayed in glo-
merular supernatants and in mesangial cell mitochondrial prepara-
tions as described previously for other tissues.*> For accounting for
variations in mitochondrial number between samples, complex activ-
ity was expressed relative to citrate synthase, which is much more
resistant to oxidative inactivation than the respiratory chain com-
plexes.3

Apoptosis.
Please refer to the expanded version of the Methods section of the
Supplemental Appendix.

Mitochondrial Permeability Transition.
Please refer to the expanded version of the Methods section of the

Supplemental Appendix.

Mitochondrial NADH Content.

Mitochondria (50-ul suspension) from renal cortex or from primary
rat mesangial cells were alkaline treated (50 ul of 1 M NaOH) at 90°C
for 5 min to destroy the oxidized NAD™ isoform. Samples were
quenched on ice and neutralized, and NADH content was measured
using a modification of the method originally described by Nissel-
baum and Green.*

Real-Time Reverse Transcription—PCR.
Please refer to the expanded version of the Methods section of the

Supplemental Appendix.

Statistical Analysis
All statistical computations were performed using GraphPad Prism

4.0a for Mac OS X (GraphPad Software, San Diego, CA). Values of
experimental groups are given as mean, with bars showing the SEM,
unless otherwise stated. One-way ANOVA with Tukey posttest anal-
ysis or two-way ANOVA with Bonferroni posttest analysis was used to
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determine statistical significance. When appropriate, two-tailed ¢ test
were performed. P < 0.05 was considered to be statistically signifi-
cant.
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Abstract

Background. Pigment epithelium-derived factor (PEDF)
is a glycoprotein with potent neuronal differentiating ac-
tivity. We, along with others, have recently found that
PEDF inhibits retinal hyperpermeability by counteracting
the biological effects of vascular endothelial growth fac-
tor (VEGF). However, the protective role of PEDF against
nephrotic syndrome (NS), a condition of hyperpermeabil-
ity in the glomerular capillaries, remains to be elucidated.
In this study, we investigated whether and how PEDF re-
duced proteinuria in rats with adriamycin (ADR)-induced
nephropathy (ADN), an experimental model of NS.
Methods. ADN was induced by a single intravenous injec-
tion of doxorubicin hydrochloride (n = 12). Half the ADN
rats were intravenously administrated human recombinant
PEDF; the other half were given vehicle everyday for up to
14 days. Control rats (n = 6) received vehicle only.
Results. In ADN, expression levels of PEDF in isolated
glomeruli were significantly decreased, which were asso-
ciated with a marked proteinuria and increased urinary ex-
cretion of nephrin, an index of podocyte damage. Loss of
nephrin and decreased podocyte cell number and fusion
of foot processes of podocytes with nuclear factor-kappa
B (NF-kB) activation and VEGF overexpression were also
observed in the glomeruli of rats with ADN. Intravenous
administration of PEDF ameliorated all of these changes in
ADN rats.

Conclusion. The present findings suggest that PEDF could
reduce proteinuria by suppressing podocyte damage and
decreased nephrin as well as increased VEGF expression in
the glomeruli of ADN rats. Pharmacological up-regulation

Correspondence and offprint requests to: Sho-ichi Yamagishi, Division
of Cardiovascular Medicine, Department of Medicine, Kurume Univer-
sity School of Medicine, 67 Asahi-machi, Kurume 830-0011, Japan.
Tel: +81-942-31-7580; Fax: +81-942-31-7707; E-mail: shoichi@med.
kurume-u.ac.jp

or substitution of PEDF may offer a promising therapeutic
strategy for the treatment of nephrotic syndrome.

Keywords: hyperpermeability; nephrin; nephrotic
syndrome; PEDF; VEGF

Introduction

Pigment epithelium-derived factor (PEDF) is a glycopro-
tein that belongs to the superfamily of serine protease in-
hibitors. It was first purified from the conditioned media
of human retinal pigment epithelial cells as a factor that
possesses potent neuronal differentiating activity in human
retinoblastoma cells [1]. Recently, PEDF has been shown
to be a highly effective inhibitor of angiogenesis in cell
culture and animal models [2,3]. PEDF inhibits the growth
and migration of cultured endothelial cells (ECs), and it po-
tently suppresses ischaemia-induced retinal neovasculariza-
tion [2,3]. Since PEDF levels in aqueous humour or vitreous
fluid are decreased in diabetic patients, especially with pro-
liferative retinopathy [4], the loss of PEDF activity in the
eye may contribute to the development and progression of
proliferative diabetic retinopathy.

In addition, we, along with others, have recently found
that PEDF inhibits retinal hyperpermeability by counter-
acting the biological effects of vascular endothelial growth
factor (VEGF) [5,6], thus suggesting that PEDF may be an
important therapeutic adjunct in the treatment of a number
of devastating disorders where increased vascular perme-
ability is a pathological mechanism. PEDF is expressed in a
broad range of human fetal and adult tissues including kid-
ney [7-10]. Increases in vascular permeability in the kidney
have been considered to play a key role in the development
of nephrotic syndrome (NS) [11,12]. These findings led us
to speculate that PEDF could exert beneficial effects on NS
as well by suppressing the effects of VEGF. However, as
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Fig. 1. Serum concentrations of PEDF in SDrats. SD 8-week-old rats were
intravenously injected with 30 g PEDF, and then the serum concentrations
of PEDF were measured (each n = 3). *P < 0.05 compared with the basal
value at O h.

far as we know, the role of PEDF in NS remains to be elu-
cidated. Therefore, we investigated here whether and how
the administration of PEDF could reduce proteinuria in rats
with adriamycin (ADR)-induced nephropathy (ADN), an
experimental model of NS.

Subjects and methods

Experimental design

The experiments were performed on 8-week-old male
Sprague-Dawley (SD) rats weighing ~300 g. ADN was
induced in rats (n = 12) by a single intravenous injec-
tion of doxorubicin hydrochloride (6.0 mg/kg) diluted in
0.9% saline as previously described [13]. Half the ADN
rats were intravenously administrated human recombinant
PEDF (30 pg/body diluted in 0.9% saline); the other half
were given vehicle everyday for up to 14 days. Control rats
(n = 6) received vehicle only. We have previously shown
that intravenous administration of 10-30 wg PEDF once a
day exerted anti-thrombogenic, anti-permeability and anti-
inflammatory effects in 9-week-old SD rats [6,14], whose
body weights were nearly the same as those used in this
experiment. This is a reason why we chose the treatment
condition with intravenous administration of 30 g PEDF
once daily in our model. Rat body weights of each group
were nearly equal (~300 g). Therefore, we injected 30 pg
PEDF per rat, not per 300 g body weight in this experiment.
We also confirmed here that the peak concentration of cir-
culating PEDF level was obtained at 2 h after the 30 pg
PEDF injection and its level was increased to about 2-fold
of the basal level (Figure 1).

BP was measured by a tail-cuff sphygmomanometer us-
ing an automated system with a photoelectric sensor (BP-
98A,; Softron, Tokyo, Japan) on Days —1, 3, 7, 10 and

T. Fujimura et al.

14. All of the rats were killed on Day 15 and the kidneys
were excised for immunohistochemical, morphometric and
western blot analysis. All experimental procedures were
conducted in accord with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the ethi-
cal committee of our institution.

Purification of the PEDF protein

The PEDF protein was prepared and purified as previously
described [15]. SDS—-PAGE analysis of the purified PEDF
protein revealed a single band with a molecular mass of
~50 kDa, which showed positive reactivity with a
monoclonal antibody against human PEDF (Transgenic,
Kumamoto, Japan).

Measurements of clinical parameters

Plasma and urinary levels of total protein, plasma total
cholesterol and albumin were determined with commer-
cially available kits {Wako, Osaka, Japan). Plasma crea-
tinine (Cr) levels were also measured with a commercial
kit (Alfresa Pharma Co., Tokyo, Japan). Serum PEDF lev-
els were measured with the ELISA as previously described
[L6].

Immunofluorescence staining

Frozen kidneys were embedded in a Tissue-Tek (Sakura
Finetek, Torrance, CA, USA) 22-oxacalcitriol (OCT)
medium and cut on a cryostat microtome into 4 pwm sec-
tions. Tissue sections were fixed in 2% paraformaldehyde
for 5 min at 4°C, and then blocked with 3% normal goat
serum (Dako, Glostrup, Denmark). To determine the ex-
pression levels of PEDF in the kidney, we performed an
indirect immunofluorescence staining with the rabbit anti-
PEDF polyclonal antibody (Ab) (1:1000; BioProducts MD,
Middletown, MD, USA) as a primary Ab. Further, the
sections were double-stained with Abs raised against a
podocyte marker, Wilm’s tumour-1 (WT-1) (1:100; Dako
Cytomation, Glostrup, Denmark), an EC marker, RECA-1
(1:200; AbD serotec, Raleigh, NC, USA) or a mesangial cell
marker, Thyl.1 (1:100; Chemicon, Temecula, CA, USA).
Goat anti-rabbit IgG Alexa 488 and anti-mouse IgG Alexa
594 (1:2000; Molecular Probes, Eugene, OR, USA) were
used as secondary Abs. The samples were analysed under
a confocal laser microscope, FV 1000 (OLYMPUS, Tokyo,
Japan). Immunofluorescence staining of nephrin was per-
formed using a rabbit polyclonal anti-nephrin Ab (Alpha
Diagnostic, San Antonio, TX, USA) and evaluated with a
semi-quantitative scoring system (0-4) according to the pa-
per of Gross et al.: score 0, no expression; score 1, mild
expression; score 2, moderate expression; score 3, strong
expression; score 4, extremely strong expression [17]. All
analyses were performed in a blinded manner, i.e. the ob-
server was unaware of the experimental protocol.

Morphometric analysis

The kidneys were fixed in 4% paraformaldehyde and em-
bedded in paraffin wax for sectioning. Three-micrometer
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paraffin sections were stained with periodic acid-Schiff
(PAS) for light microscopic analysis. For electron micro-
scopic analysis, small blocks of the kidneys were fixed with
2.5% glutaraldehyde, post-fixed in 2% osmium tetroxide,
dehydrated in graded ethanol, and then embedded in epoxy
resin. The ultrathin section (0.1 jum) was stained with uranyl
acetate and lead citrate.

Isolation of glomeruli

Glomeruli were isolated by the graded sieving method as
previously described [18]. Briefly, rats were deeply anaes-
thetized and the kidneys were immediately removed. The
cortex was excised, cut into fine fragments and homog-
enized. After being passed through consecutive stainless
stee] screens of 177-, 125- and 63-um pore size, the
glomeruli were suspended in phosphate-buffered saline and
collected by centrifugation at 2000g for 3 min.

Western blot analysis of PEDFE VEGF and P50 subunit of
nuclear factor-xB (NF-xB) and cAMP response
element-binding protein (CREB)

Fifty micrograms of proteins extracted from isolated
glomeruli, urine samples or cortical tissues was separated
by SDS-PAGE and transferred to nitrocellulose membranes
(Biorad, Hercules, CA, USA). Then, the membranes were
blotted with anti-PEDF, anti-VEGF or anti-p50 subunit
of NF-kB, and anti-CREB (Santa Cruz Biotechnology,
Delaware, CA, USA) Abs. The immune complexes were
visualized with an enhanced chemiluminescence detection
system (ECL; Amersham Bioscience, Buckinghamshire,
UK).

Preparation of nuclear extracts from kidney

Nuclear protein was extracted from cortical lesions of the
kidney as previously described {19]. Briefly, 500 mg of
cortical tissues was homogenized with 20 even strokes of
a glass Teflon homogenizer in 1 mL of ice-cold buffer A
[10 mM HEPES (pH 7.9), 10 mM KCI, 2 mM MgCl,,
0.1 mM ethylenediaminetetraacetic acid (EDTA), and a
cocktail of protease inhibitors (Nakarai Tesque, Kyoto,
Japan)]. Then, 325 L of detergent Nondiet-P40 (2%) was
added. The mixture was vortexed 10 times for 1 min each
and centrifuged at 13 000g for 5 min. The supernatant was
removed, and then the pellet was re-suspended in 300 pL
of buffer B [50 mM HEPES, 10% (v/v) glycerol, 300 mM
NaCl, 50 mM KCI and the protease inhibitor cocktail].
The samples were centrifuged again and the supernatant
(nuclear proteins) was stored in aliquots at —80°C. The
protein concentrations were determined by a BCA protein
assay kit (Pierce, Rockford, IL, USA).

Measurement of in situ reactive oxygen species (ROS)
generation and urinary 8-isoprostane levels

The oxidative fluorescent probe dihydroethidium (DHE)
(Invitrogen, Carlsbad, CA, USA) was used to detect in situ

1399

levels of ROS in the kidney as previously described [20].
Briefly, the tissue sections were embedded in an OCT
medium and cut on a cryostat microtome into 4 pm sec-
tions. The sections were stained with 2 M DHE for 30
min. [n situ production of superoxide was visualized as a
red fluorescence. We also measured urinary 8-isoprostane
levels on Day 14 with an enzyme-linked immunoassay (8-
is0-PGF,, EIA kit; Oxford Biomedical Research, Oxford,
MI, USA).

Statistical analysis

All data were expressed as mean + SD. One-way ANOVA
followed by the Scheffe F-test was performed for statis-
tical comparisons. P < 0.05 was considered statistically
significant.

Results

Immunofluorescence staining for PEDF-positive cells in
normal rat kidney

PEDF is expressed in a broad range of human fetal and
adult tissues including kidney [7-10]. Further, its levels are
higher in renal cortex than those in the medulla [10,21].
However, the precise localization of PEDF-positive cells in
the kidney remains to be determined. So, we first examined
which types of cells were positive for PEDF staining in the
kidney. PEDF was expressed in glomerular areas, arteries,
veins and capillaries in normal rat kidneys (Figure 2A a).
Negative control staining with 3% goat serum/PBS is shown
in Figure 2A b. Double staining with anti-RECA-1 (Fig-
ure 2B a-d), anti-WT-1 (Figure 2B e-h) or anti-Thyl.1
Abs (Figure 2B i-1) revealed that PEDF was expressed
in podocytes, ECs and mesangial cells. DAPI staining
confirmed that PEDF was expressed within the cells
(Figure 2C a, b).

PEDF expression levels in glomeruli of rats with ADN and
PEDF-treated ADN

We next evaluated the expression levels of PEDF in the
glomeruli with two different methods, immunofluores-
cence staining (Figure 3A) and western blot analysis
(Figure 3B). As shown in Figure 3A, PEDF-positive
immunofluorescence in the glomeruli of rats with ADN
was significantly decreased, compared with that in control
rats; the glomerular PEDF levels were reduced to ~4/5 of
those of control rats (Figure 3B), which was prevented by
the treatments with intravenous administration of PEDF
(Figure 3A and B).

Effects of PEDF administration on proteinuria in ADN rats

In order to investigate the pathophysiological relevance of
PEDF in ADN, we next examined the effects of PEDF
on urinary protein excretion in ADN rats. As shown in
Table 1, intravenous administration of PEDF significantly
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merge

Fig. 2. Immunofluorescence staining for PEDF in kidney. (A) Immunofluorescence staining of PEDF. The sections were incubated with (a) or without
(b) (negative staining) PEDF antibody (Ab). (¢) is a phase contrast for (b). Magnification x200. Arrow and arrowhead indicate the location of glomerulus
and blood vessel, respectively. (B) Double staining of the glomeruli with PEDF Ab (a, e, 1), anti-RECA-1 Ab (b), anti-WT-1 Ab (f) or anti-Thyl.1 Ab
(). PEDF-positive podocytes are indicated as arrows. Magnification: (a-c, e-g, i-k), x400; (d, h, 1), x800. (C) PEDF immunofluoresscence with (a)

or without (b) DAPI staining. Magnification x600.
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arbitrary units

control ADN ADN+PEDF

reduced proteinuria and prevented the decrease in serum
albumin as well as the increase in total cholesterol levels
in ADN rats. Body weight and creatinine clearance (Ccr)
were not different among three groups (Table 1). There was
no significant difference in systolic blood pressure (SBP)
among each group (Table 2).

6

=

] ADN+
control ADN PEDF

Fig. 3. PEDF expression in the glomeruli of control, ADN and PEDF-treated ADN rats. (A) Immunofluorescence staining for PEDF in control (a),
ADN (b) and PEDF-treated ADN rats (c). Magnification x600. (B) Western blot analysis of PEDF in the glomeruli isolated from control, ADN and
PEDF-treated ADN rats. Left panel shows the representative results of western blots. Right panel shows the quantitative data. Data were normalized by
the intensity of B-actin bands (n = 6, respectively). *P < 0.05 compared with the controls, *P < 0.05 compared with the ADN rats.

Effects of PEDF administration on renal histopathology in
ADN rats

Light microscopic examination showed subtle histopatho-
logical changes in glomerular and tubulointerstitial areas
of the ADN rats (Figure 4). However, electron microscopic
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Table 1. Clinical variables on Day 14

BW (g) UP (mg/day) Alb (g/dL) T.Chol (mg/dL) Cr (mg/dL) Ccr (mL/min)
Control rats 324+ 11.6 193+ 11.6 494023 58.7 £ 10.6 0.35 £ 0.03 28+03
ADN rats 336 £ 12.9 344.1 £ 150.7° 3.0 + 0422 188.8 + 63.3° 0.29 + 0.06* 3.1+04
ADN rats + PEDF 344 £ 9.1 134.7 + 67.8° 3.6 4+ 0.28%P 105.8 4 20.4° 0.28 £ 0.01% 29+04

BW, body weight; UP, urinary protein excretion; Alb, serum albumin; T.Chol, serum total cholesterol; Cr, serum creatinine; Ccr, 24-h creatinine

clearance.
2P < 0.05 compared with control rats.
bp < 0.05 compared with ADN rats.

Table 2. Effects of PEDF administration on SBP in ADN rats

Day 1 Day 3 Day 7 Day 10 Day 14
Control rats 117.0 £ 11.1 114.5 £ 15.7 115.7+45 1195+ 6.6 1155483
ADN rats 106.6 + 10.5 123.9 + 9.4 11494 15.1 1182 £ 144 1176 + 5.8
ADN rats + PEDF 123.0 £ 8.5 1136+ 116 123.0 7.7 113.0+£10.4 1104 +72

SBP, systolic blood pressure (mmHg).

Fig. 4. Effects of PEDF administration on renal histopathology in ADN rats. Light microscopic examination showed subtle histopathological changes in
glomerular and tubulointerstitial areas of the normal (a, d), ADN (b, e) and PEDF-treated ADN (e, f) rats. Magnification x200 (a, b, ¢), x600 (d, ¢, f)

examination revealed that foot processes of podocytes were
fused in the ADN rats, which was significantly improved
by the treatment of PEDF (Figure 5).

Effects of PEDF administration on podocyte loss and
expression levels of nephrin in ADN rats

We next examined the number of podocyte and the ex-
pression levels of nephrin, which localizes to the slit pore
of podocytes [22-24], in the glomeruli of ADN rats.
Immunofluorescence staining revealed that the numbers
of WT-1 positive (Figure 6A) or nephrin-positive cells
(Figure 6B) were decreased in the glomeruli of ADN rats,
compared with those of the control rats, both of which were
partially restored by the treatment of PEDF.

Nephrin is excreted into urine in the early stages of ex-
perimental NS [24,25]. So, we next investigated whether
PEDF administration reduced urinary excretion levels of
nephrin in ADN rats. As shown in Figure 6C, nephrin was

not detected in urine samples of the control rats. Urinary
excretion levels of nephrin were increased in ADN rats,
which were prevented by the treatment of PEDE

Effects of PEDF administration on VEGF expression in
the glomeruli of ADN rats

We next investigated the effects of PEDF administration on
VEGE, a potent vasopermeability factor, expression in the
glomeruli of ADN rats. VEGF expression was up-regulated
in the glomeruli of ADN rats, which was significantly de-
creased by PEDF treatment (Figure 7).

Effects of PEDF on NF-«B activation in ADN rats

NF-kB is also known as one of the key mediators in experi-
mental NS [19,26,27]. Therefore, in order to further inves-
tigate the molecular mechanism by which PEDF prevented
the decrease in nephrin as well as the increase in VEGF
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Fig. 5. Effects of PEDF administration on electron microscopic findings of the podocytes in ADN rats. Electron microscopic findings of the glomeruli
in normal control (a, d), ADN (b, ) and PEDF-treated ADN rats (c, f). Magnification x6000 (a—c), x 10 000 (d-f). The scale bar shows 0.5 pm. The

arrows show the fusions of podocyte foot processes in ADN rats.
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Fig. 6. Effects of PEDF administration on podocyte and expression levels of nephrin in ADN rats. (A) Immunofluorescence staining for WT-1, podocyte
marker in normal control {a), ADN (b) and PEDF-treated ADN (c) rats. Right panel shows the number of WT-1 positive cells per glomerulus in these
three groups (n = 6). **P < 0.0001 compared with control, *P < 0.05 compared with control, P < 0.05 compared with ADN. (B) Immunofluorescence
staining for nephrin in control (a), ADN (b) and PEDF-treated ADN rats (c). Magnification x400. Right panel shows the glomerular nephrin staining
scores (n = 6, respectively). *P < 0.05 compared with the controls, #P < 0.05 compared with the ADN rats. (C) Effects of PEDF administration on
urinary excretion levels of nephrin on ADN rats. Left panel shows the representative results of western blots. Right panel shows the quantitative data
(1 = 6, respectively). *P < 0.05 compared with the controls, *P < 0.05 compared with the values of ADN rats.

expression in ADN rats, we investigated the effects of
PEDF administration on NF-kB activation in the glomeruli
of ADN rats. The p50 protein expression levels were den-
sitometrically measured and normalized to the CREB ex-
pression because CREB is a nuclear marker protein [28]. As
shown in Figure 8A, nucleus levels of p50 subunit of NF-«xB
were increased in the glomeruli of ADN rats, which were

blocked by the treatment of PEDF. Since glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is not a specific cy-
toplasmic marker protein and also exists in the nucleus
[29], we were not able to confirm the purity of the nu-
clear extracts by western blots raised against GAPDH. We
show a Comassie blue staining as a loading control in
Figure 8B.
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Fig. 7. Effects of PEDF administration on VEGF expression in the glomeruli of ADN rats. Left panel shows representative results of western blots.
Right panel shows the quantitative data. Data were normalized by the intensity of B-actin bands (n = 6, respectively). #P < 0.05 compared with the

values of ADN rats.
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Fig. 8. Effects of PEDF administration on nuclear translocation of NF-xB p50 subunit in the glomeruli of ADN rats. (A) Left panel shows representative
results of western blots of p50 and CREB. Right panel shows the quantitative data. The expression levels of p50 were normalized by the intensity of
CREB bands (1 = 6, respectively). *P < 0.05 compared with the controls. P < 0.05 compared with the values of ADN rats. (B) After electrophoresis,

proteins were visualized with Coomassie blue staining.

Effects of PEDF administration on ROS generation in
ADN rats

Since NF-kB is a redox-sensitive transcriptional factor [30],
we further investigated the effects of PEDF on ROS gen-
eration in ADN rats. As shown in Figure 9, superoxide
generation in the glomeruli and urinary excretion levels of
oxidative stress marker, 8-isoprostane [31] were increased
in ADN rats, both of which were not affected by the treat-
ment of PEDF.

Discussion

We, along with others, have recently found that PEDF in-
hibits retinal hyperpermeability by counteracting the bio-
logical effects of VEGF [5,6], thus suggesting that PEDF
may be a novel therapeutic strategy for the treatment of

various disorders in which vasopermeability is involved.
However, there are a few studies to show the implication of
PEDF in the pathogenesis of proteinuria, a condition of bar-
rier dysfunction of the glomerular capillary wall [21,32].
Indeed, Wang et al. only reported that PEDF levels were de-
creased in kidneys of streptozotocin-induced diabetic rats
and that injection of adenovirus PEDF alleviated microalbu-
minuria and suppressed overexpression of two major fibro-
genic factors, transforming growth factor-p and connective
tissue growth factor in the diabetic kidneys [21,32]. In the
present study, we have extended the previous findings that
PEDF exerted salutary effects on proteinuria. We demon-
strated here for the first time that administration of PEDF
could reduce proteinuria by inhibiting podocytes loss as
well as increased VEGF expression via blockade of NF-xB
activation in the glomeruli of ADN rats, an experimental
model of NS on the basis of the following evidence: (1)
endogenous levels of glomerular PEDF expression levels
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Fig. 9. Effect of PEDF administration on ROS generation in ADN rats. (A) Representative photographs of DHE staining of the glomeruli in control (a,
b), ADN (c, d) and PEDF-treated ADN rats (e, f). Magnification x 100 in (a, ¢, €) and x400 in (b, d, f). (B) Urinary excretion levels of 8-isoprostane/Cr.
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*P < 0.05 compared with the controls.

were significantly decreased in ADN rats, compared with
control rats; (2) administration of PEDF to ADN rats signif-
icantly ameliorated the decrease in glomerular PEDF levels
and subsequently reduced proteinuria and prevented fusion
of foot processes of podocytes and loss of podocytes in
the glomeruli; (3) PEDF treatment also decreased urinary
excretion levels of nephrin, an index of podocyte dam-
age in ADN rats; and (4) NF-kB activation and VEGF up-
regulation in the glomeruli of ADN rats were significantly
blocked by the treatment of PEDF.

Nephrin is a key component of the slit diaphragm, the
main site of control of glomerular permeability [22-24].
Indeed, nephrin mRNA or protein levels were reported to
decrease in the glomeruli of various experimental mod-
els of hypertension, diabetes and membranous nephropa-
thy, thereby being involved in proteinuria in these models
[24,33-36]. In addition, nephrin is excreted into urine in
the early stages of experimental NS and human diabetic
nephropathy [24,25,35,36]. These observations suggest that
the loss of nephrin may play a role in the pathogenesis of
NS and urinary nephrin excretion could be a biomarker
of podocyte damage in NS [24,25]. In the present study,
we found that PEDF administration ameliorated loss of
podocyte and nephrin in the glomeruli as well as the in-
crease in its urinary excretion in ADN rats. Further, loss of
podocytes and fusion of podocyte foot processes in ADN
rats were prevented by the treatment of PEDF. Taken to-
gether, the present findings suggest that PEDF may have a
protective role against podocyte damage and subsequently
reduce proteinuria in ADN rats.

VEGF is expressed in foot processes of podocytes
[37,38]. There is a growing body of evidence that podocyte-
derived VEGF may play a central role in the maintenance
of glomerular capillary permeability as well as the regula-

tion of proteinuria in various types of NS [39-42]. In this
study, VEGF expression was up-regulated in the glomeruli
of ADN rats, which was prevented by the treatment of
PEDF. These observations suggest that VEGF-elicited vas-
cular permeability in the kidney may be counterbalanced
by glomerular PEDF and that PEDF administration could
ameliorate proteinuria, by not only restoring the loss of
podocytes and decreased nephrin expression but also sup-
pressing VEGF levels in the glomeruli of ADN rats. Since
VEGF is a potent vasodilator, it would be possible that the
inhibition of VEGF (the proposed mechanism of PEDF)
may reduce tissue perfusion, flow and area, thereby de-
creasing proteinuria in ADN rats [43]. However, as we have
reported in the previous paper [6], PEDF significantly in-
hibits the decrease in transendothelial electrical resistance,
an indicator of EC barrier function in advanced glycation
end-product-exposed ECs, by suppressing VEGF expres-
sion. Therefore, PEDF could improve barrier function in
ECs, independent of vessel area or flow. Furthermore, we
found here that PEDF treatment did not affect systemic
blood pressure (Table 2) or Cerin ADN rats (Table 1). These
findings suggest that PEDF treatment may mainly decrease
proteinuria in ADN rats through its anti-permeability effect,
but not its haemodynamic one, via suppression of VEGFE.
In this study, we found that expression levels of NF-kB
p50 subunit in nuclei of the glomeruli were increased in
ADN rats, which was blocked by the treatment of PEDE.
Suppression of the NF-«B activation may be a central mech-
anism by which PEDF inhibited the ADR-induced decrease
in podocyte number and nephrin expression as well as the
increase in VEGF generation in the glomeruli on the ba-
sis of the following evidence: (1) NF-«xB activation was
associated with the loss of nephrin expression and protein-
uria in anti-glomerular basement membrane nephritis [27];
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(2) podocyte NF-kB overactivation was observed in pa-
tients with non-proliferative glomerulopathy and its levels
were positively correlated with the severity of proteinuria
in those patients [44] and (3) NF-«B binding site exists
in the promoter region of VEGF and that NF-«kB activa-
tion is indispensable for VEGF gene induction in various
types of disorders [45-47]. Although we did not know
the molecular mechanisms underlying the ADR-induced
NF-kB activation, PEDF may suppress the NF-kB activa-
tion in the glomeruli of ADN rats in an ROS-independent
manner because we found here that PEDF did not affect
ROS generation in ADN rats by two distinct methods: one is
DHE staining that can detect in situ superoxide production,
and the other is the measurement of urinary 8-isoprostane
excretion.

There are some limitations of the present study. Due to
technical reasons, we were not able to study the potential
benefit of a more continuous administration of PEDF in
ADN and to include an additional group of PEDF-treated
healthy rats. However, we already confirmed in another
study (unpublished data) that intravenous PEDF adminis-
tration to normal rats for 2 weeks increased serum PEDF
levels to 150 ng/mL, which had no effect on urinary al-
bumin excretion levels (control rats versus PEDF-injected
rats; 0.03 £ 0.01 versus 0.04 £ 0.02 mg albumin/g creati-
nine).

In conclusion, our present study suggests that pharma-
cological up-regulation or substitution of PEDF may offer
a promising therapeutic strategy for the treatment of NS.
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BMP-7 fails to attenuate TGF-f1-induced
epithelial-to-mesenchymal transition in human

proximal tubule epithelial cells

Paul L. Dudas, Rochelle L. Argentieri and Francis X. Farrell

Department of Immunology Research, Centocor Research and Development, Inc., Radnor, PA 19087, USA

Abstract

Background. In rodent models of chronic renal disease
bone morphogenetic protein-7 (BMP-7) has been shown
to halt disease progression and promote recovery. Sub-
sequent studies utilizing immortalized rodent renal cell
lines showed that BMP-7 was renoprotective by antagoniz-
ing TGF-B1-stimulated epithelial-to-mesenchymal transi-
tion (EMT). The present study sought to determine if BMP-
7 prevents TGF-B1-induced EMT in primary (RPTEC)
and immortalized (HK-2) human proximal tubule epithelial
cells.
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Methods. EMT was determined by quantitative real-time
PCR analysis of e-cadherin, vimentin, CTGF and TGF-
B1 transcript expression and immunocytochemical analysis
of ZO-1 and a-smooth muscle actin (¢-SMA) protein ex-
pression following TGF-B1 treatment in RPTEC and HK-2
cells.

Results. In RPTEC and HK-2 cells, TGF-81 significantly
reduced e-cadherin expression and significantly increased
vimentin, CTGF and TGF-B1 expression. TGF-B1 also di-
minished ZO-1 immunoreactivity and increased a-SMA
expression in confluent cell monolayers. Co-incubation of
TGF-1 with an anti-TGF-B1 neutralizing antibody sub-
stantially reduced the cytokine’s effects, which indicated
EMT in these cells was inhibitable. Co-administration of
BMP-7 over a broad concentration range (0.01-100 pg/ml)
with TGF-B1 failed to attenuate EMT in RPTEC or HK-2
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