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Background information

Renal corpuscle in the kidney: Mammalian kidneys are a set of two, bean-
shaped organs which normally lie on each side of the spine. Urine is produced in
two well-defined regions of the kidneys, the renal cortex and the renal medulla.
Within these structures lie the renal corpuscles and excretory tubules, together
known as nephrons. By regulating blood concentration of water and salts, the
renal corpuscle maintains blood chemistry at desirable levels.

The renal corpuscle is actually the meeting point of two separate structures, the
glomerulus and the Bowman's capsule. The glomerulus, a ball of capillaries, sits
inside the Bowman's capsule. The Bowman's capsule is a cup-shaped structure
arising from the dead end of the nephron's excretory tubule.

The blood vessels within the glomerulus are non-selectively permeable. Any
blood solute smaller than 60 nm is able to cross the endothelial capillary wall
membrane therefore enabling the glomerulus to act as a filter for blood
impurities. As pressure from the heart pumps blood into the glomerulus, solutes
such as salts, glucose, and urea, as well as water, are pressed through the tiny
openings present in the membrane. Larger patrticles, such as proteins and blood
cells, are unable to penetrate, and so remain suspended in the blood.

Podocytes are specialized cells located in the Bowman's capsule that wrap
around the capillaries of the glomerulus and help with the filtration process
trapping any large solutes missed by the capillary membrane. The Bowman's

capsule retains the filtrate and passes it out of the renal corpuscle. Glomerular
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filtrate travels through a series of tubules and finally into a general collecting
duct, which receives contributions from a number of nephrons. The Bowman's
capsule and the collecting duct are lined with a specialized tissue known as
transport epithelium. This tissue processes the filtrate into urine. Once
processed, the urine is funneled by the collecting duct into the ureter, and then
to the urinary bladder. From the roughly 1100-2000 L of blood which pass
through the human body daily, the renal corpuscles produce just under 180 L of
filtrate. Once processed by the tubules and collecting ducts, this amount of
filtrate produces, on average, just under 2L of urine. The remainder of the filtrate
is reabsorbed into the blood. This process is regulated by the endocrine system,
and serves to keep the blood both chemically-balanced and free of waste
products.

Bowman’s capsule contains mesangial cells, smooth muscle-like cells,involved
in the filtration process. Mesangial cells are located between the capillaries and
provide support for glomerular structure. In addition, mesangial cells have the

ability to contract since they express myosin and actin.
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Normal podocyte structure

Podocyte gross structure: Podocytes are highly specialized, terminally
differentiated epithelial cells, with a quiescent phenotype (1). Podocytes derive
embryonically from mesenchymal cells (2). Each mature podocyte has distinct
anatomical, and therefore functional, components (3). The cell body is at the
center of the cell, and essentially lies in the urinary space and the nucleus is
oriented toward the urinary space. From the cell body arise long primary
processes, the ends of which contain foot processes. These secondary
processes attach to the underlying GBM (Glomerular Basement Membrane) via
integrins (4) and dystroglycans (5). Foot processes from neighboring podocytes
overlap (interdigitate). The 'filtration slit' formed between adjacent interdigitating
podocyte foot processes is a highly specialized gap junction called the slit

diaphragm, which forms the major size barrier to protein leakage.
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Podocyte Molecular structure: Podocytes are polarized cells. They derive
their unique shape due to a rich actin cytoskeleton, which serves as the
podocyte's 'backbone’ (6). The actin cytoskeleton also enables podocytes to
continually and dynamically alter shape. The cytoskeleton comprises three
distinct ultrastructural elements: (a) microfilaments (7-9 nm diameter), (b)
intermediate filaments (10 nm), and (c) microtubules (24 nm). Microfilaments are
the predominant cytoskeletal constituents of the foot process, and contain a
dense network of F-actin and myosin.

The actin cytoskeleton is linked with other proteins. Tryggvason et al. was the
first to discover nephrin, (7) a member of the Immunoglobulin superfamily, as
one of the now increasing number of complex slit diaphragm proteins. The
cytoplasmic tail of nephrin binds to podocin (8-10). Nephrin also interacts with
and localizes to CD2AP (11;12).More recently, Neph-1, another member of the
Immunoglobulin superfamily of proteins, has been identified Neph-1 interacts
with nephrin, podocin, and FAT1 (13;14).0Other slit diaphragm proteins include
Z0O-1, Neph-2 and -3, and densin. By forming the only connection between
adjacent podocytes, the slit diaphragm limits protein leakage by acting as a size
barrier, analogous to a sieve. It is tempting to speculate that the slit may also
function as a charge barrier, as some of these proteins are phosphorylated.

The apical membrane domain of podocytes is negatively charged, due to the
presence of the surface anionic proteins podocalyxin (16), podoplanin (17), and
podoendin (15). This serves two functions. First, the negative charge limits the

passage of albumin (also negatively charged). Second, adjacent podocytes



maintain their separation by anion charge. The basal domain is required to
anchor podocyte to the underlying GBM. a3B1 integrin (15) and a- and -
dystroglycans (16) serve this function, and connect the body of the podocyte to

certain matrix proteins within the GBM.

Podocyte function: The complex architecture of constitutive proteins is
required for the highly specialized functions of podocytes, which includes a size
barrier to protein, charge barrier to protein, maintenance of the capillary loop
shape, counteracting the intraglomerular pressure, synthesis and maintenance
of the GBM, production and secretion of vascular endothelial growth factor
(VEGF). Therefore, it is not surprising that perturbations in one or more of these
functions following podocyte injury underlies the signature clinical findings
including marked proteinuria, and often a decrease in renal function with

elevated creatinine.

Podocyte injury: Accumulation of protein in the urine (proteinuria) is in part due
to podocyte damage and is present in a range of kidney diseases such as
glomerulosclerosis, membranous nephropathy, membranoproliferative
glomerulonephritis, amyloid and diabetic nephropathy. The focus of my
dissertation is diabetic glomerulosclerosis characterized by a significant

podocyte injury which ultimately leads to marked proteinuria.



Histologic changes in podocytes following injury: Regardless of the cause
of podocyte damage, typical podocyte abnormalities are best seen on electron
microscopy and include vacuolization, microcystic, or pseudocystic changes, the
presence of cytoplasmic inclusion bodies, and detachment from the GBM (17).
In areas of reduced podocyte number, there may be focal areas of denudation of
the underlying GBM. Although these changes are common, the characteristic
response to podocyte damage/injury is a change in cell shape called
effacement. It should be noted that these electron microscopy changes do not
typically distinguish one podocyte disease from another, but rather represent a
common final pathway of the podocyte's response to injury, proteinuria in the

urine.
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Podocyte effacement: Podocyte foot process effacement consists of gradual
simplification of the inter-digitating foot process pattern, resulting in the
formation of a cell that looks flat and elongated (b). This is not fusion of
neighboring cells but rather retraction, widening, and shortening of each
podocyte process. The frequency of filtration slits is reduced (18), giving the
appearance of a continuous cytoplasmic sheet covering the GBM (b).
Effacement is not specific to one disease, but rather is synonymous with
podocyte injury of many forms. Studies have shown that effacement is initiated

by changes in the podocyte's cytoskeleton.
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Actin cytoskeleton: the backbone of podocyte shape: Foot processes are
highly dynamic structures rich in actin filaments (19;20). Microtubules and
vimentin-type intermediate filaments are distributed in the cell body and primary
processes. In the major processes, the cytoskeleton is composed mainly of
microtubules, interwoven with intermediate filament proteins. In contrast to the
cytoskeletal proteins in the cell body and major processes, foot processes have
an elaborate microfilamant-based contractile apparatus composed of actin,
myosin-Il, a-actinin, talin, and vinculin.

The actin cytoskeleton ultimately determines the podocyte's shape. Proteins
regulating or stabilizing the actin cytoskeleton are therefore critical in the normal
function of the podocyte, and any alterations in the actin itself, or in actin-
regulating proteins (as explained in our study) might lead to changes in

podocyte shape, and therefore function.
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Podocyte apoptosis: a life or death decision

When podocytes begin to change shape, they start a process of programmed
cell death, also called apoptosis. There is emerging experimental and clinical
evidence showing that apoptosis is a major cause of reduced podocyte number,
leading to proteinuria and/or glomerulosclerosis (21).

It has been well established that diabetes is associated with reduced podocyte
number, which correlates with the onset and magnitude of proteinuria.Previous
publications have shown (22-24) that hyperglycemia directly induces apoptosis
in cultured podocytes, thereby providing an additional possible explanation for

reduced podocyte number in this disease.

11



Introduction to the study:

The female-to-male incidence ratio of end-stage renal disease caused by
diabetic glomerulosclerosis (GS) is higher in post-menopausal than in pre-
menopausal women compared with men of the same age (25). In addition,
hormone replacement therapy results in decreased proteinuria and improvement
of the creatinine clearance in post-menopausal women with diabetes mellitus
(26-28).Taken together, these data suggest an important role for estrogen
deficiency in progression of diabetic glomerulosclerosis.

The glomerulus is an estrogen target tissue, and estrogen 173-estradiol (E>)
prevents the onset or slows the development and/or progression of GS in mouse
models of progressive kidney disease (26-29). Estrogens are steroid hormones
naturally produced in human and other mammals with greater abundance in
females. There are two estrogen receptors ERa and ERB, known to mediate
estrogen signaling; and they function as ligand-dependent transcription factors.
After crossing the cellular membrane, estrogens bind to the receptors in the
nucleus; the receptors dimerize and bind to specific response elements known
as estrogen response elements (EREs) located in the promoters of target
genes.

Since proteinuria is associated with podocyte injury, the objective of this project
was therefore to study the role of estrogen in preventing loss of podocytes in
diabetic female mice with glomeruloslerosis and to clarify the molecular

mechanisms responsible for estrogen protection. To achieve this goal we
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isolated, propagated and characterized podocyte cell lines from diabetic mice

(db/db) that developed glomerulosclerosis.

ERs, found to be localized on podocytes by histochemical studies (30), are
regulated by the levels of E; (26;31-33). From our previous studies we found that
E. mediates changes in the podocyte ERa—ER ratio. Neither ERa copy number
nor protein expression was regulated by E, in podocytes. Although we found no
change in ERB mRNA copy number, the ER[3 protein expression increased after
E, treatment, suggesting that there was a post-translational regulation, such as

protein stabilization (34-36) (Fig.3).

In our study we show how estrogen is important as a treatment in preventing
diabetic glomerulosclerosis by protecting actin filaments and podocyte
dysfunction. Effacement that occurs in diabetic glomerulosclerosis is due to a

change in actin cytoskeleton resulting in a phenotypic change of the podocytes.

In eukaryotic cells, actin exists in two forms: the filamentous f-actin and the
globular g-actin. The morphologic change of podocytes is associated to a
change in percentage between filamentous actin (f-actin) and globular actin (g-
actin). Recent data suggest that Hsp25 and Racl expressed in podocytes are
involved with this process. Hsp25 a low- molecular-weight heat shock protein, is
an actin-associated protein which regulates actin polymerization. In addition,
Hsp25 is involved in actin capping, by binding to the growing ends of actin

filaments and inhibiting filament extension (37).
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Finally, Rho GTPases are molecular switches that control a wide variety of signal
transduction pathways in all eukaryotic cells. They are known principally for their
pivotal role in regulating the actin cytoskeleton. Racl stimulates actin
polymerization and membrane protrusion. Cdc42 controls cell polarity and RhoA
promotes assembly of actin-myosin filaments and cell contraction. In our study we
focused our attention on podocyte Racl function and its relationship to Hsp to

prevent changes in podocytes phenotype and apoptosis.
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Purpose of the study:

In our previous publication (Catanuto et al. KI, 2009) (38) we found that estrogen
protects the glomerulus against diabetic glomerulosclerosis by preventing the
diabetic associated increase in albumin excretion, glomerular volume, and
collagen type IV deposition (Fig.1). To study the mechanisms associated with
the estrogen-mediated protection, we isolated, characterized and immortalized
(Fig.2) podocytes from placebo and estrogen treated diabetic mice.We found
that estrogen protects the podocyte phenotype by changing the ERa—ER ratio
(Fig.3) modulating apoptotic and anti-inflammatory signaling pathways (data not
shown) and metalloproteinases (Fig.4).

In the current study: “In vivo 17B-estradiol treatment contributes to
podocyte actin stabilization in female db/db mice” we determined the
mechanisms by which estrogen maintains and protects podocyte structure and
function through stabilization of the actin cytoskeleton and prevention of

podocyte apoptosis.
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Study:

In vivo 17B-estradiol treatment contributes to podocyte actin

stabilization in female db/db mice

Abstract:

We recently showed that 17p-estradiol (E;) treatment ameloriated type 2
diabetic glomerulosclerosis in mice in part by protecting podocyte structure and
function. Progressive podocyte damage is characterized by foot process
effacement, vacuolization, detachment of podocytes from the glomerular
basement membrane and apoptosis. In addition, podocytes are highly dependent
on the preservation of their actin cytoskeleton to ensure proper function and
survival. Since E, administration prevented podocyte damage in our study on
diabetic db/db mice, and has been shown to regulate both actin cytoskeleton and
apoptosis in other cells types and tissues, we investigated whether actin
remodeling and apoptosis were prevented in podocytes isolated from E; treated
diabetic db/db mice as compared to placebo. We performed G-actin/F-actin
assays, western analysis for Hsp25 expression, Racl activity and apoptosis
assays on previously characterized podocytes isolated from both in vivo treated
placebo and E, female db/db mice. We found that in vivo E; protects against a
phenotype change in the cultured podocytes with an increase in F-actin versus G-
actin, decrease in Hsp25 expression and transcriptional activation, increase of

Racl activity and decrease apoptotic intermediates. Based on these results we
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conclude that E, treatment protects against podocyte damage and may

prevent/reduce diabetes-induced kidney disease.

Introduction:

Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease
(ESRD) and is increasing due to the epidemic of obesity and diabetes (25). Tight
glycemic control and multiple therapeutic agents have been reported to slow, but
not prevent the progression of DKD. Importantly, estrogen deficiency contributes
to the development and progression of DKD in women (25). Multiple experimental
studies have suggested that 17p-estradiol (E;) treatment protects the glomerulus
against injury and therefore prevents DKD (27;38-41). We recently showed that
E, treatment prevented type 2 diabetic glomerular disease in db/db mice in part by
protecting podocytes against oxidant-induced injury (38). In addition isolated
podocytes from E, treated mice exhibited higher expression of estrogen
receptors suggesting that a direct protective effect of E; may occur.

Progressive podocyte damage is characterized by foot process (FP) effacement,
vacuolization, detachment of podocytes from the glomerular basement membrane
and apoptosis (21;42-46). Podocytes are highly dependent on the preservation of
their actin cytoskeleton to ensure proper function and survival. In eukaryotic
cells, actin exists in two forms: the filamentous F-actin and the globular G-actin.

One of the proteins involved in actin capping, heat shock protein (Hsp27/25),

17



binds to the growing ends of actin filaments and inhibits filament extension (37).
Actin capping changes the F-actin: G-actin ratio in favor of G-actin, which may
promote podocyte foot process effacement and proteinuria. In addition, the small
Rho-GTPase, (47) Racl, stimulates actin polymerization and membrane
protrusion (47) and may have an important role in protecting podocytes (48).
Because E, administration prevented podocyte damage in our study on
diabetic db/db mice (38), and has been shown to regulate both actin cytoskeleton
and apoptosis in other cells types and tissues (49;50), we hypothesized that in
vivo E, protects against a phenotype change in podocytes by preventing actin

remodeling and apoptosis.

Materials and Methods:

Animal Model and Cell lines: We used C57BL/6Jdb/db mice. These mice
developed diabetic glomerulosclerosis similar to the one seen in patients. They
are infertile due to a difect in the axis hipotalamous-pituitary-ovaries.These mice
also have a decrease estrogen receptor similar to menopausal women.

We treated female db/db mice, from 7 to 24 weeks of age with either placebo or
17B-estradiol (Ez) (0.05 mg) (Innovative Research of America, Sarasota, Fl,
USA). The dose of E, was chosen to obtain blood levels similar to that found
during estrous (51). All the db/db mice were obese and had stable diabetes at
the initiation of treatment. There were no differences in body weight, kidney
weight, or in the kidney weight—body weight ratio between any of the studied

groups. Mice were sacrificed at 24 weeks. Uterine weight was assessed as a
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measure of estrogen replacement efficiency. Uterine weight increased with E.
This is correlated with an increase in the 173-estradiol levels.

Their left kidney was perfused with a buffer solution containing collagenase and
RNase inhibitors for microdissection of glomeruli. The glomerular podocytes
were isolated, propagated and immortalized using HPV as previously described
(38). Both immortalized and primary cells retained characteristic podocyte
markers found in vivo including nephrin, WT1, and TRPC6 (38). Cells were
grown and maintained in DMEM:F12 medium supplemented with 10% fetal
bovine serum (FBS). In those experiments where tranfection with Hsp25 was
performed, podocyte cell lines were placed for 24 hours in phenol red free
medium and 10% charcoal stripped serum.

Immunofluorescence with Rhodamine Phalloidin. Kidney sections (4um
thick) embedded in OCT were fixed in 2% paraformaldhyde for 10 minutes at
room temperature, permeabilized with 1% Triton X-100 and blocked with 5%
BSA (Bovine serum albumin).The kidney sections from three mice/group were
incubated with rodamine phalloidin (1:1000) (Invitrogen, Carlsbad, CA, USA)
overnight at 4°C to detect actin filaments and observed under the LSM700
confocal microscope after washing with PBS (Phosphate Buffered Saline). A
percent ratio of color intensity per glomerular area was determined using image
J software.

Percent F-actin versus G-actin: F and G-actin were measured using the In
Vivo Assay Kit (Cytoskeleton, Inc. Denver, CO, USA) according to

manufacturer’s directions. Briefly, podocyte cell lines were lysed in a detergent-

19



based buffer that stabilized and maintained the G- and F- forms of cellular actin.
Only G-actin was solubilized by the buffer and following a centrifugation step F-
actin was pelleted while G-actin remained in the supernatant. The F-actin was
depolymerizated and aliquots of supernatant and pellet were analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide electrophoresis. Total cellular
actin (100%) was measured as G-actin+F-actin. After film development, the
blots were washed with India ink (1ul/ml) for 2 hr, to visualize the protein bands
and confirm loading equivalency (52).

Western Blot Analysis: Podocyte cell line lysates were extracted and a protein
concentration assay was performed using the BCA protein assay kit (Pierce
Biotechnology, Rockford, IL). Equal amounts of protein were loaded in precast
SDS polyacrylamide gels (invitrogen) after boiling the samples with Laemmli
buffer and B-mercaptoethanol. Following electrophoresis, the proteins were
transferred to nitrocellulose membrane and the blots were exposed to the
following antibodies: Actin (cat#.AANO1, Cytoskeleton, Denver, CO, USA),
Hsp25 (Enzo Life Sciences International, Plymouth Meeting, PA, USA), Racl
(Cell Biolabs, Inc. San Diego,CA,USA), Caspase-9 (Cell Signaling Technology,
Inc. MA, USA), or Apaf-1 (Santa Cruz Biotechnology, Santa Cruz, CA). The
primary antibody was washed and the secondary antibodies were added for
1lhour followed by chemiluminescence solution and exposure to autoradiograph
film. The films were scanned for densitometric analysis using Image J software

from NIH as previously described (38). Blots were treated with $-actin antibody
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(loading control) (Sigma-Aldrich, St.Louis, MO) after stripping to ensure equal
loading of gels.

Real-time Polymerase Chain Reaction (PCR): Real-time PCR was performed
on podocyte cell lines isolated RNA as previously described to amplify Hsp25
fragment (385pb) using a Syber Green kit (Quiagen, Valencia, CA, cat#204243)
with specific primers (sense 5’-AGC GCC GCG TGC CCT TCT C-3’; antisense,
5-TGC CTTTCT TCG TGC TTG CCA GTG-3’) and RT (Reverse Transcriptase)
mix for 40 cycles. The product of the PCR was then run on a 2% acrylamide gel
(53). The TagMan ribosomal RNA control reagents kit was used to detect 18S
ribosomal RNA gene, which represented an endogenous control. Each sample
was normalized to the 18S transcript content as previously described (54).
Transfection using Hsp25 Promoter: Podocyte cell lines were plated in 10%
charcoal/dextran-treated fetal bovine serum (<5 pg/ml estrogens) in 24 well
plates. Cells were transfected at 70% confluency using TransIT-LT1 (Mirus,
Madison, WI, USA) with Hsp25-promoter-luciferase reporter gene construct
(kind gift of Dr. Gaestel Matthias, Germany, 0.5 pg/well) and  -galactosidase
gene (pRSV-Bgal, 0.5 ug/well) to control for transfection efficiency. After 24
hours cells were harvested and luciferase and B-galactosidase assays were
performed. Briefly, cells were lysed with 100ul of reporter lysis buffer (Promega)
and lysate transferred to a microcentrifuge tube, spun for 10 minutes at
12,000rpm 4°C and supernatant transferred to a clean tube. The luciferase and

B-galactosidase assays were performed as previously described (26).
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Racl GTPase Activity Pull-Down Assays

Racl activity was assessed by pull-down assays using the Rac/Cdc42 binding
domain (PBD) of p21-activated kinase coupled to GST (PBD-GST) (according to
Rosenblatt et al.) (55). Active (GTP-bound) GTPases bind to their respective
effector proteins. Podocyte cell lysates containing 400ug total protein were
immediately added to 100 ul glutathione sepharose beads and rotated gently for
30 min at 4°C. Sepharose beads were pelleted by centrifugation, and complexes
were washed four times with 1x lysis buffer not containing PBD-GST. GTP-
bound Racl1/Cdc42 was eluted with SDS sample buffer and separated by SDS-
PAGE. Proteins were transferred to nitrocellulose membranes and exposed to a
Racl antibody and visualized by chemiluminescence. In some experiments,
podocytes were treated with either vehicle control (DMSO used to dilute EHT) or
10 and 20uM of EHT 1864, a small molecule Racl inhibitor. (EHT 1864: Sigma,
E1657)

Immunohistochemestry: Chamber slides containing podocytes were exposed
to an antibody against Cleaved-Caspase-9 (1:1000) (Cell Signaling Technology,
Inc. Denvers, MA, USA) to detect apoptosis followed by application of the
seconday antibody Alexa Fluor 488 goat anti-rabbit (1:500) (Invitrogen) for 2
hours at room temperature. Slides were mounted with DAPI (Vector
Laboratories, Inc. Burlingame, CA, USA) to identify the nuclei and images
examinated under a fluorescence microscope with 630X magnification. 10 fields

per slide were examined. 3 slides per group.
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Statistics: Data are presented as mean +s.e.m. Statistical differences were
assessed using Student's t-test (Prism, GraphPad 5, San Diego, CA, USA). A P-

value of <0.05 was considered significant.

Results:

Mouse model: As previously published db/db mice receiving placebo pellets
had increased albumin excretion which was abrogated by E, treatment (38). E,-
treated mice also exhibited decreased glomerular volume and type IV collagen
deposition compared with that of the placebo-treated control. The current study
employed previously characterized immortalized podocyte cell lines isolated and
characterized in our laboratory (38).

Actin expression and percent of F-actin and G-actin: We found that F-actin
appeared in the characteristic pattern described for glomerular podocytes in the
E, treated sections (56) compared to F-actin in glomeruli of placebo treated
mice (Fig.5). Glomeruli isolated from E; treated mice had a higher % intensity of
staining (1.3 + 0.13, **p<0.05) compared to those glomeruli isolated from
placebo treated mice (0.74 £ 0.08). Based on the staining of the glomeruli, we
performed experiments to determine the expression of F and G-actin in isolated
podocytes (Fig.6). There was a greater percentage of F-actin than G-actin
(~76% versus 24%) in podocyte lysates isolated from db/db mice treated with E;
compared to lysates from placebo treated mice (~50% of F versus 50% G-actin).
Hsp25 expression, amplification and transcriptional activation. Western

blot analysis revealed that lysates from podocytes treated in vivo with E;
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(Fig.7A) express less Hsp25 protein compared to those isolated from placebo
treated mice (***p<0.005). In parallel, levels of Hsp25 MRNA were decreased in
those podocytes previously treated with E, (Fig.37B). 18S content was equal
between samples with an average ct of 31 for placebo and 31.5 for E;
podocytes. Finally, we also transfected podocytes with an Hsp25-promoter-
luciferase reporter plasmid. Hsp transcriptional activation was also repressed in
podocytes from the E; treated mice (Fig.7C), (***p<0.005).

Increase of Racl activity by E, and treatment with EHT 1864: Since Racl
has been shown to participate in actin polymerization and stabilization (57), we
investigated Racl activity in podocytes. We found that Racl activity was
increased in podocytes isolated from in vivo E, treated mice compared to those
of placebo treated mice (0.7+0.3 vs 0.4+0.2,*p<0.05). The increase of Racl
activity was blocked in a dose dependent manner (Fig.8A) following 24 hours
treatment with EHT 1864 (55;58). After 72 hours of EHT 1864 treatment,
podocytes isolated from E; treated mice exhibited: 1) a change in the baseline
percent of F-actin (76%) and G-actin (24%) to a higher percent of G-actin (F-
actin 68% and G-actin 32%) (Fig.8B); and 2) increased Hsp25 expression
(Fig.8C).

Apoptotic intermediates: We found an Ej-induced reduction of Apaf-1 (30%
decrease). Since Apaf-1 activates Caspase-9, we were not surprised by the
decrease in cleaved Caspase-9 (Fig.9A and B). In addition, Caspase-9
expression was also

(Fig.5C, ***p<0.005) reduced in podocytes isolated from in vivo E; treated mice.
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Discussion:

We report here a phenotypic change observed in podocytes isolated from
db/db diabetic mice, characterized by dysregulation of the percent of filamentous
actin (F-actin) and globular actin (G-actin) that is prevented by in vivo E;
treatment. We also confirmed a diabetic-induced increase of Hsp25, a regulator
of actin cytoskeleton (37). E, treatment reduced Hsp25 mRNA and protein
expression, and repressed Hsp25 promoter activity. These data support the
hypothesis that repression of Hsp25 prevented actin capping and allowed for
increased ability of actin to polymerize and maintain the filamentous form
thereby helping to stabilize the podocyte phenotype.

These data are in agreement with other studies. Dai et al., reported that
short term glucose treatment of podocytes in vitro induced phosphorylation Hsp25
(59). In a streptozotocin rat model of diabetes, the phosphorylated form of Hsp25
increased in diabetic podocytes compared with controls. A recent study showed
that Hsp27 was upregulated in glomerular podocytes isolated from patients with
DN (diabetic nephropathy) (60). Additional studies have also reported an increase
in the phosphorylated form of Hsp25 in diabetic glomeruli (59;61). An E,-mediated
repression of Hsp25 was reported in neurons (62). In addition, the presence of a
half palindrome estrogen response element and two specificity protein-1 sites in
the Hsp promoter (63) coupled with the increase in estrogen receptor (ER)B
expression in our cells, suggest that our results may be ER-dependent. This
effect however may be tissue specific since Hsp27 (human equivalent form to

mice Hsp25) expression is augmented in an Erf-dependent manner in aortic
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vessel walls (64). Our future studies will include a more in depth look at ER
subtype dependent regulation of Hsp25/27 in diabetic podocytes.

Rho GTPases are also known for their essential role in regulating the
actin cytoskeleton (65;66). In particular, Racl stimulates actin polymerization
and membrane protrusion. The E; induced Racl activity observed in our model
could potentially aid in the stabilization of actin. This seems likely since
treatment with EHT 1864, the small molecule inhibitor of Racl, reverted the
podocytes to a phenotype more representative of the placebo treated cells
including an increase of G-actin and Hsp25 expression. To our knowledge there
have been no reports of a direct effect of Racl on Hsp25 expression.

Increased albumin excretion, one of the hallmarks of DKD, results from
damage to podocytes (21;42-45). The ability of the kidney to replace damaged or
lost podocytes is limited since podocytes have a reduced potential to regenerate
(43;46) therefore reducing apoptosis is an important mechanism for preserving
cell number. Intermediates in the apoptotic signaling pathway were modulated
by estrogens as shown for other cell types incuding glomerular mesangial cells
(34;67;68). In addition Apaf-1 which binds to procaspase-9 and induces
processing of caspase was also reduced suggesting the entire apoptosis cascade
may be affected by estrogen treatement (69). Although it is well established that
estrogens can inhibit apoptosis in a variety of cells and tissues, the mechanisms
underlying this effect are not clearly understood.

We and others have proposed that the regulation of signaling pathways

such as PI3K/AKT and p38 by estrogens could protect against podocyte
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apoptosis (70;71). Data generated in our laboratory showed that E, treatment
protects podocytes from apoptosis induced in vitro by TGF-B and TNF-a (67).
This effect may be mediated by activation of the PI3K-AKT signaling cascade,
since podocytes isolated from diabetic mice treated with E, have increased
levels of AKT phosphorylation (unpublished data). Moreover, we found that
glomeruli of db/db mice isolated at onset of albuminuria (12 weeks-old), show
reduced AKT phosphorylation compared to db/+ mice (71). In addition,
podocytes isolated from db/db mice with diabetes at the onset of albuminuria,
even if cultured in normal-glucose medium, showed impaired insulin-dependent
AKT phosphorylation, which is associated with enhanced susceptibility to cell
death (71).

Finally, we previously showed an increase in glomerular and podocyte ERf
expression, suggesting that the ratio of ERa to ERB may be responsible for
many of the E,-mediated actions discussed above. These studies are ongoing in
our laboratory and will be the topic of future studies. In summary, we propose
that in vivo E, treatment prevents the deleterious events that lead to actin
cytoskeleton rearrangement and an apoptotic cascade in podocytes in a Racl

dependent manner (Fig. 10).

Figure Legends:
Fig.5 In vivo17B-estradiol (E;) treatment protects against actin filament
disruption in female diabetic db/db mice. 4um thick frozen sections were

stained with rhodamine phallodoidin and visualized with confocal microscopy as
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described in methods. Representative photomicrographs show rhodamine-
phalloidin staining and phase contrast of glomeruli from placebo-treated and E,-
treated db/db mice. 630x original magnification. 10 fields per slide were
examined. N=3 per group. Data are graphed as the percent ratio color intensity
per area.

Fig.6 Podocytes isolated from female diabetic db/db mice treated in vivo
with 17B-estradiol (E,) have a higher percent of filamentous actin (F-actin)
compared to podocytes isolated from placebo-treated mice. Cell lysates
were collected from podocytes isolated from both placebo and E; treated db/db
mice. (A) Representative of 5 western blots of F-actin and G-actin. (B) Lower
panel is an ink stained blot for loading control. The arrow indicates the band of
interest at the molecular weight of actin. (C) Data are graphed as mean + SEM
of percent of F and G-actin White bars represent podocytes isolated from
placebo treated female db/db mice and black bars represent podocytes isolated
from E, treated female db/db mice. ***p<0.005 compared to G-actin of estrogen
treated cell lysates. N=5 experiments. Duplicate cell lines of each treatment.
Fig.7 Podocytes isolated from female diabetic db/db mice treated in
vivowith 17B-estradiol (E;) have decreased expression of Hsp25,
decreased mMRNA expression, and repressed transcriptional activation
compared to podocytes isolated from placebo treated mice. Cell lysates
were collected from podocytes isolated from both placebo (white bars) and E;
(black bars) treated db/db mice. Western blot analysis was performed. (A)

Representative western blot showing podocyte expression of Hsp25 from
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placebo or E; .treated cells. Hsp25 expression was detected at molecular weight
of 25 kDa. B-actin western blot is shown below as loading control. Data are
graphed as mean = SEM of Hsp25 and expressed as a percent of placebo cells.
***n<0.005 compared to placebo, (B) mRNA expression of Hsp25 was
measured and a representative of 3 gels showing podocyte amplification of
Hsp25 from placebo or estrogen treated cells. (C) Placebo and estrogen
podocyte cell lines were co-transfected with an Hsp25-promoter-luciferase
reporter gene construct and the p-galactosidase gene to control for transfection
efficacy. Cells were subsequently harvested and luciferase activity was
assessed and normalized to galactosidase activity. Data are the mean £ SEM of
3 experiments, ***p<0.005 compared to vehicle (white bar) and E; treated (black
bar) control cells. N= 3 experiments. Duplicate cell lines of each treatment were
used.

Fig.8 Inhibition of increased Racl activity in podocytes isolated from
female diabetic db/db mice treated in vivo with 17B-estradiol (Ey) increases
the percentage of G-actin and Hsp25 protein expression. Cell lysates were
collected from podocytes isolated from E, treated db/db mice and pull down
assay perfomed followed by western analysis as described in material and
methods. (A) Dose response of Racl activity inhibition by the Racl inhibitor
EHT 1864 after 24 hours. Data are graphed as the mean + SEM of the ratio
between Racl-GTP and total (input) protein. N=3 experiments. (B)

Representative western blot showing F-actin and G-actin in E; treated cells after
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72 hours EHT 1864 treatment. Higher percent of G-actin after treatment with
EHT 1864 at 72 hours in E, treated cells. N=3 experiments. Ink staining is
shown below for loading control. The arrow indicates the band of interest at the
molecular weight of actin. (C) Representative western blot showing the protein
expression of Hsp25 after 72 hours treatment with EHT 1864 in E, treated cells.
V=Vehicle treated cells (DMSO). N=5 experiments. B-actin western blot is
shown below as loading control. Data are graphed as the mean + SEM. *p<0.05.
Fig.9 Immunofluorescence staining of Cleaved Caspase-9 and expression
of Caspase-9 decreased in podocytes isolated from female diabetic db/db
mice in vivo treated with 17B-estradiol (E.). (A, B) Immunofluorescence
staining of Cleaved Caspase-9 was performed on podocytes according to
methods described. Dapi staining of nuclei appeared blue, and FITC staining of
Cleaved Caspase-9 appeared green. Original magnification 400x. ©)
Representative western blot showing the expression of Caspase-9 in podocytes.
Cell lysates were collected from podocytes isolated from in vivo treated placebo
(white bar) and E, (black bar) db/db mice and analyzed by western blot for
Caspase-9 protein. 3-actin western blot is shown below as loading control. Data
are graphed as the mean = SEM ***p<0.005, N=5 experiments of duplicate cell
lines.

Fig.10 Schematic design depicting possible estrogen contribution to actin
stabilization. Estrogen action stabilizes podocyte F-actin though an increase of
Racl activity and a decrease of Hsp25 protein and transcriptional activation.

Racl activity promotes the decrease of Hsp25 expression. In addition, Apaf-1,
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which activates Caspase-9, and Caspase-9 expression are decreased. These
factors may combine to reduce podocyte apoptosis. (Dotted line =potential

effects).
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Fig.1 Figures

Estrogen (E,) decreases urinary albumin excretion (A),
glomerular volume (B), and collagen type IV deposition
(C) in female diabetic db/db mice compared to placebo.
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Fig.2

Podocytes isolated from diabetic db/db mice retain
expression of in vivo markers.

Immunofluorescence staining of (a) ZO-1 and (b) nephrin. Cell
lysates were collected and western blot analysis was performed for
(c) nephrin protein expression, (d) TRPC expression, and (e) WT-1
expression. Cells isolated from a placebo-treated non-transfected
mouse (lane 1), and transfected (lane 2), cells isolated from E, (lane

3) treated mice.
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Fig.3

Estrogen receptor B expression is increased in
podocytes isolated from E; treated mice.
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Podocyte cell lysates were collected and western blot analysis
was performed as described in Methods (Catanuto et al.Kl, 2009).
(a) There was no change in ERa protein expression in podocytes
isolated from mice treated with E, (lane 3) compared with
placebo-treated mice (lane 2). Immortalization did not alter ERa
protein expression (lane 1). Recombinant ERa protein (lane 4),
n=2. Data are graphed as the meants.e.m % of placebo ERa
protein expression. (b) Estrogen receptor-B was increased in
podocytes isolated from mice treated with E, (lane 2) compared
with placebo-treated mice (lane 1). Data are graphed as the
meantSEM % of placebo ER[P protein expression. N=3,
**P<0.005. Arrows denote specific bands.
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Fig.4

MMP-2 and MMP-9 activity is increased in podocytes
isolated from E, treated db/db diabetic mice.
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Cell lysates were collected in triplicate and normalized to cell
number as described (Catanuto at al, KIl, 2009). Lysates were
electrophoresed on zymogram gels as described in Methods
(Catanuto et el., KI, 2009) MMP-2 and MMP-9 were increased in
podocytes isolated from mice treated with E, (lanes 4—6) compared
with placebo-treated mice (lanes 1-3). N=2, *P<0.05, **P<0.005 E,
compared with placebo.
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Fig.5

In vivo 17B-estradiol (E,) treatment protects against
actin filament disruption in female diabetic db/db
mice.
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Fig.6

Podocytes isolated from female diabetic db/db mice
treated in vivo with 17@-estradiol (E;) have a higher
percent of filamentous actin (F-actin) compared to
podocytes isolated from placebo-treated mice.
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Fig.7

Podocytes isolated from female diabetic db/db mice
treated in vivo with 17B-estradiol (E,) have decreased
expression of Hsp25, decreased mMRNA expression,
and repressed transcriptional activation compared to
podocytes isolated from placebo treated mice.
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Fig.8

Inhibition of increased Racl expression in
podocytes isolated from female diabetic db/db mice
treated in vivo with 17B-estradiol (E) increases the
percentage of G-actin and Hsp25 protein
expression.
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Fig.9

Immunofluorescence staining of Cleaved Caspase-9 and
expression of Caspase-9 decreased in podocytes
isolated from female diabetic db/db mice in vivo treated
with 17B-estradiol (E>).
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Fig.10

Schematic design depicting possible estrogen
contribution to actin stabilization.
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Ongoing studies:

Based on our studies in persuit of regulation of ER without hormons we have
focused our attention on a natural compound, resveratrol (RSV). Resveratrol is a
phytoestrogen found in grapes that is present in red wine and may have similar
properties to endogenous estrogens. As mentionated above endogenous
estrogens are steroid hormones synthesized by humans and other mammals;
these hormones bind to estrogen receptors within cells. The estrogen-receptor
complex interacts with unique sequences in DNA (estrogen response elements;
ERESs) to modulate the expression of estrogen-responsive gene. A compound
that binds to estrogen receptors and elicits similar responses to endogenous
estrogens is considered an estrogen agonist, while a compound that binds
estrogen receptors but prevents or inhibits the response elicited by endogenous
estrogens is considered an estrogen antagonist. The chemical structure of
resveratrol is very similar to that of the synthetic estrogen agonist,
diethylstilbestrol, suggesting that resveratrol might also function as an estrogen
agonist. However, in cell culture experiments resveratrol acts as an estrogen
agonist under some conditions and an estrogen antagonist under other

conditions (72;73).

In estrogen receptor-positive breast cancer cells, resveratrol acts as an estrogen
agonist in the absence of the endogenous estrogen, 17B-estradiol, but acts as

an estrogen antagonist in the presence of 1783-estradiol (74;75).
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At present, it appears that resveratrol has the potential to act as an estrogen
agonist or antagonist depending on cell type, estrogen receptor isoform (ER

alpha or ER beta), and the presence of endogenous estrogens.

It has been shown that RSV exhibits insulin-like effects in streptozotocin (STZ)-
induced diabetic (STZ-DM) rats and that it ameliorates hyperglycemia,
hyperlipidemia and other common diabetic symptoms (76). Further, RSV can
alleviate diabetes mellitus (DM)-induced vasculopathy by attenuating the
advanced glycation end products/receptor for AGE/nuclear factor kappa B
(AGE/RAGE/NF-kB) signaling pathway (77). RSV has been shown to attenuate
glomerulosclerosis by an antioxidative mechanism and by reducing the
expression of Sir-2 and p38 in diabetic kidneys (78). Finally, Ding et al.
demonstrated that Resveratrol attenuates renal hypertrophy in STZ-DM rats by

AMPK activation (79).

Our future studies focus on Resveratrol protection against diabetic
glomerulosclerosis in a diabetic mice model (db/db). Through ER-mediated
effects, we found regulation of estrogen receptor a and (3 after treatment with
resveratrol, decrease in extracellular signal-regulated kinase (ERK) activation,
and increase in matrix metalloproteinases (mmp-2) leading to decrease in
accumulation of collagen in the glomerulous. Previous reports of research, both
in humans and in animals, have revealed that activation of the ERK pathway in
glomeruli may play an important role in progression during the early stages of

diabetic nephropathy (80;81).

43



Reference list

10.

Shankland SJ 1999 Cell cycle regulatory proteins in glomerular
disease. Kidney Int 56:1208-1215

Saxen L 1997 Organogenesis of the Kidney.

Mundel P, Kriz W 1995 Structure and function of podocytes: an
update. Anat Embryol (Berl) 192:385-397

Adler S, Chen X 1992 Anti-Fx1A antibody recognizes a beta 1-
integrin on glomerular epithelial cells and inhibits adhesion and
growth. American Journal of Physiology-Renal Physiology
262:F770-F776

Kojima K, Kerjaschki D 2002 Is podocyte shape controlled by the
dystroglycan complex? Nephrology Dialysis Transplantation 17:23-
24

Mundel P, Reiser J, Zufiiga Mejia, Borja A, Pavenstadt H, Davidson
GR, Kriz W, Zeller R 1997 Rearrangements of the Cytoskeleton and
Cell Contacts Induce Process Formation during Differentiation of
Conditionally Immortalized Mouse Podocyte Cell Lines.
Experimental Cell Research 236:248-258

Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U, Kestila M,
Jalanko H, Holmberg C, Tryggvason K 1999 Nephrin is specifically
located at the slit diaphragm of glomerular podocytes. Proceedings
of the National Academy of Sciences 96:7962-7967

Huber TB, Kottgen M, Schilling B, Walz G, Benzing T 2001
Interaction with Podocin Facilitates Nephrin Signaling. Journal of
Biological Chemistry 276:41543-41546

Roselli S, Gribouval O, Boute N, Sich M, Benessy F, Attie T, Gubler
MC, Antignac C 2002 Podocin Localizes in the Kidney to the Slit
Diaphragm Area. The American Journal of Pathology 160:131-139

Schwarz K, Simons M, Reiser J, Saleem MA, Faul C, Kriz W, Shaw
AS, Holzman LB, Mundel P 2001 Podocin, a raft-associated
component of the glomerular slit diaphragm, interacts with CD2AP
and nephrin. Journal of Clinical Investigation 108:1621-1630

44



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Li C, Ruotsalainen V, Tryggvason K, Shaw AS, Miner JH 2000
CD2AP is expressed with nephrin in developing podocytes and is
found widely in mature kidney and elsewhere. American Journal of
Physiology - Renal Physiology 279:F785-F792

Shih NY, Li J, Cotran R, Mundel P, Miner JH, Shaw AS 2001 CD2AP
Localizes to the Slit Diaphragm and Binds to Nephrin via a Novel C-
Terminal Domain. The American Journal of Pathology 159:2303-2308

Benzing T 2004 Signaling at the slit diaphragm. Journal of the
American Society of Nephrology 15:1382-1391

Sellin L, Huber TB, Gerke P, Quack I, Pavenstadt H, Walz G 2002
NEPH1 defines a novel family of podocin-interacting proteins. The
FASEB Journal

Kreidberg JA, Donovan MJ, Goldstein SL, Rennke H, Shepherd K,
Jones RC, Jaenisch R 1996 Alpha 3 beta 1 integrin has a crucial role
in kidney and lung organogenesis. Development 122:3537-3547

Raats CJI, van den Born J, Bakker MAH, Oppers-Walgreen B, Pisa
BJM, Dijkman HBPM, Assmann KJM, Berden JHM 2000 Expression
of Agrin, Dystroglycan, and Utrophin in Normal Renal Tissue and in
Experimental Glomerulopathies. The American Journal of Pathology
156:1749-1765

Stitt-Cavanagh E, MacLeod L, Kennedy C 2009 The podocyte in
diabetic kidney disease. ScientificWorldJournal 9:1127-1139

Drumond MC, Kristal B, Myers BD, Deen WM 1994 Structural basis
for reduced glomerular filtration capacity in nephrotic humans.
Journal of Clinical Investigation 94:1187

Ichimura K, Kurihara H, Sakai T 2003 Actin filament organization of
foot processes in rat podocytes. Journal of Histochemistry &
Cytochemistry 51:1589-1600

Mundel P, Shankland SJ 1999 Glomerular Podocytes and Adhesive
Interaction with Glomerular Basement Membrane. Nephron
Experimental Nephrology 7:160-166

Shankland SJ 2006 The podocyte's response to injury: role in
proteinuria and glomerulosclerosis. Kidney Int 69:2131-2147

Pagtalunan ME, Miller PL, Jumping-Eagle S, Nelson RG, Myers BD,
Rennke HG, Coplon NS, Sun L, Meyer TW 1997 Podocyte loss and

45



23.

24,

25.

26.

27.

28.

29.

30.

31.

progressive glomerular injury in type Il diabetes. Journal of Clinical
Investigation 99:342

Reiser J, Polu KR, Moller CC, Kenlan P, Altintas MM, Wei C, Faul C,
Herbert S, Villegas I, vila-Casado C 2005 TRPC6 is a glomerular slit
diaphragm-associated channel required for normal renal function.
Nature genetics 37:739-744

Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T, Hawkins
AF, Daskalakis N, Kwan SY, Ebersviller S, Burchette JL, Pericak-
Vance MA, Howell DN, Vance JM, Rosenberg PB 2005 A Mutation in
the TRPC6 Cation Channel Causes Familial Focal Segmental
Glomerulosclerosis. Science 308:1801-1804

U.S.Renal Data System 2011 USRDS 2010 Annual Data Report. 2 ed.
Bethesda, MD: The National Institutes of Health, NIDDK,

Karl M, Berho M, Pignhac-Kobinger J, Striker GE, Elliot SJ 2006
Differential effects of continuous and intermittent 17beta-estradiol
replacement and tamoxifen therapy on the prevention of
glomerulosclerosis: modulation of the mesangial cell phenotype in
vivo. Am J Pathol 169:351-361

Mankhey RW, Bhatti F, Maric C 2005 17beta-Estradiol replacement
improves renal function and pathology associated with diabetic
nephropathy. Am J Physiol Renal Physiol 288:F399-F405

Maric C, Sandberg K, Hinojosa-Laborde C 2004 Glomerulosclerosis
and Tubulointerstitial Fibrosis are Attenuated with 17 beta-Estradiol
in the Aging Dahl Salt Sensitive Rat. Journal of the American
Society of Nephrology 15:1546-1556

Blush J, Lei J, Ju W, Silbiger S, Pullman J, Neugarten J 2004
Estradiol reverses renal injury in Alb/TGF-Betal transgenic mice.
Kidney international 66:2148-2154

Bhat HK, Hacker HJ, Bannasch P, Thompson EA, Liehr JG 1993
Localization of estrogen receptors in interstitial cells of hamster
kidney and in estradiol-induced renal tumors as evidence of the
mesenchymal origin of this neoplasm. Cancer Research 53:5447-
5451

Potier M, Elliot SJ, TACK I, Lenz O, Striker GE, Striker LJ, Karl M
2001 Expression and regulation of estrogen receptors in mesangial
cells: influence on matrix metalloproteinase-9. Journal of the
American Society of Nephrology 12:241-251

46



32.

33.

34.

35.

36.

37.

38.

39.

40.

Rogers JL, Mitchell AR, Maric C, Sandberg K, Myers A, Mulroney SE
2007 Effect of sex hormones on renal estrogen and angiotensin type
1 receptors in female and male rats. American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology
292:R794-R799

Wells CC, Riazi S, Mankhey RW, Bhatti F, Ecelbarger C, Maric C 2005
Diabetic nephropathy is associated with decreasedcirculating
estradiol levels and imbalance in the expression of renal estrogen
receptors. Gender Medicine 2:227-237

Hodges-Gallagher L, Valentine CD, Bader SE, Kushner PJ 2007
Estrogen receptor beta increases the efficacy of antiestrogens by
effects on apoptosis and cell cycling in breast cancer cells. Breast
Cancer Res Treat

Brockmann R, Beyer A, Heinisch JJ, Wilhelm T 2007
Posttranscriptional Expression Regulation: What Determines
Translation Rates? PLoS Comput Biol 3:e57

Horner-Glister E, Maleki-Dizaji M, Guerin CJ, Johnson SM, Styles J,
White INH 2005 Influence of oestradiol and tamoxifen on oestrogen
receptors alpha and beta protein degradation and non-genomic
signalling pathways in uterine and breast carcinoma cells. Journal
of molecular endocrinology 35:421-432

Kostenko S, Moens U 2009 Heat shock protein 27 phosphorylation:
kinases, phosphatases, functions and pathology. Cellular and
molecular life sciences 66:3289-3307

Catanuto P., Doublier S, Fornoni A, Lupia E, Berho M, Striker GE, Xia
X, Karl M, Elliot SJ 2009 17-beta estradiol and Tamoxifen upregulate
estrogen receptor beta and regulate podocyte signaling pathways in
a model of type 2 diabetes. Kidney international 75:1194-1201

Dixon A, Maric C 2007 17{beta}-estradiol attenuates diabetic kidney
disease via regulating extracellular matrix and transforming growth
factor-beta protein expression and signaling. Am J Physiol Renal
Physiol

Keck M, Romero-Aleshire MJ, Cai Q, Hoyer PB, Brooks HL 2007
Hormonal status affects the progression of STZ-induced diabetes
and diabetic renal damage in the VCD mouse model of menopause.
Am J Physiol Renal Physiol

47



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Mankhey RW, Wells CC, Bhatti F, Maric C 2007 17beta-Estradiol
supplementation reduces tubulointerstitial fibrosis by increasing
MMP activity in the diabetic kidney. Am J Physiol Regul Integr Comp
Physiol 292:R769-R777

Asanuma K, Mundel P 2003 The role of podocytes in glomerular
pathobiology. Clin Exp Nephrol 7:255-259

Barisoni L, Mundel P 2003 Podocyte biology and the emerging
understanding of podocyte diseases. Am J Nephrol 23:353-360

Kretzler M 2005 Role of podocytes in focal sclerosis: defining the
point of no return. J Am Soc Nephrol 16:2830-2832

Ly J, Alexander M, Quaggin SE 2004 A podocentric view of
nephrology. Curr Opin Nephrol Hypertens 13:299-305

Pavenstadt H, Kriz W, Kretzler M 2003 Cell biology of the glomerular
podocyte. Physiol Rev 83:253-307

Bosco EE, Mulloy JC, Zheng Y 2009 Racl GTPase: a "Rac" of all
trades. Cell Mol Life Sci 66:370-374

Kim SH, Jang YW, Hwang P, Kim HJ, Han GY, Kim CW 2011 The
Reno-Protective Effect of a PI3K Inhibitor (Wortmannin) on STZ-
Induced Proteinuric Renal Disease Rats. Exp Mol Med

Sanchez AM, Simoncini T 2008 Extra-nuclear signaling of ER[alpha]
to the actin cytoskeleton in the central nervous system. Steroids
75:528-532

Simoncini T 2009 Mechanisms of action of estrogen receptors in
vascular cells: relevance for menopause and aging. Climacteric 12
Suppl 1:6-11

vom Saal FS, Finch CE, Nelson JF 1994 Natural history and
mechanisms of reproductive aging in humans, laboratory rodents,
and other selected vertebrates. The physiology of reproduction
2:1213-1314

de CM, Elliot S, Kino T, Bamberger C, Karl M, Webster E, Chrousos
GP 1996 The non-ligand binding beta-isoform of the human
glucocorticoid receptor (hGR beta): tissue levels, mechanism of
action, and potential physiologic role. Mol Med 2:597-607

48



53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Muller E, Burger-Kentischer A, Neuhofer W, Schober A, Beck FX
1998 Influence of osmotic stress on heat shock proteins 25 and 72
in mouse mesangial cells. Kidney Int Suppl 67:5162-S164

Potier M, Karl M, Zheng F, Elliot SJ, Striker GE, Striker LJ 2002
Estrogen-Related Abnormalities in Glomerulosclerosis-Prone Mice:
Reduced Mesangial Cell Estrogen Receptor Expression and
Prosclerotic Response to Estrogens. Am J Path 160:1877-1885

Rosenblatt AE, Garcia MI, Lyons L, Xie Y, Maiorino C, Desire L,
Slingerland J, Burnstein KL 2011 Inhibition of the Rho GTPase,
Racl, decreases estrogen receptor levels and is a novel therapeutic
strategy in breast cancer. Endocrine-Related Cancer 18:207-219

MacKay K, Striker LJ, Elliot S, Pinkert CA, Brinster RL, Striker GE
1988 Glomerular epithelial, mesangial, and endothelial cell lines
from transgenic mice. Kidney Int 33:677-684

Asanuma K, Yanagida-Asanuma E, Takagi M, Kodama F, Tomino Y
2007 The role of podocytes in proteinuria. Nephrology (Carlton ) 12
Suppl 3:515-S20

Shutes A, Onesto C, Picard V, Leblond B, Schweighoffer F, Der CJ
2007 Specificity and mechanism of action of EHT 1864, a novel small
molecule inhibitor of Rac family small GTPases. J Biol Chem
282:35666-35678

Dai T, Natarajan R, Nast CC, LaPage J, Chuang P, Sim J, Tong L,
Chamberlin M, Wang S, Adler SG 2006 Glucose and diabetes: effects
on podocyte and glomerular p38MAPK, heat shock protein 25, and
actin cytoskeleton. Kidney Int 69:806-814

Sanchez-Nino MD, Sanz AB, Sanchez-Lopez E, Ruiz-Ortega M, ito-
Martin A, Saleem MA, Mathieson PW, Mezzano S, Egido J, Ortiz A
2012 HSP27/HSPB1 as an adaptive podocyte antiapoptotic protein
activated by high glucose and angiotensin Il. Lab Invest 92:32-45

Park JK, Ronkina N, Hoft A, Prohl C, Menne J, Gaestel M, Haller H,
Meier M 2008 Deletion of MK2 signalling in vivo inhibits small Hsp
phosphorylation but not diabetic nephropathy. Nephrol Dial
Transplant 23:1844-1853

Losem-Heinrichs E, Gorg B, Redecker C, Schleicher A, Witte OW,
Zilles K, Bidmon HJ 2005 1[alpha],25-Dihydroxy-vitamin D3 in
combination with 17[beta]-estradiol lowers the cortical expression
of heat shock protein-27 following experimentally induced focal

49



63.

64.

65.

66.

67.

68.

69.

70.

71.

cortical ischemia in rats. Archives of Biochemistry and Biophysics
439:70-79

Gaestel M, Gotthardt R, Mnller T 1993 Structure and organisation of
a murine gene encoding small heat-shock protein Hsp25. Gene
128:279-283

Rayner K, Chen YX, Siebert T, O'Brien ER 2010 Heat Shock Protein
27: Clue to Understanding Estrogen-Mediated Atheroprotection?
Trends in Cardiovascular Medicine 20:53-57

Etienne-Manneville S, Hall A 2002 Rho GTPases in cell biology.
Nature 420:629-635

Faul C, Asanuma K, Yanagida-Asanuma E, Kim K, Mundel P 2007
Actin up: regulation of podocyte structure and function by
components of the actin cytoskeleton. Trends in Cell Biology
17:428-437

Doublier S, Lupia E, Catanuto P, Periera-Simon S, Xia X, Korach K,
Berho M, Elliot SJ, Karl M 2010 Testosterone and 17beta-estradiol
have opposite effects on podocyte apoptosis that precedes
glomerulosclerosis in female estrogen receptor knockout mice.
Kidney Int 79:404-413

Negulescu O, Bognar I, Lei J, Devarajan P, Silbiger S, Neugarten J
2002 Estradiol reverses TGF-betal-induced mesangial cell
apoptosis by a casein kinase 2-dependent mechanism. Kidney Int
62:1989-1998

Solary E, Droin N, Bettaieb A, Corcos L, manche-Boitrel MT, Garrido
C 2000 Positive and negative regulation of apoptotic pathways by
cytotoxic agents in hematological malignancies. Leukemia 14:1833-
1849

Schiffer M, Mundel P, Shaw AS, Bottinger EP 2004 A novel role for
the adaptor molecule CD2-associated protein in transforming
growth factor-beta-induced apoptosis. J Biol Chem 279:37004-37012

Tejada T, Catanuto P, ljaz A, Santos JV, Xia X, Sanchez P, Sanabria
N, Lenz O, Elliot SJ, Fornoni A 2008 Failure to phosphorylate AKT in
podocytes from mice with early diabetic nephropathy promotes cell
death. Kidney Int

50



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Bowers JL, Tyulmenkov VV, Jernigan SC, Klinge CM 2000
Resveratrol acts as a mixed agonist/antagonist for estrogen
receptors alpha and beta. Endocrinology 141:3657-3667

Gehm BD, McAndrews JM, Chien PY, Jameson JL 1997 Resveratrol,
a polyphenolic compound found in grapes and wine, is an agonist
for the estrogen receptor. Proceedings of the National Academy of
Sciences 94:14138-14143

Bhat KPL, Lantvit D, Christov K, Mehta RG, Moon RC, Pezzuto JM
2001 Estrogenic and Antiestrogenic Properties of Resveratrol in
Mammary Tumor Models. Cancer Research 61:7456-7463

Lu R, Serrero G 1999 Resveratrol, a natural product derived from
grape, exhibits antiestrogenic activity and inhibits the growth of
human breast cancer cells. Journal of cellular physiology 179:297-
304

Su HC, Hung LM, Chen JK 2006 Resveratrol, a red wine antioxidant,
possesses an insulin-like effect in streptozotocin-induced diabetic
rats. American Journal of Physiology-Endocrinology And
Metabolism 290:E1339-E1346

Jing YH, Chen KH, Yang SH, Kuo PC, Chen JK 2010 Resveratrol
ameliorates vasculopathy in STZ-induced diabetic rats: role of AGE-
RAGE signalling. Diabetes/metabolism research and reviews 26:212-
222

Tikoo K, Singh K, Kabra D, Sharma V, Gaikwad A 2008 Change in
histone H3 phosphorylation, MAP kinase p38, SIR 2 and p53
expression by resveratrol in preventing streptozotocin induced type
| diabetic nephropathy. Free radical research 42:397-404

Ding DF, You N, Wu XM, Xu JR, Hu AP, Ye XL, Zhu Q, Jiang XQ, Miao
H, Liu C 2010 Resveratrol attenuates renal hypertrophy in early-
stage diabetes by activating AMPK. American journal of nephrology
31:363-374

Hagiwara S, Makita Y, Gu L, Tanimoto M, Zhang M, Nakamura S,
Kaneko S, Itoh T, Gohda T, Horikoshi S 2006 Eicosapentaenoic acid
ameliorates diabetic nephropathy of type 2 diabetic KKAy/Ta mice:
involvement of MCP-1 suppression and decreased ERK1/2 and p38
phosphorylation. Nephrology Dialysis Transplantation 21:605-615

Toyoda M, Suzuki D, Honma M, Uehara G, Sakai T, Umezono T,
Sakai H 2004 High expression of PKC-MAPK pathway mRNAs

51



correlates with glomerular lesions in human diabetic nephropathy.
Kidney international 66:1107-1114

52



	Normal podocyte structure
	/Podocyte gross structure: Podocytes are highly specialized, terminally differentiated epithelial cells, with a quiescent phenotype (1). Podocytes derive embryonically from mesenchymal cells (2). Each mature podocyte has distinct anatomical, and there...
	Podocyte function: The complex architecture of constitutive proteins is required for the highly specialized functions of podocytes, which includes a size barrier to protein, charge barrier to protein, maintenance of the capillary loop shape, counterac...
	Podocyte apoptosis: a life or death decision

