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Abstract: Brain natriuretic peptide (BNP) has a demonstrable anti-fibrotic effect on diverse organ systems, includ-
ing the kidney. To understand the molecular mechanism underlying this renoprotective effect, the efficacy of BNP
was examined in an in vitro model of glomerular sclerosis by exposing glomerular podocytes to transforming growth
factor (TGF)B1-containing media that recapitulates the profibrogenic milieu in chronic glomerular disease. BNP
mitigates extracellular matrix (ECM) accumulation in TGFB1-treated podocytes, as evidenced by Sirius red assay
and staining, concomitant with a restoration of the ECM catabolizing activity, as assessed by pulse chase analysis.
This effect was in parallel with a mitigating effect on TGFp1-elicited overexpression of tissue inhibitor of metallo-
proteinases (TIMP)2, a key inhibitor of a multitude of ECM-degrading metalloproteinases. Mechanistically, glycogen
synthase kinase (GSK)3p, a key player in pathogenesis of podocyte injury and glomerulopathies, seems to be in-
volved. BNP treatment considerably induced GSK3p inhibition, marked by inhibitory phosphorylation at the serine 9
residue, and this significantly correlated with the abrogated TIMP2 induction in TGFB1-injured podocytes. Moreover,
genetic knockout of GSK3 in podocytes is sufficient to attenuate the TGFB1 induced TIMP2 expression and ECM
deposition, reminiscent of the effect of BNP. Conversely, ectopic expression of a nonphosphorylatable GSK3 mu-
tant abolished the inhibitory effect of BNP on TGFB1-elicited TIMP2 overexpression and ECM accumulation, signify-
ing an essential role of GSK3p inhibition in mediating the effect of BNP. Collectively, BNP possesses an anti-fibrotic
activity in glomerular epithelial cells. This finding, if validated in vivo, may open a new avenue to the treatment of
glomerulosclerosis.
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Introduction in various parenchymal cells under disease
conditions [2]. ECM metabolism involves both

Regardless of the original etiology, diverse matrix synthesis and matrix catabolism or deg-

chronic kidney diseases (CKD) progress relent-
lessly via a common pathway to the eventual
devastating end stage renal fibrosis, character-
ized by excessive accumulation of extracellular
matrix (ECM) in both glomeruli and tubulointer-
stitia [1]. Despite numerous pathogenic mecha-
nisms proposed for this process, the primary
and direct event of tissue fibrogenesis is the
aberration of ECM metabolism that takes place

radation [3]. Theoretically, either increased
matrix production or retarded matrix catabo-
lism, or both will result in matrix accumulation.
Many cytokines and growth factors have been
found to be profibrogenic in the kidney through
modulating the matrix metabolism pathways.
Among these, TGFB1 has been widely accepted
as a pivotal growth factor contributing to
renal fibrosis in various renal diseases [2].
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Consistently, in vitro, TGFB1 was also found to
stimulate matrix production as well as retard
matrix degradation in cultured renal cells by
this [4] and other groups [5]. Many interven-
tions have been attempted; as yet, no one has
been completely successful in counteracting
the fibrogenic actions of TGFB1. In the glomeru-
lus, ECM is a major component of supportive
scaffolds like glomerular basement membrane
(GBM) and mesangium. It exists in a state of
dynamic equilibrium between synthesis and
degradation that is dictated by all cells consti-
tuting the glomerulus, i.e. mesangial cells, glo-
merular endothelial cells and podocytes.
Glomerular podocytes, as the key structural
constituent of the glomerular filtration barrier,
play a pivotal role in regulating glomerular ECM
homeostasis, and thereby affect glomerular
permselectivity and contribute to GBM thicken-
ing or mesangial expansion, ultimately leading
to glomerulosclerosis.

B-type natriuretic peptide (BNP) is a multifunc-
tional peptide, principally produced by ventricu-
lar myocytes. Physiologically, BNP exerts vaso-
dilation, natriuresis, and anti-growth activities
as well as modulates homeostasis of blood
pressure and hemodynamics [6, 7]. Distinct
from atrial natriuretic peptide (ANP), which is
relatively abundant in circulation, recent stud-
ies suggest that BNP may also have consider-
able anti-fibrogenics effect in the heart, which
is believed to be achieved via counteraction of
TGFB1's fibrogenic activity in heart fibroblast
cells [8]. Consistent with this view, mice with
target deletion of BNP develop cardiac fibrosis
[9]. In the kidney, the action of BNP on renal
disease has been less investigated. In the only
few published studies [10, 11], glomerular inju-
ry was noted to be attenuated in BNP transgen-
ic mice. This has been attributed to inhibition
of mesangial activation. However, it remains
unknown if BNP is able to regulate the patho-
physiology of other glomerular cells, such as
the glomerular podocytes, which play a central
role in the development and progression of
GBM thickening and glomerular sclerosis, a
hallmark of kidney fibrosis [12]. Latest evidence
does suggest that glomerular podocytes may
also be a target effector of the BNP, because
podocyte specific knockout of BNP receptor
exacerbates podocyte injury and glomerular
sclerosis in a progressive CKD model [13].
Nevertheless, how podocyte specific BNP sig-
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naling is involved in glomerular ECM accumula-
tion and glomerular sclerosis remains elusive
and was thus examined in this study.

Both BNP and its specific receptor natriuretic
peptide receptor-A, also known as membrane-
bound guanylyl cyclase receptor A, are ex-
pressed in human and rat glomerular and tubu-
lar epithelial cells [14], and modulate cellular
functions via the intracellular second messen-
ger, cyclic guanosine monophosphate [15],
implying the presence of an active autocrine
natriuretic peptide system in the kidney and
glomerulus. Here, in an effort to examine the
effect of BNP on glomerular sclerosis, we
employed an in vitro model system of glomeru-
lar sclerosis by exposing glomerular podocytes
to TGFB1-containing media that recapitulates
the profibrogenic milieu present in the diseased
kidney. The efficacy of BNP and the underlying
molecular mechanism were tested in this
model.

Materials and methods

Cell culture

Conditionally immortalized mouse podocytes,
between passages 21 to 25, were cultured
under permissive conditions as described pre-
viously [16, 17]. In brief, podocytes were cul-
tured in RPMI 1640 medium (Life Technologies,
Grand Island, NY) supplemented with 10% fetal
bovine serum (Life Technologies) and 50 U/mL
of recombinant mouse interferon-y (Millipore,
Billerica, MA) at 33°C. Prior to experiments,
cells were changed to nonpermissive condi-
tions without interferon-y and transferred to
37°C incubators to induce differentiation. Dif-
ferentiated podocytes were treated with BNP
peptide (Sigma, St. Louis, MO) and/or recombi-
nant TGFB1 (R&D Systems Minneapolis, MN) at
indicated concentrations. Cells were harvested
at the indicated time points.

Sirius red assay and staining

To evaluate the production of fibrotic substanc-
es in the cultures, Sirius red assay and staining
were applied to assess the extent of ECM col-
lagen accumulation. Concisely, podocytes were
grown to subconfluence and treated as stated
above. Cells were harvested and sonicated
for Sirius red assays. Ammonium sulfate was
added to the sonicated cells and the contents
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were incubated under a slow constant rocking
motion at 4°C for 24 h followed by centrifuga-
tion. The pellets were resuspended in acetic
acid. An aliquot of the resuspended samples
was mixed with Sirius red (50 pM) solution
(Sigma) made up in 0.5 M acetic acid. After 30
min of constant mixing, the pellets were pre-
pared by centrifuge and resuspended in 1 ml of
potassium hydroxide. The optical density of the
samples was individually read with a spectro-
photometer set to a wavelength of 540 nm. For
Sirius red staining, podocytes were grown on
chamber slides and received different treat-
ments. At the completion of the experiment,
the cells were directly stained with Sirius red
and visualized under the light microscope.

Measurement of ECM degrading activity

Matrices of podocytes were prepared as de-
scribed previously [4, 18]. Briefly, differentiated
podocytes were grown on 6-well plates at a
density of 2x105 cells/well in the presence of
ascorbic acid (25 yg/ml, Sigma). The medium
was changed every other day with addition of
L-[®H]proline (1 uCi/ml). One week after the
cells were seeded, cultures were washed with
phosphate-buffered saline (PBS), and the cells
were removed by addition of 1 ml 2.5 mM
NH,OH, 0.1% Triton X-100 per well for 1 min.
The matrices leftin each well were then washed
extensively with PBS and kept covered with
sterile distill water at 4°C until further use.
Labeled matrices were washed twice with 2 ml
of PBS before plating podocytes at 2x10° cells/
well under nonpermissive conditions. One week
later, cells were washed three times with PBS
to remove proteolytic enzyme inhibitors poten-
tially present in the serum. After BNP and/or
TGFB1 treatments for indicated time, cell cul-
ture supernatants containing digested matrix
were collected. Matrix remaining on the plates
was also collected after being digested with 2
ml of 2 N NaOH at 37°C for 18 h. Proteins in all
samples were precipitated with cold 10% tri-
chloroacetic acid, washed in cold acetone, and
then solubilized and analyzed in a Beckman
LS6500 scintillation counter. The values were
subtracted by background values obtained with
medium in the absence of cells. Counts for
both the supernatant and the residual undi-
gested matrix were together considered to be
100%. The percentage of ECM degradation was
expressed as the value of supernatant counts
divided by that of the sum of counts.
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Generation of mice with podocyte-specific
GSK3B knockout

Mice with doxycycline inducible podocyte spe-
cific knockout of GSK3pB (KO) were created as
previously elaborated [19, 20]. In brief, mice
with floxed GSK3p transgene (GSK33"*) were
crossed, respectively, with tetO-Cre mice and
NPHS2-rtTA mice. Then, Cre/GSK3B"* mice
were crossed with rtTA/GSK3B"* mice. All lit-
termates lacking the Cre transgene were desig-
nated as control mice (Con). A routine PCR pro-
tocol was used for genotyping tail DNA samples.
At 8 weeks old, mice received doxycycline
hydrochloride (TCI, Tokyo, Japan) treatment via
drinking water (2 mg/ml with 5% sucrose, pro-
tected from light) for 14 days to induce podo-
cyte-specific GSK3p deletion.

Glomerular isolation and primary culture of
control or GSK3p KO podocytes

Isolation of glomeruli from the KO and Con mice
was performed as described previously [19,
20], with minor modifications. Mice were eutha-
nized and the kidney was perfused with 5 ml
of PBS containing 8x10” Dynabeads M-450
(Dynal Biotech ASA, Oslo, Norway). The kidney
cortices were minced into 1 mm?® pieces and
then digested in a digestion buffer containing
1 mg/ml of collagenase A and 100 U/ml of
DNase | for 30 min at 37°C. The tissue was
then pressed gently through a 100 um cell
strainer (Falcon, Bedford, MA) and washed with
ice-cold sterilized PBS. Washed cells were cen-
trifuged for 5 min at 200 g, and supernatants
were aspirated and discarded. Cell pellets were
resuspended in ice-cold PBS and glomeruli-
containing Dynabeads were gathered using a
magnetic particle concentrator. An aliquot
(1:1500) of the glomerular isolate was visual-
ized under a microscope to ensure that the
samples contained < 5 tubular fragments per
x200 field. The majority of the isolated glomer-
uli (80%) were decapsulated, which was similar
to what had been reported before [19, 20]. The
enriched glomeruli were plated on collagen
type I-coated dishes at 37°C in RPMI 1640
medium (Life Technologies) with 10% fetal
bovine serum (Life Technologies), 0.075% sodi-
um pyruvate (Sigma), 100 U/ml penicillin, 100
pug/ml streptomycin (Life Technologies) in a
humidified incubator with 5% CO,,. Subcultures
of primary podocytes were performed by de-
taching the glomerular cells with 0.25% trypsin-
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Figure 1. BNP treatment counteracts the profibrogenic effect of TGFB1 in podocytes, associated with a restored
ECM catabolic activity. Differentiated immortalized murine podocytes were treated with vehicle, BNP (10° M, 107 M,
108 M) and/or TGFB1 (10 ng/ml) for 48 h. A. Cell cultures treated with vehicle, BNP (10° M) and/or TGFB1 (10 ng/
ml) for 48 h were stained with Sirius red and visualized under light microscope. Representative microscopic images
were shown. Bar =100 um. B. Cell lysates were collected and processed for Sirius red total collagen assay. Relative
abundance of total collagen is shown. *P < 0.05 versus BNP-treated cells (n=3). C. Podocytes were grown on ECM
pre-labelled with [*H]proline and differentiated. Cells were then treated with vehicle, BNP (10 M, 107 M, 10% M)
and/or TGFB1 (10 ng/ml) for 48 h followed by pulse-chase analysis of the ECM catabolic activity as specified in the
Methods and expressed here as the arbitrary value relative to the vehicle treated control group. *P < 0.05 versus
BNP-treated cells (n=3).

EDTA (Invitrogen, Carlsbad, CA), followed by 50% to 70% confluence in the absence of anti-
sieving through a 40 um cell strainer (Falcon), biotics. The vector-Lipofectamine 2000 com-
and culture on collagen type I-coated dishes as plexes were prepared and applied to proliferat-
reported before [21]. Podocytes of passages 1 ing podocytes for transfection. The ratio of
or 2 were characterized by the expression of Lipofectamine 2000 to vectors was optimized
multiple podocyte-specific markers and used in by a series of pilot experiments for each study
subsequent experiments. Primary podocytes until the best transfection efficiency was
were treated with TGFB1, BNP or vehicle for achieved. After transfection, the cells were cul-
indicated time. tured under nonpermissive conditions in nor-

mal growth medium for 48 h before transfec-
Transient transfection tion efficiency was assessed by immuno-

cytochemistry staining or by immunoblot analy-
sis for HA. Cells were then subjected to BNP,
TGFB1 or vehicle treatments.

The expression vectors encoding the hemag-
glutinin (HA) tagged nonphosphorylatable mu-
tant GSK3p (S9A-GSK3B-HA/pcDNA3) was kin-

dly provided by Dr. Gail V.W. Johnson (Univer- Western immunoblot analysis

sity of Alabama at Birmingham, Birmingham,

AL) [22]. Podocyte transfection was performed Cultured cells were lysed in radioimmunopre-
using Lipofectamine 2000 (Invitrogen, Carls- cipitation assay buffer supplemented with pro-
bad, CA, USA) as described before [23]. In brief, tease inhibitors (1% Nonidet P-40, 0.1% SDS,
conditionally immortalized murine podocytes 100 mg/ml phenylmethysulfonyl fluoride, 0.5%
were cultured under permissive conditions at sodium deoxycholate, 1 mM sodium orthovana-
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Figure 2. BNP mitigates the TGFB1 induced expres-
sion of TIMP2 in podocytes, correlating with inhibi-
tory phosphorylation of GSK3, a key player in podo-
cyte injury and glomerular disease. Differentiated
immortalized murine podocytes were treated with
vehicle, BNP (10° M, 107 M, 10® M) and/or TGFB1
(10 ng/ml) for 48 h. A. Cells lysates were processed
for immunoblot analysis for indicated molecules
(full-length blots are included in the Figure S1). B.
Densitometric analysis of immunoblots quantified
the relative abundance of TIMP2 as TIMP2/actin ra-
tios and that of pGSK3B as pGSK3B/GSK3p ratios.
Linear regression analysis showed a negative corre-
lation between inhibitory phosphorylation of GSK3p
and TIMP2 in podocytes. The correlation coefficient r
was -0.823 (P < 0.05).

date, 2 mg/ml aprotin, 2 mg/ml leupeptin,
5mM EDTA in PBS). Protein concentrations
were determined using a bicinchoninic acid pro-
tein assay kit (Sigma). Samples with equal
amounts of total protein (50 ug) were fraction-
ated by 10~15% SDS polyacrylamide gels
under reducing conditions and analyzed by
western immunoblot as described previously.
The antibodies against phosphorylated glyco-
gen synthase kinase (GSK) 3B at serine 9
(PGSK3B), GSK3B, tissue inhibitors of metallo-
proteinases (TIMP)2, HA and actin were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA) or Cell Signaling Technology (Beverly,
MA).

Statistical analyses

One investigator in a blinded manner per-
formed computerized morphometric analysis.
For immunoblot analysis, bands were scanned
and the integrated pixel density was deter-
mined using a densitometer and the NIH image
analysis program. Unless otherwise indicated,
all experimental observations were repeated
three times. Statistical analysis of the data
from multiple groups was performed by repeat-
ed measures ANOVA followed by Fisher’s Least
Significant Difference tests. Data from two
groups were compared by Student’s t-test.
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Linear regression analysis was applied to exam-
ine possible relationships between two param-
eters. P < 0.05 was considered significant.

Results

BNP mitigates ECM accumulation in podocytes
exposed to a profibrogenic milieu containing
TGFB1, concomitant with a correction of the
ECM degrading activity

TGFB1 is a quintessential profibrotic cytokine
and a key player in mediating fibrogenesis in
multiple organ systems. It is capable of induc-
ing ECM accumulation in diverse cell types,
including podocytes. Indeed, in differentiated
immortalized murine podocytes in culture,
TGFB1 treatment for 48 h resulted in massive
ECM accumulation, marked by Sirius red stain-
ing (Figure 1A). This effect was substantially
abrogated by BNP co-treatment. The morpho-
logic findings were corroborated by Sirius red
assay of whole cell lysates (Figure 1B), which
revealed a dose-dependent anti-fibrotic activity
of BNP. ECM accumulation is determined by the
activity of ECM metabolism, which is balanced
by both ECM synthesis or anabolism and ECM
degradation or catabolism. TGFB1 has been
demonstrated to impede ECM catabolism in
other kidney cells like renal tubular epithelial
cells [4]. However, its effect on podocyte ECM
degradation is unknown. To address this issue,
pulse chase analysis of ECM pre-labelled with
[3H]-proline was performed. Shown in Figure
1C, there was a constitutive ECM degrading
activity in podocytes under basal conditions.
TGFB1 drastically retarded ECM degradation,
resulting in a lessened level of soluble degrad-
ed matrix in the cell culture supernatant and a
heightened level of undigested matrix. This
effect was markedly abrogated by BNP in a
dose dependent mode, though BNP alone did
not significantly affect ECM accumulation or
degradation. In aggregate, these data suggest
that BNP is capable of counteracting the profi-
brogenic activity of TGFB1, which suppresses
ECM catabolism, resulting in ECM accumula-
tion in podocytes.

BNP overrides TGFB1-elicited TIMP2 expres-
sion, associated with inhibitory phosphoryla-
tion of GSK3p3

A number of enzymes are involved in regulating
ECM degradation, including a number of TIMP,
such as TIMP1, 2 and 3. In our study, TIMP2,
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Figure 3. Genetic knockout of GSK3[ counteracts the profibrogenic effect
of TGFB1 in primary podocytes, reminiscent of the action of BNP. Primary
podocytes were prepared from mice with podocyte specific knockout of
GSK3p (KO) or control mice (Con) and treated with vehicle or TGFB1 (10 ng/
ml) for 48 h. A. Cell cultures were stained with Sirius red and visualized un-
der light microscope. Representative microscopic images were shown. Bar
=100 um. B. Cell lysates were collected and processed for Sirius red total
collagen assay. Relative abundance of total collagen is shown. *P < 0.05

versus TGFB1-treated Control cells (n=3).

A TGFB1_—_ _+ B
N o

0 ~l—00°~l-kDa o

_ £ e

-20 §'§ p

50 oF

GSK3p- &=  e= S5:2

-37 i
-50

. ; 0

Actin- J———— - TGFB1 - - + +

-37

Figure 4. Loss of GSK3p is sufficient for overriding
TIMP2 induction in primary podocytes exposed to
TGFB1. Primary podocytes were prepared from mice
with podocyte specific knockout of GSK3[ (KO) or
control mice (Con) and treated with vehicle or TGFB1
(10 ng/ml) for 48 h. A. Cells lysates were processed
forimmunoblot analysis for indicated molecules (full-
length blots are included in the Figure S2). B. Densi-
tometric analysis of immunoblots quantified the rela-
tive abundance of TIMP2 as TIMP2/actin ratios. *P <
0.05 versus TGFB1-treated Control cells.

which plays a critical role in inhibiting the colla-
gen degrading metalloproteinase 2 and 9, rath-
er than TIMP1 and 3 (data not shown) were
significantly induced in podocytes by TGFB1
treatment. BNP co-treatment was able to over-
come the TGFB1 elicited TIMP2 expression in
a dose dependent manner, as evidenced by
immunoblot analysis of cell lysates (Figure 2A).
A growing body of evidence recently suggests
that GSK3p is centrally implicated in podocyte
injury triggered by various stimuli and in many
glomerular diseases [16, 17, 19-21, 23]. To dis-
cern if the anti-fibrotic activity of BNP in cul-
tured podocytes is accociated with an effect
on GSK3p signaling, immunoblot analysis was
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concomitant with a mitigated
TIMP2 induction. Linear regre-
ssion analysis (Figure 2B) re-
vealed a close negative corre-
lationship between the BNP
induced GSK3B phosphoryla-
tion and the TIMP2 expression
levels in podocytes exposed to
TGFB1.

GSK3pB ablation mimics the
BNP effect on diminishing ECM accumulation
in TGFB1-injured podocytes

To further explore a possible role of GSK3p inhi-
bition in mediating the effect of BNP on ECM
degradation and accumulation in TGFp1-tre-
ated podocytes, primary cultures of podocytes
derived from GSK3[3 KO mice and control mice
were utilized and exposed to TGFB1 treatment.
Shown in Figure 3A, TGFB1 induced massive
ECM accumulation in control podocytes. The
morphologic findings were corroborated by Si-
rius red assay of whole cell lysates (Figure 3B).
These effects were largely diminished in KO
cells, signifying that GSK3p inhibition is likely
sufficient for the suppressive effect of BNP on
matrix accumulation.

Loss of GSK3Q is sufficient to attenuate the
TGFB1 induced TIMP2 expression in podocytes

To determine if the lessened ECM accumula-
tion in TGFB1-treated GSK3B KO cells stems
from a possible effect on TIMP2 expression,
GSK3B KO and control podocytes were exposed
to vehicle or TGFB1 and cell lysates subjected
to immunoblot analysis. Shown in Figure 4A, a
near complete ablation of GSK3[3 was noted in
KO cells as compared to control cells. Loss of
GSK3p seems to barely affect TIMP2 expres-
sion in podocytes under basal condition.
However, the TGFB1 elicited TIMP2 overproduc-
tion was present in control podocytes but evi-
dently blunted in KO cells (Figure 4A and 4B),
denoting that GSK3p inhibition is sufficient for
attenuating TIMP2 induction in TGFB1-treated
podocytes.

Am J Transl Res 2019;11(2):964-973
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Figure 5. Phosphorylation of GSK3p at serine 9 is required for the inhibitory
effect of BNP on TIMP2 expression and the ensuing effect on ECM accumula-
tion. Immortalized murine podocytes were subjected to transient transfection
with plasmid vectors encoding the empty vector (EV) or a hemagglutinin (HA)-
conjugated nonphosphorylatable GSK3p mutant, in which the serine 9 resi-
due is replaced by alanine (S9A). Cells were treated with TGFB1 (10 ng/ml) in
the presence or absence of BNP (10° M) for 48 h. A. Cells lysates were pro-
cessed for immunoblot analysis for TIMP2, HA, GSK3B and actin (full-length
blots are included in the Figure S3). B. Cell cultures were stained with Sirius
red and visualized under light microscope. Representative microscopic im-
ages were shown. Bar =100 um. C. Cell lysates were collected and processed
for Sirius red total collagen assay. Relative abundance of total collagen is

stark contrast, in podocytes
expressing S9A, the efficacy
of BNP was largely blunted,
suggesting that phosphoryla-
tion of GSK3p at serine 9 is
required for the BNP effect
on TIMP2 expression (Figure
5A) and the ensuing effect
on ECM metabolism (Figure
5B and 5C).

Discussion

Podocytes play an important
role in  maintaining ECM
homeostasis in the glomeru-
lus, more specifically in the
GBM and mesangial area
[24]. Aberration in podocyte
ECM metabolism, such as
enhanced ECM production or
impeded ECM degradation,
has been involved in glomer-
ular matrix accumulation,
glomerular sclerosis and de-
struction in various primary
and secondary glomerular
diseases [25]. For instance,
GBM thickening in diabetic
nephropathy or in other CKD
has been attributable to

shown. *P < 0.05 versus TGFB1 alone-treated Control cells (n=3).

Inhibitory phosphorylation of GSK3p at serine
9 is essential for the inhibitory effect of BNP
on TIMP2 expression and ECM accumulation
in podocytes exposed to TGFB1

To determine if GSK3p inhibition is essential for
the BNP effect on TIMP2 expression and on
ECM accumulation, immortalized mouse podo-
cytes were forced to express a mutant GSK34,
in which the serine 9 residue is replaced by ala-
nine (S9A) and thus GSK3p is unable to be
phosphorylated and inhibited. Following tran-
sient transfection, podocytes exhibited a sa-
tisfactory transfection efficiency as shown by
immunocytochemistry staining (data not sh-
own) or immunoblot analysis for HA or GSK3[3
(Figure 5A). Consistent with the findings above,
BNP mitigated TIMP2 expression likewise in
empty vector (EV)-expressing cells exposed to
TGFB1 (Figure 5A), in parallel with an abrogat-
ed ECM accumulation (Figure 5B and 5C). In

970

diminished ECM degradation

[26, 27]. BNP has been
reported to play a beneficial effect in glomeru-
larinjury [10, 11, 13, 14]. However, the underly-
ing mechanism remains unknown. Here, we
tested the effect of BNP in an in vitro model of
glomerular sclerosis by exposing glomerular
podocytes to TGFB1-containing media that
recapitulates the profibrogenic milieu in pro-
gressive CKD. Our study demonstrated that
BNP is capable of suppressing the TGFB1
induced overexpression of TIMP2 and reinstat-
ing ECM degrading activity in podocytes in the
profibrogenic milieu. This anti-fibrotic effect of
BNP is mediated at least in part by inhibition of
the GSK3p signaling. To the best of our knowl-
edge, this is the first report on the regulatory
effect of BNP on podocyte ECM catabolism.

Burgeoning evidence suggests that BNP exerts
a potent protective effect in animal models of
chronic fibrosis in a number of organs, includ-
ing the heart [9], liver [28] and the kidney [10,
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11, 13]. However, the mechanism responsible
for this beneficial anti-fibrotic effect is illusive.
As a hormone secreted by cardiomyocytes in
the heart ventricles in response to stretching
caused by increased ventricular blood volume,
BNP has been postulated to attenuate organ
fibrosis indirectly via modulating the systemic
blood pressure secondary to its powerful con-
trol of natriuresis and the circulating volume
[7]. However, more recent evidence from trans-
genic animals with tissue specific knockout of
BNP receptors suggests that a tissue specific
effect of BNP that is independent of systemic
hemodynamics may contribute to its anti-fibrot-
ic activity. To this end, podocyte specific knock-
out of guanylyl cyclase-A, a cognate receptor
for BNP, worsened glomerulosclerosis and pro-
teinuria in mice with progressive CKD elicited
by deoxycorticosterone-acetate in combination
with high salt intake [13], implying that a podo-
cyte specific BNP signaling confers a mitigating
effect on glomerular ECM deposition. TGFB1 is
a critical cytokine that plays a key role in kidney
fibrosis and glomerular sclerosis as evidenced
by numerous studies that successfully amelio-
rated renal fibrotic lesions after blocking TGF1
signaling [29]. In vivo, the beneficial and anti-
fibrotic effect of BNP therapy in diverse disease
models has been associated with a mitigating
action on TGFB1 expression [8]. However,
whether BNP/guanylyl cyclase-A signaling is
able to directly affect any cellular or molecular
effect downstream of TGFB1 pathway in podo-
cytes has not been studied before. To address
issue, we tested the effect of BNP in podocytes
exposed to TGFB1. BNP was found to reinstate
the ECM degrading activity in TGFB1-treated
podocytes, associated with a diminished induc-
tion of TIMP2, a key inhibitor of MMPs and a
typical target molecule of TGFB1. It seems that
this effect of BNP is mediated indirectly via inhi-
bition of GSK3pB signaling pathway, because
loss of GSK3p is sufficient for suppressing
TIMP2 expression and mitigating ECM accumu-
lation in TGFB1-treated podocytes, mimicking
the effect of BNP, whereas ectopic expression
of a nonphosphorylatable GSK3 mutant abol-
ishes the effect of BNP.

How GSK3p inhibition affects TGFB1-induced
TIMP2 overexpression and aberration in ECM
catabolism is still unknown. But there is evi-
dence suggesting that inhibition of GSK3p is
able to counteract the signaling activity of
TGFB1 and mitigate diverse TGFp1-target fibro-
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genic phenotypes in other cell types. For
instance, in cultured renal fibroblast cells, over-
expression of constitutively active GSK3p was
sufficient to induce myofibroblast activation,
marked by a-smooth muscle actin (x-SMA)
expression, reminiscent of the effect of TGFB1
[30]. In consistency, in vivo in mice with isch-
emia-reperfusion injury, pharmacological inhi-
bition of GSK3 using TDZD-8 significantly
suppressed renal fibrosis by reducing the myo-
fibroblast population and deposition of ECM,
including collagen | and fibronectin [30].
Similarly in primary pulmonary fibroblasts iso-
lated from patients with chronic obstructive
pulmonary disease, blockade of GSK3p by
SB216763, a highly selective small molecule
inhibitor of GSK3pB, dose-dependently attenu-
ated TGFB,-induced expression of myofibro-
blast markers like a-SMA and fibronectin [31]. It
seems that this effect of GSK3[ inhibition on
myofibroblast differentiation did not involve
Smad, NFkB or ERK1/2 signaling. Rather,
GSK3p inhibition increased the phosphoryla-
tion of CAMP response element binding protein
(CREB), which in its phosphorylated from acts
as a functional antagonist of TGFB/smad sig-
naling [31]. Of course, it merits in-depth investi-
gations to determine whether activation of
CREB signaling pathway subsequent to GSK3[
inhibiton is also responsible for the TIMP2 sup-
pressing and anti-fibrotic effect of BNP in
podocytes.

In summary, BNP is able to restore the ECM
degrading activity and reinstate ECM homeo-
stasis in glomerular podocytes exposed to a
profibrogenic milieu. This effect is likely attrib-
utable to a mitigated TIMP2 induction subse-
quent to GSK3p inhibition. Our findings suggest
that BNP possesses an anti-fibrotic activity in
glomerular cells and, if validated in vivo, may
become a novel therapeutic option for glo-
merulosclerosis.
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Figure S1. Uncropped blots used for the construction of composite of Figure 2A.
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Figure S2. Uncropped blots used for the construction of composite of Figure 4A.
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Figure S3. Uncropped blots used for the construction of composite of Figure 5A.



