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Blockade of KCa3.1 Ameliorates Renal Fibrosis Through
the TGF-31/Smad Pathway in Diabetic Mice

Chunling Huang,!'? Sylvie Shen,! Qing Ma,! Jason Chen,? Anthony Gill,> Carol A. Pollock,’

and Xin-Ming Chen'

The Ca**-activated K* channel KCa3.1 mediates cellular signaling
processes associated with dysfunction of vasculature. However,
the role of KCa3.1 in diabetic nephropathy is unknown. We sought
to assess whether KCa3.1 mediates the development of renal fibro-
sis in two animal models of diabetic nephropathy Wild-type and
KCa3.1”"~ mice, and secondly eNOS™ mice, had diabetes in-
duced with streptozotocin and then were treated with/without
a selective inhibitor of KCa3.1 (TRAM34). Our results show that
the albumm to-creatinine ratio significantly decreased in diabetic
KCa3.1”/ mlce compared with diabetic wild-type mice and in dia-
betic eNOS™~ mice treated with TRAM34 compared with dia-
betic mice. The expression of monocyte chemoattractant protein-1
(MCP-1), intercellular adhesion molecule 1 (ICAM1), F4/80, plas-
minogen activator inhibitor type 1 (PAI-1), and type III and IV
collagen 51gmﬁcantly decreased (P < 0.01) in kldneys of diabetic
KCa3.1™’~ mice compared with diabetic wild-type mice. Similarly,
TRAM34 reduced the expression of the mﬂammatory and fibrotic
markers described above in diabetic eNOS™~ mice. Furthermore,
blocking the KCas3.1 channel in both animal models led to a reduc-
tion of transforming growth factor-B1 (TGF-B1) and TGF-B1 type II
receptor (TBRIL) and phosphorylation of Smad2/3. Our results pro-
vide evidence that KCa3.1 mediates renal fibrosis in diabetic ne-
phropathy through the TGF-B1/Smad signaling pathway. Blockade
of KCa3.1 may be a novel target for therapeutic intervention in
patients with diabetic nephropathy. Diabetes 62:2923-2934, 2013

iabetic nephropathy is a major cause of end-

stage renal failure and premature mortality. Al-

though strategies such as glycemic control,

blood pressure control, and inhibition of the
renin-angiotensin-aldosterone system have been shown to
be effective to a limited extent, the number of patients with
diabetes that ultimately develop progressive renal damage
remains high (1,2). Therefore, it is of utmost importance to
identify novel interventions for mitigating the progression of
diabetic nephropathy.

Transforming growth factor-B1 (TGF-B1) has been
identified as a key regulator of extracellular matrix (ECM)
protein synthesis and degradation in diabetic nephropathy
(3). TGF-B1 promotes renal fibrosis by upregulating genes
encoding ECM proteins, leading to their increased
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synthesis, and at the same time enhances the production of
inhibitors of ECM-degrading enzymes, such as plasmino-
gen activator inhibitor type 1 (PAI-1) (4). TGF-B1 exerts its
effects via binding to the membrane-bound TGF-31 type II
receptor (TRRII), causing the formation of heteromeric
complexes. TRRII then transphosphorylates the type I recep-
tor and activates the Smad signaling pathway to modulate
gene transcription by phosphorylating Smad2/3. In addi-
tion, the accumulation of inflammatory cells and upreg-
ulated expression of proinflammatory mediators such
as monocyte chemoattractant protein-1 (MCP-1) and in-
tercellular adhesion molecule 1 (ICAM1) contribute to the
development of renal fibrosis in human and animal mo-
dels of diabetic nephropathy (5).

Accumulated evidence indicates that calcium signaling
cascades play a critical role in the functlona.l act1v1ty of
diverse tissues. Modification of the activity of Ca®*-activated
K* channels (KCa) leads to changes in the cellular and ul-
trastructural membrane potentials required for various cel-
lular processes (6). KCa3.1 (also known as IK1, SK4, or
KCNN4) belongs to the potassium intermediate/small con-
ductance calcium-activated channel family. The intermediate-
conductance KCa3.1 channel was first described by Gardos
in erythrocytes in 1958 (7) and was subsequently cloned
from pancreas, placenta, and lymphoid tissue in 1997 (8-
10). KCa3.1 proteins are distributed in the membranes of
both cytoplasm and mitochondria. KCaB 1 regulates K*
efflux, increasing the driving force for Ca®* entry through
hyperpolanzatlon of the plasma membrane (11). KCa3.1-
mediated Ca®* influx is associated with inflammation,
atherogenesis, and proliferation of endothelial cells, T lym—
phocytes, macrophages, and fibroblasts (12-16). KCa3.1is a
potential molecular target for pharmacological intervention
in vascular restenosis, urinary incontinence, prostate can-
cer, and autoimmune disease (17-19). Recently, Grgic et al.
have reported that the highly selective inhibitor of KCa3.1,
TRAMS34 (20,21), can reduce renal fibrosis in animal models
of obstructive uropathy (22) and prevent acute kidney trans-
plant rejection in rats if given in combination with a Kv1.3
blocker (23). However, the role of KCa3.1 in diabetic nephrop-
athy has not been studied.

In this study, we investigated the therapeutic potential of
KCa3.1 in diabetic nephropathy using two mouse models
of streptozotocin (STZ)-induced diabetes. Our results
demonstrate that blockade of KCa3.1 was able to amelio-
rate albuminuria and minimize renal damage induced by
diabetes. Furthermore, our results describe an additional
mechanism for KCa3.1-mediated protection through the
negative regulation of the TGF-B1 and Smad pathway.

RESEARCH DESIGN AND METHODS

Materials. Recombinant human TGF-B1 and the selective KCa3.1 blocker
TRAM34 ({1-[(2-chlorophenyl) diphenylmethyl]—lH—pyrazole} were purchased
from R&D Systems (Minneapolis, MN) and Sigma-Aldrich (St. Louis, MO),

DIABETES, VOL. 62, AUGUST 2013 2923


mailto:carol.pollock@sydney.edu.au
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

ROLE OF KCa3.1 IN DIABETIC NEPHROPATHY

TABLE 1

Nucleotide sequence of the primers used for qRT-PCR

Species Molecules Forward primer (5'-3") Reverse primer (5'-3")

Human COL3 CTGGACCCCAGGGTCTTC GACCATCTGATCCAGGGTTTC
COL4 CGGGTACCCAGGACTCATAG GGACCTGCTTCACCCTTTTC
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
PAI-1 TCCAGCAGCTGAATTCCTG GCTGGAGACATCTGCATCCT
TRRII TCCATCTGTGAGAAGCCACA GGGTCATGGCAAACTGTCTC

Mice B-actin CAGCTGAGAGGGAAATCGTG CGTTGCCAATAGTGATGACC
COL3 TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT
COL4 TTAAAGGACTCCAGGGACCAC CCCACTGAGCCTGTCACAC
F4/80 CCTGGACGAATCCTGTGAAG GGTGGGACCACAGAGAGTTG
ICAM1 GCTACCATCACCGTGTATTCG TGAGGTCCTTGCCTACTTGC
MCP-1 GCCTGCTGTTCACAGTTGC CAGGTGAGTGGGGCGTTA
PAI-1 AGGATCGAGGTAAACGAGAGC GCGGGCTGAGATGACAAA
TGF-B1 TCAGACATTCGGGAAGCAGT ACGCCAGGAATTGTTGCTAT
TRRII GGCTCTGGTACTCTGGGAAA AATGGGGGCTCGTAATCCT

respectively. Anti-KCa3.1 was purchased from Abnova (Taipei City, Taiwan).
Anti-PAI-1, -TGF-B1, and -TBRIl were purchased from BD Biosciences
(Franklin Lakes, NJ), LifeSPAN (Seattle, WA), and Upstate (Billerica, MA).
Anti-type III collagen (COL3) and -type IV collagen (COL4) were obtained
from Abcam (Cambridge, MA). Anti—a-tubulin antibody was from Sigma-
Aldrich. Anti-phospho-Smad2, —phospho-Smad3, and -Smad2/3 were pur-
chased from Cell Signaling Technology (Danvers, MA). Anti-F4/80 was
obtained from AbD Serotec (Oxford, U.K.).
Human kidney biopsies. Human kidney biopsy specimens from patients with
diabetic nephropathy were provided by the Department of Anatomical Pa-
thology of the Royal North Shore Hospital. Kidneys removed from patients,
generally due to peripheral tumor but without known kidney disease, served as
controls. This study was approved by the Human Research Ethics Committee of
the Royal North Shore Hospital.
Animal studies. KCa3.1™’~ mice were provided by Dr. James Melvin (National
Institute of Dental and Craniofacial Research, Bethesda, MD). Eight-week-old
male KCa3.1"* (C57B/6), KCa3.1™"~, and eNOS ™~ mice (The Jackson Labora-
tory, Bar Harbor, ME) weighing ~20-25 g were assigned to receive either 55 mg/
kg STZ (Sigma-Aldrich) diluted in 0.1 moV/L citrate buffer, pH 4.5, or citrate buffer
alone by intraperitoneal injection as described previously (24). A group of
KCa3.1"* (n = 8) and eNOS™™ mice (n = 6) that received citrate buffer alone
served as nondiabetic controls. eNOS ™~ diabetic mice were then randomized
into two groups: those receiving treatment with TRAM34, 120 mg/kg/day in-
traperitoneally, and those receiving vehicle (DMSO) alone for 24 weeks. Treat-
ment commenced within 24 h of the last STZ injection. All animals were housed
in the Kearns Animal Facility of the Kolling Institute of Medical Research, with
a stable environment maintained at 22 = 1°C with a 12/12-h light-dark cycle.
Mice were weighed and their blood glucose levels were measured using the
ACCU-CHEK glucometer (Roche Diagnostics) weekly, and only STZ-treated
animals with blood glucose >16 mmol/L were considered diabetic. Systolic
blood pressure was noninvasively measured using a volume pressure re-
cording sensor and an occlusion tail cuff (CODA System). Diabetic mice re-
ceived insulin (Lantus, Frankfurt, Germany) treatment to prevent ketosis. At
the time they were killed, spot urine and 24-h urine were collected and then
the weight of kidney and body was recorded. Urine albumin and creatinine
levels were determined with Murine Microalbuminuria ELISA kit and Creati-
nine Companion kit (Exocell Inc., Philadelphia, PA). After animals were cul-
led, left kidneys were removed and snap frozen for the isolation of RNA or
protein, and right kidneys were perfused with PBS and fixed in 10% buffered

TABLE 2

formalin for histological examination. Experimental procedures adhered to the
guidelines of the National Health and Medical Research Council of Australia’s
Code for the Care and Use of Animals for Scientific Purposes and were approved
by the Animal Research Ethics Committee of the Royal North Shore Hospital.
Cell culture. Human proximal tubular cells (HK2 cells) were grown in ker-
atinocyte serum-free medium (Invitrogen, Carlsbad, CA). The cells were ex-
posed to TGF-B1 (2 ng/mL) in the presence or absence of TRAM34 (4 pmol/L)
(21) for 48 h, and then the culture supernatant and cell lysates were collected,
respectively. In all experiments, cells were serum starved overnight before
adding TGF-B1 and TRAM34.

KCa3.1 silencing. HK2 cells were transfected with either siRNA targeting
KCa3.1 or negative control siRNA using Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. The targeting siRNA sequence for
KCa3.1 is 5'-GCACCUUUCAGACACACUU-3' (GenePharma, Shanghai, China).
After transfection, the cells were treated with TGF-81 for 48 h. Cell culture
supernatant and cell lysates were then collected for further analysis.

RNA isolation and RT-PCR analysis. Total RNA was extracted from cells
and mouse kidneys using GenElute Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich) or Trizol (Invitrogen), respectively. The cDNA was synthesized using
SuperScript VILO cDNA Synthesis Kit (Invitrogen). Quantitative real-time PCR
was performed using the SYBR Green PCR Master Mix kit (Invitrogen) with the
intron-spanning primers as shown in Table 1 on the ABI-Prism-7900 Sequence
Detection System (Applied Biosystems). The relative mRNA expression levels
were calculated according to the 2722C method (25). The mRNA expression
of B-actin was used as the endogenous reference control.

Western blot analysis. Type III and IV collagen were measured in cell culture
supernatant, and cell lysates were prepared in RIPA buffer with protease
inhibitors (Roche, Mannheim, Germany).

Samples were separated by SDS-PAGE and then transferred to Hybond ECL
nitrocellulose membrane (Amersham, Piscataway, NJ). The membranes were
incubated with primary antibodies PAI-1 (1:1,000), collagen III (1:1,000), col-
lagen IV (1:5,000), phospho-Smad2 (1:1,000), phospho-Smad3 (1:1,000), and
Smad2/3 (1:1,000) at 4°C overnight followed by horseradish peroxidase—
conjugated secondary antibody (1:5,000; Amersham). The blots were then detected
with standard enhanced chemiluminescence technique, and the bands were quan-
tified by densitometry using the LAS4000 Imaging System (Fujifilm, Tokyo, Japan).
Histology and immunohistochemistry. Paraffin-embedded and frozen kid-
ney sections were used for immunohistochemical staining. Matrix deposition
within the interstitium was assessed using Masson’s trichrome stain (American

Metabolic and physiological parameters of KCa3.1"* and KCa3.1™'~ mice

KCa3.1*"* control

KCa3.1""* DM KCa3.1”~ DM

Blood glucose level (mmol/L) 8.554 * 0.223 22.69 * 0.647% 23.17 * 0.665%
Body weight (g) 30.3 £ 0.693 23.97 = 0.983% 29.81 = 0.5498
Kidney/body weight (mg/g) 6.435 = 0.194 9.344 + 0.423% 8.16 = 0.279§
Blood pressure (systolic, mmHg) 110.9 = 2.424 109.5 = 1.609 107.2 = 1.890
Spot albumin-to-creatinine ratio (mg/mg) 1.293 * 0.345 4.947 £ 0.970% 2.29 = 0.634§
Albumin-to-creatinine ratio (mg/mg/24 h) 1.096 = 0.253 4.169 = 0.252% 2.298 = 0.6958

Data are presented as mean = SEM. DM, diabetes mellitus.
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TABLE 3
Metabolic and physiological parameters of eNOS ™/~ control and diabetic mice treated with TRAM34 or vehicle

Control DM+DMSO DM+TRAM34
Blood glucose level (mmol/L) 11.45 = 0.202 27.33 £ 1.248* 28.46 * 1.305*
Body weight (g) 26.58 = 0.396 21.9 = 0.300* 21.46 + 0.473*
Kidney/body weight (mg/g) 6.026 = 0.298 8.76 = 0.439* 7.432 = 0.3517
Blood pressure (systolic, mmHg) 1934 £ 3.779 190.9 = 8.839 186 + 1.155
Spot albumin-to-creatinine ratio (mg/mg) 0.904 = 0.072 2.547 = 0.532% 1.22 £ 0.1137
Albumin-to-creatinine ratio (mg/mg/24 h) 0.897 = 0.116 2.225 + 0.433* 1.326 = 0.247

vs. control. TP < 0.05, vs. DM+DMSO.

Data are presented as mean += SEM. DM, diabetes mellitus. *P < 0.05,

MasterTech, Lodi, CA). In brief, endogenous peroxidase activity was blocked
by incubation in 0.3% hydrogen peroxide. After preincubation with 10% protein
block (Dako, Carpinteria, CA) for 10 min at room temperature to block non-
specific binding of antibodies, the tissues were incubated overnight at 4°C with
primary antibodies against KCa3.1, F4/80, type III and IV collagen, TGF-B1,
TBRII, and phospho-Smad2/3. After incubation with the appropriate secondary

antibodies, sections were developed with 3,3-diaminobenzidine (Dako) to
produce a brown color and counterstained with hematoxylin. Positive signals
in the renal cortex regions were quantified using Image J software as
previously described (26). The number of cells positive for F4/80* and phospho-
Smad2/3* was counted in 10 high-power fields (HPFs) (40X) of the
tubulointerstitium.
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FIG. 1. KCa3.1 expression was increased in kidneys of human and mice with diabetic nephropathy. A: Inmunohistochemical analysis demonstrated
increased KCa3.1 expression in kidney biopsies from patients with diabetic nephropathy (diabetes mellitus [DM]) compared with nondiabetic
control kidneys (non-DM control) (n = 8). B: The quantltatlon of KCa3.1 expression in human biopsies. C: Immunohistochemical a.nalys1s dem-
onstrated that the ex]presswn of KCa3.1 was increased in kidneys of diabetic KCa3. 1** mice compared with normal mice. There is no KCa3 1
expression in KCa3.1™"~ mice (n = 8). E: Inmunohistochemical analysis demonstrated increased KCa3.1 expressmn in kidneys of diabetic eNOS “mice
(DM+DMSO) compared with normal mice (non-DM control), and TRAM34 suppressed KCa3.1 expression in the kidneys of diabetic eNOS ™ mice (DM
+TRAM34) (n = 6). D and F: The quantitation of KCa3.1 expression in mouse kidney. Results are presented as mean + SEM. *P < 0.05; **P < 0.01.
Original magnification x400.
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FIG. 2. Blockade of KCa3.1 reversed MCP-1, ICAM1, and F4/80 expression in dlabetlc kldneys Quantltatlve RT-PCR showed mcreased mRNA
levels of MCP-1 (A), ICAM1 (B), and F4/80 (C) in the kldneys of diabetic KCa3.1** mice but the reverse in diabetic KCa3.1™’~ mice (n = 8).
D: Immunolnstochemlcal analysis showed increased F4/80 in diabetic KCa3.1** kidneys compared with control mice and reversed expression of F4/80
in diabetic KCa3. 1 ~ Kidneys (n = 8). Quantitative RT-PCR showed increased mRNA levels of MCP-1 (F'), ICAM1 (G), and F4/80 (H) in the kidneys
of diabetic eNOS ™'~ mice but the reverse in diabetic mice treated with TRAM34 (n = 6). I: Inmunohistochemical analysis showed increased F4/80
in diabetic eNOS ™~ kidneys compared with control mice and reversed expression of F4/80 in diabetic kidneys treated with TRAM34 (n = 6). E and
J: The quantitation of F4/80 expression in mouse kidney. Results are presented as mean + SEM. *P < 0.05; **P < 0.01. Original magnification
x400. DM, diabetes mellitus.

Statistical analysis. The results from at least four independent experiments K(Ca3.1 in the development of diabetic nephropathy in
were expressed as mean = SEM. Statistical analysis of data from two groups V1VO we Conducted two animal studies: Wlld type KCa3s. 1+/+
was compared by two-tailed Student ¢ test. Data from multiple groups were and KCas3. 1 mice and secondl eNOS mice with or
analyzed by one-way ANOVA, followed by Tukey post hoc test. Statistical sig- y iy
nificance was determined as P < 0.05. without administration of TRAM34. The diabetic eNOS™
mice are endorsed by the Animal Models of Diabetic
Complications Consortium (AMDCC) for studies in dia-
RESULTS betic nephropathy (27). As shown in Table 2, diabetic
Blockade of KCa3.1 attenuates the renal injury in two  wild-type (KCa3.1"*) mice showed significantly 1ncreased
models of STZ-induced diabetes. To examine the role of blood glucose levels and reduced body weight compared
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FIG. 3. Blockade of KCa3.1 suppressed the overexpression of ECM in diabetic kidneys. Quantitative RT-PCR showed increased mRNA expression of
PAI-1 (A) and type III (B) and IV collagen (C) in the kidneys of diabetic KCa3.1*"* mice compared with control mice but reduced mRNA expression in
diabetic KCa3.1™"~ kidneys (n = 8). Representative images (D) show Masson’s trichrome and immunohistochemical staining of type III and IV col-
lagen in the renal cortex from control KCa3.1**, diabetic KCa3.1**, and diabetic KCa3.1~’~ mice (n = 8). Quantitative RT-PCR showed increased
mRNA expression of PAI-1 (H) and type III (I) and IV collagen (J) in the kidneys of diabetic eNOS™~ mice compared with control mice but reduced
mRNA expression with TRAM34 treatment (DM+TRAM34) (n = 6). Representative images (K) show Masson’s trichrome and immunohistochemical
staining of type III and IV collagen in the renal cortex from control, diabetic, and diabetic mice treated with TRAM34. The degree of tubulointerstitial
injury (E and L) and the quantitation of type III (F and M) and IV collagen (G and N) were determined by computer-based morphometric analysis.

Results are presented as mean = SEM. *P < 0.05; **P < 0.01. Original magnification x400. DM, diabetes mellitus.

with the control group. The mean kidney—to-body weight
ratio in diabetic KCa3.1** mice was significantly higher
than that of control (P < 0.05), which was reduced in di-
abetic KCa3.1 '~ mice (P < 0.05). There was no differ-
ence in the blood pressure observed between control and
diabetic mice. To determine renal function, spot urine
albumin-to-creatinine ratio and 24-h urine albumin-to-
creatinine ratio were measured at the time the mice were
killed. Renal function was impaired in diabetic KCa3.1**
mice, and this impairment was significantly attenuated in
KCa3.1™"~ mice (P < 0.05). Similar results were found with

diabetes.diabetesjournals.org

pharmacological inhibition of KCa3.1 in diabetic eNOS™~
mice by administrating the specific inhibitor TRAM34 (Table
3). TRAM34 did not affect glucose levels or weight gain.
Treatment of diabetic animals with TRAMS34 significantly
alleviated all indices of renal injury in eNOS ™~ mice. These
results indicate that blockade of KCa3.1 attenuates renal
injury caused by diabetes, implicating the essential role of
KCa3.1 in STZ-induced diabetic nephropathy.

KCa3.1 expression is increased in kidney tissues of
humans and mice with diabetic nephropathy. To in-
vestigate whether KCa3.1 expression is altered in diabetic

DIABETES, VOL. 62, AUGUST 2013 2927
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FIG. 3. Continued.

nephropathy, we first examined the expression of KCa3.1
in kidney biopsies from patients with diabetic nephropathy
and nondiabetic controls using immunohistochemical anal-
ysis. As shown in Fig. 1A, considerable staining for the
KCa3.1 channel protein was observed in kidney proximal
tubular cells of diabetic kidneys, whereas only a low basal
level of KCa3.1 was expressed in nondiabetic controls (P <
0.01) (Fig. 1B).

We next determined the expression of KCa3.1 in two
STZ diabetic mice models as described above. As shown in
Fig. 1C and D, a low basal level of KCa3.1 expression was
observed in kidney proximal tubular cells of nondiabetic
KCa3.1*"* mice, which was significantly u;)regtﬂated in most
proximal tubular cells of diabetic KCa3.1"" mice (P < 0.01).
As expected, there was no KCa3.1 expression in KCa3.1-
deficient diabetic mice. Similarly, the administration of
TRAMS34 significantly reversed the upregulated KCa3.1
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expression in proximal tubular cells of diabetic eNOS ™/~
mice compared with that in the vehicle-treated group (P
< 0.01) (Fig. 1E and F). Collectively, these data provided
evidence for substantial KCa3.1 upregulation in diabetic
kidneys, indicating a potential pathophysiological in-
volvement of the KCa3.1 channel in diabetic nephropathy.

Blockade of KCa3.1 prevents inflammatory responses
in diabetic mice. To characterize the role of KCa3.1 in
the regulation of inflammation, we examined two proin-
flammatory cytokines, MCP-1 and ICAM1, and one mac-
rophage marker, F4/80, in kidney tissues. RT-PCR analyses
of kidney tissues demonstrated that the expressions of
MCP-1, ICAM1, and F4/80 were increased by 2.9-, 1.7-, and
2.2-fold, respectively, in the diabetic KCa3.1** group, which
were reduced in the diabetic KCa3.1™'~ group (P < 0.05)
(Fig. 2A-C). Remarkably, histopathological analysis of re-
nal cross-sections demonstrated a 52% reduction of F4/80
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FIG. 4. Blockade of KCa3.1 reversed TGF-B1, TBRII, and phospho (P)-Smad2/3 expression in diabetic nephropathy. Quantitative RT-PCR showed
increased mRNA expression of TGF-B1 (A) and TBRII (B) in the kidneys of diabetic KCa3.1** mice compared with control mice but reduced mRNA
expression in diabetic KCa3.1~'~ kidneys (n = 8). C: Immunohistochemical staining of TGF-p1, TBRIIL, and P-Smad2/3 in the renal cortex from
control KCa3.1*"*, diabetic KCa3.1**, and diabetic Kca3.1™'~ mice (n = 8). Quantitative RT-PCR showed increased mRNA expression of TGF-B1
(G) and TBRII (H) in the kidneys of diabetic eNOS ™~ mice compared with control mice but reduced mRNA expression in diabetic kidneys treated
with TRAM34 (n = 6). I: Inmunohistochemical staining of TGF-31, TBRII, and P-Smad2/3 in the renal cortex from control, diabetic, and diabetic
mice treated with TRAM34 (n = 6). The quantitation of TGF-B1 (D and J), TBRII (E and K ), and P-Smad2/3 (F and L) expression in mouse kidney.
Results are presented as mean = SEM. *P < 0.05; **P < 0.01. Original magnification x400. DM, diabetes mellitus.

expression in diabetic kidneys of KCa3.1-deficient animals
as compared with diabetic KCa3.1** controls (P < 0.01)
(Fig. 2D and E). Consistent with this finding, we also ob-
served a significant decrease in MCP-1, ICAM1, and F4/80
expression in the kidneys of diabetic eNOS™~ mice trea-
ted with the KCa3.1 blocker TRAM34 compared with the
control group (P < 0.05) (Fig. 2F—J). These data suggest
that KCa3.1 contributes to the production of proin-
flammatory cytokines and macrophage infiltration in di-
abetic nephropathy.

Blockade of KCa3.1 reduces PAI-1 expression and
ECM deposition in diabetic mice. To determine whether
KCa3.1 is involved in the regulation of renal fibrosis that is

diabetes.diabetesjournals.org

inherent in diabetes, we evaluated the effect of KCa3.1 on
the expression of PAI-1 and type Il and IV collagen. As
indicated in Fig. 3A-C, a marked induction of PAI-1 (1.5-
fold, P < 0.01) and type III (2.4-fold, P < 0.01) and IV
(1.6-fold, P < 0.05) collagen mRNA was observed in the
kidneys of diabetic KCa3.1** animals when compared
with nondiabetic controls. KCa3.1 deficiency significantly
inhibited the expression of PAI-1 and type III and IV col-
lagen in diabetic kidneys. In addition, we also examined
the effect of KCa3.1 on the expression of interstitial colla-
gen fibrils by Masson’s trichrome staining and type III and
IV collagen by immunohistochemical staining. In KCa3.1*"*
mice, an increase in collagen accumulation and deposition
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FIG. 4. Continued.

was observed within the tubulointerstitium after induction
of diabetes. KCa3.1 deficiency significantly reduced excess
matrix deposition (P < 0.01) (Fig. 3D and E). Diabetes also
resulted in increased expression of type III (P < 0.05) (Fig.
3D and F) and IV collagen (P < 0.01) (Fig. 3D and G),
whereas KCa3.1 deficiency attenuated this response. In
line with these observations, renal gene expression levels
of established fibrotic markers (PAI-1 and type III and IV
collagen) were considerably lower in diabetic kidneys
from TRAM34-treated mice compared with vehicle-treated
mice (P < 0.05) (Fig. 3H-J). Consistently, the adminis-
tration of TRAMS34 significantly reversed tubulointerstitial
damage in diabetic kidneys as compared with vehicle-
treated controls (P < 0.01) (Fig. 3K and L). Furthermore,
the immunohistochemical staining also showed a sub-
stantially increased abundance of immunostainable type
I (P < 0.05) (Fig. 3K and M) and IV collagen (P < 0.05)
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(Fig. 3K and N) localized in the interstitial areas of diabetic
kidneys compared with controls, which was reversed after
TRAMS34 treatment. Collectively, these results indicate that
blockade of KCa3.1 suppresses interstitial matrix pro-
duction and reduces renal interstitial fibrosis in diabetic
nephropathy.

Blockade of KCa3.1 inhibits the expression of TGF-$1
and TRRII and phosphorylation of Smad2/3 in diabetic
mice. Increased expression of TGF-B1 and/or TGF-B recep-
tors is found in almost all forms of kidney diseases with in-
terstitial fibrosis (28). To elucidate the mechanisms by which
blockade of KCa3.1 inhibited renal fibrosis, we examined the
effects of KCa3.1 on the expression of TGF-f1 and TRRII
in diabetic kidneys using real-time PCR and immunohisto-
chemical staining. At both mRNA and protein levels, ex-
pression of TGF-1 and TRRII was significantly increased in
diabetic KCa3.1""* mice compared with control groups, and
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FIG. 5. Blockade of KCa3.1 inhibited TGF-B1-stimulated PAI-1 and type III and IV collagen expression via the Smad2/3 pathway in human proximal
tubular cells. Western blots demonstrate that TGF-B1 increased the expression of PAI-1 (A) and type III (B) and IV collagen (C) and activated
Smad2/3 phosphorylation (D) in cultured human proximal tubular cells (HK2 cells) at 48 h, which were reversed in KCa3.1 siRNA-transfected HK2
cells. TRAM34 suppressed TGF-B1-induced PAI-1 (E) and type III (F) and IV collagen (G) and phosphorylation of Smad2/3 (H) in HK2 cells.

Results are presented as mean = SEM. *P < 0.05; **P < 0.01. n = 4.

KCa3.1 deficiency significantly reduced their levels (P <
0.05) (Fig. 4A-F). Phosphorylation of Smad2/3 and its sub-
sequent nuclear translocation are critical steps in TGF-1
signaling; therefore, the TGF-B1-induced Smad2/3 signaling
pathway was examined. As shown in Fig. 4C, immunohis-
tochemical staining showed that TGF-B1-Smad2/3 signaling
was strongly activated in diabetic KCa3.1"* mice. However,
the activation was inhibited in KCa3.1 deletion diabetic mice
(P < 0.01) (Fig. 4F). Similarly, blockade of KCa3.1 with the
administration of TRAM34 significantly decreased the ex-
pression of TGF-31 and TRRII after diabetic injury (P < 0.05)
(Fig. 4G-K) at both mRNA and protein levels. In addition,
phosphorylation of Smad2/3 was suppressed in diabetic
kidneys from TRAM34-treated mice compared with vehicle-
treated mice (P < 0.05) (Fig. 4 and L). Taken together, these
data indicate that KCa3.1 mediates expression of both TGF-
B1 and its receptor, TBRII, through the Smad2/3 pathway in
the diabetic kidneys.
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Blockade of KCa3.1 inhibits TGF-1-stimulated PAI-1
and type III and IV collagen expression via the Smad2/3
pathway in human proximal tubular cells. To support
the in vivo findings reported above, human proximal tu-
bular cells (HK2 cells) exposed to TGF-B1 were concur-
rently exposed to KCa3.1 siRNA or TRAM34, respectively.
As expected, exposure of HK2 cells to TGF-B1 resulted in
significantly increased expression of PAI-1 and type III and
IV collagen compared with the control, whereas concur-
rent exposure to KCa3.1 siRNA or TRAM34 inhibited the
TGF-Bl-mediated increases in PAI-1 (P < 0.05) (Fig. bA
and FE), type III collagen (P < 0.01) (Fig. 5B and F), and
type IV collagen (P < 0.05) (Fig. 5C and G). In addition,
phosphorylation of Smad2/3 in HK2 cells that had been
exposed to TGF-B1 was inhibited by KCa3.1 siRNA or
TRAM34 (P < 0.05) (Fig. 5D and H). These data suggest
that the antifibrotic effect of KCa3.1 is mediated by the
TGF-B1/Smad signaling pathway.
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DISCUSSION

This study was undertaken to address whether inhibition
of the calcium-activated potassium channel KCa3.1 will
ameliorate renal dysfunction and attenuate the renal fi-
brosis inherent in diabetic nephropathy, and to elucidate
the possible underlying mechanisms. Our studies have first
demonstrated that KCa3.1 expression is increased in both
human and mice models with diabetic nephropathy. Sub-
sequently, our findings demonstrate that KCa3.1 deficiency
significantly attenuated inflammation, regulators of matrix
production, and matrix protein expression and thus re-
duces renal fibrosis in the KCa3.1 knockout mouse model
of diabetic nephropathy. In addition, with administration
of the KCa3.1 inhibitor TRAM34, a highly selective inhi-
bitor of KCa3.1, we provided evidence that pharmaco-
logical inhibition of KCa3.1 was similarly effective in
mitigating the development of renal fibrosis after diabetic
injury, which implies an important role for KCa3.1 in the
pathogenesis of renal fibrotic disease. Furthermore, in
vitro results supported that blockade of KCa3.1 inhibited
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TGF-Bl-induced fibrotic responses through Smad2/3-
dependent pathways.

Calcium regulates a wide range of vital cell functions, in-
cluding enzyme activities, attachment, motility, morphology,
metabolic processes, cell-cycle progression, signal trans-
duction, replication, gene expression, and electrochemical
responses. It is well-known that pathophysiological in-
flammation is implicated in the progression of diabetic
nephropathy. KCa3.1-mediated elevation of intracellular cal-
cium is necessary for the production of inflammatory che-
mokines and cytokines by T cells, macrophages, and mast
cells (29,30). Activation of KCa3.1 is believed to contribute to
migration, activation, and proliferation of immunologically
active cells. KCa3.1 expression is upregulated in activated
naive and central memory T cells and IgD* B cells (31,32),
and the channel has therefore been proposed as a target
for the treatment of autoimmune diseases and transplant
rejection (33). Recently, the combination of TRAM34 with
the Kv1.3 blocking peptide ShK was further shown to reduce
T-cell and macrophage infiltration in the early stages of
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chronic kidney transplant rejection in rats (23), suggest-
ing that KCa3.1 blockers may represent a novel alterna-
tive therapy for prevention of kidney allograft rejection.
In this study, we observed that blockade of KCa3.1
inhibited infiltration of macrophage F4/80 and suppressed
the expression of MCP-1 and ICAM1 in the diabetic kid-
neys. These results suggest that inhibition of inflamma-
tory responses may be a key mechanism by which KCa3.1
attenuates renal fibrosis.

Inhibition of KCa3.1 may elicit an antifibrotic effect by
multiple mechanisms. As TGF-31 signaling has a central
role in a variety of fibrogenic processes, such as ECM
protein accumulation in diabetic nephropathy and tubu-
lointerstitial fibrosis (31,34), we examined the effect of
KCa3.1 on the expression of TGF-B1 and TRRII in the kid-
neys of mice with diabetic nephropathy. Our results clearly
indicated that expression levels of TGF-g1 and TBRII mRNA
were upregulated in the diabetic kidney, and inhibition
of KCa3.1 suppressed their expression (Fig. 4). Thus, we
suggest that KCa3.1-targeted inhibition of renal fibrosis is
likely mediated by antagonizing TGF-B1 signaling through
suppression of TGF-B1 and TRRII expression. To further
elucidate the mechanism by which blockade of KCa3.1
inhibits inflammatory cytokine and matrix protein expres-
sion, we examined whether blockade of KCa3.1 inhibited
TGF-Bl-mediated Smad2/3 activity. TGF-B receptor, a
transmembrane Ser/Thr kinase receptor, phosphorylates
receptor-regulated Smads, such as Smad2/3. Phosphory-
lated Smads enter the nucleus, where they activate the
expression of target genes, including PAI-1, and matrix
proteins and subsequently contribute to tubulointerstitial
fibrosis (35). In this study, we found that blockade of
KCa3.1 successfully inhibited TGF-Bl-stimulated target
gene expression, including PAI-1; matrix proteins ex-
pression; and inflammatory cytokine expression through
the Smad2/3 pathway. This study showed that the anti-
fibrotic effects of KCa3.1 are at least partly mediated by
the suppression of TGF-B1 signaling.

In summary, the current study is the first to report that
blockade of KCa3.1 can inhibit excessive deposition
of ECM and transcriptional expression of TGF-31, TRRII,
and several proinflammatory cytokines that are associ-
ated with diabetic nephropathy through Smad2/3 pathways.
Therefore, inhibition of the KCa3.1 signaling pathway may
provide a novel approach to prevent the development of
diabetic nephropathy and attenuate the progression of renal
fibrosis.
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