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Degouville†, Dr. Stéphane Huet†, Prof. Peter Ten Dijke∗1, and Dr. Nicholas J. Laping§

∗Department of Molecular Cell Biology, Leiden University Medical Centre, Leiden, The
Netherlands,
†GlaxoSmithKline, Les Ulis, France,
§GlaxoSmithKline Pharmaceuticals, King of Prussia, Pennsylvania

Published in Kidney Int. December 2007.

1To whom correspondence should be addressed



136
Oral administration of GW788388, a kinase inhibitor of the TGF-β type I and type II receptors, reduces

renal fibrosis in db/db mice.

Abstract

Progressive kidney fibrosis precedes end-stage renal failure in up to a third of patients
with diabetes mellitus. Elevated intra-renal transforming growth factor-β (TGF-β) is
thought to underlie disease progression by promoting deposition of extracellular matrix
and epithelialmesenchymal transition. GW788388 is a new TGF-β type I receptor in-
hibitor with a much improved pharmacokinetic profile compared with SB431542. We
studied its effect in vitro and found that it inhibited both the TGF-β type I and type II
receptor kinase activities, but not that of the related bone morphogenic protein type II
receptor. Further, it blocked TGF-β-induced Smad activation and target gene expression,
while decreasing epithelial- mesenchymal transitions and fibrogenesis. Using db/db mice,
which develop diabetic nephropathy, we found that GW788388 given orally for 5 weeks
significantly reduced renal fibrosis and decreased the mRNA levels of key mediators of
extracellular matrix deposition in kidneys. Our study shows that GW788388 is a potent
and selective inhibitor of TGF-β signalling in vitro and renal fibrosis in vivo.

Abbreviations
ActRII, activin type II Receptor; ALK, activin receptor-like kinase; caALK, constitutively active ALK;
β-gal, β-galactosidase; BMP, bone morphogenic protein; BMPRII, BMP type II receptor; BRE, BMP
responsive element; COL, collagen; CTGF, connective tissue growth factor; ECM, extracellular matrix;
EMT, epithelial to mesenchymal transition; FN, fibronectin; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; GW788388, 4-(4-(3-(Pyridin-2-yl)-1H-pyrazol-4-yl) pyridin-2-yl)-N-(tetrahydro-2Hpyran-
4-yl) benzamide; MMP, matrix metalloproteinase; NMuMG, namru murine mammary gland; PAI-1,
plasminogen activator inhibitor 1; PAS, picric acid stain; PSmad, phosphorylated Smad; RCC4, renal
cell carcinoma; RT-PCR, reverse transcriptase polymerase chain reaction; SB431542, 4-(5-benzo(1,3)
dioxol- 5-yl-4-pyridin-2-yl-1H -imidazol-2-yl)-benzamide; Smad, small phenotype and mothers against
DPP related protein; α-SMA, α-smooth muscle actin; TGF-β, transforming growth factor-β; TβRII,
TGF-β type II receptor; TIMP, Tissue inhibitor of metalloproteinase; VHL, von Hippel Lindau.
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Introduction

Diabetic nephropathy leads to end-stage renal failure in 20 to 30% of patients with type
1 or type 2 diabetes mellitus[1].1 The multifunctional cytokine, transforming growth
factor-β (TGF-β), is elevated in patients with diabetic nephropathy and is likely a prime
mediator in the progression of renal disease [2, 3].

Specimens from patients with diabetic nephropathy show elevated TGF-β mRNA and
protein levels in glomeruli and the tubulointerstitium [4]. Also, urinary and serum levels
of TGF-β are significantly increased in diabetes patients [5]. In experimental animal
models of type 1 and type 2 diabetes, similar patterns of increased TGF-β expression
and secretion have been observed [6]. Nuclear accumulation of downstream TGF-β
effector proteins was observed in diabetic kidneys. Furthermore, elevated levels of the
TGF-β type II receptor (TβRII) have been reported in diabetic mice compared with
non-diabetic controls [7].

One of the mechanisms by which TGF-β induces fibrogenesis is through stimulation
of extracellular matrix (ECM) proteins and inhibition of matrix degradation. Expres-
sion of key matrix components is enhanced upon TGF-β treatment, both in glomerular
mesangial cells and renal tubular epithelial cells [8, 9, 10]. These factors include fi-
bronectin (FN), type I collagen (COL-1), type III collagen (COL-III), type IV collagen
(COL-IV) and laminin [11]. TGF-β further stimulates ECM accumulation through en-
hancing expression of connective tissue growth factor, which in turn induces FN and
COL-III expression [12]. Also, activated TGF-β suppress the activity of matrix metallo-
proteinases [13] through increased expression of tissue inhibitor of metalloproteinases and
plasminogen activator inhibitor 1 (PAI-1) [14]. Thus, TGF-β promotes renal fibrogenesis
by increasing the synthesis of ECM components and inhibiting matrix degradation.

An additional cellular pathomechanism whereby TGF-β promotes fibrosis is through
the mediation of epithelial to mesenchymal transition (EMT), a process whereby po-
larised epithelial cells are transformed into highly migratory fibroblastoid cells. Epithelial
cells lose polarity, epithelial markers, and cellcell contact. The cells undergo cytoskeletal
remodelling and gain mesenchymal markers essential for cell-ECM association. The net
result being enhanced cell motility and invasiveness [15, 16]. In renal fibrosis, the patho-
logical significance of tubular EMT has become increasingly recognised. Epithelia can
contribute to the ECM overproduction by creating new fibroblasts through the induction
of EMT [17].

TGF-β and the superfamily members, activins and bone morphogenic proteins (BMPs),
signal through related type I and type II transmembrane serine/threonine kinase recep-
tors. The kinases act in sequence, with the ligand-specific type I receptor acting as a
substrate for the type II receptor. In most cell types, TGF-β signals via the TGF-β
type I receptor also termed activin receptor-like kinase (ALK)5 [18]. In endothelial cells,
however, TGF-β signals via ALK1 and ALK5 [19]. In contrast, BMP signals through
ALK2, ALK3, or ALK6 and activin, and nodal through ALK4 and ALK7 [20, 21]. For
TGF-β/ALK5 and activin, the signal is transduced into the cytoplasm through phos-
phorylation of the receptor-regulated Smads (R-Smads), Small phenotype and mothers
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against DPPrelated protein (Smad)2, and Smad3. For TGF-β/ALK1 and BMP, the
signal is via phosphorylation of the R-Smads, Smad1, 5, and 8 [22]. Phosphorylated and
activated R-Smads dissociate from the receptor complex and associate with Smad4 in a
heteromeric manner. The activated complexes shuttle to and accumulate in the nucleus.
Here they regulate expression of a large array of genes in a cell-type-specific and ligand
dose-dependent manner [23].

To directly address the therapeutic potential of TGF-β inhibitors in renal disease,
small-molecule competitive antagonists of the ALK5 kinase activity have been developed.
These inhibitors interact with the ATP-binding site, thereby preventing phosphorylation
of Smad proteins [24, 25]. The commonly used ALK5 inhibitor, 4-(5-benzo(1,3)dioxol-5-
yl-4-pyridin-2-yl-1H-imidazol-2-yl)-benzamide (SB431542), is an ATP competitive kinase
inhibitor [26]. Another mechanism for abrogating TGF-β signalling has been through
long-term treatment with monoclonal anti-TGF-β antibody. In diabetic rodents, this
effectively prevented glomerulosclerosis and renal insufficiency [7, 27, 28, 29]. Also,
antisense TGF-β oligonucleotides were found to reduce kidney weight and expression
of matrix components in diabetic mice [30]. Recently, a soluble fusion protein of the
TβRII was reported to reduce albuminuria in a chemically induced model of diabetic
nephropathy in rats [31].

A limited number of studies have been reported on the use of small-molecule inhibitors
of TGF-β signalling in vivo [32, 33]. SB525334 was shown to significantly reduce pro-
collagen 1a(I), in rat kidneys, in an induced model of nephritis [34]. Also the inhibitor
IN-1130 reduced obstructive nephropathy in rats [35]. These data provide a strong
foundation for using type I receptor kinase inhibitors in clinical testing.

Recently, 4-(4-[3-(Pyridin-2-yl)-1H-pyrazol-4-yl]pyridin- 2-yl)-N-(tetrahydro-2Hpyran-
4-yl) benzamide (GW788388) was developed, as an alternative to the ALK5 inhibitor,
SB431542, with better in vivo exposure (Figure 1). GW788388 is orally active and has
a good pharmacokinetic profile, with an elimination half-life of 1.3 h and a systemic
plasma clearance of 20 ml/min/kg in rats. It was previously shown to reduce the fibrotic
response in a chemical induced model of fibrosis in rats and improve liver histology [32].

In this study, we further characterised the potency and selectivity of this novel in-
hibitor, GW788388. We show that this compound effectively blocks both the ALK5
and to some extent the TβRII. In renal epithelial and cancer cell lines, we assess the
inhibitory effects on TGF-β-mediated biological responses such as EMT and fibrogen-
esis. We examine the effect of blocking TGF-β signalling on renal fibrosis and kidney
function in the db/db mouse model of spontaneous diabetic nephropathy, resembling
the pathogenic phenotype observed in patients with type 2 diabetes mellitus. We show
that GW788388 effectively inhibits TGF-β signalling in vitro and reduces renal fibrosis
in vivo.
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Results

GW788388 is a selective inhibitor of ALK5 and TβRII

Structures of GW788388 and SB431542, two ATP competitive inhibitors of the kinase
domain of ALK5 are shown in Figure 1a. In a biochemical binding assay, using the
intracellular kinase domain of ALK5, GW788388 was found to have an IC50 for GST-
ALK5 of 0.018 ± 0.08 TGF-μM [32]. To test the specificity of GW788388, we performed
an in vitro kinase assay on full length receptors. Human embryonic kidney 293T cells
were transiently transfected with expression plasmids encoding constitutively active ALK
(caALK) 5, TβRII, BMP type II receptor (BMPRII) or activin type II receptor (ActRII).
Receptors were immunoprecipitated and challenged with [γ32P]-labelled ATP and 10 μM
of compounds. GW788388 potently inhibited autophosphorylation of ALK5, TβRII and
to some extent the ActRII (Figure 1b). The compound had no effect on the BMP type
II receptor kinase activity.

To address if GW788388 was cytotoxic, we treated cells with a dilution range of the
compound and measured cell viability after 72 hours. GW788388 showed no toxicity
in Namry murine mammary gland (NMuMG) (Figure 1c), MDA-MB-231, renal cell
carcinoma (RCC)4, or U2OS cells (data not shown) when treated with dilutions from 4
nM to 15 μM. Similar results were obtained with the SB431542 inhibitor (Figure 1c).

GW788388 inhibits TGF-β-induced Smad2 phosphorylation and
Smad2/3 nuclear translocation

Since GW788388 could block the kinase activity of ALK5 and TβRII, we next studied
the inhibitory effect on TGF-β, activin, and BMP-induced R-Smad phosphorylation and
nuclear translocation. GW788388 inhibited TGF-β-induced Smad2 phosphorylation in a
dose-dependent manner in NMuMG (Figure 2a; Figure S1a), MDA-231-MB (Figure 2b),
and renal cell carcinoma (RCC4)/von Hippel Lindau (VHL) (data not shown). TGF-β-
mediated Smad1/5 phosphorylation, which requires ALK5 and TβRII, was also inhibited
by GW788388 (Figure 2a and b). In T47D cells, GW788388 and SB431542 inhibited the
activin-induced phosphorylation of Smad2 (Figure 2c).

Upon phosphorylation, R-Smads form complexes with Smad4 and accumulate in the
nucleus. TGF-β-induced Smad2/3 nuclear translocation was dose-dependently inhibited
when NMuMG cells were treated with GW788388 (Figure 2d). We tested if GW788388
inhibited the BMP signalling cascade by analyzing the effect of the compound upon
BMP-induced phosphorylation of Smad1/5. As shown in Figure 2e, GW788388 had no
inhibitory effect on Smad1/5 phosphorylation by BMP. SB431542 was shown to have
some inhibitory effect on the mitogen-activated protein kinase p38α at 10 μM.25 We
therefore tested whether GW788388 could inhibit sorbitol-activation of stress-induced
kinases such as the mitogen-activated protein kinases p38 and ERK 1/2. GW788388
had no inhibitory effect on these mitogenactivated protein kinases (data not shown).
Thus, GW788388 selectively inhibits TGF-β and activin Smad signalling and not the
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Figure 5.1: GW788388 inhibits both ALK5 and TβRII. (A) Chemical structures of
GW788388, 4-(4-(3-(Pyridin-2-yl)-1H-pyrazol-4-yl) pyridin-2-yl)-N-(tetra-hydro-2Hpyran- 4-yl) benza-
mide and SB431542, 4-(5-benzo(1,3) dioxol- 5-yl-4-pyridin-2-yl-1H -imidazol-2-yl)-benzamide. (B) Ef-
fect of GW788388 and SB431542 on autophosphorylation of caALK5, TβRII, ActRII and BMPRII
kinase activity. HEK293T cells were transfected with plasmids encoding full length actively signalling
receptors. These were immunoprecipitated and the in vitro kinase assays were performed with gamma
32P-labelled ATP in the presence of 10 μM GW788388 (GW) or 10 μM SB431542 (SB). (C) Cell viabil-
ity assay. NMuMG cells were treated with dilutions of GW788388 (squares) and SB431542 (triangles)
for 72 hours. Viability was measured with MTS assay. Data is presented as % inhibition compared to
vehicle control. Bars represent mean ±s.e.m.

closely related BMP-signalling cascade.

GW788388 selectively inhibits ALK4, ALK5 and ALK7

To further confirm the selectivity of GW788388, U2OS cells were transiently trans-
fected with expression plasmids encoding the constitutively active full-length receptors
caALK2, caALK3, caALK4, caALK5, caALK6, and caALK7 [36]. These mutation-
ally active receptors signal independently of ligand and their type II receptors. They
were cotransfected with the corresponding luciferase reporter constructs. The TGF-
β-inducible reporter CAGA 12-Luc contains Smad-responsive elements from the PAI-1
promoter, which specifically bind Smad3/Smad4 and drive the luciferase reporter gene
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Figure 5.2: GW788388 inhibits TGF-β-induced Smad activation dose-dependently. NMuMG
(A) and MDA-MD-231 cells (B) were treated with GW788388 (GW) or SB431542 (SB) in the presence
or absence of TGF-β for 1 hour. Protein expression of PSmad2, PSmad1/5 and Smad2/3 was analysed
by western blot analysis. β-Actin served as a loading control. (C) Immunofluorescent staining of Smad
2/3 in NMuMG cells treated with vehicle or GW788388 ± TGF-β for 1 hour. Images were captured
with confocal microscopy. (D) Western blot analysis of U2OS cells treated with GW788388±BMP6 for
1 hour. Control denotes non treated cells and DMSO was used as vehicle.

[37]. The BMP-inducible luciferase reporter, BMP-responsive element-Luc, contains a
BMP-responsive elements from the inhibitor of DNA-binding 1 promoter [38].

GW788388 inhibited the TGF-β response, very efficiently, by blocking signalling
through caALK5, caALK4, and caALK7 in a dose-dependent manner (Figure 3a). The
SB431542 inhibitor was used for comparison and similar results were obtained with all
caALKs (data not shown). In agreement with the phosphorylation data, GW788388 had
no inhibitory effect on the constitutively active BMP receptors (Figure 3b). In addition,
TGF-β and activin (Figure S1b) but not BMPinduced reporter activity was blocked by
GW788388 (data not shown). Thus, GW788388 is a selective inhibitor of the TGF-β
type I receptors ALK5, ALK4, and ALK7.
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Figure 5.3: GW788388 inhibits ALK5, ALK4 and ALK7 in a dose-dependent manner and has
no effect on ALK2, ALK3 and ALK6. (a) U2OS cells were transfected with caALK4, caALK5 or
caALK7 together with the TGF-β specific luciferase reporter construct CAGA12-luc. Cells were treated
with doses of GW788388 (GW) or vehicle. (b) U2OS cells were transfected with caALK2, caALK3 or
caALK6 together with the BMP responsive BRE-luciferase reporter. Measurements are presented as
luciferase activity normalised to β-gal activity. Error bars indicate mean ±s.e.m. of three measurements,
one representative experiment is shown.

GW788388 inhibits TGF-β-induced EMT and growth inhibition

In epithelial cells, the TGF-β-mediated growth inhibitory response and EMT are two
cellular processes that have been extensively explored. The NMuMG cells are a widely
used in vitro model system for studying these TGF-β-mediated responses [39]. To test
if GW788388 could inhibit the TGF-β-induced growth inhibitory response, we measured
cell proliferation with serial dilutions of GW788388. As shown in Figure 4a, increas-
ing concentrations of GW788388 inhibits TGF-β-induced growth inhibition. These re-
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sults were further supported by light microscopy images, demonstrating detachment of
NMuMG cells from the tissue culture surface in response to TGF-β treatment, sugges-
tive of programmed cell death (Figure 4b). Thus, GW788388 blocked TGF-β mediated
growth arrest.

With phase-contrast microscopy, we observed the transition of the cells from an
epithelial to a fibroblastoid phenotype upon stimulation with TGF-β for 48 h (Figure
4b). In cells stained by immunofluorescence with epithelial and mesenchymal markers,
we observed actin stress fiber formation (Figure 4c), loss of E-cadherin expression at
cell-cell junctions, and gain of N-cadherin expression (data not shown) in response to
TGF-β treatment. This EMT response, mediated by TGF-β, was completely inhibited
with GW788388 (Figure 4b and c).

We confirmed these visual observations by analyzing protein and mRNA expression
by western blot analysis and semi-quantitative reverse transcriptase-polymerase chain
reaction. In NMuMG and RCC4/VHL cells, we analyzed the changes in the expres-
sion of epithelial and mesenchymal markers after 48 h of TGF-β stimulation (Figure 5).
E-cadherin protein expression was reduced upon TGF-β treatment, whereas the expres-
sion of the mesenchymal markers N-cadherin and α-smooth muscle actin was increased
(Figure 5a and b). GW788388 attenuated these TGF-β-induced EMT responses. The
inhibitory effect of GW788388 was also observed on mRNA levels of critical TGF-β tar-
get genes involved in EMT, such as E-cadherin, FN, and the transcriptional repressor
of E-cadherin, SNAIL (Figure 5c). In conclusion, GW788388 blocks the TGF-β-induced
growth inhibitory and EMT response.

GW788388 inhibits the TGF-β-induced fibrotic responses in vitro

Since GW788388 inhibited important TGF-β-induced target gene responses required
for EMT, we sought to examine whether the drug also could inhibit TGF-β responses
involved in ECM remodelling. We investigated this by quantitative RT-PCR and western
blot analysis. We found that GW788388 could prevent the TGF-β-induced up-regulation
of CTGF, PAI-1, and COL-I mRNA expression in the renal epithelial cells RCC4/VHL
(Figure 6a) and FN in NMuMG cells (Figure 5c). On protein levels, we confirmed that
GW788388 blocks the TGF-β-induced expression of COL-I and FN (Figure 6b). Thus,
GW788388 inhibits the TGF-β-mediated expression of important players in fibrogenesis
both on mRNA and protein levels.

GW788388 potently attenuates renal fibrosis in vivo

We have demonstrated that GW788388 is a potent inhibitor of TGF-β signaling in several
in vitro models. We next sought to examine the effects of GW788388 in vivo. First,
we compared the i.v. pharmacokinetic profiles of GW788388 compared to SB431542, in
Sprague-Dawley rats. Clearance was 34 ± 12.2 ml/min/kg for GW788388 versus 37.5 ±
13.5 ml/min/kg for SB431542. The half-life of GW788388 was 4.1 ± 1.8 hours versus
28.5 ± 16.1 minutes for SB431542 (data not shown). Hence, GW788388 is far more
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Figure 5.4: GW788388 inhibits TGF-β-mediated EMT and apoptosis. NMuMG cells were
treated with GW788388, the vehicle control DMSO and TGF-β where indicated, for 48 hours. (A)
NMuMG cell proliferation measured after 72 hours drug stimulation with dilution series of GW788388
(GW) (squares) and SB431542 (SB) (triangles) in the presence (closed symbols) or absence (open
symbols) of TGF-β. Metabolically active cells were measured with a cell proliferation/viability assay.
Bars represent means of three independent measurements ±s.e.m. (B) Phase contrast images of TGF-
β-induced EMT. (C) Immunofluorescent staining of actin stress fibre formation. Images were captured
with confocal microscopy.

suitable for in vivo applications than SB431542.

The db/db mouse model of spontaneous diabetic nephropathy was chosen for further
in vivo characterisation of GW788388. Six month old mice were used, with advance
stage renal disease, significant glomerular changes and elevated albuminuria [40]. Mice
were treated for 5 weeks with oral administration of 2 mg/kg/day of GW788388. No
adverse side-effects were observed with the treatment.

Figure 7a shows diabetic mouse kidneys stained with Masson’s Trichrome stain. Col-
lagen deposits are observed in blue. Robust collagen deposits were seen in glomeruli and
minimal to mild glomeropathy was evident in most diabetic animals (left panel). Treat-
ment with GW788388 at 2 mg/kg/day resulted in a reduced collagen staining (Figure
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Figure 5.5: TGF-β-induced EMT is inhibited by GW788388. Western blot analysis of epithelial
and mesenchymal protein markers in RCC4/VHL (A) and NMuMG (B) cells after 48 hours drug and
TGF-β stimulation. Control is DMSO treated cells. β-Actin was used as a loading control. (C) RT-
PCR semiquantitative analysis of SNAIL, PAI-1, E-Cadherin and FN in NMuMG cells after GW788388
(GW) or SB431542 (SB) treatment and TGF-β stimulation for 48 hours. GAPDH was included as
loading control. Control depicts non treated cells and DMSO vehicle treated cells.

7a right panel). Glomerulopathy was assessed independently on PAS stained sections,
scored blinded. Diabetic mice had significant glomerulopathy marked by mesangial ma-
trix expansion, mesangial hypertrophy, proliferation and glomerular basement membrane
thickening. This was significantly reduced when treated with GW788388 (Figure 7b).
Urinary albumin excretion was additionally measured and corrected for creatinine con-
centrations. In diabetic mice urinary albumin levels were significantly elevated (Figure
7c). GW788388 appeared to decrease urinary albumin concentrations, although not sta-
tistically significant, suggesting that the underlying glomerular dysfunction persisted in
the treated animals. To confirm that the observed changes, in glomerulopathy and the
trend for reduced albuminuria, correlated with inhibition of TGF-β target genes in vivo
RNA was extracted from kidneys and the levels of matrix mRNAs examined. FN, COL-I,
PAI-1 and COL-III expression levels were significantly increased in diabetic mice as com-
pared to their lean littermates (Figure 7d). Treatment with 2 mg/kg/day of GW788388
significantly reduced the mRNA levels of PAI-1, COL-I and COL-III to nearly the same
levels as seen in the non-diabetic lean littermates. Taken together, these results indicate
that GW788388 attenuates TGF-β signalling in vivo and effectively reduces hallmarks
of fibrogenesis in mice suffering from late stage diabetic nephropathy.
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Figure 5.6: GW788388 inhibits the TGF-β-induced fibrotic response in vitro. (A) The effect
of GW788388 (GW) on TGF-β-induced mRNA expression of the ECM genes PAI-1, COL-1αI and
CTGF were analysed by real time Q-PCR. RNA was extracted from RCC4/VHL renal epithelial cells
stimulated with drug ± TGF-β for 48 hours. GAPDH was used as a reference housekeeping gene.
Results are presented as means ± SD of three measurements, the experiment was repeated twice. (B)
GW788388 inhibits TGF-β-induced FN and COL-I on protein level, β-actin was used as a loading
control. Controls were treated with DMSO.

Discussion

TGF-β is suggested to be a key factor in the generation of tissue fibrosis [8, 28, 29, 41].
In the diabetic kidney, TGF-β plays an important role in early and late manifestations
of nephropathy such as renal hypertrophy and mesangial matrix expansion [7]. These
pathomechanisms result in destruction of functional renal tissue and eventually loss of
renal function. Blocking TGF-β signalling is therefore considered a promising thera-
peutic approach in the treatment of renal disease. We studied a new TGF-β inhibitor,
GW788388 (results are summarised in Figure 8).

We show that GW788388 effectively inhibits TGF-β-mediated responses in vitro by
blocking the kinase activity of both the type I and the type II receptors. Importantly,
we show that oral administration of GW788388 to diabetic mice significantly reduces
glomerulopathy in kidneys and attenuates expression of key components involved in
fibrosis. These results encourage further studies to therapeutically target the TGF-β
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Figure 5.7: GW788388 attenuates renal fibrosis in db/db mice. GW788388 was orally adminis-
tered to db/db mice for 5 weeks at 2 mg/kg/day. (A) Masson’s Trichrome stained kidney sections. Rep-
resentative images are shown for db/db control (left panel) and db/db mice treated with 2 mg/kg/day
GW788388 (right panel). Blue stain indicates heavy collagen presence indicative of glomerulosclerosis.
(B) Glomerulopathy blinded scores of PAS stained kidney sections. 40 tufts were scored/animal and
the mean score ± s.d were tabulated for each animal. ∗∗P≤0.001versusleancontrol(n = 10),∗P≤0.01
versus vehicle treated db/db mice (DB) (n=12). 2 mg/kg/day dose of GW788388 (2mg DB) (n=7).
(C) Urinary albumin levels corrected for creatinine excretion. Lean controls (n=10), db/db control
(DB) (n=11) and treated with 2 mg/kg/day (2mgDB) (n=6). (D) GW788388 reduced the expression of
TGF-β-induced extracellular matrix target genes in vivo. RNA extracted from kidneys and analysed by
real time PCR of lean controls (n=11), db/db control mice (n=12) and mice treated with 2 mg/kg/day
(n=7). Bars represent mean ± s.e.m.
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pathway in order to treat renal diseases.

GW788388 was identified as an orally active ALK5 inhibitor with much improved
in vivo properties compared to SB431542 [24, 32]. In order to study the specificity of
the compound we performed an in vitro kinase assay with 32P-ATP. We found that
GW788388 potently inhibits both the ALK5 and the TβRII kinase receptor activity
but not the BMPRII. This contrasts what is seen for the related inhibitor, SB431542
[19, 22]. As a consequence of inhibiting the TGF-β receptors, we found that TGF-
β-induced Smad2 phosphorylation and nuclear accumulation were potently blocked by
GW788388. The specificity of GW788388 was further tested on all seven activated ALKs
with reporter assays. We show that the compound could inhibit ALK5 along with the
structurally similar receptors i.e. ALK4 and ALK7. GW788388 did not inhibit ALK2,
ALK3 and ALK6. Previous studies using other TGF-β type I receptor inhibitors have
shown similar results [34, 42, 43] the main distinction being that GW788388 also reduce
the TβRII kinase activity.

TGF-β induces a growth inhibitory and an EMT response in NMuMG cells [39, 44].
We show that GW788388 dose-dependently inhibits these TGF-β responses. The TGF-
β-mediated up-regulation of target genes, involved in excess ECM deposition is well
described. Treating renal epithelial cells with TGF-β mimics the fibrotic response seen in
renal disease, where mRNA levels of PAI-1 and COL-I are increased by TGF-β treatment
[27]. In our hands, GW788388 could prevent the TGF-β-mediated up-regulation of
CTGF, PAI-1 and COL-I RNA levels and FN and COL-I on protein levels in the renal
epithelial cell line RCC4/VHL. Recently, SNAIL was described to directly induce renal
fibrosis and strong expression was found in fibrotic human kidney sections [45]. With
GW788388, we could block SNAIL mRNA expression in epithelial cells. Taken together,
these data indicate that GW788388 selectively and efficiently inhibits TGF-β-mediated
responses in vitro.

Since GW788388 inhibits important components in the TGF-β-induced fibrotic re-
sponse in cell models, we hypothesised that GW788388 could reduce markers of fibrosis in
a mouse model of diabetic nephropathy. Our aim was to examine if TGF-β receptor inhi-
bition could be effective in older mice with established renal disease, as would be observed
in patients presenting with impaired renal function. We show that oral administration of
GW788388 for 5 weeks in 6 month old db/db mice significantly attenuated glomerulopa-
thy in mouse kidneys. This correlated with reduced mRNA expression of critical factors
in ECM remodelling, namely PAI-1, collagen I, and collagen III by GW788388. These
results are in agreement with the oral application of GW788388 to rats with chemical
induced liver fibrosis [32] and with db/db mice treated with neutralizing anti-TGF-β
antibodies [7].

Despite ALK5 inhibition having inhibitory effects on fibrogenesis and histological
glomerulopathy, the effects on kidney function were not significant. Only a trend for
a reduction in urinary excretion of albumin was observed. This suggests that longer
treatments may be necessary to reverse the effects of fibrosis. Moreover, it is not clear
if ALK5 inhibition would address the underlying glomerular pathology leading to al-
buminuria in the first instance. To address this hypothesis, treatment would need to
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be started earlier before any albuminuria is observed. Thus, for ALK5 inhibition alone
to be fully effective against a change in glomerular permeability, we hypothesise that
earlier and longer treatment periods are needed in order to inhibit tissue remodelling
within the kidney and allow restoration and/or preservation of glomerular morphology
and function.

All together, these data provide a strong foundation for using TGF-β receptor kinase
inhibitors in a clinical setting. Renal disease progresses slowly and halting this process
with a TGF-β receptor inhibitor will presumably require chronic treatment. However,
TGF-β is a pleiotropic cytokine which modulates a broad array of processes. The chal-
lenge in using TGF-β receptor inhibitors for anti-fibrotic treatment will be to balance
the disease related fibrotic actions against the immune modulatory and tumour suppres-
sor functions of TGF-β. Also, all ALK5 kinase inhibitors reported to date inhibits the
kinase activity of the ALK4 and ALK7 [20, 24, 33, 43, 46] and GW788388 to some ex-
tend the ActRII. Long-term treatment may therefore affect activin and nodal dependent
signalling.

In summary, we have demonstrated that GW788388 can inhibit TGF-β signalling in
vitro and attenuate renal fibrosis in vivo (Figure 8). By blocking the action of the ALK5
and TβRII kinase receptors TGF-β-induced growth arrest, EMT and ECM deposition
was inhibited in vitro. Through oral administration of GW788388 to db/db mice for
5 weeks, we were able to reduce glomerulopathy and prevent the TGF-β-mediated up-
regulation of excess renal ECM deposition. Thus, we could reduce renal fibrosis in
a mouse model for advanced diabetic nephropathy. Our results suggest that TGF-β
receptor kinase inhibition should attenuate fibrogenesis and improve the fibrotic outcome
for patients suffering from diabetic nephropathy. Whether prolonged or earlier treatment
might restore or prevent declines in renal function and not just fibrosis remain to be
determined.

Materials and Methods

Cell culture and reagents

The human breast carcinoma MDA-MB 231, the human osteosarcoma U2OS and the monkey
kidney COS cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 100 U/ml penicillin and 50 μg/ml streptomycin. The human renal
carcinoma cell line (RCC4) stably transfected with plasmid expressing the von Hippel Lindau
(VHL) protein, was maintained in medium as above with neomycin. The murine breast ep-
ithelial cells, NMuMG were maintained in DMEM as above with 10 mg/ml insulin [44]. Cell
lines were cultured at 37 ◦ in 5% CO 2. SB431542 was from Tocris. Compounds were dissolved
in DMSO. We used 5 ng/ml TGF-β3, 100 ng/ml BMP6 and 50 ng/ml activin a. Antibodies
recognizing phosphorylated Smad2 (PSmad2) and phosphorylated Smad 1/5 (PSmad1/5) are
described in [47] and TβRII antibody in [18]. Smad2/3, N-cadherin and E-cadherin antibodies
were from BD transduction laboratories. Collagen type I antibody from Southern Biotechnol-
ogy. FN antibody from Abcam. β-Actin (AC-15), α-smooth muscle actin (1A4) and FLAGM2
antibodies from Sigma. Hemagglutinin antibody was from Roche.
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Cellular assays, immunodetection and RNA extraction

Immunofluorescence, western blotting, in vitro kinase assay, cell proliferation assays, transfec-
tion and transcriptional reporter gene assay were done as previously reported [19, 36, 37, 38, 39,
48]. RNA extraction RT-PCR and Q-PCR were described in [32, 44]. For detailed description
of these methods see Supplementary Methods.

Histopathology

Kidneys were fixed in 10% formalin. Sections were stained with picric acid stain (PAS) and
Masson’s Trichrome at Research Pathology Services Incorporated (New Britain, PA). Stained
sections were submitted to Pathology Associates, Incorporated for assessment of glomerular
changes. Scoring system is outlined in Supplementary methods.

Animal experiments

Intravenous pharmacokinetics profiles were determined in Sprague-Dawley rats, using a crossover
design on four separate study days (see Supplementary Methods). Male C57BLKS/JLepr db/db
mice were used as a model for type 2 diabetes mellitus [40] (Jackson laboratory). Animals re-
ceived GW788388 at 2 mg/kg/day mixed with powdered rodent chow, water ad libitum. After
5 weeks of drug treatment, a 24 hour urine collection was performed by individual housing in
metabolic cages. Albumin concentrations corrected for creatinine were determined (Nephrat
II enzyme-linked immunosorbent assay kit). Kidneys were snap-frozen for RNA analysis or
fixed for histology. Plasma drug levels determined by HPLC/MS/MS. GW788388 was isolated
from 50 μl of plasma (Sciex API 365). End plasma concentration was 10.4 ± 1.2 nM and urine
concentration 0.9 ± 0.3 μM. All experimental procedures conformed to the Guide for the Care
and Use of Laboratory Animals published by US Institutes of Health (NIH Publication No.
85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee.

Statistical Analysis

The experiment was completely randomised. One-way analysis of variance was performed with
Bonferroni’s multiple comparison test. P≤0.05 was considered to be statistically significant.
Mean is presented either as ± s.e.m or ± s.d.
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Supplementary information

Figure 5.9: Supplementary Figure S1. TGF-β-induced Smad2 phosphorylation and activin-
induced CAGA-luciferase activity are inhibited in a concentration-dependent manner. (A)
Western blot analysis of Smad2 phosphorylation in NMuMG cells after 1 hour TGF-β stimulation.
Smad2 phosphorylation is blocked with nanomolar concentrations of GW788388. (B) Activin a-induced
CAGA-luciferase activity is inhibited by SB431542 and GW788388. Transiently transfected U2OS cells
were stimulated with activin overnight and luciferase activity measured, corrected for β-gal activity.
Error bars denote ± s.e.m of three measurements.

Supplementary methods

Transfection and reporter gene assay.

Transient transfection of cells were carried out using Lipofectamine (Invitrogen) [39]. Human
constitutive active ALK (caALK) 1, 2, 3, 4, 5, 6, and -7 plasmids and the CAGA12 or the
BRE luciferase reporter constructs have previously been described [36, 37, 38]. We measured
on the Wallac 1420 VICTOR3.

RNA extraction, RT-PCR and Q-PCR.

Cells were treated with GW788388, SB431542 or DMSO and TGF-β the day after plating.
Total RNA was isolated using the RNeasy kit (Qiagen). RT-PCR was performed for PAI-1,
SNAIL, FN, E-cadherin and glyceraldehyde-3- phosphate (GAPDH) as previously described
[44]. RNA was extracted from mouse kidneys and Q-PCR was performed using the ABI Prism
6700 Workstation [32]. RpL-32 or GAPDH were used as housekeeping genes.

In vitro kinase assay, cell viability assay and western blotting.

The kinase assay was performed as described in [7]. In brief, cells were transfected with
caALK5, TβRII, BMP type II receptor (BMPRII) or the Activin type II receptor (ActRII). Im-
munoprecipitated receptors challenged with 14.8 kBq/ml [γ-32P]-ATP and 10 μM compounds.
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renal fibrosis in db/db mice.

Cell viability and proliferation assays were done according to the manufactures instructions
(CellTiter 96 Aqueous One Solution Cell Proliferation Assay, Promega, The Netherlands).
Viability and proliferation were measured after 72 hours drug treatment in the presence or
absence of TGF-β. Western blot analyses were performed using standard techniques [39].

Immunofluorescence.

Cells were seeded on coverslips and treated with GW788388 and TGF-β where indicated, for
1 or 48 h as previously described [39, 44]. Images were captured with confocal microscopy.

Histopathological scoring.

Stained sections were independently assessed for glomerular changes. Scoring was done on
approximately 40 glomerular tufts (representing essentially all of the glomeruli present in a
typical section) from each animal using the following categorical criteria for each glomerulus:
0 - well-defined glomerular tuft with essentially no significant accumulations of PAS positive
mesangial matrix; 1 - slight, focal increases in PAS positive mesangial matrix or thin bands of
increased PAS positive matrix running along the core of the glomerular tuft; 2 - Multiple small
foci of increased mesangial matrix or thicker more dense bands of matrix; 3 - Increased matrix
to the extent that some lobules of a glomerular tuft can be considered sclerotic. Mesangial cells
may be increased in these areas; 4 - significant increases in mesangial matrix and frequently
increased numbers of mesangial cells involving the entire glomerular tuft.

Pharmacokinetic profiling in vivo.

Intravenous pharmacokinetics profiles were determined in Sprague-Dawley rats, using a crossover
design on four separate study days. Femoral vein catheters implanted for infusion of test com-
pounds at least three days prior to the start of the study. On day one, animals received
GW788388 (6 μmol/kg target dose) or SB431542 (2 μmol/kg target dose) by 30 minutes i.v.
infusion (4 mL/kg). The dose (pH = 3.5), contained 3% DMSO prepared in 20% aqueous
encapsin (Cerestar USA Inc., Hammond, IN). For SB431542 the dose solution was prepared in
10% PEG 400 and isotonic saline (pH = 3.5-4.0) and contained 1.0% DMSO.


