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A B S T R A C T

Activation of the renin-angiotensin system (RAS) plays a pivotal role in mediating hypertension, chronic kidney
and cardiovascular diseases. As Wnt/β-catenin regulates multiple RAS genes, we speculated that this develop-
mental signaling pathway might also participate in blood pressure (BP) regulation. To test this, we utilized two
rat models of experimental hypertension: chronic angiotensin II infusion and remnant kidney after 5/6 ne-
phrectomy. Inhibition of Wnt/β-catenin by ICG-001 blunted angiotensin II-induced hypertension. Interestingly,
angiotensin II was able to induce the expression of multiple Wnt genes in vivo and in vitro, thereby creating a
vicious cycle between Wnt/β-catenin and RAS activation. In the remnant kidney model, renal β-catenin was
upregulated, and delayed administration of ICG-001 also blunted BP elevation and abolished the induction of
angiotensinogen, renin, angiotensin-converting enzyme and angiotensin II type 1 receptor. ICG-001 also reduced
albuminuria, serum creatinine and blood urea nitrogen, and inhibited renal expression of fibronectin, collagen I
and plasminogen activator inhibitor-1, and suppressed the infiltration of CD3+ T cells and CD68+ monocytes/
macrophages. In vitro, incubation with losartan prevented Wnt/β-catenin-mediated fibronectin, α-smooth
muscle actin and Snail1 expression, suggesting that the fibrogenic action of Wnt/β-catenin is dependent on RAS
activation. Taken together, these results suggest an intrinsic linkage of Wnt/β-catenin signaling with BP reg-
ulation. Our studies also demonstrate that hyperactive Wnt/β-catenin can drive hypertension and kidney da-
mage via RAS activation.

1. Introduction

The renin-angiotensin system (RAS) plays a fundamental role in
controlling blood pressure (BP), body fluid balance and tissue home-
ostasis [1–3]. As such, dysregulation of RAS leads to BP elevation and
plays a causative role in the development of chronic kidney and car-
diovascular diseases [4–6]. RAS consists of several key components
including angiotensinogen (AGT), renin, angiotensin converting en-
zyme (ACE), angiotensin II type 1 and type 2 receptors (AT1 and AT2)
[7,8]. In normal physiological conditions, RAS components are tightly
regulated and separately produced by different organs such as liver,
kidney and lung, which ensures precise control of their activities in the
circulation. After kidney injury, however, intra-renal RAS is markedly
activated, as a result of the simultaneous upregulation of all RAS
components in diseased kidneys [9,10]. Intra-renal RAS components

exert numerous biological actions that extend far beyond BP control,
and they play a crucial role in mediating renal inflammation and fi-
brosis by a diverse array of mechanisms [11–13]. However, how the
local expression of RAS components in the kidneys is regulated remains
incompletely understood.

We recently demonstrated that β-catenin, the principal intracellular
mediator of canonical Wnt signaling [14–16], is a master transcrip-
tional regulator controlling the expression of all RAS genes in diseased
kidneys, including AGT, renin, ACE, AT1 and AT2 [9]. This finding is
consistent with numerous observations that Wnt/β-catenin signaling is
activated in a wide variety of chronic kidney diseases (CKD), in which
RAS activation is a common pathologic finding [17–21]. In this context,
it is conceivable to speculate that Wnt/β-catenin could promote BP
elevation and kidney injury by the virtue of its ability to promote RAS
activation. Consistently, blockade of Wnt/β-catenin signaling by a
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range of approaches is able to ameliorate kidney fibrotic lesions in
animal models of unilateral ureteral obstruction (UUO) and adriamycin
nephropathy [17,22–24]. However, despite a definitive role for Wnt/β-
catenin in mediating intra-renal RAS activation, whether this develop-
mental signaling actually participates in BP regulation is totally un-
known.

In this study, we tested the hypothesis that Wnt/β-catenin signaling,
through activation of RAS, participates in BP regulation in rats. We also
investigated whether a Wnt/β-catenin/RAS axis plays a critical role in
promoting renal inflammation, fibrosis and progressive decline of
kidney function in CKD. By using two well-characterized rat models of
experimental hypertension induced by chronic angiotensin II (Ang II)
infusion or 5/6 nephrectomy (5/6NX), we demonstrated that blockade
of Wnt/β-catenin signaling normalizes BP and ameliorates kidney in-
jury by targeting intrarenal RAS activation. Our studies for the first time
suggest an intrinsic linkage of a developmental signaling pathway to BP
regulation in vivo.

2. Results

2.1. Inhibition of Wnt/β-catenin blunts Ang II-mediated hypertension

To investigate whether Wnt/β-catenin signaling regulates BP, we
utilized a rat model of chronic Ang II infusion via osmotic mini-pump.
This is a widely used, well characterized experimental model of hy-
pertension [3,25,26]. As shown in Fig. 1, Ang II infusion caused sig-
nificant BP elevation in rats. At 3 or 7 days after continuous Ang II
infusion, both systolic blood pressure (SBP) and mean blood pressure
(MBP) were markedly elevated. However, injections of ICG-001, a
peptidomimetic small molecule that specifically inhibits β-catenin-
mediated gene transcription [24,27–29], alleviated the elevation in BP
induced by Ang II (Fig. 1). These results strongly suggest a potential
involvement of Wnt/β-catenin signaling in BP regulation in vivo.

2.2. Angiotensin II induces Wnt expression in vivo and in vitro

To delineate the mechanism by which ICG-001 mitigates Ang II-
mediated hypertension, we studied the interplay between Ang II and
Wnt/β-catenin in vivo and in vitro. As shown in Fig. 2, chronic Ang II
infusion induced renal expression of multiple Wnt genes. The mRNA
levels of Wnt1, Wnt2, Wnt3a, Wnt5a, Wnt6, Wnt7b, Wnt9b and Wnt16
were considerably upregulated at 7 days after Ang II infusion, compared
with sham controls (Fig. 2, A and B). Similar induction of Wnt mRNA
was also found in rat kidney at 3 days after Ang II infusion (Supple-
mentary Fig. S1). Western blot analyses also revealed that Ang II in-
duced several Wnt proteins (Fig. 2, C and D). Not surprisingly,

injections of ICG-001 did not significantly affect Wnt induction by Ang
II in rat kidneys (Fig. 2A), because it primarily blocks β-catenin activity
[27,30].

Consistent with induction of multiple Wnts, Ang II also caused a
dramatic induction of β-catenin in rat kidneys. As shown in Fig. 2, E
and F, renal β-catenin protein was markedly upregulated at 7 days after
Ang II infusion. Accordingly, ACE and AT1, the downstream target
genes of β-catenin, were also induced in the kidneys (Fig. 2, E and F).
However, administration of ICG-001 reduced the protein expression of
β-catenin, ACE and AT1 (Fig. 2, E and F). Of note, ICG-001 also reduced
albuminuria in rats at 7 days after Ang II infusion (Fig. 2G). These data
suggest that inhibition of β-catenin by ICG-001 could block hyperten-
sion, RAS activation and kidney injury induced by Ang II infusion.

To further confirm whether Ang II induces Wnt expression, we in-
vestigated the regulation of Wnt ligands by Ang II using an in vitro cell
culture system. As shown in Fig. 2H, incubation of normal rat kidney
interstitial fibroblasts (NRK-49F) with Ang II induced the mRNA ex-
pression of numerous Wnt genes. Similarly, Ang II also induced β-ca-
tenin, AT1 and ACE proteins in a dose- and time-dependent manner in
NRK-49F cells (Fig. 2, I–K, and Supplementary Fig. S2).

2.3. Inhibition of Wnt/β-catenin blunts BP elevation and RAS activation in
remnant kidney

To support a role of Wnt/β-catenin in BP regulation, we extended
our studies to the rat remnant kidney model after 5/6 nephrectomy (5/
6NX). This subtotal renal ablation model is closely analogous to the
nature and course of human CKD [31,32], and is characterized by hy-
pertension, proteinuria, kidney dysfunction and glomerulosclerosis and
interstitial fibrosis. As shown in Fig. 3A, β-catenin protein was induced
in remnant kidney at 12 weeks after 5/6NX, compared with sham
controls. Immunostaining exhibited that β-catenin was predominantly
localized in the degenerated renal tubules with dilated lumens (Fig. 3A,
arrows). Similarly, Western blot analyses of whole kidney lysates also
revealed that β-catenin protein was significantly induced in remnant
kidney (Fig. 3, B and C). These results indicate that, similar to Ang II
infusion and other CKD models [17,23], canonical Wnt/β-catenin sig-
naling is activated in the remnant kidney model.

We next examined the effects of inhibition of Wnt/β-catenin sig-
naling by ICG-001 on BP and RAS activation in remnant kidney model.
The experimental protocol is presented in Fig. 3D. We chose to ad-
minister ICG-001 at 6 weeks after 5/6NX, a time point when kidney
injury was already established in this model [31,32]. This closely imi-
tates the clinical setting in which patients often seek an effective
treatment of established CKD. As shown in Fig. 3, E and F, both SBP and
MBP levels were significantly elevated in rats at 12 weeks after 5/6NX,

Fig. 1. Inhibition of Wnt/β-catenin signaling by ICG-
001 blocks blood pressure elevation induced by
chronic angiotensin II (Ang II) infusion in rats. (A)
Diagram shows experimental design. Red bar denotes
Ang II treatment. Green bar shows the treatment
schedule of ICG-001. Arrows indicate the timing for
BP assessment. Blood pressure was measured using
the tail-cuff technique at 3 and 7 days after Ang II
infusion. Both systolic blood pressure (B, D) and
mean blood pressure (C, E) are shown, respectively.
**P < 0.01 versus sham controls; †P < 0.05 versus
vehicle (n=5). (For interpretation of the references
to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Angiotensin II induces Wnt expression and RAS activation in vivo and in vitro. (A) RT-PCR analysis shows that multiple Wnt genes were induced in rat kidneys
at 7 days after Ang II infusion. Numbers (1, 2, and 3) indicate each individual animal in a given group. (B) Quantitative data of the relative Wnt mRNA levels among
different groups. *P < 0.05 versus control group (n=5). (C, D) Western blot analysis shows the abundance of Wnt proteins at 7 days after Ang II infusion in the
absence or presence of ICG-001. Representative Western blot (C) and quantitative data (D) are presented. *P < 0.05 versus control group (n=5). (E, F) Western blot
analysis shows a dramatic increase in renal β-catenin, ACE and AT1 abundance at 7 days after Ang II infusion, which could be blocked by ICG-001. Representative
Western blot (E) and quantitative data (F) are presented. *P < 0.05 versus sham controls, †P < 0.05 versus vehicle controls (n= 5). (G) ICG-001 ameliorated Ang II-
mediated proteinuria in rats. Urinary albumin levels were assessed by a specific ELISA, and reported after correction with urinary creatinine. *P < 0.05 versus sham
controls, †P < 0.05 versus vehicle controls (n= 5). (H) Ang II induces multiple Wnt expression in rat kidney interstitial fibroblasts (NRK-49F) in vitro. NRK-49F cells
were incubated with different doses of Ang II as indicated for 24 h, and Wnt mRNA expression was assessed by RT-PCR. (I, J) Ang II induces protein expression of β-
catenin and RAS components in a dose-dependent manner. NRK-49F cells were treated with different doses of Ang II for 24 h. Representative Western blot (I) and
quantitative data (J) are presented. *P < 0.05 versus controls (n=3). (K) Representative Western blot shows that Ang II induced β-catenin, AT1 and ACE expression
in a time-dependent manner. NRK-49F cells were treated with 100 nM Ang II for various periods of time as indicated.
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compared with sham controls. Interestingly, ICG-001 virtually nor-
malized both SBP and MBP (Fig. 3, E and F). The finding that ICG-001
blunted BP elevation in remnant kidney prompted us to investigate its
effect on RAS activation. As shown in Fig. 3G, subtotal renal ablation
after 5/6NX induced AGT and renin proteins predominantly in renal
tubular epithelium, whereas ACE was mainly induced in the brush
border of tubular cells. Of note, tubules with positive staining for AGT
and renin displayed enlarged lumens, suggesting a close correlation

between activation of RAS components and tubular injury. Similarly, 5/
6NX also drastically induced AT1 protein, compared with sham con-
trols. AT1 was induced not only in renal tubules (Fig. 3G, arrow) but
also in the interstitial cells (Fig. 3G, arrowhead) in remnant kidney.
These results demonstrate that ICG-001 has an attenuating effect on
both BP elevation and RAS activation.

Fig. 3. Inhibition of Wnt/β-catenin signaling by ICG-001 normalizes blood pressure and inhibits activation of renin-angiotensin system in rat remnant kidney model.
(A) Wnt/β-catenin is activated in rat remnant kidney model in vivo. Representative micrographs demonstrate the expression and localization of β-catenin in remnant
kidney. Rat kidney sections from sham control and 5/6NX at 12 weeks were stained immunohistochemically for β-catenin protein. Arrows indicate β-catenin–positive
staining in renal tubules. Scale bar, 50 μm. The images were representative from 6 rats per group. (B and C) Western blot analyses show a dramatic increase in renal
β-catenin abundance after 5/6NX. Representative Western blot (B) and quantitative data (C) are presented. Data are means ± SEM of 6 animals per group.
*P < 0.05 versus sham controls (n=6). (D) Diagram shows experimental design. Green bar shows the treatment schedule of ICG-001 or vehicle. (E, F) Blood
pressure was measured using the tail-cuff technique at 12 weeks after 5/6NX. Both systolic blood pressure (E) and mean blood pressure (F) are shown, respectively.
*P < 0.05 versus sham controls; †P < 0.05 versus vehicle (n= 6). (G) Kidney paraffin sections from different groups were stained for angiotensinogen (AGT), renin,
angiotensin-converting enzyme (ACE) and angiotensin II type 1 receptor (AT1), respectively. Arrows indicate positive staining in renal tubules, and arrowhead
denotes AT1-positive interstitial cells. The images were representative from 6 animals per group. Scale bar, 50 μm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Blockade of Wnt/β-catenin signaling by ICG-001 ameliorates kidney dysfunctions and renal interstitial fibrosis after 5/6NX. (A, B) ICG-001 treatment
improves kidney function. Serum creatinine (A) and blood urea nitrogen level (B) were assessed at 12weeks after 5/6NX. *P < 0.05 versus sham controls; †P < 0.05
versus vehicle (n=6). (C) SDS-PAGE analysis shows the abundance and composition of urinary proteins in rats from different groups. Urine samples after nor-
malization to creatinine were analyzed on SDS-PAGE and stained with Coomassie Blue reagent. Numbers (1, 2 and 3) indicate each individual animal in a given
group. A protein at the size of 65 kDa, presumably albumin, is indicated by asterisk. (D) Urinary albumin levels in rats at 12 weeks after 5/6NX. Urinary albumin was
expressed as μg/mg creatinine. (E) Kidney sections were stained with periodic acid-Schiff (PAS) and Masson-trichrome (MTS) reagents, respectively. Representative
micrographs from different groups as indicated are shown. Arrows indicate positive staining. Scale bar, 50 μm. (F) Kidney weights in different groups after ICG-001
treatment. The kidney weight to body weight ratio (KW/BW) at 12weeks after 5/6NX was calculated and presented. *P < 0.05 versus sham controls, †P < 0.05
versus vehicle controls (n=6). (G) Quantitative determination of renal fibrotic lesions in different groups. *P < 0.05 versus sham controls; †P < 0.05 versus vehicle
(n=6). (H) Immunohistochemical staining shows that ICG-001 inhibited myofibroblast activation in remnant kidney. Rat kidney sections at 12weeks after 5/6NX
were immunostained with specific antibody against α-SMA. Arrows indicate positive staining. Scale bar, 50 μm. The images were representative from 6 animals per
group. Except for vessel, there was no α-SMA-positive interstitial cell in normal rat kidney (not shown).

Fig. 5. ICG-001 inhibits matrix gene ex-
pression in remnant kidney. (A-D)
Quantitative, real-time RT-PCR results re-
veal that ICG-001 inhibited renal expression
of fibronectin (A), type I collagen (B), type
III collagen (C), and PAI-1 (D) mRNA at
12 weeks after 5/6NX. Relative mRNA levels
are reported after normalization with β-
actin. Ctrl, control. *P < 0.05 versus sham
controls; †P < 0.05 versus vehicle (n=6).
(E-I) Western blot analyses show the ex-
pression of fibronectin, type I collagen, α-
SMA and PAI-1 in different groups. Numbers
(1, 2 and 3) indicate each individual animal
in a given group. Representative Western
blot (E, H) and quantitative data for fi-
bronectin (F), type I collagen (G), α-SMA
and PAI-1 (I) are shown. Relative protein
levels (fold induction versus control group)
are presented after normalization with
actin. *P < 0.05 versus sham controls;
†P < 0.05 versus vehicle (n= 6). (J)
Representative micrographs show that ICG-
001 inhibited fibronectin and type I collagen
deposition in rat remnant kidney at
12 weeks after 5/6NX. Frozen kidney sec-
tions were stained with specific antibodies
against fibronectin and type I collagen, re-
spectively. Arrows indicate positive
staining. Scale bar, 50 μm. The images were
representative from 6 animals per group.

L. Xiao et al. BBA - Molecular Basis of Disease 1865 (2019) 1313–1322

1317



2.4. ICG-001 ameliorates kidney dysfunction and renal fibrosis

We next examined the effects of ICG-001 on renal function and
proteinuria in remnant kidney model, as normal rats have low level of
serum creatinine and minimal level of albumin in the urine. As shown
in Fig. 4, A and B, ICG-001 reduced both serum creatinine and blood
urea nitrogen. SDS-PAGE analysis of urine samples revealed that a
protein at the size of 65 kDa, presumably albumin [33], was elevated at
12 weeks after 5/6NX (Fig. 4C). Compared with vehicle controls, this
protein was greatly deceased in rats treated with ICG-001 (Fig. 4C).
Similar results were obtained when urinary albumin levels were as-
sessed by quantitative ELISA (Fig. 4D).

We further investigated the effects of ICG-001 on renal hypertrophy
and fibrosis in remnant kidney, as glomerular or tubular hypertrophy is
an early response of the kidney to injury. As shown in Fig. 4E, Periodic
acid-Schiff (PAS) staining demonstrated thickened glomerular and
tubular basement membranes, with enlarged glomeruli and tubules
(Fig. 4E), indicating renal hypertrophy. Consistently, ICG-001 amelio-
rated renal hypertrophy and normalized the kidney-to-body weight
ratio at 12 weeks after 5/6NX, compared with vehicle controls (Fig. 4F).
Masson's trichrome staining (MTS) revealed significant collagen de-
position in the tubulointerstitial compartment of remnant kidney at
12 weeks after 5/6NX, and ICG-001 substantially attenuated these fi-
brotic lesions (Fig. 4E). Quantitative determination of renal fibrotic
lesions by using morphometric analysis showed similar results
(Fig. 4G). Consistently, ICG-001 also inhibited the activation of myo-
fibroblasts in remnant kidney, as illustrated by immunohistochemical
staining for α-SMA (Fig. 4H).

We further examined the effect of ICG-001 on expression of major
interstitial matrix genes in remnant kidney. As shown in Fig. 5, A–C,
compared with sham controls, renal mRNA expression of fibronectin,
type I and type III collagens was markedly induced at 12 weeks after 5/
6NX, which was inhibited by ICG-001. In addition, ICG-001 also re-
pressed mRNA expression of plasminogen activator inhibitor-1 (PAI-1)
(Fig. 5D). Similarly, Western blot analyses illustrated a reduced protein
expression of fibronectin, type I collagen, α-SMA and PAI-1 in remnant
kidney treated with ICG-001 (Fig. 5, E–I). Immunostaining also con-
firmed that ICG-001 reduced the deposition of fibronectin and type I
collagen in remnant kidney (Fig. 5J).

2.5. ICG-001 inhibits renal inflammation

We next assessed renal infiltration of inflammatory cells in remnant
kidney. As shown in Fig. 6A, immunostaining for CD3 and CD68 anti-
gens demonstrated that 5/6NX led to significant infiltration of T cells
and monocytes/macrophages, and this was inhibited by ICG-001.
Computer-aided quantitative analysis confirmed a dramatic suppression
of renal infiltration of inflammatory CD3+ T cell and CD68+ macro-
phages by ICG-001 at 12 weeks after 5/6NX (Fig. 6, B and C). As shown
in Fig. 6D, qRT-PCR revealed an induction of proinflammatory RANTES
and TNF-α mRNA in remnant kidney, compared with sham controls.
Interestingly, ICG-001 completely inhibited both RANTES and TNF-α
mRNA induction, suggesting that blockade of Wnt/β-catenin signaling
inhibits 5/6NX-induced renal inflammation.

2.6. RAS activation is required for the Wnt/β-catenin-mediated fibrogenic
response in vitro

To investigate whether RAS activation is important for Wnt/β-ca-
tenin-mediated fibrogenesis, we examined the effects of losartan, an
AT1 receptor blocker (ARB), on the regulation of fibrosis-related genes
in kidney tubular epithelial cells. To this end, human kidney proximal
tubular epithelial cells (HKC-8) were transfected with constitutively
activated β-catenin expression vector (pDel-β-cat) [18,34]. Shown in
Fig. 7A, over-expression of β-catenin induced the expression of fi-
bronectin, α-SMA and Snail1 proteins in HKC-8 cells. As expected,

incubation with ICG-001 abolished the induction of these proteins
(Fig. 7, A and B). Interestingly, blockade of RAS signaling by losartan
also abolished the β-catenin-triggered induction of fibronectin, α-SMA
and Snail1 in HKC-8 cells (Fig. 7, C and D). Similarly, losartan also
inhibited the expression of fibronectin, α-SMA and Snail1 induced by
over-expression of Wnt1 (Fig. 7E). As illustrated in Fig. 7F, these results
indicate that Wnt/β-catenin-mediated fibrogenesis are dependent on
RAS activation in kidney cells in vitro.

3. Discussion

Hypertension affects more than 1.5 billion people worldwide and is
a major independent risk factor for chronic kidney and cardiovascular
diseases [10]. Although the precise cause of elevated BP in each af-
fected individual remains to be determined, at least some of these cases
are presumably associated with RAS hyperactivity. It is estimated that
about 80% of CKD patients are hypertensive [7], suggesting that renal
injury and hypertension form a vicious cycle. We recently demonstrated
that β-catenin is a master transcriptional regulator that directly controls
intrarenal RAS expression [9], underscoring a potential connection
between a hyperactive Wnt signaling and RAS activation. In the present
study, we further confirm that blockade of Wnt/β-catenin signaling
lowers BP, inhibits intra-renal RAS activation and ameliorates kidney
damage in rat models of chronic Ang II infusion and remnant kidney. To
our knowledge, this is the first study that links a developmental sig-
naling pathway to BP regulation in intact animals.

Of the regulatory systems for BP control, RAS activation plays a
predominant role in the development of hypertension. This view is
corroborated by the impressive anti-hypertensive benefits of the phar-
macologic blockade of RAS using either ACE inhibitors or AT1 blockers
in the clinical setting [10,35]. Although RAS is a hormonal system that
could affect BP by acting on many tissues such as the central nervous
system, heart, kidney and vasculature, genetic studies have established
a critical role for intra-renal RAS activation in the pathogenesis of hy-
pertension [3,36,37]. For example, an earlier study demonstrated that
the mean arterial BP is elevated in the double-transgenic mice expres-
sing human AGT and renin specifically in renal proximal tubule [36].
Furthermore, when the AT1 receptor is deleted from the proximal tu-
bule of the kidney, the mice are protected against the Ang II-dependent
hypertension [3,37]. These observations are in harmony with the con-
current induction of all RAS components in kidney tubules (Fig. 3G)
and BP elevation (Fig. 3, E and F) in remnant kidney after 5/6NX. Given
that Wnt/β-catenin regulates multiple RAS genes [9,16], it is con-
ceivable that the intra-renal RAS activation could account for the major
mechanism of action of this developmental signaling in promoting
hypertension and kidney damage.

Apart from the BP regulation, Wnt/β-catenin-mediated RAS acti-
vation could provoke kidney injury via a variety of other mechanisms.
Ang II, the active effector of RAS, is known to activate NF-кB and TGF-
β1 signaling [38,39], and thereby directly triggers renal inflammation
and fibrogenesis. Accordingly, blockade of this signaling by ICG-001 is
quite effective in blunting renal infiltration of inflammatory T cells and
monocytes/macrophages, as well as chemokines expression (Fig. 6).
Similarly, ICG-001 also inhibits the expression of various fibrosis-re-
lated genes both in vivo (Fig. 5) and in vitro (Fig. 7), and attenuates the
accumulation and deposition of extracellular matrix. Of particular in-
terest, Wnt/β-catenin-mediated induction of various fibrogenic genes is
completely hampered by losartan (Fig. 7), suggesting that RAS activa-
tion is required for mediating the profibrotic action of Wnt/β-catenin.
Therefore, as shown in Fig. 7F, Wnt/β-catenin/RAS constitutes a pa-
thologic axis that plays an essential role in mediating hypertension,
inflammation and fibrosis.

One of the novel findings in the present study is that Ang II induced
Wnt genes expression and β-catenin activation (Fig. 2). Since previous
studies demonstrate that Wnt/β-catenin activates multiple RAS genes, it
becomes clear that Ang II and Wnt/β-catenin can mutually stimulate
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each other, thereby creating a vicious cycle of Wnt/β-catenin and RAS
activation in diseased kidneys (Supplementary Fig. S3). This finding
also explains why ICG-001 can blunt Ang II-induced hypertension, be-
cause the action of Ang II could depend on the chronic activation of the
Wnt/β-catenin/RAS axis (Supplementary Fig. S3). It should be pointed
out that although several studies have shown Wnt/β-catenin activation
in different CKD models [18,20,22], its regulation has not been in-
vestigated in remnant kidney models. The results that β-catenin is in-
duced in both Ang II infusion and remnant kidney models (Figs. 2 and
3), together with earlier reports in other animal models [17,23],

suggest that activation of Wnt/β-catenin signaling is a common pa-
thologic finding in a wide variety of CKD, regardless of their etiologies.
In this context, it is tempting to speculate that the Wnt/β-catenin/RAS
axis could be an unprecedented therapeutic target in the treatment of
hypertension and CKD.

Consistent with the notion that β-catenin controls multiple RAS
genes, its inhibition by ICG-001 simultaneously abrogates the induction
of several RAS components (Fig. 3G). Unlike the current anti-RAS
therapy using ACE inhibitor or AT1 blockers, which targets one RAS
component a time, targeting β-catenin would concurrently repress

Fig. 6. ICG-001 attenuates inflammatory
infiltration and represses proinflammatory
cytokines expression. (A) Representative
micrographs show renal infiltration of CD3+

T cells and CD68+ monocytes/macro-
phages. Kidney sections from different
groups were immunohistochemically
stained with specific antibodies against CD3
and CD68 antigens, respectively. Arrows
indicate positive staining. Scale bar, 50 μm.
(B, C) Quantitative determination of CD3-
(B) and CD68- (C) positive cells in various
groups as indicated. *P < 0.05 versus sham
controls, †P < 0.05 versus vehicle (n=6).
(D) Graphic presentation shows the relative
mRNA levels of RANTES and TNF-α mRNA
determined by qRT-PCR. Relative mRNA
levels were determined after normalization
with β-actin and expressed as fold induction
over sham controls. Data are expressed as
mean ± SEM. *P < 0.05 versus sham con-
trols, †P < 0.05 versus vehicle (n=6).

Fig. 7. RAS activation is required for Wnt/
β-catenin-mediated fibrogenic response in
vitro. (A, B) Western blot analyses and
quantitative data showed that ICG-001
abolished β-catenin-mediated fibronectin,
α-SMA and Snail1 expression in tubular
epithelial cells. HKC-8 cells were transfected
with empty vector (pcDNA3) or con-
stitutively activated β-catenin expression
plasmid (pDel-β-cat) for 24 h, followed by
incubation with ICG-001 (10 μM).
*P < 0.05 versus controls (n=3);
†P < 0.05 versus pDel-β-cat alone (n=3).
(C, D) Losartan abolished β-catenin-medi-
ated fibrogenic action. HKC-8 cells were
treated as indicated. Whole cell lysates were
immunoblotted for the protein expression of
fibronectin, α-SMA and Snail1, respectively.
Representative Western blot analyses (C)
and quantitative data (D) are presented.
*P < 0.05 versus controls (n=3);
†P < 0.05 versus pDel-β-cat alone (n=3).
(E) Losartan also inhibited the expression of
fibrosis-related genes induced by Wnt1.
HKC-8 cells were transfected with pcDNA3
or pHA-Wnt1 plasmid for 24 h, followed by

incubation with losartan (10−6 M). Quantitative data on the relative abundance of fibronectin, α-SMA and Snail1 are presented. *P < 0.05 versus controls (n=3);
†P < 0.05 versus pDel-β-cat alone (n= 3). (F) Diagram denotes the potential role and mechanism of Wnt/β-catenin signaling in the pathogenesis of CKD induced by
5/6NX.
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multiple RAS genes, and therefore is presumed to have an improved
therapeutic efficacy. Indeed, inhibition of β-catenin by ICG-001 appears
quite effective in normalizing BP (Figs. 1 and 3), reducing proteinuria
(Fig. 4) and alleviating kidney fibrosis and inflammation (Figs. 4–6).
Because ICG-001 binds specifically to CBP and blocks CBP/β-catenin
interaction, its action is presumably mediated by disrupting CBP/β-
catenin-regulated gene transcription [24,27–29]. It is also noted,
however, that renal β-catenin protein level is reduced in Ang II-infused
rats after ICG-001 therapy (Fig. 2), which raises the possibility that ICG-
001 may affect β-catenin expression either directly or as a consequence
of its destabilization. It should be stressed that ICG-001 was given at
6 weeks after 5/6NX (Fig. 3D), a time point when kidney injury is al-
ready established in this model. In that regard, our present study re-
inforces the notion that inhibition of Wnt/β-catenin/RAS axis by ICG-
001 is able to ameliorate an established kidney injury.

The present study has some limitations. One potential pitfall is the
lack of genetic inhibition of Wnt/β-catenin signaling through knockout
or knockdown approaches, in addition to pharmacologic inhibition
using ICG-001. Because rat models were used in the present study, it is
technically difficult to manipulate gene expression in this species in
vivo. Future studies are warranted to use genetic approaches in mice to
directly link Wnt/β-catenin to BP regulation. Another limitation of this
study was using serum creatinine level, rather than the estimated glo-
merular filtration rate (eGFR), as an indicator of renal functionality. As
creatinine clearance is more accurate than serum creatinine levels for
assessing renal function in CKD, more studies are needed in the future
to fully address this issue.

In summary, we have shown herein that Wnt/β-catenin is activated
in two rat models of experimental hypertension: chronic Ang II infusion
and remnant kidney after subtotal renal ablation. Such Wnt/β-catenin
activation is accompanied by intra-renal RAS activation and develop-
ment of hypertension and kidney injury. Consistently, inhibition of β-
catenin with a small-molecule inhibitor ICG-001 lowers BP, represses
RAS expression, reduces proteinuria, inhibits renal inflammation and
fibrosis, and preserves kidney function. These results suggest an in-
trinsic linkage of this developmental signaling to BP regulation. Our
studies also indicate that Wnt/β-catenin/RAS constitutes a pathologic
axis, and disruption of this axis holds promise as an effective strategy
for treatment of hypertension and CKD.

4. Materials and methods

4.1. Animal models

All animal studies were performed according to the NIH Guide for
the Care and Use of Laboratory Animals and by use of the procedures
approved by the Committee of Laboratory Animals in the Southern
Medical University, and the Institutional Animal Care and Use
Committee at the University of Pittsburgh, respectively. Two rat models
of hypertension, namely chronic angiotensin II (Ang II) infusion and
remnant kidney after 5/6 nephrectomy (5/6NX), were used in this
study. For the Ang II infusion model, male Sprague-Dawley (SD) rats
(age 8 weeks), weighting 200–220 g, were purchased from Harlan
Laboratories (Indianapolis, IN). SD rats were subjected to Ang II infu-
sion model using osmotic mini-pump by an established protocol, as
described previously [25,40]. Briefly, under general anesthesia with
pentobarbital sodium (35–45mg/kg, intraperitoneal injection), an os-
motic minipump (Alzet, 2ML4, Cupertino, CA) was implanted sub-
cutaneously for the chronic administration of Ang II at the rate of
325 ng/kg/min. Rats were divided into three groups: (i) sham control
(n= 5), (ii) Ang II infusion rats treated with vehicle (n= 5), and (iii)
Ang II infusion rats injected with ICG-001 (n=5). ICG-001 (Chembest,
Shanghai, China) was administered daily by intraperitoneal injection at
5mg/kg body wt. The body weights and blood pressure of the rats were
measured as indicated. At 3 and 7 days after Ang II infusion, rats were
sacrificed. Urine, blood and kidney tissue were collected for various

analyses.
For the 5/6NX model, male SD rats, weighting 200–220 g, were

subjected to 5/6NX using two-step protocol (Fig. 3D), as described
previously [32]. Briefly, under general anesthesia with pentobarbital
sodium, rats were subjected to surgical resection of two thirds of the left
kidney. One week later, rats underwent right nephrectomy. Sham-op-
erated rats had their kidneys exposed without nephrectomy. Six weeks
after operation, the 5/6NX rats were assigned into groups after ran-
domization with serum creatinine level and blood pressure. Three
groups of rats were used: (i) sham control (n= 6), (ii) 5/6NX rats
treated with vehicle (n=6), and (iii) 5/6NX rats injected with ICG-001
(n= 6). ICG-001 was administered by intraperitoneal injection at
5mg/kg body wt, three times per week. At 12 weeks after 5/6NX, all
animals were sacrificed. Urine, blood and kidney tissues were collected
for analysis.

4.2. Cell culture and treatment

Normal rat kidney interstitial fibroblast cells (NRK-49F) were ob-
tained from the American Type Culture Collection (ATCC, Manassas,
VA). Cells were maintained in Dulbecco's modified Eagle's medium/F12
medium supplemented with 10% fetal bovine serum. The NRK-49F cells
within 15 passages were seeded on six-well culture plates to 60 to 70%
confluence in the complete medium containing 10% fetal bovine serum
for 16 h, and then changed to serum-free medium after washing twice
with medium. Ang II was added to the culture at the concentrations as
indicated and incubated for 24 h. Cells were then analyzed for Wnt
expression. Human proximal tubular epithelial cells (HKC, clone-8)
were provided by Dr. L. Racusen (Johns Hopkins University, Baltimore,
MD). Cell culture was carried out according to the procedures described
previously [41]. HKC-8 cells within 15 passages were transfected with
Wnt1 expressing vectors (pHA-Wnt1), N-terminally truncated, con-
stitutively activated β-catenin expression vector (pDel-β-cat) or empty
vector (pcDNA3) by lipofectamine 2000 (Invitrogen, Carlsbad, CA),
according to the manufacturer's protocol. In some experiments, cells
were incubated with ICG-001 at 10 μM or losartan at 10−6 M (#61188;
Sigma). Whole-cell lysates were prepared and subjected to Western blot
analyses.

4.3. Renal function and BP assessment

Serum and urine creatinine as well as blood urea nitrogen levels
were measured by using automatic biochemical analyzer (AU480,
Beckman-Coulter Inc., Brea, CA). Urinary albumin level was de-
termined using rat Albumin ELISA Quantization kit, according to the
manufacturer's protocol (Bethyl Laboratories Inc., Montgomery, TX).
Urinary albumin was normalized to urine creatinine and expressed as
μg/mg urinary creatinine. BP measurements were performed by the
tail-cuff technique using the CODA blood pressure monitor (Kent
Scientific, Torrington, CT). Rats were acclimated to the BP measure-
ments by measuring their BP daily for 3 days prior to the measurements
used in the study.

4.4. Histology and immunohistochemical staining

Paraffin-embedded rat kidney sections (4 μm thickness) were pre-
pared by a routine procedure [17]. Sections were stained with periodic
acid-Schiff reagent by standard protocol. Kidney sections were also
subjected to Masson's Trichrome staining for assessing collagen de-
position and fibrotic lesions. Semi-quantitative determination of renal
fibrosis score was carried out by previously reported methods [32].
Briefly, Masson trichrome-stained kidney sections were graded for the
presence of interstitial fibrosis according to the following scale: 0, no
evidence of interstitial fibrosis; 1,< 25% involvement; 2, 25 to 50%
involvement, and 3,> 50% involvement. The scale for each rat was
reported as the mean of 10 random high-power (X400) fields per
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section [32]. Immunohistochemical staining was performed using es-
tablished protocol, as described previously [9]. Antibodies used were as
follow: rabbit polyclonal anti-α-smooth muscle actin antibody
(ab5694), rabbit monoclonal anti-β-catenin antibody (ab32572), rabbit
monoclonal anti-CD3 antibody (ab16669; Abcam, Cambridge, MA),
mouse monoclonal anti-CD68 antibody (MCA341GA; Serotec), goat
polyclonal anti-AGT (sc-7419), goat polyclonal anti-renin (sc-27320,
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-AT1
receptor (AB15552; Millipore, Billerica, MA).

4.5. Immunofluorescence staining

Kidney cryosections were fixed with 3.7% paraformalin for 15min
at room temperature. After blocking with 10% donkey serum for
30min, the slides were immunostained with primary antibodies against
fibronectin (sc-9068, Santa Cruz Biotechnology), rabbit polyclonal anti-
collagen I (234167, EMD Millipore).

4.6. Western blot analysis

Protein expression in kidney homogenates was analyzed by Western
blot analysis as described previously [17]. The primary antibodies used
were as follow: rabbit polyclonal anti-fibronectin (sc-9068; Santa Cruz
Biotechnology), rabbit polyclonal anti-collagen I (234167, EMD Milli-
pore), rabbit monoclonal anti-β-catenin antibody (ab32572; Abcam,
Cambridge, MA), and rabbit monoclonal anti-β-actin (4970, Cell Sig-
naling Technology), rabbit polyclonal anti-AT1 receptor (ab15552;
Millipore, Billerica, MA), rabbit monoclonal anti-ACE (ab75762;
abcam, Cambridge, MA).

4.7. RT-PCR and real-time PCR

Total RNA isolation was carried out using the TRIzol RNA isolation
system (Invitrogen, Carlsbad, CA) according to the manufacturer's in-
struction. The first strand of complementary DNA was synthesized using
1 μg of RNA in 20 μl of reaction buffer containing MMLV-RT and
random primers at 37 °C for 50min. RT-PCR analyses of Wnt mRNA
expression were carried out as described previously [17]. Real-time RT-
PCR was performed in a total volume of 25 μl in duplicate by using the
SYBR green reagents (Life Technologies, Carlsbad, CA). The sequences
of the primer pairs are given in Supplementary Table S1. Relative
mRNA level of various genes was determined after normalization with
β-actin.

4.8. Statistical analyses

All data examined are expressed as mean ± SEM. Statistical ana-
lyses of the data were performed using SPSS 13.0 for Windows (SPSS
Inc., Chicago, IL). Comparisons between groups were made using one-
way ANOVA, followed by Student-Newman-Keuls test or Dunnett's T3
procedure when the assumption of equal variances did not hold.
P < 0.05 was considered to be significant.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.01.027.
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