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Honokiol ameliorates renal
fibrosis by inhibiting
extracellular matrix and
pro-inflammatory factors
in vivo and in vitro
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Renal fibrosis acts as the common pathway leading to the development of end-stage renal disease. The present study
investigated, in vivo and in vitro, the anti-fibrotic and anti-inflammatory effects, particularly on the epithelial to mesenchymal
transition of renal tubular cells, exerted by honokiol, a phytochemical used in traditional medicine, and mechanisms

underlying these effects.

EXPERIMENTAL APPROACH

Anti-fibrotic effects in vivo were assayed in a rat model of renal fibrosis [the unilateral ureteral obstruction (UUO) model]. A rat
tubular epithelial cell line (NRK-52E) was stimulated by transforming growth factor-1 (TGF-B1) and treated with honokiol to
explore possible mechanisms of these anti-fibrotic effects. Gene or protein expression was analysed by Northern or Western
blotting. Transcriptional regulation was investigated using luciferase activity driven by a connective tissue growth factor

(CTGF) promoter.
KEY RESULTS

Honokiol slowed development of renal fibrosis both in vivo and in vitro. Honokiol treatment attenuated tubulointerstitial
fibrosis and expression of pro-fibrotic factors in the UUO model. Honokiol also decreased expression of the mRNA for the
chemokine CCL2 and for the intracellular adhesion molecule-1, as well as accumulation of type | (a1) collagen and fibronectin
in UUO kidneys. Phosphorylation of Smad-2/3 induced by TGF-B1 and CTGF luciferase activity in renal tubular cells were also

inhibited by honokiol.
CONCLUSIONS AND IMPLICATIONS

Honokiol suppressed expression of pro-fibrotic and pro-inflammatory factors and of extracellular matrix proteins. Honokiol

may become a therapeutic agent to prevent renal fibrosis.

Abbreviations

o-SMA, o-smooth muscle actin; BUN, blood urea nitrogen; CKD, chronic kidney disease; Cr, creatinine; CTGF,
connective tissue growth factor; ECM, extracellular matrix; GPT, glutamic pyruvic transaminase; ICAM-1, intracellular
adhesion molecule-1; LDH, lactic acid dehydrogenase; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide; PAI-1, plasminogen activator inhibitor-1; TGF-B1, transforming growth factor-f1; UUO, unilateral ureteral

obstruction
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Introduction

Honokiol ({[4-allyl-2-(3-allyl-4-hydroxy-phenyl)-phenol]}, a
major bioactive compound isolated from the bark of ‘Houpo’
(Magnolia officinalis), has been used in traditional Asian medi-
cine for many years. We and others have demonstrated that
honokiol exerts anti-inflammatory effects and protects endot-
helial cells by inhibiting NF-xB signalling (Lee et al., 2005;
Sheu et al., 2008). Honokiol also exhibits a number of phar-
macological actions, including anti-oxidative, anti-microbial,
anxiolytic, anti-neoplastic and anti-platelet effects. Several
reports also suggest anti-inflammatory and anti-fibrotic roles
of honokiol in studies on neutrophils and hepatic fibrosis
(Son et al., 2000; Liou et al., 2003; Park et al., 2005). Our
recent work also demonstrated that honokiol attenuated
experimental anti-Thy1 nephritis and suppressed endothelial
cell apoptosis induced by high glucose concentrations, by
inhibiting oxidative stress (Chiang et al., 2006; Sheu et al.,
2008).

Chronic kidney disease (CKD) is a worldwide public
health problem. There is an increasing incidence and preva-
lence of patients with kidney failure requiring replacement
therapy, with poor outcomes and high cost (Eknoyan et al.,
2004; Castro et al., 2009). Tubulointerstitial fibrosis, regard-
less of the initial renal insults, is a common pathological
presentation of CKD. Tubulointerstitial fibrosis, characterized
by tubular atrophy, interstitial matrix deposition and mono-
nuclear cell infiltration, is a more consistent predictor of
functional impairment than glomerular damage (Risdon
et al., 1968; Hewitson, 2009). During disease progression, a
variety of adhesion molecules, chemokines and growth
factors, such as intracellular adhesion molecule-1 (ICAM-1),
the chemokine CCL2 (also known as monocyte chemoattrac-
tant protein-1), plasminogen activator inhibitor 1 (PAI-1),
and transforming growth factor-1 (TGF-f1), can further
drive these pathological changes (Liu, 2006). Smad-
connective tissue growth factor (CTGF) pathways transmit
TGF-B1 receptor signalling to regulate the expression of pro-
fibrotic genes and the epithelial-to-mesenchymal transition
in tubular cells (Liu, 2010). Currently, pharmacological inter-
vention with angiotensin converting enzyme inhibitors and
angiotensin II receptor antagonists provide only partial reno-
protection in diabetes and non-diabetes CKD by reducing
glomerular and tubulointerstitial damage (mesangial activa-
tion, podocyte injury, tubulointerstitial injury and inflamma-
tory cell infiltration) (Brenner et al., 2001; Izuhara et al., 2005;
Hou et al., 2006). Efforts to explore other potential agents to
achieve more comprehensive renoprotection are essential.

We hypothesized that honokiol may have the potential to
prevent renal fibrosis. To test this hypothesis, we used unilat-
eral ureteral obstruction (UUO) in rats to induce renal fibro-
sis, characterized by a normotensive, non-proteinuric and
non-hyperlipidemic state, and without any immune or toxic
renal insult (Klahr ef al., 2002). We investigated the in vivo
and in vitro efficacy of honokiol on UUO-induced and TGF-
B-induced expression of pro-fibrotic genes, depositionof
extracellular matrix (ECM) proteins, Smad signaling and
CTGF luciferase activity. Our findings provide the first evi-
dence that honokiol has the potential to be developed as a
therapeutic agent to prevent renal fibrosis.

Honokiol ameliorates renal fibrosis

Methods

Experimental animals

All animal care and experimental procedures were approved
by the boards of the Experimental Animal Center, College of
Medicine, National Taiwan University, Taipei, Taiwan. Male
Wistar rats (Taipei, Taiwan) weighing 150-200 g were housed
in temperature-controlled conditions under a light/dark
photo cycle with food and water supplied ad libitum. Follow-
ing anaesthesia with pentobarbital sodium (50 mg-kg™’, i.p.),
the left ureter was ligated at the ureteropelvic junction with
4-0 silk through a left flank incision (UUO model). A control
group of rats were subjected to sham operations that were
identical to those for the rats with UUO, except that the
ureters were not ligated.

Experimental protocols for UUO

Four groups of rats (n = 24) were used. UUO rats were treated
with either PBS (UUO group, n = 6) or honokiol (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) (2.5 mg-kg™', twice
per day; UUO/HK group, n = 6) by oral-gastric syringe feeding
just after the animal had recovered from general anesthesia
and through day O to day 13, with a total of with 28 doses of
honokiol. Sham operated rats (SHM and SHM/HK groups)
consisted of six age-matched rats in each group. At day 14, a
multiple physiological recorder (TA240S; Gould, Valley View,
OH, USA) was applied to record arterial blood pressure and
heartbeat rate through the carotid artery, and then blood
samples were taken and the rats killed. UUO and SHM
kidneys were divided coronally into two parts. The first part
was fixed in 10% neutral-buffered formalin for pathological
examnination and the second part was quickly frozen in
liquid nitrogen and stored at —70°C for protein and RNA
extraction.

Semiquantitative assessment of renal fibrosis
Tubulointerstitial damage was graded in periodic acid-Schiff
(PAS)-stained sections on a scale from O to 4 (0, no changes;
1, changes affecting <25%; 2, changes affecting 25 to 50%; 3,
changes affecting 50 to 75%; 4, changes affecting 75 to 100%
of the section) (Remuzzi efal.,, 1999). For further analysis
of the degree of interstitial collagen deposition, Masson
trichrome-stained sections were graded (0, no staining; 1,
<25% staining; 2, 25 to 50% staining; 3, 50 to 75% staining;
4, 75 to 100% staining of the section) (Remuzzi et al., 1999).
Tubulointerstitial damage was assessed in each rat and aver-
aged for rats of each group. The same investigator who was
unaware of the nature of the experimental groups analysed
all renal pathology samples.

Electrophoresis and immunoblotting

Whole cell lysates were prepared as described previously
(Chiang et al., 2006; Sheu et al., 2007). Proteins were sepa-
rated by pre-cast 10% SDS-polyacrylamide gel electrophore-
sis, and then electrophoretically transferred from the gel onto
polyvinylidene difluoride membranes. After blocking, blots
were incubated with, anti-CTGF, anti-type I (a1) collagen,
anti-fibronectin (BD Biosciences, Woburn, MA, USA), anti-
PAI-1 and anti-TGF-f1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-o-smooth muscle actin (o-SMA) and
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anti-B-actin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Sigma, St. Louis, MO, USA) antibodies in PBS
within 0.1% Tween 20 for 1 h followed by three 10 min
washes in PBS within 0.1% Tween 20. The membranes were
then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 60 min. Detection was performed with
Western blotting reagent ECL (Amersham, Piscataway, NJ,
USA), and the Kodak X-Omat films (Kodak, Rochester, NY,
USA) exposed chemiluminescence. We used Scion Image
(Scion, Frederick, MD, USA) for computer analysis of band
pixel intensities.

RNA extraction and Northern blot analyses
Total RNA isolated for Northern blot analysis was performed
as described previously (Chiang et al., 2006). Human ICAM-1,
CCL2 and GAPDH RNA probes were synthesized as described
previously (Chiang et al., 2006).

Miscellaneous measurements

Blood samples were drawn from the carotid artery after blood
pressure measurement. Serum blood urea nitrogen (BUN),
creatinine (Cr), glutamic pyruvic transaminase (GPT) and
lactate dehydrogenase (LDH) were analysed with the auto-
matic analyser Integra 800 (Roche, Mannheim, Germany).
The Department of Laboratory Medicine, National Taiwan
University Hospital, performed all analyses.

Normal rat kidney (NRK)-52E cell culture
NRK-52E cells were used to study the direct effects of
honokiol on the induction of pro-fibrotic factors by TGF-f1,
which has been validated as an in vitro system to evaluate the
efficiency of therapeutic agents on fibrosis. NRK-52E cells
were purchased from the Food Industry Research and Devel-
opment Institute (Hsinchu, Taiwan). They were cultured at
37°C in 5% CO, in DMEM that was supplemented with 10%
fetal bovine serum (FBS), penicillin G (100 U-mL™), and strep-
tomycin (100 uL-mL™"). The NRK-52E cells were seeded on
10 cm dishes with complete medium that contained 10%
FBS (Life Technologies BRL, Rockville, MD, USA) till sub-
confluence. Thereafter, the cells were kept in 0.5% FBS
medium for 24 h and were pre-treated with honokiol (1, 3 or
10 uM) for 60 mins, then stimulated with recombinant
human TGF-B1 (R&D Systems, Minneapolis, MN, USA) at a
concentration of 5 ng-mL™" in 0.5% FBS-added medium, for
the periods indicated.

Cell viability

Viability of renal cells after treatment with honokiol was
assessed by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma] assay, as described by
Sheu et al. (2005). This assay is based on the cellular conver-
sion of the colorimetric reagent MTT, in the presence of
electron-coupling reagent phenazine methosulfate, into
soluble formazan by dehydrogenase enzymes found only in
metabolically active, living cells. Formazan formation was
measured on the basis of increased absorbance at 490 nm.

Immunoblotting in TGF-B1-or TGF-B1 and
HK-co-treated NRK-52E cells

Cells were harvested and immunoblotting using whole cell
lysates was carried out as described previously (Chiang et al.,
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2006; Sheu et al., 2007). In addition to the primary antibod-
ies, anti-Smad-2/3 (Cell Signaling, Leiden, the Netherlands)
and anti-phospho-Smad-2/3 (Upstate, Lake Placid, NY, USA)
antibodies were also used.

Construction of CTGF promoter-luciferase
reporter plasmids

The CTGF promoter (-747/+214) luciferase construct (pGL3-
CTGF-Luc) was provided by Dr M.-L. Kuo (National Taiwan
University) (Yu et al., 2009). Briefly, a 962-base pair (bp) frag-
ment representing the 5’ upstream region of the CTGF gene
(=747 to 214 bp), based on GenBank accession number
AL354866, was generated by PCR. The transcription initia-
tion site was defined as +1. This fragment was ligated into the
firefly luciferase (Rluc) reporter vector, pGL3-basic (Promega,
Madison, WI, USA), and was designated pGL3-CTGE then
verified by sequencing.

Transient transfections and luciferase assay
NRK-52E cells (1 x 10° cells per well) were seeded onto 6-well
plates and cells were transfected the following day using
Transfectinn, reagent (Bio-Rad) with 2 ug of CTGF-Luc, the
CTGF promoter constructs (-747/+214). After overnight
incubation with transfection mixtures, culture medium was
replaced by 0.5% FBS medium. A range of concentrations
of honokiol (1, 3, 10 uM) were added, together with TGF-f1
to NRKS52E cells. After incubation, cells were harvested and
luciferase activity measured in a luminometer (Berthold Tech-
nologies GmbH & Co. KG, Bad Wildbad, Germany), using a
dual-luciferase reporter assay system (Promega). The inhibi-
tion of CTGF-luciferase activity by honokiol was calculated as
(CTGF-luciferase activity of honokiol treatment with TGF-$1/
CTGF (-747/+214) luciferase activity caused by TGF-B1 alone)
x 100%.

Statistical analysis

Data are presented as mean = SEM. All analyses were per-
formed by analysis of variance followed by a Fisher’s least
significant. All statistics calculations were done with SPSS
13.0 for Windows (SPSS, Chicago, IL, USA).

Results

During this study, no adverse effects observed in the experi-
mental groups. No obvious change in appearance or mortality
was found in rats with sham or UUO operation, treated with
either honokiol or vehicle. Honokiol-tretaed rats ahd a trend
towards a lower blood pressure but this was not significant
(Table 1). However, we cannot exclude some influence of this
lower blood pressure on the degree of renal damage. Body
weight, heart rate, serum BUN, Cr, GPT and LDH were similar
in all groups at the end of experiment (data not shown).

Honokiol treatment attenuated
tubulointerstitial damage and

progressive fibrosis in UUO kidneys
UUO-induced tubulointerstitial damage was characterized
as severe tubular dilatation, tubular atrophy and widened
interstitial space on the PAS-stained kidney sections
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Table 1

Baseline body weight and final body weight, blood pressure and heart rate at the end of the experiment (14 days)

Baseline After treatment

Blood pressure

Study groups Body weight (g) Body weight (g) (mmHg) Heart rate (bpm)
Sham 179.0 £ 13.4 243.4 = 13.0 105 =9 443 *= 23
Sham/HK 165.8 £ 9.3 219.0 = 16.5 116 = 4 445 = 5

uuo 174.0 £ 10.8 237.4 = 10.9 130 = 19 448 + 22

UUO/HK 163.6 = 7.6 216.0 = 16.6 114 = 23 424 =18

No differences in any of the variables measured were observed between any of the experimental groups.
UUO, unilateral ureteral obstruction; HK, honokiol; bpm, beats per minute.

(Figure 1A, UUO group) compared with the control
(Figure 1A, SHM group). In contrast, tubulointerstitial
damage was reduced in UUO kidneys taken from the
honokiol-treated rats (Figure 1A, UUO/HK group), compared
with the vehicle-treated UUO kidneys (Figure 1A, UUO
group). This finding was confirmed by semi-quantitative
assessment of the tubulointerstitial damage on the PAS-
stained sections of renal tissue (Figure 1A). UUO also
increased collagen deposition in rat kidneys, as disclosed by
the Masson’s trichrome-stained sections (Figure 1B, UUO
group), compared with the control (Figure 1B, SHM group).
Honokiol treatment of UUO rats led to less collagen deposi-
tion in their kidneys (Figure 1B, UUO/HK group) compared
with the vehicle-treated UUO kidneys (Figure 1B, UUO
group). Semiquantitative assessment of the fibrotic area on
the Masson’s trichrome-stained sections of renal tissue is
shown in Figure 1B.

Honokiol attenuated increase of
proinflammatory mediators in UUO kidneys
Having demonstrated that honokiol attenuated renal pathol-
ogy, we next examined the effect of honokiol on the expres-
sion of pro-inflammatory mediator genes, which induce
leukocyte infiltration and activation at the place of injury.
We examined the effects of honokiol treatment on ICAM-1
and CCL2 gene expression. The UUO kidneys showed
up-regulation of the mRNA for ICAM-1, as well as that for
CCL2 (Figure 2, UUO group) by 3.6- and 21.4-fold. Treatment
with honokiol (Figure 2, UUO/HK group) diminished this
augmented expression.

Honokiol attenuated increased expression of

o-SMA and pro-fibrotic genes in UUO kidneys
UUO-induced tubulointerstitial damage would lead to activa-
tion of resident renal tubular cell and interstitial fibroblasts,
as shown by induction of pro-fibrotic protein expression and
accumulation of ECM components. As shown in Figure 3A,
UUO increased TGF-B1 levels and this was prevented by treat-
ment with honokiol. Furthermore, expression of o-SMA, a
marker of tubular cell activation, was also increased by UUO,
compared with the control (SHM group) (Figure 3B)and this
up regulation of the a-SMA was inhibited by honokiol treat-
ment (Figure 3B). This observation indicated that honokiol

treatment inhibited the process of fibrosis in the obstructed
kidneys, which is characterized by the gain of mesenchymal
phenotype, and disruption of tubular basement membrane.
To test our hypothesis further, we measured the effect of
honokiol on the pro-fibrotic mediator CTGF, the levels of
PAI-1 (which inhibits the degradation of ECM) and the accu-
mulation of ECM proteins. As shown in Figure 4A and B,
there was a significant increase in CTGF or PAI-1 protein
expression in rat kidneys with UUO, which was reversed by
honokiol treatment. This finding implies that honokiol can
attenuate the genes upstream of ECM and modulates ECM
accumulation. Next, we examined the effects of honokiol
treatment on accumulation of ECM proteins in rats with
UUO. The induction of UUO in rats led to the accumulation
of interstitial type I (al) collagen, as well as fibronectin
(Figure 4C and D) by 245- and 15.3-fold. Treatment with
honokiol of UUO-induced rats diminished the augmented
expression of ECM proteins (Figure 4C and D).

Honokiol blocked TGF-B1-induced
profibrogenic factors and ECM

accumulation in renal cells

We next tested the in vitro effects of honokiol on the viability
and expression of pro-fibrotic factors in NRK-52E cells. Cell
viability was not affected by honokiol over the concentration
range used (1-10 uM; data not shown). Levels of a-SMA
protein were increased after TGF-B1 stimulation of NRK-52E
cells, peaking some time between 72 and 96 h (upper panel,
Figure 3B). These increases in a-SMA protein were suppressed
by honokiol, concentration-dependently (lower panel of
Figure 3B).

Activated tubular cells act as a major source of ECM pro-
teins. We therefore investigated whether honokiol could
attenuate TGF-B1-stimulated expression of ECM in cultured
tubular cells. As shown in Figure 5A and B, the fibrinogen and
collagen al proteins, which are the major ECM components
in interstitial fibrosis, were increased to 2.2- and 3.2-fold the
control level in NRK-52E cells, incubated with TGF-B1, for up
to 96 h (upper half of Figure SA and B). Treatment of the cells
with honokiol reduced this up-regulation of ECM proteins
concentration-dependently (lower half of Figure SA and B).

To further examine possible mechanisms underlying
attenuation of ECM accumulation by honokiol, we examined
its effects on pro-fibrogenic factors, such as CTGF and PAI-1,
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Honokiol attenuated renal interstitial damage and collagen deposition in UUO rats. Kidney tissue stained with (A) periodic acid-Schiff (PAS) and
(B) Masson trichrome for sham-operated rats that were given vehicle (SHM) or honokiol (SHM/HK) and UUO rats that given vehicle or honokiol
(UUO/HK) for 2 weeks after surgery. Magnification, x200. In the lower part of this figure, the tubulointerstitial damage in PAS-stained sections and
the degree of interstitial collagen deposition in Masson trichrome-stained sections of the kidney tissue was graded semi- quantitatively and
averaged for rats of each group (n = 6 for each group). Data were expressed as mean = SEM for each group. *P < 0.05 significantly different from

SHM rats; **P < 0.05 significantly different from UUO rats.

in TGF-Bl-stimulated cells. Exposure to TGF-B1 increased
CTGF protein levels by 3.6-fold after 96 h in NRK-52E cells
(Figure 6A, upper panels). Treatment with honokiol dimin-
ished this CTGF protein synthesis in a concentration
-dependent manner (Figure 6A, lower panels). Another way
to accumulate ECM proteins is to inhibit their normal deg-
radation. We therefore measured levels of PAI-1, one of the
most important endogenous inhibitors of ECM degradation,
using Western blot analyses. In TGF-B1-stimulated NRK-52E
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cells, PAI-1 protein was increased 2.3-fold, compared with
the control group, and honokiol attenuated this increase
(Figure 6B, lower panel).

Honokiol attenuated TGF-B1-induced
up-regulation of the phosphorylation

of Smad-2/3 in NRK-52E Cells

As a mechanistic experiment for the effects of HK, we
examined whether the honokiol treatment affected Smad
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Honokiol reduced inflammatory response in UUO rats. UUO or sham groups were treated with or without honokiol (HK; 2.5 mg-kg™'-day', twice
a day), for 14 days Tissue RNA was extracted and prepared for Northern blot analyses for CCL2, ICAM-1, and GAPDH. The UUO-induced
expression of ICAM-1 (A) and CCL2 (B) RNA was reduced by honokiol. Quantification of the ICAM-1 and CCL2 RNA expression was performed
by densitometric analysis (n = 6 for each group). Data were expressed as mean = SEM for each group. *P < 0.05 significantly different from SHM

rats; **P < 0.05 significantly different from UUO rats.

signalling, which has been known to play a major role in the
process of TGF-B1-induced renal fibrosis (Li et al., 2002; Liu,
2004; 2006). As shown in Figure 7, NRK-52E cells that were
pre-treated with honokiol for 30 min followed by TGF-f1
treatment for an additional 30 min showed no change in the
expression of total Smad-2/3 proteins, but the expression
of phosphorylated Smad-2 and Smad-3 was increased in
the TGF-Bl-treated group. The subsequent pretreatment
with honokiol attenuated both the basal and the TGF-B1-
stimulated phosphorylation of Smad-2/3.

Honokiol treatment attenuated
TGF-B1-induced CTGF-luciferase

activity in NRK-52E cells

To assay the effects of honokiol on TGF-f1-induced CTGF
expression, NRK-52E cells were transiently transfected with
CTGF-Luc plasmid and treated with TGF-B1 and the indicated
concentrations of honokiol HK. As shown in Figure 8, TGF-
B1 markedly increased CTGF promoter luciferase activity
twofold, which was reduced by the addition of honokiol, in a
concentration-dependent manner (Figure 8), from 17% inhi-
bition at 1 uM to 59% inhibition at 10 uM.

Discussion

This study demonstrated that honokiol, a photochemical
widely used in traditional medicine, attenuated renal inter-
stitial fibrosis through its effects against pro-inflammatory
and pro-fibrotic mediators in vitro and in vivo. These findings

extended our previous study in applying honokiol not only
in the treatment of glomerulonephritis but also for renal
fibrosis (Chiang et al., 2006). This is the first evidence that
honokiol has the potential to be developed as a therapeutic
agent to prevent renal fibrosis. The wide range of biological
effects exhibited by honokiol is thought to reflect its potent
antioxidant properties, stemming from its polyphenol struc-
ture, which leads to anti-fibrotic and anti-inflammatory
actions in renal fibrosis. There are several ways in which
honokiol may prevent renal pathological insults in experi-
mental tubulointerstitial fibrosis.

Firstly, TGF-B1 and its downstream signalling cascades
play key roles in activating cellular pathological mechanisms
in renal tubulointerstitial fibrosis, including induction of
interstitial cell activation and of pro-fibrotic genes expres-
sion (Kaneto etal., 1993; Liu, 2006). Following ligand
binding, the TGF-B receptor complex transiently interacts
with receptor-activated Smads, which propagate TGF-B sig-
nalling and regulate the promoter activities of TGF-p target
genes (Heldin et al., 1997; Derynck et al., 1998). TGF-B1 sig-
nalling may initiate pro-apoptotic effectors and/or pro-
fibrotic activation of tubular epithelial cells, resulting in
tubular degeneration and tubular atrophy. Induction of
TGF-B1 may convert tubular epithelial cells and fibroblasts
into activated myofibroblasts, which may be responsible for
increased deposition of interstitial matrix in response to
TGF-B/Smad signaling. Furthermore, considerable evidence
indicates that CTGF plays a pivotal role in TGF-B-dependent
tubulointerstitial fibrosis (Gupta et al., 2000; Burns etal.,
2006). CTGF mediates the up-regulation of collagen type I
by TGF-f1 in mesangial cells and fibroblasts; however, it
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Honokiol blocked transforming growth factor-p1 (TGF-B1) and TGF-B1-induced o-SMA in UUO kidneys and cultured renal cells. In (A), levels of
TGF-B1 were increased in extracts of UUO kidneys and this increase was blocked by honokiol. In (B), o-SMA protein expression, used as a marker
of tubular cells activation, was increased in UUO kidneys and this increase was attenuated by honokiol (n = 6 for each group). In (C), results from
NRK-52E cells treated with TGF-31 (5 ng-mL™) are shown. In the upper half, the time course of response of a-SMA levels to TGF-B1 is shown, over
96 h, with assay every 24 h. Levels of a-SMA protein were increased and peaked between 72 and 96 h. The numbers below the blot indicate the
fold increase of o-SMA (control = 1). In the lower panel of (C), we show that the expression of o-SMA protein stimulated by TGF-B1 was inhibited
by honokiol, concentration-dependently; assay after 72 h of TGF-B1 incubation (n = 4 for each group). Data are presented as mean * SEM from
three independent experiments. *P < 0.05 significantly different from control groups; **P < 0.05 significantly different from TGF-B1 groups.

mainly transduces myofibrotic activation to tubular epithe-
lial cells (Gore-Hyer et al., 2002; Lin et al., 2005). Our study
demonstrated that honokiol attenuated TGF-f1 induction
in the UUO kidneys and also reduced CTGF expression in
NRK-52E cell lines and in kidneys of UUO-treated rats. On
this basis, honokiol may attenuate renal fibrosis through
reducing CTGF expression. Previous studies showed that
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TGF-B1-induced TGF-B and CTGF expression can be blocked
through Smad-dependent transcription (Lin et al., 2005) and
Smad mediates TGF-B1 signaling leading to the activation
of o-SMA transcription (Figure 3B and C) (Subramanian
et al., 2004). Our present experiments showed that honokiol
inhibited both basal and TGF-f1-mediated Smad-2/3
phosphorylation.
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Honokiol attenuated connective tissue growth factor (CTGF), PAI-1, collagen-1 and fibronectin-1 in kidneys from UUO rats. UUO or sham groups
were treated with or without honokiol (2.5 mg-kg™'-day™', twice a day) for 14 days. Profibrotic factors (CTGF and PAI-1) and ECM proteins [type
1 collagen o. (Col a.1) and fibronectin-1 (FN-1)] were used as surrogate markers of fibrosis in UUO kidney. Tissue proteins were extracted and then
were prepared for Western blot analyses, with specific antibodies. The UUO-induced Col a1, FN-1, CTGF and PAI-1 proteins were increased in UUO
kidneys and these increases were attenuated by honokiol (n = 6 for each group). Data are presented as mean * SEM from three independent
experiments. *P < 0.05 significantly different from control groups; **P < 0.05 significantly different from transforming growth factor-1 (TGF-$1)

groups.

Next, the activation of interstitial cells, which are respon-
sible for ECM deposition in tubulointerstitial fibrosis (Alpers
et al., 1994; Remuzzi and Bertani, 1998; Garcia-Sanchez et al.,
2010), may derived in part from the transition of tubular
epithelial cells to myofibroblasts (Fan et al., 1999; Iwano
et al.,, 2002) and activation of interstitial fibroblasts (Alpers

et al., 1994; Grupp et al., 1997). During renal fibrosis, tubular
epithelial cells acquire myofibroblast characteristics and
interstitial fibroblast activation. In the present work, the TGF-
B1-stimulated a-SMA over-expression in NRK-52E cells and
the enhanced o-SMA expression in kidney of UUO rats were
markedly reduced by honokiol. These observations suggest
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Honokiol treatment reduced fibronectin and collagen 1 expression in NRK-52E cells. NRK-52E cells were stimulated with transforming growth
factor-B1 (TGF-B1; 5 ng-mL™). In the upper half of (A), the time course of response of fibronectin (FN-1) is shown over 96 h; assay every 24 h.
FN-1 protein levels were increased at all times and peaked at 96 h. The numbers below the blot indicate the fold increase of FN-1 (control = 1).
In the lower panel, the TGF-B1-induced expression of FN-1 protein was reduced by honokiol in a concentration-dependent manner; assay at 96 h
of TGF-B1 incubation (n = 4 for each group). In the upper half of (B), the time course of response of collagen 1 (Col 1) is shown over 96 h; assay
every 24 h. Col Ta protein levels were increased at all times and peaked after 72 h. The numbers below the blot indicate the fold increase of Col
1o (control = 1). In the lower panel, the TGF-B1-induced expression of Col 1o protein was reduced by honokiol in a concentration-dependent
manner; assay at 72 h of TGF-B1 incubation (n = 4 for each group). Data are presented as mean *= SEM from three independent experiments.

*P < 0.05 significantly different from control groups; **P < 0.05 significantly different from TGF-B1 groups.

that TGF-B1-induced activation, observed in renal interstitial
cells and UUO kidneys, could be effectively decreased by
honokiol treatment.

Following UUO, kidneys showed clearly widened intersti-
tial spaces, dilated renal tubules and increased collagen depo-
sition. Collagen fibers were also increased in the interstitial
space, forming a fine network. Treatment with honokiol
blunted tubular dilatation, interstitial damage and the
increase of collagen matrix induced by UUO. The abnormal
ECM in fibrosis consists of an excess of normal components
of ECM, such as fibronectin and collagen type IV, but also of
an accumulation of pathological ECM components, such as
collagen type Io. (Fogo, 1999) These proteins characterize the
scarring process and are usually irreversibly deposited in the
fibrotic tissues. We found increased ECM deposition and syn-
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thesis in kidneys from UUO rats in vivo and in TGF-B1-
induced cells in vitro, and this ECM deposition and synthesis
was blocked by honokiol. On the other hand, the ECM is
normally continually degraded and accumulation of ECM
may also result from a deficit in ECM degradation. The plas-
minogen activation system is one of the most important
degrading systems for the ECM (Eddy et al., 2006; Fogo, 2003)
and several studies have shown that synthesis and deposition
of the inhibitory protein PAI-1 are increased in the kidney
during experimental and human nephropathies (Rerolle
et al., 2000; Eddy et al., 2006; Seo et al., 2009). PAI-1 is also
one of the targets regulated by TGF-B1 (Keeton et al., 1991).
In the current study, we found that honokiol decreased UUO-
induced PAI-1 expression in vivo and TGF-B1-induced PAI-1
expression in vitro. Combination of these data suggests that
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Honokiol treatment reduced connective tissue growth factor (CTGF), PAI-1 expression in NRK-52E cells. NRK-52E cells were stimulated with
transforming growth factor-B1 (TGF-$1; 5 ng-mL™"). In the upper half of (A), the time course of response of CTGF is shown over 96 h; assayed
every 24 h. CTGF protein levels were increased at all times and peaked between 72 and 96 h. The numbers below the blot indicate the fold
increase of CTGF (control = 1). In the lower panel, the TGF-B1-induced expression of CTGF protein was reduced by honokiol in a concentration-
dependent manner; assayed at 96 h of TGF-B1 incubation (n = 4 for each group). In the upper half of (B), the time course of response of PAI-1
is shown over 96 h; assayed every 24 h. PAI-1 protein levels were increased at all times and peaked at 96 h. The numbers below the blot indicate
the fold increase of PAI-1 (control = 1). In the lower panel, the TGF-B1-induced expression of PAI-1 protein was reduced by honokiol in a
concentration-dependent manner; assayed at 96 h of TGF-B1 incubation (n = 4 for each group). Data are presented as mean * SEM from three

independent experiments. *P < 0.05 significantly different from control groups; **P < 0.05 significantly different from TGF-$1 groups.

honokiol may attenuate renal fibrosis via not only by
reduction of ECM synthesis but also by increasing ECM
degradation.

Finally, an influx of mononuclear cells takes place in
the induction phase of renal fibrosis (Grande et al., 2010).
Inflammatory cells migrate to the interstitium driven by
the up-regulated expression of chemoattractant molecules
(chemokines and adhesion molecules) produced by activated
tubular cells, which further lead to local tissue injury
(Noronha et al., 2002). In this work, we demonstrated that
kidneys from UUO rats exhibited high levels of ICAM-1 and
CCL2 mRNA during the injury, corresponding to the accu-
mulation of macrophages in the interstitium. Because treat-
ment with honokiol reduced the enhanced expression of
both ICAM-1 and CCL2 mRNA, it is conceivable that by
reducing the expression of these molecules, the recruitment

of monocytes into the interstitium was diminished. These
findings suggest that honokiol diminishes renal fibrosis, as
least in part, through inhibiting mononuclear cell infiltration
and expression of pro-inflammatory chemokines.

In summary, we have shown that honokiol, already used
in traditional medicine, inhibited the progression of tubular
dilatation, interstitial injury and renal fibrosis in the UUO
model in rats, by decreasing pro-inflammatory factors,
attenuating TGF-B1 and its downstream profibrotic factors,
and thus decreasing ECM accumulation. Moreover, in cul-
tures of renal tubular cells, honokiol directly attenuated
TGF-B1-induced profibrotic signalling, most likely through
inhibition of Smad-2/3 phosphorylation and subsequent pro-
motor activation. These results suggested that one of the
possible mechanisms of the renoprotective effect of honokiol
is the inhibition of TGF-f1-induced renal fibrosis.
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Honokiol inhibited basal and transforming growth factor-31 (TGF-
B1)-induced phosphorylation of Smad 2/3 in NRK-52E cells. NRK-52E
cells were treated with 5 ng-mL™" TGF-B1, with or without honokiol
for 30 min. Smad 2/3 phosphorylation was assessed by immunob-
lotting using anti-phospho-Smad (p-Smad) 2/3 antibodies. The
TGF-B1-induced Smad 2/3 phosphorylation in NRK-52E cells were
reduced by honokiol, concentration-dependently. Results shown are
representative of three independent experiments. Data are presented
as mean * SEM from three independent experiments. *P < 0.05
significantly different from control groups; **P < 0.05 significantly
different from TGF-B1 groups.
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Figure 8

Honokiol inhibited transforming growth factor-g1 (TGF-B1)-induced
connective tissue growth factor (CTGF) promoter activities in NRK-
52E cells. NRK-52E cells were transfected with plasmids containing
the wild-type CTGF promoter (-747/+214) luciferase construct
(pGL3-CTGF-Luc). After overnight incubation with transfection mix-
tures, culture medium was replaced by 0.5% FBS medium. Honokiol
(1, 3, 10 uM) was added together with TGF-B1 to NRK52E cells and
luciferase activity measured. TGF-B1 markedly increased CTGF pro-
moter luciferase activity, which was suppressed by honokiol, concen-
tration -dependently. The inhibition by honokiol was 16 * 0.3%
at TuM, 48 = 1% at 3 uM and 59 = 1% at 10 uM. *P < 0.05;
significantly different from TGF-B1-stimulated; #P < 0.05; signifi-
cantly different from control group; n = 4.
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