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Abstract

Low-dose paclitaxel ameliorates renal 

fibrosis by suppressing transforming 

growth factor-β1-induced plasminogen 

activator inhibitor-1 signaling 

 

Eun Sook Jung

Department of Internal Medicine

The Graduate School

Seoul National University

Background and objectives: Plasminogen activator inhibitor-1 (PAI-1), a 

major downstream target of transforming growth factor-β1 (TGF-β1), plays 

an important role in the pathogenesis of renal fibrosis. Smad and 

non-Smad-mediated signaling pathways including mitogen-activated protein 

kinases (MAPKs) are both required for PAI-1 induction by TGF-β1. 

Previous reports have indicated that microtubule networks can modulate 

these signaling pathways. The aim of this study was to investigate the effect 

of low-dose paclitaxel, which is a microbutule stabilizer, on renal fibrosis, 

focusing on the TGF-β1-induced PAI-1 signaling cascade.
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Methods: Forty-eight male Sprague-Dawley rats were randomly assigned to 

four groups (n = 12 per group): sham/vehicle, sham/paclitaxel, unilateral 

ureteral obstruction (UUO)/vehicle and UUO/paclitaxel. Rats were treated 

with a 0.3 mg/kg intraperitoneal dose of paclitaxel or vehicle twice per 

week for 14 days. Half of the rats in each group were sacrificed 

respectively at days 7 and 14 after operation. Inner medullary collecting 

duct (IMCD) cells stimulated with TGF-β1 were incubated with 0, 1 and 2 

nM paclitaxel for 24 and 72 hours. Histological changes were assessed using 

periodic acid-Schiff, Masson’s trichrome and immunohistochemistry staining. 

The TGF-β1-induced PAI-1 signaling and status of extracellular matrix 

proteins in the renal cortex were evaluated by western blot analysis. 

Results: Renal interstitial collagen deposition and the protein expression of 

collagen I, fibronectin and α-smooth muscle actin (α-SMA) were increased 

over time after UUO. Semiquantitative analysis of Masson's trichrome 

staining showed that paclitaxel resulted in an approximately 50% reduction 

in the fibrotic areas caused by UUO. In the UUO kidneys, paclitaxel 

significantly attenuated the expression of collagen I, fibronectin and α-SMA 

as well as TGF-β1 and PAI-1. Paclitaxel also inhibited the UUO-induced 

activation of Smad2/3 and c-Jun N-terminal kinase (JNK). However, 

paclitaxel treatment did not inhibit extracellular signal-regulated kinase 1/2 

(ERK1/2) or p38 MAPK expression. In TGF-β1-treated IMCD cells, 

treatment with 1 and 2 nM paclitaxel for 72 h reduced fibronectin, α-SMA 

and PAI-1 protein expression. Moreover, a 2 nM dose of paclitaxel for 24 

h significantly inhibited the TGF-β1-stimulated activation of Smad2/3, JNK 

and ERK1/2 in IMCD cells.
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Conclusion: Paclitaxel at low non-cytotoxic doses attenuates PAI-1 

expression through inhibiting activation of TGF-β1, Smad2/3 and JNK, 

thereby ameliorating renal fibrosis.

Keywords: Fibrosis, Paclitaxel, Plasminogen activator inhibitor-1, Smad 

proteins, Mitogen-activated protein kinases

Student Number: 2012-30525
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Introduction

Renal fibrosis is the final common pathway of progressive kidney 

disease. Targeting signaling pathways that are responsible for fibrosis may 

provide a promising strategy against the progression of chronic kidney 

disease. Beyond its classical role as a physiologic inhibitor of plasminogen 

activators within vascular and extracellular compartments, plasminogen 

activator inhibitor-1 (PAI-1) directly promotes the recruitment and activation 

of fibroblasts and immune cells (1). Therefore PAI-1 has emerged as a 

potent fibrogenic factor that influences fibrinolysis, extracellular matrix 

(ECM) remodeling and cell migration. 

Expression of PAI-1 can be regulated at the transcriptional level by 

many different factors. Transforming growth factor-β1 (TGF-β1) signaling via 

Smad proteins has been well established as an important regulator of PAI-1 

expression, especially during the fibrotic process (2). After activation of 

TGF-β1 receptors, Smad2 and Smad3 are phosphorylated and form 

heteromeric complexes with Smad4. The Smad complexes then translocate 

from the cytoplasm into the nucleus, where they directly bind to the CAGA 

box to increase the PAI-1 promoter activity. Mitogen-activated protein 

kinases (MAPKs), which primarily consist of extracellular signal-regulated 

kinase (ERK), p38 MAPK and c-Jun N-terminal kinase (JNK), have also 

been proposed to participate in the TGF-β1-mediated induction of PAI-1, 

independently or in concert with Smad activation (3, 4).

Microtubules are dynamic components of the cytoskeleton that are 

involved in diverse cellular functions, such as cell division, cell motility and 



2

the maintenance of cell shape. They are composed of α-tubulin and β

-tubulin heterodimers arranged in the form of hollow tubes. Paclitaxel 

stabilizes microtubules and reduces their dynamicity by binding specifically 

to the β-subunit of tubulin. The investigations on paclitaxel have been 

focused on the anticancer activity for almost half a century. However, recent 

studies have demonstrated the role of paclitaxel for the treatment of 

non-cancer diseases including axon regeneration, coronary artery restenosis, 

inflammation and tissue fibrosis (5-8). High doses of paclitaxel, which have 

been used as a conventional maximum tolerated dose-based chemotherapy, 

hyperstabilize polymerized microtubules, cause mitotic arrest and ultimately 

lead to cell death (9). Conversely, paclitaxel at doses far below the 

maximum tolerated dose can alter microtubule dynamics without inducing 

cell cycle arrest (10, 11). Ganguly et al. reported that in Chinese hamster 

ovary cells, after 48 h incubation, the concentration of paclitaxel required to 

produce defects in cell division was at least 50 nM whereas suppression of 

microtubule dynamics occurred at only 1 or 3 nM paclitaxel (12).

Microtubules are also crucial for the spatial organization of signal 

transduction via sequestering and release, delivery, and scaffolding of 

signaling molecules (13). Smads and MAPKs, which are closely linked to 

TGF-β1-induced PAI-1 expression, are signaling proteins that interact with 

the microtubule network. Intact microtubules serve as a cytoplasmic 

sequestering network for Smad2 and Smad3 away from the activated TGF-β 

receptors and pharmacological disruption of the microtubule network 

increases TGF-β-induced Smad activity (14, 15). Additionally, previous 

studies have suggested that microtubule stability influences the MAPK 
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signaling pathways (16).

The present study tested the hypothesis that controlling microtubule 

dynamics with paclitaxel at low non-cytotoxic doses could reduce renal 

fibrosis by regulating the TGF-β1-induced PAI-1 signaling cascade. Recent 

studies have revealed that low-dose paclitaxel attenuates tissue fibrosis by 

inhibiting TGF-β/Smad activity (17, 18). Liu et al. showed that low-dose 

paclitaxel suppressed TGF-β/Smad signaling and lessened fibrosis in severe 

combined immunodeficiency mice (17). Wang et al. described that low-dose 

paclitaxel blocked TGF-β1/Smad3 pathway and reduced pulmonary fibrosis in 

bleomycin-instilled rats (18). The antifibrotic effect of paclitaxel in the 

kidney has been examined in four studies (19-22). These studies were 

performed in rodent models of obstructive and remnant kidney diseases in 

vivo, and in renal interstitial fibroblasts and proximal tubular epithelial cells 

in vitro. In all of these studies, significant beneficial effects of paclitaxel on 

renal fibrosis were reported, but the underlying mechanism remains poorly 

understood. The effects of paclitaxel on PAI-1 and MAPKs as well as renal 

collecting duct epithelial cells have not been previously investigated. 

Collecting duct epithelial cells sense mechanical stretch and undergo 

epithelial-mesenchymal transition (EMT) in response to obstructive injury, 

resulting in renal interstitial fibrosis (23). In addition, Li et al. stated that 

kidney mesenchymal stem cell-like cells can be derived from the mature 

collecting duct epithelium (24).

The aim of the present study was to determine the effect of low-dose 

paclitaxel on renal fibrosis in a unilateral ureteral obstruction (UUO) model 

and in inner medullary collecting duct (IMCD) cells. Moreover, this study 
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investigated TGF-β1-induced PAI-1 expression and the involvement of Smad 

and/or MAPK signaling pathways on renal fibrosis in these models.
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Materials and Methods

Animal experiments

All animal experiments were approved by the Institutional Animal Care 

and Use Committee at Seoul National University Hospital. Forty-eight male 

Sprague-Dawley rats aged 6 to 7 weeks were randomly assigned to 4 

groups: sham-operated controls treated with vehicle or paclitaxel and UUO 

rats treated with vehicle or paclitaxel. The rats were anesthetized with 

isoflurane and placed on a heating pad maintained at 37°C. The left ureters 

were visualized after a flank incision, ligated with 4-0 silk sutures at two 

points, and cut between the ligatures. The ureters of sham-operated controls 

were exposed and manipulated but not ligated. A 0.3 mg/kg dose of 

cremophor-free, polymeric micelle-formulated paclitaxel (Genexol-PM®; 

Samyang Co., Seoul, Korea) or vehicle was intraperitoneally injected 1 day 

after each operation and twice per week thereafter (19). Seven days after 

each sham or UUO operation, half of the rats from each group were 

sacrificed. The remaining rats were sacrificed after 14 days. The left kidneys 

were harvested and cut longitudinally. One half of the kidney was processed 

for histological examination, and the other half was dissected into the cortex 

and medulla. Cortical tissues were used for protein analysis.

Cell culture

IMCD cells were purchased from the American Type Culture Collection 

(CRL-2123; Manassas, VA) and cultured in Dulbecco's Modified Eagle's 

Medium-F12 supplemented with 10% fetal bovine serum in the presence of 
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5% CO2 and 95% air at 37°C. The cells were grown to confluence, 

serum-starved for 24 h, and divided into the following six groups: control, 

control + 1 nM paclitaxel (T7191; Sigma-Aldrich, St. Louis, MO), control + 

2 nM paclitaxel, 10 ng/ml TGF-β1, 10 ng/ml TGF-β1 + 1 nM paclitaxel, 

and 10 ng/ml TGF-β1 + 2 nM paclitaxel. Paclitaxel was dissolved in 100% 

dimethyl sulfoxide. Cells from each group were harvested after 24 or 72 h 

of incubation and processed for Western blot analysis. All experiments were 

conducted in quadruplicate.

Western blot analysis and determination of active TGF-β1 

levels

The kidney cortices or cells were homogenized in radioimmuno- 

precipitation assay buffer supplemented with protease inhibitor cocktail. 

Protein concentrations were determined using a bicinchoninic acid protein 

assay kit (Sigma-Aldrich, St. Louis, MO). The lysates were mixed with 

Laemmli sample buffer and heated to 70°C for 10 minutes. The samples 

were fractionated on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis mini-gels and transferred onto nitrocellulose membranes. The 

membranes were probed with antibodies to fibronectin or upstream 

stimulatory factor-2 (USF2) from Santa Cruz Biotechnology (Santa Cruz, 

CA) or collagen I from Novus Biologicals (Littleton, CO) or fibroblast 

specific protein 1 (FSP1) or α-smooth muscle actin (α-SMA) or E-cadherin 

or PAI-1 or TGF-β1 from Abcam (Cambridge, UK) or phospho-Smad2/3 or 

total-Smad2/3 or phspho-ERK1/2 or total-ERK1/2 or phospho-p38 or 

total-p38 or phospho-JNK or total-JNK from Cell Signaling Technology 
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(Danvers, MA) or mouse monoclonal anti-β-actin from Sigma-Aldrich (St. 

Louis, MO). After washing, the blots were incubated with horseradish 

peroxidase-conjugated secondary antibodies and visualized using 

chemiluminescence. The band densities were quantified using a GS-700 

Imaging Densitometer (Bio-Rad, Hercules, CA). The results were normalized 

to β-actin expression. The activation states were evaluated based on the ratio 

of phosphorylated protein expression to total protein expression. Active TGF-

β1 levels in kidney homogenates were analyzed with Bio-Plex Pro TGF-β 

assays (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.

Histological and immunohistochemical analysis

The left kidneys were fixed in 10% buffered formalin and embedded in 

paraffin. The 4-μm-thick sections were stained using periodic acid-Schiff 

(PAS) and Masson’s trichrome stains. Tubular injury was assessed on 

PAS-stained sections by grading tubular dilatation, epithelial simplification 

and brush border loss in the cortex. Injury was graded on a scale from 0 to 

4: 0, 0%; 1, <25%; 2, 25-50%; 3, 50-75%; and 4, >75%. To evaluate the 

degree of interstitial fibrosis, the percentage of Masson’s trichrome-positive 

areas was quantitatively measured using a Leica Qwin V3 image analysis 

system (Leica Cambridge Ltd, Cambridge, UK). The final score for each 

slide was the average of 10 randomly chosen, non-overlapping cortical fields 

at 200X magnification.

For immunohistochemistry (IHC), 4-μm-thick kidney sections were 

deparaffinized and incubated in 3% H2O2 for 10minutes to block endogenous 

peroxidase activity. The sections were then washed in phosphate-buffered 
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saline. After boiling in an antigen retrieval solution for 20 minutes in a 

microwave oven on high power, the sections were incubated for 3 h at 4°C 

with anti-collagen I antibody (1:200; Novus Biologicals, Littleton, CO) or 

overnight at 4°C with anti-PAI-1 antibody (1:100; Abcam, Cambridge, UK). 

After washing with phosphate-buffered saline, a secondary antibody was 

applied. The antibody signals were visualized using an ABC kit (Santa Cruz 

Biotechnology, Santa Cruz, CA). The color was developed by incubating the 

sections with a diaminobenzidine substrate. The slides were counterstained 

with Mayer’s hematoxylin.

Statistical analysis

Data are presented as the means ± S.E.M. Statistical analyses were 

performed using SPSS version 18.0 software (SPSS Inc., Chicago, IL). Each 

group was compared by one-way analysis of variance, Kruskal-Wallis and 

Mann-Whitney U tests, as appropriate. Significant differences are indicated 

by P < 0.05.
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Results

Paclitaxel improved renal tubular injury and interstitial 

fibrosis.

PAS staining results revealed the progressive aggravation of tubular 

dilation and atrophy after UUO in rats. However, paclitaxel treatment 

reduced the tubular damage observed (Fig. 1). Semiquantitative analysis of 

Masson’s trichrome-stained areas revealed a 21-fold and 56-fold increase in 

collagen deposition 7 and 14 days after UUO, respectively. Paclitaxel 

resulted in an approximately 50% reduction in the fibrotic areas caused by 

UUO. Fibronectin was almost undetectable in the sham-operated kidneys, but 

its expression was markedly increased in the UUO kidneys (Fig. 2). Renal 

expression of collagen I and α-SMA also increased over time after UUO. 

Paclitaxel treatment significantly reduced the UUO-induced expression of 

fibronectin, collagen I and α-SMA by 66%, 64% and 63%, respectively, at 

day 7, and by 55%, 49%, and 40%, respectively, at day 14. A 2.8-fold and 

4.7-fold increase in E-cadherin expression was achieved 7 and 14 days after 

UUO, respectively. Paclitaxel led to a further 1.7-fold and 2.3-fold increase 

in the UUO-induced E-cadherin expression at days 7 and 14, respectively. 

IHC confirmed that paclitaxel protected the UUO-damaged kidneys from 

excessive collagen I deposition (Fig. 2F).
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Figure 1. Paclitaxel improves renal tubular injury and interstitial fibrosis. (A) 

Photomicrographs (magnification 200X) of periodic acid-Schiff (PAS) and Masson’s 

trichrome (MT) staining in the sham-operated and unilateral ureteral obstruction 

(UUO) kidneys treated with vehicle (Veh) or paclitaxel (PTX). (B) Tubular injury 

scores in the sham-operated and UUO kidneys with or without paclitaxel treatment. 

Tubular injury was assessed on PAS-stained sections by grading tubular dilatation, 

epithelial simplification and brush border loss in 10 non-overlapping cortical fields 

per kidney. (C) The percentage of MT-positive area (stained blue) was quantitatively 

measured in 10 random, non-overlapping cortical fields per kidney. Data are 

presented as the means ± S.E.M. (n = 6). ***, P < 0.001 versus the sham-operated 

kidneys treated with vehicle; ###, P < 0.001 versus the UUO kidneys treated with 

vehicle.
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Figure 2. Paclitaxel reduces the expression of extracellular matrix proteins and α

-SMA. (A) Western blot analysis of fibronectin, collagen I, α-smooth muscle actin 

(α-SMA) and E-cadherin expression in renal cortical extracts from the sham-operated 

and unilateral ureteral obstruction (UUO) kidneys treated with vehicle (Veh) or 

paclitaxel (PTX), 7 and 14 days after UUO. Expression levels of fibronectin (B), 

collagen I (C), α-SMA (D) or E-cadherin (E) were quantified by densitometry and 

normalized to β-actin expression. (F) Photomicrographs (magnification 200X) of 

immunohistochemistry staining for collagen I at day 14. Data are presented as the 

means ± S.E.M. (n = 6). *, P < 0.05; ***, P < 0.001 versus the sham-operated 

kidneys treated with vehicle; #,P < 0.05; ##, P < 0.01; ###, P < 0.001 versus the 

UUO kidneys treated with vehicle.
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Paclitaxel inhibited the expression of PAI-1 and TGF-β1.

The renal expression of PAI-1, USF2 and TGF-β1 was upregulated in 

the UUO rats compared with the sham-operated controls (Fig. 3). USF2 is a 

protein that can regulate the transcriptional activation of the PAI-1 gene by 

binding to its promoter. Paclitaxel inhibited the UUO-induced expression of 

PAI-1, USF2 and TGF-β1 by 43%, 55% and 56%, respectively, at day 7, 

and by 49%, 78%, and 73%, respectively, at day 14. Levels of active TGF-

β1 in the UUO kidneys were 1.9-fold higher than the sham-operated kidneys 

at day 7. Treatment with paclitaxel resulted in a decrease in the active 

TGF-β1 from 1664 ± 152 pg/ml to 1077 ± 507 pg/ml in the UUO kidneys 

(P = 0.006). IHC analysis indicated that PAI-1 was highly expressed in the 

fibrotic areas, mainly in the tubular epithelial cells, of the UUO kidneys 14 

days after the operation (Fig.3F). Paclitaxel significantly decreased the size 

of PAI-1-positive areas in the renal cortex of the UUO rats.
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Figure 3. Paclitaxel inhibits the expression of PAI-1 and TGF-β1. (A) Western blot 

analysis of plasminogen activator inhibitor-1 (PAI-1), anti-upstream stimulatory 

factor-2 (USF2) and transforming growth factor-β1 (TGF-β1) expression in renal 

cortical extracts from the sham-operated and unilateral ureteral obstruction (UUO) 

kidneys treated with vehicle (Veh) or paclitaxel (PTX), 7 and 14 days after UUO. 

Expression levels of PAI-1 (B), USF2 (C) or TGF-β1 (D) were quantified by 

densitometry and normalized to β-actin expression. (E) Active TGF-β1 levels 

analyzed with Bio-Plex Pro TGF-β assays. (F) Photomicrographs (magnification 

200X) of immunohistochemistry staining for PAI-1 at day 14. Data are presented as 

the means ± S.E.M. (n = 6). *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus 

the sham-operated kidneys treated with vehicle; ##, P < 0.01; ###, P < 0.001 

versus the UUO kidneys treated with vehicle.
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Paclitaxel prevented the activation of Smad2/3 and JNK but 

not ERK1/2 and p38 MAPK.

Although the total Smad2/3 protein levels were elevated, UUO resulted in 

a robust increase in phosphorylated Smad2/3 levels (Fig. 4). Smad2/3 

phosphorylation was upregulated in the UUO kidneys at day 7 and further 

increased 14 days after UUO. Smad2/3 activation was measured based on 

the levels of phosphorylated Smad2/3 normalized to total Smad2/3 levels. 

Paclitaxel significantly decreased the UUO-induced Smad2/3 activation by 

75% and 66% at days 7 and 14, respectively.

Next, the effects of paclitaxel on MAPKs activation were determined. 

The UUO kidneys exhibited enhanced activation of all evaluated MAPKs. 

However, the activation profiles of these MAPKs differed. ERK1/2 

phosphorylation increased 7.8-fold in the UUO kidneys compared with the 

sham-operated kidneys at day 7, which was followed by a slight decrease to 

5.0-fold higher expression 14 days after UUO. Similar increases in p38 

MAPK activation were observed between days 7 and 14 (2.4-fold vs. 

2.5-fold, respectively). However, the increase at day 14 was not significant. 

UUO did not significantly induce JNK activation at day 7, but the ratio of 

phosphorylated to total JNK was increased 3.1-fold 14 days after UUO. 

Paclitaxel treatment nearly abolished UUO-induced JNK activation at 14 

days after UUO. In contrast, the activation state of ERK1/2 or p38 MAPK 

did not differ significantly between the UUO rats treated with paclitaxel or 

vehicle (Fig. 4).
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Figure 4. Paclitaxel prevents the activation of Smad2/3 and JNK but not ERK1/2 

and p38 MAPK. (A) Western blot analysis of phosphorylated (p-) and total (t-) 

forms of Smad2/3, extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 

mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) 

expression in renal cortical extracts from the sham-operated and unilateral ureteral 

obstruction (UUO) kidneys treated with vehicle (Veh) or paclitaxel (PTX), 7 and 14 

days after UUO. Expression levels of phosphorylated and total Smad2/3 (B), 

ERK1/2 (C), p38 MAPK (D) and JNK (E) were quantified by densitometry. Their 

activation states were evaluated based on the ratio of the phosphorylated protein 

level to the total protein level. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus 

the sham-operated kidneys treated with vehicle; #, P < 0.05; ###, P < 0.001 versus 

the UUO kidneys treated with vehicle.
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Effects of paclitaxel on mesenchymal markers, PAI-1, 

Smad2/3 and MAPKs in IMCD cells.

TGF-β1 (10 ng/ml) for 72 h stimulated the protein expression of 

fibronectin, FSP1 and α-SMA in IMCD cells (Fig. 5). Co-treatment with 1 

or 2 nM paclitaxel significantly attenuated the TGF-β1-stimulated expression 

of these mesenchymal markers in a dose-dependent manner. In contrast, 

TGF-β1 treatment dramatically decreased E-cadherin expression. Paclitaxel at 

a dose of 2 nM restored the TGF-β1-induced loss of E-cadherin in IMCD 

cells. In the presence of paclitaxel, TGF-β1-stimulated PAI-1 expression was 

also suppressed in IMCD cells. Paclitaxel at doses of 1 and 2 nM for 72 h 

reduced the PAI-1 levels in TGF-β1-treated IMCD cells by 43% and 69%, 

respectively.

TGF-β1 stimulated the phosphorylation of Smad2/3, ERK1/2, p38 and 

JNK in IMCD cells (Fig. 6). Similar to the in vitro results from this study, 

p38 activation was unaffected by paclitaxel in TGF-β1-treated IMCD cells. 

Paclitaxel at a dose of 2 nM, but not 1 nM, significantly attenuated the 

TGF-β1-stimulated activation of Smad2/3 and JNK. Unlike the in vitro 

results, 2 nM paclitaxel significantly reduced ERK1/2 activation in TGF-β

1-treated IMCD cells.
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Figure 5. Paclitaxel attenuates the expression of mesenchymal markers and PAI-1 in 

TGF-β1-treated IMCD cells. (A) Western blot analysis of fibronectin, fibroblast 

specific protein 1 (FSP1), α-smooth muscle actin (α-SMA), E-cadherin and 

plasminogen activator inhibitor-1 (PAI-1) expression in inner medullary collecting 

duct (IMCD) cells cultured with 1 or 2 nM paclitaxel for 72 h in the presence of 

transforming growth factor-β1 (TGF-β1) stimulation. Expression levels of fibronectin 

(B), FSP1 (C), α-SMA (D), E-cadherin (E), and PAI-1 (F) were quantified by 

densitometry and normalized to β-actin expression. All experiments were conducted 

in quadruplicate. Data are presented as the means ± S.E.M. *, P < 0.05; **, P < 

0.01; ***, P < 0.001 versus control, #, P < 0.05; ##, P < 0.01; ###, P < 0.001 

versus TGF-β1 only.
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Figure 6. Paclitaxel inhibits the activation of Smad2/3, ERK1/2 and JNK in TGF-β

1-treated IMCD cells. (A) Western blot analysis of phosphorylated (p-) and total (t-) 

forms of Smad2/3, extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 

mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) 

expression in inner medullary collecting duct (IMCD) cells cultured with 1 or 2 nM 

paclitaxel for 24 h in the presence of transforming growth factor-β1 (TGF-β1) 

stimulation. Expression levels of phosphorylated and total Smad2/3 (B), ERK1/2 (C), 

p38 MAPK (D) and JNK (E) were quantified by densitometry. Their activation 

states were evaluated based on the ratio of the phosphorylated protein level to the 

total protein level. All experiments were conducted in quadruplicate. Data are 

presented as the means ± S.E.M. **, P < 0.01; ***, P < 0.001 versus control; #, 

P < 0.05; ###, P < 0.001 versus TGF-β1 only.
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UUO kidneys IMCD cells

active TGF-β1 ↓ (TGF-β1-treated)

Smad2/3 activation ↓ ↓

MAPK activation

   ERK1/2 - ↓

   p38 MAPK - -

   JNK ↓ ↓

PAI-1 ↓ ↓

ECM proteins (Fibronectin, Collagen I) ↓ ↓

Mesenchaymal markers (α-SMA, FSP-1) ↓ ↓

Epithelial markers (E-cadherin) ↑ ↑

Table 1. Differences between in vivo and in vitro effects of paclitaxel.

Abbreviation: α-SMA, α-smooth muscle actin; ECM, extracellular matrix; ERK, 

extracellular signal-regulated kinase; FSP1, fibroblast specific protein 1; IMCD, inner 

medullary collecting duct; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated 

protein kinase; PAI-1, plasminogen activator inhibitor-1; TGF-β, transforming growth 

factor-β; UUO, unilateral ureteral obstruction.
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Discussion

The present study demonstrated that low-dose paclitaxel ameliorates renal 

interstitial fibrosis in a rat model of obstructive nephropathy and attenuates 

the protein expression of mesenchymal markers in TGF-β1-treated IMCD 

cells.

The TGF-β1-PAI-1 axis has been widely recognized to play a pivotal 

role in the pathogenesis of tissue fibrosis (1). PAI-1 is a multifunctional 

glycoprotein with powerful fibrosis-promoting effects. Whereas the 

antifibrinolytic action of PAI-1 results from its classical role in inhibiting 

the activity of serine proteases, its profibrotic action derives mainly from the 

ability to facilitate cell migration. The well-coordinated proteolytic events 

coupled with the activation of cell surface receptors transducing intracellular 

signaling are required for cell migration. PAI-1, through its interactions with 

ECM protein vitronectin and cellular receptors including urokinase 

plasminogen activator (uPA)/uPA receptor and low-density lipoprotein 

receptor-1, involves in balancing cell migration (25). Renal PAI-1 expression 

is tightly controlled and nearly undetectable in the normal kidneys. The 

upregulation of local PAI-1 synthesis by both resident and infiltrating cells 

occurs in several kidney diseases such as diabetic nephropathy, chronic 

glomerulonephritis, focal segmental glomerulosclerosis and other fibrotic renal 

diseases (26). Elevated levels of PAI-1 are strongly linked to renal fibrosis 

and its deficiency appears to protect the kidneys from injury-related 

fibrogenesis (27, 28). Of many factors regulating PAI-1 expression, TGF-β1 

is considered as a major and potent inducer under pathologic conditions. 
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This study revealed increases in TGF-β1 and PAI-1 protein expression after 

UUO. Furthermore, it was found that low-dose paclitaxel prevented increases 

in biologically active and total TGF-β1 levels in the UUO kidneys, 

indicating that the renoprotective effects of paclitaxel could be mediated to 

some extent by suppressing TGF-β1 itself. Zhang et al. reported that 

low-dose paclitaxel reduced RNA expression levels of total TGF-β in UUO 

mice (21). However, they did not evaluate the effects of paclitaxel on the 

protein levels of total TGF-β and the active form of TGF-β after the 

paclitaxel treatment. After identifying low-dose paclitaxel as an efficient 

inhibitor of PAI-1 expression in the UUO kidneys and TGF-β1-treated 

IMCD cells, the present study determined whether this decrease in the 

expression of the TGF-β1 target gene PAI-1 was solely due to decreased 

TGF-β1 activation or due to the influence of other downstream TGF-β1 

signaling effectors.

Microtubules form a part of cytoskeleton within cell. In most cells, 

microtubules are organized in a radial, polarized array extending from 

microtubule organizing center, generally positioned near the nucleus. 

Typically, the plus ends of microtubules are near the cell periphery and the 

minus ends are associated with microtubule organizing center. By utilizing 

this polarity, the microtubule network provides a directional flow of 

information and contributes to the spatial organization of signal transduction 

(13, 29). Possible mechanisms of the modulation of signaling by 

microtubules include sequestering and release, delivery, and scaffolding of 

the molecules. The binding of Smads to the microtubule surface is an 

example of the sequestering and release mechanism. Smads are a family of 
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structurally related intracellular proteins that are critical for transmitting 

TGF-β signals from the cell surface to the nucleus and, consequently, 

enhancing PAI-1 gene transcription. Smads are grouped into three functional 

classes: receptor-regulated R-Smads (Smad1, 2, 3, 5 and 8), co-mediator 

Co-Smad (Smad4), and inhibitory I-Smads (Smad6 and 7). In non-activated 

cells, R-Smads mainly reside in the cytoplasm, Co-Smad is equally 

distributed in the cytoplasm and nucleus, and I-Smads are mostly located in 

the nucleus, though Smads shuttle continuously between the cytoplasm and 

the nucleus (30). R-Smads are subdivided 2 groups according to the types 

of TGF-β superfamily pathway in which they participate. The signaling of 

TGF-β superfamily, including TGF-β, activin, Nodal, bone morphogenetic 

proteins and others, is mediated by a heteromeric complex of specific type I 

and type II serine/threonine kinase receptors. After binding of ligand to the 

receptor complex, the type II receptor kinase phosphorylates the type I 

receptor kinase. The activated type I receptor then phosphorylates R-Smads, 

e.g. Smad2 and Smad3 in the TGF-β pathway, or Smad1, Smad5 or Smad8 

in the bone morphogenetic protein pathway. It has been established that 

stabilizing microtubules with paclitaxel enhances binding of Smad2, Smad3 

and Smad4 to microtubules, sequesters them away from TGF-β receptors and 

abrogates TGF-β signal transduction (14, 15). In contrast, disruption of the 

microtubule network by treating with nocodazole releases R-Smads and 

Smad4 from microtubules and promotes nuclear accumulation of Smad 

complexes, resulting in increased TGF-β-induced Smad activity. The in vivo 

data from the present study confirmed the findings of earlier studies and 

indicated that low-dose paclitaxel effectively suppressed TGF-β/Smad 
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signaling and ECM accumulation in animal models of fibrosis (8, 18, 19, 

31). It was also observed that low-dose paclitaxel inhibited Smad2/3 

activation in TGF-β1-treated IMCD cells in this study.

Originally, MAPKs were discovered as kinases phosphorylating 

microtubule-associated proteins which are bound to the tubulin subunits to 

regulate the stability of microtubules. ERK, p38 MAPK and JNK 

phosphorylate various microtubule-associated proteins to alter their 

distribution and microtubule activity (32). As the relationship of MAPKs and 

microtubule dynamics is reciprocal, MAPK activity not only affects but also 

responds to the changes in microtubule integrity and dynamics (33). The 

possibility that microtubules contribute to the spatial organization of the 

components of MAPK pathways through the scaffolding mechanism has been 

suggested (13). Furthermore, increasing evidence supports essential roles of 

MAPKs, especially p38 MAPK and JNK, in TGF-β1-induced PAI-1 

expression, although their relationship has not been fully explored (34, 35). 

Consistent with previous studies, the phosphorylation levels of all examined 

MAPKs in the present study were higher in the UUO kidneys than in the 

sham-operated kidneys (36-38). Both p38 MAPK and JNK are 

simultaneously activated in response to a variety of stressors, and their 

activation is closely associated with renal fibrosis (39). Moreover, selective 

inhibitors of p38 MAPK or JNK offer a protective effect against 

UUO-induced renal fibrosis (37, 38). In the present study, low-dose 

paclitaxel significantly reduced JNK activation 14 days after UUO, whereas 

p38 MAPK activation was not affected. Similar findings were obtained with 

TGF-β1-treated IMCD cells.
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Unlike the stress-activated kinases p38 MAPK and JNK, the role of ERK 

in renal fibrosis remains unclear. The present study found that 24-h TGF-β1 

treatment significantly increased the ratio of phosphorylated ERK1/2 to total 

ERK1/2 in IMCD cells. Co-treatment with 2 nM paclitaxel suppressed 

TGF-β1- stimulated ERK1/2 activation. However, low-dose paclitaxel did not 

abolish UUO-induced ERK1/2 activation in vivo (Table 1). The disparity 

between the in vitro and in vivo results could be attributed to complex 

interactions between diverse cell types and certain processes present in the 

whole animals that are absent from in vitro. Because the UUO-induced 

phosphorylation of ERK occurs not only in renal tubular cells but also in 

interstitial cells, detailed investigations of the cell type-specific effects of 

paclitaxel on ERK activation are needed (36). Masaki et al. substantiated the 

biphasic activation of ERK following UUO; they observed an early peak 

within 30 minutes and a late peak between days 4 and 7 (40). ERK has 

been shown to mediate injury and repair. Therefore, the function of ERK 

may depend on the amount of time that passed since the renal injury (41). 

Recently, Han et al. reported that starting a MAPK/ERK inhibitor treatment 

regimen 2 days after UUO prevented interstitial cell proliferation, but not 

interstitial fibrosis. This finding implies a limited role for late-activated ERK 

in UUO-induced renal fibrosis (42). In this study, it was observed that 

low-dose paclitaxel initiated 1 day after UUO did not influence 

UUO-induced late ERK activation. However, the effectiveness of 

pretreatment with low-dose paclitaxel before an obstructive insult in blocking 

UUO-induced early ERK activation is unknown.
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Although complete obstruction of the urinary tract is not a usual cause 

of human kidney disease, UUO models are widely used to investigate 

mechanisms of the tubulointerstitial fibrosis in vivo. Complete UUO results 

in decreased renal blood flow and glomerular filtration rate within 24 h. 

The interstitial inflammation increases as early as 4-12 h and peaks at 2-3 

days. The subsequent responses including progressive tubular dilation, tubular 

atrophy and interstitial fibrosis take place over 1-2 weeks. Interstitial 

infiltration by macrophages, together with tubular cell death and phenotypic 

transition of resident renal cells, is known as a major pathway leading to 

renal interstitial fibrosis following UUO (43). The investigations of changes 

in macrophage infiltration after paclitaxel treatment would be helpful to 

understand its antifibrotic effects. However, recent studies have indicated an 

inverse correlation between the number of interstitial macrophages and the 

degree of fibrosis, thereby suggesting that macrophages may contribute to 

renal repair and resolution of fibrosis during the late stage after UUO (44). 

Therefore, considering the macrophage diversity in renal injury and repair, 

the effect of paclitaxel on macrophages needs to be examined at various 

times following the UUO injury.

Tubular EMT, which has been proposed to contribute to renal fibrosis, is 

characterized by the loss of epithelial cell junction proteins such as 

E-cadherin and the gain of mesenchymal markers such as α-SMA (45). 

Contrary to expectation, this study found that UUO increased renal 

E-cadherin expression. Similar findings have been observed in other studies 

(46, 47). Lee et al. mentioned that E-cadherin expression may depend on 

species of laboratory animals and time point of obstructive injury (46). 
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Docherty et al. displayed that E-cadherin expression was convincingly 

upregulated in the ligated kidneys. They mentioned an adaptive response of 

remnant tubules and/or a pressure effect as possible reasons, questioning the 

appropriateness of E-cadherin as a marker of EMT in UUO model (47). 

Therefore, it is uncertain how the results that low-dose paclitaxel further 

increased E-cadherin expression in the UUO kidneys should be interpreted. 

However, the in vitro data from this study showed that low-dose paclitaxel 

restored the TGF-β1-induced loss of E-cadherin in IMCD cell, suggesting its 

potential role in EMT inhibition.

Taken together, the present data imply that low-dose paclitaxel dampens 

activation of TGF-β1, Smad2/3 and JNK to diminish PAI-1 production. 

Because fibrosis is a complex process involving various mediators, most 

previous attempts to hamper the progression of renal fibrosis by targeting a 

specific molecule have failed to achieve the desired results. The present 

study documented the broad inhibitory effects of paclitaxel on multiple 

signaling pathways that contribute to renal fibrosis. Therefore, low-dose 

paclitaxel may be a promising drug to attenuate the progression of chronic 

kidney disease. However, an intricate crosstalk between TGF-β, Smads and 

MAPKs has been identified in the development of fibrosis (48). TGF-β can 

activate MAPKs in Smad-dependent and Smad-independent manners. Active 

MAPKs can negatively or positively modulate the receptor-mediated 

activation of Smads and their nuclear translocation (49). Numerous studies 

have described that JNK signaling also has multiple crosstalk interactions 

with Smads and both positively and negatively modulates TGF-β gene 

transcription (38, 48-50). Therefore, further studies are needed to identify the 
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role of possible crosstalks between TGF-β1, Smad2/3 and JNK with respect 

to the antifibrotic effects of paclitaxel. Additionally, it remains to be 

clarified how paclitaxel regulates TGF-β1 activation.

Paclitaxel requires the use of solvents due to its poor aqueous solubility. 

It has been recently proven that some of the serious side effects and 

hypersensitivity reactions of paclitaxel-based therapy is actually caused by its 

traditional solvent, cremophor EL. To overcome the solvent-related toxicity, 

various nano-delivery systems have been developed (51). A cremophor-free, 

polymeric micellar nanoparticle formulated paclitaxel was used in the present 

study. However, it should be noted that paclitaxel has been primarily 

developed for oncological indications because of its ability to cause cell 

cycle arrest. Although many studies have demonstrated that the very low 

doses of paclitaxel can suppress microtubule dynamics without producing 

defects in cell division, further microtubule dynamic studies of paclitaxel in 

various cell types responsible for renal fibrosis are needed, especially under 

conditions of cellular stress (12). Determining a safe and effective dose 

range of paclitaxel seems to be an essential step toward its practical 

application to delay or even prevent renal fibrosis.

In summary, low-dose paclitaxel effectively blocked UUO-induced renal 

fibrosis and suppressed TGF-β1 signaling and PAI-1 production. Multiple 

signaling molecules involved in the TGF-β1-PAI-1 axis, including Smad2/3 

and JNK, appeared to be related to the antifibrotic activity of paclitaxel. 

Thus, paclitaxel at low non-cytotoxic doses may have therapeutic 

potential for attenuating the progression of chronic kidney disease by 

inhibiting renal fibrosis.
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요약

Transforming growth factor-β1 도 

plasminogen activator inhibitor-1 

신 달 억 를 통한 용량 

paclitaxel  신  감소 효과

  

학과 내과학

울 학  학원 

경: Paclitaxel  포골격  구 요소인 미 소체를 안 시키는 약

, 사분열단계에  포주 지를 도하는 효과가 있어 항암  

사용 어 다. 그러나 근 paclitaxel  용량  여하면 포독  

없이 조직  를 억 한다는 보고들이 있었다. 미 소체는 여러 가

지 법  포 내 신 달체계에 향  주는데,  과 에 

요한 transforming growth factor-β1-induced plasminogen activator inhibitor-1 

pathway (TGF-β1 도 PAI-1 경 )에 여하는 Smad  mitogen-activated 

protein kinase 도 상 작용하는 것  알  있다. 이에 용량 

paclitaxel에 한 미 소체  안 가 신  TGF-β1 도 PAI-1 

경 에 미 는 향  히고자 하 다.

법: Sprague-Dawley  48마리를 sham  후 vehicle 여군 
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(sham/vehicle), sham  후 paclitaxel 여 군 (sham/paclitaxel), 일 요

폐쇄  후 vehicle 여군 (UUO/vehicle), 일 요 폐쇄  후 

paclitaxel 여군 (UUO/paclitaxel)  4군  나 었다. paclitaxel과 vehicle

 0.3 mg/kg 용량  주 2회 복강 내 주사하 고, 24마리는  1주 

후, 나 지 24마리는  2주 후에 신장  출하 다. Inner medullary 

collecting duct (IMCD) 포는 TGF-β1 (10 ng/ml) 처리 여부, paclitaxel 

여농도 (0, 1, 2 nM)에 라 6군  나 고, 24시간 또는 72시간 양하

다. 신장  뇨  손상과 간질 는 periodic acid-Schiff 염색과 

Masson’s trichrome 염색  평가하 다. 포 외 질 단 질과 

epithelial-mesenchymal transition  인자, TGF-β1 도 PAI-1 경 에 있

는 신  단 질들  western blot  분 하 다.

결과: UUO   군  신장  간질 가 진행하 는데, 

UUO/paclitaxel군이 UUO/vehicle군에 해 간질  도가 약 50% 

었다.  1주  2주 모 에  sham/vehicle군에 해 UUO/vehicle군  

신 뇨  손상이 심했고, fibronectin, collagen I, α-smooth muscle actin (α

-SMA), E-cadherin, TGF-β1, PAI-1, Smad2/3, extracellular signal-regulated 

kinase 1/2 (ERK1/2), p38, c-Jun N-terminal kinase (JNK)  이 하

게 높았다. UUO/paclitaxel군  UUO/vehicle군에 해 fibronectin, collagen 

I, α-SMA, TGF-β1, PAI-1, Smad2/3, JNK  단 질 이 하게 낮았

고 E-cadherin  이 높았지만, ERK1/2  p38  에는 차이가 없었

다. TGF-β1만 처리한 경우에 해 TGF-β1과 1 또는 2 nM  paclitaxel  

함께 처리한 후 IMCD 포에  72시간째 fibronectin, α-SMA, fibroblast 

specific protein 1, PAI-1  단 질 이 낮았고, E-cadherin  이 높

았다. TGF-β1과 2 nM  paclitaxel  함께 처리한 경우, 24시간째 IMCD 

포  Smad2/3, ERK1/2, JNK 이 하게 낮았 나, p38   
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차이가 없었다. 

결 : 용량 paclitaxel  일 요 폐쇄 에  신 를 효과  

억 하 다. 이는 용량 paclitaxel이 TGF-β1 도 PAI-1 경 에 작용하

여, TGF-β1, Smad2/3, JNK  를 억 함 써 PAI-1  하

시키는 것과 이 있  것  생각한다. 

주요어: 신 , mitogen-activated protein kinases, paclitaxel, plasminogen 

activator inhibitor-1, smad proteins
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